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Wire Less Sensors for Electromechanical
Systems Diagnostics
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Abstract— The diagnostic machinery monitoring system pre-
sented in this paper coordinates the acquisition of vibration
and speed estimates for an electric machine. It functions even
when the machine is “off” or spinning down. This effectively
turns the machine into its own mechanical network analyzer.
Data from this system can be used to correlate electrical and
mechanical data in order to distinguish a variety of pathologies
in the machine and its mechanical mounts. The entire sensor
system powers itself from surrounding magnetic fields, requiring
no ohmic contact or special power wiring. The system presented
in this paper presents a unique approach for fusing data from
multiple sensors to create a coordinated picture of machine
operation on a self-powered platform.

Index Terms— Diagnostics, electromechanical, energy, harvest-
ing, magnetic, saturation, self-powered, sensor.

I. INTRODUCTION

SEFUL approaches to electromechanical systems diag-
Unostics often involve the interpretation of health metrics
developed from the data streams provided by multiple sensors
of different types [3]. For example, instrumentation for mea-
suring not only electrical consumption but also temperature
might be deployed to develop useful metrics for determining
the health of components, such as rotating machines and elec-
trical protection gear. The approach of interpreting multiple
streams of sensor data to develop a coordinated picture of
machine health for fault detection and diagnostics is appealing.
This approach could permit the scheduling of maintenance
precisely at needed times, rather than performing unneces-
sary “scheduled” maintenance or waiting for a machine to
fail [1], [2].

However, gathering useful information typically requires the
installation of an expensive and intrusive array of sensors.
The electronics advances that reduce the cost of individual
sensors in an “loT world” mask growing burdens. Sensor
networks must be powered. Energy harvesting can reduce
installation burden [4], [S]. Self-powered sensor nodes and
energy harvesters are increasingly viewed as a convenient
and feasible design technique for eliminating custom wired
sensors [6]-[8]. A typical approach is to absorb energy
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from an environmental source, e.g., vibration, heat, or light,
and to make measurements of an environmental parame-
ter [11], [15]. Sometimes, the environmental source and para-
meter are the same [16], [17]. In other designs, a distinct
energy source, e.g., a battery, may power a platform measuring
a different environmental parameter [10], [18], [19].

A greater concern than simply powering sensors is the
burden of developing useful information for supporting main-
tenance decisions from the sensed data. A sensor network may
provide many colorful streams of data that can be stored and
mined for information. However, the information must be col-
lated, demanding a significant network bandwidth that grows
as more “cheap” sensors are installed. Time synchronization
must be maintained across data streams on different sensors to
permit correlation and cross interpretation. Inexpensive sensors
often do not automatically provide the actionable information
necessary to validate the expense of the sensor installation.

This paper proposes a complete solution for providing
actionable information from a collection of sensors installed
with a minimum effort. This solution is demonstrated through
an example sensor node, a vibration assessment monitoring
point with integrated recovery of energy (VAMPIRE). The
VAMPIRE uses a unique magnetic energy harvesting system
with high power density relative to other harvesting methods,
such as temperature [22] and vibration [23], without requiring
any permanent magnet. The magnetic energy harvester can
extract 120 mW with the surface area of 2.9 c¢cm?, whereas
temperature and vibration energy harvesting typically require
1200 and 600 cm?, respectively, for the same power level
under realistic conditions. Electromagnetic energy harvesting
is reliable and predictable compared with other harvesting
techniques [24], [25]. This energy harvester is used to power a
variety of different sensor packages, including vibration mon-
itoring, current sensing, and temperature sensing. The sensor
system uses stored energy from exposure to the machine’s
magnetic fields to power an efficient set of microcontrollers,
power electronics, and magnetic field, electric field, and vibra-
tion sensors. The approach presented here avoids an excessive
use of multiple, physically separate sensor nodes. It is a
case study in coordinating multiple streams of information
at a single sensor node with an integrated power electronic
energy harvester to provide useful diagnostic and prognostic
indicators.

This paper demonstrates a platform and an approach for
fusing or correlating data from multiple different sensors to
acquire a unique picture of electromechanical system health.
Specifically, we consider monitoring rotating electric machines
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with a sensor package that powers itself from magnetic
fields around the machine without requiring the presence
of permanent magnets. When the electric machine is turned
“OFF,” it spins down with no connection to the electric utility.
The multisensor VAMPIRE node can measure current with a
magnetic field sensor, giving the sensor a precise time trigger
when the machine is first deactivated. The sensor can also use
an electric field sensor to measure a backelectromotive force
generated by residual magnetic field trapped in the machine
rotor, providing an estimate of the rotor speed during spin-
down. A vibration sensor detects mechanical vibration in three
axes during spin-down, and the temperature of the rotor can
be recorded as well.

All of these capabilities are provided in a single installed
sensor package about the size of a half dollar coin that
becomes part of the terminal wiring box for the rotating
machine. That is, the sensor package essentially “disappears”
in the load and can be retrofit in existing machines. The
sensor package replaces a 19-in rack filled with commercial
monitoring equipment that would previously have been used
to collect all of the relevant information recorded and analyzed
by VAMPIRE. This paper compares new results from the
VAMPIRE system with the expensive and bulky collection of
commercial monitoring components. Specifically, this paper
presents a first comparison of the VAMPIRE sensor approach
to the vastly more expensive and bulky monitoring system
that would have to be assembled from commercial monitoring
components. Energy efficient implementations for wireless
communication on multiple channels for control and data
transfer are presented. The tiny VAMPIRE system provides
results with the same fidelity as the commercial laboratory
equipment, all in a single, easily installed package that requires
no custom wiring for transmitting power or data.

