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Executive Summary
This report presents the results of Tasks 2.2 within Work Package 2 (WP2) of the INNOWAG
project, aimed to investigate power supply solutions that would ensure an autonomous operation
of the cargo condition monitoring system through utilisation of energy harvesting technologies.
The work within Task 2.2 was carried out along with activities in Task 2.3, which aimed at
developing the communication technologies. These two tasks were interdependent, as the
available harvesting technologies were assessed vs. the power requirements of the
communication solutions, and, in the meantime, the system architectures were refined and further
developed with respect to available power sources.
The main WP2 activities, the scope of Tasks 2.2 and 2.3, as well as the relationship between
these two tasks are summarised in the introduction, which is Section §1.
Section §2 presents the trade-off analysis of energy requirements for the different architectures
proposed for the INNOWAG cargo monitoring system. The work in Task 2.3 led to the refinement
of four system architectures, which are summarised in sub-section §2.1. A breakdown of system
potential modules and subsequent components, along with their operating times and power
requirements is provided in sub-section §2.2. The final sub-section of this chapter, sub-section
§2.3, is key for determining the energy requirements for each of the considered architectures.
The energy requirements were estimated for two cases: 1) a worse (more realistic) case that
takes into account the shortcomings due to operating conditions in railway environment; and, 2)
an optimal case, based on efficient active times that could be potentially achieved through
rigorous programming and by increasing the system complexity with more components.
Section §3 analyses and discusses the available energy harvesting technologies that may be
considered feasible for powering the INNOWAG monitoring system, as well as potential energy
management and storage solutions. Five types of energy harvesters were addressed, i.e.:
vibration energy harvesters, RF/RFID technologies, axlebox generators, solar photovoltaic
solutions and wind turbines. Existing and emerging technologies have been identified and
analysed with respect to energy requirements and feasibility of their integration into the
INNOWAG applications. The final sub-section §3.7 presents a comparative multi-criteria
assessment that was carried out and which supports the decision making process on determining
the technologies to be proposed for potential further testing to be carried out within Task 2.4.
Finally, Section §4 draws the conclusions of the study. It includes both general conclusion related
to overall available harvesting technologies, and specific conclusions regarding each type of
technology that was analysed in Section §3. The conclusions also include the decisions made in
relation to further testing activities within Task 2.4, along with justifications for these decisions.
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1. INTRODUCTION
The INNOWAG project aims to contribute to rail freight competitiveness by enabling the increase
of its logistic capabilities. In Work Package 2 this will be achieved through the development of a
feasible Cargo condition monitoring concept, which can operate autonomously by using energy
harvesting technologies for power generation and communicate via wireless sensor networks.
Several system architectures integrating wireless sensor and low power communication
technologies have been investigated in Task 2.1 (Monitoring Sensor Systems) and proposed
within Deliverable D2.1 (Vincent et al., 2017). Technology prototypes have been further
developed in Tasks 2.2 (Energy Harvesting Powering Systems) and 2.3 (Wireless Sensor
Networks and Communication of Data), for being validated in appropriate railway environment
(TRL 5), within Task 2.4 (Testing and Demonstration).
In this context, the activities in Task 2.2 Energy Harvesting Powering Systems investigated
power supply solutions that would ensure an autonomous operation of the cargo condition
monitoring system through utilisation of energy harvesting technologies. The power supply design
is highly dependent on the different potential system architectures and selected concepts for
wireless data communication. Therefore, the concepts initially developed in Task 2.1 and further
refined in Task 2.3 are key for the work that was carried out in Task 2.2.
This report presents the results of activities carried out within Tasks 2.2 in order to achieve the
following specific objective of WP2:
•

Identification and design of autarchic power technologies based on energy
harvesting for reliable and robust operation of a cargo condition monitoring system
during the ride of a freight wagon
An energy trade-off analysis was carried out to determine the most suitable approaches for
powering the cargo monitoring system. As a general approach, the most feasible existing and
high TRL technologies for energy harvesting have been investigated.
The results and recommendations presented in this report provide inputs for further work in Task
2.4 of INNOWAG, as well as potential developments in ongoing and future Shift2Rail projects.
Moe specifically, selected energy harvesting technologies will be further tested in relevant railway
environment (TRL5) within Task 2.4.
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2. TRADE-OFF ANALYSIS OF ENERGY REQUIREMENTS FOR THE
CARGO MONITORING SYSTEM
Several approaches have been proposed by Deliverable D2.1 (Vincent, 2017), making use of
available technologies for sensing, harvesting power and wireless transmitting power as well as
data transmission around the vehicle, which require the trade-offs between energy requirements
and energy generation. The key trade-offs to be considered are: energy vs. robustness,
communications vs. energy available, sensor types vs. energy and data rate.
The work in Task 2.3 led to the refinement of four system architectures which represent the most
feasible communication solutions for the INNOWAG concept. These architectures are
summarised in sub-section 2.1.
Considering the overall performance in relation to communications between sensor node and
communications hub, Bluetooth proved to be the most robust solution (i.e., architecture 1). It
allowed a diversity of mounting arrangements and was minimally affected by the presence of
metallic components or intrusions of the structure into line-of-sight between node and hub.
The simplicity of the RFID-based architectures (architectures 2 & 3), particularly in relation to
power transfer, is very appealing. However, those solutions which involved RFID to communicate
between sensor node and hub proved to be less robust and more sensitive to the factors
described above when compared with Bluetooth-based solutions. Nevertheless, operation in this
mode appears feasible if the limitations of the RFID technology are well understood and
accommodated within the system design; whether a workable solution can be devised will depend
largely on operational factors.
Architecture 4, which uses RFID to transfer data from the train to a trackside reader, appears to
be feasible. The physical relationship between tag and reader can be relatively well defined, and
many of the limitations described above may be overcome by careful system design.
Out of the solutions which transmit data via GPRS (architectures 1-3), the Bluetooth solution
(architecture 1) requires the lowest power. The RFID-based solutions suffer from higher power
requirements due to the low efficiency of power transfer, and the need to accumulate (harvest)
sufficient power to power the sensor circuitry. The situation improves with decreasing distance
from reader to tag, and optimised antenna alignment. For architecture 4, many of the limitations
of RFID may be overcome, e.g., by optimising on-board and trackside antenna geometry/radiation
patterns. Trackside power is not subject to the same limitations as the on-board systems, which
largely obviates the power consumption/efficiency issues.
With the RFID sensor node solutions, the variability of the energy harvesting and data
transmission means that acquisition of sensor values is less certain. In addition, this variability
impacts on the acquisition time, with a consequent effect on overall power consumption. Reducing
the uncertainty in acquisition time will have the dual benefit of improving robustness and, if not
reducing power requirements, then at least making them more predictable.
Sensor types are extremely diverse, and it is not possible to provide a comprehensive summary.
Resistive or bridge-based sensors are common (e.g., strain, pressure); they are robust and
relatively easy to acquire and digitise their output. However, they do draw current which needs to
be accounted for, so they need to be selected with care.
Traditional piezo (charge-based) sensors inherently consume no power, however, they often have
more specialised signal conditioning requirements, e.g., constant-current source, chargeamplification etc., and tend to be better suited to dynamic measurements. Accelerometers for
vibration measurement have traditionally been in this class of sensors, however, solid-state
MEMS devices are widely available, e.g., for smart-phones, are much easier to interface and have
lower power consumption.
The benefit of taking instantaneous measurements with an accelerometer is questionable for
small deployments, as high-g events are likely to be missed. Mass deployment covering many
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wagons will provide information on suspension problems (consistent high shock on a wagon over
many locations) or track problems (many wagons detecting large shocks at the same location).
This means that many energy harvesters can be providing more energy to the system. A more
conventional approach is to take continuous measurements and record peak values, however,
this would require considerably more energy for the continuous operation of the sensor and
logging electronics.

2.1 Summary of system architecture options
According to deliverable report D2.3 (Marin-Perianu et al., 2018), the refined architectures for
wireless communication are as follows.
Architecture 1: Bluetooth and GPRS
This architecture consists of a communication hub and a sensor node. Bluetooth is used for
wireless communication between the sensor node and the communication hub, while GPRS for
Train-to-Ground/Cloud communication. The performance of Bluetooth communication allows the
implementation of this architecture to both tank wagon and container applications.

Figure 1 Architecture 1: Bluetooth and GPRS

Architecture 2: RFID and GPRS (tank wagon application)
In this architecture the cargo condition is monitored by an RFID sensor node, consisting of one
or more sensors connected to a controller and RFID tag. This architecture is appropriate for the
tank wagon application, with the RFID sensor node being mounted outside the tank. The RFID
tag derives power from the EM energy radiated by the RFID reader, and transmits measurement
and ID data back to the reader, which is integrated within the communication hub. An optional
battery may be added to the sensor node to cover situations when the sensor load is too large to
be supported solely by the harvested EM energy. The communication hub is powered from an
independent energy source and is responsible for polling the RFID tag for cargo status data and
relaying it, together with location information, to an online destination via the GPRS network.
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Figure 2 Architecture 2: RFID and GPRS (tank wagon application)

Architecture 3: RFID and GPRS (container application)
This architecture is essentially a variation on Arch. 2, in which the Cargo RFID sensor node and
sensors are located entirely within the container. Power transfer and communication through the
metal structure is problematic, so for this concept the RFID reader has a separate antenna which
is also located within the container. As with the previous concept, the RFID reader module is
integrated within the communication hub, which is located outside of the container to allow it to
communicate with the GPRS network. The communication hub is powered from an independent
energy source and is responsible for polling the RFID tag for cargo status data, consolidating the
data and relaying it to the on-line destination.

Figure 3 Architecture 3: RFID and GPRS (container application)
13 / 62

Deliverable D2.2

Architecture 4: Hybrid concept: Bluetooth sensor and RFID trackside (container
application)
This architecture involves using a Bluetooth sensor node, identical to that one presented in
Arch.1. The sensor node, consisting of a controller, sensors and Bluetooth radio module is located
on the inside of the container/tank, and communicates with the hub mounted on the outside.
Testing carried out as part of Task 2.3 has demonstrated that communication through the wall of
the tank or container is practical; however, the communication range required by the tank wagon
application (from the top of the tank to the low level of the wagon frame) proved to be unfeasible.
Therefore, this architecture is appropriate for the container application only. The sensor data is
transferred to, and consolidated by the communication hub, which in this concept includes an
RFID tag instead of the GPRS module. Sensor data is written to the user memory area within the
RFID tag, which may be read by a trackside reader whenever this device is present on the rail
network. Unlike that of RFID sensor node, the Bluetooth sensor node must be provided with a
battery power source as the Bluetooth interface is designed for data communication only. As with
the previous architectures, the communications hub is powered from an independent energy
source.

Figure 4 Architecture 4: Hybrid concept – Bluetooth- based sensor node and RFID-based trackside
communication (container application)

2.2 Power requirements for Communication Hub and Sensor Node modules
The four elements to consider when assessing the energy balance of a harvester powered
sensing system are:





Information rate required
Component power consumption
Energy harvester available output
Energy storage required

Careful design of component activity timings is required to minimise power consumption and
match demand with available storage, to avoid running out of power when harvester energy is not
available. Harvester output is frequently at a lower power level than the peak demand of the
instrumentation, but is available for much more time. For solar PV cells, peak times are during
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daylight hours, but this is also seasonal. Storage may be required to last several months over
the winter, with very little solar PV output available, therefore driving higher storage requirements.
Vibration energy harvesters provide power when vehicles are in motion, therefore energy storage
design must take into account stationary periods, e.g., when vehicles are loaded. Returning
sensor data for extended stationary periods when containers or tanks are empty is less important,
so data rates may be dropped significantly after some minimum set time. In the assessment
below, this is assumed to be 72 hours (e.g., covering a weekend).
The power requirements for the various components comprising communications hub and sensor
nodes are summarised in Table 1 and
Table 2, respectively. The applicability of each component within each architecture is also
provided.

