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1 Measurement system setup for communication and
digitalisation functions

In Phase Il of the project, an initial evaluation of the Powerline-PLUS and Single-Pair Ethernet
communication systems was carried out in the operating scenario of "line travel" [1] In principle,
both communication systems were positively evaluated as possible future communication systems
for train-wide communication. For the SPE communication system, this had to be assessed with
restrictions in combination with the electric couplers available at the time, as interruptions in
communication due to micro-interruptions in the coupling contacts were identified as the cause of
communication interruptions. As a result of this evaluation, new variants of electric couplers with
modified contact properties were supplied in Phase llI/IV. For the SPE communication system in
particular, the measurement system was adapted to focus on the identification of link interruptions
and packet loss in order to better identify problems relating to brief losses of contact while
travelling.

1.1 Changes to the test system (communication)

The structure of the test system was not changed compared to the system in Phase | and Phase Il
with regard to the physical lines and connection technology. The installations of the cables, wagon
boxes and junction boxes were retained [1] . The current setup still offers the best options for
flexible evaluation of components from different manufacturers. In contrast to the previous phase,
the energy system was converted to a single-phase 400 Vac system (see 70992-05-DAC-Phase IlI+IV
— Electrical part). The design of the communication system did not have to be adapted in this
respect. An influence on the SPE communication is generally not to be expected, as the frequency
range of the AC voltage is in the low frequency range compared to the SPE communication system,
even taking into account the switching frequencies of the DC/AC power supply unit. The situation is
similar with the Powerline PLUS communication system: The communication bandwidth (from 2
MHz) is relatively high here compared to the switching frequencies of the power supply unit. In
addition, a low-pass filter between the infeed and the distribution in the train suppresses interfering
frequency components.

The SPE-based communication system on the wagons with new types of electric coupler has been
modified so that parameters on the SPE lines can be recorded directly.

The following changes have been made to the communication system:

1) Setup of improved monitoring of SPE connections in wagons with new electric couplings: In
selected wagons, an SPE switch from automation technology was used to monitor the
coupling connections (see 1.3.2).

2) The train naming procedure was changed: A procedure based on LLDP (Link Layer Discovery
Protocol) and SNMP (Simple Network Management Protocol) was introduced for topology
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3)

4)

5)

detection. The LLDP protocol is closely related in type and structure to the TTDP protocol
(IEC 61375), which is to be used for train inauguration in the future. In contrast to TTDP, LLDP
is already implemented in available industry switches. The procedure for scanning the
neighbourhood information exchanged with LLDP and SNMP was implemented on a system
installed in the DB Systemtechnik Vectron test locomotive (70992-01-DAC-Phase IlI+IV —
Master document).

Evaluation of a measurement and communication system for detecting insulation faults: A
test system from Bender was installed, which can detect insulation faults by measuring the
residual current in the individual wagons. For this purpose, the insulation fault locators in
the wagons are connected to a head-end station in the measurement wagon via a separate
communication line (RS485).

Transmission of measured values between wagon and locomotive. As an example of special
sensor technology on the wagons, a sample system was installed that communicates with
the system on the locomotive (Vectron) via an SPE-Switch and continuously exchanges

measured values between individual wagons and the locomotive.

Radio communication with the infrastructure: The connection of a radio-based
communication system for resetting the buffer position via a UWB balise was integrated as

an infrastructure component to the wagon.

1.2 Equipment for wagons and wagon groups

The structure of the wagons and wagon groups can be found in the master document of the interim
report (70992-01-DAC-Phase IlI+IV - Master document). At this point, the specific characteristics of
the wagons with regard to electrical equipment (communication) are added.

Each wagon was assigned a wagon number (Table 1). The number of the wagon was derived from

the communication plate, which is installed in the wagon (wagon box).

Table 1: Assignment of wagon numbers to wagon groups

Ref. Wagon no. Couplings Wagon UIC number | Equipment PL+ ISO error
number (e type (short) SPE search
device
Measurement car As Phase Il Head-
(0) end
station
1 1 Voith SC, | Z 377-1 As Phase As Phase Il Search
DAC device
2 2 Voith DAC H 520-2 As Phase Il As Phase Il
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3 3 Voith DAC, | E 261-0 As Phase Il As Phase Il Search
SC device
4 4 Voith DAC* z 376-3 SPE As Phase I
redundant,
SPE switch
new
5 5 Voith DAC* H 787-7 SPE As Phase Il Search
redundant, device
SPE switch
new
6 6 Voith DAC* E 306-3 SPE As Phase Il
redundant,
SPE switch
new
7 7 Dellner DAC, | Z 375-5 As Phase I As Phase I
SC
8 8 Dellner DAC | H 687-9 As Phase Il As Phase Il
9 9 Dellner SC, | E 131-5 As Phase I As Phase I
DAC
10 10 Voith DAC S 281-8 As Phasell | AsPhase Il
11 11 Voith DAC z 940-6 As Phase Il As Phase Il
12 14 Voith DAC H 570-7 As Phase Il As Phase Il
13 15 Dellner DAC S 277-6 As Phase Il As Phase Il
14 16 Dellner DAC | U 017-8 As Phase Il | As Phase Il
15 18 Voith DAC S 278-4 As Phase I As Phase Il
16 19 Voith DAC u 018-6 As Phase I As Phase I Search
device
17 20 Voith DAC F 791-5 As Phase I As Phase Il Search
device
18 22 Dellner DAC | F 699-0 As Phase As Phase I
19 23 Knorr- H 443-7 SPE New devices | Search
Bremse redundant, | (identical to | device
DAC* SPE switch | Phase Il)
new
20 24 Knorr- z 3789 SPE New devices | Search
Bremse redundant, | (identical to | device
DAC*, SC SPE switch | Phase Il)
new
21 25 Knorr- E 291-7 SPE New devices | Search
Bremse redundant, | (identical to | device
DAC*, SC SPE switch | Phase Il)
new

* Wagons were equipped with new electric coupler variants. In the variants, the communication

connections are designed with pin/socket contacts.
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Table 1 shows the wagon numbers and their association with the corresponding wagon group. In
Phase IlI/IV, various groups of wagons were analysed:

e Wagon with Dellner DAC,

e Wagon with Voith DAC. There was an electrical uncoupling mechanism at six coupling
points. At the coupling point between wagon 19 and wagon 20, the signal receiver was
installed to test the reset via UWB (ultra-wideband) communication with an infrastructure

component.

e New electric coupler variants have been installed at four coupling points (wagons 4-5-6 and
wagons 23-24-25) (pin-socket contacts for the communication connections).

1.3 Structure of data communication

The structure of the data communication was changed based on the findings from Phase Il of the
project. Furthermore, new electric coupler types were only available at a few coupler connections.
Therefore, when adapting the measurement set-up for data communication, the focus of the
measurements was on recording the contact quality, particularly at the positions of the new electric
couplers. With regard to the investigation of new electric coupler designs, samples from the
manufacturers Voith and Knorr-Bremse were analysed in the project. The investigation into
communication characteristics focused on comparing the variants from the two manufacturers on
the one hand, and comparing the new variants with the experiences gained with the Phase Il models
on the other. The findings from these tests served as an important basis for the relevant groups of
the EDDP (European DAC Delivery Programme) and the Trans4-MR project when selecting a target
design for the electric coupler.

