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ABSTRACT
The application of synchronized switching techniques has significantly enhanced the power harvested from ambient
vibrations using piezoelectric devices. In some instances the power increase has been demonstrated to be in the order of ten
times the power output compared to the standard energy harvesting approach. In this paper, an up-to-date review of
synchronized switching techniques employed in conversion of ambient mechanical energy into useful electrical energy using
piezoelectric materials is given. The basic concepts involved in the standard energy harvesting approach and synchronized
switch harvesting techniques are presented. A comparative analysis of these techniques is discussed, highlighting the
strengths and limitations of each approach in terms of power conversion efficiency, load independence, complexity of
implementation, and adaptability for wireless self-powered systems applications. Finally, future trends and research needs
that are critical to piezoelectric energy harvesting interface electronics for wireless sensor devices are discussed.
Keywords: piezoelectric, energy harvesting, energy conversion, synchronized, nonlinear, wireless sensors.

1. INTRODUCTION
Advances in low power electronics, and wireless sensor
networks (WSN) in particular, has driven numerous
researches in the field of energy harvesting in the past
decade [1]-[3]. WSN technology has gained increasing
importance in industrial automation [4]-[5], structural
health monitoring [6], healthcare [7], agriculture [8], civil
and military applications [9]-[11]. The spatial distributed
nature of WSNs often requires that batteries power the
individual sensor nodes. One of the major limitations on
performance and lifetime of WSNs is the limited capacity
of these finite power sources, which must be manually
replaced when they are depleted [2]-[3], [12]. Moreover,
the embedded nature of some of the sensors and
hazardous sensing environment make battery replacement
very difficult and costly [13]. To make WSNs more
ubiquitous and truly autonomous, it would be ideal if they
are self-powered and without human intervention for
energy replenishment [3], [11], 14]. To make this feasible,
ambient energy from the immediate environment of the
sensor is harnessed and converted into usable electrical
energy, a process called energy harvesting.
Mechanical vibrations are an attractive ambient source
mainly because they are widely available and are ideal for
the use of piezoelectric materials, which have the ability
to convert mechanical strain energy into electrical energy.
Compared to finite energy sources such as batteries,
energy harvesting presents a potentially infinite source of
energy for powering wireless sensor devices.

Furthermore, vibration-based piezoelectric energy
harvesting technology has advantages of being clean,
stable, and of small size in comparison with solar cells,
microfuel cells and microturbine generators. From several
review journal articles which have been published in
literature [15]-[18], the observation is that piezoelectric
energy harvesting is an area of substantial research
activity and an enabling technology for self-powered
systems and low power electronics.
The power output from piezoelectric energy harvesting
devices is in the majority of cases lower than required by
low power applications. However the application of novel
power management techniques such as duty cycling
promises to lower the power consumed by WSNs.
Alternatively, the power output of the harvester devices
could be increased by developing piezoelectric single
crystals with better electromechanical coupling and
configurations for optimum power output [19]-[26].
However, lack of industrial process for the growth of such
materials makes them quite expensive, especially when
targeting low cost embedded self-powered devices [27].
The most promising approach is to design efficient
interface circuits used to condition the electrical energy
for load compatibility [28]-[32]. Synchronized Switch
Harvesting (SSH) techniques are the latest and most
promising approach employed in the design of nonlinear
energy harvesting circuits to artificially enhance the
conversion abilities of piezoelectric materials [33]-[37].
The purpose of this paper is to provide an up-to-date
review of synchronized switch harvesting interfaces and
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their most popular variants proposed in literature. The
paper is organized as follows: Section II briefly outlines
the modeling and configuration of piezoelectric energy
harvesting system, highlighting the main principles of
nonlinear switching and sequence of energy conversion.
Section III recalls the standard energy harvesting interface
circuit together with the background and principle of SSH
techniques. Section IV presents concise overview of the
main synchronized switch harvesting techniques and their
variants. Section V is a brief presentation of the
performance comparison of the different switching
techniques. Finally, Section VI concludes the paper with a
discussion of research needs that are critical for the
piezoelectric energy harvesting electronics.

