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 a b s t r a c t

Vibration energy harvesting has emerged as a key technology, enabling wireless and autonomous 
systems for monitoring host structures. Although energy harvesters are inherently coupled elec-
tromechanical systems, most existing studies assume a constant electrical output and focus solely 
on optimizing the electrical subsystem, often through impedance matching. As a result, the me-
chanical design of the harvester and its dynamic interaction with the host structure are frequently 
overlooked. This paper proposes a new optimization approach that targets both the mechanical 
and electrical design of the harvester, aiming to maximize the output power of the harvester based 
on the 𝐻2 norm under broadband excitation.
 In the context of the power maximization, it was found that smaller damping of the host 
structure or the harvester results in larger output power of the harvester, and that there exists an 
optimal combination of the natural frequency ratio of the harvester to the host structure and the 
damping ratio originating from load resistance. Although such inherent dampings of mechanical 
structures are generally very small and often neglected in the modeling of vibration systems, 
neglecting either of them may eliminate the existence of an optimal natural frequency ratio or lead 
to an overestimation of the harvested output power, indicating that both damping mechanisms 
must be considered simultaneously. The validity of the obtained optimal parameters was verified 
by experimentally evaluating the objective function for various values of the design parameters. In 
this experimental validation, a cantilever-type magnetostrictive energy harvester was employed, 
while the proposed approach is applicable regardless of the transduction mechanism.

1.  Introduction

Vibration energy harvesting has attracted significant attention as a promising technology for powering wireless and autonomous 
systems used in structural health monitoring [1,2]. These systems are essential for long-term observation of infrastructure, enabling 
the detection of damage or deterioration without the need for wired power or frequent battery replacement. As such, energy harvesters 
are expected to operate reliably over extended periods under ambient vibrations, typically in the range of tens of Hz [3–5].

To manage and regulate the energy extracted from vibrations, energy harvesting systems typically include power management 
integrated circuits (PMICs), which rectify the generated AC power, store it, and deliver regulated DC power to sensor nodes. Since 
the rectified output can be considered as DC voltage, the PMIC can often be represented as an equivalent load resistance connected 
to the harvester from an electrical perspective. This simplification makes it easier to analyze the harvester system and has therefore 
been widely adopted in the literature [6–9].

The current flowing through the equivalent resistive load affects the mechanical system as a damping force similar to an eddy 
current brake. Such backward coupling effects alter the mechanical amplitude of the harvester, resulting in changes in the output 
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\begin {equation}\begin {array}{l} m_1 \ddot {x}_1 + k_1 \left (x_1 - x_0\right ) + c_1 \left (\dot {x}_1 - \dot {x}_0\right ) +k_2 \left (x_1 - x_3\right ) + c_2 \left (\dot {x}_1 - \dot {x}_2\right ) + c_4 \left (\dot {x}_1 - \dot {x}_5\right ) = 0\\\\ m_2 \ddot {x}_2 - k_3 \left (x_3 - x_2\right ) - c_2 \left (\dot {x}_1 - \dot {x}_2\right ) = 0\\\\ - k_2 \left (x_1 - x_3\right ) + k_3 \left (x_3 - x_2\right ) - k_4 \left (x_4 - x_3\right ) = 0\\\\ k_4 \left (x_4 - x_3\right ) - c_3 \left (\dot {x}_5 - \dot {x}_4\right ) = 0\\\\ c_3 \left (\dot {x}_5 - \dot {x}_4\right ) - c_4 \left (\dot {x}_1 - \dot {x}_5\right ) = 0 \end {array} \label {eq:1}\end {equation}


\begin {equation}\begin {array}{l} \textrm {Mass ratio between harvester and host structure:}\hspace *{1mm}\mu = \dfrac {m_2}{m_1} \\ \textrm {Stiffness ratio between transducer and host structure:}\hspace *{1mm}\kappa _1 = \dfrac {k_2}{k_1} \\ \textrm {Stiffness ratio between equivalent stiffness of electrical circuit and transducer:}\hspace *{1mm}\kappa _2 = \dfrac {k_4}{k_2} \\ \textrm {Natural frequency ratio between harvester and host structure:}\hspace *{1mm}\nu = \dfrac {\omega _2}{\omega _1} \\ \textrm {Damping ratio of host structure:}\hspace *{1mm}\zeta _1 = \dfrac {c_1}{2 m_1 \omega _1} \\ \textrm {Damping ratio of harvester:}\hspace *{1mm}\zeta _2 = \dfrac {c_2}{2 m_2 \omega _2} \\ \textrm {Damping ratio originating from coil resistance:}\hspace *{1mm}\zeta _3 = \dfrac {c_3}{2 m_2 \omega _2} \\ \textrm {Damping ratio originating from load resistance:}\hspace *{1mm}\zeta _4 = \dfrac {c_4}{2 m_2 \omega _2} \\ \textrm {Dimensionless excitation frequency:}\hspace *{1mm}\lambda = \dfrac {\omega }{\omega _1} \end {array} \label {eq:2}\end {equation}


\begin {equation}\omega _1 = \sqrt {\dfrac {k_1}{m_1}},\
\omega _2 = \sqrt {\dfrac {\dfrac {k_2 k_3}{k_2 + k_3}}{m_2}} \label {eq:3}\end {equation}


\begin {equation}\tilde {P} = \dfrac {\frac {1}{2} R \dot {q}^2}{\frac {\Theta ^2}{R_\mathrm {coil}} \omega _1^2 x_0^2} = \dfrac {\zeta _4}{2 \zeta _3} \lambda ^2 \left |\dfrac {x_1 - x_5}{x_0}\right |^2 \label {eq:4}\end {equation}


