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Advances in energy harvesting systems are needed to power wireless sensors for structural health mon-
itoring. Research on developing a harvesting system that converts the low frequency, non-periodic, and
low-acceleration vibrations present on bridges is continued and significantly extended in this work.
The mechanics of the harvester were optimized to increase its robustness and lifetime, power electron-
ics were added, and the complete system was installed on the New Carquinez suspension bridge in

California. The complete results and analysis are presented in this study. The power management circuit
Keywords: . is added to rectify and boost the low AC output of the harvester and convert it into a usable DC voltage.
Frequency up-conversion . L. . .
PFIG The harvester design is further enhanced to significantly improve performance and robustness. During
short-term on-bridge testing, the system was able to charge a 10 wF capacitor to 2V DC, and the aver-
age harvester output power ranges from 1.6 to 5.0 wW, depending on the location on the bridge, a 10x
improvement over previous results. A long-term test of the harvesting system has been conducted, dur-
ing which the performance of the system was monitored remotely using a wireless sensor network. The
system improvements described in this study enabled continuous operation in the harsh bridge envi-
ronment for 13 months starting April 30, 2012 and constitute a major milestone in the development of
miniaturized motion harvesters. Finally, the system was retrieved and analyzed to understand and verify
the cause of observed long-term performance changes.

Vibration harvesting
Structural health monitoring
Wireless sensors

Charge pump
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1. Introduction There are multiple energy sources that can be utilized on a

bridge, including solar, thermal, radio frequency (RF), and mechani-

According to the US Department of Transportation, a significant
fraction of the nation’s bridges are rated as structurally deficient
or functionally obsolete [1]. Wireless sensor technology is a supe-
rior solution for monitoring aging infrastructure systems (such as
bridges) as it eliminates the need for expensive wiring and permits
easy relocation of sensors nodes. As these Structural Health Mon-
itoring sensors (SHM) must operate continuously for many years
without human intervention, battery replacement is a significant
concern since the sensors are typically located in hard-to-reach and
dangerous locations. Hence, the ability to harvest power near the
sensor for storage in a local rechargeable cell is desirable. The New
Carquinez Bridge near Vallejo, California (also known as the Alfred
Zampa Memorial Bridge) (Fig. 1), where this study was completed,
is an example of a large suspension bridge over water with heavy
traffic containing many such inaccessible locations.
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cal energy. Each of these methods has benefits and drawbacks. Solar
energy is presently being used to power SHM nodes on bridges,
including the previously mentioned New Carquinez Bridge [2].
Solar panels produce sufficient power on sunny days for regular
sensor data collection and transmission, but power is limited or
non-existent during the night, cloudy periods, or when excessive
dust accumulates on the solar panels. For SHM nodes at interior
points or under the bridge deck, wiring must be routed from the
solar panels on the bridge surface to the sensor locations, adding
significantly to the system complexity and cost. Thermal harvest-
ing from the temperature difference between the bridge surface
and the outside air has been investigated and shows promise [3];
however, the available temperature difference varies and can be
very small, making reliable harvesting a challenge. RF harvesting
also has been investigated [4]; however, little RF power is typically
available in the environment due to the rapid attenuation away
from distant transmitters. Solutions using dedicated RF transmit-
ters in close proximity to or on the bridge can supply considerably
more power to the RF harvesters [3]; however, their installation
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Fig. 1. (a) Short-term test setup with the PFIG and accelerometer. The PFIG is
attached to a plastic plate attached magnetically to the bottom of the bridge. (b)
Long-term test setup is shown with system boxes attached magnetically to the
bottom of the bridge. (c) Approximate positions of installation locations the New
Carquinez Bridge. Locations 1-4 were used for short term tests, while the location
1 was used for long term tests [32].

may not always be feasible. While each of these harvesting methods
has certain advantages, none of them alone supplies the continuous
energy needed to power wireless sensors throughout the bridge.
This motivates the need to investigate other sources of long-term
renewable energy such as vibrations, which are the focus of this
paper. While a few harvesters have been tested on various bridges
[5-8], none have been investigated over long periods of deployment
to assess their long-term performance.

Vibration energy harvesting may be an effective way to power
wireless SHM sensors by harvesting power during periods of high
traffic and storing that power for later use. Resonant vibration
harvesters for powering a bridge SHM sensor [6-8] have been
demonstrated, where the resonant frequency of the harvester was
tuned to a modal frequency of the bridge at the specific sensor loca-
tion to obtain optimal performance, and a system [6] has even been
tested for one week. Studies show that bridge resonant frequencies
can vary significantly from bridge to bridge or between positions on
the bridge [3], so it may be difficult to broadly apply resonant har-
vesters. A number of tuning approaches that automatically [9,10]
vary the harvester resonant frequency and adjust it to maximize
energy will not work in this case because they consume too much
power and vibration characteristics vary spatially on the bridge as
well as over time.
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Fig. 2. A schematic of the PFIG design installed on the bridge for long term testing.

