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 
Abstract— This paper presents a miniaturized and cost effective 

power management system (PMS) for low-voltage electromagnetic 

energy harvesters (EMEHs) operating in both battery powered 

and batteryless applications. The PMS consists of two converters 

and their associated controllers. The first converter converts 

EMEH’s ac voltage into a dc one in a single step and provides a 
maximum efficiency point tracking (MEPT) feature to maximize 

the harvested energy and can be used alone in battery powered 

applications. The second converter provides tight output voltage 

regulation for batteryless applications. The MEPT converter 

utilizes a topology that uses a single inductor shared between 

positive and negative half cycles of the EMEH voltage, unlike the 

majority of existing solutions, and hence achieving system’s cost 
and size reductions. In addition, its control architecture is based 

on low power comparators and does not require zero crossing 

detection (ZCD) block, in contrast to many existing solutions, 

allowing for further reduction in cost, losses, and size. Moreover, 

the shared inductor is not only used by the power stage but also as 

a key element of the bias supply scheme allowing for voltage 

stepping up and hence providing sufficient voltage to supply the 

control circuits. The voltage regulation converter features a highly 

integrated dc-dc converter where the power inductor serves as 

normal inductor and a substrate for the converter. 

Experimental results show the effectiveness of the PMS with an 

EMEH that has a damped ac voltage characteristics ranging from 

1.0V to 10mV for battery and batteryless applications. The 

presented MEPT converter, switching at 40KHz, achieves 32.3 

mm3 magnetics volume, which is the biggest contributor to the real 

estate of the PMS. Also, it can harvest up to 17mJ out of 20mJ 

available energy while achieving a BOM cost less than 0.7€. 
Moreover, the highly integrated buck converter, switching at 

4MHz, provides a tight regulated voltage of 1.2V at 5mA for a 

group of wireless sensors while achieving efficiency of 80% for 

load currents between 100µA and 200mA. 

 
Index Terms— Energy harvesters, power management system, 

electromagnetics, Power electronics topologies. 

I. INTRODUCTION 

nergy harvesting from ambient sources presents a potential 

solution to supply low power devices installed in remote 

areas and/or where the costs of installing and replacing batteries 
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are prohibitively high. A partial solution for this problem is 

extending battery-operating time by storing the energy 

harvested from ambient sources. Relying fully on ambient 

sources to replace batteries can solve such issues as associated 

maintenance costs and/or the need for human intervention are 

eliminated. An example of an application that can benefit from 

extending the battery operating time is integrating an energy 

harvesting device in the shoes of athletes. It would harvest 

energy during running or jogging and storing the harvested 

energy in the battery used with wearable devices such as smart 

watches to extend their operating time [1]-[3]. An example of a 

medical application would be leg transplants where a pressure 

sensor measures the pressure applied to the transplanted limb 

continuously and provides a warning or indication in case the 

user exceeds the rated specifications. A battery that needs to be 

active all the time when the user is moving powers this sensor. 

In case the battery discharges completely while the user is still 

moving, the transplanted limb could be damaged. Harvesting 

energy when the transplanted limb hits the ground and storing 

this energy in the battery of the pressure sensor can be a solution 

for such a problem. A third application is extending the 

operating time of the batteries of electronic locking systems [4]-

[5] where an energy harvesting device within the door translates 

the door’s movement into energy used to extend the operating 
time of the batteries that power the lock system. As a result, a 

significant reduction in maintenance cost associated with 

replacing depleted batteries can be achieved [5], especially in 

facilities which rely heavily on electronic door lock systems 

such as hotels and universities. A large set of applications that 

can use energy harvesters as replacement for batteries exist in 

the internet of things (IoT). IoT represents the future of the 

world, as it will change the way companies, cities, 

governments, and consumers connect and interface with the 

world. The IoT consists of sensors and a multitude of smart 

objects that identify and gather surrounding data and 

communicate them throughout the day. A typical application in 

an IoT system is to install an energy harvester in the backside 

of a window so that when the window is closed and then opened 
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the energy harvester can supply sensors that transmit data, such 

as humidity and temperature, to the base station [6]. It is 

expected that there will be 55 billion connected IoT devices by 

2025 all over the world and that around 15 trillion dollars will 

be spent on IoT devices by 2025 [7]. The main bottleneck for 

IoT is the high cost of integration and powering of such devices 

[6]. Energy harvesting is the most promising solution to cut 

these costs by providing a sustainable power source for such 

devices. However, energy harvesters (EHs) still suffer from low 

available energy levels, which limit their utilization to a specific 

range of applications. It should be noted that the term energy, 

not power, is used throughout the entire paper since the 

operation of energy harvesters is tied, in most of the cases, to a 

certain event that creates a certain power for a certain amount 

of time. 

The application targeted by the work presented in this paper 

is harvesting the mechanical energy of a moving window and 

rectifying the electrical energy generated using a PMS. It is 

worth mentioning that higher power loads require both an 

energy harvester and a battery while lower power loads can be 

sufficiently supplied by an energy harvester alone. That means 

the developed PMS should have the capability to work with 

both battery powered and batteryless applications. Two 

important requirements for the application are the cost and the 

efficiency of the PMS since the motivation for the application 

is to effectively replace batteries and their surrounding costs 

[8]. An important secondary design goal for this work is to have 

the PMS usable in a wide range of energy harvesting 

applications beyond those discussed in this paper, therefore the 

overall size of the PMS is taken into consideration. 