2. MODELING AND CONFIGURATION
OF PIEZOELECTRIC SYSTEM
The most common energy harvesting systems are resonant
cantilever structures (unimorph or bimorph cantilevers).
Such structures are popular because they enable relatively
high stress levels on the piezoelectric material while
minimizing the dimensions of the devices [19]-[32]. Fig.
1 shows such a system composed of a piezoelectric patch
which is bonded to the host cantilever beam surface,
which is under alternating deformation. When the beam is
excited by mechanical vibration in the host structure, a
large strain is induced in the piezoelectric and an
alternating voltage is generated between the electrodes.
The piezoelectric equations for the system are given by
(1) which defines the direct piezoelectric effect and (2)
which represents the converse piezoelectric effect ([15],
[24],[40], [42]):
𝑆
𝐷3 = 𝑒31 𝑆1 + 𝜀33
𝐸3
𝐸
𝑆1 − 𝑒13 𝐸3
𝑇1 = 𝑐11

The mechanical energy in the host structure is converted
to electromechanical energy in the smart piezoelectric
material. Alternating electrical energy is outputted from
the vibrating piezoelectric and is fed into the interface
circuit for conditioning or further processing. It is very
important to note that the presence of backward coupling
means that the process of extracting electrical energy
from the vibrating piezoelectric material significantly
alters the amount of mechanical energy available for
conversion into electricity [43]-[45]. This means that the
processes of optimization of electromechanical energy
and energy transfer are so dependent on each other and
this observation needs to be carefully considered for the
design of efficient energy harvesting devices. Fig. 2 is a
single degree of freedom model (spring-mass-damper) of
the electromechanical system in Fig. 1. The mechanical
parameters of the model are: the viscous damper CV, the
structure stiffness K and the dynamic mass M. Eqs. (3)
and (4) represent the electromechanical behaviour of the
system ([32]-[34], [36], [38]):
𝑀𝑢̈ + 𝐶𝑉 𝑢̇ + 𝐾𝑢 = 𝐹 − 𝛼𝑉𝑃

(3)

𝐼 = 𝛼𝑢̇ − 𝐶0̇ 𝑉𝑃̇

(4)

(1)
(2)

Here, subscript ‘1’ refers to the x-axis (defined in the
length direction of the beam) and subscript ‘3’ refers to
the z-axis (defined in the thickness direction of the beam).
The variables D, E, S and T are the electric displacement,
electric field, strain, and stress respectively. The constants
e, ε and c are the piezoelectric constant, dielectric
constant, and stiffness respectively.

Fig. 2: Spring-mass-damper electromechanical model (note:
u = ( u2-u1) [32]

where u (= u2-u1), F, VP and I respectively represent the
displacement, applied force ,piezoelectric output voltage
and current flowing out of the piezo element. α and C0
stand for the force factor and clamped capacitance of the
piezoelectric element.
To have an insight of energy conversion, a simple
analysis of the energy flow is important. Multiplying Eq.
(3) by the velocity and integrating the resulting product in
the time interval [t0, t] gives the energy equation shown in
Eq. (5). Multiplication of Eq. (4) by the voltage and
integrating over the same time interval gives another
energy equation described by Eq. (6):

Fig. 1: A typical cantilevered piezoelectric energy harvesting
system [41]
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𝑡

𝑡

𝑡

̇
𝛼 ∫𝑡 𝑉𝑃 𝑢𝑑𝑡

𝑀[(𝑢̇ )2 ]𝑡𝑡0 + 𝐶𝑉 ∫𝑡 (𝑢̇ )2 𝑑𝑡 + 𝐾[𝑢2 ]𝑡𝑡0 = ∫𝑡 𝐹𝑢̇ 𝑑𝑡 −
𝑡

1

0

0

𝑡

0

∫𝑡 𝑉𝑃 𝐼𝑑𝑡 − 2 𝐶0 [𝑉𝑃 ]𝑡𝑡0 = 𝛼 ∫𝑡 𝑉𝑃 𝑢̇ 𝑑𝑡
0

(5)
(6)

0

From Eq. (6), it is apparent that the energy conversion is
maximized if the forcing factor 𝛼 is increased. This can
be achieved by using a piezoelectric smart material with
improved material characteristics. As indicated earlier,
this line of research has its own challenges [26]-[27] and
is out of scope of this review paper and hence the reader
is referred to some of the recent work on single crystal
piezoelectric material research found in [46]-[49].

mechanical energy is converted to electrical energy and
this is represented by the positive power.
However, in some intervals, the power is negative
indicating that the energy returns from the electrical
domain to the mechanical domain. This return
phenomenon significantly inhibits the energy conversion
efficiency of the standard energy harvesting approach
[41]. To improve the energy conversion efficiency, SSH
techniques have been proposed and the principle behind
their operation is discussed in the next section.