Previously the non-resonant, broadband Parametric Frequency
Increased Generator (PFIG) was introduced, based on the prin-
ciple of mechanical up-conversion [11]. Multiple versions of the
PFIG have been published including a bench-top version [12] and
smaller self-contained piezoelectric and electromagnetic versions
[13,14].Inthe last publication a PFIG for bridge SHM was introduced
(PFIG-B1) [5]. It converts the non-periodic, low-acceleration, and
low-frequency bridge vibrations into higher-frequency mechanical
oscillations that can be electrically transduced and finally con-
verted to a DCvoltage. The device was shown to operate on multiple
bridge locations nearly identically without the necessity to tune or
modify it in-between installations. The PFIG (shown in Fig. 2) con-
sists of a large inertial mass which snaps back and forth between
latching magnets on the springs of two electromagnetic transduc-
ers, referred to here as FIGs [5,12-15]. The inertial mass is actuated
when the bridge motion externally displaces the PFIG casing. The
latch and release operation transfers energy from the inertial mass
to the FIG. The FIG springs vibrate at an up-converted frequency
(~130Hz) and displace attached magnets, thereby creating a vari-
able field that induces voltage in stationary coils surrounding the
magnets. The entire volume of the PFIG-B1 is minimized to be
about the size of a “D” cell battery (<68 cm?). The technical viability
and in situ characterization of the PFIG-B1 was completed during
a temporary installation on the New Carquinez Bridge (Fig. 1a).
The measured average output power was 0.5-0.75 wWW over sev-
eral minutes, when bridge accelerations ranged from 0.1-0.5 m/s2
at frequencies of 2-30Hz [5].

In addition to the electromechanical behavior of the harvester,
power management and rectification is essential at the system
design level. Essential elements in vibration harvesting typically
involve AC to DC conversion, voltage boosting, and regulation. In
the case of the PFIG-B1 harvester a number of challenges exist
that make these power management tasks complicated. First the
electrical outputs of the PFIG resemble decaying sinusoidal wave-
forms due to the nature of the up-conversion process. Second, the
PFIG-B1 harvester has a high output impedance (1.5 kS2). Lastly, the
harvester produced a non-optimized low output voltage [5]. A pre-
liminary attempt at power management was made by using two
cascaded six-stage passive Schottky diode charge pumps to simul-
taneously rectify and boost the PFIG output signal [5]. However, this
circuit exhibited a very low efficiency (simulated 13% with a decay-
ing sine wave input of peak 375mV), and ceased to work below
200 mV. The main problem was the low output voltage relative to
the turn-on voltage of the Schottky diodes.

Many AC-DC converters have been proposed for use in vibra-
tion harvesting including active rectifiers, boost rectifiers, and both
passive and active charge pumps. One can use active rectifiers
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[16-21]; however, start-up issues have to be addressed, and more
importantly they have poor efficiency when the inputs and rec-
tifier supply are below the threshold voltage of typical MOSFETS
~400 mV. LC-boost or integrated switched capacitor charge pumps
rectifiers are other alternatives, but these two types of AC-DC con-
verters need ancillary clocking circuits, a start-up charge pump
[22], a pre-charged battery [23] or high voltage inputs (>~0.8V)
to enable a rectifying structure that allows for the system to begin
operating [18,24,25]. Alternatively, individual transistors can be
used to form active diode charge pumps [26,27] using the avail-
able bulk contact to form passive diodes for start-up. With a power
consumption of ~5 wW this method is not well suited to low input
power applications. However, charge pumps do offer some inher-
ent advantages, especially in situations where boosting is necessary
[5,22,26-29], because they can both cold-start and boost the volt-
age to a higher final value at the same time. Passive charge pumps
are also a possibility. The disadvantage of passive charge pumps
is that they exhibit very low efficiencies at low input voltages
(<0.2Vpc) due to the inability to overcome the Schottky diode turn-
on voltages [5].

A simple method to overcome very low voltage inputs, one
that is particularly suited toward electromagnetic harvesters, is to
utilize transformers. They offer a passive way to overcome diode
turn-on voltages. Additionally, high efficiencies (65%) have been
demonstrated in transformer based systems [29-31] with low out-
put impedances (3-4 2). It is essential that the output impedance
of the harvester must be small, otherwise the size and power loss of
the matched transformer would be impractical. Provided that the
output impedance of the harvester is reduced in the PFIG, combin-
ing a passive charge pump with an input transformer can provide a
simple and passive way of rectifying and boosting the output volt-
age of the PFIG. Additionally, for harvesters with two outputs (such
as the PFIG), a passive charge pump can be used with one output
to supply a high efficiency active rectifier that manages the other
output [28].