Figure 5 Potential components of system modules (Communication hub and Sensor node) for all
considered architectures

Table 1 Communication Hub Potential Components

Devices
GPS
Bluetooth Transceiver
GPRS
RFID Reader (Thingmagic M6E
Nano)
RFID Tag (to communicate with
trackside reader)
RFID Antenna (optional)
Microcontroller (Arduino mini)
Memory (optional)

Power Consumption at 7V
Active: 185.5 mW
Active: 45.5 mW
Active: 234.5 mW
Active: 3.2 W
Standby: 0.84W
Sleep: 0.015W
N/A (passive) 10mW (Tag memory
write)
N/A (passive)
Active: 107.8 mW
-
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Arch No.
1, 2, 3, 4
1, 2, 3, 4
1, 2, 3, 4
2, 3
4
2, 3
1, 2, 3, 4
1, 2, 3, 4
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Table 2 RFID Sensor Node Potential Components (Passive: no battery required)

Devices
RFID Chip (Farsens Rocky100)
Microcontroller (MSP430FR2433)
Memory (optional)
Temperature Sensor
Pressure Sensor

Power Consumption
RF power input required: 10 mW
With load (sensor): 15 mW
Active: 3.63 mW
Standby: <1.8 µW
negligible (resistive sensor)
negligible (resistive sensor)

Arch No.
2, 3
2, 3
2, 3
2, 3
2, 3

Table 3 Bluetooth Sensor Node Components

Devices
Bluetooth Transceiver (slave)
Microcontroller (Arduino mini)
Integrated temperature, pressure
and humidity Sensor

Power Consumption at 9V
Active: 180 mW
Active: 138.6 mW
Active (solid-state): 3.15 mW
Passive (resistance): negligible

Arch No.
1, 4
1, 4
1, 4

2.3 Estimation of energy requirements for INNOWAG cargo monitoring
concepts
When assessing the energy balance of a low power system, it is important to consider worse and
potentially optimised cases so that a realistic calculation of average and peak consumption can
be achieved. Factors that affect consumption and energy generation must be considered. For
example, Vibration Energy Harvester (VEH) devices only harvest energy when the train is
running, but sensor measurements are necessary at all times. Solar PV devices have a
significantly reduced yield in northern countries and in winter. Although GPS and GPRS
performance can be highly variable, strategies can be designed to optimise performance, for
example turning off GPRS receivers when no cell tower is in range (this can be detected quickly),
then checking later after a reasonable interval – rail vehicles can move between cells in a few
minutes. Good placement of the GPS antenna is key to achieving the quoted position
performance, and more frequent, shorter checks for location can reduce the total time taken to
maintain a position record. Energy storage must, however, be capable of running the GPS device
for long enough to receive GNSS ephemeris data. Typical assumptions made when building this
estimation are as follow:







The energy harvester, power supply and energy storage devices work when energy is
available, independently of the run state of the vehicle or communications hub;
When not measuring or communicating, the device is in a “sleep” or “quiescent” state
where electronic activity is reduced to the minimum;
For each major component, quiescent current is 0A. Any current requirements when the
device is in sleep are encapsulated in the power supply current consumption (this
simplifies the calculation);
The amount of time necessary for a component to operate, and the number of times per
hour that it is operational for, are selected to fulfil the operational demands of the device.
Adjusting these to achieve a positive energy balance provides an estimate of the energy
demands for a given device.
Worse and optimal cases should be considered, to gain insight into strategies for saving
power when environmental conditions are difficult, and for estimating energy storage
requirements to mitigate temporary loss of communication.

The operational duty cycle of the components of each architecture was defined in Deliverable
report D2.3 of INNOWAG (Marin-Perianu et al., 2018) and is summarised below. Based on these
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duty cycles, and on the component power consumption estimates from section 2.2, the average
energy consumption for each architecture has been calculated, and is presented in further subsections. It is noted that Arch 2 and Arch 3 utilise Cargo RFID sensor nodes, where an energy
source (battery) is not required, and thus energy consumption is not provided.
For conservative assessments of device feasibility, it is normal practice to include worst and
optimal cases for power consumption, in order to achieve the best guarantee of satisfactory
performance, and to enable an assessment of energy storage requirements (which balance
harvesting and usage). Therefore, the following cases were considered:



An optimal case, with shorter efficient active times of components within their overall
working cycle; and
A worse case, due to specific railway environment and operating conditions, which is
characterised by much longer active times of components that would ensure the system
reliability regardless the operating scenario.

The components’ functions can be optimised, through rigorous programming and by adding
supplementary hardware components, in order to achieve efficient active times that would
reduce the overall power requirements of the system. The efficient active times that were
considered further are based on performance achieved in a commercial device previously
developed and deployed by partner Perpetuum in a passenger rail vehicle condition monitoring
application. This device collected data and location information 4 times per hour, and transmitted
to cloud storage for processing every hour. The data modem was managed such that in the
absence of any signal from a local cell tower in 10 seconds the device was turned off until the
next dial in time. With the train moving in a general area with good coverage a good connection
was achieved next time.
A similar approach can be used with Bluetooth device reception. With accurate clocks installed
on the sensors, and real time synchronisation with the communications hub, it is possible for
sensors to wake up just shortly before the communications hub is on, take sensor readings,
transmit them, then go back to sleep for another 5 minutes (or the selected sensor reading
interval).
In the case of GPS power requirements, most devices have low power modes for maintaining a
low power connection in order to achieve a lock in less than 10 seconds when required. Good
performance form this depends largely on the quality of reception of signals from satellites, and
the additional use of assisted GPS (A-GPS), where local satellite positions are updated regularly
from the mobile phone network.
These measures are all feasible and in common use. However, in the case of railway applications,
worse case active times that are determined by specific conditions and their effects have to be
considered, particularly in the stage of product development, when prototyping and testing is
necessary for optimising potential commercial products. The sensor node and communication
hub performances are affected by various influencing factors such as variable reception, poor
accessibility of good GPS antenna locations, local landscape, contamination, changing visibility
of satellites, presence of many metal surfaces reflecting radio signals, etc. All these can degrade
communications and positioning performance, therefore, the components require much longer
active times for completing their functions.
Arch 1: Bluetooth and GPRS
The trade-off between energy consumption and the data rate is explained in more details within
Deliverable D2.3 (Marin-Perianu et al., 2018). The operating mode of the communication hub and
cargo Bluetooth sensor node are presented in Figure 6.
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Figure 6 Operating cycle of sensor node and communication hub in Architecture 1

The estimated energy requirements are listed in Table 4.
Table 4 Estimated energy requirements – Architecture 1.
Communication
Hub
GPRS
GPS
RF communication
(BT)
Microcontroller
(Arduino Mini)

Sensor Node
Temp/Humidity
sensor
RF communication
(BT)
Microcontroller
(Arduino Mini)

Worse
Efficient
Active
Sleep
case active active power @ power @
time (s)
time (s) 7V (mW) 7V (mW)

240
240

45

Worse case
Cycles/
energy/ hour
hour
(J)

Optimal
energy/
hour (J)

2
2

112.56
89.04

21.11

60

234.50
185.50

20

1

45.50

2

1.82

0.09

240

10

107.80

2

53.05

3.66

0.42

Total energy consumption per hour (J)
256.47
Worse
Efficient
Active
Sleep
Worse case
Cycles/
case active active power@7 power @
energy/ hour
hour
time (s)
time (s) V (mW) 7V (mW)
(J)

22.26

47.12
Optimal
energy/
hour (J)

10

1

2.25

6

0.14

0.014

20

1

375.00

2

15.00

0.75

50

1

115.50

2

13.13

1.85

28.26

2.61

0.45

Total energy consumption per hour (J)

Arch 2 and Arch 3: RFID and GPRS
The operating mode of the communication hub and cargo RFID sensor node in Arch 2 and Arch
3 are similar, as shown below in Figure 7.
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Figure 7 Operating cycle of RFID sensor node and Communication hub in Architectures 2 and 3

The estimated energy requirements are listed in Table 5.
Table 5 Estimated energy requirements – Architectures 2 and 3
Communication
Hub
GPRS
GPS
RFID Reader
Microcontroller

Worse
Efficient
case active active
time (s)
time (s)
240
45
240
60
30
30
300
60

Active
power @
7V (mW)
234.50
185.50
3,200.00
107.80

Sleep
power @
7V (mW)

50.00
0.42

Worse case
Cycles/
energy/ hour
hour
(J)
2
112.56
2
89.04
6
747.00
2
65.94

Total energy consumption per hour (J)

1014.54

Optimal
energy/
hour (J)
21.11
22.26
747.00
7.95

798.32

Arch 4: Hybrid (Bluetooth and RFID)
The operating mode of the communication hub and cargo RFID sensor node are presented in
Figure 8.

Figure 8 Operating cycle of Bluetooth sensor node and Communication hub in Architecture 4

The estimated energy requirements are listed in Table 6.
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Table 6 Estimated energy requirements – Architecture 4
Communication
Hub
Bluetooth
Microcontroller
GPS
RFID Tag
(rocky 100)

Worse
Efficient
case active active
time (s)
time (s)

Active
power @
7V (mW)

20.00
240.00
240.00

1
10
60

45.50
107.80
185.50

10.00

5

10.00

Sleep
power @
7V (mW)

Worse case
Cycles/
energy/ hour
hour
(J)

0.42

Total energy consumption per hour (J)

Optimal
energy/
hour (J)

2
2
2

1.82
53.05
89.04

0.46
2.59
22.26

2

0.20

0.10

144.11

25.40

The Bluetooth sensor node in Arch 4 is similar to that one in Arch 1, therefore, the energy
requirements are the same.
The energy consumptions of all architectures are summarised in Table 7 below.
Table 7 Summary of energy consumption for Architectures 1 – 4

Energy consumption (J/hour)
Worse case
Optimal case
Arch
Sensor Comm.
Sensor Comm.
TOTAL
TOTAL
node
hub
node
hub
284.73
49.73
Arch 1 28.26 256.47
2.61
47.12
(79.1mW continuous)
(13.8mW continuous)
1014.54
798.32
Arch 2*
1014.54
798.32
(281.8mW continuous)
(221.8mW continuous)
1014.54
798.32
Arch 3*
1014.54
798.32
(281.8mW continuous)
(221.8mW continuous)
172.37
28.01
Arch 4** 28.26 144.11
2.61
25.40
(47.9mW continuous)
(7.8mW continuous)
*
**

Sensor node powered by RF energy from the communication hub
Trackside RFID reader energy consumption is not considered

The energy consumptions of Arch 2 and Arch 3 are the highest due to the high power consumption
of the RFID reader at 3.2W during a read operation of 30s; obviously the power consumption
would be more favourable if the read time could be consistently reduced. The Communication
hub in Arch 4 consumes the least energy because the communication device is a RFID tag
operating in passive mode. The high energy consumption of the trackside RFID reader is not
considered as it is powered from an external source. Arch 1 appears to be an optimal solution
when real-time data communication is required with least energy consumption.
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3. ASSESSMENT OF POTENTIAL ENERGY HARVESTING
SOLUTIONS FOR THE INNOWAG CARGO MONITORING
CONCEPTS
In this section, different energy harvesting technologies are discussed with respect to their
applicability to the INNOWAG concept. The focus is on existing or high TRL solutions, but
potential developments are described where these would yield benefits for this application.
In Deliverable D2.1 (Vincent et al., 2017), section 3.1.1, four possible energy harvesting solutions
are presented with their respective power capacities and constraints. Of these four, two
commercial options exist in rail: solar (for freight vehicle tracking) and vibration energy harvesting
(for condition monitoring passenger vehicles bearings and wheels).
Wind power has not yet been shown to be sufficiently robust for the rail environment and is
discussed further in this document. RF power transmission/harvesting does not deliver enough
power for more than simple sensor connections on-board or limited bandwidth off-board data
communication.
Availability of vibration and solar power on the bogie and vehicle body respectively limits the
number of viable cargo condition measurement architectures. Vibration energy harvesting
capacity on the vehicle body or bogie (not on the axlebox) is unproven, and studies regarding the
viability of this option are undertaken as part of this work.
To minimise cabling, particularly between different components of the vehicle (e.g., across the
suspension level), communication power requirements must be matched to power available
nearby (within a few centimetres) to avoid needing connectors.

