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Abstract: In recent years, the topic of Energy-Harvesters has been increasingly discussed.
New materials are constantly being developed to make it more efficient to harvest energy
from the environment, which can be collected in various forms. New materials and Energy-
Harvesters are measured to verify their effectiveness and many are tested under practical
conditions. Comprehensive measurements are needed to verify the theoretical designs, for which,
among other measuring instruments, resistive loading is used. This paper presents the design
and implementation of an optimized electronic resistive load, which allows the automation of
measurements through communication using SCPI commands. Due to its compact size, it allows

working even in field conditions.
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1. INTRODUCTION

With the rapid development of electronic devices and the
improvement of their features, their size and weight are
decreasing. However, this trend is not commensurate with
the development of batteries, which are heavy, bulky and
temperature sensitive compared to electronics. Their size
and weight often dominate the electronic circuitry itself,
and in addition their limited lifetime requires replace-
ments, which can be a source of problems in, for example,
bio-medical devices or sensor networks Sezer and Kog
(2021).

For most systems operating under practical conditions,
it is crucial to know their state, which is obtained by
measurement. One use is to monitor temperature, vibra-
tion and machine noise. Early detection of wear and tear
on mechanical machines Machine Condition Monitoring
(MCM) and their maintenance reduces the risk of potential
accidents and losses in the industry. The use of Wireless
Sensor Nodes (WSN) automates the entire measurement
process. When measuring on large-scale systems such as
highways or railway lines, the use of wireless sensor nodes
represents a significant savings on cabling Hodge et al.
(2015). Furthermore, the use of wireless sensors is also
suitable for shorter distances, for example in aircraft where
weight is a critical parameter Ahmad et al. (2021), or in
cars where tire pressure is measured Fu et al. (2021), where
it would be impractical to implement a wired connection.
According to Williams et al. (2021), energy can be har-
vested in various forms such as solar radiation, fluid flow,
radio waves, magnetism, thermal elergy and mechanical

vibration, some of which are of natural origin and others
are human generated.

Piezo-elements are one of the common ways to harvest
energy from the environment. According to Kim (2011),
piezo materials are classified into two categories. Piezoce-
ramic materials offering a high electro-mechanical coupling
constants. However, they are very brittle. In contrast,
piezopolymers are highly flexible, but they have a lower
electro-mechanical coupling constants. There are two main
phenomena, the direct piezo-electric effect described by
equation 1 and the converse piezo-electric effect described
by equation 2, which can be written in linearized form.

Direct piezoelectric effect:
Di = eijj + dfmdm (].)

Converse piezoelectric effect:
ev = d5Bj + Sinom (2)

Where vector D; is the dielectric displacement, ¢ is the
strain vector, E; is the applied electric field vector, and
o, 18 the stress vector.

According to a comprehensive survey Sezer and Kog
(2021), from 2000 to 2019, there has been an increasing
number of documents dealing with Energy-Harvesting,
amounting to 1172. Despite the increasing interest, effec-
tive methods for comprehensive measurement of PEHs are
not applied. One aspect that may affect the development of
PEHs across the board is the streamlining of the measure-
ment and testing process itself, which currently appears to
be lengthy and inefficient.
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1.1 Application of resistor decades

The measurement system includes an excitation Energy-
Harvester, voltmeter, or oscilloscope for detailed signal
analysis. The schematic in Figure 1 shows the principle
measurement PEH, which uses a connected variable resis-
tive load to simulate the draw of the powered device.

Energy R Osc.
Harvester

J

Fig. 1. Principle wiring diagram of the PEH measuring
system

Variable resistance R is used to achieve maximum effi-
ciency. The design of the optimal resistive load is discussed
in Yang et al. (2017) and Kunz et al. (2021) compares
the theoretical design of resistive load and frequency with
complex measured data.

Measurement circuit with a manual resistive decade, such
as Zhang et al. (2024), does not allow automation of the
measurement and operation of such a decade can be te-
dious and impractical. Furthermore, the proposal Xia et al.
(2024) uses a fixture with resistors that would be difficult
to use for measurements under practical conditions. The
main limitation imposed by the use of manual resistive
decads is the time consuming and tedious measurements
required to smoothly plot the characteristics in graphs.