This paper discusses the improved performance and robustness
of the previously reported mechanical harvester PFIG-B1, includ-
ing the adjustment of its technical characteristics with system level
considerations in mind. With the new PFIG (PFIG-B2), a power man-
agement circuit consisting of input transformers and two cascaded
passive charge pumps is used to rectify and boost the output voltage
of the harvester and store energy on a capacitor. These enhance-
ments allowed a complete system to be installed on a suspension
bridge where it was monitored for 13 months, and its performance
was remotely monitored and recorded starting April 30, 2012
[32]. Section 2 discusses the enhancements in the harvester and
passive electronics. Section 3 discusses short-term system installa-
tions on the bridge, and Section 4 discusses the long-term system
installations, and details how the system overcame the challenges
presented in the introduction to obtain new understanding of the
long-term PFIG performance.

2. Bridge harvesting system implementation
2.1. Harvester enhancements

The PFIG harvester has been further optimized to increase
the output power and improve the long-term reliability. The
PFIG architecture has been described in detail [5,13-15]. Changes
implemented to maximize power transfer to the circuit include:
decreasing the number of coil turns to lower the PFIG-B2’s output
impedance to 300 €2; implementing a double magnet structure to
better confine and route the flux; and changing the inertial mass
suspension spring material to improve its reliability in combination
with new assembly techniques.

Table 1
Summary of (PFIG and circuit) performance and characteristics.

Performance summary

Minimum acceleration 0.34m/s?
Internal volume 43 cm?

Total volume 68 cm?

Avg. power (0.34m/s?, 2 Hz) 12.5 pW
Avg. power on New Carquinez Bridge 1.6-5.02 pW

Figure of merit, F,M, (0.34 m/s?, 2 Hz) 0.16%

Altered mechanical parameters from previous PFIG [5]

Coil turns (N) 1200
Coil resistance 275k
Spring constant, k; (both springs 535N/m

combined)

Circuit characteristics

Boosting methods CW charge pump & transformer

Transformer Picoelectronics T-22940

Transformer volume 5.09 cm®

Diode BAT54WS surface mount Schottky
diode

Capacitors 10 wF (tantalum surface mount)

Maximum circuit efficiency 27%

The FIG output impedance was successfully reduced to 300 2 in
order to alleviate the challenges in the power management system
resulting from a high impedance. At the same time, better position-
ing of the magnet relative to the coil increased the electromagnetic
coupling. A second alternative was also explored whereby a double
magnet structure using two oppositely poled magnets was imple-
mented in order to confine the flux [33-35]. These changes provide
more flux linkage and achieve a better volumetric efficiency in the
FIG.

The spring suspension which carries the heavy central iner-
tial mass was modified in this design. Previous experimentation
with the PFIG-B1 harvester highlighted that this was a significant
weak point in the device. More specifically, harvesters installed
on infrastructure should be able to operate for many decades in
order to produce value as compared to batteries. Therefore, future
versions of the PFIG should be able to withstand stresses due to
shipping, shock, and other short-term excitations in addition to
being able to survive many decades of cyclical loading without
undergoing fatigue. For this reason the material used in the PFIG-B2
was changed to stainless steel 17-7 rather than copper as before in
the PFIG-B1; however, the spring constant was designed to remain
the same at ~535N/m (Table 1). Stainless steel has a hardness
that is 11x that of copper. The springs were modified to have
large curvature at the endpoints in order to minimize large stress
concentrations resulting from abrupt edges and corners. Stresses
can quickly build due to the large extension of the inertial mass
spring, and repeated excessive stress can quickly lead to fatigue.
The inertial mass suspension always has non-zero stress due to the
displacement that gravity generates on the assembly. In addition to
this, the bridge vibrations can produce additional displacement. For
the purpose of simulation, COMSOL was used to examine the stress
in the springs throughout the full motion range of the inertial mass
(constrained by the FIGs which act as built in barriers to limit the
deflection in case of excessive acceleration or shock). The results
can be seen in Fig. 3. Of course, the highest stress is experienced at
the fixed endpoints of each support arm. The von Mises stress (typ-
ically in the range of 0.5 to 0.7 GPa) is well below the yield strength
of 1.3 GPa for the steel alloy that was used. Using standard cyclical
fatigue theory [36] one can estimate that under these conditions the
inertial mass suspension, the most critical part of the PFIG form a
mechanical standpoint, can have a lifetime in the range of hundreds
of years even at high frequency cycles of 50-100 Hz.
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Fig. 3. Simulations in COMSOL show the von Mises stress experienced by the iner-

tial mass suspension assembly under static gravitational loading as well as under
applied bridge vibrations.
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Fig. 4. The graph of frequency vs. power is shown for multiple versions of the
PFIG. The enhanced PFIG-B2 with and without a double magnet structure show
significantly improved power output as compared with the previous PFIG-B1.