II. BACKGROUND

The VAMPIRE is a self-powered sensor node, specifi-
cally developed to detect early signs of certain pathologies
of electromechanical systems. Magnetic energy harvesting
with efficient power electronics permits the VAMPIRE to
“fuse” sensor data from multiple sources and provide ‘“action-
able” information without the need for custom power wiring.
Equally important, the VAMPIRE uses nonintrusive sensing
of electric and magnetic fields to eliminate invasive sensors
that require ohmic contact (voltage sensors) or mechanical
connection (tachometer).

This section reviews the key subsystems of the VAMPIRE
sensor package and sets the foundation for designing many
different kinds of sensor packages using the energy available
from a magnetic energy harvester.

A. Electromagnetic Energy Harvesting

The physical structure of an electromagnetic energy har-
vester begins with a 1:N current transformer [24], [26].
A single primary winding is provided by the current-carrying
wire powering a device of interest, e.g., a motor. This wire
passes through the center of a magnetic core, and a rela-
tively higher number of turns, e.g., 200 turns in the example
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system, forms a secondary for energy harvesting and power
processing circuitry. Unlike conventional current transformers,
the magnetic core used for the energy harvester is operated
into full magnetic saturation every cycle for maximum power
extraction [24], [25]. The active use of magnetic saturation
results in an unconventional selection of the magnetic core;
energy extraction improves with a core with low hystere-
sis loss, high saturation flux density, and extremely high
magnetic permeability [25]. The magnetic core selected for
the VAMPIRE is an amorphous nanocrystalline core to pro-
vide these characteristics. In order to enhance energy extrac-
tion, the transfer window alignment (TWA) method [25] is
employed in the VAMPIRE power package. This approach
is resilient to changes in a primary current level. The TWA
method carefully times power extraction and core saturation to
achieve the maximum power extraction; a detailed analysis of
the core modeling and the TWA method is presented in [25].
There is no physical ohmic contact between the primary side
and the secondary side. The electromagnetic energy harvester
is nonintrusive and can greatly simplify the wiring and power
routing constraints, especially for a sensor application.

B. Spin-Down and Energy Buffer

Vibration measurements are most often performed in a
steady-state operation. This is unfortunate. Machinery is
designed to vibrate “least” under nominal operating conditions,
and pathological situations may go undetected in a “normal
operation” until pathologies, such as rotor imbalance, become
extreme. The machine is more likely to expose problems
during a spin-down as the machine passes through natural
resonances. The harvester provides a unique opportunity for
sensing, because the sensor can automatically detect the col-
lapse of the magnetic field around the machine, indicating
that the machine has been disconnected from the line. This
observation marks the beginning of an opportunity to detect a
spin-down vibration characteristic.

When the sensor package can be left in situ with its own
reliable, rechargeable power supply, new sensing strategies
can arise. The VAMPIRE harvests energy from magnetic
fields created by the operation of the load under observation.
As a side benefit, the VAMPIRE can also immediately
determine when a load deactivates or disconnects from the
utility. Because the VAMPIRE is self-powered, small, and
therefore easily installed locally in a machine, e.g., in the
motor terminal box, it can continue to monitor vibration and
speed via back-EMF estimation as a machine “spins down.”
This “spin-down” event provides rich information regarding
the health status of a motor and its mounting system. During
a spin-down event, the rotor slows from full speed to a
complete stop, analogous to a step change in the input of
an electrical system. A frequency response obtained using
the collected data during this noninvasive event can contain
as much information in theory as a wide frequency sweep
that mandates a complete control over an electromechanical
system, e.g., exciting a motor at specific frequencies at
specific times. Since a complete control cannot always be
guaranteed (for example, a motor inside a military ship on
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Overall architecture of VAMPIRE.
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a live mission), noninvasive methods, such as spin-down
analysis, are preferred. Moreover, as illustrated in [27,
Fig. 8], a spin-down analysis can be comparable in terms of
performance and accuracy to the invasive method as well.

Note that self-powered sensor packages offer an opportu-
nity to collect information with potentially reduced need to
penetrate environmental barriers with wires. The VAMPIRE
contains an energy buffer to ensure continued operation while
a machine cycles ON and OFF. The VAMPIRE can be inte-
grated in the machine housing so that it is nonintrusive and
quick to install.

Of course, the capacity of the main energy storage and the
energy buffer must be appropriately selected. As the energy
harvester inside the VAMPIRE heavily exploits magnetic
saturation where the energy influx is limited to a narrow
time window during a cycle, the main energy storage cannot
be arbitrarily small. The capacity must be sufficiently large
to provide sustenance during magnetic saturation. On the
other hand, if the capacity of the main energy storage is
exceedingly large, the initial “boot-up” time of the sensor node
also becomes exceedingly long. For these reasons, the main
energy storage is consisted of supercapacitors instead of small
capacitors or Lithium polymer (LiPo) batteries. A higher
capacity of the energy buffer is always beneficial as long as
its physical size is not a limiting factor for the sensor node
integration. In this embedded system, the energy buffer is a
low-capacity LiPo battery with small physical dimensions.

R T T T L L L T L

C. Related Works

The promise of multisensor nodes for diagnostic appli-
cations has been recognized well over a decade [9]. Ref-
erences [18] and [20] discuss self-powered sensor nodes
intended for motor diagnostics. However, these methods are
physically invasive in nature as they fundamentally need to
change the structure of a motor—a set of magnets need
to be permanently attached to the shaft axle of a motor,
unavoidably loading the electromechanical system. Aside from
the mechanical loading, the energy harvesters introduced
in these papers operate by mechanically spinning the said
magnets as they are the source of changing magnetic fields,
whereas the energy harvester introduced in this paper does not
involve any physical movement, utilizing the magnetic fields
emanating from the primary power line. Also, [18] and [20]
assume that the entire electromechanical system can be fully
manipulated by the sensor node as the rotational speed of the
electromechanical system needs to be swept to get a set of
frequency responses for analysis, whereas the VAMPIRE does
not require any invasive control intervention as it only needs
to collect naturally occurring data during a motor spin-down.