The connection of manual resistive loads is mentioned in
a wide range of literature dealing with Energy-Harvesters.
For example, Ahmad et al. (2023), Costa and Savi (2024)
and Wei et al. (2023) mention the connection of ballast
loads, but do not further elaborate on their effective use
in measurements. Facilitating field measurements such as
Céamara-Molina et al. (2024) would be possible using a
small portable resistive load device that is easy to operate.
This could result in easier acquisition of more valuable
data even under conditions where this would not otherwise
be possible.

The current state of the market does not provide many
optimal resistive load solutions for measuring PEHs. For
example, although the device described in Pavliska (2017)
is an accurate laboratory device that is adjustable via
serial communication, it exhibits low accuracy for dynamic
signals at high generated resistance. The device is not
suitable for carrying because it is bulky and impractical
for field use.

Automating the process of setting the value of the opti-
mized resistive decade has the potential to simplify the
measurement process for the user, significantly reduce
measurement time, and enable the acquisition of more de-
tailed data. The basic premise is an easily user-adjustable
resistive decade with no non-negligible parasitic parame-
ters affecting the measured parameters.

2. MEASUREMENT SURVEY

In order to optimize the new design of the resistive
decade, it is difficult to know the conditions in which

the device will occur, according to which its parameters
can be specified. The key parameters of a resistive load
are the maximum voltage, current, power and range of
resistance generated. Last but not least, it is also necessary
to know the frequency range. The requirements for the
resistive load parameters were designed based on a survey
of measurement parameters.

In the case of measurements Ahmad et al. (2021), powers
up to 100uW were obtained. The frequency ranges from
50Hz to 130Hz, but the acoustic energy collection takes
place at resonant frequencies up to 4.92kHz. The mag-
netostrictive harvester as proposed by Wei et al. (2023)
can increase the efficiency of the signal and amplify its
levels to voltage values of 1356mV and power of 26.2mW
at a resonant frequency of 45Hz. By using the Adaptive
Kinetic Energy Rellocation (AKER) mechanism described
by Xia et al. (2024), energy can be harvested even at
low frequencies around 1.2Hz. By tuning the resonant
frequency of the harvester to the frequency of the source,
further efficiency gains can be achieved such as Camara-
Molina et al. (2024) where frequencies ranged from 4.9Hz
to 9.3Hz. Significant frequency components in the railroad
bridge measurements were below the 30Hz threshold. The
resonant frequencies can be in the lower kilo-Hertz or-
ders as described in Zhao et al. (2011). The generated
signals can also contain several resonant frequencies as
in the vortex shedding-induced vibration described in Hu
et al. (2018) where resonant frequencies of 9.89, 60.01 and
324.82Hz are recorded. DC-DC boost converters are often
used for effective voltage conversion at the PEH terminals,
where Kim (2011) reports functionality at 572Hz.

The paper Lin et al. (2021) gives a broad overview of dif-
ferent energy harvesting principles, where the resonant fre-
quencies range from 33Hz to 10155Hz. A detailed overview
of PEHs is provided by Sezer and Kog¢ (2021). The most
commonly measured voltages range up to 30V. In some
cases, higher voltages around 60V are recorded and the
highest voltages can be up to 112V. The currents of the
piezo elements vary by several orders of magnitude as well.
The currents are lower than 12.2pA. Occasionally, currents
as high as 1.45mA are recorded. The estimation of the
frequency parameters of the harvesters is not mentioned
too much. The numerical values are below 100Hz. In many
cases, harvester-human interactions are mentioned, such as
the touch of a finger, the movement of a human knuckle,
or the slamming of a fist. Assuming that energy is har-
vested from the movement of human joints, the effective
frequency range according to Meng et al. (2006) is less
than 10Hz.

2.1 Summary the parameters of measurements

The above survey of measurement methods and param-
eters of Energy-Harvesters indicates the frequent use of
manual resistance decads. However, the methods used may
not always be completely efficient and the instruments
used do not allow for automation of the measurements.
Below is a solution that can help to make the testing
and measurement of Energy-Harvesters more efficient and
faster. The solution is a new design of an optimized re-
sistive load that is compatible with the parameters of
most Energy-Harvesters. An important functionality is the
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serial communication, which will allow remote parameter
setting and thus automation of measurements. In addition,
the optimization of the instrument will lead to a reduction
in size. A compact device that can also be deployed in field
conditions is desirable.

