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applications (Hadas and Singule 2011). Ambient energy is 
everywhere in the surrounding environment and it can be 
used for energy harvesting. This energy is available in the 
form of radiation (solar or RF radiation), thermal energy 
and mechanical energy of the environment or energy of 
chemical or biological sources. The first energy harvesting 
devices were developed on the beginning of new millennium 
(Paradiso and Starner 2005) and successfully tested in a lab 
condition. Only several energy harvesting application were 
successfully used in commercial applications. The energy 
harvesting source of energy is not suitable for all autono-
mous applications or wireless sensors. There are significant 
limitations in power consumption of a powered device.

Therefore there are several suitable applications in engi-
neering where the energy harvesting can be an adequate 
source of energy (Benasciutti et  al. 2010). Well-known is 
a using of energy harvesting sources in smart buildings and 
huge structures, like petrochemical industry etc. Our Uni-
versity has been working in the branch of energy harvesting 
from mechanical vibrations for 10 years under several pro-
jects with aircraft industry (Hadas and Singule 2010).

The common vibration energy harvesting application 
consists of precise mechanical part, electro-mechanical 
converter, power electronics and a powered autonomous 
application. This complex system can be perceived as the 
mechatronic system and the mechatronic approach can be 
used for a development of new vibration energy harvesting 
applications.

The mechatronic approach uses several development 
cycles in micro and macro levels and a maturity of a devel-
oped product is increased during passing of several devel-
opment cycles (Hadas et  al. 2010a, b, c). This approach 
employs modern computing techniques and simulation 
modeling of the developed device in all development 
cycles (Chen et  al. 2013; Dow et  al. 2012; Julin Blystad 
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and Halvorsen 2011). A model-based design is modern 
methodology for the development of modern mechatronic 
devices. The model-based design accelerates develop-
ment process because several development cycles could be 
realized as computational models (Grepl and Lee 2009). 
A testing sample of the developed device could be manu-
factured promptly and required properties will be verified. 
This mechatronic approach based on model was applied for 
the development of vibration energy harvester under pro-
ject ESPOSA and the used development process based on 
model is presented in this paper.

2 � Motivations

Nowadays energy harvesting technologies are used in var-
ied engineering applications (automotive, aeronautics, 
smart building, transport and heavy industry, etc.) and the 
efficiency of energy harvesting systems is still improved. 
Although levels of ambient energy are very low this tech-
nology can be used as power supply for modern low power 
electronics. A wide range of autonomous applications are 
targeted on a using of energy harvesters, including wireless 
sensor nodes, embedded and implanted sensors for medi-
cal applications, monitoring of areas and technical systems, 
etc. The energy harvesting in aircraft industry is important 
topic in recent research and development.

The aircraft industry uses usually the energy harvesting 
device as the source of autonomous energy for some wire-
less sensors (Hadas et al. 2013). There is an opportunity for 
the autonomous energy source in health and usage moni-
toring systems, shortly HUMS, and wireless sensors units, 
shortly WSU.

The developed and presented energy harvester is used to 
powering of the WSU under project ESPOSA. The WSU is 
mounted at a spot of specific vibration diagnostic, such as 
hanger, bearing, gearbox, engine, etc. This sensor could be 
powered from mechanical vibrations all time. It provides 
power requirements on the development of the vibration 
energy harvester.

This harvester will use the vibration frequency, which is 
one of a dominant operation frequency of a diagnosed or 
monitored mechanical structure. The vibration energy har-
vester is designed with respect to the WSU requirements. 
These requirements are provided by partner of project 
ESPOSA (Honeywell International) and they were used for 
the design of the vibration energy harvester.

The requirements of WSU:

•	 Operation frequency: 28.75 Hz,
•	 Acceleration peaks: 0.3–1 G,
•	 Typical power consumption: 50–70 mW,
•	 Maximal power consumption: 100 mW,

•	 Input AC voltage range: up to 19  V (operation with 
commercial power management),

•	 Maximal weight of harvester: 300 g.

