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Abstract. This paper proposes a novel environmental energy harvesting process. The source of energy consists
of the electromagnetic (EM) noise emitted by the frequency converter system (inverter) and the harvester is
composed by a monopole antenna and a full rectifier circuit. The operation of the frequency converter using
MOSFET and IGBT switchers produces parasite currents in high frequency (100 KHz to 30 MHz) which are the
principal cause of radiated EM noise. We have demonstrated that we can convert this EM noise into useful
electrical energy to power wireless sensor nodes (WSNs) and other electronic devices. Experimentally, the EM
noise is produced when the system “frequency converter + charge” is in operation mode. Moreover, the harvester
has produced an uninterrupted power of 40mW measured in accredited ISO/IEC 17025 laboratory.
Furthermore, we have presented the output power of our device stored in 1 pF capacitor with demonstration
examples of loading charges. These results offer opportunities for self-powered WSNs and electronic devices on a
very large area of industrial applications with less use of conventional batteries.

Keywords: Frequency converter systems / EM noise harvesting energy / self-powered devices

1 Introduction

Micro-energy harvesting technique is a process wherein the
environment sources such as wind flow, sun radiation,
vibrations, temperature gradients, light, etc., are con-
verted using the same active sensing process to obtain small
levels of output currents or voltage and then the resulting
power will be in the range of wW to mW. Major benefits
include battery-less operation, exploiting free ambient
energy, enabling otherwise impossible applications like
permanently inserted sensors inside building walls and
human body, etc. But still the major inconvenient of these
alternative sources is the interruption of power generation
due to the interruption of the source of energy (very low
velocity of wind, no vibration, no sun, light off, constant
temperature, etc.) [1-11].

In the same context, researchers have studied the
harvesting of radiated electromagnetic (EM) energy con-
tained in radio frequency (RF) signals from RF transmitters
like Wi-Fi routers, TV towers, Cellular stations, Satellite
transmitters, FM or AM Radio transmitters and more. The
major advantage of this technique is the no-interruption of
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the energy source. In fact, it has been found that radiated
electromagnetic radio frequency energy (EM-RF) harvest-
ing can be one of promising alternatives to obtain energy to
power wireless sensors without dependence on environmental
parameters like wind flow, temperature gradient, sun, etc.
[12-19]. In this direction, researchers have developed the
radiated EM-RF energy harvesting systems, which are
composed by antenna, impedance matching circuit, rectifier,
and the energy storage device or load [20-25]. Also, many
works have been then focused on the improvement of the
EM-RF output harvester systems [26-28]. The results are
very promising but still the major inconvenient is that the
output power of this technique does not exceed hundreds of
wWatts because their sources of energy are relatively low
(Wi-Fi emission, telecommunication station, radio emission
station, satellite transmission, etc.) [29-33].

The novelty of this work is the valorization of another
ambient radiated EM energy much more powerful than the
radiated EM-RF energy which is the EM noise produced by
the frequency control of the electrical power converters
(inverters). In fact, frequency power converters are the
components that permit the conversion between ac and dc
power systems in both ways using frequency control
technique such as Pulse Width Modulation (PWM) and
IGBT-MOSFET switchers, inducing a very important EM
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Fig. 1. Electric schema of 3 phases frequency converter.
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Fig. 2. Output voltage and current from one phase of the frequency converter.

Noise energy related to the common-mode and differential
mode current [34]. This radiated EM noise has been studied in
the field of Electromagnetic Compatibility (EMC).
Researchers and engineers have developed different filtering
and shielding techniques neutralizing the emission of EM
noise in the high frequency level to avoid interference with
other electronic devices [35]. In fact, these studies ware
focused on the elimination of the produced EM noise from
30MHz to few GHz [36]. Thereby, we have focused in our
study on the valorization of this radiated EM noise under
30MHz. Therefore, we have showed in this paper the first
results proving the effectiveness of this energy source to power
many electronic devices such as the wireless sensors, actuators
and also other electronic devices in aim to minimize the use of
batteries. The experiment and measurements highlighting
this approach is conducted in an ISO/IEC 17025 accredited
laboratory. The antenna will be the transducer that captures
the EM noise energy followed by the rectifier circuit which
produces a continuous voltage. In the following, the different
stages of this process will be described as well as a discussion of
obtained results and potential applications will be presented.

