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Summary 

This publication gives an overview of the design and setup of a measurement system for carrying out 

comprehensive long-term measurements in the Karlsruhe tram network and presents a methodical procedure 

for equipping inventory vehicles of operators. In addition to the hardware equipment, solutions for the 

efficient storage and analysis of the data are also presented. The measurements from the operation show a 

manifold optimization potential regarding the energy efficiency of the overall vehicle and the DC tram 

network. Based on the measurement data, multi-physics simulation models can be validated and machine 

learning models can be trained. Thus, the project provides the basis for large-scale data studies that have 

come to the fore in the field of rail vehicles in recent years. 
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1 Introduction 

In order to make public transport attractive and economical, it is important to have a comprehensive 

knowledge of the system and the interaction between its subsystems. This knowledge can be continuously 

expanded by measurements during regular passenger operations. In a cooperation project between the Albtal-

Verkehrs-Gesellschaft mbH (AVG) and the Institute of Vehicle System Technology of the Karlsruhe Institute 

of Technology (KIT), a tram was therefore equipped with a modular, passive measuring system. The focus is 

on gaining new information about the vehicle, operation and infrastructure from the data. The extraction of 

knowledge from data is bundled in the new research field Data Science 

This discipline derives from the interaction of computer science and information technology, statistical 

methods of mathematics and the expertise of the respective application area. With regard to the Karlsruhe 

Measuring Tram, current methods from IT for the analysis of large data sets in combination with procedures 

for machine learning from statistics are to be combined with the overall system competence of the railway 

system at the Institute of Railway System Technology as well as the decades of experience in the operation 

and maintenance of rail vehicles of AVG. 

The optimisation of the railway system on the basis of a comprehensive database is also being investigated 

within the framework of other research projects. The measuring tram in Dresden is a cooperation project 

between the TU Dresden, Bombardier Transportation and the Dresden Transportation Services. The aim is to 

record the long-term wear and tear of the vehicle and infrastructure, energy efficiency and traffic flow, as 
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well as acting accelerations and other mechanical measurement variables during regular passenger operation. 

[5] 

EcoTram in Vienna is a research project initiated by the Vienna University of Technology, Siemens Mobility 

GmbH, SCHIG mbH, Rail Tec Arsenal and Vossloh Kiepe to increase the energy efficiency of air 

conditioning systems in tram vehicles.  In this project, both the energy requirements of the auxiliary units 

and the external conditions during daily operation were recorded. [17] 

The autonomous tram in Potsdam is a project of Siemens Mobility GmbH in cooperation with the Potsdam 

public transport company.  In the project a tram was equipped with cameras for intelligent object recognition 

as well as lidar sensors for three-dimensional environment detection. The aim is to develop the first 

autonomous driving functions and test them in depot applications. [7] 

The Department of Automotive Engineering at the Technical University of Darmstadt is researching together 

with HEAG mobilo GmbH on a "Feasibility Study on Automation and Assistance Systems for Trams" 

(MAAS Darmstadt).  In this project, the potential of tram automation is to be demonstrated, driver assistance 

systems developed and the use of 5G technology for tele-operation tested. [20] 

Deutsche Bahn's advanced TrainLab is also testing driver assistance systems, automated rail operations, new 

vehicle components, sensor systems and new radio technologies. [12] Together with DB Systemtechnik and 

SBB, Schweizerische Südostbahn is testing the use of acceleration sensors in the vehicle to monitor the 

condition of the infrastructure in order to reduce maintenance costs. [4] These projects show that, with the 

progress of digitisation, large-scale data studies have also entered the rail vehicle industry in recent years. A 

major focus in practical application is currently on the use of methods for the implementation of Condition-

Based and Predictive-Maintenance systems. [6] This is expected to lead to a more efficient system on the one 

hand, and a better understanding of the vehicles by the manufacturers of the rail vehicles due to the large 

amount of recorded data on the other hand. Research activities include the remaining life time of vehicles, 

the condition monitoring of individual components in the vehicle and the condition monitoring of the rail 

infrastructure. [11, 16, 21]  

