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Abstract

Using a test run data, the dynamics of the interface between the catenary and pantograph constituting the current collec-
tion system in high-speed trains are investigated. The test run signals are analyzed to determine the dynamic parameters
critical to the current collection performance. There are found to be frequency components of the pantograph motion that
are dependent on train speed as well as components that are stationary such as the resonant mode of the panhead sus-
pension in the pantograph. From contact force measurement using load cell, the mean contact force was found to be sta-
ble while the fluctuating component was found to be dependent on the range of the frequency of the pantograph motion
taken into account. The finding implies that numerical investigations reported in the literature that are based on lumped
element models of the catenary and/or pantograph provide accurate predictions on the mean value but are of limited use
in estimating fluctuation of the contact force. It is concluded that simulation studies based on lumped-element models
which do not incorporate panhead structural vibration modes is inaccurate at high train speeds.

Keywords : Catenary, Current collection system, Dynamics, High speed train, Pantograph

1. Introduction

The current collection system in high-speed train pro-
vides the required electrical power to the train. It is com-
posed of the catenary and the pantograph that are in
contact with each other. The catenary is an overhead slen-
der structure composed of wires, repeating spans, and
hangers. The pantograph is a device that acts as a conduit
for delivering electrical power from the catenary to the
train. During train operation, the pantograph and catenary
must remain in physical contact at all times since the sepa-
ration causes power loss and high temperature arcs at the
interface between them. As the magnitude of the dynamic
fluctuations tends to increase with increased train speed,
ensuring proper contact at the catenary-pantograph inter-
face has become a critical issue for high-speed trains.

The current collection system is fairly complex and dif-
ferent approaches have been taken to investigate its
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dynamics. Perhaps the most popular approach due to their
ease and economy is the mathematical modeling and anal-
ysis of the catenary-pantograph dynamics. For instance,
Park et al. (1999) performed numerical analyses of the cat-
enary-pantograph motion based on finite difference
schemes. Another line of investigation has been the char-
acterization of the dynamics of the pantograph. Seering et
al. (1991) constructed a nonlinear, lumped parameter
model and compared the model predictions with experi-
mental data. Park et al. (2003) performed the dynamic sen-
sitivity analysis of a lumped parameter model of the
prototype pantograph for high-speed train based on a new
concept design involving reduced panhead mass (Han et
al., 1998).

On the experimental side, investigations have utilized
scale models. For instance, Farr et al. (1961), Willets and
Edwards (1966) constructed dynamically equivalent labo-
ratory scale models to study the effect of the design vari-
ables on the current collection behavior at low train
speeds. Owing to scaling factors as high as 40:1, signifi-
cant distortions were perhaps inevitable in their results. By
conducting tests on a more realistically scaled model for
high-speed trains, Manabe (1989) found that the perfor-
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mance of the caternary-pantograph system rapidly deterio-
rates with increasing train speed.

Because of difficulties in planning and implementing
full-scale measurement as well as the difficulty of making
modifications on the catenary-pantograph system for
attaching appropriate sensors, relatively few investigations
based on full-scale test runs have been reported. And a
few that have been reported tended to be limited verifica-
tions of the overall system performance and not an in-
depth dynamical analysis. (Seo et al., 2003) In the present
study, the dynamic characteristics of the catenary-panto-
graph interface at full-scale are investigated based on sig-
nals acquired during an actual test run of a high-speed
train.

The organization of the paper is as follows. In section 2,
the measured signals at the catenary-pantograph interface
are presented. In section 3, the signals are analyzed to elu-
cidate critical dynamic parameters affecting the contact
performance. In section 4, results on contact force mea-
surement and analysis are presented. The results are sum-
marized and conclusions are drawn in section 5.

2. Signal Measurement

The overall structure of the catenary-pantograph system
is shown in Fig. 1. In the catenary, the electrical current is
supplied to the train through the contact wire connected to
the messenger wire by hangers. The hangers serve to
transmit the weight of the contact wire onto the messen-
ger wire. The span posts are used to provide vertical sup-
port for the catenary structure. There are devices called
steady arms for providing lateral adjustment needed to
protect the panhead from localized wear by moving the
catenary sideways. Each span and hanger is given a prede-
termined sag, and as will be described later, the span spac-
ing and the hanger spacing serve as important sources of
the motion of the pantograph.

The pantograph is composed of three main segments and
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suspensions connecting them. The segment that comes in
actual contact with the catenary is called the panhead. Fig. 2
illustrates the positions of the sensors attached to the pan-
tograph assembly during the test run. To measure the
movement of the panhead that comes in contact with the
contact wire of the catenary, two accelerometers are
attached on top of the reinforcement beams that connect
the front and rear panheads and will heretofore be referred
to as the panhead acceleration. Also, two load cells are
placed between the panhead and aluminum crossbar
below.

