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Abstract: This work presents a design approach that improves power management circuit (PMC)
for energy harvesting applications so that more of the harvested energy can be utilized by the
wireless sensor nodes (WSNs) to perform useful tasks. The proposed method is widely applicable
to different circuits by setting an appropriate threshold voltage at the energy flow control interface
of the circuit. Experimental results show that with a threshold voltage difference of around 20 mV,
the energy output from the PMC can differ by more than 5%. This difference is significant over a
long period of time as more tasks can be performed by the WSN with the extra energy.
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1. Introduction

With the rise in popularity of the Internet of Things (IoT), wireless sensor nodes (WSNs) which
are one of the enabling technologies have received increasing attention. This is because WSNs are
easier and cheaper to be deployed at a large area than wired systems. WSNs are usually powered by
batteries where regular battery replacement, which can be labor intensive and costly is required to
ensure that the WSNs can continue to operate [1]. Therefore, there has been a growing interest in
applying energy harvesting that converts energy sources such as vibration, thermal, solar and wind
from the ambient environments into electrical energy to power WSNs to overcome the issue of
limited energy from batteries for long term and uninterrupted operation of WSNs.

Energy sources from the surroundings can be sporadic and of variable nature, and so the
electrical output from energy harvesters [2]. Therefore, a power management circuit (PMC) is
required to manage the energy from the energy harvesters and provide electrical energy in a usable
form to the WSNs. The harvested energy is usually stored in an energy storage device such as a
capacitor and is released to the WSNss once the capacitor voltage reaches a specific threshold voltage,
as controlled by an energy flow control interface (EFCI) [3,4]. Although tremendous progress has
been achieved in improving the performances of the PMCs by including features such as maximum
power point tracking [5], power extraction [6], very low start-up voltage and low power
consumption [7], no investigation has been done on the energy flow control interface to improve the
energy utilization efficiency. This work presents a method that improves amount of energy that is
usable by the WSNs through threshold voltage control at the EFCIL.
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2. Threshold Voltage Control

Common architecture of a PMC includes a power converter, an energy storage device and an
interface to control energy flow from the energy storage device to the WSN as shown in Figure 1a.
The EFCIs can be low-dropout (LDO) regulators [8], DC-DC converters [9] or any custom-designed
circuitries [3,7,10] with two threshold voltages to turn-on and turn-off the WSNs, respectively. The
threshold voltages are usually set based on the operating voltage range of the WSNs [3,4,7]. The
power converters are usually set to maintain their output voltage at a fixed value and are used to
charge up the energy storage capacitor towards the preset value [2,4,7]. It should be noted that
power converters usually have low efficiency when their output power is low [11,12]. If the EFCls
have a turn-on threshold voltage Vinon that is equal to the preset output voltage of the power
converters, there will be a short period of time where the power converters are operating at lower
efficiency. This is because the output voltage from the power converters is limited to not exceed their
preset voltage. The EFCIs might have a slight delay in turning on the WSNs when the capacitor
voltage has reached the Vinon, which also limits the output power from the power converters. Hence,
the Vrron of an EFCI has to be lower than the maximum output voltage of the power converter.
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Figure 1. Block diagram of: (a) Common architecture of PMC where the optional circuit can be a
rectifier; (b) Circuit used in the experiment where the EFCI is an energy-aware interface (EAI) [4].

3. Experimental Characterization

A circuit as shown in Figure 1b was used to determine the influence of Vrren of the EFCI on the
efficiency of the PMC. The power converter of the PMC was set to output a maximum of 3.3 V. Two
different turn-on threshold voltages of 3.28 and 3.3 V at the EFCI were used. The input energy Ein
and output energy Eout of the PMC in both cases were compared. To verify that the proposed control
is applicable to different circuits, the experiment was repeated by using a LDO as the EFCL

3.1. Experimental Setup

A macro fiber composite (MFC) was used as the energy harvester [4]. A cyclic peak-to-peak
strain loading of 500 pe with the frequency of 10 Hz was applied onto the MFC by using an Instron
testing machine. For simplicity, a 500 € resistor was used to represent a WSN. The energy storage
device is a 22 mF supercapacitor. For a fair comparison, once the capacitor is charged up to the
respective threshold voltages of 3.28 V and 3.3 V, it will be discharged by the resistor for 5 s in both
cases. 5 s was chosen to emulate a time that is practically long enough for a WSN to complete its
tasks such as initialization, sensing, data processing and wireless communication.