3.1 Vibration-based solutions
The existing vibration energy harvesting techniques employ different approaches that are
commonly based on the electromagnetic, piezoelectric or electrostatic effects. The first two
approaches are used by the Perpetuum vibration energy harvester (VEH) and the VEH prototype
developed by TUB (along with other partners), respectively. This section investigates the
feasibility to adapt these two types of VEH to the INNOWAG application cases.
3.1.1

Concept designs of vibration harvesting technologies

3.1.1.1 Vibration harvesting technology developed by partner PER
The Perpetuum VEH was optimised for use on axle bearings, where there is a significant high
bandwidth, high amplitude level of vibration. An example of a vibration energy harvester mounted
in an assembly for fitment to an axlebox is shown in Figure 9.
Generation of power on the axlebox is inappropriate for powering the different concepts of
INNOWAG cargo monitoring system due to the distance between the location the energy is
harvested at and the location of the monitoring systems, therefore, the feasibility of mounting a
VEH on the vehicle body has been investigated. Initial analysis of both modelled and measured
vibration from a freight wagon indicates that there is still significant vibration at a few Hz, and
experience of monitoring components on passenger vehicles indicates that it is possible to
harvest significant energy from suspended or partially suspended components on a rail vehicle.
To successfully adapt this technology for improved performance, either on the bogie or on the
vehicle (or container), the following work is/has been necessary:



Improve power supply control software and the harvester power supply to efficiently collect
low voltage vibration induced power (completed);
Design of a bracket that enhances low frequency shocks (installation dependent, so will
be done as part of the testing programme; the principle was established);
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Increase the impulse response of the harvester (allow more travel of the mass) to convert
more impulse energy (prototypes have been developed);
Consider mounting the harvester sideways, to exploit lateral roll of the container (however,
it may be more effective at the top of the container, to be further validated, subject to field
testing and bracket design);
Based on site testing of the revised harvester, propose further design enhancements to
achieve an appropriate reporting rate with wide area communication (train to ground
mobile communication).

The below Figure 9 shows an electromagnetic vibration energy harvester, mounted in an
assembly for fitment to an axlebox.

Figure 9 Perpetuum VEH mounted inside a wireless sensor network (WSN)

In the figure above, a mass is mounted between a pair of springs, with high strength NbFe
magnets mounted on the inside of the mass to generate a magnetic field that moves with the
sprung masses. The induction coil is stationary with respect to the harvester mounting, achieving
relative movement on the magnetic field about the coil, generating alternating power out.
Variations in the mass, springs and spring mountings can be implemented to increase travel and
resonant frequency.
Figure 10 shows an axlebox mounted WSN, designed to withstand the rigours of vibration at the
axlebox, including impact protection. This arrangement is designed to withstand peak proof loads
of 300G, with a vertical fatigue load of >75G. It is therefore heavier, and more expensive than it
needs to be for bogie or container monitoring.
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Figure 10 Axlebox mounted WSN

Typical harvester output against train speed, for a 0.6kg harvester mass, is shown in Table 8.
Table 8 Typical harvester output for axlebox-mounted WSN

Train speed (km/h)
30
50
80

PSD (g2/Hz, 25-100Hz)
7x10-4
12 x10-4
19 x10-4

Power output (mW)
10
24
48

The efficiency (typically 50%) has been improved by:


Power supply design optimised for low vibration levels;



Increasing the distance travelled by the mass in response to vibration;



Improved bracket design (to be tested) – a bracket with some level of flexibility, by
resonating in response to impacts, can store vibration that is then harvested by the internal
harvester, if the resonant frequencies are similar. This is a novel approach for rail vibration
energy harvesting.

It may also be necessary to increase the mass and decrease the resonant frequency of the
harvester. The effectiveness of this approach can be estimated by examination of measured and
simulated vibration data from freight vehicles. On the vehicle body, the harvester may be
mounted vertically or laterally.
From an analysis of simulated freight vehicle data (UNEW) and measured freight vehicle data
(TUB), the power outputs have been estimated for the installation of the VEH in the locations
shown in Figure 11. The estimated power outputs are listed in Table 9.
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Figure 11 Potential alternative locations for the installation of the VEH
Table 9 Estimated power output from VEH installed on vehicle body (various locations)

Location
A
B
C
D

Lateral (mW)
68
39
39
39

Vertical (mW)
77
43
43
43

Longitudinal (mW)
11
9
11
17

It should be noted that the table shows the approximate power output in mW from a 0.6kg, 70Hz
VEH fitted at each location (the output is for a running vehicle, not the average output over an
operational cycle).
The data shows some reduction in vibration above the suspension, but at these frequencies there
is significant transmission. The simulation shows that a vertically or laterally mounted VEH would
be viable at any of these locations.
Applying this power output to the usage case spreadsheet will illustrate the level of activity that
could be achieved.
In Figure 12, approximate average VEH outputs are indicated on a freight bogie and carbody.
These values are derived from, measured data, and indicate that when the vehicle is in motion,
useful power can be harvested.

Figure 12 Potential power outputs for VEH installed in measurement locations on a tank wagon

The power (mW) shown in each of the boxes in Figure 12 indicate the projected power output
from a vibration energy harvester mounted at this location (shown by the arrow), based on an
24 / 62

Deliverable D2.2

analysis of data logger data provided by TUB. This data was measured from freight vehicles in
service. The values were selected from active running conditions of the vehicle.

Figure 13 Power spectral density for measured vibration on a freight wagon

According to available data (EU statistics, operators, studies, etc.), an average running time of
20% of the day should be considered for estimating a reliable amount of energy that could be
harvested. The estimated values of power outputs and energy that can be harvested per day have
been summarised in Table 10.
Table 10 Perpetuum VEH – Summary estimated output

Location
Axle box
Vehicle body, bottom
Vehicle body, middle
Vehicle body, top

Location
Axlebox
Bogie
Vehicle body

Power output
(from simulation data)

Estimated Energy
(for runtime 20% of the day) (Wh/day)

Lateral
(mW)

Vertical
(mW)

Longitudinal
(mW)

Lateral
(Wh/day)

Vertical
(Wh/day)

Longitudinal
(Wh/day)

68
39
39
39

77
43
43
43

11
9
11
17

0.3264
0.1872
0.1872
0.1872

0.3696
0.2064
0.2064
0.2064

0.0528
0.0432
0.0528
0.0816

Power output (from measured
Estimated Energy
data; vertical vibration only) (for runtime 20% of the day) (Wh/day)
Vertical (mW)

Vertical (Wh/day)

100
100
50

0.48
0.48
0.24

This data shows a more significant reduction in energy output moving from the bogie to the vehicle
body, but overall the reductions are consistent. The maximum power output of a VEH is
approximately 100mW, hence the limits indicated.
Both measured data and simulations indicate that it is possible to harvest useful energy from
above the suspension on freight vehicles. Considering the operating conditions described above
(running time 20% of the day), a reasonable figure to use for calculating the feasibility of energy
harvester powered applications in this environment is about 0.2Wh/day or 30J/hour. It is possible
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that the nature (mass, any suspension modifications to the vehicle) of the cargo will affect the
vibration loss across layers of suspension, but even on the vehicle body useful power can be
harvested.
The estimated energy is not sufficient to power the communication hub, however, the VEH can
power a Bluetooth equipped sensor node mounted inside or outside a tank or container for
monitoring cargo and/or vehicle environmental conditions.

3.1.1.2 Vibration harvesting technology developed by partner TUB
In the German national funded project “ESZüG”, a piezoelectric vibration energy harvester has
been developed by the project consortium. This vibration energy harvester is based on a onesided clamped bending beam with a piezoceramic transducer. The piezoceramic material is
deformed by tension or pressure due to vibrations or shocks that generates electric charges.
Figure 14 shows the piezoceramic transducer on the bending beam.

Figure 14 Bending beam based piezoelectric vibration energy harvester developed in the ESZüG project
(source: ESZüG project presentation, Fraunhofer LBF)

In the development phase, field tests were carried out to obtain accelerations at different positions
on a freight wagon. Considering the unsprung parts of bogies are subject to the highest vibrations
and shocks, the accelerations measured at axleboxes in diverse operating cases (i.e.,
combinations of the running speed, the loading status and track section) were analysed in the
system design. The typical sections of the acceleration signal were fed into a shaker to excite the
harvester so that the performance of energy harvesting could be measured in laboratory.
Figure 15 presents the laboratory measurement results of the charging voltage of the vibration
energy harvester powered sensor system. In this test, the harvester generated sufficient electric
power from the vibrations measured on axleboxes at the running speed of 100 km/h and 35 km/h
to power a sensor system consisting of a speed sensor, a microcontroller, an accelerometer, a
temperature sensor and a RFID tag. A supercapacitor was selected for storing the energy
according to the power demand of the sensor system. In the case of the ESZüG project, the
capacitor can store 22.8mJ that covers the power demand of 20mJ for each measuring cycle
(Koch et al., 2016). Figure 15 shows the output voltage during the operating process at the speed
of 100 km/h and 35 km/h respectively.
The developed vibration energy harvester powered sensor system was finally installed in the
axlebox of Y25 bogie with the dedicated designed cover for the validation test. Six harvester
prototypes were tested for a 22-hour rail freight operation and their output voltages were
measured during the field test, see Figure 16 and Figure 17. The pink line in Figure 17 stands for
the speed, while the other lines show the output voltages of around 3.3V. The voltage drops when
the measurements take place. An evaluation of the measured data confirmed that the harvester
prototype is capable of generating sufficient energy at running speeds of 35 km/h and above for
powering the aforementioned sensor system to take measurements and data processing every
ten minutes, where the power consumption for each measuring cycle is 20 mJ. That means the
harvester placed in the axlebox can provide the energy of at least 120 mJ per hour at speeds of
35 km/h and above.
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Figure 15 Charging voltage of the vibration energy harvester powered sensor system at the train speed of
100 km/h and 35 km/h respectively (source: ESZüG project presentation, Fraunhofer LBF and The Smart
System Solution GmbH)

Figure 16 Freight wagon with the vibration harvester powered sensor system in the axlebox (source:
ESZüG project report, TUB)
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Figure 17 Measured harvester output voltages at speeds between 85 km/h and 95 km/h (source: ESZüG
project report, TUB)

In the context of the INNOWAG project, the energy harvesters are expected to power the cargo
condition monitoring system. That means, either the harvesters should be installed close to the
sensor node or the communication hub which is placed on the superstructure of the freight wagon,
or the energy can be wireless transmitted. The wireless power transmission around a freight
wagon via RF is not reliable enough to power a sensor node (this will be discussed in Section
3.2.2). The more feasible solution is to integrate the harvester and the communication hub/ sensor
node in one housing with a wired connection. In this sense, it has to be investigated whether the
vibrations on the superstructure of a freight wagon are high enough for the harvester.
For this purpose, a laboratory test has been carried out to measure the output voltage of the
harvester powering a sensor system. It can be seen in Figure 18 that the harvester with a sensor
system was screwed with an adapter on a shaker, being subject to a synthetically generated
sinusoidal signal. The output voltage of the harvester, the charging voltage of the supercapacitor
(i.e., the supply voltage of the sensor system) and the excitation acceleration have been
measured.