1.3.1 Powerline-PLUS

An update was installed for the Powerline-PLUS in Phase Ill, which enables dynamic selection of the
distance between repeater slaves in the network. This is intended to ensure higher reliability of the
connection when bridging longer segments or segments with poor transmission properties.

The test of communication via the Powerline-PLUS communication system has not been changed in
principle. During the test runs, the data from the physical layer of the Powerline-PLUS system and
the communication via cyclical ICMP packets were monitored. The Powerline-PLUS communication
system was operated separately from the SPE communication system in order to avoid interference
between the SPE and Powerline-PLUS.

It was not possible to consider only the connections with the new electric coupler types with regard
to the behaviour of the Powerline-PLUS communication system. The Powerline-PLUS
communication system uses the power line as a shared medium and is routed through the entire
train without interruption. The running movements in Phase Il have shown that the Powerline-PLUS
communication system has a certain error tolerance with regard to micro-interruptions in electric
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couplers. Micro-interruptions cause packet errors under unfavourable conditions, but no relevant
connection interruptions. It should therefore be ensured in Phase IlI/IV with the installation of the
new electric coupler types that the behaviour does not change negatively compared to Phase Il. This
could be analysed with the existing setup without separate consideration of the new electric coupler
types.

1.3.2 Single-Pair-Ethernet (IEEE802.3 cg)

The SPE communication system is a segmented communication system. The SPE communication
connections are routed via a switch in each wagon. It was therefore possible to analyse wagon
connections individually. Compared to the setup of data communication in Phase I, the focus in
Phase Ill/IV was on the communication behaviour of the new electric coupler types. Phase Il has
shown that micro-interruptions in the electric couplers are very likely the cause of link interruptions
in the SPE. The link interruptions can lead to critically long timeout times for safety-critical
applications (train integrity, brakes, etc.) and therefore impair reliable operation. For this reason,
pin-socket contact points have been provided in the new electric coupler types (see Figure 1) for 2-
wire communication (SPE). However, the contact points for the individual SPE connections are no
longer redundant. However, there are two pairs of contacts per coupling connection so that a
redundant SPE connection can be made between the wagons.

SPE1

400V L2

SPE2 400V L1

Figure 1: Contact layout Knorr-Bremse electric coupler
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SPE1 400V L1 SPE2

400V L2

Figure2: Contact layout Voith electric coupler

With regard to the layout of the communication connections, the designs of the two manufacturers
Knorr-Bremse and Voith have different approaches: In the Knorr-Bremse layout (Figure 1), the
communication connections are arranged symmetrically, i.e. SPE1 meets the SPE1 line on the
opposite side. However, SPE+ on one side meets SPE- on the other!. Swapping the poles would not
mean any restriction for SPE connections when using the auto-negotiation function of the SPE-PHYs.
In Voith's approach (Figure2), SPE1 meets SPE2 on the opposite side. In principle, this does not
impose any restrictions on communication. The individual poles of the SPE pairs (SPE+ and SPE-) are
then correctly connected to each other again.

In terms of communication properties, the new contact points in the electric coupler should have
better properties than the previous variants with fixed-free contacts. Pin-socket contact points are
generally more robust than fixed-free contacts when exposed to vibration. Pin-socket contact points
are problematic if they are not centred precisely enough when contacting. In this case, irreversible
damage to all communication contacts is very likely. Furthermore, during the ageing process, the
contacts will gradually "wear down" due to vibration and coupling cycles. Worn pin-socket contacts
could lead to a temporary interruption of the signal or to an excessive change in the communication
channel, which can lead to at least a temporary interruption of communication with SPE.

A further interference factor could be sparking at the energy contacts. In Phase Il of the project, it
was established that loss of contact can occur at the fixed-free contact points. In the event of
sparking, this can lead to interference pulses on the communication lines. The contact points for the
two-wire communication are not shielded at the contact point of the electric couplers, so that a
relevant coupling of interference pulses cannot be excluded or minimised. Permanent disruption of
communication is very unlikely due to this type of interference. Typical error patterns would be
individual packet losses due to burst errors during the transmission of SPE symbols. Such faults can

1 The contact layout would also allow symmetry to be ensured with SPE+ and SPE- instead of the SPE
connections SPE1 and SPE2.
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be diagnosed as errors in the SPE switch in CRC checksums (cyclic redundancy check) when the
Ethernet packets are received.

euf

E=5 '@{‘ - L ~— g AT el = [TETE 1

:""s'PEsTNEcE"': l""s'PEsTm?cF"': :""s'PEs'wicF"':
2 1 = :
SPE1 | ! SPE1 Y I SPE1 ZA \ SPE1
I 4 T 1 ‘a T 1 ‘a 1
1 = 1 1 . 1 1 H !
| i T T 4| T T H 1
1 o ,/ 1 e - / | SRE2 - ./ 1
| | I 1 | ! ! | !
: Embedded PC : : Embedded PC : : :

Figure 3: SPE communication in the 3-wagon-set (Knorr-Bremse and Voith)

In comparison to the wagons with the older equipment, an SPE switch from Phoenix Contact (FL
SWITCH 2303-8SP1) was used for the new wagons (see Fig. 3). Among other things, the switch has
eight SPE ports, four of which are used for car-to-car communication. Redundancy mechanisms are
not supported by the switch on the SPE ports. However, the switch is capable of VLAN tagging for
all ports, so that redundant lines can be separated to avoid an Ethernet loop. This is why packet
transfer only takes place on one line between the wagons. On the redundant line only the link is up
and link state is controlled without special traffic.

! SPE Switch ! ! SPE Switch ! ! SPE Switch !
1 1 | 1 | 1
SPE1 4 \ SPE1 74 \ SPE1 /] ' SPE1
| Sl 1 1 e 0 i i 1
| E: | 1 ;‘: | | 1 ;': 1
I : 1 ] : I 1 < I
| > / I SEECN > 1 SPE2 | - ,/ 1
| | 1 1 | | | | 1
i | i | | |

Figure 4: Communication on an SPE line
Communication is monitored on two levels:

1) Monitoring the "physical communication channels": The Ethernet switches used monitor the
link status on the one hand. This allows a link interruption to be diagnosed directly. A
statistics counter can also be used to monitor packet errors (CRC errors). The monitoring of
link interruptions and CRC (cyclic redundancy check) errors takes place on all four SPE
connections of the two coupling points.

