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for developing the ultra-high-speed train equipped with the 
novel pantograph–catenary system which can address the 
harsher operational environment is also involved. This paper 
has provided a comprehensive review of the high-speed rail-
way pantograph–catenary systems, including its progress, 
challenges, outlooks in the history and future.

Keywords High-speed railway · Pantograph–catenary 
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1 Introduction

As a significant strategic support for economic development, 
high-speed railways bring immense changes in transporta-
tion mode of humans all over the world. Compared with the 
other currently existing transportation tools, the high-speed 
railway has the outstanding advantages such as high-speed, 
heavy-load, and being punctual, comfortable, environment-
friendly and safe, and therefore has become one of the 
actively developed infrastructures in the world. In 1964, the 
world’s first high-speed railway was built in Japan with the 
design speed of 210 km/h. Since then, if the design velocity 
of a railway is higher than 200 km/h, this line can be defined 
as a high-speed railway. After that, many countries such as 
France, Germany and China started to build high-speed rail-
ways. The construction and development of high-speed rail-
ways in different countries are shown in Table 1. The rapid 
improvement of high-speed railway running speed leads the 
development of high-speed trains. For example, the trains 
with the maximum design speed within the range between 
200 and 250 km/h, such as CRH1A and CRH2A, normally 
can provide a traction power about 5 MW. The trains with 
the maximum design speed within the range between 250 
and 350 km/h, such as CRH2C and CRH3C, normally can 

Abstract As the unique power entrance, the pantograph–
catenary electrical contact system maintains the efficiency 
and reliability of power transmission for the high-speed 
train. Along with the fast development of high-speed rail-
ways all over the world, some commercialized lines are built 
for covering the remote places under harsh environment, 
especially in China; these environmental elements including 
wind, sand, rain, thunder, ice and snow need to be consid-
ered during the design of the pantograph–catenary system. 
The pantograph–catenary system includes the pantograph, 
the contact wire and the interface—pantograph slide. As 
the key component, this pantograph slide plays a critical 
role in reliable power transmission under dynamic condition. 
The fundamental material characteristics of the pantograph 
slide and contact wire such as electrical conductivity, impact 
resistance, wear resistance, etc., directly determine the slid-
ing electrical contact performance of the pantograph–cate-
nary system; meanwhile, different detection methods of the 
pantograph–catenary system are crucial for the reliability of 
service and maintenance. In addition, the challenges brought 
from extreme operational conditions are discussed, taking 
the Sichuan–Tibet Railway currently under construction as a 
special example with the high-altitude climate. The outlook 
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provide a traction power more than 8.5 MW. The trains 
with the maximum design speed above 350 km/h, such as 
CRH380 and CR400, normally can provide a traction power 
about 10 MW. So far, the highest commercial travel speed of 
China’s high-speed railway has reached 350 km/h, ranking 
the first in the world. High-speed trains run at high speeds 
because they are powered by a constant supply of electrical 
energy, and the entrance to provide electrical energy for the 
trains is the pantograph–catenary system.

As one of the three basic relationships of high-speed 
railway (i.e., pantograph–catenary relationship, wheel–rail 
relationship and fluid–solid relationship), pantograph–cate-
nary system is the key to maintain the constant and reliable 
power supply for high-speed trains, as shown in Fig. 1a and 
b, which contains two main components—the catenary and 
the pantograph [1, 2]. The catenary is a special power supply 

line built along the track to provide electrical energy for 
high-speed trains, as it is mainly composed of contact wires. 
The pantograph is the electrical equipment for high-speed 
trains to obtain electrical energy from catenary, which is 
installed on the roof of the train. The interface that directly 
contacts with the contact wire is pantograph slide. As the 
key current collection component of the train, the panto-
graph slide is installed on the top of the pantograph. The 
pantograph–catenary system provides electric energy for 
trains through sliding electric contact, which is the only path 
of energy supply for high-speed trains.

The ideal electrical contact condition between panto-
graph and catenary is the guarantee of safe and stable cur-
rent collection of trains. The current collection quality of 
the pantograph–catenary electrical contact system directly 
determines whether the train is able to operate safely and 

Table 1  High-speed railways of different countries

Countries Building time 
(year)

Railway lines Initial operating 
speed (km·h−1)

Maximum operating 
speed (km·h−1)

National total mileage of 
operation by 2020 (km)

Japan 1964 Tokaido Shinkansen 210 320 3041
France 1981 Paris–Lyon railway line 270 320 2734
Germany 1991 Mannheim–Stuttgart railway line 250 310 1571
Britain 2003 High Speed 1 225 300 113
China 2007 Suining–Chongqing railway line 200 350 37,900
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Fig. 1  a Three basic relationships of high-speed railway, b the pantograph–catenary system, and c the current collection process of electrical 
contact system
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reliably. Figure 1c shows the electrical contact current col-
lection process of the pantograph–catenary system. With the 
increase of train velocity, the mechanical–electrical coupling 
vibration between the pantograph and catenary is signifi-
cantly intensified, resulting in the contact loss phenomena 
occurring between the contact wire and the pantograph 
slide, which might trigger arc. The arc ablation, friction and 
wear, vibration and mechanical impact tend to bring seri-
ous threats to the pantograph–catenary electrical contact 
interface, leading to the failure of the pantograph–catenary 
electrical contact system, which will seriously affect the safe 
running of trains and even cause the trains to stop running. 
The bottleneck restricting the safe and stable current col-
lection of pantograph–catenary electrical contact systems 
consist mainly in three aspects: Firstly, there is a lack of pan-
tograph slide materials with high performance in wear resist-
ance, ablation resistance and impact resistance. Secondly, 
with the increase of speed, the matching of pantograph slide 
and contact wire deteriorates and the following performance 
of the pantograph–catenary system gets worse. Thirdly, there 
is a lack of effective equipment for online detection and early 
warning of pantograph–catenary system.

With the rapid development of the economy, the ultra-high-
speed train is the development goal of high-speed railway. In 
pursuit of higher operational velocity and stronger carrying 
capacity, the matching condition of the pantograph–catenary 
electrical contact system must be improved to provide the out-
standing transmission capability. Moreover, the high-speed 
railway tends to face more complex environments, along with 
the expansion of commercial railway. Some environmental 
uncertainty tends to bring more technique difficulties to the 
construction of railways, in terms of the geographical and 
climate elements. In addition, with the change of global cli-
mate, extremely harsh environments of different types and 
degrees may appear in different countries over the world. 
Take the climate and environmental factors in some typi-
cal countries with advanced high-speed train technology for 
example: earthquakes and typhoons sometimes occur in Japan 
[3–5], heavy rainfall occasionally occurs in Europe [6–15], 
and strong snowstorms usually occur in Russia [16, 17], as 
shown in Fig. 2. The operation and maintenance of existing 
high-speed railways and the development of future high-speed 
railways must face these complex environmental elements. 
China has a vast territory and different environments in dif-
ferent regions, such as high altitude and strong sandstorms 
in the west, rain and lightning in the south, typhoons in the 
southeast, and severe cold in the northeast [18–21], as shown 
in Fig. 3. In recent years, many achievements have been made 
in the construction of China’s high-speed railways in com-
plex environments, such as the Harbin–Dalian railway line in 
extremely cold environment, the Xining–Chengdu railway line 
with the largest slope grade, the Hainan Circum-island railway 
in lightning prone environment and the Lanzhou–Wulumuqi 

railway line in strong sandstorm environment, as shown in 
Fig. 4. China’s experience in construction and operation of 
high-speed railways in these extremely complex environments 
may provide reference and guidance for the development of 
high-speed railways all over the world.

As the unique entrance of power transmission, the pan-
tograph–catenary system plays a critical role in maintain-
ing the reliability and robustness of the current collection 
process for high-speed trains. This paper first reviews the 
development of high-speed railway pantograph–catenary 
system. Then, the evolution process of catenary, pantograph 
and pantograph slide are summarized, and the detection 
and evaluation methods of pantograph–catenary system are 
reviewed. At last, challenges brought by the future develop-
ment of high-speed railway to pantograph–catenary system 
are analyzed, and outlooks on the development of panto-
graph–catenary system in the future are discussed.

2  Development of the pantograph–catenary 
electrical contact system

2.1  Prototypes of pantograph–catenary system

2.1.1  The electrified railway and pantograph–catenary 
system in the world

In 1879, Ernst Werner von Siemens exhibited the world’s 
first electric locomotive with a maximum speed of 13 km/h 
at the World Trade Fair in Berlin, of which traction power 
and voltage are 2.2 kW and DC 150 V, respectively, as 
shown in Fig. 5a. In 1881, Siemens laid the first tram line 
in Berlin, but people or animals will suffer electric shock 
when they cross the track; therefore, the method of supply-
ing power to the train through two tracks is inappropriate. 
In order to solve this problem, the method of erecting two 
contact lines above the track was adopted in 1882, as the 
bus bar was hung on the contact line. However, the bus bar 
was often derailed due to the drag of the flexible cable, so it 
might not be a reliable power supply mode. Until 1889, Sie-
mens firstly proposed an arcuate current collector, as shown 
in Fig. 5b, as the current collector supplies current from the 
catenary to the traction unit and returns through the track. 
This power supply mode is not only a breakthrough in train 
current collection technology but also a prototype of modern 
pantograph–catenary system [22].