The application targeted by the work within this paper 

requires an energy harvesting device that translates mechanical 

energy into electrical energy. The most commonly used energy 

harvesting devices that can achieve this criterion are 

electromagnetic energy harvesters (EMEHs) [9]-[13] and 

piezoelectric generators [14]-[16]. Both types produce ac 

voltage and require maximum efficiency point tracking 

(MEPT). Piezoelectric generators have the advantage of higher 

output voltages [14], up to a few volts, which relaxes the 

requirements of the required PMS. On the other hand, they 

produce relatively low output power [14]-[16]. EMEHs have 

the opposite characteristics, with higher output energy [10] and 

lower output voltage, with ranges from a few mVs to hundreds 

of mVs [9]-[11]. The availability of higher energy, in terms of 

the extracted power from a specific event, in EMEHs makes it 

more appealing for the targeted applications. The requirements 

for the PMS that can be effectively used with EMEH in the 

previously mentioned systems is that the topology is able to 

convert from ac to dc voltages, and at the same time providing 

MEPT feature [17]-[21] to maximize harvested energy. That 

means the topology can be tuned to operate at the point where 

the energy harvester produces its maximum energy and has its 

highest efficiency. The conventional solution of using diode 

bridge rectifiers [12], [13], [17], [20]-[22] cannot be used with 

EMEHs due to the threshold voltage drop of the diodes. In 

addition, use of a synchronous bridge rectifier at the input is not 

ideal [20] as it increases systems complexity associated with 

gate driving as well as to avoid the lack of MEPT inherent in 

synchronous bridge rectifiers. An alternative is to use active 

diode rectifiers [23]-[24] where MOSFETs turn on and off by a 

comparator referencing their drain and source voltages. 

However, this solution requires an additional voltage source to 

supply the comparator, which is hard to achieve in many 

applications where energy harvesting is required. Solutions 

based on voltage multipliers such as Villard and Dickson charge 

pumps [25]-[27] can be used to multiply the input voltage of the 

EMEH, however, these solutions cannot implement the MEPT 

feature to the EMEH. Dual phase bridgeless solutions [28]-[31] 

get rid of the diodes, however, they are relatively bulky, relying 

on two inductors to achieve ac-dc conversion. Another problem 

with this class of converters is their gate driving requirements 

that usually involve having a high side gate driver. High side 

gate drivers and bias supply scheme are difficult to implement 

with low voltage harvesters, rarely appearing in literature, and 

typically requiring additional external supplies [30]-[31]. 

Another approach based on using a transformer to step up the 

voltage with an MEPT/ac-dc converter is shown in [32]-[34]. 

The main disadvantage of this approach is the increase in 

solution size and weight due to the transformer, in addition to 

complex gate driving. The authors of [35] proposed an MEPT-

capable topology that converts an ac voltage into a dc one using 

a single inductor. However, to drive the top side MOSFET 

successfully, the converter must operate with energy harvesters 

that have voltages lower than 0.5V, a constraint the will render 

it unusable with many existing energy harvesting mechanisms. 

Additionally, the arrangement of the switches in the converter 

requires a ZCD circuit, comprising of a reference voltage and 

an operational amplifier, increasing system cost, losses, and 

size. An external supply is also needed to power the digital 

controller, further distancing the solution from the requirements 

of the energy harvesting applications. The authors of [36] also 

presented a MEPT converter using a single inductor but 

requiring two external power sources to start the converter. This 

limits the advantages obtained by such a system since the 

external sources are battery based and require replacement and 

maintenance.    

The primary objective of this paper is to introduce the PMS, 

shown in Fig.1, for EMEHs. The PMS provides an MEPT 

feature and tight output voltage regulation, for battery powered 

or batteryless applications, while achieving improvements in 

size, efficiency, and cost. In addition, the PMS utilizes a simple 

control circuit and a gate drive cutting the main component 

requirements compared to other solutions such as ZCD block. 

II. THE DEVELOPED ELECTROMAGNETIC ENERGY 

HARVESTERS 

The presented harvester converts the mechanical energy into 

electrical energy using the principles of electromagnetism. The 

harvester is driven by pushing a button and the linear movement 

of the button is converted into rotation. The energy harvester 

system consists of (i) a mechanism for movement conversion, 

(ii) an electromagnetic energy harvesting transducer, and (iii) a 

power management system (PMS). As mentioned earlier, the 

motion of the driving button is linear translation; therefore, a 
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system for motion conversion should be integrated in the 

harvester. Using a movement-conversion mechanism, the small 

linear motion of the button of about 10mm - 15mm is converted 

into rotation with speeds higher than 1000rpm [37]. 

The conversion mechanism consists of a button, round gear 

rack, spring, and gear with a one-way clutch. For this harvester 

ype, it is important to generate rotation only in one direction as 

allowing rotation in the opposite direction will reduce the 

kinetic energy transferred to the coil, resulting in a reduction of 

the total energy harvested. Therefore, the one-way clutch is 

applied to limit the rotation to one direction. The gear with a 

one-way clutch is a standard mechanical part and the round gear 

rack is easy to fabricate by traditional machining techniques. 

The use of standard and easy-to-fabricate parts helps to reduce 

the total cost of the energy harvester. Figure 2 shows the first 

prototype of the fabricated EH device with its main 

components. By pressing the button, the spring is loaded and 

the energy is stored in the spring. During release of the spring, 

the button and round gear rack move back to the starting 

position.    

The round gear rack moves the gear while the one–way 

clutch allows free rotation of the rotor with assembled 

permanent magnets. The rotational speed reached values of 

about 1000rpm.  

The electromagnetic part of the harvester adopts the same 

configuration of a standard axial flux machine. The 

electromagnetic part consists of a rotating portion (rotor) and 

stationary portion (stator). The rotor has 8-multi pole NdFeB 

permanent magnet segments mounted on a soft magnetic plate 

(back iron) with a high saturation flux density. The permanent 

magnet material used is BMN-44H produced by Bomatec. 