3 � Used principle of vibration energy harvesting 
systems

The principle behind the vibration energy harvesting is a 
resonance operation of an oscillating mass and consequent 
an electro-mechanical conversion of kinetic energy into 
electrical energy Hadas et al. (2010). The fundamental part 
of the vibration energy harvester is a resonance mecha-
nism. An oscillation inside the resonance mechanism can 
be converted by any physical principle of the electro-
mechanical conversion. The vibration energy harvesters 
use usually principles of a piezo-electric, magnetostric-
tion, electro-static or electro-magnetic mechanical conver-
sion (Paradiso and Starner 2005). The choice of suitable 
physical principle of energy conversion is very impor-
tant for an efficient harvesting of energy. Each principle 
of energy converter is suitable for different application 
and required output power. The using of energy harvest-
ing principles was several times published, e.g. by authors 
Hadas et  al. (2010). On the base of our requirements the 
electro-magnetic principle is used due to a relatively low 
vibration frequency and high power consumption of the 
WSU. These criterions handicap other mentioned princi-
ples of energy conversion.

Energy of oscillation movement inside our resonance 
mechanism is harvested by electro-magnetic converter 
(Beeby et al. 2006). The operation of the resonance mecha-
nism with a moving magnet, which is oscillated against a 
fixed coil, is used in our design. An equivalent circuit dia-
gram and a symbolic representation of this device is sche-
matically shown on a diagram in Fig.  1 and it operates 

Fig. 1   Diagram of electro-magnetic vibration energy harvester
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correctly and efficiently only in a narrow resonance band-
width. Therefore, the design of the vibration energy har-
vester is tuned up to the operation frequency Hadas et al. 
(2009).

This mechanism is based on spring-less suspension of 
a moving mass m. The stiffness k is provided by repelled 
magnetic forces, it is shown in Fig.  2. This resonance 
mechanism is excited by ambient mechanical vibrations 
and it provides relative movement x of a magnetic circuit 
against a fixed coil (L, Rc). This movement induced voltage 
ui due to Faraday’s law.

The harvested electrical power is dissipated from the 
mechanical system and it provides electro-magnetic damp-
ing effect, which is depicted as damper be. Maximal electri-
cal power is harvested when dissipated mechanical forces 
inside the harvester, depicted as damper bm, and electro-
magnetic forces caused by damper be are in equilibrium. 
Nevertheless the vibration energy harvester has to operate 
in resonance (Fiala and Drexler 2012).

The resonance mechanism of the vibration energy har-
vester is a key element of the energy harvesting appli-
cation Hadas et  al. (2009). Our developed design of the 
harvester is based on a unique spring-less resonance 
mechanism, which provides suitable quality factor for the 
energy harvesting application. The presented and used 
unique design of our harvester is used for several years 
and a topological model, which was published in previ-
ous paper Hadas et al. (2010), is shown in Fig. 2, where 
the moving mass is designed as a pendulum with the mag-
netic circuit on a pendulum end.

The relative movement of the magnetic circuit against 
the fixed self-bonded air coil is provided by a precise bear-
ing surface in a joint. The stiffness of a springy element is 
provided by repelled forces between fixed permanent mag-
nets and a movable permanent magnet on the pendulum. 
The stiffness characteristic of the resonance mechanism is 
tuned up to frequency of vibrations. This mechanism does 

not contain any mechanical spring and overall mechanical 
damping forces are caused by friction forces in the joint of 
the pendulum. A joint design, materials and geometry have 
to be adapted in the relation with the required quality fac-
tor and the nominal level of the ambient vibration. Due to 
low mechanical damping this vibration energy harvester 
can generate more energy than a harvester with mechanical 
spring inside a resonance mechanism Hadas et al. (2010). 
An indisputable advantage of this conception design is a 
maintenance free operation.

4 � Model‑based design of vibration energy harvester

Model-based design is a method of systems development 
associated with design of complex mechatronic systems. 
This method is used in many applications like motion con-
trol, industrial equipment, aerospace and automotive appli-
cations. This model-based design method was applied for 
development of the vibration energy harvester and a test-
ing with commercial power management electronics was 
realized. The developed device is prepared for flight test as 
autonomous source of the WSU for aircraft application.