2) Monitoring the communication capability via test communication: Test communication to
the neighbouring wagons is carried out via the embedded PC in the centre wagon of the
three-wagon group using ICMP packets.
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Communication using ICMP packets tests the communication connection to the neighbouring
wagons in a cycle of 100 ms. The time stamp of each sent and received packet is permanently
recorded. This enables subsequent evaluation of all required data (packet loss, number of
consecutive packet losses, latency behaviour). Due to the cycle time of 100 ms, this mechanism can
identify both a failure of individual packets and a failure of the link (successive packet losses with a
time of more than 400 ms). The Ethernet switch also has the option of monitoring changes in the
status of the link. This is done via SNMP traps, which can be configured so that an SNMP trap
message is sent to the embedded PC when the link status of the SPE ports changes. The SNMP traps
sent are stored in a database in the embedded PC for subsequent analysis. The switch also has the
option of reading out statistics of the SPE ports. In addition, the Embedded PC reads out the statistics
counters for CRC errors for all connections in a cycle of 5 seconds. Packets with CRC errors are
discarded by the switch and not forwarded. This means that in the event of an ICMP packet loss,?
the direction in which the packet loss occurred can be identified.

By using the newly available SPE switch, the possibilities for identifying packet errors or
communication failures have been greatly improved compared to the Phase Il measuring setup. In
the updated test setup, there are therefore two methods for identifying packet errors (ICMP
communication and CRC errors) and two methods for identifying link interruptions (link monitoring
via SPE switch and longer communication interruption of ICMP communication). This means that
any errors that occur can be verified against the second method.

1.4 Digitalisation and automation functions

1.4.1 Train inauguration function (SPE)

A change has been made to the SPE system with regard to the "train inauguration" functionality. In
Phase Il, train inauguration was carried out on the basis of current and voltage measurements in the
wagons. This did not work reliably due to measurement resolution and fluctuations in the
measurements. Therefore, in Phase Ill/IV, functionalities of the Ethernet switches in the wagons
were used which are similar to the mechanisms of the TTDP (Train Topology Discovery Protocol, IEC
61375). Two variants have been tested for this purpose:

1) Active scan of the wagons by the leading vehicle (measurement car): Active scanning only
requires a chain of connected managed switches with LLDP/SNMP function. The starting
point is at the switch in the measurement wagon (locomotive). The switch recognises the
connected wagons via LLDP (e.g. side A on port 3, side B on port 4). The connection partner
of the corresponding side can be identified via SNMP objects of the LLDP-MIB (LLDP

2 Provided that one or more bit errors during transmission have led to packet loss.
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Management Information Base). In the next step, the connection partners of the next wagon
are read out. In this way, the chain of wagons can be read sequentially up to the last wagon.

»

1) WGO
2) WG1 SNMP-Get Requests
3)WG18
4) WG6
5) WG5
6) WG4
SNMP-Srv SNMP-Srv SNMP-Srv SNMP-Srv SNMP-Srv
P3: WG1 P3: WGO P3: WG6 P3: WG5 P3: WG6
P4: P4:WG18 P4: WG1 P4:WG18 P4:WG4
P5:WG1 P5: WGO P5:WG6 P5:WG5 P5:WG6
P6: -- P6:WG18 P6: WG1 P6:WG18 P6: WG4
A /A 24 24 24
1] . ‘a i ‘e i
. e i - . 4 .
] > ' > e ] < e
3 / LLDP Frame u / ; / : :
—* ~ ~ =y ~

Train ectio

SNMP-Srv
P3: --

P4: WG5S
P5: --

P6: WG5
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SPE ™ |

W

-

Youms-1auiayig

A WG1

B wcs

Figure 5: Topology scan using LLDP and SNMP

WG6

B WG4

2) Passive scan of the wagon sequence: With this method, each wagon sends a message
cyclically to its known neighbouring wagons by means of a UDP broadcast via the
communication system (see Figure 6). The list of wagons can be created from the messages
from the wagons to the leading vehicle (measurement car/locomotive). The broadcast
package contains a VIS structure (Vehicle Information Service), which is used for further
information about the vehicle. In addition to the information on the connected wagons on
each coupling side, status information on the wagon (power supply, battery status, etc.) and
the coupling sides (DAC type, electric coupler, e-uncoupling) is also transmitted cyclically. A
wagon list can be created in the leading vehicle from the neighbourhood information of the
individual wagons, which is obtained locally from the LLDP/SNMP information as in (1).
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Figure 6: Passive scan using broadcast of neighbourhood relationship

1.4.2 Recording of measured values on wagons and transmission via train communication system

To demonstrate the added value of a train communication system, the connection of a sensor and
transmission of data via the train communication system was to be demonstrated. A sensor from
Jumo, which can measure temperature and CO; values, was used for this purpose. The sensor offers
the advantage of a two-wire connection, i.e. SPE and power supply are transmitted via the same
wire pair using PoDL (Power-over-Data-Line). This offers great advantages for future sensor
technology on wagons, as relatively simple and inexpensive cables can be used.

Sensor

g g N - r
: SPE/PoDL

. 1

p Vo Y. Y.
sl : H ‘e ‘ol tal
g a ' 4| i 4
:.‘ 1 . .. . -
='P ;‘ b = 'y =,  'SPE Switch ~'y
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=z www.dack.eu &

Figure 7: Integration of a sensor into the train communication system

The sensor was installed on the SPE switch of an H wagon and the power supply for the
corresponding SPE port was activated (PoDL). The MICA (central computer) in the Siemens Vectron's
communication setup was thus able to cyclically query the sensor data via the communication
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system using Modbus TCP. The presentation took place on the website aggregated by MICA, which
could be made available to the train driver via a tablet.

1.4.3 Radio communication between wagons and infrastructure

Communication with the infrastructure may be necessary for some functions, such as resetting the
buffer position of the DAC. Communication can only be wireless and localised. This means that
functions such as resetting the buffer position must be carried out in certain zones (in an area after
passing over the hump in the marshalling yard). When uncoupling, the wagons are set to buffer
position (coupling prevention) and moved in the direction of the signalling device. For this purpose,
the communication system must either have a short range or a distance or positioning function (see
Figure 8). This means that a communication solution and localisation solution are required at the
same time. In principle, this could also be done via GPS localisation. It would have to be ensured
that the GPS localisation functions with sufficient accuracy and high availability.

—

A D) (

UWB Balise
~ - UWB Receiver

Figure 8: Buffer position reset function using radio balise

In a stationary solution, for example, UWB (ultra-wideband) could be used as an RTLS (real-time
location system). The UWB communication system offers the function of measuring a distance
between two transceiver modules and transmitting data at the same time. For this purpose, the
transmission time of the radio signal is measured during 3-way communication between the
transceivers using time-of-flight measurement and corresponding timer values are transmitted for
calculation. The system has an accuracy of approx. 10-20 cm, which is absolutely sufficient for the
function of resetting the buffer position.

In a functional model, a setup with UWB evaluation modules was realised in which the buffer
position was controlled by two Voith DACs with electronic uncoupling function. The light barrier of
the electronic uncoupling drive was replaced by the UWB transceiver. A UWB transceiver was
designed as a signal transmitter so that it can be placed in the track (UWB balise). The receiver on
the wagon was constructed in such a way that the distance at which the switching signal (relay) is
executed could be set via a function (between 1 m and 50 m). The housing of the UWB balise and
receiver was fitted with a plastic cover, as the attenuation of the radio signals would be too great
with a metal cover.
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Figure 9: UWB signalling device (balise) on the sleeper

Figure 10: Mounted UWB receiver on the wagon

The following questions are of interest here:
Is the function of UWB technology guaranteed in the railway environment?