These permanent magnets feature a magnetic remanence, Br, of 

1.35 T and a nominal maximum energy product (BHmax) of 

334 kJ/m³. The Co-alloy based soft magnetic plate used is 

aVacoflux48 material produced by Vakuumschmelze. 

Vacoflux48 shows very high saturation flux density, BS, of 

2.35 T. A magnetic material with high saturation flux density is 

necessary to avoid magnetic saturation of the system. The stator 

consists of 8 coils grouped into a single phase. A PCB coil 

embedded into FR4-ceramic material is adopted to reduce the 

thickness of the stator. Both the stator and the rotor are mounted 

 

 
Fig. 1: Block diagram of the presented PMS.  

  

 
Fig. 2:  (a) Components of the electromagnetic energy harvester, (b) Embedded 

coils in PCB, (c) The rotor.  

 

 
Fig. 3:  (a) Structure of the generator. (b) 3-D schematic of the electromagnetic 

generator. 
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on the same axis axis forming a defined 1 mm air gap between 

the two portions. The outer radius of coil, Ro, is 20 mm, the 

inner radius is, Ri, is 8 mm, and the height of the coil is 12 mm. 

Each coil consists of 10 layers with 7 turns per layer. The turn 

width is 400 µm with a thickness of 105 µm. Figure 3 shows 

the schematics of the electromagnetic part of the harvester. 

A) Analytical Estimation 
The energy harvesting generator is basically a planar axial 

flux machine without complicated structures like poles and 

teeth. The magnetic flux flows from one hard magnet pole 

through the coil to the next magnet pole. The analytical 

description of similar kind of generators is shown in some 

research works [38]–[40]. According to [38], a simplified 

equation (1) can be used to calculate analytically the generated 

voltage linked to design parameters. As given by the equation, 

the single-phase open-circuit voltage, Voc, is proportional to 

system size (inner Ri and outer Ro coil radius), thickness, tPM, of 

the permanent magnet, thickness, tAG, of the air gap, thickness 

of the coil system, tCoil, remanence, Br, of the permanent 

magnet,  the number of poles, P, the number of turns per pole, 

N, and the angular velocity, ΩR. 𝑉𝑜𝑐 = 𝑘(𝑅𝑜2 − 𝑅𝑖2). ( 𝑡𝑃𝑀𝑡𝑃𝑀+𝑡𝐶𝑜𝑖𝑙+𝑡𝐴𝐺 𝐵𝑟)𝑁𝑃𝛺𝑅,                        

(1) 

where k is a constant that depends on the winding 

distribution of the stator. The maximum output power of the 

permanent magnet based energy harvesting generator can be 

calculated from maximum power transfer theory as follows: 𝑃𝑚𝑜𝑢𝑡 = 𝑉𝑜𝑐24𝑅𝑐𝑜𝑖𝑙 ,                                                                    (2) 

where Rcoil is the total resistance of the coils. For a system 

with following geometrical parameters: an outer radius of 

20 mm, an inner radius of 8 mm, tAG =1 mm, tPM =1 mm, tCoil 

=1 mm; Br=1.35 T, N=8, P=70, ΩR =1000 rpm, then the 

estimated electrical resistance of one coil is 1.2 Ω. The 
resistance of the single-phase (eight coils are connected into 

one phase) is 9.6 Ω. The constant k is determined by 

measuring the output voltage experimentally for the described 

geometry. The single-phase open circuit voltage is estimated 

to be Voc=1.41 V. Thus, the output power of the generator can 

be approximated as 0.05W as calculated from equation (2). 

Such number can be obtained if the harvester is driven 

continuously at 1000 rpm. With our harvester, the speed of 

the generator may reach this speed, however this speed will 

decay exponentially as will be shown on the experimental 

results section. It will be shown in the experimental results 

that the maximum energy that can be obtained from this 

harvester is around 20mJ. 

B) FEM Simulation 

Due to the absence of high permeable magnetic bath in the 

construction of the harvester, the leakage and parasitic effects 

are high. As a consequence, the analytical calculation of the 

generated voltage, inductance and different design criteria 

affecting maximum power generation is challenging. Hence, 

in this section, a finite element simulation using the software 

Ansys Maxwell is used to calculate system inductance, and 

determine key design elements affecting the generated 

voltage and maximum efficiency point tracking, such as 

rotational angular velocity and air gap distance. Other design 

parameters, like the thickness of the coils, permanent magnet 

thickness, are enforced by modern production capabilities of the 

magnets used in the device and FR4 PCB thickness. 

In order to calculate the harvester inductance, the dimension 

of the coil described earlier is used. For a single phase, eight 

coils are connected in series. The inductance of each coil is 

calculated using FEM simulation and compared to the 

measured inductance experimentally to verify the validity of the 

model used in the simulation. The calculated inductance is 

found to be 30.3 µH (or 242 µH for one phase). The measured 

inductance is found to be 30.75 µH (or 246 µH for one phase) 

which shows consistency between the experimental and 

simulated data. The resistance of one phase can be calculated 

from the dimension of the coils, with the resistance of one phase 

being 10.8 Ω, a value useful in the design of mf maximum 
efficiency point tracking. Since the measured inductance is very 

 
(a)  

 
(b) 

 
(c) 

Fig.4: (a) V-R curve, (b) V-I curve, (c) output energy of an EMEH. 
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low, a resistive maximum efficiency point tracking system can 

be adopted without significant energy loss due to inductance of 

the coil. In addition, no phase advancing techniques are needed, 

even at low angular velocity (frequency).  