\begin {equation}I = \dfrac {1}{2 \pi } \displaystyle \int _{-\infty }^{\infty } \tilde {P} \mathrm {d} \lambda = \dfrac {\zeta _4}{4 \pi \zeta _3} \displaystyle \int _{-\infty }^{\infty } \lambda ^2 \left |\dfrac {x_1 - x_5}{x_0}\right |^2 \mathrm {d} \lambda \label {eq:5}\end {equation}


\begin {equation}\begin {split} \lambda ^2 \left |\dfrac {x_1 - x_5}{x_0}\right |^2 &= \dfrac {a_0 \lambda ^8 + a_1 \lambda ^6}{\left (b_1 \lambda ^4 - b_3 \lambda ^2 + b_5\right )^2 + \left (\lambda ^5 - b_2 \lambda ^3 + b_4 \lambda \right )^2} \\ &= \dfrac {a_0 \lambda ^8 + a_1 \lambda ^6}{\left (\lambda ^5 - j b_1 \lambda ^4 - b_2 \lambda ^3 + j b_3 \lambda ^2 + b_4 \lambda - j b_5 \right ) \left (\lambda ^5 + j b_1 \lambda ^4 - b_2 \lambda ^3 - j b_3 \lambda ^2 + b_4 \lambda + j b_5 \right )} \\ &= \dfrac {a_0 \lambda ^8 + a_1 \lambda ^6}{\left (\lambda - \lambda _1\right ) \left (\lambda - \lambda _2\right ) \left (\lambda - \lambda _3\right ) \left (\lambda - \lambda _4\right ) \left (\lambda - \lambda _5\right ) \left (\lambda + \lambda _1\right ) \left (\lambda + \lambda _2\right ) \left (\lambda + \lambda _3\right ) \left (\lambda + \lambda _4\right ) \left (\lambda + \lambda _5\right )} \end {split} \label {eq:6}\end {equation}


\begin {equation}\begin {split} I &= \dfrac {\zeta _4}{4 \pi \zeta _3} \displaystyle \int _{-\infty }^{\infty } \lambda ^2 \left |\dfrac {x_1 - x_5}{x_0}\right |^2 \mathrm {d} \lambda \\ &= j \dfrac {\zeta _4}{2 \zeta _3} \sum _{i = 1}^5 \mathrm {Res} \left ( \lambda ^2 \left |\dfrac {x_1 - x_5}{x_0}\right |^2, \lambda _i \right ) \\ &= \dfrac {\zeta _{4}\, \left [ a_0 \left ( b_{1}\,{b_{4}}^{2}+{b_{2}}^{2 }b_{5}-b_{2}\,b_{3}\,b_{4}-b_{4}\,b_{5} \right ) +a_{1} \left (b_{2}\,b_ {5}-b_{3}\,b_{4} \right ) \right ]}{4\,\zeta _{3}\, \left ( {b_{1}}^{2}{b_ {4}}^{2}+b_{1}\,{b_{2}}^{2}b_{5}-b_{1}\,b_{2}\,b_{3}\,b_{4}-2\,b_{1}\, b_{4}\,b_{5}-b_{2}\,b_{3}\,b_{5}+{b_{3}}^{2}b_{4}+{b_{5}}^{2} \right ) } \end {split} \label {eq:7}\end {equation}


\begin {equation}\begin {array}{l} - j b_1 = - \left (\lambda _1 + \lambda _2 + \lambda _3 + \lambda _4 + \lambda _5 \right ) \\ - b_2 = \lambda _1 \lambda _2 + \lambda _1 \lambda _3 + \lambda _1 \lambda _4 + \lambda _1 \lambda _5 + \lambda _2 \lambda _3 + \lambda _2 \lambda _4 + \lambda _2 \lambda _5 + \lambda _3 \lambda _4 + \lambda _3 \lambda _5 + \lambda _4 \lambda _5 \\ j b_3 = - \left (\lambda _1 \lambda _2 \lambda _3 + \lambda _1 \lambda _2 \lambda _4 + \lambda _1 \lambda _2 \lambda _5 + \lambda _1 \lambda _3 \lambda _4 + \lambda _1 \lambda _3 \lambda _5 + \lambda _1 \lambda _4 \lambda _5 + \lambda _2 \lambda _3 \lambda _4 + \lambda _2 \lambda _3 \lambda _5 + \lambda _2 \lambda _4 \lambda _5 + \lambda _3 \lambda _4 \lambda _5 \right ) \\ b_4 = \left ( \lambda _1 \lambda _2 \lambda _3 \lambda _4 + \lambda _1 \lambda _2 \lambda _3 \lambda _5 + \lambda _1 \lambda _2 \lambda _4 \lambda _5 + \lambda _1 \lambda _3 \lambda _4 \lambda _5 + \lambda _2 \lambda _3 \lambda _4 \lambda _5 \right ) \\ - j b_5 = - \lambda _1 \lambda _2 \lambda _3 \lambda _4 \lambda _5 \end {array} \label {eq:8}\end {equation}


\begin {equation}\left . \dfrac {\partial I}{\partial \nu } \right |_{\nu = \nu _{\mathrm {opt}}} = 0, \left . \dfrac {\partial I}{\partial \nu } \right |_{\zeta _4 = \zeta _{\mathrm {4,opt}}} = 0 \label {eq:9}\end {equation}
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