[ ]
e Does the system work in both directions when driving over it?
e Under what conditions does it no longer work?
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One disadvantage of the technology is that the infrastructure would have to be retrofitted with
appropriate UWB balises. This would be quite complex and expensive. Therefore, a solution would
also be conceivable in which the wagons determine the distance to each other themselves and reset
the buffer position automatically when the distance is sufficient. This procedure would have to be
examined in further tests.

1.4.4 Bender insulation fault locators

The measurements of the insulation resistance (see 70992-05-DAC-Phase llI+IV - Electrical part)
have shown that insulation faults on the wagons can lead to a very low overall insulation resistance
of the convoy over a longer period of use. Particularly in wet weather with high humidity, the total
resistance can fall below the 50 Ohm/Volt required by the standard, i.e. 20 kOhm at 400 V nominal
voltage. In this case, the fault must always be located and solved by suitable personnel before the
electrical system can continue to be operated. The search for the insulation fault should not be a
"manual" task, but should be supported by the energy and communication system with appropriate
equipment. There are already systems available on the market for this purpose, such as the
evaluated system from Bender (iso685W, EDS440W). It should also be possible to find all relevant
insulation faults in one step and eliminate them by withdrawal of the wagons from service. The
withdrawal from service of a wagon and subsequent detection of new insulation faults is not
acceptable, as the process of removing individual wagons already requires a great deal of
operational effort.

iso685W

Gy RS485 ; ;
l_l] I [

!_ EDS440W [t
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Figure 11: Setup of the insulation fault location system in the DAC4EU train

In the installed setup, a head-end station (iso685W) is installed in the measurement wagon. The
head-end station can independently identify insulation faults via Phases L1 and L2 by means of
connected PE. The 400 Vac supply is designed in such a way that the alarm output of the insulation
monitor switches off the supply to the train if critical values are undershot. Insulation fault locators
(EDS440W) are connected to the head-end station via a separate RS485 line through the entire train.
Eight insulation fault locators were installed in the test setup (see Table 1). The current on the 400 V
line is measured to detect an insulation fault. For this purpose, a measuring transducer, which is
routed through both lines, is connected to the insulation fault locator. As the magnetic fields around
the conductor cancel each other out due to the different direction of current, a differential current
is measured between the conductors. However, a differential current can only occur if a separate
current flows via an alternative path, i.e. the PE/PA line. The value of the insulation fault can now
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be derived from the measurement of the residual current. In the outlined set-up, all insulation fault
measuring points up to the insulation fault signal a residual current in the event of an insulation
fault. In this way, the insulation fault can be localised. The manufacturer specifies a current
measurement resolution of 1 mA for the system. The installed setup will be used to test whether
single faults and multiple faults can be localised at different positions.
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2 Tests

2.1 Behaviour of communication contacts in corrosive environments

At the beginning of Phase I, selected wagons were parked at a sulphate loading centre for several
weeks. The aim of the study was to find out whether communication contacts are damaged by the
salt fog and whether a negative influence on the communication properties is to be expected. For
this purpose, coupling points were placed in a coupled state, with a half-open cover, and with the
cover of the electric coupler fully open (uncoupled). Wagons with Voith electric couplers were used
for this purpose (electric coupler models from Phase ).

Figure 12: Stabling the wagons next to the sulphite loading area

In order to determine any invisible influence on the communication, the channel quality via the
coupling connection was measured before stabling and after the end of stabling (on site in
Wintershall) using a network analyser. The wagons were measured in the factory directly after the
first coupler of the wagons in order to avoid any falsification due to further coupling tests or
abrasion of a possible oxide layer during driving movements.

Result: No restrictions or environmental influences on the contact points of the communication
contacts could be detected here (see Figure 13). The results of the channel measurement show an
almost identical picture. Stabling the wagons in the corrosive environment had no effect on the duct
properties with regard to the communication contacts during the test period. Further images of the
contact points can be found in the report "70992-03-DAC-Phase IlI+IV".

In a further test, SPE communication between two wagons was activated via batteries. The SPE
adapters were able to establish a link immediately.
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Figure 13: Channel measurement (NanoVNA-F V2) of a two-wire line before stabling (left) and
after (right)

2.2 Communication with new electric couplers

To evaluate the behaviour of the new electric couplers, measurements were carried out during
various measurement runs. For SPE in particular, the measurements were concentrated on the
newly equipped coupling points. The investigation focussed on the question of whether contact
interruptions also occur with the new electric couplers, which lead to short-term communication
failures and therefore also to link interruptions. The corresponding wagons were therefore
equipped with new SPE switches, which in particular enable the SPE link to be monitored (see 1.3.2).
The evaluation of the old electric couplers with regard to SPE communication in Phase Il of the
project showed that they cannot be assessed as adequate due to micro-interruptions at the contact
points and that the design is not fit for the purpose. For this reason, the focus here was on the new
variants with regard to SPE communication.

2.2.1 Measurement runs

2.2.1.1 Measurement run Minden - Rostock

In the previous tests before the campaign with the measurement runs, it was found that the
insulation value of the entire train can fall below 20 kOhm in wet weather and therefore operation
with the 400 Vac supply is no longer permissible. For this reason, two coupling points were identified
in advance (wagon 261-0 to wagon 791-5 and wagon 791-5 to wagon 018-6), which had a poor
insulation value and would have brought the convoy into a critical area with regard to the insulation
value. For this reason, the 400 Vac connections at these coupling points were bridged via a jumper
cable and not routed via the coupling. A jumper cable also had to be plugged into two Dellner
coupling transitions, as there was no connection via the SPE contacts in the coupling.
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Table 2: Train composition Minden - Rostock
Wagon Electric coupler (new
Ref. no. | Wagon short. No. Front side design) Comment
1| Meas. Wagon 0 Jumper cable to wagon 3
Jumper cable, 3<>20, due to ISO
2(261-0 3|A resistance
Jumper cable, 20<>19, due to ISO
3|791-5 20 |A resistance
41018-6 19 |A
5|278-4 18 | B
6 |570-7 14| B
7| 376-3 B Voith electric coupler NG
8|787-7 A Voith electric coupler NG
9| 306-3 B Voith electric coupler NG
10 | 520-2 B
11 | 940-6 11 |A
12| 281-8 10 | A
Jumper cable to wagon 9 (transition
13| 377-1 1|B SC)
Jumper cable to wagon 1 (transition
14| 131-5 9 SC)
15| 699-0 22
16 | 017-8 16 | A
Jumper cable to wagon 15: no SPE
17| 687-9 8|B connection via coupling
Jumper cable to wagon 8: no SPE
18 | 277-6 15 |B connection via coupling
Jumper cable to wagon 25 (transition
19| 375-5 7|B SC)
Jumper cable to wagon 7 (transition
20 | 291-7 25 |A KB electric coupler SC)
21| 443-7 23 |A KB electric coupler
22 | 378-9 24 | B KB electric coupler

