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Interface circuits play an important role within the energy harvesting transduction chain. Sophisticated circuits allow extracting energy efficiently and provide output voltages significantly higher than standard techniques would allow. In this work, an easy and highly efficient interface circuit for electromagnetic energy harvesting (EMEH) is presented. As the EMEH open electric circuit voltage is typically low, this circuit aims at charging a capacitor to a higher voltage efficiently. A switch short-circuits and opens the transducer periodically to energize and transfer the energy to the capacitor. Based on unidirectionally coupled differential system equations, the energy efficiency is analyzed for both the discontinuous conduction mode (DCM) and the continuous conduction mode (CCM). The problem solution reveals a general description of the optimal ratio between short-circuit and open circuit for any linear electromagnetic energy harvester. It enables to set up the interface circuit properties, solely based on the electromagnetic system properties and based on the energy storage.

I. INTRODUCTION

Electromagnetic energy harvesting (EMEH) is one of few main methods to transduce vibrational energy into electrical energy. The change of a magnetic field with respect to a coil, induces a voltage at the terminals of the coil. Coupled differential equations are used to describe the interaction between mechanical and electrical domain, whereas the electrical circuit representation consists in a series connection of a controlled voltage source, a resistance and an inductance. To use the provided energy for many shock driven applications, a temporary storage like a capacitor is required [START_REF] Germer | ASME 2020 Conference on SMASIS[END_REF]. Generally, small-scaled electromagnetic energy harvesters provide a much smaller output voltage compared to their piezoelectric counterparts. Additionally, rectifying diodes cause significant losses during the electrical energy extraction, which is why active fullwave rectifiers and active voltage doublers have been studied to reduce these losses [START_REF] Rao | [END_REF][START_REF] Ulusan | Transducers & Eurosensors[END_REF]. However, the capacitor voltage represents a second voltage barrier and influences the energy transfer. Step-up converters relativize the voltage drop and allow to charge the storage to a higher voltage than the induced voltage. Arroyo et al. [START_REF] Arroyo | Sensors and Actuators A: Physical[END_REF] and Sanchez et al. [5] presented a promising circuit concept. They used the analogy of electric charge and magnetic flux and presented a synchronized magnetic flux extraction circuit, extracting the electrical energy load independently. The terminals of the EMEH are kept short circuited to obtain a maximum magnetic field in the inductor, equivalent to a maximum current. When this field maximum is reached, the connection is opened and the energy of the inductor is transferred to the electrical load. The next cycle starts, when the polarity of the current has changed. Own calculations for unidirectionally coupled EMEHs have shown, that the circuit efficiency can be increased up to 79.5%. However, efficiency optimization is challenging, as ideal inductors, being very large in size, are required. Real inductors with resistive part significantly decrease the efficiency to only a few percent. Additionally, compared to a piezoelectric synchronous charge extraction circuit, the inductance of an EMEH has no memory and do not accumulate the magnetic field energy, whereas the piezoelectric capacitance accumulates the charges and a circuit efficiency of up to 100% can be reached, theoretically.

II. INTERFACE CIRCUIT AND ENERGY ESTIMATION

This circumstance leads to a new, easily implementable boost interface circuit, using solely the intrinsically inductance of the EMEH as element to be energized and to transfer the energy, while being short-circuited and opened multiple times within one oscillation, respectively. The circuit is depicted in FIG. 1, whereas u(t), L, R and are the induced voltage, the inductance and the resistance of the EMEH, respectively.

FIGURE 1: Electromagnetic energy with interface circuit

The switch sets the inductance energizing time 𝑡 E and the transferring time 𝑡 T . When the switch is closed, a RL-network is formed. As the current 𝑖 is limited by 𝑖 0 = 𝑢 0 /𝑅 and as the inductance causes a phase shift, the current raise is high at the beginning of the inductor charging phase, e.g. 𝑖(𝜏) -𝑖(0) = 0.63 𝑖 0 whereas 𝑖(4𝜏) -𝑖(3𝜏) = 0.03 𝑖 0 , whereas 𝜏 = 𝐿/𝑅. On the hand, the longer the switch is closed, the higher both the current 𝑖 and the energy 𝐸 = 𝐿𝑖 2 /2 are. On the other hand, the inductance could have been discharged and recharged multiples times n during the same time T, leading to a higher total energy E. To find the best ratio 𝑡 E /𝜏 as well as 𝑡 T /𝜏, if the transferring time is non-negligible, the following conditions are assumed. (1) Weakly coupled systems: the electrical domain has almost no influence on the mechanical domain, (2) the coil resistance is dominating the source impedance: 𝜔𝐿 ≪ 𝑅, (3) Quasistatic oscillation (𝑇 ≪ 𝜏): the oscillation period T is much larger than both energizing and transferring time, depending both on 𝜏.

A. Full transfer mode (FTM)

Let 𝑢(𝑡) = 𝑢 0 be the voltage source of the electrical circuit branch, which can be considered constant due to assumption (3). A switch short circuits and opens the EMEH periodically after 𝑡 E and after 𝑡 E + 𝑡 T , respectively. The transferring time is chosen, such that the inductor energy is fully transferred. The total energy that can be extracted is the sum of each charged inductance energy:

E = ∑ 𝐿 2 𝑖 𝐹𝑇𝑀 2 (𝑡 = 𝑝 ⋅ 𝑡 E ) 𝑘 𝑝=1 ,
whereas the p th inductance current 𝑖 FTM is given by

𝑖 FTM (t) = 𝑖 0 (1 -exp (- 𝑡 E 𝜏
)) and 𝑖 0 = 𝑢 0 𝑅 .