Fig. 3 shows the layout of the data acquisition system
deployed to measure acceleration and load cell signals,
while Fig. 4 shows the telemetry system for data acquisition.

Figs. 5 and 6 show the panhead acceleration and its
root mean square (RMS) value as functions of the train
speed, respectively. The rate of the increase in the accel-
eration is found to be roughly proportional to the square
of the train speed. Thus, the catenary-pantograph inter-
face is subject to ever greater fluctuating motion as the
train gains speed.
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Fig. 7 depicts the load on panhead suspensions as a
function of the train speed. The sinusoidal profile evident
in a single load cell signal is due to the stagger of the cate-
nary. The stagger shown in Fig. 8 moves the point of con-
tact left and right, delocalizing the point of contact and
evenly spreading wear on the panhead. The load cell, since
it is located at a certain distance away from the center of
the panhead, reaches a local maximum when the point of
contact staggers closest to it and a local minimum when
the point staggers farthest from it. The period of this sinu-
soid corresponds to the time required for the train to
traverse a span. The period should diminish as the train
speed increases, in direct proportion to the train speed as
shown in Fig. 9. The inverse of the period is the span-
passing frequency.

Figs. 10 and 11 show the mean and the standard devia-
Fig. 4 Telemetry system tion of the combined panhead load cell value, respec-

(b) Receiver and VXI Processing Unit
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tively. While the mean value shows steady increase with
the train speed, the standard deviation shows much steeper
increase from 150 km/hr onward.

Fig. 12 shows the standard deviation of the load divided
by the mean of the same load. The fluctuation ratio
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remains low until 150 km/hr then rapidly increases. The
increase in this ratio refers to relatively greater fluctuating
components of the contact load which is not desirable
from the stable interface dynamics point of view.

3. Signal Analysis

Fig. 13 shows the panhead acceleration at the train speed
of 196 km/hr in the frequency domain. Several major fre-
quency components can be observed in Fig. 13(a). The
first peak at 1.4 Hz is the span-passing frequency. The
train speed is 196 km/hr and from the load cell data, the
length of the span is found to be 40 m. The time elapsed
for the train to traverse the span length is therefore 0.73
seconds. Taking the inverse, the frequency is found to be
1.4 Hz. The higher harmonics of the span-passing fre-
quency are also observed. These harmonics have the fre-
quency of two and three times the span-passing frequency
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Fig. 13 Panhead motion in frequency domain

and appear intermittently throughout the run. Since this
component arises from the interaction between the panto-
graph and the catenary as the pantograph traverses along
the prescribed sag in the contact wire, it is dependent on
the train speed. The span-passing frequency shifts in direct
proportion to the increase in the train speed.

The hanger-passing frequency component, i.e., the fre-
quency corresponding to the train traversing the hanger
length which is 1/9 of the span length - there are nine
hangers per span - is also speed dependent. However, this
component is not pronounced in the figure.

A large peak observed at 8.5 Hz is due to the fundamen-
tal resonant mode of the panhead assembly. Unlike the
span-passing frequency component, this component is
independent of the train speed. A simulation run based on
finite difference modeling of the identical catenary and
pantograph has predicted that the resonant mode at 8.5 Hz
will be an important part of the pantograph motion. (Park
et al., 1999).

For illustration purpose, higher frequency components
due to the structural vibration of the panhead are shown in
Fig. 13(b). As expected, these components are indepen-
dent of the train speed.

To illustrate the speed-dependent nature of the accelera-
tion signal of Fig. 13(a), Fig. 14 compares the frequency
components of the panhead at two different train speeds.
The speed for the upper graph is 148 km/hr and the lower
is 193 km/hr. Since the train speeds of the two graphs dif-
fer, the speed dependent span-passing component must
also differ by the same amount. The first peak for the
upper graph is placed at 1.09 Hz and the lower graph is at
1.33 Hz, providing a direct evidence that the first peak
shifts to a higher frequency as the train speed increases.
On the other hand, the frequency of the speed-indepen-
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dent 8.5 Hz component remains stationary irrespective of
the train speed.

Fig. 15 compares the frequency response of the load cell
together with the accelerometer and strain gauge signals. The
first peak of the accelerometer signal, representing the span-
passing component, coincides with the second peak of the
load cell signal and the first peak of the strain gauge signal.

