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Abstract: The energy autonomy of electronic devices used in embedded systems
and by the Internet of Things determines the efficiency of these systems. This article
highlights the design of a hybrid power source combining a piezoelectric energy
harvester and an electromagnetic energy harvester to improve this autonomy.
Simulations performed using COMSOL Multiphysics 6.2 showed the possibility of
producing an output power of 4.35 mW at a resonant frequency of 46.5 Hz. This
represents a significant improvement of 74% compared to the piezoelectric-only
system (2.50 mW) and 135% compared to the electromagnetic-only system (1.85
mW). The hybrid system demonstrates a bandwidth of 9 Hz and a quality factor of
5.2. Parallel coupling was found to be significantly more effective than series
coupling in maximizing vibrational energy recovery, demonstrating its supetiority
for this application. Although the hybrid system presents a trade-off between power
output and bandwidth, it offers the highest energy efficiency for stable-frequency
applications. According to these analyses, this optimized hybrid energy harvesting
system offers several advantages over electrochemical batteries for powering low-
consumption electronic devices, making them autonomous.

Keywords Electromagnetic energy harvester, Energy autonomy, Energy
harvesting, Hybrid microgenerator, Piezoelectric energy harvester, Resonance
frequency.

1. Introduction

Currently, technological advances continue to develop. Many electronic devices are powered by chemical

batteries. Not only can these batteries interrupt the operation of the device while in use, but they are also

harmful to the environment. To ensure the autonomy of electronic devices and avoid electrochemical

batteries, it is entirely possible to convert natural resources into electricity. Optimizing hybrid energy

harvesting systems is a promising solution for powering autonomous electronic devices (Nejati et al., 2024).

The decision to connect the piezoelectric system in parallel with the electromagnetic system allows

mechanical energy to be converted into electrical energy, thereby benefiting from the performance of both

mechanisms. Piezoelectric systems generate a low current with a high voltage, while electromagnetic

systems produce a high current with a low voltage (Igbal et al., 2020). Their synergy makes it possible to

extend the operating frequency range and improve overall energy efficiency. Previous studies have shown
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that individual transducers typically achieve power outputs between 1-3 mW in similar operating conditions
(Toyabur et al., 2018).

The objective of this study is to model, simulate, and conduct a comparative study of the performance of
single-transducer systems versus the hybrid (piezoelectric-electromagnetic) energy recovery system using
COMSOL Multiphysics 6.2. Specifically, we aim to achieve a power output exceeding 4 mW at a resonant
frequency around 46-47 Hz, while maintaining acceptable bandwidth characteristics for practical IoT
applications [4]. This research seeks to quantify the performance improvements achievable through
hybridization and to identify the optimal operating conditions and trade-offs between power output,
bandwidth, and quality factor.

2. Materials and methods
2.1 Theoretical principles

Piezoelectric effect - The piezoelectric effect is a property of certain materials that allows mechanical and
electrical phenomena to be linked. The production of an electric charge by direct piezoelectric effect occurs
when mechanical stress is applied to the material. The reverse effect generates mechanical deformation
under the application of an electric field (Toyabur et al., 2018). We chose PZT-5H material because of its
high sensitivity and great capacity to generate charges (Hao et al., 2024). This material is very effective at
recovering energy from slight mechanical stress. This type of recovery makes it possible to replace
electrochemical batteries with self-powered systems that recover energy from their environment (Liu et al.,
2020). Figure 1 shows the fundamental principle of the piezoelectric effect.

iu(l)

Magnet Coil

Figure 1 Principle of the piezoelectric effect (Williams et al., 2002)

Electromagnetic induction - According to Faraday's law (Faraday, 1832), electromagnetic induction
produces an electric current via the relative movement between a permanent magnet and a coil. Copper in
the form of a thin film (300 nm) to form a coil is used to maximize the conversion of magnetic flux into
electromotive force (Cai & Liao, 2020). Structural steel plays an important role, often serving as a rigid
support or magnetic flux guide to optimize the interaction between the moving magnet and the copper
circuit. Figure 2 illustrates the principle of electromagnetic induction.