On the electromagnetic energy harvesting front, [11] cap-
tures power from ac power lines magnetically, but they
are also based on vibration and permanent magnets. Refer-
ences [12] and [13] also discuss a similar objective of oper-
ating wireless sensor nodes with nonintrusive electromagnetic
energy harvesters coupled with ac power lines. Reference [14]
summarizes and compares in detail many electromagnetic
energy harvesters for wireless sensor networks presented so far
in the field. However, all these references require permanent
magnets and associated vibration in order to work, and result
in significantly less power level with a larger physical size due
to permanent magnets and physical constraints.

III. EMBEDDED SYSTEM ARCHITECTURE

The overall architecture of the VAMPIRE is presented
in Fig. 1. The leftmost “Primary” block in Fig. 1 represents the
electromechanical system, i.e., a motor, that the VAMPIRE
is monitoring and extracting energy from. Through the
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electromagnetic coupling formed by a magnetic core, given
as the “Harvester Core” in Fig. 1, the magnetic energy is
extracted and processed by the “Power” package, drawn
in the dashed lines in Fig. 1 (left). The “Sensor” package,
in Fig. 1 (right), operates with the power supplied by the
“Power” package and communicates with a user device
wirelessly.

A. Electromagnetic Energy Harvester

The primary side that carries the ac current and the energy
harvester on the secondary side are electromagnetically
coupled through a magnetic core. The harvested current
from the core is generally a distorted nonlinear ac current,
considering that the core experiences timed magnetic
saturation every cycle. This distorted ac current goes through
a power processing block, illustrated as “Rectification &
Power Maximization” in Fig. 1. Two alternating sets of
switches, M1—Mjy, in the detailed power circuit diagram (see
Fig. 2) rectify the harvested ac current and at the same time
maximize the power extraction from the core by performing
the TWA technique [25].

In this energy harvester, an amorphous nanocrystalline core,
VAC VITROPERM 500F W380, is used. The flux-shaping
capacitor method [25] is not considered as the VAMPIRE is
intended for a wide range of motor currents. The harvester core
is wound 200 turns with an AWG23 wire. The AWG23 wire is
selected such that it limits the parasitic flux accumulation [28]
to be less than 10% of the total flux accumulation with the
primary side current of up to Ip = 100 Arms, which is the
maximum design target of the VAMPIRE.

This maximally harvested current is primarily stored in two
supercapacitors connected in series, denoted as the “Superca-
pacitor” block in Fig. 1 and two capacitors in series in Fig. 2.
The voltage rating of each supercapacitor (PAS0815) is 2.5 V
and the capacitance is 1 F each. The nominal operating voltage
for the power package is 4.0 V. This achieves J = 0.8 for the
TWA method, which guarantees approximately 90.0% of the
asymptotic maximum power [25].

When the energy harvester is operating, three paths are
available for processing the extracted energy. The first path
is to directly charge up the supercapacitors that power the
sensor package. The second is to store the surplus energy into
the energy buffer, shown as “Energy Buffer” block in Fig. 1,
for sustenance during a spin-down event. The last path is to
send the extracted current back to the primary side without
dissipating it. As a self-powered system, a passive power flow
is covered first.

B. Passive Control Phase

All the active paths that require active switchings, e.g.,
power maximization, regulation, and path controls, are dis-
abled when the VAMPIRE boots up for the first time. In this
passive stage, the unoptimized harvested current is steered
to the “Supercapacitor” block through a full bridge diode
rectifier, D1—D4. Body diodes of the FETs can be used without
explicit Schottky diodes for simpler implementation with a
higher loss. The voltage of the “Supercapacitor” block, V¢,
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increases at a slower rate due to the lack of active switching
and the TWA method.

The voltage of the “Supercapacitor” block, V¢, is passively
monitored all the time, using a hysteresis amplifier. Vrym—on
and Vrym_off for the VAMPIRE are set to 1.98 and 1.90 V,
respectively. The output of this hysteresis amplifier with
VTurn—on of 1.98 V is directly used as the signal “A” in Fig. 1,
implying “Active Control.”

During this passive operation, another set of switches,
Ms—Mg in Fig. 2, initially bias the gates of the active switches
with low quiescent current. These initial biasing switches
are released at 2.07 V in this design. Beyond this point,
the microcontroller provides active switching, dramatically
improving energy extraction.

C. Active Control Phase

Until V¢ reaches the nominal operating voltage of 4.0 V,
the regulation and the power path controls are not required, and
the first priority is to charge up the “Supercapacitor” block.
With the TWA method and active rectification in place, V¢
increases much faster, and once it goes beyond the nominal
operating voltage of 4.0 V, the digital sensor package is
powered ON. The sensor package has the hysteretic turn-ON
and turn-OFF voltages of 4.1 and 3.85 V, respectively.