The first peak observed in the load cell signal is one-half
of the span-passing frequency and is a result of the rolling
motion caused by the stagger induced in the catenary by
the steady arms. The load cell must traverse two spans to
complete a rolling motion. The rolling motion exists, as
illustrated by Fig. 16, but an undesirable pitching motion
that may adversely affect the performance of the current
collection system is not pronounced due to the perfect sym-
metry of the pantograph design in the front-rear direction.

4. Contact Force Analysis

The contact force existing at the interface between the
catenary and the panhead is an important indicator of the
performance of the current collection system. If the con-
tact force is too low, increased separation will result in
excessive arcs and lead to the erosion of localized areas of
the panhead. On the other hand, if the contact force is too
high, the panhead will maintain contact with the catenary
but at the cost of increased wear of the panhead. There-
fore, the contact force needs to be maintained within a
specified range.

A direct measurement of the contact force would require
sensors to be placed at the interface between the contact
wire and the panhead. However, this is not feasible due to
a relative motion as well as high voltage current passing
between them. A method for getting around this problem
is to place the load cells below the panhead. But by doing
so, the inertia force due to the movement of the panhead
must be considered, i.e., the measured load cell signals
need to be compensated by properly accounting for the
acceleration of the panhead mass. The contact force can be
represented as a sum of the load measured by the load
cells attached to the bottom of the panhead, and the inertia
force due to the panhead acceleration.

Fcontact = Fload cell+Fpanhead inertia (1)

A methodology for calculating the inertia force from the
accelerometer signals is now described. In our calculation
of the inertia force, we will first consider only the rigid
body motion of the panhead which enables us to ignore
i.e., to filter out high frequency components of the acceler-
ometer signal originating from the structural vibration of
the panhead. Since the 8.5 Hz component represents the
major resonant mode of the panhead assembly in which
the overall panhead motion takes place over the suspen-
sion, i.e., since it is the major frequency component that is
below the structural vibration frequencies, a 12 Hz low-
pass filtering is deemed adequate to ensure that all struc-
tural vibration components are filtered out. With the rigid
body assumption, the inertia force can be computed as a
simple product of the panhead acceleration and the pan-
head mass. Equation (1) takes on a simple form given by

F

contact Fload ce/1+ mpanhead' Agecelerometer (2)

This approach is in line with most of the analytical and
numerical studies that are based on lumped parameter
models of the pantograph in which the panhead is treated
as a lumped mass element.

However, the panhead can more accurately be modeled
as an elastic structure rather than a rigid body, and the
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inertia force contribution of the structural vibration of the
panhead cannot be neglected if greater accuracy is desired.
We therefore investigate the effect of including higher fre-
quency components of the accelerometer signal in the
inertia force estimation. By increasing the cutoff fre-
quency, the rigid body restriction is alleviated as at least
some of the structural vibration components of the pan-
head motion shown in Fig. 13(b) begin to be included in
the inertia calculation.

Strictly speaking, the present calculation of the panhead
inertia force as a simple product of the panhead mass and
the accelerometer signal with a 20 Hz or a 30 Hz filtering
applied to it is at best a rough estimate. The structural
vibration of the panhead involves a relative motion
between different locations within the panhead, and the
many more acceleration measurements at selected loca-
tions within the panhead structure is probably needed to
accurately determine the structural vibration contribution
to the panhead inertia force. As a practical matter, the iner-
tia force can be calculated as a weighted sum of all the
accelerometer signals collected at selected locations within
the panhead, with the weighting factor for each signal suit-
ably determined. For greater accuracy, greater number of
such acceleration signals with suitably determined weight-
ing factors will be required. In the present study, just two
accelerometer signals are used with an equal weighting
factor of 1/2 for each. Equation (2) is still applicable but
with the panhead acceleration term expanded to include
the higher frequency contributions due to the structural
vibration. The contact force calculated according to equa-
tion (2) is expected to provide a satisfactory qualitative
trend, if not accurate quantitative predictions.

Fig. 17 divides the predicted contact forces into the
mean and fluctuating parts for different cutoff frequencies
deployed. While the mean value of the predicted contact
force noticeably increases with the train speed, the influ-
ence of the cutoff frequency on the mean is found to be
rather slight. In contrast, the fluctuation of the contact
force from the mean as measured by the standard devia-
tion is significantly affected by the cutoff frequency as
shown at the bottom of Fig. 17. At the top train speed of
200 km/hr, the mean contact force is found to be around
85 N for all three cutoff frequencies while almost two-fold
increase in the standard deviation from 11 N to 20 N is
observed between the 12 Hz and 30 Hz cutoff frequency.

