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ABSTRACT: The emissions from traditional fossil heavy-duty trucks have become a conspicuous issue worldwide.
The electrical road system (ERS) can offer a viable solution for achieving zero CO, emissions and has high energy
efficiency in long-distance road cargo transport. While many kinds of pantograph structures have been developed
for the ERS, their corresponding pantograph-catenary dynamic characteristics under different road conditions have
not been investigated. This work performs a numerical study on the dynamics of the pantograph-catenary interaction
of an ERS considering different pantograph structures. First, a pantograph-catenary-truck-road model is proposed.
The reduced catenary model and reduced-plate model transmission method are used to minimize model scale. Three
different types of ERS pantograph structures are considered in the model. After validation, the pantograph-catenary
dynamics under the influence of truck-road interactions with complex road roughness and different pantographs are
studied and compared. The corresponding vibration transmission mechanism is further focused. The results show that
the truck-road interaction has a significant effect on the pantograph-catenary interaction, but the pantograph with only
one lower and upper arm can isolate the roll vibration motion transmission from the truck to the collector head, which
has the best dynamic performance and is suggested for use in the ERS.

KEYWORDS: Heavy-duty truck; pantograph-catenary system; pantograph structure; dynamic performance; road
roughness

1 Introduction

Road freight transport plays an important role in freight transport around the world, and heavy-duty
trucks with total weights greater than 12 t [1] hold most of the road freight amount. In China, more than 70%
of freight, especially for transporting ore, is handled by heavy-duty trucks. Currently, electric vehicles are
widely used to reduce carbon emissions in China and other countries [2]. However, owing to the low energy
density and high cost of batteries [1], most heavy-duty trucks still use fossil fuel, which results in significant
carbon emissions. To use green energy for powering heavy-duty trucks to reduce carbon emissions, the most
likely solution is to collect electricity directly and charge the batteries from the infrastructure while driving.

In railway applications, the pantograph-catenary system is a successful technology for continuous
power supply over long distances. There have been significant efforts in introducing the technology for
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powering heavy-duty trucks in Germany [3] and China [4]. The technology is often referred to as electric
road systems (ERS), where the components are shown in Fig. 1. ERS provides electrical power to the truck
through the catenary and the pantograph. The truck may also use its own electrical or hybrid drivetrain to
generate traction power when it leaves the catenary system. Unlike the one for trains, the pantograph should
have two collector heads to connect with the parallel catenary lines and form the current loop. The ERS
has been proven to be energy efficient and environmentally friendly, while also being more cost-effective
than traditional fossil-fuel trucks [5]. Thus, the freight transportation sector will greatly benefit from the
development of an eco-friendly and highly efficient long-distance heavy-duty truck system.
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Figure 1: Schematic of the pantograph-catenary-powered heavy-duty truck system: (a) test line and (b) key compo-
nents of the system

Many prior works have investigated the ERS from different aspects. Most of the work is concentrated
on the economy [3,4], reliability [5], and energy parts [6,7], but less work is concentrated on its structure
dynamic characteristics. Jerrelind et al. [8] modeled the pantograph of an ERS truck and investigated the
dynamics of the pantograph-catenary interaction, where the catenary was modeled based on the Swedish
railway catenary systems. However, it only considered the pantograph-catenary system, and the influence
of the vehicle-pavement interaction was not considered, which also has a huge influence on the dynamic
characteristics of the heavy-duty truck system powered by the ERS. The investigation on the dynamic
characteristics of the pantograph-catenary and truck-road interaction system can become the reference for
the present ERS dynamic investigation. For example, Bruni et al. [9] summarized the achievements and
future research challenges of the pantograph-catenary interaction dynamics, including the modeling and
dynamic characteristic analysis method. Antunes et al. [10] developed a new method to investigate the
dynamics of pantograph-catenary interaction in curved track. Song et al. [11] optimized the pantograph-
catenary system for over 350 km/h based on an experimentally validated pantograph-catenary system model.
Cheng et al. [12] even developed a surrogate model of the pantograph-catenary interaction system. Ling
et al. [13] investigated the dynamic impact of automated truck platooning on highway bridges based on a
truck-road-bridge model. Nassif and Liu [14] developed an analytical model of bridge-road-vehicle dynamic
interaction to investigate its dynamic characteristics. Savio et al. [15] further investigated the dynamic load
transfer of truck braking to the pavement. Wang et al. [16] studied the driving safety of the vehicle based on
driver-vehicle-road interactions.