Figure 18 Vibration energy harvester on a shaker (left) and accelerator placed on the adapter (right)

Both the amplitude and the frequency of the excitation signal are crucial for the harvester. There
is a minimal threshold of the amplitude at a given frequency. If the amplitude of the excitation
signal cannot reach the threshold, the harvester will not charge the capacitor. In the laboratory
test, the threshold values at different frequencies has been measured to characterise the
harvester. Figure 19 shows the threshold curve over frequency. It is obviously that the harvester
can be easily excited by the vibration at the frequency of around 50 Hz, which is designed as the
resonant frequency of the harvester. Since this harvester prototype was supposed to be installed
on the axle box, its resonant frequency was specified according to the calculated average
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spectrum of axle box accelerations. In a similar manner, the representative average spectrum of
carbody accelerations should be calculated from the measurement data during the normal freight
operation.

Figure 19 Amplitude threshold over frequency of the excitation signal

Based on the existing data from a field test, the most common operating cases are determined
as the representative ones. From the 12-hour measurement data, 2514 stationary operating
cases (where the train speed remains almost constant for 10 seconds) have been defined. It can
be seen in Figure 20 that the train was operating at speeds above 88 km/h in more than half of
the total journey time. Therefore, the accelerations at speeds between 88 km/h and 92 km/h are
selected and converted into frequency spectra in the frequency domain.

Figure 20 Train speed distribution during a 12-hour rail freight operation

The average spectrum is computed from hundreds of spectra. In general, the amplitudes of
average carbody acceleration spectrum (presented in the upper graph in Figure 21) are much
lower than axlebox accelerations (presented in the bottom graph in Figure 21) across the entire
frequency range. There is only one local peak at 41.5 Hz close to the resonant frequency of the
harvester. This peak is excited by the sleepers and thus depends on the running speed. At speeds
between 88 km/h and 92 km/h, the average amplitude of this peak is around 0.21 m/s 2, which is
still not high enough to excite the harvester according to the curve in Figure 19. At lower speed
ranges, such as between 36 km/h and 44 km/h, the overall average amplitude is much lower
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regardless of frequency. This means that the VEH cannot harvest any energy from the carbody
vibrations at low speeds.

Figure 21 Spectra of carbody and axlebox accelerations at speeds between 88 km/h and 92 km/h (The
red line refers to the average spectrum)

3.1.2

Assessment of technologies and solutions based on vibration energy
harvesting

Two types of VEH have been investigated in this task to find out whether they can be adapted to
the vehicle body level for the application cases of INNOWAG, since both VEH were initially
designed to be placed at the wheelset level under suspension.
The TUB piezoceramic VEH was developed as a prototype for a specific application case and
validated in the rail environment in that application case. However, the laboratory tests have
shown that it is not applicable to the wagon superstructure due to the low vibration amplitudes.
The Perpetuum VEH has been proven in the rail environment and has a well characterised output.
Modelling and analysis of vibration at the vehicle body level (above suspension) suggests that
there is sufficient energy available from a VEH mounted inside the container to power sensor
acquisition and transmission of values to an external hub. It is also possible to build an ATEX
approved VEH. Transmission of data using 2.4GHz radio from transmitters close to the metal
body of a container or tank has also been demonstrated (Marin-Perianu et al., 2018), indicating
that a VEH powered internal sensor should be feasible.
The radio communication sensor applications require milliwatts of power from harvesting. This is
significantly greater than the power output demonstrated by piezo electric devices (TUB VEH
type). The large amplitude, low frequency vibrations available above suspension in the rail
environment are better matched to heavier, low frequency electromagnetic VEHs (PER VEH type).
The type of device with Bluetooth radio transmission and an electromagnetic VEH is capable of
reliably producing sensor readings from any part of the inside of a container (and possibly a tank)
but due to the high mass of the VEH and significant energy storage (to maintain sensor readings
when stationary) this will not be a low cost solution, the estimated cost being well over 100EUR
per sensor. It is more likely to be used in high value recycled cargo boxes used for high value
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items, or as a permanent fixture inside the container or tank, possibly in Architecture 1, which,
with a solar powered communications hub, would be capable of multi-modal cargo condition
monitoring. The disadvantage of vibration energy harvesting is, however, that, when the container
is stationary for extended periods, data rate may have to be significantly curtailed.

3.2 Electromagnetic energy harvesting solutions
3.2.1

Radio frequency energy harvesting from ambient

Ambient radio frequency (RF) energy harvesting, as discussed in this section, refers to the
extraction of usable energy from the ambient electromagnetic fields (Tran, Cha and Park, 2017).
These arise from external (i.e., non-dedicated) RF transmissions, e.g., mobile phone masts, TV
& radio stations etc. Figure 22 shows the concept of RF energy sources and ambient RF energy
harvesting system.
The front-end of the RF energy harvesting system is an antenna or an array of antennas, which
is specifically designed to capture the RF energy across a defined frequency range. The matching
or tuning circuit maximises the energy captured by matching the impedance of the receiver at
particular frequency bands. The acquired RF signals (i.e. AC signals) are then converted to a DC
voltage and supplied to electronic loads or energy storage circuitry (e.g. battery).

Figure 22 Ambient Radio Frequency Energy Harvesting System Diagram

To efficiently deploy an ambient RF energy harvesting system, the available RF power needs to
be measured in specific locations. For instance, Piñuela et al. (2017) (Piñuela et al., 2013) used
an energy harvesting system shown in Figure 23 to study ambient energy from four largest RF
energy sources in urban and semi-urban environments of London. The measurement results are
listed in Table 11 below. It can be seen that the GSM900/1800 base stations provide the highest
average and maximum power density among others, which is correlated to the density of base
stations (“RF Survey,” 2018) and the range of operating frequencies.
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Figure 23 Energy harvesting circuitry for the four largest contributors with wire antennae (Piñuela et al.,
2013).
Table 11 London RF survey measurements of the four largest ambient sources (Piñuela et al., 2013).

Band

Frequencies
(MHz)

Average DC Power
Density (nW/cm2)

Maximum DC Power
Density (nW/cm2)

DTV

470-610

0.89

460

GSM900

925-960

36

1,930

GSM1800

1805-1880

84

6,390

3G

2110-2170

12

240

The advantages and disadvantages of radio frequency energy harvesting from ambient are
summarised as follows.
Advantages



Continuous energy harvesting
Widely available

Disadvantages



Location dependent (distance from public RF sources)
Very low power density compared to other energy harvesting sources

3.2.2

Wireless power transfer technology

Wireless power transfer (WPT) is the transmission of radio frequency energy without physical
(wired) link. A dedicated RF power source generates a time-varying electromagnetic field
transmitting across space to a receiver, which converts the electromagnetic field to a DC voltage
that supplies an electrical load and communication circuit; this is shown schematically in Figure
24.
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Figure 24 Wireless power transfer system diagram

WPT technologies can be categorised into two primary techniques: non-radiation and radiation.
In non-radiation, the wireless power is transferred from the transmitter to the receiver through
coils (inductive coupling) or through electrodes (capacitive coupling) over a short distance. Among
these non-radiation coupling techniques, the inductive coupling is more commonly used. The RF
radiation technique, on the other hand, transfers electromagnetic wave energy through an
antenna over a longer distance. Nevertheless, the radiative power is limited by radio safety
standards (e.g., FCC, ESTI) and the power transfer efficiency is strongly dependent on the
radiation pattern of the antennae, as well as its surroundings (e.g., presence of metal items,
moisture, etc.). A brief comparison between different wireless power transfer technologies is
provided in Table 12.
Table 12 Comparison between different wireless power transfer technologies (Lu et al., 2015) (Xie et al.,
2013).

Coupling
medium

Effective
distance

Coils

Very short
(~mm)

Magnetic
resonance coupling

Coils with
tuning
capacitors

Radiative transfer

Antennae

Technology

Inductive coupling

Power
Efficiency

Frequency
range

Applications

High

LF (~kHz)

Mobile
electronics,
toothbrushes,
LF RFID

Short (~m)

Medium

HF (~MHz)

Wireless
charging, HF
RFID

Long (~km)

Low

RF to
Microwave
(~GHz)

UHF RFID,
wireless
sensors

UNEW use a number of commercial and in-house technologies which transfer power and/or data
via inductive coupling. Typically these systems are used to power instrumentation on rotating
machinery, transmitting a few watts of power over a small air-gap (approximately 10mm). The
systems are rated for continuous operation, are very robust but the transmission efficiency is
relatively low (i.e. requiring several Watts of transmitted RF power to generate a few tens of
milliWatts on the receiving side.

3.2.3

Passive RFID sensor technology

Passive RFID sensor technology is an application of wireless power transfer technology, which
integrates a RF energy harvesting module into an RFID sensor tag as illustrated in Figure 25. The
RF energy harvesting enables a longer read range and adds the capability to power a
microcontroller and sensor circuit(s) without needing an external power supply.
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Figure 25 Functional block diagram of Powercast PCT100 RFID sensor tag (Powercast Co., 2018)

During a read operation, the sensor tag stores power in a storage device (usually a capacitor)
until it reaches a threshold level, whereupon the controller reads and saves sensor data in tag
memory for transmission to the reader. This process will extend the time for a successful read
operation (typically 5 -15 seconds) depending on the distance between reader and sensor tag.
Examples of commercially available passive RFID sensor tags are listed in the Table 13.
Table 13 Example passive UHF RFID sensor tags that are commercially available

Maximum
read
distance

Description

10m

Passive (PCT100) / Active
(PCT200) UHF RFID tag with
integrated sensors: temperature,
light and humidity

5m

Passive RFID with an external
resistive-based sensor interface

5m

Passive RFID with integrated
microcontroller (MSP430FR2433)
interface

Metal craft
READY SENSE

6m

Passive RFID Temperature
sensor

Phase IV
Temperature
Sensor Wireless
RFID Passive
UHF EPC

4.5m

Metal-mounted Passive UHF with
integrated sensor (customisable)

Tag name

Powercast
PCT100/200

Image

Farsens
EVAL01-RMeterRM
Farsens
EVAL01-MedusaRM

3.2.4

Wireless powered sensor demonstrator

Perpetuum developed a small RF harvesting device using a Powercast chip (in an independent
project), receiving power from a radio transceiver at 868MHz, using the power to measure
temperature and transmit a value back, on the same radio channel. Transmitting at 0.5W on a
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25% duty cycle (125mW out), an average of 84.5µJ/s was harvested at a range of 250mm
providing sufficient energy to transmit one value every 11 minutes at an efficiency of 0.06%.
A Silicon Labs EZR32HG320 combined microprocessor and radio was plugged in as a module,
as shown in the picture below. The 1/4wave dipole antenna was attached to the SMA connector.
The system diagram is shown in Figure 26 and the prototype in Figure 27.
Comms Antenna
(868 MHz)

Energy Harvesting
Patch Antenna
(915 MHz)

RF Switch

RF Energy
Harvester

Low Power
Microprocessor
with Integrated
Radio

Sensors

Energy Storage

Figure 26 Diagram of prototype RF powered sensor system

Figure 27 RF powered sensor

The RF energy transfer functionality is achieved using the Powercast P2110B reference design
harvesting module. The basic functionality of the RF harvesting module is as follows:
RF Energy is transferred and used to charge a supercapacitor. Once the voltage on the
supercapacitor reaches a pre-set start-up value (1.25 v) the DC-DC boost converter on the
module starts to operate and outputs a DC voltage at the set value (3.30V)
The DC output continues until either: i) the supercapacitor voltage drops to a pre-set shut-down
value (1.02 v); or ii) the shutdown pin on the module is triggered
This basic operational cycle repeats whilst there is RF energy available to harvest. By not
discharging the supercapacitor to a low voltage the time taken to restart after shutting down the
output from the DC-DC boost converter is reduced.
To test the performance of the combined RF energy transfer and harvesting, initial tests were
performed using the 25% duty cycle RF source described previously with the voltage on the
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energy storage supercapacitor monitored using an oscilloscope. By measuring the voltage
increase the energy added to the supercapacitor can be calculated, an example screen capture
from the oscilloscope is shown in 27, the 25% duty cycle can be clearly seen as the voltage rises
for 2.5 s and then remains steady for the next 7.5 s.