Figure 2 Principle of electromagnetic induction (Ahmad & Khan, 2020)
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2.2 Mathematical modeling

Piezoelectric model - The piezoelectric system can be modeled using a mass-spring-damper system
associated with the following equations (Li et al., 2021):

- Mechanical equation:
The mechanical equation describes how the structure of materials reacts to external stresses.

m. X(t) + c. X(t) + k. x(t) — . Vp(t) = F(t) ©)
- Electrical equation:
This equation explains the transformation of motion into usable current.

Ip(t) = 6. x(t) — Cp. Vp(t) @
Vp(®) = Rp. Ip(t) ©)

- Piezoelectric power.
This equation gives the useful power delivered by the piezoelectric material.

Pp(t) = Vp2(t)/Rp *
where
m: mass (kg)
c¢: damping coefficient (Ns/m)
k: stiffness (N/m)
0: electromechanical coupling coefficient (N/V)
V_p: piezoelectric output voltage (V)
R_p: piezoelectric load resistance (€2)
F(t): excitation force (N)

Electromagnetic model - The electromagnetic model is characterized by Faraday's law of induction,
electromagnetic power, and maximum power at resonance (Jung et al., 2020):

- Induction equation:
This equation describes the electromotive force (EMF) induced by electromagnetic induction in the system.

Vem(t) = —N. B. L. %(t) )

- Electromagnetic power:
This equation represents the electrical power captured by the electromagnetic part of the hybrid system. It
shows the principle of energy induction in the copper coil, which is distributed between the device itself and
the payload.

Pem(t) = Vemz(t)/ (Rcoil + Rload) (6)

- Maxcimum power (at resonance):
This equation shows the ultimate performance point of the electromagnetic module. It defines the maximum
power delivered by the system when it is operating at its resonance frequency and the load is perfectly
matched.

Pemmax= (N. B. L)2. x2/ (4. Rco) )

Where
N: number of coil turns
B: magnetic flux density (T)
L: effective coil length (m)
Rcolil: internal coil resistance (£2)
Rload: Load resistance (€2)
Hybrid model - The hybrid model is based on the coupled dynamic equation of the mechanical system
incorporating both electromagnetic and piezoelectric damping terms, thus enabling the total recovered
power to be calculated (Li et al., 2021)(Jung et al., 2020).

- Coupled dynamic equation:

Andriamananjara et al. (2026), Electr. Eng. Energy 144



Electrical Engineering and Energy | (2026) 5:2

This is a coupled dynamic equation that constitutes the final synthesis of the system. It unifies the
mechanical, piezoelectric, and electromagnetic domains into a single expression, showing how electrical
energy extraction physically affects the movement of the structure.

m. X(t) + (C + Cem + Cep). X(t) + k. x(t) = F(¢) ©))

where, electromagnetic damping is Cem = (N. B. L)2/ (Rcoit + Rem); piezoelectric damping is cep = 02/ (Rp.
Cp); total power is Protat = Pp + Penm.

3. Simulation parameters

The hybrid microgenerator was simulated using COMSOL Multiphysics 6.2 to characterize physical
phenomena and optimize power output. A systematic parametric sweep was performed to identify the
optimal value. An adaptive tetrahedral mesh was used with element sizes ranging from 0.3 mm for the
copper coil to 2 mm for the structural steel. Boundary conditions included fixed constraints, symmetry
conditions, electrical grounding, and a harmonic displacement with 2 mm amplitude. Optimization was
performed through parametric sweeping in the frequency domain (20-100 Hz), varying piezoelectric
thickness (0.2-0.8 mm), number of layers (5-15), coil turns (1000-1500), and magnet dimensions. The
piezoelectric model was validated against Erturk and Inman's formulation (Hao et al., 2024), showing a
resonance frequency of 46.52 Hz versus 46.50 Hz analytical (0.04% deviation). The electromagnetic
harvester validated with Williams et al.'s model (Williams et al., 2002) produced a maximum voltage of
1.148 V versus 1.152 V analytical (0.35% deviation). Mesh independence was confirmed through successive
convergence until the relative error reached 0.6% between the last two mesh densities. The energy balance
closed within 3.2%, confirming energy conservation between mechanical input and electrical and dissipative
outputs. Comparison with experimental results from Toyabur et al. (Toyabur et al., 2018) showed similar
synergistic improvement (74-135% versus 48% experimental). This multifaceted validation confirms that
the COMSOL model faithfully represents the actual physical behavior of the hybrid energy harvesting
system. Table 1 shows the mechanical parameters of the system.