As mentioned above, the dynamic response of the pantograph-catenary system directly affects the
current collection quality and service life of the pantograph-catenary system. Poor pantograph-catenary
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interaction dynamic behavior can even cause failure of the pantographs and interrupt the normal operation
of the entire system, including abnormal wear of the pantograph contact strip and the breakdown of the
Direct Current-Direct Current Converter (DC-DC). Note that the dynamic behavior of the truck power
supply system is much different from that of the corresponding railway system because of the complex
structure of the pantograph and catenary, as shown in Figs. 1 and 2, and the combined influence of the road-
vehicle interaction under a rough road surface. In the particular example we consider in this paper, the
pantograph-catenary powered heavy-duty truck system in China is mainly used to transport ore, and the
dropping of ore on the road can further cause additional roughness on top of existing uneven pavement.
However, the dynamic characteristics of the pantograph-catenary system in an ERS under road roughness
has not been fully investigated, especially when it comes to the vibration transmission mechanism from
the truck to the collector head. Although many kinds of pantograph structures have been developed so
far for the pantograph-catenary system of an ERS, their dynamic performance and vibration transmission
characteristics have not yet been studied; thus, the structure of the pantograph in an ERS under complex road
roughness still needs to be investigated. Therefore, to understand the dynamic characteristics of the ERS’s
pantograph-catenary system and choose the best structural design of pantographs, it is necessary to accu-
rately formulate a dynamic model of a pantograph-catenary-truck-road system with different pantograph
structures and investigate the dynamic characteristics of the truck pantograph-catenary system.
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Figure 2: Schematic of the reduced ERS pantograph-catenary-truck-road interaction model

In this work, the dynamic characteristics of the pantograph-catenary interaction in an ERS with
different pantograph structures are studied. First, considering the mechanical structure of the ERS, a reduced
pantograph-catenary-truck-road interaction model is built. Because the structure of the catenary and truck-
pavement system is the same as that of existing systems, the reduced catenary model [17] and reduced-plate
model transmission method [18] are used to model the pantograph-catenary and truck-road interaction
system, where the arbitrary Lagrange-Euler method [19] is applied in the modeling process to minimize
the demand for calculation effort. For comparison, three different ERS pantograph structures are analyzed
and modeled as multibody systems, which are combined with the reduced pantograph-catenary interaction
model. The parameters of one pantograph are measured, and the other two pantographs are assumed to have
the same parameters to minimize the influence of parameters, including the mass, stiffness, and damping. The
special road roughness of China’s ore transportation road is also modeled. After model validation through
the comparison with the finite element models results, the influence of truck-pavement interactions on



1658 Comput Model Eng Sci. 2025;144(2)

pantograph-catenary dynamic behavior is investigated first, and then the dynamic behavior of different
pantographs under complex road roughness in China’s ore transportation road is studied and compared.
Finally, the vibration transmission mechanism of the ERS with different pantograph structures is analyzed,
and the pantograph structure with the best dynamic behavior is suggested. This work will provide a basis for
choosing the most suitable pantograph in ERS and will be useful for the optimal design of the pantograph-
to-road system. The novelty of this work is as follows: 1. The first ERS pantograph-catenary-truck-road
interaction model is developed, and three ERS pantograph structures are summarized. 2. The dynamic
performance of different pantograph structures in the ERS under complex road roughness is compared. 3.
The vibration transmission mechanism of an ERS with different pantograph structures is analyzed, and the
best pantograph structure in an ERS is suggested.

The remainder of the paper is organized as follows. The reduced pantograph-catenary-truck-road
interaction model with different pantograph structures is formulated in Section 2. The validation of the
model is conducted in Section 3, and the dynamic characteristics of the pantograph-catenary interaction
system under different pantograph structures are investigated in Section 4. The conclusions are described
in Section 5.

2 ph-Catenary-Truck-Road Interaction Model

In this section, a pantograph-catenary-truck-road interaction model and three different types of ERS
pantographs are first formulated as shown in Figs. 2 and 3. Note that the parallel catenary doubles the scale
of the catenary model and that both the catenary and the road are considered in the model. The vibrations of
the catenary and road are also concentrated in a small area around the moving pantograph and truck because
of system damping. To reduce the scale of both the catenary and road models and increase the calculation
efficiency of the whole pantograph-catenary-truck-road interaction model, on the basis of the theories of
the reduced catenary model [17] and the reduced-plate model transmission method [18], the long parallel
catenary and road regions are reduced to a small region (red region in Fig. 2) around the moving vehicle
and pantograph, and these reduced catenary, road, vehicle and pantograph regions formulate the reduced
ERS pantograph-catenary-truck-road interaction model. Details of the modeling process are described in
this section. The displacement and rotation of the catenary and road structure are assumed to be small.

2.1 Modeling of the Reduced ERS Pantograph-Catenary Interaction System
2.1.1 Modeling of the Reduced ERS Catenary System

As shown in Figs. 1 and 2, the structure of a single catenary in the parallel catenary system is the same
as that of the simplified catenary system in a traditional railway system, which consists of a contact wire,
messenger wire, dropper, catenary suspension, registration arm, and clamp. The only difference between
the traditional simplified catenary system and the present ERS catenary system is that it has two parallel
subcatenary systems, which hang separately on the crossbeam. It is also found that the vibration of the
catenary is concentrated in a small area around the moving pantograph due to the structure damping.
Therefore, on the basis of the theory of the reduced catenary model [17], the catenary in a small region around
the moving pantograph with a length of L is considered and modeled, which is assumed to include most of
the catenary vibration. Its dynamic equations can be expressed as

