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A B S T R A C T

This paper reports a unique vibration-based electromagnetic energy harvester (VEH) designed to power wireless
sensors used for fault monitoring of industrial centrifugal pumps. The design consists of two independent moving
parts; the central part and the outer part. The uniqueness of the VEH design exists in its ability to produce higher
relative velocity between its two moving parts by isolating vibration from the outer part. The developed pro-
totype produced an open-loop voltage of 3.48 V and a closed-loop voltage of 1.63 V for an optimum load of
700 Ω. This constituted for an average power of 3.8 mW delivered to the load at a natural frequency of 200 Hz
and an excitation level of 1 g. The experimentation results were in good agreement with the simulation results as
the average percentage error was within an acceptable range of 6.15%. A case study is also presented whereby a
ZigBee transceiver is successfully powered from the output generated by the VEH.

1. Introduction

Centrifugal pumps have been considered as one of the most im-
portant components in any process plant. It is a special focus of atten-
tion in terms of reliability, safety, and financial viewpoints. All pumps
eventually fail and most of the time it happens unexpectedly. The mean
time between failures for some failed pumps is between 24 and 60
months while the mean time to repair ranges from 40 to 150 days [1].
The unplanned shutdown of the pump results in huge cost overruns;
especially in the more profitable industries such as oil and gas. There-
fore, it is essential to monitor the condition of the pumps frequently to
detect faults if present. The early detection of faults in the pump assist
in corrective measures to be taken well before time recovering millions
of dollars which would otherwise be lost in the aftermath of unexpected
failure of the Centrifugal pump.

Condition monitoring of the Centrifugal pump is usually carried out
by detecting and analyzing vibration data from the pump and pin-
pointing the fault in the pump [2]. Various wireless sensors are com-
mercially available for the purpose of vibration data collection. With
the help of recent advancement in wireless technologies, the vibration
data can be transmitted wirelessly to the control room of the process
plant for further analysis. According to [3], the batteries that are used
to fulfill the power requirement of the sensors deplete within 3–5 years.
Therefore, an interruption is caused in the wireless data transmission

each time a battery beeds to be replaced resulting in the restriction of
the vibration monitoring process. It is also hectic to replace the bat-
teries considering the vast number of sensors utilised in an industrial
setup.

The issue of battery replacement in wireless sensors can be easily
tackled with the installation of an energy harvester to power the sensor.
The energy harvester is integrated with the wireless sensor to assist the
battery and comparatively increases the life span of sensor operation-
ality. [4]. Therefore, the energy harvester along with a power man-
agement module and the wireless vibration sensor forms a power au-
tonomous vibration monitoring system that can be installed on any
particular Centrifugal pump and used to monitor faults in the pump [5].
The focus of this paper is on the design and development of the energy
harvester that will be an integral part of the autonomous vibration
monitoring system. In that aspect, a design procedure was devised
which greatly assisted in the development of the VEH. The design
procedure was adopted from the framework developed by the author in
[6]. It had the following focal areas:

1. Evaluation of vibration present in the centrifugal pump (Source)
2. Amount of power required for the wireless sensor to operate without

interruption (Demand).
3. The power conditioning needed between supply and demand.
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A thorough vibration analysis carried out on a centrifugal pump was
reported in a previous research [7]. The pump chosen for vibration
monitoring was an industrial type horizontal booster pump which was
manufactured by Salmson. The data was acquired from a total of six
positions from the centrifugal pump. The data was filtered using the fast
fourier transform technique and the position having the highest vi-
bration level was selected after comparison. It was found that the most
suitable position for the deployment of the energy harvester exhibited
an acceleration level betweem 0.6 g to 1 g with a steady resonating
frequency of 200 Hz. Furthermore, the average energy required by
wireless vibration sensors was also investigated and reported accord-
ingly.

In this paper, we reported a vibration-based electromagnetic energy
harvester (VEH) that effectively harvested vibration energy at a natural
frequency of 200 Hz. The design of the VEH consists of two independent
moving parts; the central part and the outer part. The uniqueness of the
VEH design exists in its ability to produce higher relative velocity be-
tween its central part and outer part. The central part utilizes vibration
damping and was tuned to resonate at a fixed frequency of 200 Hz
while the outer part was tuned to isolate vibration at that same fre-
quency. Passive vibration isolation technique was used to isolate the
vibration from the outer part of the VEH with the help of a Vibration
isolation platform consisting of Moongel Damper Pads. To the best of
the author's knowledge, this vibration isolation technique has never
been implemented in the developement of vibration based energy
harvesters. The design and development of the VEH is discussed in
detail in Section 2 and Section 3. The results from the simulation as well
as the experiment are reported in Section 4.2 accordingly. A case study
was also carried out whereby a ZigBee transceiver was successfully
powered from the output generated by the VEH. The test setup used for
the case study along with its results are presented in Section 4.3 ac-
cordingly (Fig. 1).

2. Design and modelling of the VEH

2.1. Design of the device

Fig. 2 shows the design of the VEH. The VEH is designed to operate
efficiently on the frequency obtained from the centrifugal pump pre-
viously (i.e. 200 Hz). Due to the consistency of the input vibration, the
VEH is passively tuned so that the energy transfer process is optimum.
The design of the VEH consists of two moving parts that operate in-
dependently from each other. The central part consists of the centrally
bounded beam which supports a pickup coil at each end. The outer part
of the VEH consists of the vibration isolating platform (VIP) supporting
permanent magnets in a parallel orientation with respect to each of the
pickup coil. Although, the design of the central part is adopted from
past research carried out by [8–11]; the design of the outer part is
purely a contribution of the current research and is essential in the
device performance.

The design of the VEH is adapted based on the theory of vibration

damping and vibration isolation. Vibration damping is the absorption of
vibration energy that is entering the system while vibration isolation is
nothing but prevention of vibration from entering the system. A system
is considered to undergo vibration isolation when the natural frequency
of the system is far away from the frequency of the input vibration.
Passive vibration isolation refers to mitigation of vibrations by passive
techniques such as rubber pads or mechanical springs, as opposed to
active vibration isolation employing electric power, sensors, actuators,
and control systems. Even though active vibration isolation is more
efficient than its passive counterpart, it is not suitable for its im-
plementation in an energy harvester due to its electrical requirement.
Hence, passive vibration isolation technique is implemented to the
outer part of the VEH with the help of the VIP. The details regarding the
material selection of the VIP is carried out in Section 2.3.

The operation of the VEH is focused on producing optimum relative
velocity between the coils and the magnets. Hence, the central part
utilizes vibration damping and the beam and coils resonate at a fixed
frequency of 200 Hz. Meanwhile, the vibration to the outer part of the
VEH is isolated with the help of VIP. The VIP ensures that the natural
frequency of the outer part is much lower than the frequency of the
input vibration (i.e. 200 Hz). With the velocity of the central part
maximized and the velocity of the outer part minimized, the relative
velocity between the two parts becomes optimum. The increase in the
relative velocity directly constitutes for an increase in the voltage
generated by the VEH.

2.2. Analytical modelling

The modelling of the VEH was carried out with the help of a lumped
parameter equivalent model technique by [12] as shown in Fig. 3. The
inertial mass m1 represents the collective mass of both coils while m2

represents the mass of the magnetic assembly. The equivalent spring
constant of the two cantilever beams is denoted by k1 while k2

Fig. 1. Overview of the power autonomous vibration monitoring system for the
Centrifugal pump.

Fig. 2. Proposed design of the VEH (a) Top view (b) 3D View of the VEH.
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