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Abstract— This paper presents a miniaturized and cost 

effective energy management system (EMS) for ultra-low-voltage 
electromagnetic energy harvesters (EMEHs) in battery powered 
applications. The EMS topology is based on utilizing a single 
inductor that is shared between positive and negative half cycles 
of the EMEH voltage and hence achieving system’s cost and size 
reductions. Also, the EMS topology utilizes a smaller number of 
active components compared to existing solutions, used with ac 
harvesters, and hence allowing for further reduction in system’s 
cost and simple implementation. The shared inductor is not only 
used by the power stage but also as a key part of the bias supply 
scheme. The EMS converts EMEH’s ac voltage into a dc one in a 
single step and provides a maximum power point tracking 
(MPPT) feature to maximize the harvested energy. 

Experimental results show the effectiveness of the presented 
solution to provide MPPT for EMEH that has a damped voltage 
characteristics ranging from 1.2V to 10mV. The presented 
solution achieves 86.5% and 50% reductions in magnetics 
volume, which is the biggest contributor to the real estate of the 
EMS, compared to [1] and [2], respectively. Also, it can harvest 
more energy by 41.6% and 21.4% compared to [1] and [2], 
respectively, while reduces the BOM cost by 57.6% compared to 
[2]. 

Keywords— Electromagnetic energy harvesters; energy 
management system; shared-inductor topology, volume 
reduction, battery powered applications.  

I. INTRODUCTION 

Energy harvesting from ambient sources and body motion 
presents a potential solution to extend the operating time of 
batteries used in different applications. Extending battery 
operating time is of significant importance to reduce 
maintenance cost and/or human intervention within these 
systems. An example of these applications is integrating an 
energy harvester device in the shoes of athletes to harvest 
energy during running or jogging and storing the harvested 
energy in the battery used with wearable devices and smart 
watches to extend their operating time [3]-[5]. Another 
example, associated with medical applications, is legs 
transplant where a pressure sensor measures the pressure 

applied to the transplanted organ continuously and provides a 
warning or indication in case the user exceeds the rated 
specifications. This sensor is powered by a battery that needs 
to be active all the time when the users are moving. In case the 
battery is discharged while the user is still moving, there is a 
big risk that the transplanted organ is damaged. Harvesting 
energy when the transplanted organ hits the ground and 
storing this energy in the battery of the pressure sensor can be 
a solution for such a problem. The third application is 
extending the operating time of the batteries of electronic lock 
systems [6]-[7] for indoor applications. The integration of an 
energy harvesting device within the door such that it 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 the empty batteries can be achieved [7], especially in 
facilities which rely heavily on electronic door lock systems 
such as hotels and universities. 

The targeted applications require an energy harvesting 
device that translate mechanical energy into electrical energy. 
The most commonly used energy harvesting devices that can 
achieve this criterion are electromagnetic energy harvesters 
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Fig.1: The presented EMS. 
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(EMEHs) [8]-[10] and piezoelectric generators [11]-[13]. Both 
types produce ac voltage and require maximum power point 
tracking (MPPT). Piezoelectric generators have the advantage 
of high output voltage [11], up to a few volts, which relaxes 
the requirements of the required EMS. On the other hand, it 
produces relatively low output power [11]-[13]. EMEHs have 
a higher output energy [9] while suffering from low output 
voltage, with ranges from few mVs to hundreds of mVs [8]-
[10]. The availability of higher energy in EMEHs makes it 
more appealing for the targeted applications. 

The main goal of this paper is to introduce the EMS, 
shown in Fig.1, which can operate with ultra-low-voltage 
EMEHs and provide an MPPT feature while achieving 
improvements in size, efficiency, and cost. 

II. PRINCIPLE OF OPERATION 

The EMS, shown in Fig.1 has the same principle of operation 
of resistance emulated converters used for power factor 
correction (PFC) applications [14]. The converter runs in 
discontinuous conduction mode (DCM) and hence it appears 
as a pure controlled resistive element to the EMEH. The input 
resistance of the EMS is matched with the output resistance of 
the EMEH and MPPT is achieved. It should be noted that the 
conventional solutions of using diode-based rectification [15]-
[20] cannot be used with the EMEH due to the low output 
voltage levels of the harvester. As a result, the EMS topology 
needs to perform the ac-dc conversion in a single stage and 
without using diode(s) connected directly to the EMEH.  

The EMS power stage 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 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 2.a-d show the modes of 
operation of the EMS power stage during positive and 
negative half cycles. The input impedance of the power stage 
of the EMS is similar to the input impedance of buck-boost 
converter and can be expressed as follows 
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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.2, the inductor is shared 
between the positive and negative half cycles, unlike the 
existing solutions that use two coupled inductors [1] or two 

inductors [2], hence size and cost improvements can be 
achieved. Another advantage of the arrangement of the 
topology is that Q1 and Q2 operate during the positive and 
negative half cycles and hence no synchronization with the 
input voltage is required which means a zero crossing 
detection circuit (ZCD) [2], [15], [17] is not needed which 
further helps in cost reduction of the introduced EMS.   