2 Frequency converter systems outputs
and em noise enhancement factors

2.1 Frequency power converter system

The main frequency converter structures that can be found
are:

— AC-DC or DC-DC power supply, their power are from
10W to a few kW, the operating frequency is between
10Hz and 100 kHz.

— Voltage inverter, they are used for actuators electric or in
combination with generators for generating AC voltage.
Their power are from a few kW to a few hundred kW, the
switching frequencies are in the range from 10 to 20 kHz.
In this type of configuration, the converter can be distant
from the charges by several tens of meters.

All frequency converter systems use semiconductor
switchers which are driven by wvarious modulation
techniques (pulse width modulation PWM, space vector
modulation SVM, etc.) [37]. So, the main switch is
controlled by modulation function which modulates the
power transfer to the charge (Fig. 1).

Figure 2 shows the output voltage and current of one
phase of the frequency converter presented in Figure 1. We
can see that the voltage output v is the result of the
switches controlled in opening and closing by modulation
functions (Fig. 1). The form of the current ¢ is the result of
the smoothing performed by the charge. Hence, the real
waveforms of the converters outputs voltages and currents
are non-sinusoidal and contain harmonics. These harmon-
ics will be at the origin of high frequency parasite currents
and EM noise [38,39].

Thus, the search for miniaturization of the converter
devices has led to the development of semiconductors
whose frequency of work has not stopped to increase:
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currently a DC-AC power supply operates at 500kHz
whereas 10 years ago the frequency was more like 20—
50 kHz. This trend continues and we see advertisement for
devices switching at 3 MHz. This evolution has been made
possible through better process control technologies for
manufacturing power components and innovative topolo-
gies (COOLMOS, IGBT Trench, etc.) and the use of
different materials such as Sic [40].

2.2 Diversity of areas of use

The areas of applications where inverters are used
multiplied during the last three decades. We passed of
applications limited to the field of railway traction
(thyristors, GTO) and variable speed drives in industrial
environment (bipolar transistor and diode inverter fast
feeding synchronous and/or asynchronous motors) or
induction heating to applications generalized in the field
of transport: automobile, aeronautics, home automation,
personal computing, fluorescent and now LED lighting
and renewable energy. Evolution technological has
selected components with an insulated grid, easy to
control and having either conduction through electric
field (MOSFET) or conduction by field and by diffusion
(IGBT). They also are used in high voltage in reducing
switching times. The use of these components allowed a
strong increase in frequencies switch allowing miniaturi-
zation of devices static conversion, thus promoting
their use. Similarly, the reduction in switching times
has allowed reduction of losses, also favoring
reduction volume. However, these advantages find their
limitation in the strong EMC constraints that they cause
[40,41].

2.3 Origin of current parasite generation

Frequency power converter systems (inverts) is based on the
principle of the switching cell: it is the association of two
switches that allow energy management between an input
voltage source and a current source of outlet. So, to reduce
losses during the switching process, it is necessary that the
switchers of the frequency converter be very fast. Currently,
the order of size of the switching gradients is around 100 at
1000 A/ws for dI/dt and from 5 to 50kV/us for dV/dt.
According to the literature, these switching process produce
two type of parasite currents: the differential mode current
Ipy and the common mode current Iy (Fig. 3). Researchers
have proved that the common mode current Iy is the
principal source of the high frequency parasite currents and
not the differential mode current Ipy [42]. In fact, Aime et al.
[43] showed in Figure 4, as a result of switched voltage in
yellow color in IGBT switcher, the production of common
mode current Icy equal at 130mA in green color for a
switching time equal at 300ns and the production of
differential mode current Ipy; did not exceed 10 mA in black
color. This current will be the main origin of EM noise
radiation presented in Section 2.4.