Frequency vs. power plots for various versions of the PFIG are
shown in Fig. 4. They are actuated at the minimum acceleration
level needed for operation, which was designed to be different
in each case in order to explore the limits of the harvester. The
different acceleration levels in Fig. 4 should be considered when
comparing the three plots. The highest output power in lab tests
was achieved with the PFIG-B2 using two oppositely poled mag-
nets. Without the double magnet structure, the PFIG-B2 still shows
considerable improvement over previously reported results [5]. Lab
testing of the PFIG-B2 (using the double magnet structure) pro-
duced 12.5 wW with an input sinusoidal acceleration of 0.34 m/s?
and 2 Hz, which is a 7.5x improvement in Volume Figure of Merit,
FoM,, to 0.16% [5]. Also, at 0.34m/s2 and 10 Hz, 88 wW of power
was harvested with a F,M, of 0.22% [5] a 3x improvement over [5].
(The reported figures of merit in [5] are incorrect due to a calcu-
lation error. The actual FoM, at 2Hz and 0.54 m/s? is 0.02% rather
than 0.04% and the actual F,M, at 10Hz and 0.54m/s? is 0.073%
rather than 0.17%.) While the double magnet structure showed
better performance in the lab, as seen in Fig. 4, due to the tighter
alignment tolerances and more complicated assembly, the single
magnet arrangement was used in the long-term test discussed in
Section 4.

2.2. Passive power management electronics

The PFIG-B1 used a cascade of two six-stage discrete charge
pumps to boost and rectify the harvester output signal [5].

Schottky diodes (BAT54WS) were used in the charge pump. How-
ever, the diode drop losses significantly reduced both the efficiency
and boosting ability of the previous circuit making it unsuitable for
bridge operation. Therefore, any new interface has several require-
ments. First, the circuit must easily start-up based on the smallest
expected harvester output. Next, the circuit should optimize power
transfer to a load or storage capacitor at these very low har-
vester outputs. Finally, it should enable long-term installation of
the bridge harvesting system (BHS), so that the limits of the system
(PFIG and circuit) can be studied and characterized. To accomplish
these goals and enable the rate at which the BHS storage capac-
itor rises to serve as the basis for estimating power during the
bridge installation, the circuit needed to start-up and rapidly rise
to a usable voltage from even the lowest PFIG output voltage signal
(~60mV). State-of-the-art ICs can regularly operate at 1.2-1.8V,
and there are even sub-threshold microcontrollers that can oper-
atebelow 0.7 V. Because of this, the PFIG should be able to efficiently
charge a storage capacitor to at least 0.7 V. Efficiency, 1, is used to
measure the performance of the circuit. Circuit efficiency is cal-
culated in this case by comparing the average harvestable power
that can be delivered to a matched resistive load (ideal case) to the
power delivered by the power management circuit.

t2
1/(t2 - tl)fﬂ PouthW
= 2
1/(tZ -4 ) ftl Pout—matched load

Average output power can be measured in steady-state by
loading the output with a resistor to obtain current and voltage.
Alternately, average start-up output power can be obtained by mea-
suring the energy in the storage capacitor divided by the storage
period.

The addition of the transformers between the harvester and the
charge pump immediately mitigates the effect of the diode turn-on
voltage losses and even reduces the number of required multiplier
stages while still significantly improving the circuit’s boosting abil-
ity. Previously, for the circuit used with the PFIG-B1, without the
addition of transformers and not taking into account the character-
istic decay in the PFIG output waveform, the theoretically available
maximum voltage of the cascaded charge pumps is Voutc,,, where
Vew is the maximum output of a single Cockcroft-Walton multi-
plier:

(1)

VOUtCCW =2 x VCW =4xnx VPeak (2)

here n is the number of stages per multiplier, and Vpe, is the
unmatched input peak voltage. The factor of four comes from boost-
ing the two serially cascaded Cockcroft-Walton multipliers. For the
two six-stage cascaded multipliers the maximum boosting is:

Voutccw =24 x Vpeax 3)

While this is significant boosting, the Schottky diode turn-on
Vdiode-drop N€€ds to be accounted for, resulting in the following:

Voutccw =24 x (VPeak - Vdiode—drop) (4)

If the Schottky drop is near 180 mV, and the typical PFIG out-
put maximum peak is 200 mV, most of the signal is wasted. This
results in an output of 480 mV by using (4). Because the PFIG out-
put decays, only the first few peaks will be useful and the rest of the
output signal will be lost due to the diode drops. Ideally, the circuit
would make use of as many of the decaying peaks as possible and
be capable of operating from the low ~60 mV peaks.