Based on a survey of common electrical parameters of
Energy-Harvesters, upper limits of 112V voltage, 1.45mA
or 670nA-cm~2 current, 0.98mW or 9.3mW -cm 3 power,
and frequency ranges up to 10kHz were found. Most PEHs,
however, exhibit much lower values. Considering the avail-
able hardware resources and the most common parameter
values of PEHs, the resistive decade requirements have
been determined: 40V, 2mA and 350Hz.

3. ACTIVE GENERATOR OF SYNTHETICS
RESISTANCE

In order to adapt the device to the requirements of the
application, it was necessary to fundamentally rethink
its entire design. The spatially expressive resistor matrix
circuitry was replaced by a new design that uses semicon-
ductor components to generate a synthetic resistance Rg.
The internal circuit in Figure 2 uses only three operational
amplifiers. The generated resistance depends on two con-
trollable parameters. The switchable resistors R provide
coarse adjustment of the generated resistance Rg. The fine
step of the desired Rg is provided by the adjustable gain of
the Au operational amplifier. The circuitry is powered by
a galvanically isolated symmetrical DC-DC power supply.
The operational amplifiers are supplied with a voltage of
420V from which the maximum voltage at the input ter-
minals is derived. A second +2.5V supply voltage circuit
supplies the electronic potentiometer. The entire circuit
is controlled by an STM32F303 microprocessor, which
provides communication with the higher-level system.

R
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Fig. 2. Block diagram of the device

The principle of generating a synthetic resistor is based on
a forced voltage change on the physical resistor. The re-
sulting voltage on the resistor, which is shown in Figure 3,

is formed by the difference between the input voltage U
and the controlled voltage Up.

| UR=U-UD

Fig. 3. Basics principle of synthetic resistance

By controlling the voltage Up the current flowing through
the resistor R is affected according to the equation 3.

U-Up U—-AU U(-A4,

R R R ®)

1

By changing the gain of A,, the current through the
resistor R is affected and the apparent resistance Rs can
be adjusted, which is expressed by the equation 4 for an
asymmetrically powered circuit.

U R
RS = U—AU :>RS = 1_ A (4)
R u

3.1 Maximum voltage swing

The maximum voltage at the terminals of the Energy-
Harvester is limited by the magnitude of the supply voltage
of the operational amplifiers. Due to the AC voltage
generated, the electronics must be powered symmetrically.
A simple and common solution in electronic circuit designs
is to connect one terminal to zero potential. However, such
a connection only allows an amplitude half that of the full
potential of the power supply levels.

The design shown in Figure 2 is capable of handling ampli-
tudes that span the entire supply voltage range, thanks to
the active Driving Around Zero (DAZ) control provided
by the OZ2 operational amplifier. The voltage levels at
the input terminals are symmetrical with respect to each
other, allowing the voltage at the input terminals to reach
up to £40V without damaging sensitive electronics.

The design of the internal electronics is carried out for
voltage levels that are considered relative to the centre
zero voltage. In DAZ, the equation 4 must be modified to
the form 5 to calculate the generated resistance.

2R

R =
ST1-A4,

(5)

Due to the inverted voltage generated by the DAZ, it
is also possible to realize a negative gain of A,, thus
increasing the range of the generated resistance Rg.

3.2 Gain adjustment

Due to hardware limitations, the gain of the operational
amplifier A, in Figure 2 may be in the range (—1,1). The
relationship between the values of Rg and A, described
by equation 5 is strongly nonlinear and does not provide a
suitable characterization of Rg. A suitable resistive ballast
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Fig. 4. Linearization circuit diagram

characteristic is characterized by a constant relative step.
The problem is solved using the optimized circuit of the
resistor array and electronic rheostat in Figure 4. Resistors
R1, R2, R3 act as voltage divider, and reduce the signal
magnitude due to the £2.5V supply range of the electronic
rheostat. The signal is again amplified by OZ3, which
provides a gain of 10.

The total optimized gain of the A, signal depending on
the position of the slider w is expressed by the equation 6,
where R; is the internal resistance of the system, d is the
number of rheostat bits and RV is the rheostat value.

dy=t0s (B (5 1)
v R; R4(2¢—-1)RVw

1
-3 (6)

The equation 7 expresses the internal resistance of the
resistive circuit with electronic rheostat RV.