Now consider the speed and voltage approximated by the
monochromatic functions given in equations 𝑢̇ =
um ωsin(ωt) and 𝑉𝑃 = 𝑉𝑃𝑚 𝑠𝑖𝑛(𝜔𝑡 − 𝜑) respectively.
Here, um, VPm and φ are the peak velocity, peak voltage
across piezoelectric element and the phase angle
respectively. Using these functions and with 𝑡0 = 0 and
𝑡 = 𝑇 = 2𝜋⁄𝜔
the right hand side of Eq. (6) can be
reduced to
𝑡

𝑇

𝛼 ∫𝑡 𝑉𝑝 𝑢̇ 𝑑𝑡 = 𝛼 ∫0 𝑉𝑝 𝑢̇ 𝑑𝑡 =
0

𝛼𝑉𝑃𝑚 𝑢𝑚𝜔
2

𝑐𝑜𝑠𝜑

(7)

Thus energy conversion as described by Eq. (7) can be
optimized by maximizing the values of VPm and
setting 𝜑 = 0. In other words, the two ways of enhancing
the energy conversion is by increasing the voltage, and
reducing the time shift between voltage and velocity to
the minimum possible.

3. THE STANDARD INTERFACE AND
SYNCHROIZED
SWITCH
HARVESTING (SSH) TECHNIQUES
3.1 The Standard
Interface

Energy

Harvesting

To understand the strengths of synchronized switching
techniques, it is necessary to recall the standard energy
harvesting approach and use it as a basis of comparison
for the latest interface circuits and techniques. Fig. 3
shows the standard energy harvesting interface circuit
which is widely applied in linear processing of harvested
power. The standard interface circuit is fully passive, that
is, it does not need any control and therefore it is easier to
implement and as a result is considered to be more
reliable compared to non passive interfaces. As shown in
Fig. 3(a), the piezoelectric element is directly connected
to the load RL through a full wave diode bridge rectifier
and a smoothing capacitor Cr. Despite its simplicity, the
harvesting capability of the standard interface circuit is
difficult to further enhance. From the power waveform
shown in Fig. 3(b), the greater part of the cycle

Fig 3: The standard interface and the associated power
waveform

3.2 SSH Techniques:
Principle

Background

and

The principles of synchronized switch harvesting were
previously developed by Richard et al [38] to address the
problem of vibration damping on structures. The
synchronized techniques are based on the synchronization
between charge extraction from a piezoelectric element
and the input vibrations, and makes use of the clamped
capacitance of the piezoelectric material to enhance
energy conversion efficiency. The SSH techniques
basically involve an electrical switch (typically a
combination of a digital switch and an inductor) that
enables nonlinear power processing. The process
artificially increases the piezoelectric transducer output
voltage, resulting in a significant increase in the electrical
power output. The switch device is triggered on the
maxima and minima of the displacement, and it briefly
realizes the inversion of the voltage through an oscillation
process. The nonlinear approach adopted in the
synchronized switching techniques has been demonstrated
to substantially enhance the power harvested using
piezoelectric devices and in some instances, the power
increase is up to ten times the power output compared to
the standard rectifier interface circuit [34]-[39].
Techniques of performing this voltage inversion and
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hence enhancement of energy conversion are outlined in
the next sections

4. SYNCHRONIZED
TECHNIQUES

SWITCHING

4.1 Synchronized Switch Harvesting
Inductor (SSHI) and its Variants

on

The technique is a way of processing the voltage
delivered by the piezoelectric harvesting device in a nonlinear manner, such as to take advantage of the
mechanical position (displacement) of the generator in
order to boost the power output of the device. The
technique can be implemented as parallel SSHI or as
series SSHI

4.1.1

4.1.2

Series SSHI

Unlike the parallel SSHI technique, the harvesting process
with the series SSHI occurs at the same time as the
inversion process. A shown in Fig. 5, there are two steps
in the operation of the series SSHI: (1) Open-circuit
phase, and (2) Harvesting and inversion phase. Compared
to the parallel SSHI, the parallel SHHI produces slightly
more power. However, the series SSHI may have more
adaptability in electronic devices whose input impedance
is less than that set by the dielectric behaviour of the
piezoelectric element.