A R kAR g

where M, C, and K are the mass, stiffness, and damping matrices of the dynamic equations with respect to
the contact and messenger wires, respectively. Qg is the generalized force vector caused by the forces acting
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on the contact and messenger wire, which includes the pantograph-catenary contact force, dropper force,
suspension forces, registration arm forces, and gravity. In the present model, the contact and messenger wires
are modeled as Euler beams, the dropper is modeled as a bi-linear spring element, the catenary suspension is
modeled as a spring-damping element, and the registration arm is modeled as a constant concentrated mass
attached to the contact wire. The subscripts m and ¢ indicate the messenger and contact wires, respectively.
The derivation process and the expression of these matrices can be found in [17].
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Figure 3: Three different types of ERS pantographs and their dynamic structures

On the basis of the dynamic equation of a single catenary, the dynamic equations of the entire parallel
catenary can be further obtained as

TR P T
Mcr || qcr Cer || Acr Kcr || 9cr Qrcr
where
M, K., Cu
MCL:MCR:[ M:I)KCLZKCR:I: K:I)CCLZCCR:[ C] (3)

QFC (4)

in which the subscripts L and R indicate the left and right sides of the catenary, respectively. Note that
the crossbeam that supports the parallel catenary is stiffer than that of the catenary and that the catenary
vibration has little influence on the crossbeam. Thus, the dynamic influence between the parallel catenary
can be ignored.

Qe =9c¢r = [qqm]’QCL =Qcr = [QFm]
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2.1.2 Modeling of the Pantograph

While the structure of the catenary in the ERS is the same as that of the simplified catenary system in a
railway and its dynamic equations are obtained on the basis of the existing results from [17], the pantograph
structure is completely different from that in a railway and should be carefully modeled to study its dynamic
performance. There are three main types of pantograph structures in an ERS, as shown in Fig. 3, which are
designed by Siemens Mobility and CRRC Zhuzhou. All of these pantographs have two parallel collector heads
to contact the parallel catenary, but the number of upper and lower arms is different. In this work, these three
pantographs are named pantographs A, B, and C, and their dynamic equations are derived below.

(a) Pantograph A. The structure of Pantograph A can be considered as two small pantographs combined
together. Each small pantograph has one collector head, upper arm, and lower arm. Thus, it can be
modeled as two multirigid body systems assembled together. The distance between these two collector
heads is D. Each multirigid body system has three lumped masses m;, m,, and ms. K; and C are the
stiffness and damping of the collector heads, K, and C, are the stiffness and damping of the upper
arms, and Kj and C; are the stiffness and damping of the lower arms, respectively. All of these lumped
masses consider only their vertical displacement. On the basis of the Lagrange equation, the dynamic
equation of the pantograph is

Mpaqp, + Cradp, + Kpaqpy = Qpa (5)
where
Mpy = diag (myy, mar, msp, Mg, Mar, M3R) (6)
K, e -
_Kl (Kl + Kz) —Kz
) K K
Kpa = K, K (7)
—K1 (Kl + Kz) —K2
| -K; Ky |
C, ¢ -
—C1 (C1 + Cz) —Cz
) -G, G
Cpa = C C (8)
—Cl (C] + Cg) —C2
| -G G

InEq. (5),qpa = [211 221 231 218 221 Z3r) T, Where 211 and z; g are the vertical displacements of the collector
head, z;; and zx are the vertical displacements of the upper arm at the left and right sides, and z;,
and z3p are the vertical displacements of the lower arm, respectively. The Qp, is the generalized force
vector caused by the pantograph-catenary contact force, uplift force, gravity force, aerodynamics, and
car body vibration.

(b) Pantograph B. The structure of Pantograph B has only one upper arm and one lower arm, and the two
collector heads are both supported by the upper arm. Pantograph B is also modeled as a multirigid
body system with three lumped masses m,, m; g, and m; and one rigid body with mass m, and second
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(c)

moment I,,. This rigid body is the upper arm. On the basis of the Lagrange equation, the dynamic
equation of the pantograph is

Mppqpg + Crqpp + Kepqpps = Qpp )
where
Mpp = diag (myr, mig, Lz, my, ms) (10)
[ K, 0 Kile -K, 0 |
0 K; -Kilys -Ki 0
KPB = Klle _Kllxz ZKlliz + K4 0 0 (11)
-K; -Ki 0 2K+ K, -K;
| 0 0 0 -K; Ky |
[ Cl O Cl lx2 _Cl O T
O C1 _Cllxz _Cl O
Cpc = Cllxz —Cllxz chlﬁz + C4 0 0 (12)
—C1 —C1 0 2C1 + Cz —C2
| 0 0 0 -G G

In Eq. (9), qpp = [z21L 218 02 22 23], where z;; and z; are the vertical displacements of the collector
head and z, and z; are the vertical displacements of the upper arm and lower arm, respectively. 0,
is the roll motion of the upper arm. In Eqs. (11) and (12), K4 and C, are the stiffness and damping,
respectively, of the upper arm in the roll direction. The Qpg is the generalized force vector caused by the
pantograph-catenary contact force, uplift force, gravity force, aerodynamics, and car body vibration.
Pantograph C. The structure of Pantograph C has two collector heads; each collector head is supported
by one upper arm, and these two upper arms are supported by one lower arm. Pantograph C can be
further modeled as a multirigid body system with four lumped masses m,, m,1, mg, and m,g and
one rigid body with mass m; and second moment I,5. m;; and m;y are the pantograph heads at the
left and right sides, and m,;, and m,p are the corresponding upper arms. m; is the lower arm with both
vertical and yaw motion considered. K; and C; are the stiffness and damping of the collector heads,
respectively, and K, and G, are the stiffness and damping of the upper arms, respectively. On the basis
of the Lagrange equation, the dynamic equation of the pantograph is