Table 1 Mechanical parameters

Parameter Symbol Value

Mass m 0.01 kg
Stiffness K 854 N/m
Mechanical damping C 0.214 Ns/m
Resonance frequency fo 46.5 Hz
Excitation force Fo 0.131 N
Amplitude Xo 2 mm
Maximum velocity Vimas 0.584 m/s

Table 2 illustrates the electromagnetic configurations of the recuperator, including the design parameters (N,
B, Ler), the resistive elements of the circuit (Reoi, Rioad), and the effect of electromagnetic coupling (Cem).
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Table 2 Electromagnetic parameters

Parameter Symbol Value
Number of turns N 1500 turns
Magnetic field B 0.088 T
Effective length Lot 15 mm

Coil resistance Reoil 180 Q

Load resistance Ricad 180 Q
Maximum Induced Voltage Vimax 115V

EM Damping cem 0.011 Ns/m

Table 3 shows the characteristic configurations of the piezoelectric transducer, including material properties
and electromechanical coupling.

Table 3 Piezoelectric parameters

Parameter Symbol Value

Material - PZT-5H (Stack)
Electromechanical coupling (] 329N/V
Capacitance Cp 85 nF

Load resistance Rp_load 37 Q

Piezo damping cp 0.029 Ns/m
Configuration - 10-layer stack

Hybrid system configuration - The hybrid system studied is based on an electrical architecture designed
to maximize the system's power output (Li et al., 2021)(Jung et al., 2020).
The piezoelectric and electromagnetic transducers are connected in parallel with a single resistor. This

configuration effectively combines the energy contributions of the two separate conversion mechanisms.
This parallel connection allows the two transducers to operate independently while sharing the same
resistive load. Thus, each system can generate energy according to its own dynamic characteristics
independently of the other.

The choice between parallel and series electrical coupling architectures represents a fundamental design
decision with profound implications for hybrid harvester performance. In theoretical terms, consider two
voltage sources with internal impedances connected to a common load: parallel coupling applies both
voltages across the same load resistance, while series coupling adds the voltages but forces the same current
through both internal impedances. For our specific case, the piezoelectric transducer can be modeled as a
voltage source Vp = 50 V with capacitive impedance:

= —— ~ 17 kf2 at 46.55 Hy )
(JwCp)

while the electromagnetic transducer is modeled as Vem = 6 V with inductive-resistive impedance

Zem = Rem + joLem = 580 Q. (10)
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In a parallel configuration with matched load Rload = 1.3 k€2, the load voltage becomes:
1 1

+
Zem Rload) (1 1)

V, V, 1
Vioad = (Z_P + em) /(Z_ +
p p

Zem

yielding approximately 18 V. The piezoelectric branch contributes current:

I, ~ 229 mA (12)
Zp

Electromagnetic branch contributes:

Lym ~ 222 ~ 10.3 mA (13)

em

and their currents sum at the load (Kirchhoff’s current law), producing total power:
Piotat = Vioaa * (Ip+ ler) = 238 mW (14)

instantaneous peak, averaging to 4.35 mW over a vibration cycle. Crucially, both sources operate near their
individual optimal impedance points. In contrast, series coupling would produce:

Viotat = Vp + Vem = 56V (15)
but force current:

I = Vtotal/(Zp + Zem + Rioaa) (10)

The total impedance Ztotal = 17.6 k€2 is dominated by the piezoelectric capacitance, severely limiting current
flow to I = 3.2 mA. The electromagnetic source, optimized for high current delivery, cannot operate
efficiently in this high-impedance circuit, effectively wasting its potential contribution. Theoretical power in
series configuration becomes:

Pseries = 1% * Rigaq & 13.3 pW for Rigue= 1.3 kQ (17)
representing a 99.7% reduction compared to parallel coupling. Even with series-optimized load resistance
Ripadseries = |Zp + Zeml ~ 17.6 kQ (18)