1
Ri=Rl+R3+ 41— (7)

R2 T e pg

The resulting generated resistance is obtained by sub-
stituting 6 into 5, where R is the current value of the
switchable resistance.

The output waveforms can be compared on the Figure 5,
where the non-uniformity of the relative step Rg, which
is controlled by the linear waveform A,, is evident. In
contrast, the optimized circuit provides a fairly uniform
relative step, which then appears as a nearly flat curve in
the 6 plot with the logarithmic y-axis.

3.8 Electronics of active principle and parasitic properties

The described parasitic characteristics of operational am-
plifiers in Dolecek (2007) are limited frequency response,
CMRR, PMRR, noise at input terminals, noise at output
terminals, voltage offset, current offset at input terminals,
current to input terminals, parasitic capacitance at in-
put terminals, output impedance, limited output terminal
current, output edge slope, delay time, temperature de-
pendence, limited operating temperature, quiescent supply
current and limited supply voltage range. The highest
error is caused by current leakage from the operational
amplifier input terminals and offset voltage. These errors
manifest themselves as nonlinear characteristics of the re-
sistive load. It can be observed in the Figure 7 that the er-
ror increases dramatically as A, approaches the value of 1
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Fig. 5. Comparison of Generated Output Resistance Char-
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Fig. 6. Characteristics of the generated resistance over the
whole range

and is most pronounced at the low voltage generated by
PEH. The values in the Figure 7 are for the relative error
caused by the offset voltage of the operational amplifiers
for a temperature range of 40C°.
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Non-zero input terminal current has a similar effect. The
leakage current causes a voltage drop across the internal
resistance of PEH. Therefore, an operational amplifier,
serving as a buffer, with a very small leakage current of
a few tens of pA and a low offset voltage of a few pV is
connected to the input terminals.

4. APPLICATION OF HARDWARE

Based on the proposed electrical circuit principles, the
Printed Circuit Board (PCB) was designed and the de-
vice shown in Figure 8 was assembled. The device allows
communication with a computer via a serial link. Only
five mechanical relays are switched, but the step of the
required resistance is fine due to the active circuits that
generate the synthetic resistance. The resistive decade cir-
cuits themselves are galvanically isolated from the digital
circuits. The resistive decade is therefore floating. Another
advantage of the device is the voltage tracker, which allows
the measurement of the voltage waveform on the Energy-
Harvester without the impedance of the measuring device
affecting the measurement.

3 |
Electronic Resistor for Energy Ha == o=
50.0ha) a‘y)hmrvester vl

Fig. 8. PCB of device

For the DC signal, the accuracy of the resistive decade was
measured to be below 1% for the entire range of adjustable
resistance shown in Figure 9.
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Fig. 9. Static characteristic of device

The characteristic for the dynamic signal is plotted in the
Figure 10. The device is capable of generating resistance

with sub 1% accuracy for frequencies up to 2.5kHz for a set
resistance up to 300k€). Neglecting the dip in the curve at
the 470k setpoint, the device can be said to exhibit 1%
accuracy up to a set generated resistance of up to 3MSQ
for a 1kHz signal.
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Fig. 10. Dynamic characteristic of device

5. CONCLUSION

Energy-Harvesters have been an increasingly discussed
topic in recent years. However, their measurement and
testing under field conditions is inefficient and time-
consuming due to the use of outdated instruments.
The proposal focuses on streamlining electronic resistive
decade devices. The required device parameters were de-
fined through a survey of articles dealing with the issue.

To make the device circuitry more efficient, the principle
of synthetic resistance generation was used, which is based
on an analog circuit with operational amplifiers. The result
is a small compact resistive decade device that provides
a range of values from 709 to 20M Q) with 1% accuracy.
The device maintains 1% accuracy at a dynamic signal
of 2.5kHz up to a setpoint of the desired resistance of
300k€2. With a voltage buffer used for impedance decou-
pling, measurements can be made without the wiring being
affected by the parasitic characteristics of the measuring
instruments. Another feature is the control of the resistive
decade using SCPI commands. Serial line control stream-
lines the measurement process and enables automation of
complex and lengthy measurements.
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