Mpcqpe + Cpcdpe + Kreqpe = Qpe (13)
where
Mpc = diag (myg, mar, mig, Mag, M3, Iy3) (14)
C K, K -
—Kl (K] + Kz) _KZ KZZx
K; -Ki
Kpc = 15
pc —K1 (Kl + Kg) —K2 —Kzlx ( )
—K2 _KZ 2K2
| 1K, -1,K; 212K, |
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G -G
-G (C1 + Cz) -G CZZX
_ G -G
Cee = -C (C+C) -C -Gl (16)
-G, -G, 2C,
| 1,C, -1,C, 212C, |

in which [, is the equivalent distance between the center of the lower arm and the connection point of
the upper arm. In Eq. (13), qpc = [211 221 Z1r Z2r 23 Ox3] T, where 2,1 and z; are the vertical displacements
of the collector head, z,; and z,x are the vertical displacements of the upper arm at the left and right
sides, respectively, and z; is the vertical displacement of the lower arm. 6,5 is the rotation angle of the
lower arm. The Qp( is the generalized force vector caused by the pantograph-catenary contact force,
uplift force, gravity force, aerodynamics, and car body vibration.

2.1.3 Reduced ERS Pantograph-Catenary Interaction System

On the basis of the dynamic equations of the catenary system and pantograph, the dynamic equations
of the reduced ERS pantograph-catenary interaction system can be obtained as

Mcr dc; Cct qc
Mcr QCR + Ccr qCR
v ] i eIl a, -
Kcr qcy Qrcr
+ Kcr qcr | =] Qrer
Kpr ]l 9p Qp

The pantograph-catenary contact force is calculated via the penalty method, and its calculation equation
is shown in [20]. The contact stiffness at the left and right collector heads are both chosen as 50,000 N/m,
and three different pantographs can be considered in Eq. (17).

2.2 Modeling of the Reduced Vehicle-Pavement Interaction System

After the modeling of the pantograph-catenary interaction system, the vehicle-pavement interaction
system is modeled. In the ERS, the vehicle is a heavy-duty truck, which is mainly a semitrailer truck in both
Germany and China. Therefore, on the basis of the structure of the semitrailer truck, it is also modeled as a
multirigid body system with two rigid bodies and six lumped masses, which correspond to the car head, car
body, and tire. The pavement is considered asphalt pavement and is modeled as a double-layer Kirchhoft-
Love plate on the nonlinear Winkler foundation. On the basis of the reduced-plate model transmission
method [18], the long pavement is also reduced, and the reduced pavement model and vehicle model
formulate a reduced vehicle-pavement interaction system. The dynamic equations of the vehicle-pavement
interaction system are

A kAT S kAR AR kS o

where the subscripts V and R indicate the truck and road, respectively. A detailed expression of the matrices
of the truck can be found in Appendix A, and the expression of the matrices of the reduced pavement can
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be found in [18]. Qy and Qg are the generalized force vectors of the vehicle and pavement, which are caused
by the tire-pavement contact forces, gravity, and foundation forces.

2.3 Modeling of the Reduced ERS Pantograph-Catenary-Vehicle-Pavement Interaction System

On the basis of the dynamic equations of the reduced pantograph-catenary and vehicle-pavement
interaction model, the entire reduced ERS pantograph-catenary-vehicle-pavement interaction model can
be finally formulated. Note that the mass of the vehicle is much greater than that of the pantograph and
that the pantograph-catenary interaction force is very small compared with the tire-pavement interaction
force. Thus, the influence of the pantograph-catenary interaction on the vehicle-pavement interaction
is not included, and only the influence of the vehicle-pavement interaction on the pantograph-catenary
interaction is considered. This influence is considered by calculating the coupled force between the vehicle
and the pantograph.

In pantograph A, this coupled force is calculated by

Frpp = Ks (231 — dpz1) + Cs (231 - dPZL) (19)
Frpr = K3 (z3g = dpzr) + Cs (231 - dPZR) (20)

where dpy; and dpzg are the vertical displacements of the truck car head at the location of the left and right
small pantograph, which is combined by both the vertical displacement and roll motion of the car head.

For pantographs B and C, this coupled force is calculated by

Frp =K; (Z3—dpz)+C3 (23—dpz) (21)
Mrp=Ks(03-06pz)+Cs (93—9Pz) (22)

where dpy is the vertical displacement of the car head at pantograph locations and 0p; is the roll angle of the
car head at the pantograph location. K5 and Cs are the stiffness and damping, respectively, of the lower arm
in the roll direction.

In the presented model, Eq. (18) is calculated first; then, the calculation results of the car head vibration
are used in the calculation process of Eq. (17) through Eqs. (19)-(22) under different pantographs. The
present model is achieved via the commercial software MATLAB 2022a, and a computer with i7-14700k CPU
and 64 GB memory is used for simulation.