In additional to improvements in maintenance, the aim is also to optimise daily operations. There is a wide 

range of research work on the prediction of delays and the prediction of passenger volume. [3,10,13,18] 

2 System Design 

The inner-city Karlsruhe tram network covers 71.5 kilometres. The system is designed for standard gauge 

vehicles and has a rated voltage of 750 V DC. The trams operate in the city area on routes that require 

BOStrab approval and operate beyond the city limits on AVG's owned EBO lines, so the vehicles must have 

both approvals. Over the whole year, the mileage of all vehicles is 17.4 million km and 166 million passengers 

are transported. [9] The measuring tram is used throughout the entire DC railway network. 

The vehicle is the CITYLINK (NET2012) from Stadler [15]. The vehicle parameters are summarized in 

table 1. 

Table 1: Vehicle parameter of the Stadler CITYLINK [15] 

Parameter Value 

Vehicle Length 37.200 mm 

Low-floor percentage Approx. 80 % 

Tare weight Approx. 57,5 t 

Propulsion 4 x 125 kW 

Max. speed 80 km/h 

Number of doors 5 passenger doors 

Seats / Standing places 107 / 137 

Catenary voltage DC 750 V 

Axle arrangement Bo'2'2'Bo' 

Approval BOStrab / EBO 
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Figure 1: Recorded parameters of the measuring tram 

 

In total, more than 150 measured variables are recorded. Figure 1 gives an overview of the recorded 

parameters. The channels can be divided into 5 groups: environmental parameters, passenger comfort, 

infrastructure, electrical parameters and further parameters. Table 2 lists a summary of the parameter groups 

and exemplary measured variables. 

 

Table 2: Summary of the recorded parameters and its research objectives 

Group  Example Parameters Research Objectives 

Environmental 

Parameters 
Solar irradiaition 

Environmental temperature  

Air humidity 

Current location 

Auxiliary consumer efficiency 

Enhancing passenger comfort 

Passenger Comfort Acceleration at the railcar body 

(longitudinal and lateral) 

Cabin CO2 content 

Cabin Temperature 

Auxiliary consumer efficiency 

Increasing passenger comfort 

Infrastructure Acceleration at the axle-bearings 

Rail noise 

Condition monitoring 

Noise reduction 

Electrical Parameters Power consumption of the vehicle 

Power dissipation at the brake resistor 

Power consumption of the auxiliary 

consumers 

Traction power 

Energy efficiency 

Energy storage concepts 

Further Parameters Door opening duration 

Current Route 

Status Parameters 

Driver assistance systems 

Vehicle localization 

Energy efficiency 

Condition based maintanance 

 

The measuring points are distributed over the entire vehicle. The schematic system structure with the key 

components and their installation location is shown in Figure 2. In order to minimise interference in the signal 

lines, a modular measuring system was chosen due to the vehicle length of 37.2 m.An additional box was 

installed on the vehicle roof, in which the components for data transmission are integrated. Measurement 

Environmental temperature /
Air humidity

Traction power

Solar irradiation
 Power consumption
of the vehicle

Current location

Power dissipation at 
 braking resistor

Longitudinal
accelerationTemperature and 

CO2 content within cabin

 Power consumption
of the auxiliary consumer

Rail noise
Acceleration at the
axle-bearings

Lateral
acceleration at the
railcar body

Data transmission via

cellular radio (LTE)

https://dict.leo.org/englisch-deutsch/research
https://dict.leo.org/englisch-deutsch/objective
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cards for the sensors in the area of the bogies were installed in the driver's cab at the front and rear of the 

vehicle.  

 

Figure 2: Schematic system structure 

 

The system is supplied via the vehicle's internal 24 V on-board power supply system. An  uninterruptible 

power supply (UPS) was integrated into the system to bridge short-term interruptions in the power supply. 

The synchronization of the measurement cards with Ethernet is done via the Precision Time Protocol [5]. For 

the implementation it is necessary that the required Ethernet switches support this protocol. 