Figure 28 Capacitor charging cycle during RF power transmission (0.22F supercapacitor)

The results are summarised in Table 14 and Table 15.
Table 14 Charging rates and cycle times for a 0.22F supercapacitor under controlled (laboratory)
conditions with limited metalwork.

Separation [mm]
100
150
200
250
300

Charge Rate [µJ/s]
35.5
39.7
53.9
84.5
8.3

Supercapacitor Cycle Time [min]
26.9
24.1
17.7
11.3
115.7

Table 15 Energy transfer efficiencies

Separation [mm]
100
150
200
250
300

Energy Transfer Efficiency [%]
0.02
0.03
0.03
0.05
0.01

RF power transmission tests around a cargo container using a commercial RF transmitter (battery
powered) showed that any metal objects between transmitter and receiver prevented efficient
energy transfer. Proximity to the rail carriage halved the range at which the RF powered sensor
could be read. Given these limitations with a battery-powered device, it is unlikely that sufficient
harvested power (from solar or vibration) could be made available to be re-transmitted around the
outside of the cargo container. Description of work done inside a container follows, for a number
of commercial RFID devices.
Hardware used in demonstrator
Two types of commercial tag were used during the testing
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SMARTAC Dogbone: Protocol EPC Class 1 Gen2 (specifications below)
Specification:






https://www.smartrac-group.com/sensor-dogbone.html

Operating Frequency Range:
860 - 960 MHz
Integrated Circuit: Impinj
Monza R6 & R6-P
Antenna Size: 94 x 24 mm
Die-cut Size: 97 x 27 mm
International Standards: EPC
Class 1 Gen 2 ISO 18000-6C

Dogbone inlays and tags have good tolerance against the detuning effect of high-electric
materials, providing effective global performance even on difficult-to-tag materials. The inlay is
size-optimised for 10 cm / 4 inch wide converted labels, and is available in dry, wet and paper tag
delivery formats.
Omni-ID Curv: Protocol EPC Class 1 Gen2 (specifications below)
Specification:




https://www.omni-id.com/industrial-rfid-tags/

Frequency Range (MHz): 902–928 (US),
865–868 (EU), 952–954 (JPN)
Material Compatibility Optimised for Metal
IC Integrated Circuit: Alien H3
Size (mm): 48.5 x 38.0 x 9.5

Omni-ID Curv is a small form factor, high durability RFID tag with superior on-metal performance.
The combination of its size, flexible durable case design and foam adhesive makes it ideal for
industrial applications where curved or contoured assets are in use.
The RFID Reader used for testing: ThingMagic’s USB Pro with Desktop RAIN®
(http://www.thingmagic.com/usb-rfid-reader)
A Laird Technologies Omnidirectional antenna was used for all testing of these devices
(operating frequency range: 880 – 960Mhz and sensitivity: 3dBi).
3.2.5

Assessment of technologies and solutions based on EM energy harvesting

The foregoing sections describe a combination of energy harvesting technologies (ambient RF),
together with wireless transmission technologies (which also harvest RF energy, but from a
specific source). Some of the latter are capable of transmitting data to the source as well as
harvesting power from it.
Ambient RF power harvesting technology is appealing in concept, but with yield of a few tens of
nanoWatts, these systems cannot at present harvest sufficient power to support the INNOWAG
application.
Of the wireless power transfer technologies, the passive RFID technology appears the most
promising - it is relatively well-established and commercially available, with and without integrated
sensors. Inductive coupling is also well-established and is certainly capable of transferring
sufficient power but the lack of range capability means that it offers little benefit over a hard-wired
solution.
Architectures 2 and 3 rely on passive RFID technology. A selection of tags have been tested in a
number of railway-representative environments. The technology works reasonably well, but
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performance, power consumption (of the reader) and robustness of communication reduce with
increasing distance between reader and tag. The technology is potentially viable for the
INNOWAG concept, but has significant limitations. It may be that RFID tags/sensor nodes will
need additional power for controllers, sensors, etc. (e.g. from solar/wind energy harvesting) to
remain viable.
Architecture 4 also relies on passive RFID technology, but involves a trackside reader which
eliminates the high power consumption of the reader as a disadvantage. The technology appears
viable for this architecture but dynamic testing would be required to confirm this and establish the
performance limitations.

3.3 Axle box generators
A conventional energy harvesting technology for railway application refers to axle box generators
(ABG). They can be used for both high-power applications (e.g. thousands watts for powering the
auxiliary electrical system of a passenger vehicle) and low-power applications (e.g. several watts
for sensor and telematics applications) with the different configurations showed in Figure 29. With
regards to powering a condition monitoring system, this section focuses on the ABG for low-power
applications.

Figure 29 Examples of axle box generators for high-power applications (left) and low-power applications
(right) (source: http://m.dqzdhw.com/guidaojiaotong/930.html and (FAG, 2018))

3.3.1

Potential topology of axlebox harvesting system

The off-the-shelf available ABG have the identical principle as the example given in Deliverable
D1.1 (Ulianov et al, 2017), for generating electric power from the axle rotation. An ABG mainly
consists of a permanent magnet rotor that is coupled to the axle and the coils as a stator. There
are various construction variations of the patented ABG, depending on the type of axle box and
housing cover and the required output power. Table 16 presents the feasible variations in terms
of installation of the rotor and the stator. For instance, Figure 30 shows a typical variation that can
be used for a standard housing of the UIC or Y25 freight wagon bogie. The stator is pre-mounted
on the housing cover, while the rotor on the axle cap. For the installation of the generator, the
standard cap and cover can be simply replaced. The power can be generated with the rotation
speeds above 150 rpm (i.e. about 26 km/h) and stored in a lead gel battery.
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Table 16 Construction variations of the axle box generator (Leiste, 2012)

Variation 1

Variation 2

Variation 3

Variation 4

Variation 5

Construction type of
rotor

inrunner

outrunner

siderunner

Rotor position

on the axle
cap

direct on
the axle

on an additional
flange with
the integrated axle
cap

between
rolling
bearings

in the
bearing
seals

Connection between
Rotor and axle

press fit

adhered

Magnetic

screwed

adapter

Stator position

firmly
around the
edge inside
the housing
cover

with an
adapter
within the
housing
cover

on the axle
/ rotor
flange with
a bearing

between
rolling
bearings on
the outer
ring

screwed
over the
axle
bearing (no
housing
cover) on
the bogie
frame

Figure 30 Outline drawing of FAG wheelset bearings with an integrated generator (FAG, 2018)

The exact output power of an ABG can be estimated with its technical specification and a given
speed profile. Given that the standard profile of the rail freight mainline operation is specified by
the UIC technical recommendation 100_001 (TecRec, 2010), the wheel rotation speed profile
over time and distance can be estimated by simulating the train journey. Figure 31 shows the
simulation results of the speed profile (Eschweiler, 2010), that are consistent with the
measurements mentioned in Section 4.1. In order to calculate the output power, the speed values
are fed into the characteristic curve of the ABG to get the out voltage and current. Finally, the
power is calculated by the integration of the product of voltage and current over the travel time.
For a freight wagon, the output power could range from several Watts to fifteen Watts, depending
on the characteristic curve.
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Figure 31 Train speed and wheel rotation speed over the distance (upper figure) and over the time
(bottom figure)

3.3.2

Assessment of technologies and solutions based on axle box generators

The generated power by a commercially-available axle box generator is sufficient for powering
the communication hub and the optional wheel node envisaged earlier in the INNOWAG project.
However, the generator has to be wired to the monitoring system. That means this harvesting
solution is only applicable for the monitoring system installed on/in the axlebox. Otherwise, the
long-distance cabling cannot be avoided, which is not desirable in a monitoring system based on
wireless sensor network. In this sense, axle box generators will not be considered in the
INNOWAG project.

3.4 Solutions based on solar energy harvesting
Solar energy harvesting technology is a well-established technology and is common in both fixed
and mobile applications. In the rail industry it has already been applied on the telematics
applications for freight wagons. The commercial solar energy powered telematics devices have
been reviewed in the deliverable D1.1 (Ulianov et al., 2017). It is proved that in practice the power
provided by a solar panel with an area of around 170 cm2 placed on the underframe of a freight
wagon can ensure a high data rate for the sensor and telematics applications.
Solar panels are sensitive to surface contamination, e.g., by pollution. On this basis the surface
of the solar panels would need to be cleaned during the wagon maintenance activities. Installing
solar panels on top of the cargos and tanks in the train is likely to minimise the exposure to
contamination, maximises the exposure to solar energy, and places them in a reasonably
convenient location close to the hardware requiring power in the INNOWAG application.
40 / 62

Deliverable D2.2

The total energy harvesting by PV panel can be increased by installing an array of panels on top
of the cargo/tank depending on the available area. The advantage of solar energy harvesting is
that the system can produce power when the train is stopped, as long as the weather conditions
are suitable; the main disadvantage is that their output is strongly influenced by the weather
conditions. Solar harvesting systems will also require some form of storage (e.g. batteries) to
enable system operation during the hours of darkness.

3.4.1

Potential output of harvesting system

The use of Solar Photovoltaic (PV) systems to generate energy is one of the most reliable and
forecastable (over the medium-term) methods of generating energy by renewable means. Using
PV-GIS (Photovoltaic Geographical Information System) data, the available energy throughout
the year at a particular location can be estimated and the solar harvesting and battery storage
systems sized appropriately. With standalone systems the power provided to charge the batteries
can be optimised, usually resulting in optimisation for winter months. This may not be the same
as grid-connected systems where overall annual power generation is the priority.
Solar cells in mass production are around 20% efficient, and when incorporated into an array the
active cells do not cover the full solar panel area (typically 98%). On this basis the basic power
output from a solar array can be calculated as:
Pmax = Irradiance x Area of solar panel x cell efficiency
Note that further reductions in output will arise, for example due to the array not being aligned to
the incident solar radiation, reduction of area due to incorporation into an array, surface
contamination etc.
Figure 32 shows the average monthly available energy for a 1kW system in North East England.

Figure 32 Available solar energy in North East England

From the graph, the minimum irradiance is approximately 1.2 kWh/m²/day, and the maximum
output around 5.5 kWh/m²/day. Based on this data, we can expect an output between 0.17W and
0.778W as an average continuous output from a well-aligned 170cm² PV panel.
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3.4.2

Potential topology of solar harvesting system

Figure 33 shows an example configuration of the PV panel array on a train coach (Solar-trains,
2018) (Solar Century, 2018).