2.1.2  The electrified railway and pantograph–catenary 
system in China

In 1961, the Baoji–Fengzhou railway line was put into 
operation (Fig. 6) with the 25 kV traction power of 50 Hz 
frequency, marking that China’s railway entered the era 
of electrified railway [23]. Academician Cao Jianyou of 
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Southwest Jiaotong University, as the main decision-maker 
and arguer of China’s traction power supply system, has 
made important contributions to China’s electrified railway 
power supply system and the development of the electrified 
railway. At the initial stage of the electrified railway, the 
trains are mainly equipped with Soviet Union ДЖ-5 pan-
tographs, which were the basis for the formulation of the 
design scheme and parameter selection of the catenary in the 
Baoji–Fengzhou railway line. The catenary adopted elastic 
chain suspension and simple chain suspension, with large 
spans, which became the basic form of China’s electrified 
railway pantograph–catenary system.

2.2  Development of pantograph–catenary system

2.2.1  Catenary

2.2.1.1 The structure of  the  catenary The catenary is 
mainly composed of contact suspension, support device, 
positioning device, pillar and foundation [24], as shown in 
Fig. 7.

The contact suspension includes contact wire, drop-
per, messenger wire, connecting parts and insulators. The 
contact suspension is installed on the pillar through the 
support device, and its function is to transmit the electrical 
energy obtained from the traction substation to the train. 
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The contact suspension can be divided into two types—
simple contact suspension and chain-shaped suspension, 
in which the chain-shaped suspension can be divided into 
composite chain-shaped suspension, elastic chain-shaped 

suspension and simple chain-shaped suspension. For sim-
ple contact suspension, there is only contact wire without 
continuous messenger wire. The remarkable characteristic 
of chain suspension is that the contact wire is hung on the 
messenger wire through the dropper [25].

The support device includes cantilever, horizontal tie 
rod, suspension insulator string, rod insulator and other 
equipment. The function of the support device is to sup-
port the contact suspension and transfer its load to the 
pillar [26]. The positioning device includes a positioning 
tube and a locator. Its function is to fix the position of 
the contact wire, make the contact wire within the run-
ning track of the pantograph slide, ensure that the contact 
wire is not separated from the pantograph, and transmit 
the horizontal load of the contact wire to the pillar [27].

The pillar and foundation are used to bear all the weight 
of the contact suspension, support and positioning device, 
and fix the contact suspension at the specified position 
[28]. The pillar and foundation of the catenary are gen-
erally made of steel pillars and reinforced concrete. The 
steel pillars are fixed in the foundation made of reinforced 
concrete below, and the foundation bears all the weight of 
the pillars and ensures their stability.
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2.2.1.2 Development of  the  catenary Since the Shin-
kansen started operation in 1964, the catenary has been 
developed for more than 50 years, and its suspension type 
has also been continuously improved. The general trend of 
catenary development and evolution all over the world is 
the same, that is, from a complex and high-cost catenary 
structure to a simple and low-cost catenary structure. The 

earliest catenary was a composite chain-shaped suspension 
catenary. Due to its complex structure, high cost and dif-
ficult maintenance, it was gradually replaced by the elastic 
chain-shaped suspension catenary. The catenary with elastic 
chain-shaped suspension has simple structure and high sta-
bility, which can meet the current collection requirements 
of trains running at high speed. In recent years, the structure 
of the catenary has been further simplified, and the simple 
chain-shaped suspension catenary with low cost and simple 
maintenance is widely used all over the world.

2.2.2  Pantograph

In the electrified railway, the pantograph is the key equip-
ment for the train to obtain electric energy from the catenary, 
and its structure is an important factor affecting the cur-
rent collection quality. Relevant research shows that when 
the train speed reaches 200 km/h, the mechanical collision 
between pantograph and catenary is more violent, and the 
arcing is more frequent, resulting in serious damage to the 
pantograph–catenary system. Therefore, it is of great signifi-
cance to study pantographs with excellent performance to 
promote the development of high-speed railway [29].

2.2.2.1 The structure of  the pantograph The pantograph 
is mainly composed of pantograph head, frame, under 
frame and transmission system, as shown in Fig.  8. The 
pantograph head is an important part of the pantograph, 
which mainly includes slide plate, pantograph angle and 
pantograph head support device. The slide plate is a current 
collection device fixed on the top of the pantograph with 
the slide plate bracket, which is a replaceable consumable. 
The pantograph angle is an arc part installed at both ends 
of the pantograph head. Its main function is to ensure that 
the pantograph passes through the overhead crossover of 
the catenary smoothly. In addition, in order to prevent the 
pantograph angle from discharging to the roof when work-

Fig. 5  Prototype of electric locomotive and pantograph–catenary 
system: a the electric locomotive; b arcuate current collector

Fig. 6  The electric locomotive on Baoji–Fengzhou railway line
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ing with electricity at a lower height, the pantograph angle 
must be made of insulating material. Pantograph head sup-
port device is one of the key components affecting the per-
formance of pantograph. Its function is to ensure smooth 
contact between slide plate and contact line and is generally 
made of materials with high strength and light weight [30].

Generally, the frame types include double-arm and sin-
gle-arm frames. The double-arm frames include the four-
wrist diamond double-arm frame and the two-wrist diamond 
double-arm frame. The four-wrist diamond double-arm 
frame is composed of four arms, and each arm includes two 
parts: the upper arm and the lower arm, which are symmetri-
cally arranged in front and back, left and right. This type of 
frame has the advantages of high strength and good stabil-
ity, but it has the disadvantages of high cost, large weight, 
complex structure and difficult adjustment. Later, the four-
wrist diamond frame was improved, and the lower frame was 
changed from the original four arms to two arms, while the 
upper frame remained unchanged, so it was called two-wrist 
diamond double-arm frame. Compared with the four-wrist 
diamond double-arm frame, the two-wrist diamond double-
arm frame is simpler in structure, lighter in weight, and less 
difficult to adjust. The double-arm frame is gradually phased 
out because of its complex structure, heavy weight and high 
maintenance costs, and displaced with the single-arm frame. 
The structure of the single-arm frame is only half of that 
of the two-wrist diamond double-arm frame, which has 
the advantages of simple structure, small overall size, light 
weight, easy adjustment and good dynamic characteristics. 
Therefore, the single-arm pantograph is widely used in mod-
ern electrified trains [31, 32].

The underframe is the base fixed to the pantograph 
frame and installed on the supporting insulator of the pan-
tograph at the top of the train. It is usually made of section 

steel, steel pipe or casting. Generally, the underframe is 
required to have strong rigidity to avoid the deformation of 
the frame during handling or installation, which will affect 
the performance of the pantograph [33].

The transmission system is used to raise or lower the 
pantograph, which mainly includes pantograph raising 
spring, pantograph lowering spring and transmission cyl-
inder. When the pantograph is raised, the compressed air 
enters the transmission cylinder evenly through the elec-
tro-pneumatic valve, the cylinder piston compresses the 
pantograph lowering spring in the cylinder. At this time, 
the pantograph raising spring pulls the lower arm to raise 
the upper frame and the pantograph head until the slide 
plate contacts the contact line. When the pantograph is 
lowered, the compressed air in the transmission cylinder is 
discharged quickly. The pantograph lowering spring over-
comes the force of the pantograph raising spring to make 
the pantograph lower quickly [34].

2.2.2.2 Development of  the  pantograph With the devel-
opment of electrified trains, the pantographs have been 
constantly refined. Although the development histories of 
electrified railways in various countries are different, the 
development of pantographs worldwide can be summa-
rized as an evolution process from double-arm pantographs 
with complex structure and high weight to single-arm pan-
tographs with simple structure, low weight, flexibility and 
reliability.

Initially, four-wrist diamond-shaped double-arm panto-
graphs were used in the early stage of high-speed railway 
operation, but they were eliminated due to their complex 
structure and the large aerodynamic noise generated when 
the trains were running at high speed. Japan then success-
fully developed a T-type pantograph, which has a simple 
structure but a high cost, so they are no longer used at pre-
sent. Subsequently, Japan developed PS207 and PS208 
single-arm pantographs, and in 2011, the maximum run-
ning speed of E5 series high-speed trains with PS208 single-
arm pantographs reached 320 km/h [35]. France, Germany 
and China established high-speed railways after Japan, and 
all of them use single-arm pantographs, which are small, 
lightweight and reliable and have excellent aerodynamic 
performance.

The pantograph plays a pivotal role in the quality of the 
pantograph–catenary current collection. In order to meet 
the safe and stable energy transmission of ultra-high-speed 
trains in the future, it is necessary to continuously develop 
novel pantographs with better comprehensive performance, 
simple structure and light weight. In addition, improving 
the matching performance between pantograph and catenary 
is also a key task for the development of future high-speed 
railway pantograph–catenary systems.
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Fig. 8  The structure of pantograph



444 G. Wu et al.

1 3 Rail. Eng. Science (2022) 30(4):437–467

2.3  Pantograph–catenary system in different countries

Japan, France, Germany and China are the representatives 
with developed high-speed railway network in the world, and 
their high-speed railway pantograph–catenary systems have 
experienced different development processes.

2.3.1  The pantograph–catenary system in Japan

In 1964, Japan built the world’s first high-speed railway—
Tokaido Shinkansen, with a running speed of 210 km/h [36], 
as shown in Fig. 9. The traction power supply system of 
Tokaido Shinkansen adopts AC 25 kV, 50/60 Hz. The open-
ing of the Shinkansen raised the average speed of Japanese 
trains from 64 to 210 km/h, which brought the development 
of electric locomotive and pantograph–catenary systems into 
a new era.