Maximum power reaches only Peeicsmax = 44 uW, still 98.9% lower than parallel configuration. The
fundamental reason is impedance mismatch: the electromagnetic source’s low internal impedance (580 €2)
cannot efficiently drive a high-impedance load (17.6 k), violating maximum power transfer theorem
which requires Rioad = |Zsource| for resistive sources. Additional theoretical considerations include phase
relationships: in parallel coupling, the piezoelectric voltage (leading current due to capacitance) and
electromagnetic voltage (lagging current due to inductance) ate both referenced to the common ground,
allowing their power contributions to add constructively despite different phase angles. In series coupling,
these phase differences cause destructive interference, further reducing net power output. The parallel
architecture also provides fault tolerance: if one transducer fails or operates sub-optimally due to frequency
deviation, the other continues delivering unimpeded power. This redundancy is absent in series coupling
where failure of either transducer breaks the entire circuit. From a power electronics perspective, parallel
coupling simplifies rectification and regulation: standard bridge rectifiers can be applied to each branch
independently, followed by a common DC bus, whereas series coupling requires complex impedance
transformation stages to match the mismatched source impedances. These theoretical advantages of parallel
coupling—impedance matching, constructive power addition, fault tolerance, and simplified power
management—provide the foundational justification for our architectural choice and directly explain the
observed 74-135% power enhancement in the hybrid system.
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4. Results

4.1. Electromagnetic system

At a resonance frequency of 46.55 Hz, the maximum power obtained by simulation is 1850 uW. The system
operates only at its resonance frequency and generates very little energy outside this frequency. Figure 3
shows the results of the COMSOL simulation of the electromagnetic recuperator.
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Figure 3 Output power curve of an electromagnetic energy harvester
4.2. Piezoelectric system
At a resonance frequency of 46.55 Hz, the piezoelectric energy harvester produces a maximum power of
2500 puW with a minimum power of 1250 uW in the 38-54 Hz band. The PZT-5H material ensures that
the system exceeds the performance of electromagnetic systems, which are very efficient at converting

energy. The use of 10 stacked layers multiplies the power produced. The curve in Figure 4 represents the
output power of a piezoelectric recuperator.
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Figure 4 Output power curve of a piezoelectric system

4.3. Hybrid system

Figure 5 shows the detailed conceptual diagram of the optimized hybrid energy recovery system, illustrating
all of its components. The design of this system consists of five distinct types of geometries, each playing

Andriamananjara et al. (2026), Electr. Eng. Energy 148



Electrical Engineering and Energy | (2026) 5:2

a specific role in the energy conversion process.

The electromagnetic subsystem consists of two cylinders of different sizes. The large outer cylinder is
designed to house the recovery coil made of copper wire. This conductive material converts the variable
magnetic flux into electrical energy. The small inner cylinder houses the permanent magnet made of BNM-
35 (neodymium-iron-boron) material.

The piezoelectric device consists of ten superimposed layers of piezoelectric ceramic. Lead zirconate
titanate (PZT-5H) is often used in energy recovery applications due to its excellent piezoelectric properties
and high electromechanical coupling coefficient. These layers amplify the voltage generated by mechanical
stress and vibrations.

The mechanical structure of the system is made of steel. The moving steel mass is the patt of the system
that oscillates under the effect of external vibrations, thus producing the relative movement necessary for
energy conversion in the two transducers. The fixed base provides rigid anchoring for the device and serves
as a stationary reference point for the recovery system. We chose steel for these components because of its
mechanical properties, particulatly its rigidity, strength, and durability.

Coil
(Cylinder) [ EM Domain (fixed)
Magnet .
(Cyli?'lder) [ Magnet (mobile)
(movement)

Moving mass |> Mass (mobile)

Piezo stack
(10 layers)

Fixed support |> Base (fixed)

10 layers
piezoelectric

Figure 5 Conceptual diagram of the assembly

Figure 6 shows the 3D model of the hybrid energy recovery system, created using COMSOL Multiphysics
6.2. This model allows us to visualize the overall architecture of the system and the spatial arrangement of
its various components.

There are several main geometric elements:

- On the outside is a metal cylinder visible on the right side of the model, which constitutes the
electromagnetic system component. This cylindrical component holds the copper coil, according to the
configuration of the electromagnetic transducer.