Figure 33 Solar panel configuration on top of train coach (Solar-trains, 2018), (Solar Century, 2018)

In this example there are 12 solar panels on the top of the train coach. During daylight these
panels can provide at least 240W power to on-board systems and/or storage.
In relation to the INNOWAG concept, Figure 34 shows a generic system topology for the tank use
case. This can be adapted and applied to any of the proposed architectures.

Figure 34 PV panel installation topology

UNEW have proposed a customised solution involving a 16cm x 10cm low-profile panel which
can be fixed to the top of an enclosure housing the sensor node electronics. This panel has a
projected average output of 15Wh/day (0.625W continuous output) for the INNOWAG concept
based on the likely available solar energy in north-east England.
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3.4.3

Assessment of technologies and solutions based on solar energy harvesting

Photovoltaic panels represent a promising energy harvesting solution for the INNOWAG concept.
PV technology is widely available, well understood and continuing to be developed & improved.
The limitations are clear, and such a system can only provide a partial solution, requiring some
battery storage to allow continuous operation of the powered equipment e.g. during the hours of
darkness.
Maintenance of PV panels is essentially limited to cleaning the surface, and the working life panels
is generally >20 years with some degradation to be expected over that period. Associated
technologies such as batteries and charging systems are ubiquitous and subject to continuing
development.

3.5 Solutions based on wind energy
Wind energy harvesting technology is a well-established technology and is common in both fixed
and mobile applications. The most common method of energy harvesting is to use a bladed rotor
to capture energy from passing air currents and transform it into a rotary motion which can be
used to drive a rotary electromagnetic generator. Most of the solutions considered here are
variations on this basic concept.
There are numerous commercially available products with a wide range of maximum energy
harvesting capacities, the units can either be specified in terms of the maximum design power
generation or the power generation over a period of time.
The most common configuration for harvesting energy from air flows is for the device to be static
(or slower moving such as on a ship) and for the natural environmental air flows to pass over it;
however, it is also possible to have the device on a moving vehicle (such as the train) and for the
primary airflow to be due aerodynamic effects around the vehicle. A major advantage of
harvesting energy from aerodynamic air flows is that the system is not limited by the weather
conditions, and the energy production is considerable once the train is moving. However, the
disadvantages are that when the train is stopped the power output is extremely limited, and the
system might increase the aerodynamic drag on the train increasing the energy needed to move
the train. According to (Nurmanova et al., 2017), if the average speed of the train is at 60 km/h,
25 W power can be generated per hour utilising 10 wind turbines. In addition to this, the main
issue in using wind energy harvesters on railway vehicles lies on the limited structure gauge of
vehicles. Especially in the case of freight wagons, the structure gauge is mostly exploited to the
maximum to increase loading capacity.

3.5.1

Potential topology of wind harvesting system

3.5.1.1 Conventional horizontal axis wind turbines
This type of wind turbine is the most common design commercially available, often used in fixed
and mobile applications, e.g., marine. Figure 35 shows one example of a range of commercially
available of pole mounted horizontal axis wind turbines, with energy harvesting capacity ranges
from 30 kWh/Month to 700 kWh/Month.
Taking the nominal 40 kWh/Month output model as an example, it has an approximate energy
output of 40kWh/Month with an average annual wind speed of 5.8 m/s (13 mph); however, this
will vary from day to day during the month, and be dependent on the geographic location.
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Figure 35 Pole mounted wind turbines (Primus Wind Power, 2018)

The specifications for a 5.0Kg turbine, with a rotor blade diameter of 1.15m are represented
graphically in Figure 36. A start-up wind speed of 3.1 m/s is required, the survival wind speed is
49.2 m/s (110 mph), the wind speed operating range is 3.1-22 m/s (7-49 mph), and the optimum
wind speed range is 4.5-22 m/s (10-49 mph). The output voltage could be 12, 24, and 48 VDC
with a permanent magnet brushless alternator.

Figure 36 40 kWh/Month Pole mounted wind turbine (Primus Wind Power, 2018)

3.5.1.2 Vertical Axis Turbine
Another configuration of commercially available wind turbine are the vertical axis turbine which
use blades or buckets mounted in the same axis as the axis of rotation to deflect the wind and
turn the wind energy into rotary motion to drive a electromagnetic rotary generator. The LE-v150
vertical axis turbine (Leading Edge Turbines Ltd., 2018), as shown in Figure 37 below as an
example, uses a proven cross ventilated ‘savonius’ rotor design which gives excellent power
conversion for a vertical axis turbine of this size. The rotor is coupled with zero cogging axial flux
alternator enabling the turbine to start up in the lightest of winds.
The turbine will receive the wind from 360 degrees without the need to yaw into position and it
has fully lubricated sealed bearing, so no greasing or maintenance is required. The rotor diameter
is 270 mm, rotor height is 918mm, and system weight is 13 kg. In this case the system output is
given in momentary power output and is rated at 24 W at 8 m/s (18 mph) wind speed and the
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peak output is 200 W. System power output with wind speed is illustrated Figure 38. Cut-in speed
is 4 m/s (9 mph), DC output voltage could be 12 V, 24 V, 48 V.

Figure 37 Vertical axis turbine (Leading Edge Turbines Ltd., 2018)

Figure 38 Power output with wind speed (Leading Edge Turbines Ltd., 2018)

3.5.1.3 Wind Energy Harvesting System Implementation in Moving Trains
Figure 39 shows the potential topology of a horizontal axis wind harvesting system optimised for
installation on a train wagon roof (Nurmanova et al., 2017). The distance between each row of
aerodynamic air flow power unit is maintained as five meters in order to maintain similar air speed
at inlets.
Figure 40 shows the internal design of the aerodynamic air flow power system (Nurmanova et al.,
2017). The aluminium shelter has horizontal gaps from both sides, equal to the length of wind
turbine. Gaps function as a duct, which guarantees the preferable air flow pattern and speed.
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Figure 39 Conceptual design (ten wind turbine units installed on the wagon roof) (Nurmanova et al., 2017)

Figure 40 Wind power system (Nurmanova et al., 2017).

3.5.1.4 A conical shaped ducted turbines system on the roof of the train
Figure 41 shows an alternative design of ducted vertical axis turbine (Sindhuja, 2014). When the
train starts to move, the turbine starts to rotate, the converging section of the conduit increases
the actual induced velocity of the wind over the blades. With the additional wind velocity and
improved turbine design, there is a significant increase in the power that can be extracted from
the turbine from this concept design. This design does not obviously address environmental
interferences from snow, rain, contamination etc.
The ducted and multi-bladed turbine overcomes many difficulties that are faced by more
conventional models. This rotation is then transferred to a specially designed gearbox system that
steps down the speed and increases the mechanical torque of the system to avoid mechanical
loading effect over the turbine. This is then coupled to the rotor shaft of the alternator.
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Figure 41 A conical shaped ducted turbines (Sindhuja, 2014)

Another feature of the proposed model is the boosting system, which is intended to compensate
for variations in the train speed. This design includes an auxiliary system that sucks in air,
compresses it with a set of impellers and stores it in an agitation tank. When the speed of the
train or the major input speed is below the desired level then a governor sets the boosting system
to inject high pressure air through a gun nozzle over the turbine to maintain the speed of the
turbine rotation.

3.5.1.5 A centimetre-scale shrouded wind turbine for energy harvesting
Researchers at Imperial College (Howey et al., 2011) have developed a miniature turbine-based
harvester aimed specifically at duct monitoring applications. As shown in Figure 42, the device
comprises a 2cm diameter shrouded turbine with an axial-flux permanent magnet (AFPM)
generator integrated into the shroud.

Figure 42 A centimetre-scale shrouded wind turbine (Howey et al., 2011)

The overall cross-sectional area including the shroud is only 8 cm2, which represents only 1.1%
of the cross-section of a 1 ft diameter duct. The device has a rotor diameter of 2 cm, with an outer
diameter of 3.2 cm, and generates electrical power by means of an axial-flux permanent magnet
machine built into the shroud. Fabrication was accomplished using a combination of traditional
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machining, rapid prototyping, and flexible printed circuit board technology for the generator stator,
with jewel bearings providing low friction and start up speed. Prototype devices can operate at air
speeds down to 3 m/s, and deliver between 80 μW and 2.5 mW of electrical power at air speeds
in the range 3–7 m/s.

3.5.1.6 A piezo-windmill for energy harvesting
A piezoelectric windmill was designed for electrical energy harvesting (Kan et al., 2016). The
structure and framework of the piezoelectric windmill is similar to that of a conventional wind
turbine, however the driven shaft was connected to a circular array of magnets. The magnets
rotate inside a corresponding fixed circular array of piezo-cantilever transducers, as shown in
Figure 43.
As the turbine blade assembly rotates, the piezo-cantilevers are excited by the interaction
between the exciting and excited magnets. The prototype was used to investigate the behaviour
of this design with different numbers of magnets/transducers and proof mass, across a range of
wind speeds.
Laboratory testing was carried out using a blower to simulate different wind speeds. The test
results demonstrated that the optimal wind speeds and the relative maximal voltage/energy can
be tuned with changing the number of the exciting/excited magnets, exciting distance, and proof
mass. The energy output from this small-scale prototype was in the order of mJ, and considerable
development would be required to optimise the design for increased output and reliable
performance over a suitable range of wind speeds.

Figure 43 Structure and working principle of the piezo-windmill (Kan et al., 2016)

3.5.2

Assessment of technologies and solutions based on wind energy harvesting

Wind turbine technology, both ‘conventional’ and novel, has benefited from significant
development over the last decade. The designs are relatively complex, involving rotating
components, gearboxes, generators etc., which can adversely affect longevity and reliability. The
operating environment for fixed turbines is better understood, and mechanical designs have
improved to reduce the incidence of failure; this will likely have benefits for turbines for mobile
applications.
Conventional (i.e. pole-mounted) horizontal-axis turbines are not particularly compact, and this
type of design does not lend itself towards train-mounted applications. The novel design in 3.5.1.3
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is more compact and overcomes many of the limitations of the more conventional arrangement.
Vertical-axis turbines employ much of the same technology and may be better suited to this type
of application – one can envisage a low-profile vertical axis design in an array on a carriage roof,
similar to the arrangement in 3.5.1.3. Either of these designs are potentially capable of generating
useful amounts of power with respect to the INNOWAG concept.
The remaining designs are more radical, however their relatively low TRL and small output mean
they are not considered as viable energy harvesting technologies for INNOWAG.
As with solar, wind turbines are dependent on the wind speed at any one moment and therefore
their power output is variable. To provide a continuous energy supply they would need to be used
in conjunction with other power sources and/or energy storage (e.g. batteries) with sufficient
capacity to provide a continuous supply the powered equipment.
It is worth mentioning that the superstructure of a freight wagon is usually a carriage for loading
goods and mostly reach the limit of the structure gauges. Therefore, it is not allowed and desired
to place equipment such wind turbine generators, in particular on the top of the wagon. The only
feasible mounting solutions with respect to the structure gauges appear to be the space between
vehicle bodies, on sides and underframe. Taking into account the harsh environment of rail freight
operation, the underframe installation is not appropriate due to non-friendly environment
(exposure to dirt and impacts from flying ballast). Even if the turbine is enclosed in a protective
housing, the unavoidable pollution will significantly lead to a decrease in generator efficiency and
would require additional maintenance.

3.6 Power management and energy storage
The role of power management circuitry in energy harvesting is to match the output impedance
and frequency characteristics of the physical energy transduction hardware with the input
electrical power limitations of the energy storage element and application electronics. How this is
done has a significant effect on the overall system efficiency. In the case of a solar PV, interfacing
to a lead acid battery can be accomplished with a simple diode. Vibration energy harvesters need
active frequency and impedance matching, as well as low loss rectification. Sudden shocks can
generate large voltage spikes that can damage unprotected circuitry. Comprehensive system
design is necessary in both cases to achieve a cost effective and efficient system.
Energy storage technologies also have to be matched to the energy harvesting method and
energy delivery requirements.