After the sensor package is turned ON, V¢ is checked
every line cycle for regulation. When it goes beyond 4.0 V,
the harvester tries to regulate the voltage by rerouting the
harvested current into other paths. The route is decided by
checking the voltage of the energy buffer. In this embedded
system, the energy buffer is a 220-mAh LiPo battery. LiPo
batteries have much higher energy density than supercapaci-
tors, much more suited for the size-constrained designs such as
the VAMPIRE. If the voltage of the energy buffer, Vp, is less
than its predefined maximum voltage, for example 4.20 V,
the energy buffer receives the harvested current. In this cycle-
based regulation, the upper bound for the maximum peak-
to-peak ripple over a line cycle while charging V¢ can be
calculated by

— -sin(wt) (1)

2 /T/4+ISAT/2 IP
T/4—tsar/2

AVpp.chg = Ci :
SUPERCAP

where

2 Bsatr Acorg N
Ve ’

With Csupercap = 0.5 F, freq = 60 Hz, Vc =40V, N =
200, Bsar = 1.19 T, and Acorg = 36 mm?, the charging
ripple is AVppceng = 10.84 mV with Ip = 100 Arms. The
maximum voltage ripple over a line cycle while discharging
Vi without the harvested current can be calculated by

2

ISAT =

ILoaD
AVppdis = = + ILoaD - REsR. 3)
Csupercap - freq
With I1oap = 10 mA for the sensor package and Rgsr

of 140 mQ for the two supercapacitors in series, A Vppdis =
1.733 mV. Therefore, the VAMPIRE achieves V¢ regula-
tion with the maximum peak-to-peak ripple of approximately



MOON AND LEEB: WIRE LESS SENSORS FOR ELECTROMECHANICAL SYSTEMS DIAGNOSTICS

11 mV at the nominal operating voltage of 4.0 V and the
maximum primary current of 100 Arms.

The energy stored in the energy buffer will be used later
for spin-down events and wireless data communication. The
energy buffer must be used with a strict rule: the net energy
into the buffer must be nonnegative between operations as
this is a self-powered embedded system. As long as the
nonnegative energy flow can be guaranteed, a higher energy
capacity is preferred for the energy buffer as it can increase
the operating time of the embedded system. This is why a
LiPo battery is favored over supercapacitors for the energy
buffer. As will be introduced later, 200 mA is the current
approximately required for sustaining the WIFI module inside
the sensor package. To sustain this level of current for a
30-s-long wireless communication, more than 40 F is required
for a voltage drop of less than 150 mV. This implies the use
of more than 80 supercapacitors, potentially unattractive for a
volume-constrained sensor node application.

The main energy storage, “Supercapacitor,” on the other
hand, cannot be swapped with a LiPo battery for a longer
operation time, because the time to charge up the main energy
storage to boot up the system would take a significantly longer
time. For the main energy storage, the voltage ripple, which
is negligible, is traded off with a fast boot time.

When both the supercapacitor block and the energy buffer
are at their maximum voltage, the harvested current is rerouted
back to the primary side without experiencing any voltage
drop by shorting the secondary side terminals of the core.
When the secondary side of the current transformer is shorted,
the primary side effectively becomes a wire, resulting in
negligible loss from the secondary side. The lower nFETSs, M}
and M>, are both turned ON to provide a short-circuit path for
the core. At the same time, the upper pFETs, M3 and M4, are
turned OFF at the same time to isolate the energy storages.

Since there are two different energy sources with potentially
different voltage levels in general, the pFETs in the power
processing circuits are controlled by the highest voltage exist-
ing in the circuit with the shared ground.

In the electromagnetic energy harvester, the LiPo charging
circuit can be as simple as two switches, Mp; and Mp>
in Fig. 2, as the core serves as a current source. For the
VAMPIRE, a 220-mAh LiPo battery with the maximum charg-
ing rate of 2 C is chosen. It is small enough to be easily
enclosed inside the VAMPIRE structure, and it can withstand
the primary side current up to 97.7 Arms to be under its 2-C
rating with N = 200. The maximum primary current for a
battery capacity is calculated by

2Capacity x N «
V2 2’

The constraint 97.7 Arms also closely match the 100 Arms
limitation for the wire gauage calculation.

“)

Ip_rms =

D. Spin-Down Event Detection

The harvester core is essentially a current source while
it is not saturated, developing any voltage that is required
to sustain a current path into the load. Therefore, the core
voltage is instantly developed to the full load voltage whenever
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the load current exists. By monitoring the terminal voltages
of the core as digital signals, the harvester microcontroller
can easily determine the direction of the current, as well
as the location of the zero crossings of the primary side
current. Using passive rectification, a zero crossing coincides
with a rising edge in either terminal voltages. As the TWA
method can potentially obscure the location of a zero crossing,
however, the VAMPIRE employs a zero crossing training every
cycle [21]. As soon as the harvester microcontroller obtains
the location of the most recent zero crossing, it estimates the
location of the transfer window and the location of the next
zero crossing based on the previous history. If the next zero
crossing is not detected at this estimated time window within
some margin, it indicates that the primary side has lost its
electrical power to sustain magnetic fields, and an indication
of the initiation of the spin-down event is sent to the sensor
package.

IV. SENSOR AND WIRELESS COMMUNICATION PACKAGE
A. Sensors and Data Reports

The accelerometer and the back-EMF sensor are sampled
at 2 kHz, and the temperature is sampled at 20 Hz. They are
all connected in serial peripheral interface (SPI) as slaves to
the sensor microcontroller. The sensor microcontroller and the
sensors can be power gated for lower power consumption. Rel-
ative vibrational energy can be inferred from the acceleration
data collected from the accelerometer. The back-EMF sensor
measures the back-EMF voltage appearing across the phase
wires of the motor by capacitive coupling during a motor spin-
down, and the rotational speed of the motor can be inferred
from this data. More detailed illustration of the sensor package
is presented in Fig. 3.