3 Model Validation

After the formulation of the reduced ERS pantograph-catenary-vehicle-pavement interaction system,
it is further validated to ensure its accuracy. Note that while the reduced catenary model has been validated
by the EN50318:2018 standard in [17], the present pantograph-catenary interaction system is different from
those described in the EN50318:2018 standard, and there is no ERS pantograph-catenary system’s validation
standard at present; thus, it is validated by finite element method (FEM) models. The ERS test line built by
the CRRC is chosen, and both the commercial software ANSYS and the present model are used to model the
pantograph-catenary system of this line. The ERS test line’s catenary system and truck’s key parameters are
shown in Fig. 4 and Table 1. The pantograph A is used in this line. Note that the pantograph parameters are
not listed here due to confidential reasons.
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Line length 1.5km

Span length 58 m
Dropper distance 6-8 m
- Contact wire tension 15 kN
4|' Messenger wire tension 15 kN
" Stagger 0.2m
Sag distance 0Om

Figure 4: Key parameters of the ERS test line in the CRRC

Table 1: Key parameters of the ERS test truck

Parameters Value
Truck weight 324t
Truck longitude length 6.5m
Truck width 25m
Truck height (to the pantograph base) 43m

Truck maximum speed 100 km/h

Truck power supply Pantograph + Lithium battery
Truck primary suspension equivalent stiffness 450 N/mm

In the model, on the basis of the pre-analysis method [17], the length of the reduced catenary model L is
chosen as 174 m (3 spans), and the length of the reduced pavement model is selected as 36 m. The number of
modes used in the catenary model is 120, and the number of modes used in the pavement model at the x and
y sides is 36 and 6, respectively. In the ANSYS model, the BEAM 4 element is used to model the contact and
messenger wire, and the LINK 8 element is used to model the dropper. The MASS 21 element is used to model
the registration arm. The detailed modeling process of the pantograph-catenary model is the same as that
shown in [17], which is validated by the EN50318:2018 standard. In the present FEM model, the length of the
catenary is considered to be 1000 m, and the number of elements used in the catenary and pavement models is
2000 and 1500, respectively. The truck velocity is chosen as 100 km/h, which is the maximum operation speed
of the present test line. In the validation process, the influence of truck-road interaction is not considered,
and the truck-road interaction model is not validated. This is because the pantograph-catenary system is
concentrated, and the truck-road interaction model was validated in [18]. The road roughness will be further
considered and discussed in the next section.

The traditional pantograph-catenary contact force is chosen to validate the present model, which is the
key characteristic of the pantograph-catenary system in an ERS, where the contact forces at both sides of the
pantograph are chosen and are presented in Fig. 5. The figure shows that the pantograph-catenary contact
force results from the presented model are in good agreement with those from ANSYS, where the maximum
relative difference is no more than 1.3%. On the basis of these results, the accuracy of the present model can
be validated. In the present study, only the simulation results are chosen to validate the presented model.
This is caused by the fact that the measurement data of the present test line are not obtained right now.
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Figure 5: Time histories of the pantograph-catenary contact force at different sides of the pantograph: (a) left side and

(b) right side

The influence of stiffness K;; and damping C;; in pantograph A on the relative differences between

the results from the present model and the FEM model are shown in Fig. 6, where corresponds to the
validation case in the present manuscript in Section 3. It can be seen from Fig. 6 that both K, and C;;
have obvious influence on the dynamic responses of the ERS pantograph-catenary system, and the stiffness
has a higher influence than that of damping. When K increases from 5000 to 45,000 N/m, the relative
difference decreases from 98.5% to 4.5%. But when C;; increases from 4 to 48 N-s/m, the relative difference
only decreases from 27.6% to 4.6%. Therefore, the parameters of the pantograph can influence the dynamic
characteristics of the ERS pantograph-catenary system.

(a) (b)
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2 60 220}
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o 40 o Bl
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2 20 20}
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Figure 6: Influence of pantograph parameters on the relative difference between the results from FEM and present
model: (a) K;; and (b) Cy,

4 Results and Discussion
4.1 Influence of Truck-Pavement Interaction on Pantograph-Catenary Interaction

As mentioned above, the dynamic response of the truck-pavement interaction is greater than that of the
traditional train-track interaction and can significantly influence the pantograph-catenary interaction, which
further increases the complexity of the pantograph-catenary system’s dynamic characteristics. Therefore, this
study focused on the present investigation. On the basis of the presented reduced ERS pantograph-catenary-
vehicle-pavement interaction model, the dynamic characteristics of the pantograph-catenary interaction
system under the truck-pavement interaction are investigated. The abovementioned ERS test line is chosen,
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and the pantograph equivalent parameters of pantograph A are measured, where m;; = mjg = 2.0 kg,
myr, = MR = 4.1 kg, mz, = magp = 5.4 kg, K1 =11,200 N/m, C1 =10 N-s/m, K2 =10,040 N/m, C2 =0 N-s/m,
K3 =13,200 N/m, and C; = 80 N-s/m. The parameters of the other two pantographs are also chosen to be equal
to those of pantograph A to focus on the influence of pantograph structures, and the moments of inertia
of the upper arm and lower arm in pantographs B and C are 1.26 and 2.23 kg-m?, respectively. The truck is
chosen on the basis of the CRRC’s ERS semitrailer truck, where the car head and car body mass are 10 and
40 t, respectively. Other parameters of the truck are currently confidential. The ground equivalent stiffness
is 5.2 x 107 N/m, the ground equivalent damping is 0.8 x 10° N-s/m, and the nonlinear coefficient is 0.1. The
road roughness is chosen from a good level obtained from the traditional roughness power-spectrum density
described in [21,22].

