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Abstract

Preventive maintenance is commonly accepted as an economical solution to pre-
vent production stops. Machine conditioning may offer data, allowing a reduced
frequency of maintenance. However, these machine conditioning sensors have to be
maintained themselves, reducing users’ confidence in the data. It may also make
machine conditioning monitoring economically infeasible in some applications.

Vibration-based energy harvesting may provide a reliable and, most importantly, low
maintenance energy source for such machine conditioning sensors. In this project
we designed and evaluated the implementation of a vibration-logging wireless sensor
device, transmitting over Bluetooth Low Energy 5, and powered by a commercially
available electrodynamic vibration generator.

The results show that it is reasonable to expect a usable power output of around
0.1to 6 mW, greatly depending on the vibration source. This amount of power en-
ables microcontroller-based designs to operate indefinitely. However, the technology
is limited by the low bandwidth of contemporary generators, making vibration-based
energy harvesting difficult to implement. While vibration-based energy harvesting
shows promise, it requires thorough investigations to be able to conclude whether
an application is suitable for the technology.

Keywords: Machine Conditioning, Predictive Maintenance, Energy Harvesting,
Wireless Sensor Network, WSN
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1

Introduction

In production environments, downtime can become very costly. Machine condition-
ing methods predict machine failures, allowing companies to avoid production stops
by preventively scheduling maintenance to be performed as soon as the symptoms
are detected. Machine conditioning products are already widely available commer-
cially [1-6] and this thesis presents the design and implementation of such an eval-
uation prototype, while employing energy harvesting to improve reliability.

For machine conditioning to be effective, sensor devices have to be extraordinarily
reliable. Energy storage elements are a weak point in this regard, as they have to be
replaced regularly. It is therefore promising to employ energy-harvesting techniques
on such sensor devices to improve their reliability and life span and reduce the
effort required to maintain them. These benefits are more significant in hazardous
environments, where battery replacements are difficult, or impractical [7].

1.1 Project Aim and Approach

The aim of this project is to develop and evaluate a wireless sensor device powered by
vibration-based energy harvesting intended for use in machine condition monitoring.
The device measures vibration and temperature data, which are then sent to a
database. The focus is on evaluating vibration-based energy harvesting and low-
power design. There are three goals that are addressed in this project: implementing
a vibration-based energy harvesting system, designing and developing a wireless
sensor device, and visualization of the collected sensor data.

The device is split into the power supply unit (PSU) and the sensor board, as
illustrated in Figure 1.1. This allows for separate evaluation but is not reasonable
in a design intended for production.

The function of the PSU will be evaluated using a custom test rig, which agitates the
device at varying acceleration and frequency. Generated and consumed power will be
measured to create frequency-dependent graphs. Allowing us to estimate whether
the device will be able to operate indefinitely by using the results from the test rig’s
measurements. The test rig’s data will then be combined with application-specific
vibration estimations from literature [7].

The project’s goals and objectives are listed in Table 1.1 in order of decreasing
priority. While only Goal 1, the energy harvesting part was finished, some of the
sensor devices from Goal 2 are also described. However, the results are all based on
vibration-based energy harvesting.
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Figure 1.1: Overview of the sensor device.

Table 1.1: The project’s goals and objectives with decreasing priority. The green
tasks were completed. The yellow tasks were partly completed.

Goals Objectives
1.1 | Investigate available generators. Acquire a generator.
Goal 1: 1.2 | Build a test-rig to measure the generator’s efficiency.
Implement Vibration-based | 1.3 | Measure the generator’s efficiency.
Energy Harvesting 1.4 | Design a power supply unit (PSU). Including energy storage and voltage conversion.

1.5 | Measure the PSU’s efficiency.

2.1 | Investigate low-power wireless network techniques. Choose a network technology.

Goal 2: 2.2 | Investigate low-power design techniques. Choose an MCU and radio transmitter.
Design a Wireless Sensor 2.3 | Design the sensor device. Including accelerometer and temperature sensors.
Device 2.4 | Develop minimal viable software for the MCU. Take sensor readings and transmit.

2.5 | Measure the sensor device’s power consumption.

3.1 | Investigate IoT and data visualization software solutions. Choose a software stack.
3.2 | Store sensor data in a database.
3.3 | Visualize sensor data with some graphing software.

Goal 3:
Visualize Sensor Data

1.2 Related Work

Machine condition monitoring has been the topic of interest for many researchers and
companies. Recently, research has been performed to use a wireless sensor network
(WSN) to make the machine condition monitoring wireless while powering the WSN
by waste energy in the machine’s environment. One such study was performed by
Escobedo et al. [8], who produced the first printed flexible tag for gas concentration
monitoring in sealed environments. The tag was designed to be small, low cost, have
a low power consumption and be powered by energy harvesting. The tag was able
to operate under artificial light, powered by two small solar cells. However, it was
concluded that continued work was required, as the artificial light was not enough
to power the WSN.

Various parameters are used to measure the condition of a machine, such as a tem-
perature, vibration, current speed, etc. One use-case was demonstrated by Discenzo
et al. [9] where they used pressure and moisture sensors to monitor the condition of
a fluid pump. They used a wireless sensor, which was powered using a piezoelectric
generator.

Structural health monitoring (SHM) is a technique that monitor the health condi-
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tion of infrastructures. SHM and machine condition monitoring are similar since
both techniques monitor the condition of machines and infrastructure. Machines
and infrastructure all wear out with time due to their operation as well as the en-
vironmental conditions. Park et al. [10] have studied SHM on civil, aerospace, and
mechanical infrastructure. They measured the acceleration using an accelerometer,
and a piezoelectric generator was used for energy harvesting. However, other re-
searchers like Ha and Chang [11] investigated SHM using a Lamb-wave-based SHM
system. Lamb waves are elastic waves that have particle motion in the plane, in-
cluding the direction of wave propagation and the plane normal. These waves were
first explained by Horace Lamb [11]. They concluded that using piezoelectric Lamb-
wave-based SHMs, the overall power needed is significantly greater than the existing
energy harvesting capabilities.

There exist many products that measure vibrations for machine conditioning. We
discovered Broadsens [2], Treon [3], Perpetuum [4], and ReVibe [1] during our pre-
study. Out of those, Perpetuum and ReVibe use vibration-based energy harvesting.
The information we could find is summarized in Table 1.2.