- Inside this cylinder is a small cylinder that houses the BNM-35 permanent magnet.

- Multilayer piezoelectric elements: The superimposed blade-shaped structures, clearly visible in the center
of the device, represent the stacking of ten piezoelectric layers in PZT-5H. This multilayer configuration,
characterized by parallel strata, optimizes the conversion of mechanical energy into electrical energy
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through the direct piezoelectric effect.

- Structural supports: The rectangular steel blocks located at the ends of the device act as a fixed base and
support for the moving mass. These elements ensure the mechanical rigidity necessary for the proper
functioning of the system while allowing relative movement of the active components.

This 3D representation is an important step in the design process, allowing potential interference between
components to be visualized, the overall footprint of the device to be optimized, and the finite element
numerical simulation stages to be prepared. The COMSOL model will also serve as a reference for the
manufacture and assembly of the experimental prototype.

Figure 6 3D model of the hybrid recuperator

The optimized system delivers a maximum power of 4350 uW at 46.55 Hz. The parallel connection of energy
harvesters allows the electrical power to be added together and offers a performance gain of +135%
compared to the electromagnetic system alone and +74% compared to the piezoelectric system alone.

The hybrid system produces a bandwidth of 9 Hz, offering high conversion efficiency at the resonance
frequency, this curve is shown in Figure 7.

5000

w
Q
=)

Output Power (UW)
e

1000

0 20 0 60 80 100
Frequency (Hz)

Figure 7 Output power curve of a hybrid system

: Electromagnetic system
: Piezoelectric system
: Hybrid system
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4.4. Comparative analysis

Table 4 summarizes the performance comparison of the three different systems. The electromagnetic system
guarantees robustness with excellent frequency tolerance but generates the lowest power, while the
piezoelectric system achieves a balanced compromise between performance and tolerance. The hybrid
system achieves optimal energy efficiency and maximum power with limited frequency sensitivity, making it
ideal for stable frequency applications that require high power density.

Table 4 Performance comparison

Electromagnetic Piezoelectric Hybrid
Parameter

system system system
Resonance frequency 46.55 Hz 46.55 Hz 46.55 Hz
Bandwidth 17 Hz 13 Hz 9 Hz
Maximum power 1850 uW 2500 uW 4350 uW
Quality factor, Q 2.7 3.6 52