Result Powerline-PLUS:

The communication of the Powerline-PLUS communication system shows stable behaviour across

the entire convoy of 22 wagons, including the measurement car (see Table 3). It should be noted

here that communication was tested across the entire convoy (see 1.3.1). Packet losses occurred

here on the physical layer (column "Missed Allocations") as well as in the test via the network layer

(ICMP). These individual packet errors should not be considered critical, as no burst errors occurred

and would therefore not have led to a loss of integrity.
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Table 3: Result of the Powerline-PLUS communication (Minden — Rostock)

Detection of wagon Packet errors (Missed ICMP packet Integrity Maximum RTT
sequence Allocations/Transmitted | losses Fails
Allocations)
Correct 775/131546 5/30402 0 500 ms
Result SPE:

The SPE communication also showed very reliable communication behaviour (see Table 4). This was
only recorded via the coupling points with the new electric coupler designs (Voith and Knorr-
Bremse). A single lost packet was detected during communication from wagon 25 to wagon 23.
However, neither a CRC error on the SPE line nor a link interruption could be detected. It is therefore
assumed that the packet error occurred between the IPC with the measurement software and the
SPE switch.

The identification of the sequence by means of detection via active scan was correct (see description
of the procedure in 1.4.1).

Table 4: Results of SPE communication (Minden - Rostock)

Coupling transition Sent test | Test packets | Packet loss | CRC error Link interruptions
packets received

Voith WG4<>WG5 470700 470700 0 0 0

Voith WG5<>WG6 470519 470519 0 0 0

KB WG25<>WG23 465751 465750 1 0 0

KB WG23<>WG24 451020 451020 0 0 0

2.2.1.2 Measurement run Rostock - Mannheim (measurement up to Hannover Messe/Laatzen)

The measurement run from Rostock was carried out with the same wagons as the journey in the
direction of Rostock. The composition of the wagon groups and direction of travel was different

here.
Table 5: Train composition Rostock - Mannheim
Ref. Wagon
no. Wagon short. | No. Electric coupler (new design) | Comment
1 | Meas. Wagon 0 Jumper cable to wagon 7
2|375-5
Jumper cable to wagon 8: no SPE connection via
3|277-6 15 coupling
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Jumper cable to wagon 15: no SPE connection via

41687-9 8 coupling
5(017-8 16
6| 699-0 22
7|131-5 9 Jumper cable to Wg 1 (transition SC)
8|377-1 Jumper cable to Wg 9 (transition SC)
9|281-8 10

10 | 940-6 11

11 | 520-2

12 | 306-3 6 | Voith electric coupler NG

13 | 787-7 5 | Voith electric coupler NG

14| 376-3 4 | Voith electric coupler NG

15 | 570-7 14

16 | 278-4 18

17 | 018-6 19 Jumper cable, 20<>19, due to ISO resistance

18 | 791-5 20 Jumper cable, 3<>20, due to ISO resistance

19| 261-0 3 Jumper cable to wagon 24 (transition SK)

20 | 378-9 24 | KB electric coupler Jumper cable to wagon 3 (transition SK)

21 | 443-7 23 | KB electric coupler

22 | 291-7 25 | KB electric coupler

Result Powerline-PLUS:

In the Powerline-PLUS communication, packet errors were identified on the physical layer and on

the network layer, as in the journey towards Rostock, but no packet errors that led to a loss of

system integrity.

Table 6: Result of Powerline-PLUS communication (Rostock - Mannheim)

Detection of wagon Packet errors (Missed ICMP packet Integrity Maximum RTT
sequence Allocations/Transmitted | losses Fails

Allocations)
Correct 84/106329 19/30211 0 441 ms

(Measurements were taken up to Hannover/Messe Laatzen)

Result SPE:

No packet errors were identified during SPE communication. All test packets sent were transmitted.

No CRC errors or link interruptions were detected on the SPE lines from the SPE switch.
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Table 7: Results of SPE communication (Rostock - Mannheim)

Coupling transition Sent test | Test packets | Packet loss | CRC error Link interruptions
packets received

Voith WG4<>WG5 429830 429830 0 0 0

Voith WG5<>WG6 429832 429832 0 0 0

KB WG25<>WG23 430829 430829 0 0 0

KB WG23<>WG24 430829 430829 0 0 0

(Measurements were taken up to Hannover/Messe Laatzen)

2.2.1.3 Measurement run Kornwestheim — Nuremberg

On the following journeys from Kornwestheim, the Knorr-Bremse wagon group was not present in

the convoy due to damage. For this reason, only the Voith wagon group with the new electric

couplers was focussed on, particularly in SPE communication. Furthermore, the wagon batteries

were disconnected from the UPS during the journeys from Kornwestheim in order to avoid the

effects of the UPS in terms of current and voltage measurement. This had no particular impact on

communication.

Table 8: Train composition Kornwestheim - Nuremberg

Ref. |Wagon Electric coupler (new
no. short. Wagon No. | design) Comment
1| Meas. Wagon 0 Jumper cable to wagon 7
2|375-5 7
Jumper cable to wagon 8: no SPE connection via
3(277-6 15 coupling
Jumper cable to wagon 15: no SPE connection
41687-9 8 via coupling
5|017-8 16
6|699-0 22
7| 131-5 9 Jumper cable to Wg 1 (transition SC)
8(377-1 1 Jumper cable to Wg 9 (transition SC)
9|281-8 10
10 | 940-6 11
11 [ 520-2 2
Voith electric coupler
12 [ 306-3 6| NG
Voith electric coupler
13 |787-7 5|NG
Voith electric coupler
14 | 376-3 4| NG
15 | 570-7 14
16 | 278-4 18
17 | 018-6 19 Jumper cable, 20<>19, due to ISO resistance
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18 | 791-5 20 Jumper cable, 3<>20, due to ISO resistance
19| 261-0 3 Jumper cable to wagon 24 (transition SK)

Result Powerline-PLUS:

In Powerline-PLUS communication, as in the previous runs, packet errors were identified on the
physical layer and on the network layer, but no packet errors that led to a loss of system integrity.

Table 9: Result of Powerline-PLUS communication (Kornwestheim - Nuremberg)

Detection of wagon Packet errors (Missed ICMP packet Integrity Maximum RTT
sequence Allocations/Transmitted losses Fails
Allocations)
Correct 75/114011 6/16336 0 327 ms
Result SPE:

No packet errors were identified during SPE communication. All test packets sent were transmitted.
No CRC errors or link interruptions were detected on the SPE lines from the SPE switch.

Table 10: Results of SPE communication (Kornwestheim - Nuremberg)

Coupling transition Sent test | Test packets | Packet loss | CRC error Link interruptions
packets received

Voith WG4<>WG5 346828 346828 0 0 0

Voith WG5<>WG6 346926 346926 0 0 0

2.2.1.4 Measurement run Nuremberg — Bebra

The measurement run from Nuremberg to Bebra was carried out with the same convoy as the run
to Nuremberg. However, the direction of travel changed (bypassing the locomotive and
measurement wagon).

