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Abstract. This paper presents a detailed study of the impact of temperature on the performance of a nonlinear electromagnetic vibration energy
harvester, which is applied in autonomous power systems. The variability of material properties under the influence of temperature, such as
stiffness, damping, and magnetic induction, significantly affects the operational characteristics of the device. A mathematical model accounting
for these factors, including linear and quadratic temperature coefficients, optimized using a genetic algorithm, is presented in the article. The
simulation results were compared with experimental data, showing good agreement, particularly in the range of frequency bandwidth and output
voltage. It was demonstrated that higher temperatures lead to a reduction in mechanical and magnetic stiffness, resulting in decreased energy
conversion efficiency.
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1. INTRODUCTION

In recent years, nonlinear vibration energy harvesters have
gained popularity as potential solutions in the field of sustain-
able energy and autonomous power systems [1–3]. They are
particularly interesting for powering small devices, sensors, and
the growing “Internet of Things” (IoT) technology [1,4–9]. The
ability to harvest energy from the environment can significantly
extend the operating time of devices without the need for charg-
ing, or battery replacement, or may entirely eliminate the ne-
cessity of using wired connections [10, 11]. These harvesters,
utilizing nonlinear mechanisms to optimize energy collection
from various, often irregular, vibrations of variable frequency,
are becoming crucial in the development of modern technolo-
gies, providing a wide frequency range for effective energy har-
vesting [1, 12, 13].

The small size of mini generators requires a highly restrictive
design approach, often fully utilizing the material properties
of the components used. In the design process of such energy
harvesters, optimization algorithms are employed to obtain in-
formation on the material, geometric, and load parameters for
the given input data [13]. However, it should be noted that the
actual construction of the device is often subject to uncertain-
ties compared to the modeled geometric and material parame-
ters [14, 15].

Considering the growing popularity and applications of vibra-
tion energy harvesters, a critical aspect of their efficiency is op-
erational stability under various environmental conditions [16].
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One of the fundamental factors affecting the performance of
these devices is the ambient temperature [17]. Temperature fluc-
tuations can significantly influence the properties of the mate-
rials used in the harvester construction, causing changes in the
stiffness, or damping of key components. These changes directly
affect vibration dynamics and, thus, the efficiency and perfor-
mance of the harvester [12].

There are publications [17, 18] in which the authors stud-
ied the effect of temperature on the magnetic and mechanical
properties of various harvesters; however, the nonlinear char-
acteristics of the presented family of energy harvesters make
understanding the impact of temperature on their performance
a complex but necessary task for optimizing their design and
operation.

This paper aims to experimentally investigate the impact of
temperature on the power and output voltage of nonlinear vi-
bration energy harvesters. The second aspect of the work is the
identification of temperature coefficients, which, when intro-
duced into the mathematical model, will allow the simulation
of the operation of nonlinear energy harvesting systems under
different temperature conditions.

2. CONSIDERED NONLINEAR ELECTROMAGNETIC
VIBRATION ENERGY HARVESTER

The energy harvester considered in this study is an electromag-
netic vibration energy mini generator utilizing the phenomenon
of mechanical resonance (Fig. 1a). The vibrating structural el-
ement is a flat beam made of a composite material reinforced
with fiberglass, with one end attached to the housing, while the
other end holds yokes with permanent magnets. The generator
system is mounted directly on the vibration source, causing the
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permanent magnets in the yokes to move relative to stationary
coils, which are connected in parallel and placed on the outer
sides of the yokes. The movement of the magnets generates a
varying magnetic flux in the coils, leading to the induction of
an electric voltage. The phenomenon of nonlinear parametric
resonance, which allows for a wide operational frequency band,
occurs due to the presence of internal magnetic forces caused by
the interaction of the moving permanent magnets in the yokes
with additional permanent magnets [19,20]. The stationary per-
manent magnets are placed in a vertical support located between
the yokes.

The mathematical model of the nonlinear electromagnetic
mini generator with parameters presented in Fig. 1a can be
described by the following equations:

𝑚
d2𝜁 (𝑡)

d𝑡2
+ 𝑐(𝑇) d𝜁 (𝑡)

d𝑡
+
[
𝑘 (𝑇) + 𝑘mag (𝜁,𝑇)

]
𝜁 (𝑡)

= 𝑚𝑎vib (𝑡) −𝑚𝑔− 𝜕𝜆(𝜁,𝑇)
𝜕𝜁

𝑖, (1)

𝐿𝑐

d𝑖(𝑡)
d𝑡

=
𝜕𝜆(𝜁,𝑇)

𝜕𝜁

d𝜁 (𝑡)
d𝑡

− (𝑅𝐿 +𝑅𝑐 (𝑇)) 𝑖, (2)