Figure 4 (a) shows the average-to-peak terminal voltage 

value of the first cycle of the EMEH voltage vs. the load value 

connected across it. Figure 4 (b) shows the average-to-peak 

terminal voltage value of the first cycle of the EMEH voltage 

vs the average-to-peak value of the load current connected 

across it. Figure 4 (c) shows the variation of the generated 

output energy versus different loading condition. Figure 4 (c) 

shows that the maximum energy is achieved with a coil 

resistance close to 10 Ω, (Ropt). This value is equivalent to the 

total source resistance of the energy harvester. It should be 

noted that there is a small deviation from the resistance 

calculated in the analytical estimation subsection. That 

deviation happens as a result from the non-ideal PCB multilayer 

process which results in not having the exact copper thickness 

assumed in the analytical calculations. The graph in Fig. 4 (c) 

is obtained by connecting different resistances across the 

EMEH terminals while force is applied to the button until it 

compresses the spring fully (this is identical to the real 

application where the window presses the spring fully when it 

is closed). Afterwards, the button is released. The generated 

output voltage and current are measured with an oscilloscope. 

The measured current and voltage are then multiplied and the 

area under the curve is calculated to find the harvested energy 

in mJ. The mechanical system within the energy harvester has 

an efficiency of approximately 50%, which means the kinetic 

energy is roughly double the harvested energy.  

The next point to be evaluated is the effect of applied 

velocity on the generated voltage. Knowing that the rotation of 

the permanent magnets are caused by free motion of the spring, 

the generated velocity will decay exponentially with time, 

causing the generator to experience a different velocity at each 

spring push.  The effect of different applied permanent magnet 

velocity on the generated voltage is calculated with FEM to 

verify the linearity appearing in the analytical expression in 

equation (1). Figure 5 shows the induced voltage for different 

rotational speeds using the same air gap of 1 mm. The induced 

voltage at rotational speed of 1000 rpm reaches Vpeak- to-peak 
(Vpp) of 300mV, resulting in a total voltage per phase of 2.4V. 

This value decays linearly with the reduction of angular 

velocity. 

The last point to be investigated is the effect of the air gap. 

The air gap is critical in calculating the open circuit voltage of 

the harvester since it is inversely proportional to the voltage. In 

addition, the air gap should be made large enough to reduce 

windage losses [38]. FEM simulation conducted shows that the 

magnitude of the induced voltage drops very quickly as the air 

gap increases. If the air gap is increased from 1 mm to 3 mm, 

the magnitude of the induced voltage is reduced by 50% from 

the initial value (i.e. the coil voltage becomes 150 mV). In order 

to guarantee a suitable voltage to power up the energy harvester, 

the air gap is selected to be 1mm. 

III. PRINCIPLE OF OPERATION OF THE MEPT CONVERTER 

The MEPT converter, shown in Fig.6 has the same principle 

of operation as resistance-emulated converters used for power 

factor correction (PFC) applications [41]. The converter runs in 

discontinuous conduction mode (DCM) and hence it appears as 

a purely controlled resistive element to the EMEH. The input 

resistance of the PMS is matched with the output resistance of 

the EMEH and MEPT is achieved. It should be noted that the 

conventional solutions of using diode-based rectification 

cannot be used with the EMEH due to the low output voltage 

levels of the harvester, as mentioned earlier. As a result, the 

MEPT converter needs to perform ac-dc conversion in a single 

stage without using diode(s) connected directly to the EMEH as 

illustrated in the introduction section.  

The MEPT converter consists of two MOSFETs, two diodes, 

a single inductor, and two output capacitors. L, Q1, and Q2, are 

active during positive and negative half cycles of the EMEH 

voltage while D1 and C1 are active during the positive half 

cycle, and D2 and C2 are active during the negative half cycle. 

Q1 and Q2 operate simultaneously and are used for energy 

transfer from the EMEH to L during the first part of the 

switching cycle, DTs, during both positive and negative half 

cycles. D1 is used to transfer the stored energy in L to C1 in the 

second part of the switching cycle, (1-D)Ts, during the positive 

 
Fig. 5:  Induced voltage of one coil for different rotational speed at air gap of 

1mm. 

Fig.6: The presented MEPT converter.  
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half cycle while D2 is used to transfer the stored energy in L to 

C2 during the second part of the switching cycle in the negative 

half cycle. Figures 7.a-d show the modes of operation of the 

MEPT converter during positive and negative half cycles. The 

input impedance of the MEPT converter is similar to the input 

impedance of a buck-boost converter and can be expressed as 

follows [13]: 𝑍𝑖𝑛 = 2𝑓𝑠𝐿𝐷2 ,                                                                                                   (3) 

where Zin is the input impedance of the converter, L is the 

inductance value, fs is the switching frequency, and D is the duty 

cycle. In this work, the input impedance of the converter is 

controlled by adjusting the duty cycle and running at a constant 

switching frequency. As it can be noted from Fig.6, the inductor 

is shared between the positive and negative half cycles, unlike 

many existing solutions as described thoroughly in the 

introduction section. Hence, size and cost improvements can be 

achieved, by eliminating the need for an additional inductor in 

the design. Another advantage of the arrangement of the 

topology is that Q1 and Q2 operate during both the positive and 

negative half cycles. This results in no need for synchronization 

with the input voltage or a zero crossing detection circuit 

(ZCD) [20], [35], [42]-[43], further benefitting cost, size, and 

losses. The advantage of two synchronous MOSFETs 

eliminates the need for polarity detection, a feature needed for 

converters that use different modes of operation during the 

positive and negative half cycles. The additional conduction 

losses of the second switch are minimized by the low voltage 

and current generated by the described energy harvester device. 