Table 11: Train composition Nuremberg - Bebra

Ref. Wagon
no. Wagon short. | No. Front side Special aspect Comment
1| Meas. Wagon 0 Jumper cable to wagon 3
Jumper cable, 3<>20, due to
2(261-0 3A Voith E uncoupling V2 ISO resistance
Jumper cable, 20<>19, due
3(791-5 20 (A Voith E uncoupling V2 to ISO resistance

‘ ‘ \ Page 25 of 42




Project: Test: digital automatic coupling (OWITA: P1284 .
Do:ument: 70992-0gG-DAC-PhaseIII+VIp-Tegs(t report on data: communication Version: 10 .OWITA
41018-6 19 | A Voith E uncoupling V2
5|278-4 18 |B
6|570-7 14 |B
Voith electric coupler
7|376-3 4|B NG
Voith electric coupler
8|787-7 5|A NG
Voith electric coupler
9| 306-3 6|B NG
10 | 520-2 2|B
11| 940-6 11 |A
12 | 281-8 10 |A
Jumper cable to wagon 9
13|377-1 1B (transition SC)
Jumper cable to wagon 1
14| 131-5 9B (transition SC)
15 | 699-0 22 |B
16 | 017-8 16 |A
Jumper cable to wagon 15:
no SPE connection via
17 | 687-9 8B coupling
Jumper cable to wagon 8: no
18 | 277-6 15 |B SPE connection via coupling
19 | 375-5 7|B

Result Powerline-PLUS:

In Powerline-PLUS communication, as in the previous runs, packet errors were identified on the

physical layer and on the network layer, but no packet errors that led to a loss of system integrity.

Table 12: Result of Powerline-PLUS communication (Nuremberg - Bebra)

Detection of wagon Packet errors (Missed ICMP packet Integrity Maximum RTT
sequence Allocations/Transmitted losses Fails
Allocations)
Correct 114/141416 7/21730 0 352 ms
Result SPE:

No packet errors were identified during SPE communication. All test packets sent were transmitted.

No CRC errors or link interruptions were detected on the SPE lines from the SPE switch.

Table 13: Results of SPE communication (Nuremberg - Bebra)

Coupling transition

Sent
packets

test | Test packets

received

Packet loss

CRC error

Link interruptions
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Voith WG4<>WG5 415260 415260 0 0 0
Voith WG5<>WG6 416707 416707 0 0 0

2.2.1.5 Measurement run Bebra — Minden

The measurement run from Bebra to Minden took place with the same train composition as the run
from Nuremberg to Minden (see Table 11).

Result Powerline-PLUS:

In Powerline-PLUS communication, as in the previous runs, packet errors were identified on the
physical layer and on the network layer, but no packet errors that led to a loss of system integrity.

Table 14: Result of Powerline-PLUS communication (Bebra - Minden)

Detection of wagon Packet errors (Missed ICMP packet Integrity Maximum RTT
sequence Allocations/Transmitted losses Fails
Allocations)
Correct 126/113412 3/17182 0 331 ms
Result SPE:

No packet errors were identified during SPE communication. All test packets sent were transmitted.
No CRC errors or link interruptions were detected on the SPE lines from the SPE switch.

Table 15: Results of the SPE communication (Bebra - Minden)

Coupling transition Sent test | Test packets | Packet loss | CRC error Link interruptions
packets received

Voith WG4<>WG5 330927 330927 0 0 0

Voith WG5<>WG6 328512 329512 0 0 0

2.2.1.6 Measurement run Minden — Lippstadt

The measurement run from Minden to Lippstadt took place with the same train composition as the
run from Nuremberg to Minden (see Table 11).

Result Powerline-PLUS:

In Powerline-PLUS communication, as in the previous runs, packet errors were identified on the
physical layer and on the network layer, but no packet errors that led to a loss of system integrity.
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Table 16: Result of the Powerline-PLUS communication (Minden - Lippstadt)

Detection of wagon Packet errors (Missed ICMP packet Integrity Maximum RTT
sequence Allocations/Transmitted losses Fails
Allocations)
Correct 52/52336 1/7923 0 316 ms
Result SPE:

No packet errors were identified during SPE communication. All test packets sent were transmitted.
No CRC errors or link interruptions were detected on the SPE lines from the SPE switch.

Table 17: Results of the SPE communication (Minden - Lippstadt)

Coupling transition Sent test | Test packets | Packet loss | CRC error Link interruptions
packets received

Voith WG4<>WG5 156885 156885 0 0 0

Voith WG5<>WG6 158373 158373 0 0 0

2.2.2 Summary and evaluation of the communication results during the measurement runs

During the measurement runs, positive behaviour was observed with regard to communication on
the new electric coupler variants compared to the older variants from Phase Il

Powerline-PLUS communication proved to be a stable and reliable system. It could be shown here
that parallel operation of 400 Vac and Powerline communication on the train current line exists
without additional influence on communication compared to operation with 110Vpc [1] .
Furthermore, no negative influence of the new electric coupler types on the Powerline-PLUS
communication system could be determined.

The communication tests using the new electric coupler types with the SPE communication system
have generally shown much better properties for operating an SPE communication system via the
electric couplers than with the Phase Il models. No relevant problems were identified with regard
to data transfer. This positive result must be viewed with the following restrictions:

e In comparison to Phase I, only four coupling points were considered here (two per
manufacturer). A statistically reliable statement about the function of a larger number of
couplers cannot be derived.

e The tested couplers were evaluated with a lower degree of wear in coupler tests compared
to the measurement runs in Phase Il. It has not yet been possible to test the communication
behaviour when the electric couplers are worn.
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The tests carried out with the new electric coupler variants can therefore only be seen as a first step.
Qualification for widespread use in rail freight transport cannot be derived from the tests to date.
Further steps are necessary for this, which include tests with a larger number of electric couplers
and specific wear scenarios. It is therefore strongly recommended that a larger number of coupling
points be included. Wear/ageing of the contact points should be simulated in order to analyse them
again in measurement runs.

2.3 Train inauguration function

2.3.1 Powerline-PLUS

The train inauguration function for the Powerline-PLUS communication system was tested as part
of the communication tests during the measurement runs. Reliable functionality was observed in
the convoy tested. The sequence identified by the communication system always matched the
actual train composition.

As can be seen in Figure 14, there is no fixed assignment of repeater slaves in the tested version of
the Powerline-PLUS firmware, but this is defined based on the channel quality ("Master" column).
This results in better latency behaviour and a slightly higher bandwidth. In the DAC4EU convoy, only
every third wagon was defined as a repeater slave on most connections; in the fixed configuration
of the spacing (DAC4EU Phase Il), every second wagon had to be defined as a repeater slave. If
twisted pair cables were used for the train current line, an even greater distance between repeater
slaves would be expected.
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TTD TRIGGER:

Figure 14: Output of the train composition from the Powerline-PLUS communication system

2.3.2 Single-Pair Ethernet

In the SPE communication system, the mechanisms relating to train inauguration have been
modified in a similar way to the IEC 61375-3-2 standard. Similar mechanisms were used here
without having to implement the complex standard. The LLDP protocol [2] and the SNMP protocol
[3] were used as basis here. These protocols are already supported by the industrial switches used
in the wagons.