4.1 � Used mechatronic approach for design of energy 
harvester

The main aim under our development process is an opti-
mal design of a new energy harvesting device with required 
output parameters for powering of the WSU. The choice 
of the suitable energy harvesting method and harvester 
design is very important for efficient harvesting of energy 
Hadas et al. (2009). The maximal volume or weight of the 
energy harvester is usually another limiting factor of using 
this alternative source in aircraft applications. Therefore, 
the design of the vibration energy harvester has to be opti-
mized to maximal efficiency and required power. An over-
sized harvester is inadmissible in aircraft applications, for 
that reason our mechatronic team used a modern model-
based design method, which is well-known in mechatron-
ics, to improve a development process of energy harvester 
systems (Hadas et al. 2012).

Here considered methodology describes the whole 
development process of our mechatronic system based on 
model. The design of this new vibration energy harvester 
can be described as a development process with frame-
works of mechatronic approach. The used development 
process of the presented harvester is shown in Fig. 3.

The first development cycle of developed harvester 
started with basic linear analyses of energy harvesting 
methods and the electro-magnetic principle of electro-
mechanical conversion was used. On the base of these anal-
yses the principle and design of our resonance mechanism 

Fig. 2   Topological model of resonance mechanism with electro-
magnetic converter
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was used for this task. The first step of the development 
process included initial dynamic analyses of the vibra-
tion energy harvester, which is based on the simple linear 
model which is shown in Fig. 1. The simple requirements 
of harvested power is applied and validated. On the base 
of this validation this model shows that our concept of the 
vibration energy harvester is applicable for efficient energy 
harvesting.

There are several additional development steps and 
cycles which improve the models and products of the 
vibration energy harvester development process on the 
base of output requirements. These development steps are 
described in this paper and thereafter a developed sample of 
the vibration energy harvester was tested; excited by vibra-
tion of a lab shaker and excited by mechanical vibration of 
a flexible structure with a commercial power management.

The development process based on the presented 
mechatronic approach can continue to improve the har-
vester design. On the base of flight tests harvester param-
eters can be redesigned for efficient energy harvesting in 
aircraft applications. This upcoming process can used our 
verified model-based design and the validated harvester 
parameters will be redesigned very quickly for efficient 
energy harvesting and powering of the used WSU. Never-
theless there is space for the optimal design of the whole 
wireless application (harvester  +  sensor). This complex 
mechatronic system can be developed together and cer-
tainly the more efficient application will be developed.

4.2 � Simulink model

The Simulink is basic and useful mechatronic environment 
which can be used for a support of the model-based design 

of our vibration energy harvester (Hadas et al. 2007). The 
resonance mechanism is modeled as the second order dif-
ferential equation which is excited by acceleration of ambi-
ent mechanical vibrations. This model was several times 
presented Hadas et  al. (2010) and it corresponds with 
Fig.  1. The resonance frequency is tuned up by magnetic 
stiffness and this model has to be analyzed by a finite ele-
ment model of repelled magnets. The resonance behavior 
is affected by quality factor of the harvester mechanism. 
The electrical model is based on Faraday’s and Kirchhoff’s 
circuit laws and these models are integrated in Simulink 
model, Fig. 4. The harvesting of electrical power provides 
feedbacks to the mechanical model as electro-mechanical 
dissipation of energy and it is presented in the paper by 
Hadas et al. (2010).

This model respects the fact that maximal electrical 
power is harvested when dissipated mechanical forces 
inside the harvester and electro-magnetic forces are in 
equilibrium. Harvested power depends on a level and fre-
quency of mechanical vibrations Hadas et al. (2010). How-
ever, harvested output power significantly depends on an 
electrical load which represents the power management 
circuit with the energy storage element and an electrical 
load.

This described model, which is shown in Fig. 4, can be 
analyzed as the simple linear model for initial harvesting 
analyses. There are several independent parameters of the 
vibration energy harvester design and this model can be 
used for optimization studies with the aim of maximal har-
vested power with minimal volume and harvester weight 
Hadas et al. (2009).

The individual Simulink sub-models and its parameters 
are validated and verified during development process and 

Fig. 3   Development process of 
vibration energy harvester
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improved during individual goes through development 
cycles of the V-model. Finally this presented model can 
credible simulate behavior of the harvester during exciting 
of a real vibration model, which can be measured on the 
real vibrating mechanical structure Hadas et al. (2010).

Therefore, the model-based design of the energy har-
vesters is very useful in development process of these 
devices. Harvested power can be calculated in time domain 
before manufacturing of the harvester. Harvested energy 
can be validated and the using of the appropriate WSU with 
or without a backup battery can be decided. On the other 
hand the result of this analysis can make a decision whether 
a using of the energy harvesting application is not realistic 
or reasonable.