The on-state resistance of the switch is directly proportional to 

the blocking voltage, allowing different switches to be chosen 

to satisfy different application demands for efficiency. A 

plethora of switches exist on the market offering low on-state 

resistances while maintaining a form factor smaller than that of 

the second inductor 

A) Simulation results 
The principle of operation of the MEPT converter is verified 

using simulations as shown in Figs. 8-10. A 4V battery is used 

in the simulations and the EMEH is modeled as a damped 

sinusoidal voltage source with an output impedance of 10Ω.  
Figs. 8 and 9 show the operation of the MEPT converter while 

impedance matching takes place. Impedance matching can be 

further improved by filtering the EMEH current as shown in 

Fig. 8 (b), which is achieved by adding a small capacitor in 

parallel with the EMEH. Figure 9 shows the voltage across each 

output capacitor and the harvested current through the battery. 

It can be noted that the voltage across the output capacitors has 

the same frequency as the EMEH and the harvested current has 

twice the frequency, as it is being rectified. It is also worth to 

mention that when the capacitor voltages are equal, their ripples 

cancel each other out. If the capacitor voltages are unequal, the 

output voltage of the MEPT converter has twice the frequency 

of the EMEH voltage, a behavior similar to conventional PFCs. 

Figure 10 (a) shows the voltage across and current through both 

MOSFETs, Q1 and Q2 from Fig. 6. Figure 10 (b) shows the 

current through both diodes, D1 and D2 from Fig.7.  

IV. PRACTICAL IMPLEMENTATION 

A) Bias Supply Scheme 
The main idea of the bias supply scheme is to generate an 

 
Fig.7: Modes of operation of the MEPT converter. 

 
(a) 

 
(b) 

 

Fig.8: EMEH voltage and current with MEPT (a) without input 

capacitor, (b) with input capacitor. 
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adequate bias supply voltage for the control circuit in two steps 

without the need for low threshold FETs [44]-[46], allowing the 

implementation of a bias supply scheme with discrete 

components or in a standard technology node. The first step 

utilizes the relatively high voltage of the very first few cycles 

(typically 2-3 cycles) of the damped EMEH’s voltage, shown 
in Fig. 11, as the input of a passive a single stage Villard charge 

pump circuit to secure a high enough bias voltage for the control 

circuit, enabling the operation of the power stage. The Villard 

charge pump circuit consists of the two diodes Db1 and Db2 and 

the capacitors Cb1 and Cb2. The diode, Db1, is used to charge Cb1 

in the negative half cycle to the peak voltage of the EMEH, 

vEMEH,pk, while Db2 discharges Cb1 into Cb2 in the positive half 

cycle, hence doubling the input voltage of the EMEH 

nominally, as shown in equation 4. 𝑣𝑐𝑏2 = 2𝑣𝐸𝑀𝐸𝐻,𝑝𝑘 − 2𝑉𝐷,                                                   (4)  

where vcb2 is the voltage across Cb2 and VD is the voltage 

across one diode. 

The second step is based on utilizing the output voltage of 

the power stage highlighted in Fig.12. This provides an 

unregulated voltage to the downstream stage, as discussed in 

the next section, which acts as an input for a simple single stage 

charge pump circuit, formed by Cb3 and Db3, to generate a 

sufficient bias voltage to sustain the operation of the PMS and 

to make it a self-powered or standalone PMS. This simple 

single-stage charge pump circuit utilizes a floating capacitor 

whose voltage is referenced to the mid-point of the two 

switches of the power stage enabling the use of this capacitor as 

the energy source for the control circuit that controls the 

MOSFETs of the power stage. It is worth mentioning that the 

EMEHs do not require perfect impedance matching and hence 

fluctuations in the voltage across Cb3 are acceptable as 

explained in the next subsection. Other EHs that require tight 

input impedance regulation can use an ultra-low power dc-dc 

converter to regulate the voltage across Cb3. Equation 5 

describes the voltage across capacitor the, Cb3 (vcc), which can 

be found from Figs. 11&12 when D1 conducts and Cb3 charges. 𝑣𝑐𝑐 = 𝑣𝑐𝑏3 = 𝑣𝐿 + 𝑣𝑐2 + 𝑣𝐸𝑀𝐸𝐻,𝑝𝑘 − 2𝑉𝐷 = 𝑣𝑜 + 𝑣𝐸𝑀𝐸𝐻,𝑝𝑘 − 2𝑉𝐷,                                                      (5) 

where vo is the output voltage of the MEPT converter, 

vEMEH,pk is the peak harvester voltage, and VD is the threshold 

voltage of the diode. It should be noted that the ground of the 

bias scheme is the point of common sources of the two 

 
(a) 

 
(b) 

Fig.10: (a) MOSFET currents and voltages (b) Diode currents. 

 
(a) 

 
(b) 

Fig.9: (a) Magnification of the EMEH voltage and current with 

MEPT (b) Output capacitor voltages with 4V battery and harvested 

current.  
Fig. 11: First step of bias supply scheme. 
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MOSFETs such that the two MOSFETs can be easily driven 

directly by the control circuit. For proper start-up, the bleeding 

resistor Rb, which results in <1% losses, is connected across C1 

such that the output voltage is distributed between C1 and C2 to 

avoid applying the full battery voltage across C1 and hence 

failing of the bias scheme. 

The diode, Db4, is used to disconnect the Villard charge 

pump circuit, typically after two or three input voltage cycles 

typically, and allowing Cb3 to sustain the operation of the PMS. 