The measuring system provides three freely selectable sampling rates. 48 kHz are used for the measuring 

microphones, the accelerometers are set to 2.4 kHz while the remaining parameters have a sampling rate of 

10 Hz. The data recorder used allows downsampling during data acquisition. The high sampling rate of the 

measuring microphones results in large amounts of data, which is why a reduction of the measurement data 

is absolutely necessary. For this reason, trigger levels are set for the measuring microphones, above which 

the audio data is stored. In addition, the data is losslessly compressed and the recording is paused during the 

time it is in the depot. 

Data is framewise transmitted via the mobile radio network with an LTE gateway (2x2-MIMO, uplink max. 

50 Mbps possible). Each frame consists of measurement data with a length of 1 minute. If the mobile network 

is not available, data of up to 8 weeks can be buffered on the data recorder and no losses of data occur. The 

data is stored on a database server. PostgreSQL [14] with the extension TimescaleDB [18] is used as database. 

TimescaleDB increases the query performance of the database, since in general the evaluations are carried 

out via one or a small number of columns of the tables. To speed up large-scale analyses, an Apache Spark 

cluster was set up [2]. 

3 Evaluation Examples 

As described in the previous sections, there are various aspects to evaluate the data. Some examples are 

shown below. 

The amount of unused braking energy depends on many different parameters. With the measurements, the 

actual conditions in the tram network can be investigated and positions in the network can be found where 

a high proportion of unused braking energy is present. Figure 3 shows the power loss at the braking 

resistors. The section of line shown is located outside the city of Karlsruhe on the edge of the Black Forest. 
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Due to the high vehicle speed, the difference in altitude and the low cycle rate, a lot of braking energy is 

lost in the braking resistors in this section of the track. With this type of maps, investigations can be done to 

choose between mobile and stationary energy storage systems and which locations might be suitable. 

 

Figure 3: Power dissipation at the braking resistor along the track 

 

Auxiliaries are responsible for a high proportion of daily energy consumption. Figure 4 (left) shows the ratio 

of the energy demand of the auxiliary consumers in relation to the traction as a function of the average outside 

temperature. The graph on the right shows the amount of traction energy and auxiliary consumer energy as a 

proportion of total energy requirements. Approximately 32% of the total energy is consumed by auxiliary 

consumers. Taking into account, for example, door opening times and solar radiation, the measurement 

results can be used to create simulation models and implement optimization strategies. 

 

 

Figure 4: Ratio of auxiliary and total energy demand for various temperatures (left), ratio of traction energy and 

auxiliary consumer energy (right) 
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Figure 5 shows the measured accelerations at the traction bogie and the Fourier transform of the acceleration 

signals. Maintenance measures were carried out on the section of line being used and a new rail crossing was 

installed. The effects of these measures are clearly visible in the section of 10 to 40 seconds. The measured 

accelerations at the traction bogie are considerably lower in the range of 10 to 30 seconds due to the new 

track. This is also reflected in the frequency range. The newly installed rail crossing is also clearly visible at 

30 seconds. Through interaction with the crossing infrastructure, very high accelerations of up to 25 g are 

measured, which are also clearly visible in the frequency spectrum.  

These evaluations show that it is possible to monitor the condition of trail infrastructure using the acceleration 

sensors at the traction bogies. Measurements over longer periods of time can also be used to establish a 

degeneration model for the infrastructure. 

 

 

Figure 5: Acceleration at bogies and Short-time Fourier transform 

4 Conclusion and Outlook 

The Karlsruhe measuring tram is part of a multitude of digitization projects in the rail vehicle sector. The 

comprehensive and modular approach distinguishes the system from previous projects. Additional extensions 

to the system are very well possible due to the design, so that in future integration of further sensor technology 

such as cameras, lidar or radar sensors for testing autonomous driving functions is conceivable. 

Analyses of the measured data show that first valuable insights into effects of acceleration, energy required 

for air conditioning and losses at the braking resistor have already been gained. In the future, methods from 

the field of machine learning will be used to extract even more knowledge from the existing data. This can 

be used in a goal-oriented and beneficial way to increase energy efficiency, capacity and punctuality and thus 

also customer satisfaction, which ultimately benefits operators, manufacturers and passengers alike. 
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