2.4 Source of radiated EM noise

A radiated electromagnetic noise comes from one or both of

the following processes:

— The alternating current flowing in a loop generates a
magnetic field oscillating near the loop. When the
magnetic field propagates away from the source, the
energy turns into an electromagnetic wave with an
electric field perpendicular to the magnetic field.
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— The alternating voltage appearing on a conductor
generates an electric field oscillating near the conductor.
The field is mainly electric, but as the distance from the
conductor increases, the electric field propagates away
from the conductor and the energy is transformed into
electromagnetic wave. Part of the electrical energy is
converted into a field magnetic perpendicular to the
electric field.

By way of illustration, Figure 5 shows these phenomena
in one switcher of the frequency converter connected to a
stabilizing network line impedance (RSIL) and in a charge
modelized by resistance R and inductance L: in the mesh
surrounding the hatched area, the current I, undergoes
very rapid variations in high frequency; the loop thus
formed is similar to a magnetic radiating dipole (Fig. 5a). In
addition, the conductors shown in blue are subject to
strong variations in voltage V}, they constitute an electric

radiant dipole and can transmit to earth impulse currents
I via stray capacitance symbolized by C, between the
device and the earth (Fig. 5a). Thus, these high frequency
variations in the nominal current I, and nominal voltage V},
produce an important current parasite which is the
principal source of EM noise radiated energy (Fig. 5b).

Therefore, frequency power converter systems contain
elements capable of behaving like transmitting antennas
such as AC-DC converter stage, control stage, switchers-
fan stage (Fig. 6). In addition, these elements can
unintentionally transfer energy through electrical/mag-
netic circuits (near field coupling) or electromagnetic
waves (far field coupling) and the sources interfere with
each other giving rise to complex effects of inter-
modulation [42-50]. So, we can exploit the radiated EM
noise energy of the inverters to valorize it in powering
small electronic devices.
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2.5 EM noise harvester design

For EM noise harvesting, different antennas (or rectennas)
are used to capture electromagnetic signals emitted from
sources like mobile phones or radio stations, which are then
used to power small electronic systems [51,52]. In our case,
the main radiated EM noise is produced by the common
mode current Ioy of the inverter [53]. The frequency of this
EM radiation varies from 1 MHz to 10 MHz (Fig. 6) which
implies EM waves with wavelength from 300 m to 30 m.

For our first study, we chose to harvest this EM noise
using a monopole antenna which is one half of a dipole
antenna. In fact, a dipole antenna has two halves, while a
monopole model replaces one of the halves with an
electrically conductive surface known as the ground plane,
which behaves like the other half of a dipole antenna
(Fig. 7). With a large enough ground plane, the monopole
antenna can be as strong as the dipole antenna [54].

Therefore, the first pole of our developed antenna is an
aluminum scotch ribbon, and the second pole is the ground.
The use of the metal scotch ribbon has several advantages:
very cheap, can be installed in different ways and geometry,
very discreet, heat and humidity resistant and not bulky.
This antenna will be related to a full-wave rectifier circuit
RB142 and a charging capacity by a regular TV coaxial
cable (Fig. 8 and video M1, M2 and M3).

2.6 Experimental study

The experimental study was done in an accredited ISO/
CEI 17025 v2017 wind tunnel laboratory made for
anemometer calibration [33]. The choice of this labora-
tory was done to be sure that the installation of the
converter and the charge respects the EMC standards
and the EM noise produced will be optimal. This wind
tunnel is equipped with a 30kW three phase motor
controlled by Sinus-K Santerno frequency converter.
The nominal current and voltage of this system is 30 A
and 100 Volts by phase. Figure 9 explain the process of
our EM noise harvester: the EM noise produced by
the whole system of the inverter and the charge will
produce the EM noise which will be captured by the
antenna and transformed to DC output using the rectifier
circuit.

To study the signal of our EM harvester, we have used
the oscilloscope MS02024 and the output signal is
displayed in the oscilloscope and in the PC in the same
time. Thus, the EM noise will be harvested by our antenna
and the full-wave rectifier will deliver a continuous voltage
signal as long as the motor controlled by the frequency

converter is running even at very low speed (video M1, M2
and M3).
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2.7 Characteristic of the received Signal

We, first, have studied the characteristics of the signal
delivered by the antenna based on aluminum scotch ribbon
with 10m length and measured across a resistor of 10 kQ)
(Fig. 10a).