III. PRACTICAL IMPLEMENTATION 

A. Bias Supply Scheme 

The bias supply scheme used to power up the control 
circuit is based on a simple charge pump that utilizes the 
output capacitor, C2, the EMEH voltage, and the power stage 
inductor to secure a sufficient bias supply voltage, vcc, as 
shown in Figs 2.b and 3. Compared to the approaches 
presented in [2], [21], this bias supply scheme provides a 
higher output voltage while using fewer components than [2] 
and the same number of components as [21]. The bias voltage 
is expressed by the following equation (Figs. 3&2.b): 
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 where Eb is the battery voltage, vh,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 mosfetes such that the two 
mosfets can be easily driven directly from the control circuit. 
For a proper start-up, the bleeding resistor Rb, results in <1% 
losses, is connected across C1 such that the battery voltage is 

Fig.2: modes of operation of the EMS topology: (a) & 
(b) during the positive half cycle and (c) & (d) during 
the negative half cycle. 
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shared between C1 and C2 to avoid applying the full battery 
voltage across C1 and hence failing of the bias scheme. 

B. Control Circuit  

The control circuit, shown in Fig.4, is based on two 
comparators [22] used to from an open loop pulse width 
modulator (PWM) [23]. 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 sawtooth signal as shown in Fig.4. 
The second comparator compares the sawtooth signal to vy 
which determines the required input impedance of the power 
stage and produces PWM signals to Q1 and Q2. Different 
implementations of PWM exist [24]-[30] but this approach is 
chosen due to the ease of implementation with discrete 
components and low power consumption. The EMEH supplies 
its maximum available energy at loads which are equal to 
Ropt±20% [9]-[10], which means it is not required to provide 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 [2]. Figure 5 shows input impedance variations versus 
bias voltage variations from spice models simulations. It can 
be noted that less than 3% variation in the input impedance is 
achieved over the entire range of operation. That happens due 
to the fact that the control circuit operates in a weighted 
manner not an absolute one which means the ratio of the 
average value of the sawtooth signal to the set point remains 
the same while small variations in the switching frequency 
takes place due to variations in the ripples of the sawtooth 
signal. 
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Fig.3: Operation of the bias supply scheme. 

 
Fig.5: Input resistance variations. 
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Fig.4: Control circuit schematic. 
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Fig.9: Experimental Setups comparison. 

Fig. 6: Harvester’s current and voltage.                                        

 
Fig.7: Harvester’s voltage and the harvested current. 

 
Fig.9: Experimental Setups comparison. 

 

IV. 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 6 shows 
MPPT capability of the EMS 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 7 shows the harvested 
current. The EMS harvests around 17mJ, out of 20mJ, while 
the system presented in [1] harvests 12mJ [9] and the system 
in [2] harvests 14mJ [2]. The improvements in the harvested 
energy are due to achieving MPPT besides running the 

converter in DCM which reduces significantly the switching 
losses unlike [1] and using a lower components count than [1] 
and [2]. Figure 8 shows that input impedance variations versus 
cell voltage variations can be neglected, as explained in the 
previous section. Table 1 shows the bill of materials used to 
build the experimental setup. It should be noted that the 
experimental setup built in [2] uses additionally one more 
inductor, two more mosftes, pulse transformers for gate 
driving, and a zero crossing detection circuit which makes the 
presented system has a lower BOM cost by 57.6%. It is worth 
mentioning that the system presented in [1] is an integrated 
system and hence BOM comparison is not a straightforward 
task. 

 

 

 
Fig. 8: Input impedance variation vs cell voltage. 
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TABLE I.  SYSTEM’S COMPONENTS 

Item Description 
Mosfets DMN3190LDW 

Diodes for power stage RB496EA 
Diodes for bias supply scheme PMEG2005ET 

Comparators TLV3691 
Inductor 33µH, 0.4A 

Ouput Capacitors 2X 10µF, 6.3V 
Input Capacitor 0.1µF, 6.3V 

 

V. CONCLUSIONS AND  FUTURE WORK 

This paper presented an EMS for ultra-low-voltage EMEH 
in battery powered applications. The EMS converts from ac to 
dc in a single step and provides an MPPT feature. Compared 
to the existing solutions, the EMS has a smaller size, higher 
efficiency, and lower cost. Future work includes IC 
implementation of the EMS and integration with passive 
components in a system-in-package (SiP) [31]. 
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