An important implication of the present finding is that
analytical or numerical investigations based on multi-
degree-of-freedom discretized models of the catenary and/
or pantograph could provide accurate predictions on the
mean value of the contact force but may not fully account
for fluctuations influenced by the high-frequency struc-
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tural vibration components. Since the ratio of the fluctuat-
ing portion to the mean value portion in the contact force
increases with increasing train speed, the predictive capac-
ity of the investigations based on numerical simulations
utilizing lumped parameter models of the pantograph
diminishes as train speed increases.

5. Conclusions

The interface dynamics of the current collection system
in high-speed trains are evaluated by examining signals
collected during a test run. The overall acceleration of the
pantograph at the interface increases to the square of the
train speed. It also shows the presence of a rolling mode
but no undesirable pitching mode.

The frequency domain analysis has isolated major fre-
quency components of the pantograph motion such as the
span-passing, hanger-passing, and the resonant mode of
the panhead suspension. They can be divided into compo-
nents that shift in direct proportion to the train speed such
as the span-passing modes and into stationary components
such as the 8.5 Hz panhead resonant mode and a multi-
tude of structural vibration modes.

The contact force can be calculated by taking a sum of
the load cell signals and the panhead inertia force. The
inertia force calculation uses the accelerometer signal low-
pass filtered with a suitable cutoff frequency. The mean
value of the contact force does not vary much as the cut-
off frequency is varied from 12 Hz to 30 Hz, but the fluc-
tuation about the mean increases as the cutoff frequency is
increased. Thus, the choice of a cutoff frequency will sig-
nificantly influence the predicted fluctuation of the con-
tact force about the mean value but not the mean value
itself. It can be surmised that multi-degree-of-freedom dis-
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cretized models of the catenary and/or pantograph that do
not account for the structural vibration of the panhead may
not be adequate in predicting contact force in high train
speeds.

Acknowledgment

This work was supported by 2008 Hongik University
Research Fund.

References

1. Farr, D. S., Hall, H. C. and William, A. L. (1961). “A
dynamic model for studying the behaviour of the overhead
equipment used in electric railway traction,” Proc. IEE, No.
3530U, pp. 421-434.

2. Han, H. S., Kyung, J. H., Song, D. H. and Bae, J. C. (1998).
“Concept design of the pantograph for high speed trains,”
Proc. KSR, pp. 337-344.

3. Manabe, K. (1989). “High speed contact performance of a

catenary-pantograph system,” JSME Int. J., Vol. 32, No. 2,
pp. 200-205.

. Park, S. H., Kim, J. S., Hur, S., Kyung, J. H. and Song, D. H.

(1999). “On dynamic characteristics of TGV-K pantograph-
catenary system,” Proc. KSR, pp. 176-184.

. Park, T. J., Han, C. S. and Jang, J. H. (2003). “Dynamic sen-

sitivity analysis for the pantograph of a high-speed rail vehi-
cle,” J. Sound and Vibration, Vol. 266, pp. 235-260.

. Seering, W., Armbruster, K., Vesely, C. and Wormley, D.

(1991). “Experimental and analytical study of pantograph
dynamics,” J. Dynamic Systems, Measurement and Control,
Vol. 113, pp. 242-247.

. Seo, S. I, Park, C. S., Cho, Y. H., Choi, K. Y., Mok, J. Y.

and Kang, B. B. (2003). “Test and evaluation of the panto-
graph for korean high speed train,” KRRI Report

. Willetts, T. A. and Edwards, D. R. (1966). “Dynamic-model

studies of overhead equipment for electric railway traction,”
Proc. IEE., Vol. 133, No. 4, pp. 690-696.

Received(June 10, 2011), Accepted(June 25, 2011)

—41 -




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org)
  /PDFXTrapped /Unknown

  /Description <<
    /ENU (Use these settings to create PDF documents with higher image resolution for high quality pre-press printing. The PDF documents can be opened with Acrobat and Reader 5.0 and later. These settings require font embedding.)
    /JPN <FEFF3053306e8a2d5b9a306f30019ad889e350cf5ea6753b50cf3092542b308030d730ea30d730ec30b9537052377528306e00200050004400460020658766f830924f5c62103059308b3068304d306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103057305f00200050004400460020658766f8306f0020004100630072006f0062006100740020304a30883073002000520065006100640065007200200035002e003000204ee5964d30678868793a3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /FRA <>
    /DEU <>
    /PTB <>
    /DAN <>
    /NLD <>
    /ESP <>
    /SUO <>
    /ITA <>
    /NOR <>
    /SVE <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