Figures 10b and 10c illustrate the shape of the signals
obtained using LABVIEW interface (video M1). The
measurements of the output signal are, considering the
average of the peaks (Fig. 10b), 16 Volts which means
1.6 mA current and 25 mW output power.

We underline that the shape of the measured signal is
very similar to the shape of the signal of the common mode
current Ioy presented on Figure 4 thus showing that the
noise EM collected by the antenna is no other than the
image of the transient Icy current generated by the
frequency converter switches and characterized by
decreasing peaks after 10 ps.

3 Results
3.1 Energy storage

In a second step, we have studied the output signal
(Fig. 12) of the antenna with the full-wave rectifier circuit
(Fig. 11). We notice that the full wave rectifier circuit
eliminates the negative part of the signal seen in
Figure 10b. For more illustration we add to our developed
EM noise harvester a white LED. We clearly observe the
light of the white diode (Fig. 13 and video M2).

This charge generated from EM noise can be stored in a
load capacitor Cf, using the full-wave rectifier circuit
(Fig. 14a). We have used a conventional full-wave rectifiers
RB142 composed by 04 diodes p-n junction and 1pF
capacity. The energy loss of this type of rectifier
is evaluated by 35% of the input energy from the
antenna [51].

Thus, and during the positive signal two forward-biased
diodes (D1 and D3) let the generated current flow through
and charge Cp,.. The remaining two diodes (D2 and D4) are
reversed-biased and block the current flow. During the
negative signal the direction of the generated current is

reversed, and CY, is charged through D2 and D4. Then, the
voltage Vj across Cp, and the stored energy will increase.
We assume the signal is periodic (Fig. 10b and video M3)
and that the generated charge is always the same value of
@. Then, at each new cycle, @ is redistributed among Cr..
Assuming ideal diodes (zero voltage drop when forward
biased and no current under reverse bias) and no leakage
current, at an arbitrary cycle N we get (Egs. (1)—(4)):

Q+QL(N —1)=Qr(N), (1)
QL(N) =Vo(N) * Cy, (2)
QLN —1) =Vo(N -1) xCy, (3)

where () is the charge delivered by the antenna and the
rectifier circuit in one cycle, Qn(N — 1) is the charge
harvested in the capacity Ct, after N — 1 cycles, Qr(N) is
the charge harvested in the capacity Ct, after N, V(N — 1)
is the voltage of the capacity Ci, after N — 1 cycles and
Vo(N) is the voltage of the capacity Ct after N cycles.

Then, we can have the relation between V; and @ in
equation (4):

Vo(N) =N =*Q/Cy. (4)

Thus, larger values of C, permit to store more energy.
However lower values of Cf, lead to a faster increase of Vj,.

The charge generated from EM noise can be stored in a
load capacitor Cf, (Fig. 13 and Attached Movie M3). The
stored energy in Cf, is given by equation (5):

1

where F,, the energy harvested in the capacity Ci, after N
cycles.

Figure 14b illustrates the obtained and measured DC
voltage in the 1 pF capacitor Cr. The value of Vj is about
20 Volts for 13m antenna length, indicating an uninter-
rupted important power as long as the frequency converter
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and the motor are in ON mode. For a more quantitative
study we have used our developed EM noise harvester to
evaluate the energy production of the antenna and its
evolution as a function of the antenna length. Figure 15
shows an increasing of the stored energy when the
antenna is much longer. We notice that from 13m
antenna length the power output is saturated. This result
is explained by the fact that the frequencies of EM noise
radiations produced by the used frequency converter
system don’t exceed 6 MHz. The shape of the obtained Vj
signal is quite similar to those obtained on previous
works [22-44].