Table 1.2: Review of some IoT machine conditioning products.

Broadsens Treon Perpetuum ReVibe
Connect
Up to 5 years Up to 6 years Indefinite
e s 1200mAh, 3.6V 3.6V oo .
Battery lifetime ) designed to work | Indefinite
Non-rechargeable Non-rechargeable for 20 years”
(0.5 year) (est. 3 years) o
Power Idle: ~7pW
consumption DAQ & transm.: ~660 pW - - -
@33V
2.4GHz 2.4GHz
Gateway'sinsor BLE 5.0 BLE / Wirepas - Q'E%{Z
networ No Mesh Mesh
Sensor
transmission >300m open space - - -
range
Default: Every 15 min .
Temp: Every 5s . Every 5 min
Sample rate Acc.: 50Hz - 25.6kHz FFIé[‘CCI:éscl)?uI;Iif)n:(jigI}I{szf)in FFT every 6h
=4
Dimensions \ii;;}il IZ;I; defgﬁt%lglf)ng 65 x 87 mm -
Environmental —40°C to 85°C, IP67 —40°C to 85°C, IP67 —40°C to 85°C 1P69
Mounting M6 Screw, alt. epoxy M8 bolt Thru-hole M6 bolt -

Comparing the different products, it is clear that there exists variability when it
comes to battery life and sample rate. However, the products are similar in their
use of 3.6 V non-rechargeable lithium batteries. They are also similar in their choice
of network, where all seem to use an 2.4 GHz based wireless network, and primarily
Bluetooth Low Energy (BLE) 5.

1.3 Outline

This thesis is structured as follows: Chapter 2 explains in detail the fundamental
concepts of the energy harvesting system and various related techniques. It also
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explains the importance of machine condition monitoring and provides a brief in-
troduction to wireless networks that can be used for wireless communication. The
design choice for implementing the energy harvesting system and the basic mechan-
ical design are introduced in Chapter 3. Chapter 4 describes the test rig setup and
how the measurement was taken using the test rig. The results gathered in this
project are discussed in Chapter 5. Chapter 6 contains a short discussion on this
project. This thesis is concluded in Chapter 7.
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Technical Background

This chapter discusses machine condition monitoring and introduces the concept
of energy harvesting systems and different types of energy harvesting technologies.
This chapter also discusses various energy harvesting generators and wireless net-
works supported by commercial products.

2.1 Machine Conditioning

The condition of mechanical machinery may be estimated using many parameters
such as temperature, vibration, humidity, oil samples, or power consumption [12].
To limit the project’s scope, we will not delve deep into the theory or the algorithms
required for practical machine conditioning. Instead, we will present an example of
a self-powered platform for generic data logging. The presented hardware will log
vibration and temperature data.

Out of these two parameters, vibration data are the most difficult to capture due
to the large amounts of data involved. Vibration frequencies can imply mechanical
failure in a very broad spectrum [12], leading to very large sample sizes that either
have to be transmitted or processed. Unbalance, misalignment, or general looseness
in machinery can be detected at low frequencies, between single Hertz to many
kilohertz [12]. However, gear-boxes and bearings can often fail at frequencies over
50kHz [12]. These frequencies are outside the capability of modern capacitive-
MEMS accelerometers [13-15], such as those found in mobile phones, which mostly
only sample at a few kilohertz. While other accelerometer technologies capable of
measuring higher frequencies exist, these will not be covered in this project.

2.2 Energy Harvesting and Techniques

The basic concept of energy harvesting is the conversion from some other energy
form to electrical energy that can be stored in a battery or a capacitor or can be
used directly. A typical energy-harvesting system requires an energy source and
an energy storage device as its minimum requirements. Energy harvesting plays
an important role in condition monitoring where conversion of power in milliwatts
or microwatts is possible. If energy-harvesting technology is adapted to condition
monitoring of a machine, then the machine can be maintenance-free [16]. The need
for energy harvesting becomes even more important when replacing or recharging
the machine’s batteries becomes costly and difficult.
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Table 2.1 shows the power densities for various energy sources. When under the same
condition, power density remains constant over time. In an energy-storage system,
a leakage current is unavoidable. In industrial use, a typical energy density output
has a power density of 100 tW /cm?. In Table 2.1 "Human' refers to the application
of wearable technology such as in thermoelectric-based watches or electronic foot
bracelets.

Table 2.1: Power density of different energy sources [7].

Harvested Power
Energy Source | Type of Energy (W /em?]

Human Vibration/ 4
Industry Motion 100
Human Temperature 25
Industry Difference 1000 — 10000
Indoor . 10
Outdoor Light 10000

GSM 0.1

WiFi RE 1

Different forms of external sources can be converted into energy, e.g., solar, vibration,
thermoelectric, and radio frequency. All these different types of energy-harvesting
techniques are explained briA thermoelectric energy-harvesting technique converts
temperature into electrical energy. The amount of power extracted is much lower
than the heat flow. This is due to the low efficiency of the material [17]. The
thermoelectric-based energy harvesting is generally used in wristwatches. In this
case, the body heat is converted into electrical power. It is one of the best alter-
natives to use by reducing the necessity of replacing the battery used in electronic
wristwatches. Mainly two companies have built such thermoelectric wristwatches:
Citizen and Seiko [17] briefly in this section.

2.2.1 Solar Energy

Harvesting techniques based on solar energy convert light energy into electrical en-
ergy. It is mainly used outdoors since solar energy is available during the day. The
power density of a commercially available photo-voltaic cell is 1.5 mW /cm?, and it
has 15% efficiency [18]. The solar-based energy harvesting technique is cost-effective
since the collected energy during the day can be stored for usage. It provides more
energy than vibration, thermoelectric, or RF, as shown in Table 2.1. However, it is
not a feasible solution in dark environments or when the panel becomes dirty.

6
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2.2.2 Thermoelectric Energy

A thermoelectric energy-harvesting technique converts temperature into electrical
energy. Energy can be converted efficiently through temperature differences, while
power can be generated through heat flow. Although large heat flows can be
achieved, the extractable power is low due to low Carnot and material efficien-
cies [17]. A thermoelectric-based energy harvesting system is generally used in
wristwatches. In this case, the body heat is converted into electrical power. By re-
ducing the need to replace the battery in electronic wristwatches, it is one of the most
viable alternatives. These thermoelectric wristwatches are mainly manufactured by
Citizen and Seiko [17].