𝑎vib (𝑡) = 𝑎rms
√

2sin(2𝜋 𝑓 𝑡), (3)

where 𝑚 – mass of the vibrating part, 𝑐 – damping coefficient,
𝑘 – stiffness coefficient, 𝑘mag – stiffness coefficient due to mag-
netic force, 𝜁 – displacement of the vibrating part, 𝑎vib – external
vibrations, 𝑎rms – RMS value of vibrations, 𝑓 – vibration fre-
quency, 𝑔 – gravitational acceleration, 𝜆 – flux linkage with the
winding, 𝑖 – current in the winding, 𝐿𝑐 – winding inductance,
𝑅𝑐 – winding resistance, 𝑅𝐿 – load resistance, 𝑡 – time, 𝑇 – tem-
perature. Table 1 summarizes the parameter values appearing
in equations (1)–(3). The mathematical model assumes vertical
motion of the vibrating mass, which is a reasonable approxi-
mation for small displacements typical in this system. While
the actual motion may have a slight curvilinear component due
to the structure geometry, its effect on the overall dynamics
is negligible for the displacement amplitudes considered. This
assumption simplifies the analysis without compromising the
accuracy of the results.

Table 1
Parameter values used in the mathematical model (1)–(3)

Parameters Values

𝑚 (kg) 0.046

𝑐 (N·s/m) @ 20◦C 0.39

𝑘 (N/m) @ 20◦C 2213

𝑔 (m/s2) 9.81

𝐿𝑐 (H) 0.0017

𝑅𝑐 (Ω) @ 20◦C 5.37

Due to the absence of ferromagnetic materials and assuming
linearity of the magnetic circuit, the magnetic force can be de-
termined analytically, where the formulas for the force between
two cuboidal magnets arranged in a 3D space were derived

(a)

(b)

Fig. 1. CAD diagram of nonlinear vibration energy harvester using
electromagnetic mini-generator (a), laboratory test-stand with environ-

mental chamber and data acquisition system (b)

in [21]. The derivative of the flux linkage with the coil was
calculated using Biot-Savart’s law, as described in [13]. The
nonlinear magnetic stiffness in (1) is the magnetic force divided
by the displacement

𝑘mag (𝜁,𝑇) =
𝐹mag (𝜁,𝑇)

𝜁
. (4)

Knowing the mechanical stiffness coefficient of the flat beam
and the magnetic stiffness behavior for the considered range
of yoke displacements, the resonant frequency of the nonlinear
electromagnetic energy harvester can be determined using the
following formula:

𝑓res =
1

2𝜋

√︂
𝑘 (𝑇) + 𝑘mag (𝜁,𝑇)

𝑚
. (5)

With the proper adjustment of the magnetic stiffness profile,
this type of system can achieve frequency characteristics with a
broader frequency band compared to a linear system.

The possibility of implementing the harvester in various work-
ing environments prompted the authors to conduct a series of
studies aimed at identifying the system behavior under different
operating conditions and thermal environments.
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3. IDENTIFICATION OF TEMPERATURE COEFFICIENTS

The energy conversion efficiency and reliability of the mini-
generator system are influenced by many factors, which are
significantly dependent on temperature. The voltage generated
by the harvester depends on the remanence induction of the
magnets as well as the stiffness and damping of the beam used
in the mini-generator. Knowing that temperature changes af-
fect various material properties and device composites, which
in turn reflect on the system performance and efficiency, the
authors introduced temperature coefficients into the mechanical
(1) and electrical (2) equations when modeling the harvester.
The obtained equations for stiffness (6), damping (7), and re-
manence induction (8) account for both the linear and quadratic
components, where the coefficients 𝛼𝑘 , 𝛼𝑐 end 𝛼𝐵𝑟

represent
the linear change in stiffness, damping, and remanence, respec-
tively, while 𝛽𝑘 , 𝛽𝑐 and 𝛽𝐵𝑟

represent the quadratic change of
these parameters with respect to temperature

𝑘 = 𝑘20◦C

(
1+𝛼𝑘 (𝑇 −20◦C) + 𝛽𝑘 (𝑇 −20◦C)2

)
, (6)

𝑐 = 𝑐20◦C

(
1+𝛼𝑐 (𝑇 −20◦C) + 𝛽𝑐 (𝑇 −20◦C)2

)
, (7)

𝐵𝑟 = 𝐵𝑟20◦C

(
1+𝛼𝐵𝑟

(𝑇 −20◦C) + 𝛽𝐵𝑟
(𝑇 −20◦C)2

)
. (8)

In describing the winding resistance in the model, linear temper-
ature dependence was assumed, and according to the literature,
this coefficient is 0.0393%/◦C [22].

To identify the temperature coefficients, frequency response
measurements were conducted in a climatic chamber (Fig. 1b).