Parallel SSHI

The technique is implemented with a switched inductor
connected in parallel with the capacitance of the
piezoelectric harvesting device, as shown in Fig. 4. The
time t1 represents the time for the maximum displacement
and t2 the time for minimum displacement of the
piezoelectric transducer. The switch is closed at times t1
and t2 allowing the inductor (L) and the capacitance of the
piezoelectric generator (C0) to form an oscillator with a
frequency given by 𝑓 = 1/(2𝜋√(𝐿𝐶0 )). The value of the
inductor L is chosen such that the oscillator frequency is
much higher than the generator vibration frequency. This
has the advantage that the technique does not require a
large-value inductor, and thus the circuit can remain
small-scale. After a half-period of the LC oscillator the
polarity of the charge on the generator has been reversed,
and the switch is then opened. The three main steps
involved in the conversion and harvesting process are: (1)
Open-circuit phase, (2) Harvesting phase and, (3)
Inversion phase. The overall effect of these processes is
that the generator voltage is always increasing, as can be
seen in the waveforms in Fig. 4(b).

Fig. 4: The parallel SSHI concept and the resultant
waveforms [33]

Fig. 5: (a) Series SSHI and (b) Series SSHI
waveforms [50-52]

4.1.3

SSHI-MR

The Synchronized Switch Harvesting on Inductor using
Magnetic Rectifier (SSHI-MR) is a technique that has
evolved from the original series SSHI by replacing the
switching inductor by a transformer (Fig. 6). Thus the
SSHI-MR is suitable for low output voltage levels since it
can allow artificial change in the load seen by the
piezoelectric element by manipulation of the transformer
turns ratio. While the SSHI-MR does not practically
enhance power output relative to the standard SSHI
approach, it nevertheless increases load flexibility in the
design of low power electronics for energy harvesting
systems that are otherwise sensitive to load matching.

Fig. 6: The SSHI-MR circuit implementation
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4.1.4

Hybrid SSHI

The hybrid SSHI circuit is principally a result of
combination of the parallel SSHI and the SSHI-MR
approaches (Fig. 7). This allows for harvesting four times
a period both during inversion and conduction of the
rectifier. This is in contrast with two harvesting times for
the previous individually implemented approaches.

stored on the inductor is transferred to the storage
capacitor (Fig. 9). Hence the SECE technique can be
considered to be a load decoupling interface since it
prevents the direct connection of the piezoelectric element
to the load, and thus leads to a harvested energy
independent of the connected system. Other than being an
effective load decoupling interface, the SECE permits a
gain of four times in terms of harvested energy compared
to the standard/classical approach. However, the operation
of the SECE technique is mechanically equivalent to the
Synchronized Switch Damping on Short-circuit (SSDC)
technique [51]. A variant technique, Double Synchronized
Switch Harvesting (DSSH) has been evolved in order to
control the trade-off between the energy extraction and
damping effect

Fig. 7: (a) Hybrid SSHI (b) Hybrid SSHI waveforms [33,51]

4.1.5

SSDCI

The Synchronized Switching and Discharging to a storage
Capacitor through an Inductor (SSDCI) is another
technique which also evolved from the standard series
SSHI. It involves the transfer of electrostatic energy
available on the piezoelectric element on to a storage
capacitor through an inductor (see Fig. 8). However, the
switching process is naturally stopped by a diode bridge
rectifier when the piezovoltage equals zero. At this instant
there is still energy in the inductance, which is then
transferred to the storage capacitor. However, for high
load values (high rectified voltage), the piezoelectric
voltage does not reach zero, and the circuit performs in a
similar fashion to the series SSHI. Such an approach
therefore permits harvesting four times more energy than
the standard case over a wide load range.

4.2 Synchronized Charge Extraction and its
Close Variants
4.2.1

Synchronous
Electric
Extraction (SECE)

Charge

In the SECE approach, the inductance is used as an
energy storage element. The SECE energy harvesting
process is performed in two steps. During the first step the
energy available on the piezoelectric element is
transferred to the inductance. Then, the piezoelectric
element is disconnected from the circuit, and the energy

Fig. 9: (a) SECE technique (b) SECE waveforms

4.2.2

DSSH and ESSH Techniques

The DSSH technique is a result of combining the series
SSHI and the SECE techniques (Fig. 10). The DSSH
technique consists of initially transferring part of the
electrostatic energy on the piezoelectric element to an
intermediate capacitor and using the remaining energy for
the inversion process, and then transferring the energy on
the intermediate capacitor to an inductance. Finally the
energy on the inductor is transferred to a storage
capacitor. By carefully choosing the ratio of the
intermediate capacitor to the clamped capacitance of the
piezoelectric element, the DSSH technique permits the
control of the extracted energy. For a constant
displacement of the piezoelectric transducer, it can be
demonstrated that the DSSH approach output energy is
six times that delivered by the standard interface. As
demonstrated by Lallart et al [53], the DSSH technique
ensures an optimal harvested power irrespective of the
value of the load connected to the piezoelectric
microgenerator. However, the DSSH developed by Lallart

ISSN: 2049-3444 © 2012 – IJET Publications UK. All rights reserved.