Figure 10 shows the development process of Shinkansen 
pantograph–catenary system in Japan. At the initial stage of 
the opening of Shinkansen, the pantograph–catenary sys-
tem was composed of PS200A pantograph and a complex 
chain suspension catenary with elastic combined suspen-
sion string. However, the elastic combined suspension string 

would increase the vibration of the catenary, and the panto-
graph–catenary electric contact system is poorly matched. 
Therefore, the Japanese Shinkansen pantograph–catenary 
system was replaced by a heavy-duty complex chain suspen-
sion catenary with a Y-shaped elastic sling. The multi-panto-
graph current collection model was adopted. However, in the 
long-term operation, it was found that the wear of the pan-
tograph–catenary system was serious, and the contact wire 
needed to be replaced once every 4–5 years. In order to solve 
this problem, Japan optimized the pantograph–catenary 
system from multi-pantograph current collection to double 
pantograph current collection. The pantograph gradually 
became lighter (such as T-shaped pantograph and V-shaped 
single-arm pantograph), and the catenary suspension mode 
was changed to the simple chain suspension. While the train 
running speed was improved, and the service life of the pan-
tograph–catenary system was also extended.

The seismic design of the catenary is a typical feature of 
the Japanese Shinkansen pantograph–catenary system. The 
purpose of seismic design is to prevent the collapse of cate-
nary equipment caused by earthquakes. The seismic design 
policy considers the dynamic interaction between pillars, 
catenary suspension, catenary equipment, and supporting 
civil structures. The continuous development and improve-
ment of the seismic design of Shinkansen in Japan provide 
an important reference for the construction of electrified 
railways in earthquake-prone countries in the world.

2.3.2  The pantograph–catenary system in French

In 1981, the first high-speed railway in France, namely TVG, 
was put into operation, becoming the second country with 
high-speed railway after Japan, opening the era of high-
speed railways in continental Europe. The TGV high-speed 
railway adopts a traction power supply system of AC 25 kV, 
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50 Hz, and the trial operation speed reached the world record 
of 380 km/h at that time, breaking the concept of the tradi-
tional railway operation speed.

The TGV train is one of the fastest high-speed trains in 
the world. In 1990, TGV set a world record of 515.3 km/h 
on the Atlantic branch line [37], which is the first time in 
human railway history to exceed the speed of 500 km/h. 
In 2007, the maximum speed of the TGV-V150 test train 

reached 574.8 km/h [38], which created the world’s first 
wheel–rail railway speed, as shown in Fig. 11.

Figure 12 shows the development process of the TGV 
pantograph–catenary system. TGV pantograph–catenary 
system of the southeast line in France is composed of the 
AMDE pantograph and the elastic chain suspension cate-
nary. In order to meet the needs of improving the run-
ning speed of high-speed railway, the French high-speed 
railway has carried out many optimizations on the pan-
tograph–catenary system. In 1991, France developed the 
CX pantograph with excellent performance matching with 
the catenary with a simplified structure. The simple chain 
catenary was adopted in the construction of the high-speed 
railways after the Southeast line [39].

The prominent feature of French TGV is the pursuit of 
speed. In order to achieve the goal of higher speeds, the 
TGV train always adopts the mode of power centralized 
configuration and articulated vehicle connection. With the 
continuous improvement of the TGV pantograph–cate-
nary system, its pantograph has gradually realized light-
weight (e.g., the CX series pantograph has the smallest 
pantograph head size in the world), and the catenary has 
evolved from the elastic chain suspension to the simple 
chain suspension.

Fig. 11  The TGV-V150 test train

ADME CX

Elastic chain suspension Simple chain suspension

Fig. 12  Development of French pantograph–catenary system
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2.3.3  The Pantograph–catenary system in German

In 1991, the German high-speed railway began to operate 
with a maximum speed of 250 km/h. ICE is one of the most 
reliable, advanced, and comfortable high-speed railways in 
Europe. The German electrified railway adopts a traction 
power supply system of AC 15 kV, 16.67 Hz. ICE trains 
are characterized by high power, and their main technical 
parameters are shown in Table 2.

The German ICE pantograph–catenary system uses a 
DSA350SEK pantograph with a large contour bowhead 
and long-span elastic chain suspension catenary (such as 
Re160 and Re200), as shown in Fig. 13a. German high-
speed railway sector has conducted in-depth research on the 
pantograph–catenary system and made many achievements. 
Figure 13b shows the development process of the German 
catenary. In the mid-1970s, Germany developed the Re250 
catenary (suitable for 250 km/h) on the basis of the Re200 
catenary [40]. In the 1990s, Re330 catenary (applicable to 
300 km/h) was developed, and its speed target value could 
reach 400 km/h [41, 42]. After many years of development, 
the long-span elastic chain suspension catenary has become 
the best choice of German high-speed railways and has been 
applied until now.

A remarkable feature of the German high-speed railway is 
that the power supply system adopts AC15kV and 16.67 Hz. 
The advantages of this single-phase low-frequency AC sys-
tem are small voltage loss and low power loss. Another fea-
ture of the German high-speed railway is safety, comfort, 
and high economy. The pantograph with a large bowhead 
size is adopted, and the long-span elastic chain suspension 
is used to reduce the elastic unevenness of the catenary. The 
large outline pantograph matching with the long-span cate-
nary can effectively improve the economy and reliability of 
the German railway pantograph–catenary system.

2.3.4  The pantograph–catenary system in China

The development of China’s high-speed railways has experi-
enced a brilliant process from scratch, from manufacturing to 
creation, and from introduction to going out. In 2007, as the 
first high-speed railway in China, the Suining–Chongqing 
railway line was officially put into operation, with a design 
speed of 200 km/h, which laid a theoretical foundation and 

technical reserve for China’s large-scale high-speed railway 
construction. In 2008, China’s first high-speed railway with 
a design speed of 350 km/h, the Beijing–Tianjin Intercity 
High-speed Railway, was put into operation, whose opera-
tion speed is the fastest in the world at that time. In 2009, 
Wuhan–Guangzhou high-speed railway was put into opera-
tion, which has become a sign that China has officially 
entered the era of high-speed railway [43]. In 2010, the 
CRH380AL EMU using the DSA380 pantograph set a new 
record for the operating train test speed of 486.1 km/h on the 
Beijing–Shanghai high-speed railway, as shown in Fig. 14.

The development of pantograph–catenary system for 
China high-speed rail has gone through the process of 
introduction, absorption, and re-innovation. Figure 15 is 
the development process of the catenary and pantograph. 
In the early stage of China’s high-speed railway construc-
tion, the pantograph–catenary system adopted the imported 

Table 2  Main technical parameters of ICE trains

Train Power (kW) Operation start year

ICE1 4800 1991
ICE2 4800 1992
ICE3 8000 2000
ICE4 9900 2017

(a)

(b)

Contact line
AC100 CuAg 13 kN

14 m
Re200

14 m

Contact line
AC120 CuAg 15 kN

18 m Re250

Contact line
AC120 CuAg 27 kN

Re330 1.80
m

18 m

1.80
m

1.80
m

Fig. 13  Development of German pantograph–catenary system: a 
DSA350SEK pantograph; b development of German catenary
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DSA200 pantograph and Re200C elastic chain suspension 
catenary. During the sixth speed increase of China Railway 
in 2007, the DSA250 pantograph was widely used [44]. 
The design speed of this pantograph is 250 km/h, which is 
suitable for various electric locomotives and electric mul-
tiple units (EMUs) of corresponding speed grades. With 
the continuous improvement of train speed, pantograph and 
catenary are also developing and improving. In 2008, the 
Beijing–Tianjin intercity railway was put into operation. 
In order to meet the high-speed current collection require-
ments of EMUs, the pantograph–catenary system adopted 
an SSS400 + pantograph and a simple chain suspension cate-
nary. The SSS400 + pantograph has been localized through 
a process of re-innovation, and the model after localization 

was TSG19. In 2011, the Beijing–Shanghai railway line 
was put into operation, and its catenary also adopted the 
simple chain suspension. The CRH380BL train running on 
the Beijing–Shanghai railway line began to use the CX-NG 
pantograph with excellent performance. In 2017, China’s 
self-developed standard EMU train ‘Fuxing’ started opera-
tion. ‘Fuxing’ adopted the CX-G1030 pantograph, and some 
components of the pantograph–catenary system were local-
ized [45, 46]. In fact, China is taking the lead in research and 
development of high-speed railways.

2.3.5  Other typical pantograph–catenary systems

In addition to the above-mentioned, the pantograph–cate-
nary system of Sweden’s X2000 high-speed pendulum train 
is also a typical one [47], as shown in Fig. 16. The cate-
nary of the pendulum train pantograph–catenary system 
adopts simple chain suspension, and the pantograph adopts 
a WBL88-X2 type pantograph. The WBL88-X2 panto-
graph can be controlled laterally on a curved track to realize 
reverse inclination relative to the vehicle body, which can 
reduce pantograph–catenary system vibration and improve 
current collection quality. The adoption of high-speed pen-
dulum trains is a significant feature of Swedish high-speed 
railways, which can increase the passing speed of trains by 
30% to 40% in the curved section. At the same time, the 
tilt of the car body offsets 70% of the centrifugal force felt 
by the passengers, making the passenger experience more 
comfortable.

Fig. 14  The CRH380AL test train

Fig. 15  Development process of catenary and pantograph in China
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3  The component evolution of pantograph–
catenary system

3.1  Contact wire

Contact wire is an important part of catenary, which trans-
mits electrical energy to the electric locomotive through 
pantograph slide. Contact wire is generally built in zig-zag 
to reduce the wear on pantograph slide. When the train is 
running at a high speed, the contact wire has to face the 
extreme working environment such as vibration shock, tem-
perature difference, environmental corrosion, mechanical 
friction, and arc ablation [48]. Its material properties directly 
affect the current collection quality and operation safety of 
the train. There are many types of electrified railway contact 
wires, which are mainly classified into pure copper contact 
wires and copper alloy contact wires according to the mate-
rial [49].