2.2.3 Radio Frequency Energy

This type of energy harvesting technique usually converts radio frequency signals in
the surrounding environment into electrical power. These signals can be from TV,
WiFi, cellular networks, etc. A power of 60 pW was generated from the antenna
with the TV towers placed at a distance of 4.1 km away from the research lab by
researchers at Intel [19)].

2.2.4 Vibration Energy

The vibration-based energy is produced from converting the vibration or movements
of the object into electrical energy. In vibration-based energy harvesting, the source
and the resonant vibrations must match to generate power efficiently. Even a small
variation in the source vibration will result in a significant reduction in output
power [20]. Therefore, the tuning should be done by the manufacturer based on the
intended application in which the device will be used. The vibration-based energy
transducers are classified into electrostatic, piezoelectric, and electromagnetic.

In any vibration-based energy harvesting technique, frequency is a significant param-
eter. This is because the energy harvesting generator’s output power is frequency
dependent; this can be observed in one of the generator datasheet [21]. The band-
width for the generators is defined between the points of 50% of the peak power
values. The vibration-based generators are limited in bandwidth since with increase
in the bandwidth the damping increases and the power output of the device de-
creases [7]. Further discussion on the bandwidth of different generators is provided
in Section 3.1.2. Table 2.2 shows the frequency and acceleration values for var-
ious vibration sources. The peak acceleration values mentioned in this table are
converted from m/s? to g where 1g ~ 9.8 m/s?.

Electrostatic

These electrostatic harvesters work with capacitive devices. When vibration energy
is applied to the parallel plates, the area of the plate changes, or the distance
between the plates changes. A 5m vibration at a resonance frequency of 980 Hz
might experimentally yield 1 W [22].
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Table 2.2: Examples of some vibration sources. Taken from [7, Tab. 2.1].

Vibration source Peak acceleration [g] | Frequency [Hz]
Car engine compartment 1.2 200

Base of 3-axis machine tool 1 70

Car instrument panel 0.3 13

Wooden deck with people walking | 0.1 385

Window next to busy road 0.07 100

Washing machine 0.05 109

Refrigerator 0.01 240

Piezoelectric

Energy is generated from mechanical stress or movement using a piezoelectric trans-
ducer. The piezoelectric harvester uses different materials depending on the appli-
cation. The most commonly used piezoelectric transducer is lead zirconate titanate
(PZT) [23]. PZT is one of the most cost-effective and commercially available piezo-
electric materials. One of the drawbacks of using a piezoelectric harvester is that it
deteriorates over time. It might not be the ideal choice when harvesting energy for
a longer period compared to electromagnetic transducer [24].

Electromagnetic

In the case of electromagnetic transducers, it work on the principle of electrical
induction. It produces energy from a magnetic flux in the coil [25]. An electro-
magnetic transducer can work with larger bandwidth and relatively larger vibration
than electrostatic [7]. The advantage of using an electromagnetic transducer is that
it can modulate damping electrically to reduce impact when subjected to strong
vibrations. The electromagnetic generator has to match the dominant frequency by
tuning to a specific resonant vibration frequency.

2.2.5 Energy Harvesting ICs

Along with the energy harvesting generator, an energy management unit is called
the energy harvesting IC. These integrated circuits are used to support and manage
vibration-based transducers. The purpose of this IC is to facilitate the storage of
energy from available resources. It assists in the discharge of stored energy when it
is needed.

The energy harvesting IC will also help protect and maintain the regulation of
charges to the energy storage element, like a battery or capacitor. This IC will
act as a voltage regulator, which would not allow any damage to the battery or
capacitor when there is a large current flow or load present in the system. In an
energy harvesting system, the amount of current present is very small, so a simple
voltage regulator could be sufficient. The advantage of using an energy harvesting
IC is that it can help in monitoring the remaining charge in the battery [7].

8
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2.3 Energy Storage Device

When electronic devices cannot produce enough power on their own and need to
power an external device, energy storage devices are used to deliver the current.
These energy storage devices capture energy, store it, and then deliver it to the
device as needed. When the device demands more current, it can additionally supply
the stored energy. Supercapacitors and batteries are the only two forms of energy
storage devices.

Rechargeable batteries are available in the market in different sizes, spaces, and
chemical compositions. It is usually available at a lower cost. The life of the bat-
tery starts to decrease when the discharging of the energy happens. The batteries
continuously discharge to the energy harvesting device and also recharge themselves
back [7].

A typical supercapacitor is very similar to a general capacitor. It is structured
with an electric double layer [7]. Supercapacitors have very high leakage and high-
temperature degradation, which may not be suitable for some applications. These
supercapacitors can generally produce a current of 10 nA at a voltage of 2.5V with
a capacitance of 1 F [26].

2.4 Wireless Networks

As the name suggests, wireless networks are used in communication without the
problem of using cables and wires. One of the major reasons for using a wireless
network is portability. In condition monitoring, any machine would require a signif-
icant number of wires to transfer the data. An efficient solution to overcome such a
drawback is to use a wireless sensor network (WSN). By using a WSN; the instal-
lation cost can be reduced. It also provides high flexibility.Various solutions were
available when investigating the wireless network technology, and the comparison of
these networks is shown in detail in Table 2.3.

Table 2.3 is taken from Tang et al. [16], which provides an efficient comparison of
short-range wireless networks for energy-harvesting-powered machine conditioning
devices. The table has then been complemented with information about BLE 5.
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Table 2.3: Review of network technologies.

Power Consumption

Technol Transmission | Transmission F
ecinology Rate [bps] Distance Sleep | Transmit | Receive eatures
W] | W] | W]
Low power High speed,
Wi-Fi 54 M 1km 300 350 270 high power consumption
(802.11g) and high reliability.
High speed, long distance,
BLE 5 [27-29)] 2M Upto200m | 420 | 5412 | 4257 | Wide bandwidth, ultra-low
power consumption
and high compatibility.
Up to 100 m. Low power consumption,
BLE 4.2 1M Normally operate 8 60 53 low cost, high security
within 10 m. and low latency.
Low power consumption,
Zigbee? 250k 10 to 100 m 4 72 84 low cost, low complexity
and self-organization.