4.3 � Optimization study of harvester model

The aim of an optimization study in our energy harvest-
ing application is proposal of harvester parameters which 
guarantee prescribed requirements (output power, voltage, 
etc.) during excitation by the model of ambient mechani-
cal vibrations. This study can be realized with the harvester 
model, Fig. 3 and an appropriate optimization method has 
to be used.

The harvester model for the optimization study has sev-
eral dozen parameters, which represents geometry of the 
harvester design, weight and volume, parameters of perma-
nent magnets, coil parameters, electronics and other vibra-
tion energy harvester parameters. The using of traditional 

optimization methods with several parameters is very dif-
ficult. However, the optimization tool based on artificial 
intelligence can be useful for this complex study.

An optimization tool “self-organizing migrating algo-
rithm”, shortly SOMA, was employed during our develop-
ment process (Hadas et al. 2011). This optimization tool 
SOMA can be used for global optimization of the most of 
the harvester parameters. The optimized parameters have 
to be limited in adequate range, which is in accordance 
with reality. The parameters of vibration conditions and 
required parameters put on this energy harvesting device 
are inputs to the SOMA. The requirements can include 
maximal volume, weight, minimal output voltage, etc. 
These requirements are solved as a fitness function dur-
ing simulations of the harvester model. The value of the 
fitness function is calculated from the model, Fig. 3. The 
model with non-linear stiffness, which correspond with 
repelled magnets models, was used. This model provides 
realistic response of the resonance mechanism and any 
notional harvested power is not solved during the opti-
mize analysis.

The tool SOMA and its using in energy harvesting 
applications were published in the paper by Hadas et  al. 
(2012). The using of this tool for the optimization study 
of the energy harvester was performed. Technical require-
ments and the harvester model were used for the solving 
of optimal parameters and the calculated parameters are 
used for a validation under our mechatronic development 
cycle, Fig. 3.

Fig. 4   Simulink model of 
vibration energy harvester
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4.4 �CA D redesign of optimized parameters

A vector of optimized harvester parameters can be used 
for an automatic generation of a CAD model of the opti-
mized vibration energy harvester in CAD environment. 
This approach of the automatically generated CAD model 
can provide the ideal harvester model. However, this CAD 
model has to be validated and redesigned with respect to 
engineering approach and permanent magnets have to be 
designed in accordance with an offer of the market.

The modified CAD model of the vibration energy har-
vester, which has assumption of the most nearby optimal 
behavior, was created and it is used for these additional 
analyses in model-based design process. This CAD model 
of harvester operating parts with descriptions of functional 
parts is shown in Fig. 5.

The CAD model can be used for finite element meth-
ods, shortly FEM, analysis and it provides useful tools in 
development process of the vibration energy harvester and 
consecutively the efficient energy harvesting device can 
be developed (Serre et  al. 2008; Ralib et  al. 2012; Salim 
et  al. 2012). Ansys Maxwell environment was chosen for 
magnetic analyses and the results are presented for our 
developed vibration energy harvester. There are analyses of 
magnetic stiffness of the spring-less resonance mechanism, 
analysis of magnetic field through the coil and an induced 
voltage simulation is presented.

4.5 � FEM model of magnetic stiffness in Ansys Maxwell

The optimization study does not calculate parameters of 
permanent magnets which provide magnetic stiffness. 
The CAD model provides the moving mass model and the 
design and parameters of spring-less stiffness has to be 
determined on the base of operating resonance frequency. 

The ratio between magnetic stiffness and the moving mass 
of the final CAD model has to correspond with operation 
frequency 28.75 H z. The stiffness ratio corresponds with 
magnetic forces of stiffness permanent magnets. Required 
stiffness 11.0 N /rad are calculated in accordance with 
operation frequency 28.75 H z and the mass model. Mag-
netic stiffness is designed using magnetic analysis in FEM 
environment.