We have created an energy harvester that use EM noise
energy generated by the frequency converter to serve as a
source of electricity via scotch ribbon used as monopole
antenna. Successfully, our energy harvester repeatedly
generated electricity using the EM energy waves. The V..
was 20 Volts and the I, was 4mA. The output voltages
are function of the length of the antenna (Fig. 15). In fact,
to harvest the entire EM energy the antenna must have the
length at least of 1/10 (A is length of the EM wave) [48].

The effect of the distance from the source of the EM
noise on the output of the harvester was also studied. In
fact, the amount of energy that the EM harvester can
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Table 1. Comparison between different techniques used
to power small electronic devices with our developed EM
noise harvester.

Technique for micro energy Maximum power

harvesting output
Pyro-electric [42-55] 1.47mW /cm?
Piezo-electric [56] 5mW /cm?
RF-EM [44] 40 pW
Mechanical [51] 10 mW

Solar [51] 50 mW /cm?
Micro turbine [51] 8 mW

Our developed EM noise 40 mW

harvester technique

receive is given by a combination of parameters including:
the distance between the EM noise source and the energy
harvester, the frequency of the EM noise, the power
transmitted by the source of the EM noise. In our case, only
the distance changes and the radiated EM received power
can be estimated using the Friis equation (6) [34]. Thus, to
have an efficient output, the harvester must be placed in a
proximity of the EM noise source, and we can have an
important radiated power sufficient to supply the wireless
sensors, actuators and small electronic devices (Fig. 16).

_ PG,G,2?

6
@R (6)
where P,: power at the receiving antenna, P;: output power
from the source, G gain of the transmitting source, G,:
gain of the receiving antenna, A: wavelength =speed of
light /frequency, R: distance between the harvester and the
source of the EM noise.

On the other hand, we compare the output power of our
harvester with output power of recently developed similar
harvesters using other techniques based on small electronic
devices such as pyroelectric, piezoelectric, photovoltaic,
ete. (Tab. 1). We can see that harvesting EM energy noise
from frequency converter systems is quite powerful

Model of the EM noise Harvester

|
|
|
| R
|
|

Fig. 17. The electronic model used to characterize the internal
resistance r of our harvester.

compared to these techniques. Also, the power outputs
depend on wind, sun, temperature variation, mechanical
stress variation, etc. which area not continuous sources of
power however the power source of our system is
continuous when the frequency converter system is in
ON mode. Moreover, our technique is very cheap, robust
and easy to design and does not need a complex preparation
like the pyro and piezoelectric films, the solar cells, the
micro-wind turbines, etc.

3.2 Impedance characterization

Our harvester presented in Figure 14a can be modeled by a
voltage generator with internal resistance. Thus, and to
determine the internal resistance we have connected it to a
varied resistor and the hole system can be presented in
Figure 17 and its behavior in equation (7).

(7)

where F is the voltage generator of the harvester, ris the
internal resistance of the harvester, R is the varied load
resistor, U the measured voltage of the resistor R and I is
the current crossing the resistor R.

So, we have varied a load resistance R and we have
measured the current and the voltage to deduce the value of
the internal resistance and we found r=175 Q.

U=E—(R+7)xI,
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We then used the equations (8)—(10) to study and
calculate the power transmitted from our generator to the
load as a function of the value of the resistor load R
(Fig. 18).

P=RxI? (8)
po R (9)
(r+ R)
_ E’(r—R)
PI(R) - (T+R)3 ) (10)

where P is the transmitted power and P’ is its derivative
function.

It is thus determined that if the load has the same value
as the internal resistance of the generator, the power
dissipated by the load resistance R is maximum (Eq. (11)
and Fig. 18).

(11)

We have verified the result presented in Figure 18 by
powering a remote control of air conditioning with our EM
noise harvester. In fact, the total resistance of the remote
control is 1780 Q and it needs 17 mW to work. So, we have
used our EM harvester without impedance matching
circuit and we can see the remote is ON (Fig. 19).

3.3 Metrology characterization

For the metrology characterization, we have studied the
reproducibility of our measurements on a period of 5 days.
We have, for that, calculated the average voltage of the
capacity output named V¢r, (Eq. (12)) and the experimen-
tal standard deviation S (Eq. (13)) from twenty values
(n=20). The results are grouped in Figure 20.