The new circuit presented and used with the PFIG-B2 makes use
of a transformer with a 1:10 multiplication factor to boost the low
and decaying PFIG outputs. When the transformers are matched
to the FIG output impedance, to obtain maximum power transfer,
the voltage is reduced by a factor of two in essence resulting in
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Fig. 5. The circuit schematic shows two transformers that increase the harvester
outputs and feed them into two cascaded 3-stage Cockcroft-Walton Multipliers.
The storage capacitor and load are indicated along with other important nodes [32].

a 5x gain in voltage. This gives the ideal maximum voltage for a
circuit containing a Cockcroft-Walton Multiplier preceded bya1:10
matched transformer as Voutyeqy -

Voutreew =2 X Vew =4 x n x (5 % Vpeak — Vdiode—drop) (5)

Assuming n =3 stages,a 180 mV diode turn-on voltage, and Vpe i
of 60 mV, the boosted DC output is 1.44 V, which will yield ~0.72V
when optimally loaded. Therefore, the target requirements can be
met with only 3 stages. The inter-stage capacitors were chosen to
be 10 wF (Table 1) to quickly charge the charge pump while main-
taining a reasonable efficiency.

The schematic of the interface circuit is shown in Fig. 5 and
a photo of the realized circuit is shown in Fig. 6. The two trans-
formers used in the system are Picoelectronics T-22490. Even at
200-300 €2, the output impedance of each FIG still imposes strin-
gent transformer characteristics. To maximize power transfer the
transformer input impedance should match the impedance of the
FIGs [37]. As discussed earlier, a transformer with a ratio of 1:10
was chosen. Higher ratios are possible; however, every additional
turn added in a transformer increases its DC resistance. Produc-
ing a desired ratio and matched input impedance is a challenge.
As part of the passive circuit design process, the efficiency of the
matched T-22490 was measured to be ~63% with a 100 Hz signal
and an input power of 6.4 wWW. Picoelectronics transformers [38]
are rated at 1 mW and have a frequency range of 20-25 kHz; how-
ever, at low frequency there seems to be significant reduction in

Fig. 6. The picture of the circuit used with two transformers and two cascaded
Cockcroft-Walton multipliers. Capacitors, diodes and transformers are labeled C, d,
and 1:10, respectively.

30 T T T T T T T T T

25/—\«\_\:

N
o

Efficiency (%)
>

10+

o 1 1 I 1 I I 1 L 1
50 60 70 80 90 100 110 120 130 140 150
Input voltage peak (mV)

Fig. 7. Efficiency of the power management circuit using sinusoidal inputs at 130 Hz
in place of FIGs (same output impedance). The output is held constant at 1.2V by
adjusting the output load. Both inputs are changed together to yield a maximum
efficiency of 27%.

the inductive coupling. Laboratory measurements show that max-
imum efficiency occurs near 500 Hz, which is much higher than
the frequency output of the FIGs (~130Hz). The PFIG’s 200 - 300 2
impedance and the 1:10 multiplication factor result in a relatively
large transformer. The diameter of the T-22490 is ~1.8 cm and the
height ~2 cm resulting in a total volume of 5.09 cm3, larger than
the volume of each individual FIG.

The maximum circuit efficiency is measured using a 130 Hz sine-
wave from a function generator with 300 €2 series resistances. The
efficiency is 27%. Efficiencies up to 65% have been reported by oth-
ers regarding other up-conversion works containing transformers
[30,31]; however, these works have source impedances of 3-4 2.
Because the efficiency of arectifier changes as it charges a capacitor,
the outputis held constant at 1.2 V by varying the impedance, while
the input voltage is varied. The results are shown in Fig. 7. Here the
two charge pumps are cascaded and show a maximum efficiency
of 27%. A half-wave multiplier only harvests the positive part of the
input waveform reducing efficiency. Other efficiency losses are due
to the transformers, diode drops, and loading between the cascaded
charge pumps. Fig. 8 shows the efficiency of a single multiplier
(including transformer). The maximum efficiency is 38%, which is
higher than that obtained using cascading. Connecting the charge
pumps together generates a higher output voltage, but charge com-
ing from the bottom charge pump must again be boosted through

40
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-
o

10+

O L
50 60 70 80
Input voltage peak (mV)

90 100 110 120 130 140 150

Fig. 8. Efficiency of a single Cockcroft-Walton 3-stage multiplier and transformer
with a sinusoidal input at 130 Hz in place of FIGs (same output impedance). The
output is held constant at 1.2V by adjusting the output load. The input is changed
to yield a max efficiency of 38%.
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the top pump where it will face losses from another set of diode
drops and leakage, thereby further reducing the circuit’s overall
efficiency.