Magnetic repelled forces depend on dimension, geom-
etry and materials of used rare earth magnets. Dimensions 
and material of stiffness magnets are chosen and the geom-
etry is analyzed on the base of the magnetic study of the 
FEM model of moving parts. It provides a simple optimiza-
tion study and during several steps of FEM analyses and 
final dimensions, material and geometry is solved. The final 

Fig. 5   CAD model for FEM analyses of vibration energy harvester Fig. 6   FEM characteristic of stiffness model of vibration energy  
harvester

Fig. 7   Detail of magnetic flux density in x direction at place of coil 
area cross-section
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position and dimension of stiffness magnets is shown in 
Fig. 5 and the stiffness characteristic is shown in Fig. 6. It 
provides linear stiffness of the moving pendulum in range 
±0.04 radians and it is in accordance with the required 
value. The moving close to construction limits provides 
non-linear stiffness and its influence was presented in the 
paper by Hadas et al. (2010). Due to nonlinear stiffness of 
the spring-less mechanism the operating bandwidth can be 
significantly extended.

4.6 � FEM model of magnetic flux in Ansys Maxwell

Magnetic flux in the FEM model was analyzed. An accu-
racy of the FEM model depends on an appropriate mesh 
of the air and harvester parts. Results of this magnetic flux 
density analyses in the coil area are used as a precise input 
of the mechatronic model in Simulink, which simulates 
induced voltage due to Faraday’s Law. The detail of mag-
netic flux density through the coil area is shown in Fig. 7. A 
spread of magnetic flux density through coil during moving 
of the pendulum with the magnetic circuit affects amplitude 
and shape of induced voltage. This graph of magnetic flux 
density vs. moved angle is shown in Fig. 8. The harvester 
construction limit of the moving pendulum is ±5° and the 
moving of the magnetic circuit is shown in range of typical 
operation ±4°.

4.7 � Final mechatronic model

The simulation modeling of the designed electro-magnetic 
vibration energy harvester provides very important steps in 
the process of the model-based design of the used harvester. 
FEM models of this mechatronic device in Ansys Max-
well environment provides the useful tool for improving of 

energy harvesting models and the more efficient harvester 
can be developed.

There is several development cycles of the model-
based design described above, which leads to the final 
CAD model of the developed vibration energy harvester. 
The developed harvester has the self-bonded air coil with 
650 turns and inner resistance of the coil model is 80 Ω. 
The coil is wounded by a copper wire with diameter 
0.28  mm. The maximal induced voltage of this model 
is 16  V and expected maximal output power is around 
90 mW. The sensitivity of this harvester to excited vibra-
tions has to be tested and verified on the base of a quality 
factor testing.

The last step in the model-based design process is the 
design of a harvester frame for assembling of operating 
parts and it is designed with respects to the harvester opera-
tion, assembling and fixing of the harvester. The final CAD 
model and dimension of the frame are shown in Fig. 9. The 
fixed parts of the harvester and the plastic frame will be 
glued. The developed vibration energy harvester has weight 
285 g.

Fig. 8   Average magnetic flux in coil area vs. position of magnetic 
circuit

Fig. 9   Final CAD model and dimensions of vibration energy  
harvester
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4.8 �R apid prototyping and assembly of harvester

The design of this harvester is based on a rapid prototyping 
technology for manufacturing of the plastic frame (Hadas 
et al. 2008). This technology is very useful for developing 
of new mechatronic systems and it is absolutely in accord-
ance with idea of mechatronic approach due to very fast 
manufacturing on the base of the CAD model. Plastic parts 
of the frame are assembled with aluminum parts and per-
manent magnets to the correct position and glued together. 
The moving mass is placed as the pendulum between stiff-
ness magnets and the pendulum is placed in a revolving 
joint. The pendulum joint is provided by friction bearings 
in aluminum part of the frame. The magnetic circuit is 
assembled on the end of pendulum. The copper coil with 
wounded 600 turns and inner resistance 76  Ω is placed 
inside the magnetic circuit with permanent magnets and 
glued to the plastic frame. The assembled device without 
cover is shown in Fig. 10.

5 � Verification of harvester model

5.1 � Verification of resonance mechanism

Resonance frequency is fundamental for correct operation 
of the vibration energy harvester. Resonance frequency is 
determined by stiffness and mass ratio. The model of mag-
netic stiffness was solved by the Ansys Maxwell model, 
Fig.  6, and real magnetic stiffness had difference in the 
assembled device and frequency of harvester response was 
26.3 Hz. It can be caused by a non-accurate model of mag-
netic materials and the magnetic stiffness model was veri-
fied for future correct solution.