The pantograph-catenary contact forces at the left and right collector heads of the pantograph with
and without truck-pavement interaction influences are first calculated and compared. The time histories
of the pantograph-catenary contact force at the left and right collector heads of the pantograph and their
corresponding frequency spectra with truck influence are shown in Fig. 7. The truck velocity is chosen as 100
km/h. Fig. 7 shows that truck-pavement interactions have a significant influence on pantograph-catenary
interactions. When the influence of truck-pavement interactions is considered, the variation in the contact
forces with respect to different pantographs obviously increases, and the contact forces at the left and right
sides of the collector head become different. In pantograph A, the variation range changes from [72.2,189.4 N]
to [51.4, 199.6 N], which means that the dynamic behavior of the pantograph-catenary interaction becomes
more drastic. The variation range of the contact force in pantograph B also changes to [48.4, 164.3 N], and
the variation range in pantograph C changes from [52.6, 175.4 N] to [50.5, 184.7 N]. The maximum absolute
difference between the contact forces on the left and right sides in pantographs A and Cis16.2and 7.8 N, but it
remains at 0 N in pantograph B. On the basis of these results, the truck-pavement interaction not only extends
the variation range of the contact force but also causes the difference between the contact forces at the left and
right sides of the collector heads. In addition, based on Fig. 7¢,d, additional peaks of the frequency spectra
are shown mainly at 0.31, 0.45, and 0.68 Hz when the truck-pavement interaction influence is considered,
which means that the influence of truck-pavement interactions on pantograph-catenary dynamics in the
ERS focuses on the low-frequency domain at 0.3-0.7 Hz.

The influence of truck-pavement interactions on pantograph-catenary interaction dynamics in ERSs
with different road roughness levels is then studied. Four road roughness levels, namely, very good, good,
bad, and very bad, are chosen, and the vehicle velocity is chosen as 100 km/h. The minimum pantograph-
catenary contact force and the absolute difference between the contact forces at the left and right sides of the
pantograph are shown in Fig. 8, and a summary table comparing the main characteristics and performance
outcomes of the three pantograph types is shown in Table 2. Fig. 8 and Table 2 show that the road roughness
directly influences the dynamic behavior of the pantograph-catenary. When the road roughness increases
from very good to very bad, the minimum contact force of pantograph A decreases from 48.9 to 0 N, and it
decreases from 53.3 to 0 N at pantograph C. The pantograph-catenary contact forces only decrease from 52.8
to 15.4 N at pantograph B. This means that the very bad road roughness can cause contact loss at pantographs
A and C, but it can still maintain relatively good dynamic performance at pantograph B. Furthermore, with
the decrease in road roughness level, the absolute difference in the contact force between the left and right
sides of the collector heads in pantograph A increases from 1.2 to 38.5 N, and it also increases from 0.8 to
18.4 N at pantograph C. However, it remains smaller than 0.1 N at pantograph B. This further shows that the
influence of the truck-pavement interaction on the pantograph-catenary interaction dynamics includes the
roll motion of the car head, and it causes the difference between the contact force at the left and right sides
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and worsens the dynamic behavior of pantographs A and C. However, the structure of Pantograph B can
defend against this influence and maintain relatively good dynamic performance.
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Figure 7: Time histories and frequency spectra of the pantograph-catenary contact force at the left and right collector
heads under the influence of truck-pavement interactions at different pantographs: (a) contact force at the left collector

head; (b) contact force at the right collector head; (c) frequency spectra at the left collector head; and (d) frequency
spectra at the right collector head
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Figure 8: Minimum pantograph-catenary contact force and absolute difference between the contact forces at the left
and right sides with respect to different road velocities: (a) minimum contact force and (b) absolute difference

4.2 Comparison of the Dynamic Behavior of Different Pantograph Structures in the ERS of China

The above investigation results indicate that the truck-pavement interaction has an obvious influence
on the pantograph-catenary interaction. Moreover, pantograph B has better dynamic performance than the
other two pantographs with poor road roughness, where the minimum contact force is greater than that of
the other pantographs, and the absolute difference in the pantograph-catenary contact force between the left
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and right side collector heads is nearly zero. This means that there is no contact loss and that the working
performance (like the wear of the contact strip) of the pantograph left and right collector heads is close, which
increases the service life of the pantograph and decreases the maintenance cost. To better understand this
phenomenon and compare the dynamic behavior of these three pantograph structures, a more complicated
road roughness is considered, and the dynamic behavior of these pantograph structures under complicated
road roughness is investigated.