The accelerometer IC, BMA250E, reports three-axis accel-
eration data, each axis in 10-bit resolution. The back-EMF
sensor generates an analog voltage and is sampled with a
10-bit analog-to-digital converter (ADC) inside the sensor
microcontroller. Combining these sensor reports, a fast sample
packet of 5 B (40 bits) is constructed at 2 kHz. The temper-
ature sensor reports 8-bit data, and for every 100 fast sample
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packets, 1 B (8 bit) of temperature data are added to the
data collection. The sensor microcontroller has two SPI buses.
In one SPI bus, it acts as a master and controls various sensors.
In the second SPI bus, it acts as a slave and it is controlled
by the main microcontroller. The separation of sampling layer
effectively transforms a low bandwidth constant data flow to
a higher bandwidth sparse input.

B. Autonomous Data Flow

The main microcontroller immediately writes the received
data into the ferroelectric random access memory (FRAM)
block that consists of two 4-Mb FRAM modules that are
all connected in SPI as slaves to the main microcontroller.
Data of 8-Mb allow writing of approximately 100 s worth
of data samples. The FRAM block is written in a ring
fashion, overwriting the oldest data. Once a spin-down event
is finished, the entire 100 s of recording is transferred to the
more permanent and spacious SD card. The SD card is also
connected in the SPI as a slave to the main microcontroller,
and it is power gated as it consumes a relatively high amount
of power compared with other sensors and microcontrollers.
The file system for the SD card is FAT32, and currently
150 data files are supported in the embedded system. The time
stamp for each file is acquired by querying the real-time clock
connected in the SPI. The SD card is required in the design,
because an FRAM module is extremely limited in data storage
capacity compared with its physical size. However, the FRAM
modules are also essential in the design, because the SD card
consumes much higher power than FRAM modules, and the
SD card is inappropriate for constant low-latency writings,
which eventually necessitates an additional data buffer layer,
such as FRAM and SRAM.

C. Back-EMF Voltage Sensor Design

The schematics for the back-EMF voltage sensor are pre-
sented in Fig. 4. The copper deposits on the printed circuit
board (PCB), as shown in Fig. 5, serve as bottom plates of
the capacitors, and the phase wires above them, Vg, and Vy_,
act as top plates of the capacitors. Two capacitors designated
as Ceouple+ and Ceouple— in Fig. 4 represent these voltage
sensing capacitors. The capacitively coupled phase voltages
then go through differential amplifiers. Due to the capacitive
input to the amplifiers’ positive terminals, a differentiator is
inherently implied. The gain of the amplifier is set sufficiently
high that the output is clipped to the rail voltages most of
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Vs Vo

Fig. 5. Back-EMF voltage sensing structure.

the time. The speed of the rotor can still be estimated by
tracking the zero crossings in the back-EMF voltage, instead
of performing a Hilbert transform on the nonclipped decay of
the sinusoidal voltage waveform [27]. These two reasons—
implying a differentiator and tracking only zero crossings
instead of voltage envelopes—severely limit us to directly
compare and overlay the raw ADC readings of the back-
EMF sensor in the VAMPIRE with raw data acquired by
commercial probes both in the locations of the zero crossings
and signal scale. However, the performance of the entire sensor
suite, including the back-EMF sensor, is sufficiently accurate
to provide a capability of discerning pathologies as will be
illustrated in Section VI. This implementation is consisted of
low-power amplifiers and a low-power voltage reference to
bias the inputs and outputs of the amplifiers. Unlike the back-
EMF design introduced in [29], which requires a high amount
of current to operate (around 10 mA), this voltage sensor can
be operated with less than 1 mA. The supply voltage to the
back-EMF sensor is 3.3 V.

D. Spin-Down Event Autotrigger

During a spin-down event, high power consumption is soon
expected for the SD card writing. Therefore, the energy buffer
must be connected to prevent the “Supercapacitor” block
from overly discharged. The harvester microcontroller will
automatically provide a current path between the “Energy
Buffer” and the “Supercapacitor” blocks upon the detection
of a spin-down event.

Querying the sensors and storing the data into the FRAM
block are further continued for a prespecified duration as a
spin-down may take up to tens of seconds. When the end of
the spin-down is reached, the main microcontroller is fully
committed to finishing the data transfer between the FRAM
and the SD card. After the spin-down event is recorded as a
file in the SD card, the real-time clock is queried, and the
time-stamp is also stored. Then, the harvester microcontroller
goes into the state where it looks for a rising edge in either
of the core terminals to detect the primary turn-ON again.

E. Wireless Communication

The VAMPIRE supports Bluetooth Low Energy (BLE)
and WIFI. As the BLE is specialized in low-power and
low-bandwidth communication, the BLE connection for the
VAMPIRE is primarily used for issuing commands. The actual
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TABLE I
BLE CHARACTERISTICS

Command Input from User h’9F3F Refer to BLE Command*
File Table h’9F40 MSB: Most Recent Slot Number
Otherwise: Each Bit = Slot Written
Power Table h’9F41 Refer to BLE Command*
Current Sensor Value Report h’9F42 AccMSB X/Y/Z, BEMF, AccLSB, T
Status Report h’9F43 Energy Buffer Voltage (h’03FF)
Spindown Indication (h’1)
Record (Future) Indication (h’1)
Powersave Mode Indication (h’1)
Primary On Indication (h’1)
BLE Connection Parameters Report h’9F44 Connection Interval (h’FFFF)
Connection Timeout (h’FFFF)
Connection Latency (h’FFFF)
RTC Report h’9F45 Y/M/D/H/M/S
TABLE II

BLE COMMANDS

Power Gating Config (Power Table*) h’01xx Sensor(5), SD(3), WIFI(1)

Persist(7), Energy Buffer(0)

File Slot Deletion h’02xxyy Delete One Slot xx =01 — 96

Reset Table: xx = 00, yy = FF

Current Sensor Value Checkup h’030x On/Off: x = 1/0

Record 100s from now h’040x On/Off: x = 1/0

Record the most recent 100s til now h’050x On/Off: x = 1/0
BLE GATT Force Disconnect h’06

WIFI Module SSID/Password h’07xxY[8] SSID = xx, Y[8] = 8 Byte PW
Retrieve RTC h’08

Set RTC h’09Y[6] Y[6] = Y/M/D/H/M/S

transmission of collected raw data is handed off to the WIFI
module, as energy per file download is comparable in the
case of one file, and significantly less if two or more files are
transferred. Though the data files can generally be downloaded
at a far greater rate with the WIFI, note that the WIFI
connection is very costly in terms of power, and the connection
can be weakened by distance and obstacles between the WIFI
module and the data receiver.