The magnets were tuned up to the correct position for 
required operation frequency. The operating frequency was 
observed on the base of the measured voltage response. The 
measured voltage response of the final tuned up harvester is 

shown in Fig. 11 and frequency of the measured response 
is 28.8 Hz.

5.2 � Verification of quality factor

Harvested power depends on a level and frequency of 
excited vibration and moving mass. Harvested power is 
affected by dissipation of mechanical energy during excited 
oscillation. Dissipating of mechanical energy inside the res-
onance mechanism is usually presents as mechanical qual-
ity factor. A model of quality factor has to be verified on 
the base of real measurements of the assembled harvester. 
During development process quality factor of the resonance 
mechanism was estimated from the resonance mechanism 
with similar size and operating frequency Hadas et  al. 
(2010). The presented design of the resonance mechanism 
can operate with the quality factor in range 50–300. Qual-
ity factor of our resonance mechanism is affected by used 
materials and it has to be verified for the next development 
cycle and the validation of the present model.

Quality factor can be estimated from mechanical 
response of the vibration energy harvester. It means that 
the harvester is excited by a mechanical shock or an ini-
tial displacement of the moving pendulum and the volt-
age response is observed. Quality factor of our resonance 
mechanism is non-linear due to friction forces and its value 
is varied. For our model-based design is used only the lin-
ear model which respects average oscillation of the mov-
ing mass and it very well describes the model of the energy 
harvesting device Hadas, Singule and Ondrusek (2010).

The value of quality factor depends on several param-
eters; used materials of friction bearings, magnitude of 
axial and radial magnetic forces which affects friction in 

Fig. 10   Test sample of vibration energy harvester

Fig. 11   Measured response of vibration energy harvester—frequency 
28.8 Hz
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the joint etc. This problematic is very complex nevertheless 
verified quality factor from the harvester response is suit-
able for energy harvesting model. There are two responses 
shown in Fig. 12, the first response has time around 4 s and 
the second response has time around 8 s. The first response 
was measured immediately after assembling of the har-
vester mechanism and the second, longer, was measured 

after several hours of the testing of the vibration energy 
harvester under resonance exciting in our lab. The influ-
ence of friction forces after assembling is evident and it 
affects the resonance amplitude and consecutively har-
vested power. After more than 2 h of operation in resonance 
operation a change of a time response was not observed. 
The quality factor, which corresponds with 8  s response, 
is in range 150–200. This value is depended on oscillation 
amplitude and the average linear quality factor with value 
175 was used for modeling of the harvester mechanism in 
the Simulink model.

6 � Tests and measurement of vibration energy harvester

Maximal electrical power is harvested when dissipated 
mechanical power inside the harvester mechanism and over-
all electrical power are in equilibrium. The main problem is 
nonlinear behavior of electronics (rectifier, power manage-
ment electronic, etc.) as well non-linear quality factor.

Therefore, the vibration energy harvester with a pure 
resistance load and a rectifier with a resistance load were 
tested and results are compared. The equivalent circuit dia-
grams of measurements are shown in Fig. 13. The vibration 
energy harvester was excited by sinusoidal mechanical vibra-
tions with resonance frequency 28.8 H z. The varied ampli-
tude of excited vibrations was used during this shaker test.

Fig. 12   Response of vibration energy harvester for initial displace-
ment

Fig. 13   Equivalent circuit 
diagram of used tests: a pure 
resistance load, b rectifier with 
resistance load
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A voltage–ampere characteristic for the measurement 
with the pure resistance load and the characteristic of har-
vesting affected by rectifier are shown in Fig. 14. There are 
shown two levels of excited vibrations, with the amplitude 
of acceleration 0.2 and 0.3 G. The influence of harvested 
power by the rectifier is evident. It is caused by non-linear 
behavior of the rectifier it has positive effect to harvesting 
of energy.

The same measurements are shown in Fig.  15 and this 
graph represents an influence of the resistance load to out-
put power. The influence of harvested power by the rectifier 
is evident too. The rectifier allows higher oscillating move-
ment inside the harvester mechanism due to non-linear cur-
rent flow during oscillation and the important knowledge is 
showed that the rectifier shifts optimal resistance load against 
the measurement with the pure resistance load. The very 
important note in this case is that the inner resistance of the 
used air coil is 76 Ω. The shown optimal power point cor-
responds with knowledge that maximal power is harvested 
when both electrical and mechanical damping are equal.