All the diodes selected in the bias supply scheme are low-

barrier Schottky diodes with a threshold voltage, VD, of around 

0.1-0.2V or less at the operating current of the circuit [47]. It 

should be noted that the EMEH produces power in the range of 

a few mW and the power consumption of the control circuit in 

the range of nW-μW. This implies that the power losses in the 
bias supply scheme can be neglected, meaning that passive 

simple current implementation is good for the targeted 

applications. For other EHs that have lower voltage than the 

EMEH utilized in this work and/or produce nw-μW power, a 
larger number of Villard charge pump stages, especially using 

ultra-low threshold voltage diodes [47] and/or an 

implementation on a standard technology node with high 

threshold voltage FETs that use threshold voltage cancellation 

techniques [44] can be used. 

A difficult case for the bias supply scheme could occur if the 

EMEH fails to provide sufficient voltage to the charge pump 

circuitry. This would result in the charge pump circuitry being 

unable to store sufficient voltage to turn on the MOSFETs of 

the MEPT converter, resulting in no output at the MEPT 

converter. This situation is avoided by design, since the number 

of stages of the charge pump is defined such that the generated 

voltage is around 2V while the threshold voltage of the control 

circuit is around 0.9V [48] as shown in the next subsection. 

Having a factor of safety of more than two (0.9V vs 2V) 

provides confidence that the control circuitry will start with the 

targeted EMEH application as the supply. 

It is worth mentioning that the power stage inductor is not 

only used as part of the MEPT converter but also as an essential 

element of the bias supply scheme as shown in Fig. 12. Unlike 

many existing solutions, the power stage inductor helps to boost 

the voltage, as shown in equation 5, and generate sufficient 

voltage to control the MEPT converter. The presented bias 

supply scheme does not requires neither dedicated control 

signals nor additional bulky components, helping achieve the 

application targets of a small solution size low extraneous 

power losses.  

B) Control Circuit 
The control circuit, shown in Fig.13, is based on two nano 

power comparators [48] used to from an open loop pulse width 

modulator (PWM) [49]. The first comparator charges C1 

through R3 and compares the voltage to vx such that when the 

voltage across C1 is higher than vx the comparator resets and C1 

discharges to form a triangular signal as shown in Fig. 13. The 

second comparator compares the triangular signal to vy which 

determines the required input impedance of the power stage and 

provides PWM signals to Q1 and Q2. Different implementations 

of PWM exist [50]-[52] but this approach is chosen due to the 

ease of implementation with discrete components and low 

power consumption compared to digital or op-amp based 

implementations. Another advantage with the full comparator 

technique compared with op-amp based implementations is the 

use of resistance values in the MΩ range, further reducing the 
power consumption of that block, avoiding offset, voltage-

thermal noise, and parasitic impact issues.  The EMEH supplies 

its maximum available energy at loads that are equal to 

Ropt±20% [10]-[11], which means it does not require a tightly 

regulated bias supply voltage to provide perfect resistance 

matching. This relaxes the requirements of the control circuit 

by omitting the harvester’s current and voltage sensing [29]. 
Despite the relaxation of the regulation window, the input 

impedance variation remains narrow. This was validated 

theoretically using SPICE model simulations with a Li-Ion 

battery discharging from 4.2V to 2.7V yielding an impedance 

variation less than 3%. It is worth mentioning that the same 

conclusion was reached for a battery-less application where the 

output voltage of the MEPT converter decays as shown in the 

experimental results section.  That happens because the control 

circuit operates in a weighted manner as opposed to an absolute 

one. This weighted operation results in a constant duty cycle 

throughout supply variations. This is due to the set point and 

average voltage value shifting in unison with supply changes. 

The only variations appear as minor changes in switching 

frequency due to amplitude variations of the triangular signal. 

This behavior is acceptable for the targeted energy harvesters 

that do not require tight impedance matching. 

C) Input Capacitor 
As mentioned in the previous section, an input capacitor is 

 
Fig. 12: Second step of the bias supply scheme. 

 
Fig. 13: Control circuit Schematic. 
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used to filter the high switching frequency content of the EMEH 

current, as shown in Fig. 6, and hence provides a better 

matching and cleaner input voltage for the converter. The input 

capacitor is selected such that the cut off frequency, formed by 

the equivalent impedance of the converter and the input 

capacitor is lower than the switching frequency of the MEPT 

converter. At the same time, the input capacitor has a minimal 

impact on the phase shift between the EMEH current and the 

input current of the converter. That said, if the input capacitor 

is oversized, i.e a much higher capacitance value is used, a 

phase shift between the EMEH voltage and current takes place 

and affects the matching and hence the MEPT operation. If the 

input capacitor is extremely small in capacitance, it affects its 

filtering capability. An input capacitor of 1µF is used with the 

current implementation and results in good filtering, providing 

around 3Ω at the switching frequency, and does not have a 

negative impact on the phase as shown in the experimental 

results section. The aforementioned explanation can be further 

described by the equation describing the relationship between 

harvester voltage and current after adding the input capacitor, 

as shown in equation 6.  𝑣𝐸𝑀𝐸𝐻(𝑠)𝑖𝐸𝑀𝐸𝐻(𝑠) = 1𝑆𝐶𝑖𝑛+𝑅𝑜𝑝𝑡 ,                                                            (6) 

Where vEMEH(s) is the harvester voltage as function of 

frequency, iEMEH(s) is the harvester current as a function of 

frequency, Cin is the input capacitor value, and Ropt is the 

optimal input impedance of the MEPT converter. 