3.6.1

Power management electronics

It is possible to develop a unique power management electronics tailored for given application or
use some commercial integrated circuits (IC). Basically, the correct choice of ICs for given
harvester follows from the amplitude of voltages generated on the output of harvester device
during operation. Levels of input voltages for each ICs are limited and it is possible to find different
levels of these voltages for different type of ICs. Companies focused on this field are developing
effective ICs, which are able to operate with still declining level of input voltages. Recently it is
possible to find many integrated circuits operating with input voltages lower than 100mV, where
the Maximum Power Point Tracking (MPPT) function and different types of charge boosters are
integrated. Most of ICs are focused on energy harvesting from different sources such as thermal
energy and solar energy so DC input voltage is required. In this case the energy harvester with
AC output needs to be connected over rectifier. Nowadays it is possible to connect the EH device
directly on ICs because the rectifier (a full bridge) is often integrated. It should be also noted, that
charge pumps, MPPT and other higher functions require some energy for operation, which
decreases the power output to the application.
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3.6.2

Energy storage

None of the energy harvester solutions proposed here generate power continuously. Therefore
the average power output of the energy harvester systems need to be matched to, or greater than
the average consumption of the application over the same cycle, and the energy storage capacity
must be available to power the system during harvester “idle” times. The energy harvesting
systems charging the energy storage system during times when their output exceeds the current
power requirements of the application.
Energy can be stored either in capacitors, or in batteries. While capacitors are based on
electrostatic principle, batteries use an electrochemical principle for energy storage. Figure 44
shows power density as a function of energy density for different energy storage devices.
Batteries have high energy density, but power density is low. On the other hand, capacitors have
high power density, higher than batteries, but far lower energy density than batteries.
Supercapacitors are located between capacitors and batteries in Figure 44. Energy harvesting
solutions use supercapacitors or Li-Ion/Li-Polymer batteries for energy storage in most of the
small-scale applications. The service life of batteries is limited by the number of charge/discharge
cycles they can go through before losing performance. The service life for Li-Ion batteries is
around 1000 charge cycles. For thin film batteries, the service life could be 10000 charge cycles
and higher. Other important parameters to be considered are: capacity, voltage range, maximal
level of discharging and charging current, leakage current, temperature range and material.

Figure 44 Power density as a function of energy density for different energy storage devices (Holmberg et
al., 2014)

In conclusion, the typical energy storage devices for low power instrumentation systems are:






Capacitors – Electrolytic or ceramic;
Supercapacitors;
Hybrid Layer Capacitors (a long life lithium rechargeable technology from Tadiran,
generally supported by a similar size lithium primary cell);
Lithium Rechargeable;
Nickel Metal Hydride rechargeable.

Key properties to be considered when selecting an energy storage type are:






Capacity (energy density);
Degradation mechanisms (operational life);
Charge/discharge rate current limitations);
Size;
Cost;
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Leakage (self-discharge);
Duty cycle (ratio of charge rate to discharge rate).

Comparative advantages and disadvantages of the different types of energy storage devices are
shown in Table 17.
Table 17 Comparison between energy storage types

Energy
density

Type
Capacitor

Very Low

Supercapacitor
Hybrid layer
capacitor (HLC)
Lithium
rechargeable
NiMH
rechargeable

Low
Medium
Very high
High

Degradation

Charge/
discharge

Cost

Leakage

Duty
cycle

High

Low

Low

High

High

High
Very
high

High

High

Very low

Medium

Electrolytic
(drying)
Electrolyte loss
Electrode loss
(20yrs)
Charge/discharge
cycles
Charge/discharge
cycles

Low
Medium

High

High

Low

High

Low

Low

Low

For example, the HLC has a relatively low current limit, so is suited for a slow charge rate and
equally slow discharge. Capacitors can be charged very quickly and are suited to very low
discharge, having small capacity and leakage.
The following Table 18 lists the energy storage capacities for available storage solutions.
Table 18 Storage capacities for available storage solutions

Storage Solutions
Feature

Type

Capacitors

Supercapacitors

Electrolytics,
4.5-1V discharge
16-10V discharge
range, 1F
range, 20mF

Capacity
per unit [J]

1.56

9.625

HLC
Rechargeable Rechargeable
(Tadiran)
lithium
NiMH (AA)
3.7V,
155mAh

3.7V,
2500mAh

1.2V,
2500mAh

2064.6

33300

10800

Multiple storage units can be used to increase capacity, although this has a penalty in cost and
weight. For comparison, the following table shows the typical energy harvesting output for solar
and VEH solutions.
Table 19 Daily total harvested energy (comparison typical solar PV – VEH)

Harvester type

Daily total [J]

Solar PV (summer)

67320

Solar PV (winter)

14688

VEH (vehicle body, vertical)

743.04

The potential storage solutions for the INNOWAG architectures are indicated in

Table 20, with respect to the powering times of communication hub and/or sensor node that could
be ensured by different storage types for the respective architectures.
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Table 20 Energy storage time for each Architecture, for different storage types

Arch.

Powering time by stored energy
Energy
requirements
Single Single
(worse case) Capacitor Supercapacitor HLC
lithium
[min]
[min]
[J/day]
[days] [days]

Single
NiMH
[days]

1
(sensor)

678.24

3.31

20.44

3.04

49.10

15.92

1 (hub)

6,155.39

0.36

2.25

0.34

5.41

3.51

2, 3

24,348.96

0.09

0.57

0.08

1.37

0.44

4

3,458.75

0.65

4.01

0.60

9.63

3.12

Comments/ potential
solution
Multiple batteries
required (if not using
harvester)
Multiple batteries
suggested
Multiple batteries
required
Single lithium would
cover the winter

Note: the energy stored by some storage types can power some architectures for extremely short periods
(the cells highlighted in red), being therefore unfeasible.

3.7 Powering solutions for the INNOWAG cargo monitoring concepts
The performances of available technologies (commercially and/or high TRL) were estimated
through different methods, using different parameters and specifications. In some cases,
available specifications are using different measure units, so had to be harmonised. Therefore, in
the cases when the reported or estimated performances were not directly comparable, a general
assessment was performed. The general assessment considered not only quantitative
specifications, but also key aspects regarding their feasibility, estimated costs, and issues related
to the integration of these technologies with respect to impacts on rail operation, maintenance,
interaction and compatibilities, etc.
The viability of the powering solutions discussed in this report with respect to the various system
architectures is summarised in Table 21 below. The performances of investigated energy
harvesting solutions have been quantitatively assessed vs. the energy requirements in worse
case operating conditions. Feasibility aspects were also assessed by using qualitative indicators,
i.e., High, Medium and Low.
The assessment in Table 21 enabled making comments on the discussed energy harvesting
solutions, and conclusions regarding further testing of the most feasible technologies for the
appropriate architecture versions. These comments and conclusions are presented in the
following Table 22.
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Table 21 Summary assessment of powering solutions for INNOWAG cargo monitoring system
Performance
Potential
TRL Qualitative
energy output
assessment
[J/hr]

Assessment feasibility aspects

Arch 1 (sensor) Arch 1 (node) Arch 2 Arch 3 Arch 4
28.26

256.47

1014.5 1014.5

144.1

Capability to power INNOWAG system options

Integration
System issues and
Maintainability
complexity impacts on
operation

LCC

Vibration
harvester
PER system
mounted on
vehicle body

8-9

High

30

YES

NO

NO

NO

NO

Medium

Medium

High

Unknown

Vibration
harvester
TUB
prototype

5-6

Low

0.12

NO

NO

NO

NO

NO

High

Medium

Medium

Unknown

RF
Ambient

5-6

Low

In the range of
nJ

NO

NO

NO

NO

NO

Low

Low

High

Low

N/A

N/A

YES (for
read
sensor tag)

Technology

Energy requirements [J/hr]

Medium

Low

High

Low

N/A (wrong
location)

YES

YES

YES

YES

High

High

Low

Unknown

N/A (wrong
location)

YES (for
externally
mounted
devices)

YES

YES

YES

Low

Low

Medium

Low

N/A (wrong
location)

YES

YES

YES

YES

Medium

High

Medium

Low

High

Axlebox
generator

Low

7-8

(Efficiency:
70-90% for
inductive coupling;
≤1% for radiative
coupling)

1080-16200
2250

Solar
harvester
PV panels

9

High

Wind
harvester
Commercial
turbines
(vertical and
horizontal axis
design)

9

High

(panel sized for
prototype
communication
hub)

86.4k - 720k
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node)
YES (for
sensor
node)

N/A
RF
Wireless
8-9
power transfer
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Performance
Technology

Energy requirements [J/hr]

Potential
TRL Qualitative
energy output
assessment
[J/hr]

Assessment feasibility aspects

Arch 1 (sensor) Arch 1 (node) Arch 2 Arch 3 Arch 4

Integration
System
issues and
28.26
256.47
1014.5 1014.5 144.1
Maintainability
complexity impacts on
Capability to power INNOWAG system options
operation

LCC

Wind
harvester
Prototype
3-4
horizontal axis
design

High

1.03M - 3.62M
(from simulation)

N/A (wrong
location)

YES

YES

YES

YES

Medium

High

Medium

Unknown

Wind
harvester
Conical
ducted
concept
design

3-4

Low

Unknown

N/A (wrong
location)

NO

NO

NO

NO

Medium

High

Medium

Unknown

Wind
harvester
Prototype cm
scale
shrouded
design

4-5

Low

135

N/A (wrong
location)

NO

NO

NO

NO

Medium

High

Medium

Unknown

Wind
harvester
Prototype
piezo design

4-5

Low

Unknown

N/A (wrong
location)

NO

NO

NO

NO

Medium

High

Medium

Unknown

Table 22 Assessment of powering solutions – conclusions and further testing work
Further testing/validation in INNOWAG (T2.4)

Technology

Comments/ conclusion

Vibration harvester
PER system
mounted on vehicle
body

Can work inside or outside the container, low maintenance solution
although high cost compared to battery powered sensors. Easy to
install since radio range is high. System complexity is medium due to
easy configuration and powering of the sensor.
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YES/NO

Description/ justification

YES

A VEH powered wireless sensor node, reporting energy
storage levels, vibration, temperature, will be fitted to a
container or freight wagon body, above the suspension, to
measure energy harvesting and data rates.
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Technology

Further testing/validation in INNOWAG (T2.4)

Comments/ conclusion

YES/NO

Description/ justification

Vibration harvester
TUB prototype

Piezo harvester was optimised for high frequency vibration
(>>500Hz), which is filtered out by train suspension and the
dynamics of the vehicle mass and springs.

NO

The technology is unsuitable for rail applications above
suspension. Cabling restrictions make a wired solution
from the cargo to wheel hub uneconomical.

RF
Ambient

The RF power density is strongly dependent to location (distance to
ambient RF energy sources).

NO

The average RF power from ambient is in the range of
nW, therefore, too low to power the INNOWAG system.

RF
Wireless power
transfer

The RF power transfer efficiency is strongly dependent to distance
and surroundings (i.e., metallic structure).

YES

Capability to energise passive sensor makes it appealing.
RFID technology will be used for testing the concepts in
Arch. 2, 3 and 4.

NO

Location unsuitable for powering vehicle-body mounted
systems. High maintainability and cost.

Axlebox generator
Solar harvester
PV panels

Significant power available.
Well-established robust technology subject to ongoing development/
improvement. Likely yield is location-dependant. External mounting
only.