Table 2
Range of parameters for the optimization process

Parameters Values

Temperature 𝑇 (◦C) [0, 10, 20, 30, 40, 50, 60, 70, 80]

Load resistance 𝑅𝐿 (Ω) [2, 5, 10]
Acceleration of vibration
𝑎RMS (m/s2) 10

Linear temperature
coefficients (%/◦C)

−0.5 ≤ 𝛼𝑘 ≤ −0.05
0.1 ≤ 𝛼𝑐 ≤ 0.5

−0.12 ≤ 𝛼𝐵𝑟
≤ −0.09

Quadratic temperature
coefficients (%/◦C)

−0.01 ≤ 𝛽𝑘 ≤ 0.01
−0.01 ≤ 𝛽𝑐 ≤ 0.01
−0.01 ≤ 𝛽𝐵𝑟

≤ 0.01

Temperature values were set in the range from 0 to 80◦C, load
resistance was set at 2, 5, and 10 Ω, and the effective vibra-
tion acceleration was set at 10 m/s2. Frequency characteristics
were obtained for sinusoidal vibrations with an increasing fre-
quency from 15 to 35 Hz and a decreasing frequency from 35
to 15 Hz. After obtaining the measurement results, the range of
temperature coefficient values was determined (Table 2). To fit
the temperature coefficients of the mathematical model (1)–(8),
an optimization process scheme based on a genetic algorithm
was created (Fig. 2). For each individual in the population, fre-
quency response characteristics were calculated for each consid-
ered temperature and load, and then the root mean squared error

Fig. 2. Optimization scheme for the determination of the temperature coefficients (𝛼 and 𝛽)
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of the difference between measured and calculated values was
determined. After the final generation in the genetic algorithm,
the individual with the minimal error is selected. Calculations
were performed in parallel on a computer with a 28-core Intel
Xeon E5-2683 v3 2.00 GHz processor and 128 GB of RAM.
The temperature coefficients obtained through the optimization
process are summarized in Table 3.

Table 3
Optimized temperature coefficient

Parameters Values

Linear temperature
coefficients (%/◦C)

𝛼𝑘 = −0.078
𝛼𝑐 = 0.25

𝛼𝐵𝑟
= −0.11

Quadratic temperature
coefficients (%/◦C)

𝛽𝑘 = −0.0031
𝛽𝑐 = 0.0051

𝛽𝐵𝑟
= −0.0009

Figure 3 presents three sets of frequency response charac-
teristics of the RMS voltage for different ambient temperatures
with an acceleration of 10 m/s2. The sets of characteristics differ
in terms of load resistance. These characteristics were obtained
for an increasing vibration frequency from 15 to 35 Hz. As can
be seen, the obtained model provides results remarkably close
to the measurements. The largest differences can be observed
at a temperature of 80◦C, but they do not exceed 0.03 V. The
maximum value of 0.95 V was obtained for a load of 10 Ω,
a frequency of 29.6 Hz, and an ambient temperature of 0◦C.
For each considered load, a decrease in voltage (approximately
0.1 V for a 10 Ω load) is observed as the temperature increases.
The broadest frequency band in which a relatively high voltage
is generated occurs at 30◦C. A significant narrowing of the band
was observed at an ambient temperature of 80◦C due to the
reduced stiffness of the beam.

Fig. 3. Measured and calculated frequency response characteristics of
the RMS voltage for different temperatures and loads at an acceleration

of 10 m/s2 – vibration frequency increasing from 15 to 35 Hz

Figure 4 shows the simulation and measurement results for
a decreasing vibration frequency from 35 to 15 Hz. Due to the
nonlinear magnetic force 𝐹mag, hysteresis occurs in this system,
meaning that the values obtained when decreasing the vibration
frequency differ significantly from those obtained when increas-
ing the frequency. The main difference is the bandwidth, which
is much smaller in the case of decreasing frequency. The effect of
temperature on the voltage values is similar to the previous case.

Fig. 4. Measured and calculated frequency response characteristics of
the RMS voltage for different temperatures and loads at an acceleration

of 10 m/s2 – vibration frequency decreasing from 35 to 15 Hz

Figures 5, 6, and 7 also present the calculated and measured
frequency response characteristics for three different loads, but
they show the output power. The hysteresis phenomenon related
to increasing and decreasing vibration frequencies can be ob-
served. The maximum power is obtained at a temperature of
0◦C and a load resistance of 10 Ω for a frequency of 29.6 Hz,
with a value of 90.31 mW.