The active scan of the train configuration was tested in the IPC in the measurement wagon. During
the measurement runs, a scan of the wagons was carried out using the implemented SCAN function
before starting the measurements (see Figure 15). The scan function must be actively started via
the test environment web page.

Page 30 of 42




Project: Test: digital automatic coupling (OWITA: P1284) .
Document: 70992-06-DAC-Phase IlI+VI - Test report on data communication Version: 1.0 . OWITA

Last Scan Jan 29, 2024 10:14:03 AM}

Anzahl der Wagen 22

Integrity

“ Ui “ |ow Wagen
0:56 80 89-80037-5 o

19:9300 018-6
18:37 80 4505 278-4

1699-0
809300 017-8
87-9
15:4505 277-6
7:37 80 7824 375-5

Figure 15: Output of the train composition via the SNMP/LLDP scan (SPE)

The scan function displayed the correct wagon sequence in all measurement runs. The present
implementation requires about 2-3 seconds for a train of 20 wagons (approx. 100 to 150 ms per
wagon).

When testing the passive detection of the wagon rows, an implementation in the set-up was
evaluated with the retrofitting of the Vectron from DB Systemtechnik. The IPC in the Vectron
receives broadcast frames from the wagons. The test was only carried out with 10 vehicles. The train
sequence in the display (website/tablet) has shown the correct wagon sequence (see Figure 16).
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Figure 16: Demonstration of the train naming function/live display in Vectron

2.4 Radio communication wagon (balise)

The evaluation of the radio communication for resetting the buffer position was carried out in
Minden on the premises of DB Systemtechnik. Two wagons were equipped with the UWB system
(018-6 and 791-2).

The test was only carried out by moving a group of wagons (see Figure 17). The wagon was moved
in various configurations and directions via the UWB send balise.

A) Balise in the centre of the track: Tests were carried out with a triggering distance of 2 m and
3m.

B) Balise on sleeper next to the track: Tested with a triggering distance of 2 m and 3 m.

C) Balise on neighbouring track: Tested with a triggering distance of 3 m

Due to the local conditions, it was only possible to test at crossing speeds of less than 8 kilometres
per hour.
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Figure 17: Test modes with UWB balise for buffer position cancellation
Result:

At a distance of 3 m, the triggering of the cancellation of the buffer position worked properly in
every test configuration (A/B). This shows that track-accurate resetting would be possible with the
UWB system.

It did not work reliably at a configured trigger distance of 2 m, only in case B at low speed. In this
constellation, the wagon with the UWB receiver ran almost directly over the UWB balise. This shows
that the function is dependent on the set triggering distance and the overrun speed. If the time
difference between the balise and receiver within the set distance becomes too small, the function
is no longer guaranteed.

Since in most cases a track-accurate function is not necessary, the distance could also be set
generously and would therefore also allow higher crossing speeds. The system has thus proven to
be reliable and interesting for further evaluation in the first tests.

Another option for resetting the buffer position is to use the UWB transceivers on the end wagons
to communicate directly with each other. If a defined distance threshold is exceeded between the
wagons, these could then reset the buffer position. This would have the advantage that the
infrastructure would not have to be adapted here. Whether this mechanism would work in all
operating scenarios would first have to be tested.

2.5 Shielding measurements

The shielding measurements should include an initial evaluation of how the shielding of the SPE
cables works in the best possible way. Interference caused by stationary interferers or passing trains
cannot be neglected. Two measures to reduce interference coupling on the communication lines
are useful: The design of the communication lines as twisted pair lines. This is standard for
communication cables for Ethernet (as well as for SPE). This reduces the coupling of magnetic fields.
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Furthermore, it makes absolute sense to shield the cables. The cable shield reduces interference

coupling, especially from electric fields. Various models are possible for connecting the shielding:

a)
b)

c)

d)

Shield is present but not connected

Shield is laid on one side on the wagon ground

Shield is capacitively connected to ground on one side (wagon earth or ground of the SPE

adapter)

The shield is connected to the wagon earth on both sides: This variant is generally not

recommended, as there is a possibility of traction currents being conducted via the shielding.

The following tests were carried out:

1) Passing of an electric locomotive with maximum traction: measurement of the interference

radiation on the SPE lines and the power line. On the one hand, the coupling of a 27 MHz

signal caused by the active ETCS balise on the locomotive was measured. Secondly, the EMC

coupling on the lines caused by the converters on the locomotive during traction was

measured (Figure 18, Figure 19).
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Figure 18: Shield open on both sides, passing of a loco (BR 101) with traction

In the measurement with the shield unconnected, a peak value of the interference at approx. 2 MHz

with approx. -28 dBm can be seen. Above 2 MHz, the measured interference drops to below
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- 50 dBm. It was determined in a laboratory setup that the centre frequency of SPE at 3.25 MHz is
particularly relevant in terms of interference sensitivity. When establishing a connection, the
sensitivity is higher at lower frequencies.

The measurement with the shield connected on one side (Figure 19) shows a behaviour that is
initially not very plausible: The interference coupling increases very strongly in the frequency range
up to 1 MHz, in the range between 1 and 2 MHz the interference coupling is somewhat weaker. The
reason for this can only be assumed to be that interference is coupled in via the shield through direct
connection to the track potential. This behaviour would have to be verified in further
measurements. If this can be proven, it is not advisable to apply the shield to one side of the track

potential.
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Figure 19: Shield connected to the wagon earth on one side, passing of a BR 101 with traction

Analogue to the measurement of the interference radiation caused by the traction of the electric
locomotive, a measurement was taken to record the interference coupling caused by activated ETCS
at 27.1 MHz (see Figure 20). The maximum interference emission here showed a value of -39 dBm.
The peak value caused by the electric locomotive's ETCS antenna is very easy to recognise. The
measured value is not expected to have any influence on SPE as the interference is outside the
spectrum relevant for SPE. For Powerline-PLUS, interference can be virtually ruled out, as the
interference is very narrowband and there is a high level of immunity to this type of interference.
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Figure 20: Measurement of ETCS interference from locomotive, shield not connected

2) Measurement of the radiation behaviour when coupling signals into the SPE line: Since the
transmission factor is independent of direction, no external interference was produced and
measured on the SPE line as in (1), but a signal was coupled into the SPE line by means of a
signal generator in order to compare the radiation behaviour with different connections of
the shield. It is to be expected that the behaviour in the event of interference from outside

with the corresponding shield connection will be comparable as in the other direction.