3.1.1  Pure copper contact wire

Pure copper has excellent electrical conductivity, ther-
mal conductivity and corrosion resistance, but it has low 
strength, low softening temperature and poor heat resistance. 
The pure copper contact wire is easily broken, causing the 
pantograph–catenary system to fail. Therefore, pure copper 
contact wire cannot meet the requirements of high-speed and 
heavy-haul railways, it is generally only suitable for ordinary 
railway with speeds lower than 200 km/h [50]. At present, it 
is gradually replaced by copper alloy contact wire.

3.1.2  Copper alloy contact wire

The metal elements doped with copper alloy mainly include 
Ag, Sn, Cr, Mg, and Zr. Due to the addition of metal ele-
ments, the mechanical properties, softening resistance and 

wear resistance of copper alloy contact wire are greatly 
improved compared with pure copper.

Copper–silver alloy contact wire usually refers to copper 
as the main material, containing about 0.1% silver element. 
Ag and Cu are homologous elements with similar electronic 
structures, so copper–silver alloys can achieve an electri-
cal conductivity of 96% IACS or more. Copper–silver alloy 
contact wire is used in Re250 catenary in Germany, and the 
train speed can reach 250 km/h. However, since Ag and Cu 
are cognate elements, the solid solution strengthening effect 
is not prominent, and the improvement of mechanical prop-
erties of copper–silver alloy at room temperature is limited, 
which is about 370 MPa. At present, the copper–silver alloy 
contact wire produced in China has reached a high level and 
can be used for high-speed railways below 300 km/h.

Copper–tin alloy contact wire is made by adding 0.3% tin 
element to copper. Compared with the copper–silver alloy 
wire, the copper–tin alloy contact wire has advantages of 
simple manufacturing process, high yield and low price. In 
1997, Japan achieved the goal of 300 km/h by using the cop-
per–tin alloy contact wire [51]. The copper–tin-120 contact 
wire developed in France and tested in a catenary with a 
speed of 300–350 km/h has a tensile strength of 537.5 MPa 
and an electrical conductivity of 70% IACS. The copper–tin 
alloy contact wire has high strength, high softening tempera-
ture and appropriate electrical conductivity, and its compre-
hensive performance is better than that of the copper–silver 
alloy contact wire [52].

Copper–magnesium alloy contact wire is a milestone wire 
after copper–tin alloy contact wire. It has the characteristics 
of high tensile strength, high wear resistance, high tempera-
ture softening resistance, moderate electrical conductivity, 
etc. It is mainly used in high-speed railway catenary with 
a speed of more than 300 km/h [53]. Copper–magnesium 
alloy contact wire was first developed by German Railway 
Company (DBAG), with a tensile strength of 490 MPa and 
an electrical conductivity of 62% IACS. It was applied in 
Re330 catenary, and the speed could reach 330 km/h. China 
has begun to develop copper–magnesium alloy contact wire 
since 1990s. In 2002, copper–magnesium alloy contact wires 
were successfully applied to Qinhuangdao–Shenyang high-
speed railway. Since then, copper–magnesium alloy contact 
wires have been mostly used in lines with a design speed of 
300 km/h and above in China.

Copper–chromium–zirconium alloy contact wire is a 
copper alloy product strengthened by heat treatment. It has 
high tensile strength and significantly improved electrical 
conductivity compared with contact wires made of cop-
per–tin alloy and copper–magnesium alloy. The Chinese TB/
T2809-2017 standard requires that the tensile strength of 
copper–chromium–zirconium contact wire shall not be less 
than 560 MPa and the electrical conductivity shall not be 
less than 75% IACS. In 2010, the 220 km pilot test section 

Fig. 16  Sweden’s X2000 high-speed pendulum train with the 
WBL88-X2 pantograph
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of Beijing–Shanghai high-speed railway set a world record 
speed of 486.1 km/h with copper–chromium–zirconium 
contact wire for high-speed railroad operation test. Cop-
per–chromium–zirconium alloy contact wire material has 
high strength, good electrical conductivity and high tem-
perature softening resistance. It can be applied to high-speed 
railway above 350 km/h and has broad application prospects. 
However, its production process is totally different from that 
of ordinary copper–silver, copper–tin and copper–magne-
sium alloy contact wires. It requires multi-pass and long-
time heat treatment, and due to its complex process, the pro-
duction cost is higher than that of other contact wires [54].

Table 3 shows the key performance parameters of differ-
ent types of contact wires. Facing the development direction 
of high-speed railways to higher speed, contact wire mate-
rials are required to have better comprehensive properties. 
For the existing types of contact wires, it is necessary to 
optimize the alloy composition design, optimize the process 
flow of copper alloy wire blank, improve the reliability of 
products, and reduce the cost. Meanwhile, it is necessary to 
strengthen the research and development of advanced pro-
duction technology and processing equipment.

3.2  Pantograph slide

As the key current collection part of the high-speed train, 
the pantograph slide is installed on the top of the train. It 
directly contacts with the contact wire and gets electric 
energy to provide traction power for the stable operation of 
the locomotive [57, 58]. The current collection quality of the 
pantograph–catenary system determines whether the train 
can obtain sufficient traction power to run safely and reliably 
[59]. The performance of the slide plate material used in the 
pantograph directly determines the quality of the current 

collection. In addition, the pantograph slide is exposed to the 
ambient environment, so it would face mechanical impacts, 
arc erosion, and friction continuously during the running of 
trains [60–62]. Therefore, the design of the pantograph slide 
has very strict requirements which include sufficient impact 
resistance, high electrical conductivity, good abrasion and 
ablation resistance, excellent self-lubrication, and low wear 
property against the contact wire. The general requirements 
for the pantograph slide material are shown in Fig. 17.

With the development of high-speed and heavy-haul elec-
trified railway, a higher requirement for the performance of 
the pantograph slide materials is needed. Research on the 
pantograph slide, especially on its materials, has been stud-
ied extensively all over the world. Since the 1920s, countries 
like Japan, France and Germany have done a lot of studies 
on the pantograph, laying a solid foundation for the develop-
ment of pantograph slide materials.

The development of pantograph slide materials has expe-
rienced different stages, including metal slide plate, pure 
carbon slide plate, powder metallurgy (P/M) slide plate, 
metal impregnated carbon slide plate, and composite slide 
plate [63–65]. The development of the pantograph slide cor-
responding to trains with different speed levels is shown 
in Fig. 18. Since the 1960s, China has made remarkable 
achievements in pantograph slide materials. In 1961, China’s 
the first electrified railway, namely Baoji–Fengzhou railway 
was put into operation with a maximum running speed of 
70 km/h, where the mild steel pantograph slide was mainly 
used. This kind of pantograph slide has the advantages of 
high mechanical strength, low resistivity, low cost, and 
long service life. However, the lubricity of this pantograph 

Table 3  The key performance parameters of different types of con-
tact wires [49, 50, 55, 56]

Materials Tensile 
strength 
(MPa)

Electrical 
conductivity 
(%IACS)

Country Speed 
(km·h−1)

Cu 350–360 97.5 Most coun-
tries (before 
2013)

 ≤ 200

Cu–Ag 353 96.5 China  ≤ 250
350 96.5 Germany

Cu–Sn 538 73.8 China  ≤ 350
420 85 Japan
537.5 77.6 France

Cu–Mg 490 62.1 Germany  ≥ 300
524 72 China

Cu–Cr–Zr 555.5 78.8 Japan  ≥ 350
569 78 China

uarantee energy transmission
educe energy loss

Electrical  
onductivity

Avoid mechanical damage 
Prevent cracking or breaking

Extend service life
Reduce cost

Wear esistance High temperature 
resistant
Arc ablation resistant

Ablation 
esistance

Protective contact wire

Lubricating 
film

Impact Self-lubrication
Reduced friction and 

Pantograph
lide material

Fig. 17  Requirements for the pantograph slide material



450 G. Wu et al.

1 3 Rail. Eng. Science (2022) 30(4):437–467

is poor, which causes serious wear of the contact wire. To 
solve this problem, the pure carbon slide plate was devel-
oped by the Institute of Railway Sciences of China in 1967, 
and the mechanical wear of the contact wire was greatly 
mitigated.

Subsequently, as the train speed increased to 100 km/h, 
the pure carbon slide plate could no longer be used because 
of its low mechanical strength, poor impact toughness, and 
low service life at higher speeds. In order to solve this 
problem, a P/M slide plate with good impact toughness 
was developed, which was based on the metal (iron and 
copper) powder. This approach greatly reduced the wear of 
contact wire, and the slide plate had a better performance 
in wear resistance as well. It was therefore used as an ideal 
solution for trains on 100 km/h trunk lines.

Later on, the further increase of the train speed 
resulted in an increase of the contact loss rate of the pan-
tograph–catenary and more frequent arcing phenomena 
during train service. Due to the loose structure and poor 
arc resistance, the existing P/M slide plate could no longer 
meet the safety requirements at 160 km/h. In the 1990s, the 
emerge of the metal impregnated carbon slide plate with 
dense structure in high-speed electric locomotive offered a 
promising approach to compensate for the material defects 
at high-speed. The metal impregnated carbon slide plate 
had many excellent performances such as high mechanical 

strength, low resistivity, low wear, easy to form a lubricat-
ing film, and strong arc extinguishing ability. It was recog-
nized as a novel slide plate with the best adaptability to the 
contact wire, and got widely applied in high-speed trains 
running with a speed above 200 km/h. However, the exist-
ing metal impregnated carbon slide plate may not meet the 
requirements of ultra-high-speed trains in the future, and it 
is necessary to develop novel composite pantograph slides 
with high comprehensive performance.