The presented results clearly show that the simulations con-
ducted for the model obtained through optimization closely re-

Fig. 5. Measured and calculated frequency response characteristics of
output power for different temperatures at a load of 2 Ω
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Fig. 6. Measured and calculated frequency response characteristics
of output power for different temperatures at a load of 5 Ω

Fig. 7. Measured and calculated frequency response characteristics
of output power for different temperatures at a load of 10 Ω

flect the actual measurements. Despite minor deviations between
the measurement results and simulations, particularly around
the resonant frequency, the theoretical model can be effectively
used to predict the voltage and output power of such devices
under different temperature conditions. The temperature coeffi-
cients determined in this study are specific to the tested energy
harvester configuration. Changes in the type of permanent mag-
nets or beam material may affect these coefficients, requiring
recalibration for each configuration to maintain accurate mod-
eling.

4. DYNAMIC ANALYSIS FOR DIFFERENT TEMPERATURES

The identification of temperature coefficients enabled a series
of simulations to illustrate the effect of ambient temperature on
the parameters and dynamics of the studied vibration energy
harvesting system. As shown in Figs. 3–7, the highest voltage
and power output are achieved with a load resistance of 10 Ω.
Therefore, this resistance value was selected for further analysis,

as maintaining a sufficient output voltage is essential in practical
applications to ensure compatibility with an AC/DC converter.
Figure 8 shows the computed values of the magnetic force and
the derivative of the flux linkage with the coil as a function of
temperature. As can be observed, an increase in temperature
significantly reduces the absolute values of these parameters,
which leads to a decrease in the output voltage of the harvesters.

Fig. 8. Computed magnetic force and derivative of flux linkage depend-
ing on yoke displacement and ambient temperature

Figure 9 presents the computed potential energy, total stiff-
ness (as the sum of the mechanical stiffness of the beam and
the magnetic stiffness), and the resonant frequency as a function
of yoke displacement and ambient temperature. As can be ob-
served, with an increase in temperature, the values of these three
parameters decrease. Lower potential energy values at higher
temperatures result in greater displacements of the yokes with
permanent magnets. The total stiffness and resonant frequency
values are related by (5). The greater the difference between the
stiffness at zero displacement and the stiffness at maximum de-
flection, the wider the frequency band in which relatively high
voltage is generated. The considered system was designed for
a displacement amplitude of 4 mm. The natural frequency of
the beam is 20 Hz, while at the nominal displacement, the sys-
tem resonant frequency, due to the additional magnetic force, is
30 Hz. This results in a wide frequency band. As can be seen,
an increase in temperature reduces the difference in total stiff-

Fig. 9. Computed potential energy, total stiffness, and resonance fre-
quency for different yoke displacement and ambient temperature
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ness between the zero displacement point and, for example, a
displacement of 4 mm. Consequently, the range of resonant fre-
quencies also decreases, which is a disadvantage in this type of
system.

Figures 10 and 11 compare the trajectories for increasing
vibration frequencies (from 15 to 35 Hz) and decreasing fre-
quencies (from 35 to 15 Hz). As can be observed, at 80◦C, the
frequency band is reduced by about 2 Hz compared to the band
at 0◦C and 20◦C. For the frequencies where resonance occurs
at each ambient temperature (28 Hz in Fig. 10 and 26 Hz in
Fig. 11), it is evident that larger displacements are achieved at
higher temperatures, which is related to lower potential energy
(Fig. 9). However, despite the larger displacements, the volt-
age induced in the harvester winding is lower compared to the
voltage generated at lower temperatures. This is due to the neg-
ative effect of high temperature on the value of the flux linkage
derivative (Fig. 8).

Fig. 10. Trajectory of electromagnetic energy harvester for
𝑎RMS = 10 m/s2 and vibration frequency sweep from 15 to 35 Hz

Fig. 11. Trajectory of electromagnetic energy harvester for
𝑎RMS = 10 m/s2 and vibration frequency sweep from 35 to 15 Hz

5. CONCLUSIONS

The article analyzes the impact of temperature on the properties
of a nonlinear electromagnetic vibration energy harvester, which
can be used in autonomous power systems such as IoT devices.
The research results showed that ambient temperature affects key
device parameters, such as the stiffness of the beam, damping,
and the magnetic properties of the magnets. An increase in
temperature leads to a reduction in mechanical and magnetic
stiffness, resulting in a decrease in the resonant frequency and
output voltage. These phenomena also lead to a narrowing of the
frequency band within which the device can effectively generate
energy.

The proposed mathematical model, which incorporates tem-
perature coefficients, was experimentally verified and demon-
strated good agreement with the measurement results, partic-
ularly in the mid-range temperatures. Discrepancies at higher
temperatures may be due to nonlinearities associated with mag-
netic interactions and imperfections in the model. Nevertheless,
the developed model can successfully be used for optimizing the
design of such harvesters in various environmental conditions.

The conducted research provides valuable insights into the
dynamics of the system at different temperatures and may con-
tribute to a better understanding of how to design more depend-
able energy harvesters capable of operating in varying environ-
mental conditions.
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