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In this work, we propose and analyze two solutions, inspired from circuit theory, to design energy 

harvesters with improved performances [1,2]. The pros and cons of both solutions are discussed, and their 
ideal application range is outlined. Our theoretical and numerical analysis shows that the proposed solutions 
outperform traditional energy harvesting systems both in terms of harvested power and of power efficiency. 

The first solution that we consider, is based on impedance matching theory [2]. The maximum power 
transfer theorem states that maximum power is absorbed by the load, if its impedance is the complex 
conjugate of the source impedance. Typically, energy harvesting systems are composed by an oscillating 
structure, a mechanical-to-electrical energy transducer, and an electrical load (Fig. 1(a)). The limited power 
efficiency is the consequence of the very different impedance of the mechanical and the electrical parts. A 
possible solution consists in interposing a matching network between the source and the load (Fig. 1(b)). 
The matching network is ideally composed of reactive elements (inductors and capacitors), that do not 
absorb average power, but they modify the load impedance. Application of the matching network permits 
to obtain very high average harvested power, with very high-power efficiency. Unfortunately, to achieve 
optimal performances, the matching network often must include very large inductors. This limitation is 
particularly serious in applications of energy harvesting at very low frequency. In fact, electrical circuits 
are characterized by resonance frequencies that are several orders of magnitude higher than those of 
mechanical systems. As a rule of thumb, the resonance frequency of a mechanical object is inversely 
proportional to its size. Therefore, miniaturized harvesters have relatively high resonance frequencies, that 
are closer to that of electrical circuits. On the contrary, to match the low resonance frequency of a large 
mechanical system, a very large inductance is required.  

The second proposed solution consists in an application of filter theory (Fig. 1(c)). Passive filters are 
electronic circuits designed to transmit/block signals within a given frequency band. Similarly, energy 
harvesters are designed to capture energy, and convey it to a load. This suggests the idea to apply filter 
theory to design energy harvesters with optimal performances. Using mechanical-to-electrical analogies 
(Table 1), equivalent circuits for the electro-mechanical energy harvesters can be derived. A passband filter 
with Cauer topology, is interposed between the voltage source, representing ambient energy source, and 
the equivalent circuit. The passband filter is optimized to maximize the power transmitted to the load. Using 
electrical-to-mechanical analogy, the filter corresponds to a mechanical filter, composed by a chain of 
harmonic oscillators. Multi-degrees of freedom systems composed by chain of oscillators have already been 
considered in the past, but their design and optimization has not been discussed. Practical realization of a 
mechanical filter can be quite complicated, and this solution offers less power performances with respect 
to the impedance matching solution. On the other hand, the problem of very high inductances is eliminated.  

We support our considerations, here summarized in the results in Table 2, with theoretical results and 
numerical simulations. 

 
 

 
 
 
 
 
 
 



force → voltage 
displacement → charge 
velocity → current 
mass → inductance 
compliance (1/stiffness) → capacitance 
damping → resistance 
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Solution setup Average harvested power 
Simple resistive load 65 µW 

Matched load 115 µW 
Mechanical Filter, 1st order 92 µW 
Mechanical Filter, 2nd order 97 µW 

Figure 2.  Transfer function of a simple energy harvester with resistive load (blue line), and the two 
proposed solutions. Harvested power is proportional to the area under the curves. (a) Matching network 
(red line). (b) Mechanical filter (red and black lines). In both solutions power at the resonant frequency is 
traded for larger bandwidth. 

Figure 1.  Equivalent circuits for a piezoelectric (PZ) energy harvester. (a) PZ energy harvester with 
resistive load. (b) PZ energy harvester with matched load. (c) PZ energy harvester with mechanical filter 
composed by a chain of harmonic oscillators. 

Table 1.  Electro-mechanical analogies. Table 2.  Power performance comparison. 