To determine efficiency in a more realistic way, two function
generators are used to approximate the PFIG outputs using two
time-offset decaying sinusoids at 10Hz. A very low input current
op-amp (LM(C6484, National Semiconductor) buffer is used to mon-
itor the storage capacitor voltage. Holding the output constant at
1V, by varying the output load, the efficiency was measured to
be 14.4%. The measured efficiency of the circuit, charging a 10 wF
capacitor from 0 to 0.7V, is 5.5%. This efficiency is much lower
than when the output is held constant. The reason for this is that
the capacitors in the charge pump stages must be charged before
optimal efficiency can occur at the output.

Table 2 compares the BHS system to other efforts aimed at mid to
low frequency of both resonant and non-resonant signals. Low fre-
quency (<10Hz) based harvesters [13,28-31,39] generally rely on
frequency up-conversion, while higher frequency (>10Hz) based
harvesters are generally resonant-based [40-47]. The ability of the
BHS system to generate energy in extremely challenging conditions
(combination of very low accelerations and frequency) is unri-
valled. While the power management circuit efficiency still needs
to be improved, the challenges in this application are more strin-
gent than those previously faced by other works [28-31]. Clearly,
further improving the harvester electromechanical transducers to
produce higher voltage signals with a lower output impedance
would greatly benefit the system'’s efficiency. However, other major
works cited in Table 2 shows that an output impedance of 3-4
is likely too low to be realistic for bridge harvesting applications.
Another possibility for circuit improvement is that active rectifica-
tion could be used to enhance the interface electronics.

3. On-site short term bridge tests

Two BHS units (containing the PFIG-B2 and passive electronics)
were temporarily installed on the NCB for short-term tests. On-
site testing allows for more detailed performance measurements
to be made. An example of such an installation can be seen in
Fig. 1a, where the harvester and an accelerometer are magnetically
attached under the bridge. Initially, the harvester is tested using
a matched load, and the signal is recorded with LabView. Sample
waveforms are shown in Fig. 9a, where the average power produced
is 3.24 wW. Small mismatches in the equilibrium positions of the
two FIGs result in the asymmetric actuation. Table 3 shows the
average power generated on the bridge at different locations. Two
different versions of the PFIG-B2 were tested (with and without the
double magnet structure). The best result in Table 3 is from loca-
tion 2 where Paverage =5.02 WW was generated over a time period of
1255, and represents a 10x improvement over previously reported
on-site testing results using the PFIG-B1 [5]. The double and single
magnet structure gave similar results in the on-site bridge tests,
while in the lab, the double magnet structure performed better
(Fig. 4). There are two possible reasons for this. First, vibrations
on the bridge can vary significantly from minute to minute, and
the two PFIG designs were not tested at the same time. Second, the
short-term tests were performed before design changes allowed
for the harvester to be shipped fully assembled. This means that
the harvester was assembled and adjusted on the bridge, resulting
in only a rough optimization (much less accurate than a laboratory
setting).

In a second set of experiments (Fig. 9b), the full BHS system
(PFIG-B2 and circuit) was tested, and a 10 F storage capacitor’s
voltage was repeatedly charged by the PFIG outputs and then man-
ually discharged. The DC output could reach as high as 2V within
a reasonable time period (48 s); however, as seen in Fig. 9b, the
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Fig.9. (a) Short-term testing data showing acceleration, FIG1 and FIG2 outputs, and
total instantaneous output power taken on the NCB; and (b) separately measured
voltage on the storage capacitor taken at a different time than (a) [32].

higher the voltage, the slower the capacitor charges. At high out-
put voltages, the lower voltage peaks of the decaying waveform are
not harvested, while the highest peaks are harvested at a reduced
efficiency. As the output voltage further increases, the peaks are no
longer able to add any charge and so a maximum achievable volt-
age is reached. Additionally, there are parasitic leakage paths that
limit the voltage, especially when the vibrations are sparse. The
storage capacitor was continually discharged so an understanding
of the rate at which the storage capacitor charges could be gained
and used to optimize the system for the long-term installation dis-
cussed in the next section.