The BLE connection can be made to the VAMPIRE any
time. The BLE module maintains multiple characteristics as
described in Table I, and the BLE command structure is
described in Table II. The WIFI connection can be made upon
user’s request through the BLE and must be closely controlled
by the user as it is a power-intensive operation.

Once a spin-down event is completed, the most likely
scenario for a service staff is to make a BLE connection to the
VAMPIRE and check the recently stored file table by checking
the second BLE characteristic (h'9OF40). If there is a new data
file, the staff will issue a command to turn ON the WIFI
module and download the file through the WIFI connection.
When the WIFI module is turned ON by a BLE command,
the WIFI module internally initializes an http server, which
takes approximately 20 s to be ready for data transfer. As the
WIFI module in the VAMPIRE supports IEEE 802.11b/g/n,
each file transfer finishes almost instantly. The staff will then
turn OFF the WIFI connection and disconnect the energy buffer
from the “Supercapacitor” block to completely turn OFF the
VAMPIRE until the next run.
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Fig. 6. VAMPIRE PCBs layout.

The main microcontroller is in fact a relatively powerful
processor (32-bit ARM Cortex MO CPU) inside the BLE
module. As it is always ON for user communication, it doubles
as a main microcontroller and as a BLE stack handler to save
power and space. The WIFI module is packaged together with
the SD card (Toshiba FlashAir). The WIFI module can be
accessed by software through intelligent secure digital input
output standards. When the WIFI module and the SD card
are actively power gated, all their relevant SPI pins must be
tristated.

V. PHYSICAL CONSTRUCTION

The physical structure of the VAMPIRE is based on the
PCBs. The layout of the entire PCBs is presented in Fig. 6.
Six PCBs are used as six faces to create a rectangular
box, and joints between neighboring PCBs are formed by
soldering board-to-board pins or using socket-plug pairs. The
inner frame is formed by four narrow PCBs. This rectangular
structure is soldered with rows of 90°, 0.5-mm pitch male pins.
These soldering connections provide both physical structure
integrity and electrical signal connection between two neigh-
boring boards. In order to provide a firm and stiff environment
for the accelerometer, the mounts which the VAMPIRE uses
to attach itself to the motor cover are directly placed on
the sensor board, which are emphasized by hexagonal shapes
in “PCB 3.” The front and back covers do not have any
electrical connection. They provide physical protection for the
four boards on side faces. The structure is designed such that
all the outside faces of the PCBs are protected by the raised
walls from neighboring PCBs. The height of the raised wall is
calculated based on the tallest component in the entire design,
which is 2.5 mm.

The magnetic core is placed inside of this box structure.
The location of the core is marked on the front and back
covers. The wire that goes through the center of the core for
energy harvesting can also serve as one of the two phase wires
for the back-EMF voltage sensor. Two supercapacitors for the
“Supercapacitor” block and the 220-mAh LiPo battery of the
“Energy Buffer” block are placed inside of this structure as
well. The VAMPIRE prototype before permanently affixing
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Fig. 7. VAMPIRE prototype.
= Bluetooth Low Energy
= WIFI + SD Card
Energy Harvester Core
= Supercapacitors
— Energy Buffer
= Back-EMF Coupling Plates
Fig. 8. VAMPIRE prototype internal.

—

tage Coupling

9 N

Fig. 9.

VAMPIRE in the experimental setup.

the magnetic core inside is presented in Fig. 7 and compared
against the U.S. one cent coin. The detailed internal structure
with the mounted core is presented in Fig. 8. The core is
strongly affixed to the structure by the inner cylinder and the
adhesives on the front and the back.

VI. EXPERIMENT
A. Experimental Setup

The VAMPIRE is installed in a real vibration testing setup
as shown in Figs. 9-11. The bright green cover for motor’s
terminal box is 3-D printed to provide a secure mount for
the VAMPIRE, replacing the existing external cover. This
retrofit installation of the VAMPIRE replaces all the equip-
ment required for sensing, data storage, and communication
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in [27] to generate an empirical vibrational transfer func-
tion (eVTF [27]), based on a second-order spring-mass-damper
mechanical system [31], [32]. The replaced components are
commercial off-the-shelf accelerometers, standalone back-
EMF sensors, data acquisition blocks, data storage, wireless
network capability, and power supply and wiring.

In this experiment, the VAMPIRE harvests energy from
one of the three phase wires of the ac motor and provides
health information of the electromechanical system (the motor
and the mechanical load attached to the motor). In Fig. 9,
one phase wire in the center feeds magnetic fields to the
magnetic core inside the embedded system. This wire and
one additional phase wire are capacitively coupled to provide
a differential voltage input to the back-EMF sensor. Though
Fig. 9 shows test wirings outside the cover for debug and
measurement purposes, wirings can be completely contained
inside the green cover and the front face of the cover can
be sealed in real applications. Also, one of the phase wires
used for the back-EMF voltage coupling in Fig. 9 is the same
wire used for energy harvesting, making the total number of
required phase wires two. In an ideal condition, only one phase
wire is sufficient for harvesting energy and extracting speed
information from the back-EMF voltage sensor. However, due
to the physical proximity to other phase wires inside a small
terminal box, rejection of common-mode voltage coupling
using more phase wires greatly increases the accuracy of the
back-EMF voltage sensor. In our experiment with the control
box of a 1.5-hp motor, two phase wires were chosen based on
the sensor accuracy and wiring complexity.