The table is based on [16, Tab. 1].
! Within immediate range. The achievable transmission rate at the rated transmission distance is drastically lower

[27].

2 Zigbee is based on the IEEE 802.15.4 MAC-PHY [30]. Other technologies such as WirelessHART or Miwi, which
use IEEE 802.15.4 as well, have similar performance.

3 BLE 5 power calulations are based on the nRF52840 chip with an supply voltage of 3.3V [28]. Radio transmitting
@ 8dBm output power.

10



3

Implementation

In this chapter, the design choices for implementing the energy harvesting system
are discussed, including the choice of the energy harvesting technique, the type of
generator used, and the choice of the network gateway.

Sensor Board

Power Supply

Generator

Figure 3.1: Mechanical design concept of the device.

Before the implementation, the basic concept of how the mechanical device will be
constructed is demonstrated in Figure 3.1. The mechanical design is constructed
using a 3D-printed model made of plastic as the base, with the generator mounted
on top using screws. The power supply shown in Figure 3.1 consists of the power
PCB, which is mounted on top of the surface of the 3D model. The accelerometer
will be placed close to the generator. The generator output will be connected to the
PCB using a pin header.

This mechanical design was chosen to provide a rigid mounting for the generator.

3.1 Power Supply Unit

The power supply unit (PSU) consists of a power management unit, an energy
harvesting generator, and an energy storage unit as shown in Figure 1.1. The
requirements of the PSU implementation is tightly coupled to the sensor board’s
power consumption. These metrics are later evaluated in Section 5.4.

11



3. Implementation

Figure 3.2: The unassembled, panelized PSU PCB.

3.1.1 Choice of Energy Harvesting Technique

There are different types of energy harvesting as mentioned in Section 2.2. Solar
power may provide more energy but becomes useless in dark environments or when
the panel becomes dirty. When it comes to thermoelectric harvesters, they are
not reliable for machine conditioning since they produce less power compared to
vibration harvesters. The use of large and space-consuming radio frequency antennas
might not be an ideal choice in the case of machine condition monitoring. So,
the best choice of energy harvesting technique is to use a vibration-based energy
harvester. It is not prone to dirt and works well in any environment, i.e., indoors
and outdoors. So, the first design choice is to use a vibration-based energy harvesting
technique.

3.1.2 Choice of Energy Harvesting Generator

In Section 2.2.4 three different vibration-based energy harvesting techniques were
mentioned. Among these three, piezoelectric and electromagnetic generators are
a good choice for machine condition monitoring. One of the similarities between
electromagnetic and piezoelectric is that they both have to match the dominant
frequency by tuning to a specific resonant frequency. One of the main drawbacks
of choosing a piezoelectric transducer is that they produce a very low power output
compared to the electromagnetic vibration-based transducer. So, electromagnetic
energy harvesting generators were the second design choice for our machine condition
monitoring.

When investigating the energy harvesting generator, three generators were high-
lighted, which were from Xidas, Perpetuum and ReVibe. Perpetuum is an elec-
tromagnetic vibration-based transducer that was used in Yorkshire water plant in
Blackburn. These generators usually produce vibration and have a larger frequency

12
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range. With 25mg acceleration Perpetuum produces a power of 1 mW peak and
with a bandwidth of 2Hz [7].The generators from Perpetuum were used for condi-
tion monitoring with wireless sensor networks.

Table 3.1: Comparison of different energy harvesting generators. The values are
taken from the manufacturers’s website.

Generator Bandwidth [Hz] | Acceleration [g] | Power Output [mW]
Xidas [21] 2.5 0.1 I

ReVibe [1] 5 0.1 15

Perpetuum [4] | 2 0.1 10

All three generators work at an acceleration of 0.1 g. However, all three generators
vary slightly in their bandwidth and a significant number in their output power.
As the output power produced by these generators must be larger, the Perpetuum
generator was the ideal choice. Perpetuum also has a fair bandwidth of 2 Hz. Even
though the specification of ReVibe provides better bandwidth as well as better power
output, and they assure to provide an output power of 4.5mW with 0.1g. Neither
Perpetuum nor ReVibe s generator was not available for purchase. Even with a
lower output power of 1 mW with an acceleration of 0.1 g and bandwidth of 2.5 Hz
Xidas transducer seems to be more practical and shows realistic data.

3.1.3 Choice of Energy Harvesting 1C

The purpose of an energy harvesting IC is already mentioned in Section 2.2.5. There
are several energy harvesting ICs present in the market, particularly for operating
with electromagnetic-based transducers; some of them are LTC3331 by Analog [31],
BQ25570 from Texas Instruments [32], and SPV1050 from ST Microelectronics [33].
For simplicity of our design choice, we chose the energy harvesting and power man-
agement module EHM-UNIV-1 from Xidas [34]. It will be easy to work with since
the Xidas provides pre-calculated values for the configuration resistors required for
the Vibration Energy Harvesting Generator (VEG). That way, we do not have to
spend time characterizing the generator.

3.2 Sensor Board

The sensor board hosts the microcontroller, transceiver, and sensors, as shown
in Figure 3.3. The interface to the power supply board consists of supply volt-
age (VSYS), battery voltage (VBAT) for charge measurement, and power good
(PGOOD) which signals whether the power supply is ready for operation. The
board is based around the nRF52840 Dongle [35], chosen for the nRF52840s’ good
Bluetooth Low Energy (BLE) 5 support and thorough documentation. The deci-
sion to use BLE 5 is described in this Section. A picture of the nRF52840 Dongle
is shown in Figure 3.4.

The board is fitted with ST’s IIS3DWB accelerometer, chosen for its high out-
put data rate (ODR) of 26.667 kHz, which significantly outperforms other available
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IIS3DWB

Accelerometer
2.4 GHz

| PCB Antenna
SPI

nRF52840
MCU

VBAT
VSYS
PGOOD

Temperature
Sensor

Figure 3.3: Sensor board block diagram.