3.2. Results and Discussions

Figure 2a shows the PMC charges up the capacitor faster and turns on the load more often
when the Vrron is 3.28 V. To verify that the more frequent turn-on times of the load is due to a higher
energy transfer, a closed up view of the area highlighted by the circle in Figure 2a with current
measurements is shown in Figure 2b. The power converter charges the capacitor with a lower
current when the capacitor voltage is almost 3.3 V, when Vo was set to 3.3 V, which is equal to the
maximum output voltage of the power converter. It takes more than 1 s to charge the capacitor from
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3.28 V to 3.3 V. There is no such issue when the Vinon is 3.28 V, away from the maximum output
voltage of the power converter. Therefore, the total energy transfer from the PMC with a Ve at 3.28
V is more than the one at 3.3 V in a given time frame, as confirmed by the results in Figure 3a. The
input energy to the PMC is comparable with different threshold voltages. However, the output
energy from the PMC with a Vrren at 3.28 V is 5.28% more than the one at 3.3 V.

Figure 3b shows the voltage measured across the resistive load that emulates a WSN using
different energy flow control interfaces. The load was turned on and off at their respective threshold
voltages, leading to the pulse-like voltage profiles. The proposed design rule is shown to be
applicable to different interfaces where both circuits that have their Vo set at 3.28 V turn on the
load more often in a given time frame. Based on the measurement in Figure 3b, the number of times
that a WSN can be turned on in a day using different Ve of 3.3 V and 3.28 V is summarized in
Table 1. The WSN can be turned on for an extra 211 and 256 times using the EAl and LDO at a Vrxon
of 3.28 V, which is 9.3% and 10.9% more than the Vo at 3.3 V, respectively. The extra turn on times
is beneficial if a WSN is to operate autonomously for a longer period of time uninterrupted.
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Figure 2. (a) Voltage profile Vcs of the storage capacitor shows that the capacitor can be charged up
faster and more frequently for the load to be powered up more often when the turn-on threshold is
3.28 V; (b) Enlarged view of the area highlighted in the circle from Figure 2a. The area within the
dashed rectangle shows that the capacitor is charged up by the buck converter with lower current.
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Figure 3. (a) Input and output energies of the power management circuit with threshold voltages of
the energy flow control interface set to 3.30 V (solid) and 3.28 V (dashed) respectively; (b) Electrical
load can be turned on more frequently by applying the proposed design rule on different energy
flow control interfaces of energy-aware interface (top) and low-dropout regulator (bottom).
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Table 1. Number of times a WSN can turn on in a day using different threshold voltages and EFCls.

Threshold Voltage (V) EAI LDO!
3.28 2477 2589
3.30 2266 2333

! The capacitor charging time using both interfaces is about the same but the discharge time of the
LDO is 4 s due to its higher power consumption. Thus, the circuit with LDO turns on more often.

4. Conclusions

A control method to improve the energy utilization efficiency of a PMC has been demonstrated.
The proposed control is simple to implement in any energy flow control interface. Energy transfer
from the energy harvester to the energy storage can be improved by avoiding the turn-on threshold
voltage of the energy flow control interface to be equal to the maximum output voltage of the power
converter in a PMC. Experimental results showed that 5.28% more energy can be obtained by
conforming to the proposed control method. Based on the prototyped circuits, WSNs can therefore
be turned on more often by more than 9%. This means more tasks such as condition or structural
health monitoring can be done by the WSN to give more assurances and bringing in more data
which can be invaluable to the knowledge base for the benefit of the end users.
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