Once the electromagnetic energy harvester powers up the
entire embedded system, the motor is abruptly turned OFF
to create a spin-down event. The VAMPIRE is accessed via
BLE connection, and the internal WIFI module is enabled.
The stored raw data files which contain the collected sensor
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TABLE III
POWER CONSUMPTION

Harvester Microcontroller 1.3mA 4.0V 5.20mW
Sensor Microcontroller 3.9mA 3.3V 12.9mW
Accelerometer + Temperature ~ 0.15mA 3.3V 0.495mW
Back-EMF Sensor ~ 0.85mA 3.3V 2.81mW

Main Microcontroller + BLE 3.6mA 3.3V 11.9mW
FRAM 1.5mA 3.3V 4.95mW

Real Time Clock 0.005SmA 3.3V 0.0165mW

Sum: Nominal Operation - - 38.2mW
SD Card 28mA 3.3V 92.4mW

WIFI 190mA 3.3V 627mW

Sum: Maximum Peak - - 757.6mW

data in the vicinity of spin-down events are downloaded via
WIFI. The raw data file received from the VAMPIRE is then
checked to find specific signatures of the electromechanical
system for mechanical failures by constructing an eVTF. The
self-sustenance of the VAMPIRE can be verified by confirming
its nominal operation while the motor is active and measuring
the required minimum power for the VAMPIRE. The validity
of the VAMPIRE as a digital-embedded system can be verified
by constructing eVTFs with the sensor data acquired from the
VAMPIRE and checking whether the eVTFs can indicate such
signatures of mechanical failures.

B. Results—Operation and Power Consumption

In the experiment, the electromagnetic energy harvester suc-
cessfully powered the entire embedded system and supported
the nominal operation of the VAMPIRE. Except for the SD
card writing and WIFI data transfers, both of which happen
after spin-down events, the nominal operating power for the
VAMPIRE is 38.2 mW. The average current consumption is
approximately 9.55 mA at the supercapacitor voltage of 4.0 V.
The breakdown of the power consumption within the VAM-
PIRE is described in Table III. The nominal operation includes
harvester switchings for rectification, power maximization,
power regulation, sampling all the sensors at 2 kHz, storing the
sampled data into the FRAM block, and maintaining the BLE
connection continuously. As the SD card with the integrated
WIFI module needs at least 92.4 mW, even when idling, it is
heavily power-gated. If a WIFI connection is established by
user’s request, it requires additional 627 mW, making the
entire power consumption of the VAMPIRE reaching up to
757.6 mW.

The frequency of accessing the VAMPIRE through WIFI
must be tightly controlled in order to guarantee nonnegative
power flow into the energy buffer. For example, if the motor
runs with 10 Arms with the minimum run-time of 10 min,
the VAMPIRE can harvest approximately 120 mW for 10
min. Deducting the nominal operation power of approximately
40 mW, the remaining 80 mW can be stored in the energy
buffer for 10 min. With this net positive energy stored,
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Fig. 12. Frequency response functions for the same mount system produced
with four different methods for cross validation.

the maximum power dissipation of the VAMPIRE with the
WIFI connection can be sustained for approximately 60 s.

However, a user can decide to drain the energy buffer
extensively, beyond the nonnegative energy flow constraint.
The user will require more time to charge it up in a later
access if the user wants the VAMPIRE to be an independent
self-powered embedded system again. In any case, the LiPo
battery is still protected by the circuit such that it cannot
be drained lower than 3.85 V as a precaution to maintain
chemical stability and avoid a permanent damage to it. In the
case of an interrupted wireless data transmission due to LiPo
disconnection, the data can be retrieved in a later access as
the data are stored in a nonvolatile space.

C. Results—Data Validity as an Embedded System

A series of eVTFs are generated using the signal processing
algorithm introduced in [27] with the sensor data acquired
from the VAMPIRE.

First, in Fig. 12, the VAMPIRE is cross-validated against
existing methods, namely, a steady-state analysis and a spin-
down analysis using existing equipment of [27]. The first plot
is generated by exciting the dc motor at multiple frequencies
and collecting the steady-state vibration data. The second
plot is generated from a spin-down event by the VAMPIRE
powered by the energy buffer with the electromechanical
structure excited by the dc motor. The third is generated from
a spin-down event by the existing system, the motor mount
test platform used in [27], which is illustrated in Fig. 13. The
dc motor is excited in this case. The fourth plot is generated
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Fig. 13.
and replaces: commercial accelerometers (top left); standalone back-EMF
sensors (top right); data acquisition blocks, data storage, data network, data
wiring, power supply, and power wiring (bottom).

Entire equipment set of [27] that VAMPIRE makes obsolete

from a spin-down event by the VAMPIRE with the ac motor
excitation, where the VAMPIRE is sustained by the internal
energy harvester. The stiffness of the mounts used in these
four cases is the same: durometer of 60 A. Also added is the
load imbalance of 17 g to the shaft for these cases. With any
excitation method, either the dc excitation or the ac excitation,
the VAMPIRE provides an almost identical primary resonance
location, compared with the steady state and the existing spin-
down analysis method [27]. The overall shapes of the eVTFs
that the VAMPIRE generate also agree well with the existing
methods. All the four methods produce essentially similar
results, providing confidence that the VAMPIRE hardware and
algorithms are offering correct and reliable information for
diagnostics. The different shapes of the spin-down results in
the low-frequency region compared with the steady-state result
are due to the fact that the rotor speed is low and can be easily
affected by ambient noise. The different shapes at the higher
frequency tail primarily derive from the different transient
responses of ac and dc motors at the initiation of a spin-down
event, coupled with misalignment of accelerometers’ axes in
different systems.