940

International Journal of Engineering and Technology (IJET) – Volume 2 No. 6, June, 2012
et al [53] employed an externally powered DSpace
interface connected to a personal computer. In other
words, the DSSH approach reported is not a self-powered
version of the switching approach and hence not
adaptable for truly autonomous devices. To overcome
these challenges, a new technique called Enhanced
Synchronized Switch harvesting (ESSH) has been
proposed. The ESSH is a further enhancement to the
DSSH technique achieved by leaving a small amount of
energy on the intermediate capacitor , which allows a
finer control of the trade-offs between energy extraction
and voltage increase, and between extracted energy and
damping effect [51]. In addition, the ESSH approach also
permits a lower sensitivity to a mismatch in the
capacitance ratio [51]. Shen et al [54] reported a
piezoelectric energy harvesting system based on the
ESSH technique and demonstrated that the ESSH
technique can result in a system that is truly self-powered
(see Fig. 11).

Fig. 11: PCB prototype of a self-powered energy harvesting
circuit based on ESSH technique [54]

5. PERFORMANCE COMPARISON OF
SWITCHING TECHNIQUES
This section summarizes the main strengths and
drawbacks of the SSH techniques. Table 1 gives the
expressions for the optimum values of the standard
interface and several SSHI techniques. Table 2 also gives
a comparison of SSH techniques. As shown in Table 2
under the normalized power under constant vibration, it is
clear that SSH techniques can significantly enhance the
harvested energy as compared to the standard energy
harvesting interface. It may be important to note that the
series SSHI technique can be implemented with the
rectifier diodes removed [55]. The resultant diodeless
SSHI allows a great reduction in limitations imposed by
discrete electronic components, particularly the voltage
gap of the diodes. It has been demonstrated that SSHI
techniques cause a significant increase of the
electromechanical conversion process, without and with
the consideration of electrical losses (i.e., considering
either the extracted energy or the harvested energy) [55][56].

Fig. 10: (a) The DSSH technique (b) DSSH waveforms
Table 1: Optimum values for the standard interface and SSHI Techniques
(Note: α-force factor, γ-inversion coefficient,f0-frequency of operation,C0-capacitance of piezoelement,VD-threshold voltage of
diode, m-coupling factor, and UM vibration amplitude)
Technique
Standard

Series SSHI

Parallel SSHI

Optimum resistance, 𝑹𝒐𝒑𝒕
1
4𝑓0 𝐶0

(1 − 𝛾)
4𝑓0 𝐶0 (1 + 𝛾)
1
2𝑓0 𝐶0 (1 − 𝛾)

Optimum Voltage,𝑽𝑫𝑪 𝒐𝒑𝒕
∝ 𝑈𝑀 − 2𝐶0 𝑉𝐷
2𝐶0
∝ 𝑈𝑀 − 2𝐶0 𝑉𝐷
2𝐶0
∝ 𝑈𝑀 − 2𝐶0 𝑉𝐷
𝐶0 (1 − 𝛾)

rectifier

Maximum power,𝑷𝒎𝒂𝒙
𝑓0
(∝ 𝑈𝑀 − 2𝐶0 𝑉𝐷 )2
𝐶0
𝑓0 (1−𝛾)

𝐶0 (1+𝛾)
𝑓0

2

𝐶0 1−𝛾

(∝ 𝑈𝑀 − 2𝐶0 𝑉𝐷 )2

(∝ 𝑈𝑀 − 2𝐶0 𝑉𝐷 )2
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SSHI-MR

𝑚2

(1 − 𝛾)
4𝑓0 𝐶0 (1 + 𝛾)

∝ 𝑈𝑀 − 2𝐶0
2𝐶0

𝑉𝐷
𝑚

𝑓0 (1−𝛾)

𝐶0 (1+𝛾)

�∝ 𝑈𝑀 − 2𝐶0

𝑉𝐷 2
𝑚

�

Table 2: Comparison of Energy Harvesting Switching Techniques

Normalized
power (a.u) under
constant
vibration
amplitude

How is the energy
harvested under low
electromechanical
coupling regime?