D) Highly Integrated Magnetic Based Substrate Buck Dc-Dc 
Converter 

In order to cover batteryless applications that require tight 

output voltage regulation, a downstream buck stage is needed 

as the MEPT converter does not provide such a feature. To keep 

high power density of the whole PMS, conventional side-by-

side assembly approaches are not favorable. It has been proven 

in the literature that the inductor of the buck converter is the 

biggest contributor to the real estate of the whole converter [53], 

thus the volume reduction strategy needs to be mainly directed 

towards the buck’s inductor. The buck converter implemented 
in this work, switches at 4MHz, and uses a magnetic substrate. 

This means the substrate acts as both an inductor and a 

sghhnubstrate that carries the different components of the 

converter. This allows for the whole converter size to fit on top  

of the inductor resulting in a total size of 3.2mmX 2.5mm X 

1.5mm. Figure 14 shows a CT scan of the magnetic based 

substrate where routing is implemented inside the ferrite based 

substrate to form the needed inductor. The ferrite-based 

substrate has 520nH inductance with stable characteristics up to 

20MHz, a resistance of 0.5Ω at the switching frequency, rated 
current of 1A, and saturation current of 1.6A. Figure 15 shows 

the whole solution size compared to a needle head. It can be 

noted from Fig. 14 that the module routing is done at the corners 

of the substrate to reduce the parasitic inductance. In order to 

provide a high efficiency at light-to very light loads, the 

converter operates in pulse frequency modulation (PFM), or 

burst mode, to achieve frequency scaling depending on the load 

current. It is worth mentioning that the frequency scaling 

algorithm used in this work is the same described in [54]. Also, 

when the input voltage is very close to the required output 

voltage the converter operates as a low dropout (LDO) regulator 

to further improve the efficiency. In addition to that the dc-dc 

converter provides protection features such as short circuit, 

overcurrent and under voltage lockout (UVLO) protections. 

The magnetic substrate carries an integrated circuit, input 

capacitor of 2.2μF, and output capacitors, of 1μF. 

 
Fig. 14: CT scan of the ferrite based buck converter. 

 

 
Fig. 15: The developed magnetic based substrate buck converter compaed 

to 1 Euro Cent and a needle head. 
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V. EXPERIMENTAL RESULTS 

An experimental setup is built and tested to demonstrate the 

effectiveness of the presented approach. The optimal resistance 

of the EMEH is around 9.5 Ohms. Figure 16 shows the 

operation of the control circuit with triangular wave generation 

and gating pulses. Figure 17 shows MEPT capability of the 

PMS with a Li-Ion Battery and it can be noted that the harvester 

current and voltage are in phase and have a similar shape with 

a ratio around 9.5. Figure 18 shows the harvested current to the 

battery. It can be noted from Fig. 18 that a significant current is 

charging the battery from a single pressing of the actuator. Also, 

it can be noted that the battery current is the rectified version of 

the EMEH voltage, which demonstrates the correct operation of 

the MEPT converter. The PMS harvests around 17mJ, out of 

20mJ (85%), when connected to 3.8V battery while the system 

presented in [34] harvests 12mJ and the system in [29] harvests 

14mJ under the same conditions. That translates into 41.6% and 

21.4% more harvested energy compared to the harvested 

energy in [34] and [29] respectively. The improvements in the 

harvested energy are due to utilizing MEPT as well as running 

the converter in DCM, which reduces the switching losses 

unlike [34], and using a single inductor unlike [34] and [29]. 

 It is worth mentioning that the efficiency of the PMS is 

calculated in three steps. First, the harvester current and voltage 

are stored as waveforms, Fig. 17, and multiplied together in 

excel, and then the area under the prodcut’s curve is calculated 
to measure the input energy to the PMS. Second, the harvested 

current, ib in Fig. 18, and the battery voltage are multiplied and 

saved as waveforms, and then the area under the multiplications 

curve is calculated to measure the output energy. Finally, the 

efficiency of the PMS is calculated by dividing the output 

energy by the input energy. It should be noted that the input 

energy of the harvester is less than the shown values in section 

II (20mJ vs. 23mJ) as the experimental results show the 

operation of the system when integrated within a window. With 

the current implementation, the spring is not fully compressed 

and hence when it is released, it produces less energy compared 

to the tests performed in the lab environment shown in section 

II. The efficiency of the EMEH itself is around 50%, which 

means the input energy, generated by the pressing event, is 

around 40mJ. Figure 19 shows the energy flow at each section 

of the system for the sake of clarity. 

Figure 20 shows that input impedance variations versus cell 

voltage variations can be neglected, as explained in the previous 

section. As mentioned in the practical implementation section, 

the value of the bias supply voltage depends on the output stage 

voltage, which means that the bias supply voltage changes 

 
Fig.18: Harvester’s voltage and the harvested current. 

 
Fig. 16: Sawtoth generation and gating pulses. 

 

 
Fig. 17: Harvester’s current and voltage.                                         
  

Figure 19: Energy flow in the entire system. 
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when the cell voltage changes. However, that change has 

negligible impact on the duty cycle of the converter since both 

the triangular waveform and the set point change by the same 

ratio resulting in no change in the duty cycle. On the other hand, 

changes in the bias supply scheme voltage result in small 

variations in the switching frequency of the converter, which is 

the main reason for input impedance variation vs. cell voltage.  