Table 2: Main dynamic characteristics and performance of ERS pantograph-catenary interaction under different
pantograph types

Pantograph type
Pantograph A Pantograph B Pantograph C
Minimum contact force (N) 0 154N 0
Contact force absolute difference between left 385N <0.IN 184N
and right side (N)

First, the complex road roughness of China’s ore transportation road is modeled. As mentioned above,
the ore often drops on the road because there is no cover on the carriage, which causes additional roughness,
as shown in Fig. 9. These dropped ore usually drop at one side of the truck and leave a long distance behind,
which means that it influences only one side of the truck wheel and causes roll motion of the truck. Let the
average height of the ore be & and assume that the dropped ore has the same height at a long distance; the
road roughness r(x) with the dropped ore can be expressed as

r(x)=ro(x)+h (23)

where 7y (x) is the original road roughness obtained from the traditional roughness power spectrum. r(x) is
further added to the tire-pavement interaction force calculation equation [23].

- Pantograph Road additional
roughness
4,
(aWalaWa
Truck

t

Figure 9: Schematic of the additional roughness of ore transportation roads in China: (a) ore transportation road in
China and (b) additional roughness of the road
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On the basis of the same pantograph-catenary-truck-pavement interaction system described
in Section 4.1, the influence of complex road roughness on the dynamic performance of different pantographs
is investigated. The pantograph-catenary contact force under different 4 values is calculated first, where the
original road roughness is chosen as good, which can be considered the newly built road. The time histories
of the pantograph-catenary contact forces at the left and right sides of the collector head with respect to
different h values and pantographs are shown in Fig. 10, where h is chosen from 10, 20, and 100 mm. Fig. 10
shows that Pantograph B has better dynamic performance than the other two pantographs. With increasing
h, the contact force at pantograph A becomes much more severe on the left side, and it directly decreases to
zero at 0.1 s. However, the contact force on the right side decreases than that on the left side because of the
additional roughness on the left side. This directly causes a very large difference in the contact force between
the left and right sides, which can reach a maximum of 98.4 N. This means that Pantograph A cannot defend
against the roll motion of the truck and is not suitable for this purpose. Pantograph C is also influenced
by the roll motion of the truck, but it can defend it to some extent. While the minimum contact force is
also decreased to zero, it remains at only 0.01 s, and the maximum difference in the contact force is only
24.2 N. Note that the minimum contact force is shown on the right side, which is caused by the rotation of the
lower arm. Pantograph B completely defends the roll motion, where the maximum difference in the contact
force is no more than 0.001 N. The minimum contact force is also 10.2 N even with & = 100 mm. This means
that pantograph B also has better dynamic performance in the pantograph-catenary interaction system even
under more complex road conditions.
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Figure 10: Time histories of the pantograph-catenary contact force at the left and right collector heads with different h
at different pantographs: (a) pantograph A left; (b) pantograph A right; (c) pantograph B left; (d) pantograph B right;
(e) pantograph C left; and (f) pantograph C right

4.3 Study on the Vibration Transmission Mechanism of Different Pantograph Structures

On the basis of the above investigation results, different pantograph structures have different dynamic
performances in the ERS system, and Pantograph B has a better dynamic performance than the other two
pantographs, even for complex road roughness. However, the reason why this happens is not drawn from
these results. Therefore, to better understand the dynamic characteristics of the pantograph-catenary system
in an ERS and choose the best pantograph structure, the vibration transmission mechanisms of different
pantograph structures are analyzed.

As shown in Fig. 10, the complex roughness of the road can cause obvious roll vibration of the truck,
and it can further combine with the vertical vibration and transmit to the collector head, which causes
contact loss and a difference between the contact forces at the left and right collector heads. On the basis
of the above pantograph-catenary-truck-road interaction system, the frequency spectra of the pantograph-
catenary contact force at the left and right sides are used to study the vibration transmission mechanism,
where the results from only the pantograph-catenary itself are compared with those under the influence of
truck vibration. To separate the influences of roll and vertical vibrations, the truck roll vibration described
in Eqs. (19)-(22) is ignored and further calculated, where only the vertical vibration of the truck can be
considered. The frequency spectra of the pantograph-catenary contact force at the left and right sides, with
only the vertical vibration and both the vertical and roll vibration influences considered under different
pantograph structures.

As shown in Fig. 11, where “with vertical influence” means that the truck roll angle is assumed to be zero.
The road roughness level is chosen to be very bad. It can be seen from Fig. 11 that the vibration transmission
from the truck to the collector head is mainly concentrated in the low-frequency domain at 0-1 Hz, and the
vertical vibration of the truck dominates the vibration transmission. When the frequency spectra without
truck influence and with vertical influence are compared, the additional peaks clearly appear at 0.39, 0.45,
and 0.68 Hz, with truck vertical influence considered in all three pantographs. However, when comparing
the results with vertical influence and full influence (the roll motion considered), they are similar in most
of the frequency domain, and the only difference is approximately 0.39 Hz in pantograph A and pantograph
C. The maximum absolute differences in this part at pantographs A and C are 3.2 and 2.8 N, respectively.
However, in pantograph B, there is no such difference, and the maximum absolute difference is no more than
0.01 N. This means that the vertical vibration transmission appears in all three pantographs at 0.39, 0.45, and
0.68 Hz, but the roll vibration transmission only appears in pantographs A and C at 0.39 Hz. This is because
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the roll motion in the truck, far from the central line, is obvious and can be closely combined with the vertical
vibration. With only one stiffness-damping element considered, the roll vibration in the central line can also
easily be transferred to the upper arms. However, with two layers of stiffness-damping elements, both the
vertical and roll vibrations are reduced, and the weak roll vibration in the central region can be effectively
isolated. Because roll vibration can cause a difference between the contact forces at the left and right sides
and result in an unbalanced dynamic performance, pantograph B, with only one upper and lower arm, has
the best dynamic characteristics and is suggested for use in the ERS system.
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Figure 11: Frequency spectra of the pantograph-catenary contact force with different truck vibration influences
considered: (a) pantograph A; (b) pantograph B; and (c) pantograph C
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5 Conclusions