3.2.1  Pure carbon slide plate

The pure copper and soft steel are mainly used as pantograph 
slide materials for electrified trains running at a speed below 
70 km/h. However, due to the serious wear on the contact 
wire, the pure metal slide plate could not meet the needs of 
electrified railway development. Therefore, the pure carbon 
slide plate with self-lubricating performance replaced the 
pure metal slide plate and became the best choice of the pan-
tograph slide in the low-speed stage of electrified railway.

The pure carbon slide plate is mainly composed of carbon 
black, pitch coke, and petroleum coke. The production pro-
cess of the pure carbon slide plate is shown in Fig. 19 (green 
line). First, the components are made into aggregate powder, 
and pitch is added as the binder for the mixing process. After 
hot pressing and roasting, a blank is formed, and this blank is 
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Fig. 18  Development of pantograph slide with the increase of train speed in China
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impregnated with pitch and is roasted before the preparation 
is complete [66].

The pure carbon slide plate has good self-lubrication, 
which can form a layer of lubricating carbon film on the wire 
when it rubs against the copper contact wire. This design 
effectively reduces the wire wear and prolongs the service 
life of the wire. Moreover, the pure carbon slide plate has 
advantages of low electromagnetic noise and high tempera-
ture resistance when sliding, and there is no welding prob-
lem between the carbon slide plate and the contact wire. 
Therefore, in the early days, the pure carbon slide plate is 
adopted by many countries.

Japan has been devoted to the research and development 
of pantograph slide materials and it began to develop and 
use the pure carbon slide plate in the 1920s. The pantograph 
slide materials were widely used in private railways in the 
1940s [67]. Netherlands began to use pure carbon slide plate 
in 1934. In 1991, Germany ICE was founded and started 
to use the pure carbon slide plate with a wear rate in the 
range of 1.7 to 2.2 mm 10,000 km [68]. In the 1960s, the 
pantograph slide of electric locomotive in China adopted 

mild steel and pure carbon slide plate, which were gradually 
replaced by the pure carbon slide plate due to its excellent 
performances in self-lubrication and wear reduction [69, 
70]. In the recent decade, China has made great progress in 
the research of pure carbon slide plates, and has developed 
pure carbon slide plate with excellent performance. Table 4 
shows the key properties of the pure carbon slide plate in 
some representative countries.

Although the pure carbon slide plate has significant per-
formance in mitigating the wear of the pantograph slide 
on the contact wire, its shortages and deficiencies become 
prominent as the train speed increases. Due to the low 
mechanical strength and poor impact resistance of pure 
carbon slide plate, the slide plate is easily subject to crack, 
block fall, or even fracture when it is sliding through the 
hard point of contact at a high speed. Additionally, the 
uneven wear of the slide plate results in an increase in the 
contact loss rate, which leads to a severe wear between the 
pantograph slide and the contact wire. In addition, pure 
carbon slide plates have large resistance, small collection 
capacity, and high temperature in the contact area, easy to 
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Table 4  Key parameters of pure carbon slide plate in different countries [63, 64, 66, 73, 74]

Country Density (g·cm−3) Hardness (HS) Electrical conductivity (×  105 S·m−1) Flexural strength (MPa) Impact strength (J·cm−2)

Germany 1.67 75 0.30 38 0.35
Japan 1.65 65 0.29 35 0.15
France 1.70 92 0.42 50 0.32
China 1.70 80 0.29 45 0.36
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cause oxidation corrosion of the contact wire and shorten 
the service life of the pantograph and catenary. Therefore, 
the electrical contact current collection materials with 
lower resistance coefficient and higher impact toughness 
become the focus of researchers at higher speeds.

3.2.2  Powder metallurgy slide plate

Compared with the pure carbon slide plate, the P/M slide 
plate has excellent impact resistance, conductivity, arc resist-
ance, and wear resistance. A lubricating film can be continu-
ously formed during the operation of the P/M slide plate, 
which reduces the friction coefficient of the friction pair. 
The P/M slide plate has been studied extensively, especially 
in Japan and China [71, 72].

The P/M slide plate is made of metal powder (e.g., iron 
and copper), lubricating component (e.g., C, Pb, and  MoS2), 
and hard components by means of mechanical mixing, and 
hydroforming after hot pressing and oil immersion. Its pro-
duction process is shown in Fig. 19 (blue line). The P/M 
slide plates can be divided into iron matrix and copper 
matrix plates according to its ingredients. Iron matrix slide 
plates are mostly used for steel aluminum wires, while cop-
per matrix slide plates are mainly used for copper wires. The 
general composition of copper matrix slide plates is shown 
in Table 5.

The P/M slide plate was firstly developed in Japan in 
the 1950s. Since then, copper matrix P/M slide plate was 
commonly used. After the construction of Shinkansen, the 
iron matrix P/M slide plate was used, followed by the cop-
per matrix P/M slide plate [73]. In 1969, the former Soviet 
Union developed a P/M slide plate which can be used in 
1500 V DC electrified railway section. In the late 1960s, 
China developed a P/M slide plate with low resistance coef-
ficient and good impact toughness. The P/M slide plate 
materials can form lubricating film which results in a low 
friction coefficient. The replacement of the pure carbon slide 
plate by the P/M slide plate reduces the wear of contact wire 
and improves the service life of the slide plate. In the early 
1980s, the P/M slide plate has become a typical product for 
the railway pantograph material in China.

However, P/M slide plate has certain limitations. Due 
to the low oil content, when the formed lubricating film is 
damaged or failed, it is difficult for the P/M slide plate to 
form a novel lubricating film to maintain the smooth contact 
between the pantograph slide and the contact wire, resulting 

in a serious wear of the pantograph slide on the contact wire 
[74–76]. In order to reduce the wear of contact wire and 
improve the service life of slide plate, the wear-resistant 
and wear-reducing components and solid lubricant were 
added into P/M slide plate [77–79]. In addition, improv-
ing the assembly method of the slide plate, such as adding 
carbon slider on the inner side of the P/M slide plate was 
used to improve the lubricity of the material. A mechanical 
composite copper matrix P/M slide plate was developed in 
China in the 1990s. The solid lubricant was added to the 
copper matrix P/M slide plate, which greatly reduced the 
wear of contact wire and provided lubrication during ser-
vice. Although the P/M slide plate has been improved, it still 
cannot meet the requirements of the rapid development of 
high-speed railways for the performance of pantograph slide, 
and its application is partially restricted [80].

3.2.3  Metal impregnated carbon slide plate

3.2.3.1 Development history In the 1980s, the metal 
impregnated carbon slide plate materials with low resistiv-
ity and high mechanical strength were developed in Japan, 
and gradually replaced the P/M slide plate [81–83]. The 
electrified railway in Britain began to use the metal impreg-
nated carbon slide plate in 1987. The metal impregnated 
carbon slide plate developed in Britain has lower resistivity 
and wear rate than the traditional pantograph slide materials 
and was widely used in European countries.

In the late 1980s, China’s Academy of Railway Sciences, 
Zhengzhou Railway Bureau, and some other institutes suc-
cessfully developed the metal impregnated carbon slide plate 
named ‘SAC type aluminum coated metal impregnated car-
bon slide plate’, which is suitable not only for the copper 
wire, but also for the mixed section of copper and steel alu-
minum wire. In 1991, a new type of  SK2 metal impregnated 
carbon slide plate was developed in China, which make up 
for the shortcomings and defects of the pure carbon slide 
and P/M slide plate. In recent years, the fabrication technol-
ogy of pantograph slide in China has developed rapidly. The 
developed metal impregnated carbon slide plate has already 
realized large-scale production, and has been widely applied 
to freight railways by Beijing Railway Bureau to replace the 
imported metal impregnated carbon slide plate [70].

3.2.3.2 Fabrication technology The metal impregnated 
carbon slide plate material mainly consists of copper and 

Table 5  The composition of copper matrix slide plate by mass (%) [74–77, 79]

Cu Fe Ni Ti Lubrication components

Pb C Else

70–80 5–10 1–5 3–8 0–3 1–3 1–2
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copper alloy impregnated with pure carbon matrix. The 
porous carbon blank is prepared through a process which is 
similar to that of the pure carbon slide plate. After that, the 
copper or copper alloy is impregnated into the carbon blank 
by pressure impregnation. Thereby, a metal impregnated 
carbon material is obtained, and the mixed copper or copper 
alloy shows a network distribution in the carbon blank. The 
production process of the metal impregnated carbon slide 
plate is shown in Fig. 19 (red line). The metal is formed with 
a skeleton structure, which plays a role of reinforcement, as 
well as reducing the resistivity and porosity [84].

The interfacial bonding strength of metal and carbon 
matrix determines the comprehensive performance of the 
metal impregnated carbon slide materials, as the wettability 
is the key to the interfacial bonding strength of the material 
[85–87]. The main preparation method of metal impregnated 
slide plate is based on melt infiltration method which can 
be achieved in a container with high pressure, atmospheric 
pressure, and negative pressure at high temperature. It can 
be divided into pressure impregnation [88–90], pressureless 
melt infiltration [91, 92], and negative pressure infiltration 
[93, 94].

As mentioned above, the pressure impregnation method 
was initially used for the preparation of the metal impreg-
nated carbon slide plate. The platform of pressure impreg-
nation is shown in Fig. 20. The high density of the pre-
pared composite and high utilization of copper alloy can be 
achieved by pressure impregnation. However, the obtained 
wettability of copper and carbon is very poor. Therefore, if 

the vacuum pressure impregnation is not used, it is difficult 
to impregnate the copper melt into the carbon matrix. Even 
if the impregnation is successful, the performance of the 
prepared pantograph slider would not be stable. In addition, 
the preparation of slide plate materials using the pressure 
impregnation method is very complex with low operational 
safety. These drawbacks prevented the industrialization 
application of this technique, and to develop pantograph 
slide materials with simple process and stable performance 
is required.