Figure 21 shows the MEPT converter setup and the setup 

presented in [34] with the same specifications. The system in 

[29] has the same power stage but uses two inductors. The 

volume of the magnetics, the largest contributor to the overall 

volume, in the presented MEPT converter is 32.3mm3 while in 

[34] (two bulky low frequency coupled inductors) is 239.1mm3 

and in [29] is 64.6mm3. That translates to 86.5% and 50% 

reductions compared to [34] and [29], respectively. It should be 

noted that volume reduction benefits are still valid if the MEPT 

converter is compared to any DCM based dual inductor 

solutions [28]-[31] or transformer based solutions [32]-[34]. As 

the volume of the used components of the entire PMS is rarely 

mentioned in most literature, it is a challenging task to conduct 

thorough bench marking of the volume of the presented solution 

against alternatives works in literature. That said, the authors 

compared the presented solution to a research-based solution 

that fits into DCM two inductors based solution and an industry 

based solution that fits into transformer based solutions since 

the details of both solutions can be reached relatively easy. In 

addition, the presented PMS has a lower BOM cost by 57.6% 

[29] (0.69€ vs compared to 1.65€). It is worth mentioning that 
the system presented in [34] is an integrated system and hence 

BOM comparison is not a straightforward task.  

The experimental setup is also tested in batteryless 

applications. Figure 22 shows the bias supply voltage, vcb3, and 

the EMEH’s current, iEMEH. The two steps operation of the bias 

supply scheme and the impedance tracking can be noticed from 

Fig. 22. The MEPT feature ensures that the EMEH provides its 

maximum allowable energy to the output of the first stage. It 

should be noted that the peaks of the harvester current (voltage) 

have the same pattern as the bias supply voltage. This in turn 

follows the EMEH voltage, as depicted in Eq.5. Figure 23 

shows the output voltage of the first stage that provides MEPT 

and step-up functions, the regulated output voltage of the dc-dc 

buck converter, and the EMEH’s current. It can be noted that 

the step-up stage provides as high as 6V at the output and the 

dc-dc converter provides a tightly regulated 1.2V at 5mA, 

which are the specification for wireless sensors used in IoT 

[55]-[57], as shown in Fig.23. Also, it can be noted that when 

the output voltage of the step-up stage gets lower than 2V the 

under voltage lockout (UVLO) in the buck converter activates 

as shown in Fig. 23. It is worth mentioning that the buck dc-dc 

converter achieves an efficiency of around 80% from load 

currents of 100μA up to 200mA at the given conditions, as 

shown in Fig. 24. It should be noted that the achieved efficiency 

is higher than available solutions designed for the same 

applications [55]. Figure 25 shows the load regulation of the 

buck converter. Figure 26 shows the load transient of a load step 

of 0mA to 5mA and back to 0mA. The frequency scaling 

described in [54] can be seen in Figure 26 and contributes to the 

flat efficiency curve shown in Fig. 24. Table 1 shows a list of 

the components used to develop the experimental setup. The 

authors also attach a video showing the operation of the 

harvester with a high voltage light emitting diode (LED) to 

demonstrate the effectiveness of the presented solutions to 

operate as a standalone system. For the standalone operation, 

none of the components used were precharged and the whole 

system starts with the only source being the EMEH. 

 
 

Fig. 20: Input impedance variation vs output voltage. 

Fig.21: MEPT converter size compared to 10 Euro Cent and the solution 

presented in [34]. 
 

Fig. 22: Bias supply voltage and EH current. 
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It should be noted in real life applications, power hungry 

circuits are supplied by a battery, which is charged from the 

EMEH while the low power circuits are gathered together and  

supplied by the EMEH where the harvested power is sufficient 

to fully bias these circuits. Hence, both systems will not be 

powered by the same EMEH but by two EMEHs or more [8]. 

That is why the experimental results section did not cover 

having both at the same time [8]. 

VI. CONCLUSIONS 

This paper presented a PMS for use by EMEH in 

battery/batteryless applications. The PMS consists of two 

converters, namely the MEPT converter and ferrite based 

substrate buck converter. The MEPT converter converts ac to 

 
Fig.23: Output voltage of the MEPT and step-up stage, output of the 

buck converter, and EH current. 

 

 
Fig. 24: Efficiency of the ferrite based substrate buck converter vs. Iout. 

 

 
Fig. 25: Output voltage of the ferrite based substrate buck converter vs. 

output current. 

 
(a) 

 

 
(b) 

Fig. 26: Transient response of the buck converter, (a): Light-to-heavy 

transient. (b): Heavy-to-light transient. 

 

TABLE I 

EXPERIMENTAL STEUP PARAMETERS 

Components Parameters 

MOSFETs DMN3190LDW (Diodes Inc.) 

Diodes for power stage RB496EA (ROHM Semi.) 

Diodes for bias supply 

scheme 

PMEG2005ET (Nexperia) 

Comparators TLV3691 (Texas Instrument) 

Inductor of the MEPT 

converter 

33µH, 0.53A Isat (Würth 

Elektronik,- 74404043330A) 

Ouput capacitors of the 

MEPT converter 

2X 10µF, 10V (Würth 

Elektronik,- 885012207026) 

Input capacitor of the 

MEPT converter 

1µF, 6.3V  (Würth 

Elektronik,- 885012206002) 
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dc in a single step and provides an MEPT feature while 

achieving volume reduction and higher harvested energy 

benefits compared to many existing solutions. In addition to 

these advantages, the MEPT converter has a simple structure 

and does not require complex gate driving or control circuitry. 

Also, a simple, yet effective, bias supply scheme is presented in 

this work. The bias supply scheme enables self-powered 

operation and does not require pre charging prior to pressing the 

EMEH button as shown in the attached video, allowing for use 

in batteryless applications. The ferrite based buck converter 

shows a significant reduction in converter volume while 

providing high efficiency at very light load due to implementing 

a frequency scaling algorithm. Future work includes IC 

implementation of the MEPT converter and integration with 

passive components in a system-in-package (SiP) design [58] 

to provide a complete solution with only two modules, further 

increasing the density of the system. 
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