The optimal power point is shifted with the acceleration 
amplitude of excited vibration. It is shown in Fig.  15 but 
for lower vibration amplitude (0.2 and 0.3 G) it is not sig-
nificant. A dependence of output power vs. vibration ampli-
tude is shown in Fig. 16. There is only the pure resistance 
load was connected. This graph is shown for the optimal 
power point in each vibration level of acceleration. Excited 
mechanical vibrations over amplitude 0.4  G shift optimal 
power point around the resistance load 500 Ω due to opera-
tion close to the construction limit.

Other dependence of output power vs. vibration ampli-
tude, which is shown in the voltage–ampere characteristic 
in Fig. 17, provides information about output power for the 
constant resistance load 1,400  Ω. In comparison with the 

previous Fig. 16 is evident that for efficient energy harvest-
ing the power management electronics has to shift with the 
optimal power point on the base of level of excited vibrations.

Fig. 14   Voltage–ampere characteristic of tested harvester
Fig. 15   Optimal output power point

Fig. 16   Output power vs. vibrations amplitude; optimal resistance 
load

Fig. 17   Output power and voltage–ampere characteristic vs. vibra-
tions amplitude for resistance load 1,400 Ω
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7 � Test of harvester with power management

Our developed vibration energy harvester was tested with 
commercial power management circuit. The power man-
agement electronics MAX17710 was used and it provides 
a complete system for charging and protecting micropo-
wer-storage cells such as THINERGY cell. This electron-
ics can be used to manage poorly regulated sources such 
as our harvester with output levels ranging from 1 μW to 
100 mW. An internal regulator protects the cell from over-
charging. The schematically depicted testing assembly is 

shown in Fig. 18 and picture of this assembly is shown in 
Fig. 19.

This vibration energy harvester was tested with real 
vibrations on a flexible lab beam and vibrations were 
excited by a DC motor with a non-balancing rotor. Fre-
quency of mechanical vibrations was controlled by CD 
motor voltage and an operation of the whole energy harvest-
ing application was observed. This test was used without 
any connected wireless sensor and only the influence of the 
battery charging was tested. It was compared with voltage–
ampere characteristic measured with the resistance load. 
The comparison of both measurements is shown in Fig. 20.

Fig. 18   Energy harvesting application of WSU with commercial power management

Fig. 19   Picture of vibration energy harvester with power manage-
ment

Fig. 20   Energy harvesting test with resistance load and with power 
management MAX17710
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The operation of the developed vibration energy har-
vester with the commercial power management circuit 
causes higher output power than operation of this device 
with the optimal resistance load due to non-linear behavior 
or the used power management electronics. It corresponds 
with lab results shown in Fig. 15.

The test was repeated and performed with the discharged 
battery and the charging time was measured. This energy har-
vesting application can charge up used discharged battery, 
Fig. 19, approximately during half hour. The excited mechan-
ical vibrations of the flexible lab beam were on 30 % of full 
performance of the harvester operation during this test.

8 � Conclusions

The aim of this paper was summarized the mechatronic 
approach which was used for the development of the pre-
sented vibration energy harvester. The development pro-
cess of this mechatronic task is based on the model-based 
design. This modern methodology is very useful for devel-
oping of new vibration energy harvesters and it can be used 
in other energy harvesting application, e.g. thermo-electrical 
generators (Ancik et al. 2013). It is useful for a development 
of practically all devices with multidisciplinary orientation.

The next step in our project will be using of this meth-
odology for development of the whole system of energy 
harvester with the wireless sensor. It promises reducing of 
WSU power consumption with respect to operation with 
energy harvester. Therefore, the WSU developed under 
project ESPOSA can operate effectively as an autonomous 
unit with the vibration energy harvester.

This methodology can save time and total costs during 
development process of such vibration energy harvester 
and WSU. On the base of customer’s requirements our 
model-based design of the vibration energy harvester can 
be used, optimized and redesigned not only for future air-
craft applications. The test of power management shows 
potential of this application not only for wireless sensors.
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