The primary peak area is zoomed in for a closer verification
in Fig. 14. As shown in Fig. 14, the location of the peak, which
is the one of the most important characteristics in an eVTE,
matches accurately for every case. This implies that an eVTF
generated by the VAMPIRE can identify the mechanical self-
resonant frequency as accurate as other methods.
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Fig. 14.  Close-up view of the primary peaks of the vibration transfer func-
tions produced by four different experimental methods: the close agreement
of the four methods underscores the reliability of the VAMPIRE approach for
producing quick eVTFs accurately during a spin-down experiment.

Second, VAMPIRE'’s capability to identify electromechan-
ical pathologies is verified. Instead of the Hilbert transform,
zero crossings are detected to estimate the rotor speed. Two
different mounts with durometer of 40 and 60 A are assumed.
At the same time, a load imbalance of 17 g is considered for
each mount as well, giving a total of four cases. The locations
of the mounts with changeable stiffness and the load imbalance
are shown in Fig. 10, and the physical connection of the
changeable mounts is illustrated in Fig. 11. The eVTF results
are presented in Fig. 15. Consider the red curve, “D40A)”
as the base case. When the imbalance is added to the shaft,
the coefficient C appearing in [27, eq. (4)], which is directly
proportional to load mass and imbalances, is increased. Since
the y-axis is in dB, the increased coefficient results in a vertical
shift, as shown in the blue curve, “D40A Imbalance.” When
the D40A mounts are replaced with the D60A mounts (but
still with the load imbalance), the change in the stiffness
of the mounts results in different vibration dampening and
brings the change in the mechanical self-resonant frequency.
This clearly manifests as a horizontal shift, as shown in the
green curve, “D60A Imbalance.” When the load imbalance
is removed with the D60A mounts, the vertical shift in the
reverse direction happens as C is decreased, presenting the
black curve, “D60A.”

For all the cases in Figs. 14 and 15, each data point in
a curve represents a single measurement. Curves constructed
with averaged repeated measurements would be smoother and
cleaner, especially in a noisy environment, due to elimination
of high-frequency jitters and noises. However, averaging was
not employed in this paper as each curve constructed from a
single measurement was already sufficiently clean.

By monitoring changes in eVTFs over time, two separate
electromechanical issues can be diagnosed: a change in mount
stiffness and a change in load imbalance. A change in stiffness
can imply a damaged or degraded mounts. A change in
load imbalance can imply a damaged load, a changed load
profile, or a damaged shaft axle. Heuristics to quantify the
shape of an eVTE, for example, locations of the primary
peaks and corresponding magnitudes, slopes at certain regions,
and so on, can be implemented on a monitoring system with
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Fig. 15. Four experiments showing the shift of amplitude with imbalance
and the shift of peak frequencies with changing mount stiffness.

a networking capability [30] and automatically generate an
indication for users for condition-based maintenance, enabling
failure prevention, and low-cost maintenance for the electro-
mechanical systems.

Most importantly, the VAMPIRE can provide the same
fidelity in results with a significantly smaller volume
(6 cm x 5 cm x 1 cm), compared with the existing systems.
The VAMPIRE can entirely replace the commercially available
measurement setup of [27], illustrated in Fig. 13, which con-
sists of standalone accelerometers and back-EMF sensors, data
acquisition blocks, data storage, data network, data wiring,
power supply, and power wiring. It also has an additional
benefit of being nonintrusive as a sensor node.

VII. CONCLUSION

This paper presents the design of a self-powered embedded
system that illustrates how magnetic harvesting can be man-
aged for many different sensing applications, including ther-
mal, voltage monitoring, speed monitoring, current sensing,
and so on. The power flow and regulation stages in the power
package are explored, and the necessity and implementation
of an energy buffer are illustrated.

Multiple power paths are properly controlled to accommo-
date multiple power sources that require charging, discharging,
and regulation. A spin-down event, which is crucial for electro-
mechanical diagnosis, is detected using the inherent nature of
a nonideal current transformer, detecting a sudden collapse of
magnetic fields. The sensors and microcontrollers to acquire
data are also discussed in detail. Two wireless communication
protocols are employed in the design: BLE and WIFI. The
BLE connection is used for issuing commands, checking the
status of the embedded system, and configuring options. The
WIFI connection is used for raw data transfers.

The VAMPIRE prototype has been built and verified for
power and function. The system operates with 38.2-mW
nominal power consumption, with the option of performing
power-intensive operations, such as SD card writing and WIFI
data transmission after spin-down events, provided that the
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energy buffer supplies the net-positive energy that it accumu-
lated during the normal motor run time. The performance of
VAMPIRE sensors is successfully validated against a steady-
state analysis and a spin-down analysis using commercially
available equipment. Also, a change in mount stiffness, which
implies damaged or degraded mounts, and a change in load
imbalance, which implies a damaged load, a changed load pro-
file, or a damaged shaft axle, can be identified using the sensor
data acquired from the VAMPIRE, enabling this process to be
used for condition-based maintenance for electromechanical
diagnosis. The VAMPIRE is significantly smaller in physical
volume and can replace the commercially available setup,
keeping the measurement accuracy unaffected.
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