5. Discussion

The hybrid system offers a remarkable output power of 4350 pW. The maximum performance of this
hybridization consumes a reduced bandwidth of 9 Hz and a high-quality factor of Q = 5.2. The
electromagnetic system offers sensitivity to frequency variations with its wide bandwidth of 17 Hz and
represents 42.5% of the hybrid system's power. The piezoelectric system offers a good balance with 2500
uW and a bandwidth of 13 Hz, representing 57.5% of the hybrid system's power output. The quality factor
depending on the technologies is improved as follows: 2.7 for electromagnetic and 3.6 for piezoelectric,
which explains the increased sensitivity to frequencies. The narrow bandwidth of 9 Hz observed in the
hybrid system is a direct consequence of the high-quality factor (Q = 5.2), which indicates strong resonant
behavior and low damping (Joy et al., 2023). The electromagnetic system alone exhibits a broader 17 Hz
bandwidth due to its lower Q factor (2.7) and inherently higher mechanical damping from eddy current
losses and magnetic field interactions (Han et al., 2022). The piezoelectric system's intermediate bandwidth
of 13 Hz (Q = 3.6) reflects moderate mechanical damping from internal friction in the PZT-5H ceramic
layers (Li et al., 2021). The synergistic effect in parallel coupling enhances the Q factor because the electrical
loading from both transducers creates a matched impedance condition that minimizes energy dissipation
and maximizes resonant amplitude (Bing et al., 2022). The magnetic field from the electromagnetic coil
(approximately 0.5-1.0 Tesla at the magnet sutface) has negligible influence on the piezoelectric material's
polarization state due to PZT-5H's low magnetoelectric coupling coefficient (<107s/m) (Jinhui et al.,
2021). At resonance, approximately 57.5% of the input mechanical energy is converted through the
piezoelectric pathway while 42.5% follows the electromagnetic pathway. The parallel electrical coupling
ensures that these two energy streams combine constructively at the load (Xutao et al., 2021). The technical
justification for parallel coupling over series coupling lies fundamentally in impedance matching and power
transfer optimization (Li et al., 2021)(Jung et al., 2020). The piezoelectric transducer presents a
predominantly capacitive impedance (| Z,| = 17 k) and generates high voltage (40-60 V peak-to-peak)
with low current (2-3 mA). The electromagnetic transducer exhibits inductive-resistive impedance (| Zem |
=~ 580 € at resonance) and produces moderate voltage (5-8 V peak-to-peak) with higher current (10-15
mA). The matched impedance condition in our parallel hybrid system maintains the voltage-current phase
relationship within 15-20° of optimal, compared to 60-75° phase mismatch typically observed in series
configurations, directly explaining the 74-135% power improvement over single-transducer operation. Our
4.35 mW hybrid harvester can continuously power a typical wireless sensor node that consumes 0.3-0.5
mW average, providing a comfortable 8-14X margin (Alldatasheet, s.d.) (Nordic Semiconductor, 2023). For
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structural health monitoring accelerometers on bridges or buildings, typical power budgets are 1-5 mW for
continuous low-frequency vibration monitoring. Compared to the existing literature, our hybrid system's
output power of 4.35 mW at 46.55 Hz demonstrates competitive performance in the context of compact
energy harvesters. Toyabur et al. (Toyabur et al., 2018) achieved a maximum output power of 740 uW, with
our system achieving nearly six times their total hybrid power output. A magnetically coupled piezoelectric-
electromagnetic hybrid harvester (Junlei et al., 2020) reported 332 uW at a resonant frequency of 21.6 Hz,
which is 13 times lower than our system's performance. Our 74% to 135% power improvement over single-
transducer configurations validate the effectiveness of the parallel hybridization approach. The hybrid
system is the most efficient solution compared to the single-transduction system, with optimization of the
hybrid system highlighting the complementary nature of this vibrational energy recovery.

This study has significant limitations related to ideal simulation conditions that differ from reality,
particularly actual vibrations (multifrequency and transient) that could reduce efficiency by 15 to 30%.
Temperature variations (-20°C to +60°C) and manufacturing tolerances (£5% thickness, £0.1 mm
positioning) can affect material properties and introduce performance variability of 5 to 12%. Mechanical
fatigue after millions of cycles can degrade the system, although PZT-5H retains 85 to 90% of its
performance after 10° cycles. Environmental factors (humidity, shock, electromagnetic interference)
require protective encapsulation, which was not modeled in this study. Despite these limitations, the 74 to
135% improvement of the hybrid system should persist under real-world conditions, but field testing is
essential to quantify these effects and optimize the system.

6. Conclusion

This study demonstrates the superior performance of the hybrid system compared to single transducer
systems for powering autonomous electronic devices. Simulations performed using COMSOL Multiphysics
6.2 confirmed a maximum power output of 4.35 mW at a resonant frequency of 46.5 Hz for the hybrid
configuration. This represents a substantial improvement of 74% compared to the piezoelectric-only system
(2.50 mW) and 135% compared to the electromagnetic-only system (1.85 mW). The parallel coupling of the
two technologies allows their complementary advantages to be exploited: high voltage from the piezoelectric
transducer and high current from the electromagnetic transducer. The hybrid system achieved a quality factor
of 5.2, indicating excellent energy conversion efficiency at the resonant frequency. However, this comes with
a trade-off: the system exhibits a reduced bandwidth of 9 Hz compared to individual transducers, making it
particularly suitable for stable-frequency applications such as industrial machinery, HVAC systems, or vehicle
engines where the operational frequency remains relatively constant. For applications with variable frequency
vibration sources, this bandwidth limitation should be carefully considered. Despite this constraint, the 74%
to 135% power improvement clearly demonstrates the effectiveness of the parallel hybridization approach.
This optimized hybrid energy harvesting system ensures battery autonomy and avoids the use of
electrochemical batteries for embedded systems and Internet of Things devices. The optimization of these
hybrid microgenerators paves the way for increased energy autonomy in low-power electronic devices,
offering a sustainable and maintenance-free power solution for wireless sensor nodes and IoT applications
requiring 1-10 mW continuous power supply.
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