Pantograph-catenary powered heavy-duty truck systems (Electrical road system, ERS) have been
developed in many countries to reach zero CO, emissions and increase energy efficiency in long-distance
road cargo transport. However, while the pantograph-catenary system directly affects the current collecting
performance of the ERS, with many new pantographs invented, its dynamics under different pantograph
structures and complex road roughnesses have not been fully investigated. In this work, the dynamics of the
pantograph-catenary system in the ERS under different pantograph structures are investigated first. Based
on the structure of the ERS, a reduced pantograph-catenary-truck-pavement interaction model is first built.
Because the structure of the catenary and truck-pavement system is the same as that of existing systems, the
reduced catenary model and reduced-plate model transmission method are used to model the pantograph-
catenary and truck-road interaction system, where the arbitrary Lagrange-Euler method is applied in the
modeling process to minimize the demand for calculation effort. By comparison, three different invented
pantographs with different structures are analyzed and modeled as multibody systems, which are combined
with the reduced pantograph-catenary interaction model. The parameters of one pantograph are measured,
and the other two pantographs are assumed to have the same parameters to minimize the influence of
parameters. The complex road roughness of China’s ore transportation road is also modeled. After the present
model’s validation, the influence of truck-pavement interactions on pantograph-catenary dynamic behavior
under different road roughnesses and vehicle velocities is investigated first, and then the dynamic behavior
of different pantographs under complex road roughness in China’s ore transportation road is studied and
compared. Finally, the vibration transmission mechanism of the ERS for different pantograph structures
is analyzed.

Based on the investigation results, several conclusions are drawn:

(1)  The truck-pavement interaction obviously influences the pantograph-catenary interaction dynamics.
This not only extends the variation range of the contact force but also causes a difference between the
contact forces at the left and right sides of the collector heads. This influence is mainly concentrated in
the low-frequency domain at 0.3-0.7 Hz. Very bad road roughness levels and vehicle velocities higher
than 80 km/h can even cause contact loss and greatly reduce the current collection quality. Moreover,
unlike in the railway system, the roll motion of the car body results in the difference between the
contact forces at the left and right sides. Therefore, it must be fully considered in the design process of
the pantograph.

(2)  The pantograph with only one upper and lower arm has the best dynamic performance in China’s ERS.
With complex road roughness in China’s ore transportation road, the difference between the contact
forces at the left and right sides of the pantograph is close to zero, and no contact loss occurs. This
not only balanced the dynamic behavior of the pantograph but also increased the current collecting
quality. Note that this pantograph is stiffer than other pantographs with two upper or lower arms, and
can result in high catenary uplift (up to 73.4 mm), which may influence the dynamic performance of
the catenary.

(3) Thevibration transmission from the truck to the collector head is concentrated in the vertical vibration
at 0.39, 0.45, and 0.68 Hz, and the roll vibration combines with the vertical vibration at approximately
0.39 Hz. Pantograph B, with two levels of stiffness-damping elements located in the central line, can
isolate the roll vibration transmission, which results in a balance in the left and right contact forces.
Thus, this structure is suggested for use in the ERS.

In the present work, the model is not validated due to the lack of an experiment, and the vibration
transmission route in the real ERS system is not fully studied, which become the limitations of the present
work. In our future work, based on both the Elonso test stands in TU Berlin and the test line in Zhuzhou, the
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present model will be further validated by measurement data in order to evaluate and compare. The Elonso
test stand will also be used to investigate the functional and safety of certain behavioral aspects of pantograph-
catenary interaction in the ERS. The present model will also be used to expand the test specifications and
capacity of the Elonso test stand to allow pantographs to be tested in the laboratory for potential future
widespread use.
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Appendix A Matrices of the Truck Dynamic Equation

In Eq. (18), there is

Mc

Icy
be

My = (A1)

MWB B

where Mc, Mg, Myys, Mg, and M,,p are the masses of the towing vehicle car body, towing vehicle front tire,
towing vehicle rear tire, trailer car body, and trailer car tire, respectively. Icx and I¢y are the second moments
of the towing vehicle car body, and Igx and Iy are the second moments of the trailer car body, respectively.
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(A3)

(A4)

(A5)

(A6)

(A7)

(A8)

(A9)

In Eqgs. (A3)-(A9), Kg; (i = 1-4) is the stiffness of the truck suspension, ; (i = 1-3) is the longitudinal
distance between the tire and the carbody central, /4 is the distance between the suspension and carbody

central. lyc is the lateral distance between tires. Similiarly, there are

Cy =

where
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In Egs. (Al1)-(A17), Cs; (i = 1-4) is the damping of the truck suspension.
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