Wagon Box Wagon Box

avre

Forschungsprojekt
Digitale Automatische Kupphing

Signal Generator

P A

e, e
Vapaw —— Cwopa A AN
Antena (Siglent SDG6022X)
(Schwarzbeck FMZB 1538150,
9 kHz - 30 MHz)

Spectrum Analyzer
(Rhode&Schwarz FSVR 10 Hz - 7 GHz)

Figure 21: Setup for measuring interference radiation with different shield configurations

The measurements on the effect of the shielding were deliberately carried out on the tank wagon,
as the communication lines are laid under the tank without further metallic shielding through the
wagon. It is therefore to be expected that interference radiation will have a greater effect here than
on wagons where the communication lines are laid in the wagon's supporting frame. The magnetic
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field probe was therefore positioned at a distance of 3.6 m from the centre of the track and at a

height of 1.5 m and aimed at the corrugated pipe in the centre of the wagon (see Figure 22).
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Figure 22: Measurement of radiation with magnetic field probe

Three different variants were analysed with regard to the connection of the shield:

A) Shield not attached
B) Shield placed on one side on the wagon earth

C) Shield is capacitively connected (100 nF) to the ground of the SPE adapter (see Figure 23).
Both the SPE cables and the shield between the cable in the wagon and the cable to the
coupling are connected in the coupling junction box. This achieves a uniform shielding effect
over the entire cable between the wagon box and the coupler.

% o Junction Box Junction Box g o
m z m z
» v 3 O
T - he F
m I m T
|| || T|S ield || nl Ll H ” T
Shield

E-Coupler

Figure 23: Capacitive connection of the shield to the ground of the SPE adapter

As a test, the SPE adapters on both wagons were replaced by evaluation boards from Analog Device
(EVAL-ADIN1100), as these already have an appropriately configurable shield connection [4].

Page 37 of 42




Project: Test: digital automatic coupling (OWITA: P1284)

Document: 70992-06-DAC-Phase IlI+VI - Test report on data communication Version: 1.0

| FSVR - REAL-TIME SPECTRUM ANALYZER - 10 Hz...7 GH "

Spectrum

Ref Level -10.00 dem © RBW 10 kHz

- An 10d8 ® SWT 10ms VBW 100 kHz
Count 100/100

® 1Rm Max

m
Ref Level -10,00 dgm
Att

® RBW 10
10dB = SWT 10 ms g

Count 100/100 VBW 100kHz Mode Auto FFT Input Ac

© 1Rm May

Figure 25: Recording the radiated power with capacitive coupling of the shield

When comparing the two measurements without a shield connection (Figure 24) and with a
capacitively coupled shield (Figure 25), a clear difference can be seen. In the relevant frequency
range (500 kHz - 7.5 MHz), the radiated power of the variant with capacitive shielding on one side
is in some cases 20 dB - 30 dB below the variant without shielding. This variant therefore appears
to be the best of the variants tested.

2.6 System for localising insulation faults

A system for detecting insulation faults has been integrated into the DAC4EU train (see 1.4.4). Tests
were carried out with the system on the DB Systemtechnik site to evaluate its functionality in freight
trains. Due to the length of the train, the wagons were parked on two neighbouring tracks and
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connected between the Voith and Dellner wagon groups with a jumper cable. From an electrical
point of view, this has resulted in a coherent train formation.

=== Bridging-Cable

@ Bender IMD Head Station (is0685W)
O Bender Insulation Fault Detector (EDS440)

Figure 26: Train composition and distribution of Bender measuring equipment

The insulation faults were simulated by connecting a 100 kOhm resistor to the wagon earth in the
wagon boxes. As a single fault, 100 kOhm represents a non-critical case in relation to a pure ohmic
resistor3. The theoretical fault current of 4 mA is at the lower limit of the measuring range of the
Bender measuring system. If too little resistance were introduced, the system would switch off after
a short reaction time. Furthermore, the question is whether it is possible to predict insulation faults
and avoid excessive insulation faults and thus minimise the failure of wagons using predictive
maintenance.

Experiment 1: Detection of a single fault:

A single fault was installed between the insulation fault locators in each of eight individual tests and
the result was checked in the web management of the head-end station for correct identification of
the fault location. The head-end station displays the differential current at the measuring points
(see Figure 27). In this case, an error was inserted between the last two measuring points. All
upstream measuring points indicate a fault current of 3 mA. The fault location can be localised in
this way.

The positions of the respective fault locations between the insulation fault location points could
always be identified.

3 In addition to the ohmic resistance, there is also an alternating current resistance, which depends on the
capacitive coating of the line against PE/PA and the frequency. This is not taken into account by the
measuring system.
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Figure 27: Insulation fault display between the last two search devices in the convoy

Test 2: Detection of multiple errors:

Firstly, two insulation faults were installed at different locations. In the example shown (Figure 28),

an insulation fault was installed between the head-end station and measuring point 1, and

measuring point 1 and 2. The first measuring point therefore displays a total fault current of 5 mA

and the second measuring point a fault current of 3 mA. The display of the fault currents therefore

indicates the fault locations.
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Figure 28: Display of two insulation faults
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Four further configurations of double faults were tested. The information on the localisation of the

fault location was always correctly taken from the web management display.

A triple fault was also tested. The triple fault, each with a 100 kOhm resistor and plus the existing

insulation value of the phase to wagon earth (PE/PA), reduced the insulation value to below 30

kOhm, whereupon the insulation monitor switched off the 400 Vac voltage by enabling the

contactor. The fault location could then no longer be measured, as the current on the traction

current line is required to identify fault locations. The Bender system cannot inject its own

measuring current. The threshold of 30 kOhm in the head-end station was not lowered (manually)
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to be able to identify a triple fault in this constellation, as it can be assumed that the resolution of
the measurement improves with increasing fault current.

Summary of the tests with the Bender measuring system:

The tests showed that the insulation fault location system can generally find single and multiple
faults under certain conditions in the convoy. The prerequisite in the constellation is that the total
fault current or insulation fault in the train set exceeds the critical value. Otherwise the insulation
monitor switches off and measurement is no longer possible. It would therefore not be possible to
detect a simple critical insulation fault in the convoy. This represents a significant and unacceptable
restriction of the system.

If the system is viewed as a data source for a predictive maintenance approach in which non-critical
insulation values are recorded on a vehicle-specific basis and analysed in a cloud application with a
corresponding history, then the resolution would probably not be sufficient here. Even if a
measuring accuracy of the system in the range of the resolution of 1 mA is assumed, the difference
would mean a difference of 200 kOhm in the insulation value for a residual current between 1 mA
and 2 mA at 400 V voltage. This appears to be too low to be able to derive a trend in the direction
of an emerging insulation fault.

Outlook:

The detection of critical insulation faults with the Bender measuring system can be carried out with
a lower test voltage if necessary. A test voltage of e.g. 120 Vpc or 60 Vac would be used, which is not
life-threatening when touched. With a test voltage of 120 Vpc, a fault current of approx. 6 mA would
occur at the critical limit of 20 kOhm. The Bender measuring system should be able to detect this
fault current and localise a critical insulation fault. It has not yet been possible to test this procedure.
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