How is load
independence?

How is low
voltage
harvesting?

Implementation
complexity?

Standard

1

poor

poor

poor

none

Series
SSHI
(diodeless)

9

good

poor

good

low

Parallel SSHI

10

good

poor

poor

low

Hybrid SSHI

9-10

good

good

good

low

SSDCI

4

good

good

good

low

SECE

4

good

poor

good

medium

DSSH/ ESSH

7

Very good

Very good

good

medium

6. CONCLUSION
AND
FUTURE
RESEARCH
NEEDS
FOR
PIEZOELECTRIC
ENERGY
HARVESTING ELECTRONICS
The paper has reviewed the main synchronized switching
techniques which are used to enhance the power harvested
from mechanical vibrations. The principles behind each
technique have been presented together with the interface
circuits. While the application of synchronized switching
techniques has significantly increased the power
harvested using piezoelectric generators, the energy losses
in the switching elements cannot be neglected.
Specifically, the losses in switching inductors reduce the
voltage inversion efficiency in nonlinear interface
schemes and this is the main challenge in the design of
energy harvesting interface circuits. To overcome such
losses, a novel technique called, the active energy
harvesting scheme, which employs an Ericsson
thermodynamic cycle may be adapted since it has been
demonstrated that its inversion efficiency is the highest
recorded to date [56]-[57]. In this promising technique,
the switching process involves an assisted voltage
inversion through the use of an inverter, employing pulsewidth modulation (PWM) approaches [57]. However,
there is need for further research to minimize the external
energy required for driving the PWM commands without

compromising the operations of the resultant interface
circuit.
The design of energy harvesting systems entails the
incorporation of the best material properties of the
transducer material, mechanical optimization of the
generator and an efficient interface circuit for power
processing. Future research in the application of SSH
techniques and their integration in Microsystems need
further investigation to ascertain their level of
implementability in MEMS.
The main challenge in harvesting ambient mechanical
energy with microscale energy harvesting devices is
conditioning and transferring energy and synchronizing
the system to vibrations without dissipating considerable
power in the process. Small-scale piezoelectric microgenerators produce little power, losing considerable
portion to otherwise negligible conduction, switching, and
quiescent losses, even if functional blocks operate only a
fraction of the vibration period within a nanoampere
current regime [58]. Even with carefully designed
synchronized
switching
interfaces
and
energy
conditioning electronics, the energy harvested by
piezoelectric devices is typically below a miliwatt due to
the energy consumption of the currently available control
circuits. This calls for control circuits which consume
extremely low power to be implemented in the power
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processing electronics of piezoelectric energy harvesting
systems.

Perspectives”, Future Internet 2010, vol.2,no. 2,pp.
96-125,2010.

Nevertheless, a net continuous power output of a few
microwatts is enough to charge a micro-battery to
supplement the energy needs of a microsensor. After all,
the primary goal may not necessarily be to replace the
battery completely, but to supplement the system with
enough power over time to significantly extend its
operational life. The development and realization of
wireless microsensor systems powered by piezoelectric
energy harvesting devices requires tight power
management algorithms to implement duty-cycling
requirements and an extremely energy efficient design
paradigm [59]. Furthermore, harvesting–aware power
management present an added challenge of determining
the optimal duty cycle for a microsensor node at a given
point in time requires information about the harvested
energy availability in the future . This challenge may be
overcome by learning the daily energy generation profile
for the piezoelectric harvesting device and use this profile
data to predict the ambient energy availability for the near
future. Since wireless sensor networks operate on a strict
power budget, ultra-low power microcontroller units
(MCU) are required for processing and power
management. A typical MCU like the Texas instruments
MSP430 is ideal for energy harvesting since it has a low
standby current of less than 1μA and low active current
160μA/MHz ,and quick wakeup time of less than 1μs, and
operate on the range 1.8V to 3.6V [60]. Research and
development of efficient energy harvester devices,
together with ultra-low power MCU and novel storage
elements is likely to result in self-sustained wireless
sensor networks.

[5] J. Chen, X. Cao, P. Cheng, Y. Xiao, and Y. Sun,
“Distributed Collaborative Control for Industrial
Automation with Wireless Sensor and Actuator
Networks”, IEEE Trans. on Industrial Electronics,
vol. 57, no. 12,pp. 4219-4230, Dec.2010
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