4. Long-term BHS testing
4.1. Long-term bridge test implementation

The goal was to install and monitor the BHS over a long period of
time and to monitor the FIG outputs and the storage capacitor volt-
age, so that the BHS performance can be quantitatively assessed.
For this goal a special-purpose Narada [2,15] wireless sensor node,
already deployed on the NCB, is used. The Narada node samples
the key BHS metrics once per hour for 90s at a sampling rate of
100 Hz. The results are wirelessly transmitted to a base station
and are then available through remote access [15]. To facilitate
the long-term evaluation of the BHS, the Narada node automati-
cally discharges the storage capacitor when it reaches 0.7 V. This
allows for the average power to be estimated by the number of dis-
charges in the 90-second sampling period. Solar cells on top of the
bridge are wired and power the Narada node allowing it to per-
form the described functions. It is important to note that the BHS
is not used to power the Narada wireless sensor node. Fig. 10a and
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Table 3
Short-term results for double and single magnet PFIG designs at different bridge
locations.

Location Average power, PFIG Average power, PFIG
(Fig. 1) (double magnet) (LW) (single magnet) (LW)
1 4.4 3.24

2 3.13 5.02

3 3.73 -

4 1.6 -

. Narada
control

Antenna

1]

| Buffer/
Level Shifters |
: Narada |

Node [

Buffer
e TS,
1 Sensing System (Solar Power)
Waterproof Box

Fig. 10. The PFIG, passive harvesting circuit, Narada control, Narada antenna, buffer
and level shift circuits used in the long-term test on the New Carquinez Bridge. (a)
The water tight box and (b) a schematic of the long-term test system [32].

b shows the long-term test system. The PFIG, harvesting circuit,
buffer and level shift circuits, transmission antenna, Narada node,
and rechargeable batteries (powered by solar panels on top of the
bridge) are contained inside a commercially available water-tight
box. The batteries are used to power the Narada system, the buffers,
and the level-shift circuits, which interface the BHS to the Narada
node. The dimensions of the box are 30.5 x 20.3 x 13.2 cm. On April
30, 2012, two of these water tight boxes were installed under the
bridge deck at location 1 (Fig. 1b).

4.2. Results

A sample of recorded data is shown in Fig. 11. The voltage
on the storage capacitor rises faster and is discharged more fre-
quently when the FIGs actuate more often and at higher amplitudes.
The FIG outputs are under-sampled at 100 Hz (sample rate chosen
to minimize Narada power consumption). Nonetheless, the basic
functionality of the system can be discerned from the plots.

Fig. 12 summarizes one week of data. Harvested power is greater
during daytime and weekdays. Each discharge occurring at 0.7V
on the 10 wF capacitor, recorded during a 90 s period, corresponds
to 27 nW of power delivered to a load. Once again, it should be
noted that data recordings are only made once per hour and the

s 0.8 T T ‘ T r - -

Tz 06 /) |
BT

S 02 , } f f] “1/‘ / ]

FIG1
Voltage (V)

FIG2
Voltage (V)

Fig. 11. Data recorded on May 29, 2012 by the Narada wireless node [32].
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Fig. 12. Circuit discharges for one week starting May 13, 2012. Each circuit dis-
charges represents approximately 0.5 wW in unprocessed PFIG output power. The
shaded areas represent 8 am to 8 pm [32].

number of discharges shown in Fig. 12 is only during the several
90 s measurement windows. Lab measurements described earlier
estimated the efficiency of the PFIG and circuit during start-up to be
5.5%. Therefore, each capacitor discharge corresponds to an unpro-
cessed PFIG output power of ~0.5 wW, and the results in Fig. 12
indicate a nearly identical amount of power harvested during day-
time (2-12 discharges or 1.0-6.0 wW) as was measured during the
short-term tests of the PFIG (Table 1). Fig. 13 further verifies these
power levels. It shows a histogram of the number of discharges in
a 90s period from May 1st to June 18th in 2012. Fig. 13 shows the
histogram peak centers around 1 and 2 discharges, with 0 to 11 dis-
charges being common. The mean and median of the data in Fig. 13
is 3.29 discharges and 3 discharges. As each discharge represents
approximately 0.5 wW produced by the PFIG, it can be concluded
that for an optimally functioning PFIG, average power in the range
of 1.5 wW to 2 wW is common, going up to 3 wW during daytime.
The BHS has operated continuously on the NCB for 13 months
starting April 30, 2012 (Fig. 14). Starting in late October 2012, the
wireless data collection system began to have outages. In many of
these cases, measurements from the BHS locally written to non-
volatile memory on the wireless sensor node were still received a
few times a day. The root cause of this is suspected to be the solar
harvesting used to power the Narada nodes. Likely, there was not
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Fig. 13. Ahistogram of the discharge counts per 90 s period. Data from May 1st-June
18th is shown. The median value is 3 while the mean value is 3.29. The specific
discharge count occurrence frequency is shown above the histogram bar.

enough light during this time of the year (winter season) when wet
and foggy weather is common. This highlights a potential weakness
of solar energy harvesting in unmanned systems. In the long-term
test(Fig. 14), the same weekly pattern seenin Fig. 12 continues to be
observed, as well as sharp drops in harvested power on U.S. national
holidays. Over the first six weeks the power output remained rel-
atively consistent. The highest power was recorded the morning
following Memorial Day on May 29th, 2012 and is estimated to be
10.9 W (22 discharges over 90s, Fig. 14). The data clearly demon-
strates that the power harvested correlates directly to traffic and
thus could be a sensed variable itself. The PFIG exhibited a reduc-
tion in power at the end of June 2012, producing approximately
half as much energy. The mechanism for such a decrease will be
discussed next.