Wind harvester
Commercial turbines
(vertical and
horizontal axis)

Well-established technology, robustness questionable for rail vehicle
environment. External mounting only.

Wind harvester
Prototype horizontal
axis design

Adaptation of existing technology to novel low-profile arrangement.
Durability in mobile train environment unclear. External mounting
only.

Wind harvester
Conical ducted
concept design

YES

NO

Prototype panel and/or off-the shelf product will be tested
for powering the communication hub in Arch. 1, 2, and 3.
Mature technology, sufficient data exists. Little room for
further innovation and critical integration and operation
issues.

NO

Essentially mature technology, sufficient data exists. No
practical access to the identified prototype. Low TRL, not
appropriate for TRL5 testing.

Concept design only, complexity of 'boost' system is
disadvantageous. External mounting only.

NO

High system complexity and low TRL, not appropriate for
TRL5 testing. No practical access to the identified
prototype.

Wind harvester
Prototype cm scale
shrouded design

Prototype design for duct monitoring applications. Small size and low
output would need to be upscaled. External mounting only.

NO

Little advantage over more conventional designs. High
complexity and low TRL, not appropriate for TRL5 testing.
No practical access to the identified prototype.

Wind harvester
Prototype piezo
design

Prototype experimental design, low output (mJ) and sensitive to
variations in wind speed. External mounting only.

NO
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Low output insufficient for INNOWAG, low TRL and
concept unsuited to variable wind-speed environment.
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4. CONCLUSIONS
Different technologies that could be used for harvesting energy on freight vehicles have been
identified and analysed in the previous sections. These include both mature technologies
(commercially available and/or high TRL) and conceptual designs and prototypes specifically
developed for such applications.
As with all low power monitoring systems, the energy required by the different INNOWAG
architectures per operating cycle primarily depends on the reporting times and communication
timing strategies employed by the system designer in combination with the energy consumption
of the communication devices. These strategies must satisfy the compromise between reliability,
response time to a change in conditions and information density as well as the available energy.
Many systems log data at a high rate and report every day, whilst other systems report every time
they take measurements. Location data is the most energy intensive to retrieve, and operator
requirements for real time location data for logistic management and assessment of underlying
traffic conditions may be the most important driver for energy requirements in cargo monitoring
systems.
The following sub-sections summarise specific conclusions for the energy harvesting
technologies discussed in this report, which support the decisions made in relation to further
research, developments and testing within the INNOWAG project (Task 2.4). The relevant
decisions and potential further work have been detailed for each type of harvester.

4.1 Vibration energy harvesters












Vibration energy harvesting (VEH) devices can generally only be used in a specific domain
with stable vibration frequency operation or with very high excitation acceleration;
Vibration energy harvesting systems are still a relatively new technology. Commercial
systems such as those from Perpetuum are available and are proven to be capable of
harvesting useful amounts of power for several specific monitoring and diagnostics
applications, such as bearings and wheel wear monitoring on passenger trains;
VEH devices are typically used to power ultra-low power electronics, with power
requirements in the range of 10 μW – 100 mW;
In principle, vibration harvesters can be designed as maintenance free devices, generating
electricity only when the train runs;
VEH technology can be easily integrated in different locations of a freight vehicle;
From the assessment in sub-section 3.7 (Table 21), it can be seen that although a VEH is
capable of powering the Bluetooth enabled sensor in Arch 1 (instead of a battery), and it
may only be marginally capable of running Arch 4 communications hub, since this
architecture has low power requirements ,as much of the power required to transmit data
to ground is transferred from a trackside RFID reader;
The VEH system may be also viable for architecture 4, and further development for a vehicle
body environment may allow them to generate sufficient power for this architecture;
The VEH is highly convenient due to the ability to, in principle, place it in virtually any
location convenient to for the system requiring power;
The VEH does have the advantage of working both inside and outside the container/tank,
as long as the communications hub has an antenna intruding into the container space. It is
possible that Bluetooth transmissions may emanate sufficiently from inside a tank lid to
enable low maintenance monitoring from inside a tank wagon.
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Considering the above conclusions, the use of vibration energy harvesters will be further
considered for powering the sensor node in Architecture 1. The main further activities include:






Design and prototype of the adapted VEH, including bracket that enhances low frequency
shocks, power management and storage solution;
Increase the impulse response of the harvester (allow more travel of the mass), so that
more of the impulse energy can be harvested and converted;
Testing of the VEH prototype fitted to a container or freight wagon body, above the
suspension, to measure energy harvesting and data rates (a VEH powered wireless sensor
node will report energy storage levels, vibration, and temperature);
Analysis of tests’ results and further design enhancements.

4.2 RFID technology
 The Radio Frequency (RF) power density is strongly dependent to location (distance to
ambient RF energy sources), and the average power harvested from ambient is in the range
of nW;
 Ambient RF power harvesting technology is appealing in concept, but cannot at present
harvest sufficient power to support the INNOWAG applications;
 The passive RFID technology appears to be a promising solution for power transfer, being
relatively well-established and commercially available;
 The RF power transfer efficiency is strongly dependent to distance and surroundings (i.e.,
metallic structures);
 Inductive coupling is also well-established and is certainly capable of transferring sufficient
power, however, the lack of range capability means that it offers little benefit over the hardwired solutions;
 Architectures 2 and 3 rely on the use of passive RFID technology. Transferring power via RF
is potentially viable using conventional RFID technology. It represents a partial solution for
Architectures 2 and 3 as a means of powering the sensor node; however, a separate power
source for the communications hub must be sought in these cases.
 Architecture 4 also relies on passive RFID technology, but involves a trackside reader which
eliminates the high power consumption of the reader as a disadvantage. Other on-board
system components would require a separate power source.
Considering the above conclusions, the use of RFID technology for power transfer and data
communication will be further considered for Architectures 2, 3 and 4. The main further
activities include:




Integration of tested RFID sensor solutions with the communication hub that was already
prototyped and experimentally tested as part of Architecture 1; the integrated solutions will
represent the Architecture 2 and Architecture 3 prototypes;
Adaptation and integration of modules for Architecture 4 prototype (for containers), i.e.:
o Integration of RFID tag within the communication hub (modified version of the
communication hub prototype that was experimentally tested as part of Architecture 1;
the GPRS device will be replaced by a read/write RFID tag);
o Preliminary dynamic communication tests with the trackside RFID reader (for
components programming and system refinement);
o Integration of battery powered sensor hub, which was already prototyped and
experimentally tested as part of Architecture 1, with the modified communication hub
(including the read/write RFID tag) and the RFID trackside reader;
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Testing of RFID power transfer functions within the overall tests of Architectures 2, 3 and 4
in relevant railway environment (TRL5);
Analysis of tests’ results and further system enhancements.

4.3 Axlebox generators
 The power generated by an axlebox generator is sufficient for powering the INNOWAG cargo
monitoring system, however, the implementation of this technology is critically restricted by
installation and integration issues;
 In all architectures, the generator has to be wired to the monitoring system. This means that
the solution is only applicable for the monitoring system installed on/in the axlebox, which is
not a suitable location for powering vehicle-body mounted systems, as the INNOWAG
applications;
 High maintenance requirements and costs are associated to existing axlebox generator
technologies.
Considering the above conclusions, the axlebox generator technology is not suitable for
INNOWAG applications and will not be considered for further activities.

4.4 Solar energy harvesters
 Photovoltaic (PV) panels represent a promising energy harvesting solution for the INNOWAG
concept, particularly for powering the communication hub;
 PV technology is widely available, well understood and continuing to be developed &
improved;
 Available PV cell technology (TRL9) include solar panel design and installation, which can
be scaled from small to large physical area, with correspondingly small to large power outputs
respectively;
 The PV cells / solar panels offer predictable energy harvesting over long periods, which is
not dependent on the operation of the train;
 Although solar panel power production is intermittent, when producing power they can
provide a continuous (but fluctuating) power output over many hours;
 The PV technology limitations are well known and clear; such a system can only provide a
partial solution, requiring adequate energy storage to allow continuous operation of the
powered devices;
 The energy that can be harvested by solar PV relies critically on placement of the hub and
proximity of other vehicles or obstructions that may obstruct light reception and RF
performance; significant energy storage may be required to mitigate variability;
 Maintenance of PV panels is essentially limited to cleaning the surface, and the life cycle is
over 20 years, with some degradation to be expected over this period;
 Associated technologies such as batteries and charging systems are ubiquitous and subject
to continuing development.
Considering the above conclusions, the use of solar energy harvesting technology will be
further considered for powering the communication hub in Architectures 1, 2 and 3. The main
further activities include:


Customised prototype, including appropriate power management and storage solution;
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Testing of feasibility of commercially available product and/or customised prototype within
the overall tests of Architectures 1, 2, and 3 in relevant railway environment (TRL5);
Analysis of tests’ results.

4.5 Wind energy harvesters
 Wind turbines are well-established technology, widely accepted and used in various
applications and industries; however, in these most well established applications the device
is generally in a fixed location harvesting energy from natural air currents;
 Wind turbines offer the potential for predictable energy harvesting when mounted on a
moving train with a known speed profile, which, in this case is mostly dependent on the
operating time of the vehicle; an uncertain amount of energy can be harvested from the
natural wind when the train is stopped;
 Considering the assessment in sub-section 3.7 (Table 21), it can be noticed that commercially
available designs are potentially capable of generating useful amounts of power with respect
to the INNOWAG concept, i.e., for powering the communication hub;
 Some of the investigated designs are more radical, low TRL and unknown performances,
therefore, they are not considered as feasible solutions for INNOWAG;
 The environmental robustness (contamination and vibration) of wind turbines is questionable
for rail vehicle environment, and they are suitable for external mounting only;
 The operating environment for fixed turbines is better understood, and mechanical designs
have improved to reduce the incidence of failure; this will likely have benefits for turbines for
mobile applications.
 The designs are relatively complex, involving rotating components that can adversely affect
the LCC;
 The superstructure of a freight wagon mostly reaches the limit of the structure gauges.
Therefore, it is not desired to mount equipment such wind turbine generators on the wagon
body. The only feasible mounting solutions with respect to the structure gauges appear to be
the space between vehicle bodies, or on sides and underframe; the underframe installation
is not appropriate due to non-friendly environment (exposure to dirt and impacts from flying
ballast);
 As with solar, the variable power output of wind turbines requires their use in conjunction with
appropriate energy storage solutions, with sufficient capacity to provide a continuous power
supply.
Taking into account their performances, the use of wind energy harvesting solutions could be
considered suitable for powering the INNOWAG system. However, the above conclusions point
out critical feasibility issues relating to their integration and operation. Furthermore, these devices
are already well established, which means that the potential for further innovation is relatively low.
Therefore, the wind harvesting technology will not be considered for further INNOWAG
activities.

4.6 Summary of energy harvesting technologies selected for further testing
The energy related technologies that were selected for testing in Task 2.4 of INNOWAG, along
with details on further activities, are summarised below in Table 23.
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Table 23 Summary technologies selected for further testing and validation

Technology

Further testing / validation in INNOWAG (Task 2.4)

A VEH powered wireless sensor node, reporting energy storage
levels, vibration, temperature, will be fitted to a container or freight
wagon body, above the suspension, to measure energy harvesting
and data rates.
RF
Capability to energise passive sensor makes it appealing. RFID
Wireless power transfer technology will be used for testing the concepts in Arch. 2, 3 and 4.
Solar harvester
Prototype panel and/or off-the shelf product will be tested for
powering the communication hub in Arch. 1, 2, and 3.
PV panels
Vibration harvester
PER system mounted
on vehicle body
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