Consequently, the accumulated inductor energy is

E FTM = k ⋅ 𝐿 2 𝑖 0 2 (1 -exp (- 𝑡 E 𝜏 )) 2 .
During the time 𝑡 T , the energy is transferred. Within a given time 𝑇, the inductor can be charged and discharged 𝑘 times, whereas 𝑘 = 𝑇/(𝑡 E + 𝑡 T ). Replacing 𝑘 leads to the expression of the energy

E FTM = T 𝑡 E + 𝑡 T ⋅ 𝐿 2 𝑖 0 2 (1 -exp (- 𝑡 E 𝜏 )) 2 .
The normalization to the maximal attainable energy 𝐸 0 = 𝑇𝑅𝑖 0 2 /4 during T under load matching and substitution of 𝑥 = 𝑡 E /𝜏 and 𝑚 = 𝑡 T /𝜏 leads to the expression of the efficiency

𝜂 𝐹𝑇𝑀 = 2 ⋅
(1 -exp(-𝑥)) 2 𝑥 + 𝑚 .

Setting the derivative of 𝜂 with respect to 𝑥 to zero and the derivative of 𝜂 with respect to 𝑚 to zero leads to a system of equations, whose solution is described by exp(𝑥 𝑚 ) -2𝑥 𝑚 -1 -2𝑚 = 0. The pairs (m, 𝑥 𝑚 ), maximizes the efficiency, which is illustrated in FIG. 3 as function of 𝑚. As a result, the efficiency is limited by 80 % and necessitates the switch opening periodically at 𝑥 = 𝑡 E /𝜏 = 1.25 and 𝑚 = 𝑡 T /𝜏 = 0 (immediate energy transfer). Even if the maximal efficiency is equivalent to the one of a perfect SFME, no ideal and bulky tuning inductor is necessary. Further, no complex algorithm such as maximum peak detection or zero crossing detection have to be embedded. A switch with defined energize and transfering times is enough to obtain high load independent energy efficiencies and is able to increases a storage capacitor voltage as load to a higher voltages than the electromagnetic output voltage. Under realistic conditions (m>0), overall efficiencies of >60% can be reached, easily.

B. Partial transfer mode (PTM)

Even higher efficiencies can be obtained, if the inductance is not entirely discharged, but if it maintains a current 𝑖 L0 , leading to the partial transfer mode (PT). The current is calculated by

i PTM (t) = i 0 (1 -exp (- 𝑡 E 𝜏 )) + 𝑖 L0
and the added energy is expressed as

E PTM = k ⋅ 𝐿 2 (𝑖 0 2 (1 -exp(-𝑥)) 2 -𝑖 L0 2 ),
Substituting 𝑛 = 𝑖 𝐿0 /𝑖 0 and normalization to 𝐸 0 results in the expression of the efficiency 𝜂 𝑃𝑇𝑀 = 2 ⋅ 𝑛 2 (e -2x -1) -(e -x -1)((2𝑛 + 1)𝑒 -𝑥 -1) 𝑥 + 𝑚 .

Similar to the FTM, the efficiency is derived according to x, 𝑛 and 𝑚, respectively, and the derivatives are set to 0. The solution of the system of equations is described by sinh(𝑥 𝑚 ) -𝑥 𝑚 -𝑚 = 0 𝑛 𝑚 = (1 + exp(𝑥 𝑚 )) -1 . The maximal efficiency as function of 𝑚 is illustrated in Fig. 3.

FIGURE 3: Optimal energy efficiency as function of relative transferring time m for PTM and FTM

For the triple (𝑚, 𝑥 𝑧 , 𝑛 𝑧 )=(0,0,1/2), an efficiency of 100% is reached. While m can be very small in practice, a time ratio x = 0 is not physically meaningful to charge the inductor. Only in theory, the FTM leads to an efficiency increase compared to the PTM. However, a FTM based circuit needs much more functionality to maintain a minimal current 𝑖 L0 . In practice, the objective is to charge a capacitor. As the time to transfer all the inductor energy decreases with the capacitor voltage and is limited by 𝑡 𝑇 ≤ √𝐿𝐶/4, the presented circuit with fixed times 𝑡 E and 𝑡 T is a combination of both methods FTM and PTM.

III. CONCLUSION

The study presented two new concepts to transfer electrical energy efficiently from an electromagnetic energy harvester (EMEH) towards a storage. Both concepts periodically shortcircuit and open the EMEH periodically. Analytical calculations have revealed that efficiencies of 80% and 100% are possible for the FTM and PTM, respectively. Due to the simplicity of the FTM circuit, its application is preferable and provides higher voltages than the output of the electromagnetic transducer.

  FIGURE 2 presents the current evolution of the inductance and the amount of totally transferred energy, being charged during 𝑡 E and entirely transferred during 𝑡 T , here 𝑡 T = 0, once, twice and fourth.
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 2 FIGURE 2: Inductor current and transferred energy for different energizing times 𝑡 E /𝜏 and 𝑡 T /𝜏 = 0
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