Figure 3.4: The nRF52840 Dongle, which the sensor board is based on.

accelerometers. Using this accelerometer, our design would provide the same ac-
celeration measurement features as other similar commercially available machine
conditioning devices [3]. The reason to use a capacitive-MEMS accelerometer, in
contrast to, for example, piezoelectric accelerometers, was to keep design complexity
down.

The choice of network technology was previously investigated and compiled in Ta-
ble 2.3. This investigation made it clear that 2.4 GHz-based networks are used by
most manufacturers in the vibration machine-conditioning space [1-3,5]. Several
companies used BLE 5, but BLE 4, IEEE 802.15.4, and WiFi.

Tang et al. [16], who have done an extensive survey into the application of low-power
machine conditioning, concluded that the amount of data required for acceleration
measurements would require a high-transmission speed network to be the most power
efficient. This explains the common use of 2.4 GHz networks. Our application would
benefit from a longer range than traditional 2.4 GHz networks. In this regard, BLE
5’s specification outperforms BLE 4 and IEEE 802.15.4.

BLE 5 fulfills the project’s requirements at reasonably low power consumption. BLE
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5’s specification outperforms BLE 4 and IEEE 802.15.4 regarding range while not
consuming much more power [16,27,28]. This, in combination with BLE 5’s higher
data rate, resulted in us choosing BLE 5 for the design.

3.3 Network Gateway

The function of the network gateway is to transfer data between BLE 5 and the
internet. An overview of the hardware is shown in Figure 3.5. The choice of network
modem can be fulfilled by a broad range of products that are available commercially.
We used a Raspberry Pi 2, as we had one at hand, with Ethernet and an ASUS
USB-BT500 Bluetooth 5 dongle.

Neither Bluetooth nor the rivaling technology ITEEE 802.15.4 has native support
for the Internet Protocol (IP) [27]. Thus, additional software has to be added
to enable IoT applications. This could be done over Bluetooth’s Generic Attribute
Profile (GATT) and be implemented in the application layer, which is the traditional
approach. The downside of implementing the conversion manually in the application
layer is that every data transfer has to be recognized by the sensor device, the
network gateway, and the back-end server. This requires three code bases, all of
which have to be maintained. It is also very rigid, as the gateway has to be re-
programmed for every new feature in the sensor device.

An alternative is IPv6 over low-power wireless personal area networks (6LoWPAN)
over BLE, as specified in RFC 7668 [36]. 6LoWPAN acts as an adaptive layer
between the link layer and the IP network layer, allowing IP traffic directly between
the sensor device and the back-end server. The major downside to 6LoWPAN is the
large size of IP headers. Header compression is utilized to maximize the payload
size. However, 6LoWPAN will not be ideal in a low-power implementation but will
allow for more complex and flexible network architecture. This is implemented in
the design.
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Uplink interface
i alternatives ;

|7 Ethernet i

BLES Linux ; LTE
Modem Computer : Modem

Modem

Figure 3.5: Network gateway block diagram. Where an ASUS USB-BT500 is used
as a BLE 5 modem. A Raspberry Pi 2 was used as a Linux computer.
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Evaluation

This chapter describes the test rig implemented to collect the measurement data for
analysis of the system. It describes how the measurements were taken and what
parameters were measured during the project.

4.1 Vibration Test Rig

A vibration test rig is required to excite the generator in a controlled manner.
This would help us verify the Xidas generator’s performance and energy harvesting
circuit. There is equipment available in the market that generates the vibration
required to excite the generator. It is called a model shaker or a vibration exciter.
The generator’s manufacturer, Xidas, has demonstrated [37] their vibration perpet-
ual power pod using a shaker produced by The Modal Shop [38]. The shaker which
was demonstrated would have been preferred, but due to the project’s budget, we
had to build our own vibration test rig.

Initially, the idea was to build a test rig with linear rails and motors. However,
it was later realized that the mechanical backlash of the preliminary design would
be more significant than the total travel. Another approach for a vibration test
rig was described in Lithwhiler’s [39] paper using a sub-woofer as the transducer.
This setup was meant to be used for student laboratory work and is likely easy to
implement. A sub-woofer cannot be assumed to be linear. However, paired with
a quality accelerometer, it is possible to excite the DUT at a known frequency
and amplitude. We decided to refer to [39] and implement the same vibration test
setup for our project. We used the same components, like the accelerometer [40], and
biasing circuit, which consisted of an LED, a capacitor, and BNC pins for connection
to the oscilloscope. But, the only change was the speaker; we used an Edifier S330D
sub-woofer with an integrated amplifier since it was already available in our lab.

For the vibration test measurements, we used a computer audio output, which would
provide excitation sine wave signals, and to measure the reference acceleration, an
accelerometer was used. The accelerometer output signal was measured using an
oscilloscope. On the surface of the sub-woofer cone, the mechanical design setup,
which includes a generator and a power PCB, mounted using hot glue. For stability
and convenience, the accelerometer was glued close to the generator on the base of
the 3D model. The power PCB and the generator were mounted on the 3D model
using screws. There was an unbalance when the speaker was placed with the sub-
woofer facing the top since the bottom of the speaker had switches and connection
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ports. So, wooden blocks were glued on all four sides of the speaker to ensure it had
a uniform platform to get optimal power from the generator.

Figure 4.1: Test setup for measuring power over a 440 (2 resistor connected to a
Xidas VP3 generator. An Edifier S330D sub-woofer was used to excite the generator.
A 333B30 accelerometer [40] was used to verify the excitation amplitude.

4.2 Power Delivered to a Constant Load

The first test evaluated the generator’s ability to produce power. In this test, the
generator was completely disconnected from the energy harvesting module (EHM)
and only connected to a fixed 440 () resistor, as illustrated in Figure 4.2. This test
was set up to re-create the tests presented in the generator’s datasheet [21]. The
results would then tell whether the generators performed as expected or if there
was some disparity between the measurements and the manufacturer’s results. This
could depend on differences in the test setup or the production of the generator.

The voltage over the resistor and the accelerometer’s output was measured with a
Rigol DS10547 oscilloscope. A pure sine wave, varying between 45 and 55 Hz would
be fed into the sub-woofer. Then, the oscilloscope’s "Measure All" function was used
to read the RMS voltage of both signals. The vibration’s amplitude was manually
tuned by reading the accelerometer’s output and manually adjusting the volume fed
into the sub-woofer. Then, the resulting RMS voltage, measured over the resistor,
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was noted. The compiled result is shown in Section 5.1.