An improved technique has been developed by using the 
pressure impregnation method to make the alloy melt easily 
to impregnate or even impregnate the carbon matrix under 
ambient pressure [95]. Zuo et al. [96] proposed a strategy 
based on copper–boron alloying to improve the C/Cu inter-
facial bonding force, and the Cu–B/sintered-carbon compos-
ites were successfully prepared by pressure impregnation. 
The results showed that the C/Cu contact angle decreased 
from 123.6° to 21.3° in the case of 2.5% (by mass) B doping 
(see Fig. 21), and the compressive and flexural strengths of 
the modified composites were increased by 39% and 54%, 
respectively. Rambo et al. [97] used the pressureless melt 
infiltration method to form dense C/Cu composites by infil-
trating Cu–Ti alloy into carbon preforms prepared by 3D 
printing under an argon gas protected pressureless condition. 
Negative pressure infiltration, on the other hand, is a way 
in which infiltration occurs under vacuum. To infiltrate the 
molten metal into the porous body, Yang et al. [98] prepared 
C/C–Cu composites with density of 2.7–4.9 g/cm3 by plac-
ing Cu–Ti alloy melt infiltrated and C/C blanks in a sealed 
container at 1300 °C under  10–2 Pa.
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This method has low cost and is easy to be applied indus-
trially. In addition, the prepared composites have better 
interfacial bonding and excellent overall performance, and 
the preparation of C/Cu composites by negative pressure 
infiltration technology has been widely used at present.

In recent years, in addition to the use of copper alloy 
impregnated carbon matrix, pure aluminum or aluminum 
alloy have been found to have potential advantages in pre-
paring high electrical conductivity and light weight metal 
impregnated carbon slide plate. For example, aluminum/
sintered carbon composites with good mechanical proper-
ties were prepared by using aluminum alloy to infiltrate the 
sintered carbon matrix under high pressure [99].

Table 6 shows a comparison of mechanical properties 
for the metal impregnated carbon slide plates developed in 
different countries. The hardness, electrical conductivity, 
flexural strength, and impact strength of the metal impreg-
nated carbon slide plate produced in China have reached or 
even exceeded those of Germany, Britain and other advanced 
countries.

3.2.3.3 Advantages and  limitations The metal impreg-
nated carbon slide plate has many advantages compared 
to the P/M slide plate, as it is more suitable for the panto-
graph of high-speed electric locomotive [100]. It not only 
retains the advantages of pure carbon slide plate, such as 
good lubricity and wear resistance, but also solves the prob-
lem of the fast wear of the contact wire and improve the 
safety and reliability of the pantograph in the sliding of the 
contact wire [101–103]. It has been verified that the loss of 
metal impregnated carbon slide plate on copper wire is only 
1/6–1/4 of that of P/M slide plate. Its own wear amount is 
2.2 times of that of P/M slide plate and 1/4–1/3 of that of 
pure carbon slide plate [104]. As an ideal pantograph slide 
in copper wire section, the metal impregnated carbon slide 
plate plays a leading role in the field of electric locomotive 
pantograph in China in recent years.

However, the metal impregnated carbon slide plate 
has drawbacks such as complex preparation process, and 
high production and maintenance costs. In addition, with 
the continuous acceleration of high-speed railways, this 
type of slide plates often crack and partially fall. The weak 

interfacial bonding between carbon and copper leads to poor 
mechanical properties of metal impregnated carbon slide 
plates, which limits their application to railways at higher 
speed levels in the future.

3.2.4  Composite slide plate

3.2.4.1 Fiber reinforced composite slide plate The fiber 
reinforced composite slide plate is developed to reduce 
resistivity, improve impact toughness and wear resistance 
[105]. The fiber reinforced composite slide plates, which 
combines the advantage of the excellent self-lubrication of 
pure carbon slide plate and excellent mechanical properties, 
are mainly divided into two categories: carbon/metal fiber 
composite slide plates and carbon/carbon composite (C/Cs) 
slide plates.

Carbon/metal fiber composite slide plates are made of 
composite materials obtained by reinforcing the carbon 
matrix with metal fibers, metal powder, wire mesh or their 
mixtures, using an appropriate mixing method to make 
the reinforcement uniformly distributed in the matrix. The 
mixtures are pressed at a certain temperature and sintered 
at high temperature. The production process is shown in 
Fig. 19 (orange line). In order to improve the overall strength 
of carbon composite materials, chemical treatments need 
to be performed on the fibers to inhibit the carbonization 
trend of the metal fibers. Deng et al. [106] prepared car-
bon fiber/copper mesh knitted fabric reinforced carbon (CF/
Cu/C) composites by chemical vapor infiltration. This kind 
of pantograph slide plates takes into account the high electri-
cal conductivity of a pure carbon slide plate together with 
the high mechanical properties and good thermal conduc-
tivity of a metal slide plate. The density of this compos-
ite was tested to be 2.08 g/cm3, the bending strength was 
264.07 MPa, the compression strength was 288.13 MPa, and 
the electrical resistivity was 1.67 μΩ·m. However, once the 
reinforcing phase of carbon/metal fiber slide plate is dam-
aged, the electrical conductivity will deteriorate seriously. In 
addition, due to the wide distribution of metal fibers in the 
carbon matrix, the wear of the contact wire is more serious.

The formation of C/Cs slide plate can be divided into two 
cases. In the first case, the blanks for formation of C/Cs slide 

Table 6  Some key parameters of metal impregnated carbon slide plates in different countries [73, 81, 86–88]

Country Density (g·cm−3) Hardness (HS) Electrical conductivity (×  105 S·m−1) Flexural strength (MPa) Impact strength (J·cm−2)

Germany 2.25 100 2.30 80 0.23
Britain 2.41 95 4.48 84 0.22
France 2.30 75 3.71 60 0.26
Japan 2.60 100 1.11 85 0.31
China 2.50 118 5.41 85 0.35
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plate are made of continuous CF. The carbon matrix is intro-
duced into the blanks for densification and reinforcement by 
either chemical vapor deposition or resin/pitch impregnation 
carbonization to obtain C/Cs blanks. After that, the blanks 
are impregnated several times to obtain the C/Cs slide plate 
[107–110]. In the work performed by Yuan et al. [111], the 
CF reinforced pantograph slide was prepared by hot pressing 
technology using the modified phenolic resin and the contin-
uous CF as the binder and the reinforced phase, respectively. 
The copper and the graphite were also used as conductive 
and lubricating phases, respectively. The results showed that 
with low resistivity, good impact resistance, good flexural 
strength and high compressive resistance, this pantograph 
slide can meet the performance requirements of the national 
standard for the pantograph slide widely used.

In the second case, short-cut CFs, continuous long CFs, 
and copper-plated CFs are usually used as reinforcements 
to improve the performance of the existing slide plate and 
enhance the overall performance of the composite materials 
[112, 113]. In the early twenty-first century, China developed 
a new type of pantograph slide using CF reinforced carbon 
matrix composite materials. The slide plate was made of 
copper-plated graphite powder and copper-plated coke pow-
der, short carbon fibers were used as the reinforcing phase 
and the thermosetting resin as the binder. The raw materials 
were mixed sufficiently and then cold pressed or hot pressed 
to complete the process. The material not only has excellent 
friction and wear properties, but also has good mechani-
cal and conductive properties. However, its long production 
cycle and high cost make it difficult to be applied in real 
applications. Yang and Dong [114] studied the mechanical 
properties and wear behavior of short carbon fiber reinforced 
copper matrix composites. Composites containing different 
amounts of carbon fibers were prepared by hot pressing tech-
nique. It was found that the carbon fiber/CuNiFe composites 
have higher performance in hardness, wear resistance and 
bending strength than the common copper alloy when car-
bon fibers content is less than 15% by volume.

However, because the preparation process of CF includes 
carbonization or graphitization, the stacking orientation of 
carbon atoms on the surface of CF is more consistent, and 
the atomic layer spacing is smaller. As a result, the surface 
of CF is chemically inert; the CF surface has the disadvan-
tages of hydrophobicity, smoothness, and low adsorption 
property, which lead to poor interfacial bonding between 
CF and matrix. Therefore, it is necessary to modify the sur-
face of CF to improve its interfacial bonding strength with 
the matrix. To solve this problem, three modification meth-
ods are proposed (see Fig. 22): (1) To improve the surface 
activity and surface free energy by introducing functional 
groups or molecular chains. (2) To increase the contact area 
with the resin infiltration, and form a mechanical interlock 
between the CF and the matrix by increasing the surface 

roughness and the specific surface area. (3) To improve the 
adhesion of the CF/resin interface by adsorbing or growing 
micro–nanoparticles on the surface of CF to reconstruct the 
surface. By this approach, a new three-dimensional structure 
of the CF surface can be obtained without bringing damage 
to the CF body.

Due to the special surface structure of CF, differ-
ent surface treatment methods have been proposed for 
CF [115–119], which include liquid phase oxidation 
[120–122], plasma modification [123–125], electro-
chemical anodization [126–128] and surface multi-scale 
modification [129, 130]. In Ref. [131], a thin pyrocarbon 
(PyC) interface layer was deposited on the surface of CF 
to optimize the fiber/matrix (F/M) interfacial bonding, and 
then carbon nanotubes (CNTs) with radial orientation were 
grown on the CF surface by double injection chemical 
vapor deposition (DICVD) to modify the microstructure 
of the matrix (see Fig. 23). By this design, the flexural 
strength of C/Cs, the flexural ductility, the compressive 
strength, and the interlaminar shear strength have been 
significantly increased by 31.5%, 118%, 81.5%, and 82%, 
respectively. In Ref. [132], Poly (oxypropylene) Diamine 
 (D400) was used as a bridging agent to graft size-controlled 
graphene oxide flakes onto CF to improve the interfacial 
properties of CF composites. The results showed that 
the interfacial shear strength (IFSS) of middle sized gra-
phene oxide sheets grafted CF/epoxy composites reached 
82.2 MPa, with an enhancement of 75.6% compared with 
the untreated CF. The strong mechanical interlocking 
between CF and epoxy resin, as well as the improved wet-
tability of resin on CF surface, were responsible for the 
enhancement of IFSS.