1 n
Ver=—-3 Vo, (12)
i=1
1 n 2
S = \/n — > Ve =Vy,)" (13)

Figures 20a and 20b present the evolution of the
average measured signal delivered by the capacity Cf,
(1 wF) and its standard deviation S. It shows that there is
constant energy on the period of 5 days for the same EM
noise Harvester and depending on the length of the
aluminum scotch ribbon. Figure 20c shows that the
fraction S/ Vi, doesn’t exceed 10% value which considered
as tolerance limit value for reproducibility considerations.

3.4 Example of applications

Our first measurements and experimental results prove
that the EM noise harvester from the inverters can be an
alternative source to the use batteries. In fact, potential
applications of our developed EM noise harvester may
interest the following areas (Fig. 21)

— Industrial application: an antenna composed by a
metallic scotch ribbon or metallic paint and the ground
can be placed without making a clutter and can be very
discreet. This antenna will be related to the rectifier
circuit to produce continuous voltage to power different
electronic devices. Thus, the sensors used in industry
(temperature, humidity, fire warning, etc.) can be
directly powered by the EM noise harvesting system
or this EM harvester will be the power source of
rechargeable battery to avoid any power interruptions.

— Automotive application: frequency converters are very
used in transport applications such as electric trains or
electric cars to control their speed [44]. We can place the
EM noise harvester without disturbing the other systems
and the energy harvested can power electronic devices
such as sensors and digital displayers. The antenna can
be the same of the industrial application and its ground
will be the chassis of the vehicle.

— Renewable energy: all renewable power stations use
frequency converters to stabilize the voltage injected into
the public network [57]. We can with simple way harvest
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Fig. 21. Example of applications that can use our developed EM noise harvester.
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the EM noise energy to have the wireless sensors of the
smart grid, which send the data to the control stations,
100% renewable or use rechargeable battery powered by
the EM noise harvester.

Another point is that if we use other developed
rectifier circuit dedicated to micro-generators applica-
tions, we can increase the efficiency of the output energy
by 30% [58]. Finally, next generation of frequency power
converters will operate in much higher frequency (100
KHz) and the EM noise generated will be more powerful
which will make EM noise harvester more efficient. It
should also be noted that many industrial applications
cannot meet the EMC standards and therefore the EM
noise energy to harvest will be very important [59].

4 Conclusion

Different techniques of micro-energy harvesters can
provide high pulsed energy output but the challenge to
have a good time-average values of the outputs is still
relevant. Therefore, most of these harvesters have
difficulties for providing uninterrupted power and
replace batteries for powering small electronic devices.
In this paper, new measurements and experimental study
had been done on the response of monopole antenna to
the EM noise radiated by the frequency power converter
systems. The antenna was based on commercial alumi-
num scotch ribbon and the measurements was done in
accredited ISO/IEC 17025 wind tunnel. The experimen-
tal results and measurements show that the antenna
output signal is the image of the parasite currents
generated by the frequency converter system producing
an uninterrupted current when the frequency converter
of the wind tunnel is in operation. The produced power
by our developed system was 40mW which is good
enough to power many sensors or electronic devices. The
efficiency of our developed method was guaranteed by
the ISO 17025 accreditation of the wind tunnel and its
power converter system. We think that these results can
be exploited in many industrial applications to develop
inexpensive and efficient EM noise energy harvester
based on metal scotch ribbon or metal. However,
further research would be required to study the geometry
effect of the antenna on the response of the EM noise
harvester. Also, the presence of several frequency converters
controlling machines in the same place have not been
investigated; we estimate that in this case the EM noise will
be very important and could increase further the current
generated by the EM noise harvester.

Supplementary Material

The Supplementary Material is available at https://www.
metrology-journal.org/10.1051 /ijmqge/2023004 /olm.

Video M1: The electromagnetic noise signal generated by
the switchers of the inverter.

Video M2: Our developed electromagnetic noise harvest-
er powring a white led.

Video M3: Theoutput voltage across a capacity generated
by Electromagnetic noise harvester system.
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