Generator @ 440 Q2 C\/)

Figure 4.2: Power delivered to a constant load.

4.3 Power Delivered to a Capacitor

To show that the generator, together with the EHM, would produce usable power,
it was necessary to show that the assembly could charge a battery. The EHM can
charge either a capacitor or a lithium battery, but a capacitor was preferred for
this test as fully charging a lithium battery would have taken too much time. An
1000 pF electrolytic capacitor was connected to the EHM’s VBAT pin, as illustrated
in Figure 4.3.

The EHM was configured for an upper charging voltage of 4V, set by resistors
Ry and Rj3, and a lower charging voltage over 3.3V, set by resistors R4 and Rs.
The schematic can be seen in Appendix A. If this upper charging voltage could be
seen in the results, at least basic functionality could be assumed. During the test,
the vibration’s frequency was held constant, while the amplitude was varied. The
accelerometer was read using an oscilloscope, just as described in Section 4.2 while
a PicoScope 4824 USB oscilloscope was used to log the voltage over the capacitor.
The compiled result is shown in Section 5.2.

EHM
Generator @ _':': 1000 pF @

\Y%4 \Y4

Figure 4.3: Power delivered to a capacitor through the energy harvesting module
(EHM) with the capacitor connected to the EHM’s VBAT pin.

4.4 Efficiency Measurements of the Energy Har-
vesting Module

To successfully estimate the allowable wake-up frequency!, an efficiency factor has
to be known. To measure this efficiency, the voltage and current were measured over

T.e. how often the device can wake up, sample, and transmit data, as described in Section 5.4.
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shunt resistors at the input and output of the EHM, as illustrated in Figure 4.4.
Like the earlier tests, frequency and amplitude were varied and controlled with
the accelerometer. Two Agilent U1232A multimeters were used to measure the
voltage over the shunts to signal ground. An Agilent U1252B multimeter was used
to measure the voltage over the input shunt resistor. The input and output powers
were calculated, and the result is shown in Section 5.3.

The EHM is based on the ADP5091 power management unit. Thus, it is ex-
pected that the EHM’s resulting efficiency would comply with the efficiency stated in
ADP5091’s datasheet [41]. Another reference is Xidas’ power pod product VP3 [42],
which consists of the same generator and EHM. Thus, the rated power could be com-
pared to the generator’s datasheet to estimate efficiency.

O, O,

Shunt Load
AVAVAY EHM ANNN—

1Q 10kQ2
Generator @ @ 0.1%

\Y4 \Y%4 \Y%4

Figure 4.4: Efficiency measurements of the energy harvesting module (EHM) with
the load connected to the EHM’s VSYS pin.
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Results

In this chapter the results based on the test setup using a load and capacitor are
discussed using graphs and tables. It also includes the efficiency test results of the
Xidas generator used in the project.

5.1 Power Delivered to a Constant Load

Figure 5.1 visualizes the results of the measurement described in Section 4.2. It
is evident, as the plot forms a steep peak, that the power output of the generator
is strongly dependent on the frequency. This is also expected and reflects existing
literature [7] and the generator’s datasheet [21].

The result does differ in amplitude and center frequency. According to the datasheet,
the generator should have a peak power of about 30 mW during an excitation of
0.5g. However, the measurements only show about 18 mW. This is only 60 % of the
expected power. The center frequency is expected to be precisely at 50 Hz but it is
offset almost at 49 Hz, which is significant as the slope is so steep.

35 A

— 01g
0.2g
0.3g

N w
[8)] o
! !

Power [mW]
N
o

46 48 50 52 54
Frequency [Hz]

Figure 5.1: Measured power over a 440() resistor connected to a Xidas VEG
generator tuned for 50 Hz. The generator was excited with varying frequency and
acceleration. The acceleration is measured in RMS g.
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5.2 Power Delivered to a Capacitor

Figure 5.2 shows the measurement described in Section 4.3. It shows that the
capacitor is successfully being charged by the EHM. It also shows that an increase
in the excitation’s amplitude reflects in an increase in the rate at which the capacitor
is charged. The upper charge limit, set to 4V, is somewhat overshot. But, it does
seem to regulate correctly, and the slight difference in target voltage could simply
be due to the tolerance of the configuration resistors.

4000 4+ — 0.2¢
03g
—— 049g
30004 — 059
— — 0.6
> g
£
[<b]
z_év 2000 -
S
1000
O .
0 2 4 6 8 10
Time [s]

Figure 5.2: Voltage measured over a 1000 pnF capacitor connected to the energy
harvesting module’s VBAT. The device was excited at 50 Hz with varying amplitude.
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Figure 5.3: Efficiency of the EHM with varying frequency. Constant amplitude of
0.6g. 10kS2 load.
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Figure 5.4: Efficiency of the EHM with varying amplitude. Constant frequency of
50 Hz. 10k load.
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Figure 5.5: Efficiency of the EHM with varying frequency. Constant amplitude of
0.6g. 1k load.

5.3 Efficiency Measurements of the Energy Har-
vesting Module

Figures 5.3, 5.4 and 5.5 show the result of the measurement described in Section 4.4.
The resulting efficiency, in the range of 40 to 4 % could be reasonable, but the curves
does not behave as we had expected. The efficiency of the ADP5091 chip, which
the EHM is based on, increases with higher input voltages [41, Fig. 6]. Thus, it was
expected that Figures 5.3 and 5.5, showing varying frequency, would follow the same
form as Figure 5.1 and that Figure 5.4, showing varying amplitude, would linearly
increase.

As we are not able to confidently explain these efficiency measurements, we will not
use them in the following calculations.
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5.4 Minimum Viable Wake-up Interval

Here an estimation of a viable wake-up pattern is made based on the previous power
measurements. But, as the sensor board was not completed, the power draw had to
be estimated. Nordic Semiconductor’s Online Power Profiler for BLE [43] was used
for this purpose.