Li et al. [133] used pre-oxidized CF as the reinforcing 
phase of CF–C/Cs composites. Due to the abundant oxygen-
containing functional groups on the surface of the pre-oxi-
dized CF and the adaptive expansion when carbonized with 
pitch, the pre-oxidized CF reinforced C/Cs obtains an excel-
lent fiber/matrix interfacial structure. The interfacial bonding 
mechanism and cross-sectional SEM images of CF–C/Cs and 
OPF–C/Cs are shown in Fig. 24a and Fig. 24e and f. The 
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ing between carbon fiber and matrix
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compressive stress–strain curves of the three composites are 
shown in Fig. 24b. As shown in Fig. 24c and d, compared 
with the CF reinforced C/Cs, the flexural strength and impact 
strength of the pre-oxidized CF reinforced C/Cs increased by 
31.8% and 53.3%, respectively. Due to the better interfacial 
bonding, the fracture mode was changed from plastic fracture 
to pseudoplastic fracture, which was beneficial to improving 
the ductility and toughness of the pantograph slide.

The above-mentioned studies have improved properties 
such as flexural strength and impact strength of the com-
posite slide plates. However, comprehensive performance 
still needs to be improved. Therefore, the research direction 
of the novel composite materials in the slide plate should 
be focused on the improvement of the comprehensive per-
formance to meet the requirements of pantograph slides of 
ultra-high-speed trains in the future.

3.2.4.2 Multi‑carbide composite slide plate Multi-car-
bide composite (MCC) slide plate is made of multi-carbide 

matrix composite materials based on ternary-layered MAX 
phase ceramics (MAX phase:  Mn+1AXn, where M is a tran-
sition metal atom, A is a IIIA or IVA group atom, X is a C 
or N, and n = 1, 2, 3…). The MAX phase ceramics are rep-
resented by  Ti3SiC2 and  Ti3AlC2. Its electrical conductivity 
is one order of magnitude higher than that of graphite, and 
its mechanical properties such as strength, toughness, and 
hardness are much better than that of graphite. Moreover, 
the friction coefficient of the MAX phase ceramics is lower, 
and the MAX phase ceramics have a good oxidation resist-
ance at 1300°C which is much higher than that of graphite. 
 Ti3SiC2 is a ternary layered compound, and due to its spatial 
structure, it has the excellent performance of both metals 
and ceramics in electrical conductivity, thermal conduc-
tivity, machinability, and self-lubrication [134–137]. Jiang 
et al. [138] found that adding  Ti3SiC2 to C/Cu composite can 
improve its strength, hardness, and wear resistance without 
affecting its self-lubrication and electrical conductivity.

The addition of MAX phase ceramics to pantograph 
slide has become a research focus in recent years. Doping 
 Ti3SiC2 in the matrix plays a significant role in lubrica-
tion and dispersion strengthening, as the prepared MCC 
slide plate material has better mechanical performances 
[139, 140]. The MCC slide plates are characterized by 
good electrical conductivity, high impact resistance, 
high wear resistance, high arc ablation resistance, and 
low wear on the contact wire, which will effectively solve 
the problems of fast wear, easy breakage, and large dam-
age occurring to the contact wires of carbon matrix slide 
plates.

However, due to the nature of ceramic material retained 
by MCC slide plate, its stability needs to be improved. In 
addition, the material density is higher than that of carbon 
slide plate, which increases the load loss of pantograph. 
Due to the limitation of purity in the preparation process 
of  Ti3SiC2 powder, it is still in the experimental stage and 
has not been produced on a large scale. Therefore, after 
further improvement of its stability, the MCC slide plate 
has a high possibility to be used as an ideal choice for the 
pantograph slide of ultra-high speed train in the future.

To sum up, with the increase of the train operation 
speed, the materials of pantograph slide have mainly expe-
rienced the process of metal, carbon, powder metallurgy, 
metal impregnated carbon and composite. The application 
field, advantage and disadvantage of different types of pan-
tograph slide plates are shown in Table 7.

4  Detection and evaluation of pantograph–
catenary system

In the electrified railway system, due to the long-term con-
tact between pantograph slide and contact wire, the surface 
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Fig. 23  a Schematic of depositing PyC interface layer on CF fol-
lowed by growth of radial CNTs by DICVD and b SEM images cor-
responding to each stage [131]
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of electrical contact material is worn under the joint action 
of sliding wear, arc erosion and temperature stress, gradually 
leading to internal cracks. This causes irreversible damage 
to the slide plate.

If the defects cannot be detected in time, they could 
gradually expand and endanger the safety and stable run-
ning of the train [141–143]. The detection methods of the 
pantograph slide include manual detection, laser detection, 
ultrasonic detection, and image detection. Manual detection 
has been gradually replaced by other advanced detection 
methods. In the following content, we focus more on laser 
detection, ultrasonic detection, and image detection.

4.1  Laser detection

The detection system installed above the train emits a laser 
to the pantograph slide to realize the three-dimensional (3D) 
reconstruction figure of the slide plate. By this approach, the 
wear or crack of the slide plate can be obtained based on the 
processor online calculation. Its working principle and over-
all structure are shown in Fig. 25. The existing pantograph 

detection systems are developed based on the laser displace-
ment sensor with anti-interference and accurate measure-
ment capabilities [144, 145].

Dwarakanath et al. [146] developed a laser sensor-based 
non-contact pantograph slide online detection system. When 
the pantograph passes below the detection system, the laser 
transmitter emits three laser lines to the upper surface of 
the slide plate. The laser lines on the slide plate are photo-
graphed by the high-speed camera, and the 3D shape of the 
slide plate is reconstructed through the three-dimensional 
point cloud. On this basis, the wear of the slide plate can 
be detected.

The laser detection method can realize the 3D recon-
struction of the pantograph slide, which is a future research 
direction. However, the laser sensor is expensive and easily 
influenced by illumination, which limits the further applica-
tion of the laser method. Meanwhile, the 3D reconstruction 
is related to the structure shape of the pantograph, and it 
is difficult to realize the complete 3D reconstruction if the 
thickness of pantograph slide is small.
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4.2  Ultrasonic detection

Ultrasonic detection is a non-destructive detection method 
using ultrasonic wave to detect the internal defects of the 
workpiece. The basic principle of the ultrasonic detection 
method is that the ultrasonic sensor installed above the 
pantograph slide sends ultrasonic waves to the slide plate, 
and the sound wave will be reflected when it meets the 
interface between two media with discontinuous medium 
or large acoustic impedance difference. The damage of 
the slide plate can be obtained according to the time 
between ultrasonic emission and reception combined with 
the propagation speed of ultrasonic in the air [147–149]. 
Its working principle and overall structure are shown in 
Fig. 26.

For the detection of pantograph slide surface wear, 
Aydin [150] proposed a novel type of the pantograph 
slide fault detection method to automatically locate the 
pantograph fault area, which can effectively eliminate the 
influence of weather and other factors on image quality. 
Ostlund et al. [151] proposed an online automatic detec-
tion method of pantograph by using pattern recognition 
technology. The system analyzes the collected pantograph 
image and uses template matching to obtain the wear 
value of the pantograph slide.

Based on the Rayleigh integral theory, Wei et al. [152] 
established a Rayleigh integral model of ultrasonic propa-
gation in pantograph slide. The optimum range of the 
probe parameters was determined by studying the distri-
bution law of the ultrasonic field inside the pantograph 
slide under different probe frequencies and diameters. 
The differences of probe parameters between single and 
multiple cracks were compared. This method provides a 
theoretical basis for the evaluation of the internal damage 
degree of pantograph slide. The ultrasonic field distribu-
tion using different ultrasonic frequencies and different 
probe diameters are shown in Fig. 27.

The ultrasonic detection method [153] has the advan-
tages of convenience, low cost, high detection efficiency, 
and high precision. But this method could be affected 
by environmental factors such as temperature, humidity, 
wind speed, and ambient noise.

4.3  Image detection

The image detection method mainly uses two sets of CCD 
(charge coupled device) cameras to capture pantograph 
images, and uses image processing technology to perform 
image filtering, image enhancement, edge detection, and 
information extraction on pantograph images. Its detection 
principle and overall structure are shown in Fig. 28. The use 
of image processing technology can improve the image qual-
ity, and has advantages in many aspects such as detection Ta
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accuracy, detection efficiency and adaptation to train speed 
[154, 155].

The key of image detection method is image process-
ing. In [156], region-based-convolutional neural network 
(R-CNN) was used to extract the ROI (Regions of Inter-
est) of the slide plate, as the wear size of the slide plate 
was detected based on the least square method and laser 
line. Aydin et al. [157] provide a method based on image 
processing and pattern recognition for online monitoring of 
the pantograph–catenary system. The images and data are 
provided to a D-Markov based state machine, so that faults 
such as overheating and pantograph arc can be identified. 
In [158], Gaussian homomorphic filtering and a variety of 
edge extraction algorithms were used to detect the wear of 
pantograph slide, and wavelet operator was used to detect the 
edge of pantograph slide more effectively. Although differ-
ent image processing methods proposed in the above stud-
ies produced promising detection results, they all are in the 
experimental development stage.