Provided the FFT sample amount is 4096 samples of acceleration data, which is
the maximum amount used by Treon [3], and that each sample consists of 16 bits
[15], this would then result in 4096 - 16 bits = 8192 bytes that would have to be
transmitted. (This does not include any potential packet overhead.) This is much
larger than the typical amount of data that would be transmitted over BLE, making
all phases but the transmit (TX) phase negligible. Thus, only the phases when the
antenna is active are taken into account. This information, taken from the Online
Power Profiler is compiled in Table 5.1, yielding an average power consumption of
about 30 mW.

Table 5.1: Average power consumption of nRF52840 during BLE transmission
according to Nordic’s Online Power Profiler for BLE [43]. Voltage: 3.3V. Radio
TX power: 8dBm. PHY = 1 Mbps.

Phase Time [ps| | Current [mA] | Power [mW]
Radio switch 150 3.3 10.89
Radio RX 88 6.1 20.13
Radio switch 140 3.5 11.55
Radio TX 296 15.1 49.83

’ Average \ \ 8.89 \ 29.33 ‘

Alternative power estimations are listed in Appendix C. These may be more rele-
vant, depending on application-specific conditions such as range and obstruction.
They differ in the selected transmission speed (2Mbps in contrast to 1 Mbps) and
transmission power (4dBm in contrast to 8 dBm).

The wake-up time will be dominated by two phases: the accelerometer sample phase,
and the BLE transmission phase. To capture the 4096 samples with the IIS3SDWB
accelerometer, which operates at 26 kHz [15], this would take 4096 /26 kHz ~ 160 ms.
Then, to transmit that data with a 1Mbps transmission rate, this would take
8192 bytes/1 Mbps = 70ms. This information is compiled into Table 5.2, assum-
ing a constant power consumption of 40 mW.

Due to the inconclusive efficiency measurements, a rough estimate was formed by
comparing the power output of the Xidas VP3 power pod, which contains the same
generator, and the EHM. The peak values (at 50 Hz) were noted of both the VP3 and
VEG generator and an efficiency was calculated as compiled in Table 5.3. Based on
these measurements, a flat 20 % efficiency was assumed for the following calculations.

Finally, by combining the generator power measurements, MCU power consumption
and EHM efficiency, viable wake-up intervals can be calculated. Simply divide the
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required energy per wake-up. This is compiled, with varying amplitude, in Table 5.4.

Minimum viable wake-up interval =

Consumed energy [W h]

Generated power [W] - Efficiency

Table 5.2: Estimated energy consumption per wake-up routine. Voltage: 3.3V.
Radio TX power: 8dBm. PHY = 1 Mbps.

Phase Time [ms] | Power [mW| | Consumed energy [nW h]
Sample 160 40" 1.78
Transmission 70 40 0.78
| Total | 231 | 80 \ 2.56 |

! The sample power is likely more in the range of 20 mW as the antenna is
not active in this phase. But, without data to support that, we will proceed
with this estimation.

Table 5.3: Estimation of the energy harvesting module’s efficiency. Based on the
power measurements stated in the VP3 power pod’s datasheet [42] and the VEG
generator’s datasheet [21].

aggﬁiz‘;?[g] VP3 [mW] | VEG [mW] | Efficiency [%]
0.1 0.3 2.5 12
02 1.2 5 24
0.3 2.6 12 21.67
0.5 6.4 31 20.65
LAt 50 Hz.

Table 5.4: The shortest wake-up interval possible, calculated from the previously
measured power generation.

Vibration Generated | Usable power? Minimum wake-up
amplitude![g] | power [mW] [mW] interval [s]
0.1 0.6 0.12 76.80
0.2 2.9 0.58 15.89
0.3 6.5 1.3 7.09
0.4 12 24 3.84
0.5 18 3.6 2.56
0.6 25 ) 1.84
0.7 31 6.2 1.49

L' A 50 Hz sine wave. Generated power as shown in Figure 5.1.
2 Assuming 20 % efficiency.
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Further estimations can be made from Tang et al’s [16, Tab. 2] estimated power
figures. They provide transmission power and sleep power estimations for several
BLE 5-based microcontrollers, among them Texas Instrument’s CC2640R2F [44]
and the nRF52840. Using this power data, the active times from Table 5.2 and
assuming a usable generated power of 500 nW, the net energy over time of different
active intervals is calculated. These are presented in Figures 5.6 and 5.7. In short,
the CC2640 estimation agrees with the results presented in Table 5.4 while the
nRF52840 estimation is more conservative.

—— 10 min
25001 & min
20004 — 2min
—— 1.5 min
= 15004 — 1min
£ —— 40s
25 1000 20's
3 —— 155
w500 A 10's —
=
—500 -
T T T T T T T
0 1000 2000 3000 4000 5000 6000

Time [9]

Figure 5.6: Calculated net energy of a CC2640 MCU with different wake-up inter-
vals assuming 27.3 mW active power consumption, 9pW sleep power consumption,
500 pW usable power generated, and 231 ms active time.
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Figure 5.7: Calculated net energy of a nRF52840 MCU with different wake-up
intervals assuming 40.8 mW active power consumption, 2.1 pW sleep power con-
sumption, 500 pW usable power generated, and 231 ms active time.
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Discussion

This chapter discusses the different aspects that might have influenced the results,
potential improvement, and future work.

6.1 Xidas Generator

The Xidas generator was sensitive to over-excitation. The datasheet mentions that
the maximum acceleration the generators can handle is 0.9 g which they were ex-
posed to during the peaks. Omne of the generators was purposely exposed to an
acceleration of 1g. The generator had inconsistent measurements after the accel-
eration was set to 1g and also had metallic sound at higher amplitudes. At the
end of the project both the generators had the metallic sound at higher amplitude,
indicating that the generator had been damaged.

The screws used to mount the generator were plastic, which is not ideal according
to the datasheet. The datasheet recommends using zinc-coated or aluminum body
screws to mount the generator. It was also recommended in the datasheet to use
metallic plates as the surface to mount the generator, but a plastic 3D model was
used in the project. This could have affected the measurement values. The use of
adhesive glue in the generator’s threaded location was recommended to maintain a
good interface during the vibration in the Xidas datasheet. The test leads could
weigh the device down, affecting the measurements due to the additional inertia.
This could be seen on the accelerometer waveform when the test leads were not
properly installed.

6.2 Test Rig

The mechanical part was mounted on the cone of the sub-woofer using hot glue, as
mentioned in Section 4.1. When mounting, an excessive amount of glue was used,
which made the mechanical part not placed exactly 90° to the speaker surface. This
could also have affected the results taken with the test-rig setup.

The deviations in the results mentioned in Section 5.1 could be due to flaws in
the test rig. For example, the measurements were taken with the test rig placed
on a concrete floor. But, placing the rig on a wooden table would shift the center
frequency almost a whole Hertz. This is likely due to a resonant frequency introduced
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by the tabletop. Many commercial vibration testers are made of cast steel or stiff
material, while the sub-woofer is constructed from a chipboard.

The mounting consideration stated in the generator’s datasheet [21] is specific that
the generator should be mounted with metal screws, thread adhesive, and locking
washers, neither of which was fulfilled in these tests. Due to a misorder, nylon screws

had to be used.

6.3 Ethical Considerations

When used in real-world applications, the Xidas generators employed in the project
would not be particularly dependable. This was seen in the test results with two
identical generators, which showed signs of mechanical failure and altered electrical
characteristics after the tests. Applications that require vibration-based energy har-
vesting likely also require a high level of dependability. A generator should be rugged
enough to have a lifespan significantly longer than a battery. Otherwise, many ap-
plications, in other aspects suitable for vibration-based energy harvesting, may be
better served by another technology. While Xidas’ generator showed less reliabil-
ity than expected, other manufacturers seem to provide higher levels of mechanical
reliability. This can be seen in the generator’s differing maximum acceleration rat-
ings [1,4,21].

The electrodynamic generators are expensive, and the production of these generators
is not sustainable at a very large scale due to the amount of materials required. They
may, therefore, not be sustainable for many consumer applications.

Energy harvesting may be sustainable because it allows for using smaller or no
batteries. As a result, smaller amounts of ethically sensitive materials, such as
lithium, are used. However, materials are also required to produce the generators
and energy harvesting circuitry. The use of rechargeable lithium-ion batteries used in
the project has a downside. Recycling batteries is harmful to both the environment
as well as humans.
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Conclusion

This project set out to be a complete case study, implementing a vibration-powered
[oT device in a practical context. The goal was to evaluate the viability of a con-
temporary vibration-generator solution and conclude whether the technology was
viable and dependable. By the end of this project, we have confirmed what was
already documented in the literature: Vibration-based energy harvesting is a viable
energy source for low-power electronics when a well-defined vibration source exists.

The ’general’ power source, capable of being mounted on any arbitrary vibrating
equipment, which was envisioned before the project, is however, not viable. In-
stead, it is likely applicable to narrow, well-defined applications where reliability,
low maintenance, and longevity are prioritized.

Our measurements show that our theoretical device would be able to record and
transmit acceleration data for an 26 kHz FF'T every two seconds, granted an accel-
eration of 0.6 g or more at the generator’s tuned frequency.

However, we do not have any data about vibrations on specific machines. The data
sets of machine vibrations we found either have too low sample rates or do not
provide frequency data. These data sets are not helpful for our conclusion. But we
can make some conclusions from the vibration data presented in Table 2.2.

From Table 5.4 we can see that a wake-up interval of just over a minute is viable with
a resonant vibration amplitude of only 0.1g. According to Table 2.2 0.1 g would be
comparable to the amplitude resulting from a wooden deck being walked upon. So,
the device would be able to operate from a subjectively ’low’ amount of vibration.
Any machine that vibrates significantly would likely be able to power the device by
a good margin. However, this must be confirmed with real-world data, which was
not done in this project.

The amplitude of vibrations is probably not the limiting factor. Instead, it is likely
the frequency, as it is more difficult to predict. A rough estimation of the peak
frequency can be made from a motor’s rotational frequency and additional peaks
multiplied with any eventual gearing. However, this peak frequency may easily be
offset by a few Hertz from the mechanical structures on which the generator would
be mounted. The generator’s total bandwidth is very narrow at only around 3 Hz,
and competitors’ generators exhibit bandwidths between 1.6 and 4Hz [1,4]. So,
a mispositioned generator could very likely result in the majority of the available
energy being missed.

The generator’s low bandwidth requires the designer of the system to measure the
vibration’s peak frequency at the specific place they plan to mount the generator.
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7. Conclusion

This makes it challenging to know beforehand whether or not vibration-based energy
harvesting is a viable technology for a specific application. The technology requires
prior investment in vibration measurement equipment. This will likely hinder the
future adoption of the technology.

But to reiterate, the results presented in Table 5.4 did show that powering a con-
temporary microcontroller from a commercially available electrodynamic vibration
generator is feasible. It is, however, not necessarily practical as it imposes strict
limitations on sampling frequencies and the device’s placement.
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C

Appendix: Alternative nRF 52840
Power Estimations

Table C.1: Average power consumption of nRF52840 during BLE transmission
according to Nordic’s Online Power Profiler for BLE [43]. Voltage: 3.3V. Radio
TX power: 8dBm. PHY = 2 Mbps.

Phase Time [ps] | Current [mA] | Power [mW]
Radio switch 150 3.3 10.89
Radio RX 44 6.5 21.45
Radio switch 140 3.5 11.55
Radio TX 148 15.1 49.83

’ Average \ \ 7.27 \ 24.00 ‘

Table C.2: Average power consumption of nRF52840 during BLE transmission
according to Nordic’s Online Power Profiler for BLE [43]. Voltage: 3.3V. Radio
TX power: 4dBm. PHY = 2 Mbps.

Phase Time [ps| | Current [mA] | Power [mW]|
Radio switch 150 3.3 10.89
Radio RX 44 6.5 21.45
Radio switch 140 3.5 11.55
Radio TX 148 10.2 33.66
’ Average ‘ ‘ 5.77 ‘ 19.04

IX



C. Appendix: Alternative nRF52840 Power Estimations

Exported settings from Nordic’s Online Power Profiler for Bluetooth LE.

opp-params-ble.json:

{

"chip": "2",
"voltage': "3.3",
"dede": "on',

"If clock": "lfxo",
"radio_tx": "8",
"ble_type": "con",
"ble_int": "100",
"tx_size': "216",
"rx_size': "0",

"phy": "lmbps",
"slave_ latency': "0",
"central _ppm"': "20",
"peripheral ppm": "20'
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