In addition, some researchers [159–161] introduced a 
Pancam locomotive pantograph online monitoring system 
to detect the condition of the slide plate and the state of 
the ram’s horn, and extracted the image target using the 
designed image target extraction algorithm. However, the 
system required the train to return to the depot to collect pan-
tograph images in static conditions and its image processing 
method was more complex. Hu et al. [162] located the slide 
plate based on the line projection transformation principle, 
and used the adaptive Canny edge detection algorithm and 
the sub-pixel edge detection algorithm based on cubic poly-
nomial fitting to realize the wear detection of pantograph 
slide.

In addition to the surface wear detection of pantograph 
slide, the image detection technology can also realize 
crack detection. The curve coefficient directional map-
ping algorithm and the second-generation curve detection 

algorithm based on moving parallel windows can effec-
tively distinguish the line singularity features of slide 
crack images from the point singularity features of other 
interference images, and accurately detect and locate the 
crack damage of slide plate with an accuracy rate of 94.1% 
[163–166].

The pantograph image detection technology is now 
developing rapidly, but it still cannot realize comprehen-
sive online detection. More efforts should be made on new 
algorithms. Apart from that, the study of image acquisition 
equipment with higher resolution, efficiency, and precision 
is still needed.

4.4  Evaluation of pantograph slide

The pantograph–catenary electrical contact system is 
designed to cater to trains running conditions, i.e., high-
speed sliding, high current transmission, and complex 
operational environment for a long time. Once the panto-
graph–catenary system fails, the current collection quality 
of the train will be affected, which may cause the train to 
stop running and has a significant impact on the safety of 
passengers and transportation. Therefore, in addition to the 
damage detection of pantograph slide, it is also important to 
evaluate the current collection condition of pantograph slide. 
The high voltage team of Southwest Jiaotong University 
developed an electrical contact current collection condition 
detection system based on the acoustic-photic-electric multi-
information fusion [167], which is a comprehensive evalu-
ation system covering ‘characteristic parameters-detection 
technology-condition evaluation’ (see Fig. 29). The system 
can effectively evaluate the service performance of the pan-
tograph–catenary electrical contact current collection system 
of high-speed train.

At present, there are still some deficiencies in the exist-
ing evaluation methods of pantograph slide. Accurate in-situ 
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Fig. 25  Schematic diagram of laser detection: a overall structure and equipment installation; b working principle
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detection and online early warning cannot be achieved. What’s 
more, it is still unknown if the detection accuracy of these 
methods could hold for ultra-high-speed trains in the future.

5  Challenges and outlooks

5.1  Challenges

As the development of high-speed railways move toward 
higher speeds and more complex operational environments, 

the design of pantograph–catenary system will face more 
technique challenges. Since the traction power required 
increases exponentially with the running speed of the train, 
the pantograph–catenary electric contact system must 
meet the transmission capacity of extra high power. With 
the increase of the train operation speed, the difference 
between the train speed and the catenary fluctuation speed 
becomes larger; the deterioration of the pantograph–cate-
nary matching condition will aggravate the mechanical, 
electrical, and material coupling damage. Meanwhile, high 
power makes the intensity of arc burning greater, leading to 
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more serious ablation of the pantograph electrical contact 
system more serious. When the train is running, the panto-
graph–catenary electrical contact system is normally in a 
vibration state. Under high-speed conditions, the vibration 
and impact between pantograph and catenary will intensify, 
thus causing more serious cracking of the pantograph slide 
and even leading to the eccentric wear phenomenon of the 
pantograph slide. All these will seriously affect the service 
life of the pantograph–catenary electrical contact system. In 
addition, the current-carrying friction and wear of the pan-
tograph–catenary electrical contact system are significantly 
affected by the current. When the train runs at a higher 
speed, the traction current increases greatly, and the wear 
of the pantograph slide and the contact wire becomes more 
serious, which will further shorten the service life of the 

pantograph–catenary contact system. Therefore, when the 
high-speed train runs at a higher speed in the future, higher 
requirements are placed on the pantograph–catenary electri-
cal contact system.

The construction, operation and maintenance of high-
speed railway pantograph–catenary system are facing severe 
challenges in the complex environments of various coun-
tries, such as the earthquakes in Japan, the floods in Ger-
many and Britain, the heavy rainfalls in France, the heavy 
sandstorm, lightning, severe cold and high altitude environ-
ment in China. In earthquake and flood environment, it is 
necessary to conduct seismic design and flood-prevention 
design of catenary to prevent the collapse of catenary equip-
ment caused by the earthquake and flood. In heavy rainfall 
and sandstorm environment, it is necessary to develop pan-
tograph–catenary electrical contact materials with better 
comprehensive performance to reduce the severe wear of 
electrical contact materials caused by rainwater and sand 
grains. In thunder and lightning environments, the catenary 
needs to be designed with lightning protection to avoid seri-
ous damage to the pantograph–catenary system when the 
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high-speed train is struck by lightning. In the severe cold 
environment, it is necessary to conduct a deicing design for 
the pantograph–catenary system to reduce the damage of 
the pantograph–catenary system caused by frequent arcing 
occurrence.

At present, the Sichuan–Tibet Railway under construc-
tion in China is extremely difficult and is known as the most 
challenging railway project. The Sichuan–Tibet Railway has 
remarkable characteristics such as high altitude, crossing 
tunnel groups (over 80%), and a large number of unmanned 
areas; the line slope is as high as 30‰ (the highest in the 
world), the bridge span is large, and the operational environ-
ment is extremely harsh. As the most challenging railway 
project in human history, once a fault occurs and the power 
supply of the line is interrupted, rescue will be extremely 
difficult. Therefore, the Sichuan–Tibet Railway intends to 
use a rigid catenary power supply. For a high-speed rigid 
pantograph–catenary electrical contact system, there is no 
relevant design and operation experience all over the word. 
As the core equipment of energy transmission of high-speed 
train, the pantograph–catenary electrical contact system 
faces great technique challenges: Firstly, the rigid panto-
graph–catenary system has poor following performance, so 
the coupling vibration is severe during high-speed running, 
and the frequency of arcing occurrence increases signifi-
cantly. Secondly, the low pressure caused by the high alti-
tude significantly reduces the breakdown voltage of the air 
gap, resulting in a decrease in the threshold value of the train 
pantograph–catenary arc and its intensity. Thirdly, under the 
low pressure and strong airflow conditions, the maintenance 
time and extinguishing distance of the pantograph–catenary 
arc increase nonlinearly, and the distance between the sup-
port insulators of the Sichuan–Tibet railway catenary is 
small (the interval is about 6 m). These two factors cause 
the arcing to stretch and drift under the action of airflow, 
which is easy to develop rapidly on the catenary busbar, and 
even cause insulator string flash. Finally, the traction cur-
rent transmission density is high when the train is climbing 
a long ramp, which leads to more serious corrosion of the 
electrical contact material by the pantograph arc. The above 
factors may accelerate the service performance degradation 
of the high-speed rigid pantograph–catenary system, reduce 
the current collection quality, and cause power supply inter-
ruption in severe cases. Therefore, the pantograph–catenary 
electrical contact system of the Sichuan–Tibet Railway need 
to overcome the above severe challenges from the extremely 
complex environments.

5.2  Outlooks

The improvement of the stability, reliability and service 
life of high-speed railway pantograph–catenary system is a 

key research direction in the future. To this end, the future 
work need to be conducted from the following aspects.

Firstly, for the catenary:

• Explore the type of catenary that is suitable for higher 
speed and increase the fluctuation speed of the cate-
nary;

• Develop contact wire materials with better comprehen-
sive performance using advanced large-scale heat treat-
ment and processing equipment;

• Optimize production process, improve product reliability 
and reduce costs.

Secondly, for the pantograph:

• Explore the pantograph frame structure and pantograph 
head material with higher strength and lighter weight;

• Develop novel pantographs with better stability and fol-
lowing performance;

• Improve the matching performance between pantograph 
and catenary.

Thirdly, for the pantograph slide:

• Explore novel fabrication method for the metal impreg-
nated carbon slide plate and improve its comprehensive 
mechanical properties;

• Explore advanced method to enhance the interfacial 
bonding strength between reinforcement and matrix;

• Develop brand-new composite slide plate with excellent 
comprehensive performance to improve the service life 
of pantograph slide.

Finally, for the detection:

• Develop high-precision online detection equipment for 
pantograph–catenary system;

• Improve the accuracy of online detection;
• Realize the in-situ detection and online early warning of 

the service condition of the pantograph–catenary system.

Last but not the least, increasing the loading capacity of 
high-speed railway is an important development direction in 
the future. At present, the high-speed train with the largest 
passenger capacity is China’s CR400AF-S, with a passenger 
capacity of 1584. In 2020, China developed the world’s first 
freight high-speed train with a speed of 350 km/h, with a 
cargo capacity nearly 110 t. Although the running of high-
speed railway has reached a higher speed, its carrying capac-
ity is small. For example, when a major disaster such as an 
earthquake or flood occurs in a country, a large number of 
disaster supplies and relief teams need to be sent to the dis-
aster area at the first time. When a country is at war, it needs 
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to send a large number of heavy weapons and troops to the 
battlefield quickly. However, the carrying capacity of high-
speed railways cannot meet these demands by far at present. 
Therefore, developing large loading capacity high-speed 
railways and improving their carrying capacity can not only 
promote the rapid development of the national economy, 
but also ensure the social stability and people’s safety. The 
traction power of high-speed train with large carrying capac-
ity is greatly improved, as its pantograph–catenary system 
must have greater current collection capacity and superior 
service performance.
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