4.3. Long-term performance discussion

The results in Fig. 14 show a significant reduction in perfor-
mance after six weeks in mid-June 2012. The system was retrieved
on January 28, 2014 to understand the root cause of this power
decrease and to understand the system’s general health after
over one year of testing starting April 30, 2012. After 13 months
there was a significant loss of monitoring data. It was discovered
upon retrieval that the PFIG and interface electronics remained
functional; however, the loss of data occurred because the
rechargeable batteries powering the wireless sensor had weakened
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preventing reliable wireless communications. Energizer AA
2300 mA h rechargeable batteries (NH15-2300) were used with a
~1.3V maximum voltage. The last month of operation in Fig. 14
is marked as grey because the monitoring system was never
operational for an entire day, and only ~1/5th of the set of 90s
measurements was completed. The Narada system uses a linear
regulator (LP2986 Texas Instruments) with an input of ~60 mA at
>6.0V achieved with five batteries in series. A low voltage cut-
off circuit turns the system off when the batteries drop to 5.7V
to maintain Narada functionality. It is suspected that a decrease
in recharge battery capacity lowered the maximum battery volt-
age. This lowered battery voltage frequently fell below the linear
regulator cutoff resulting in a less reliable wireless sensor for long-
term field operation. To avoid the inherent lifetime limitations with
batteries, future long-term harvesting designs will likely use ultra-
capacitors to improve storage lifetime to decades of use.

In the retrieved system, the PFIG inertial mass springs were not
deformed and the electronics remained functional, but the bottom
set screw of the system was loose. The schematic of the PFIG, Fig. 2,
shows that for the ease of assembly the individual FIGs are held in
place only by the friction of set screws along the side of the FIG cas-
ing as well as one on the bottom. This makes this assembly method
susceptible to slipping, especially when the bottom set screw was
loosened because nothing stops the vertical slippage of the FIG. A
study of frequency versus power, similar to Fig. 4, was completed
on the retrieved PFIG. Resonance remained the same at ~12 Hz,
meaning the spring constant remained unchanged at 535 N/m as
expected. At lower frequencies (<9 Hz) the minimum acceleration
necessary for actuation of both FIGs decreased to 80-100 mg. This
would explain the 2/3 power decrease seen in Fig. 14.

A wide range of frequencies and amplitudes are exhibited on
the bridge, the response of the inertial mass-spring system can be
unpredictable. It can be driven into resonance at its natural fre-
quency around 10-12Hz, and at high amplitudes it can begin to
strike the top of the FIG casing, which also serves as a safety bar-
rier to protect the internal mechanism. Experimental results in
both the laboratory and during the short-term tests have shown
that striking the end-stops can drive the inertial mass system into
a non-linear regime that can even amplify the amplitude of the
motion. In the laboratory, we have verified that repeated contact
between the inertial mass and the FIG surface produces enough
force to decrease the PFIG performance even when the set screws
were securely tightened before the experiment. By readjusting
the FIG positions, the performance loss can be regained. Similar
to previous PFIG versions [13,14], Matlab-based simulation anal-
ysis of the PFIG-B2 shows that a ~10-40 micrometers slip in FIG
position can change minimum acceleration by ~2-10 mg at lower
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Fig. 14. Entire transmitted data set since installation on April 30, 2012. Each point represents the total number of discharges per day over 24 ninety-second recording periods.
Grey areas represent periods where the Narada system was not functional due to solar panels not collecting power.
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frequencies (<5 Hz). This slippage explains the decrease in power
over time shown in Fig. 14.

The set-screws were included to allow for different experiments
to be carried out in the lab by varying the FIG positions, prior to
PFIG-B2 installation on the bridge. In the future the set-screws will
be removed and the FIG position will be fixed in place within the
harvester mechanism. In the broad area of vibration harvesters and
frequency up-converting harvesters such as the PFIG, analysis has
been done on what environmental conditions can potentially cause
harvester failure [48]. Usually this analysis focuses on damage that
can be caused by a single shock to the system that can physically
break the system; however, failure mechanisms such as FIG slip-
page mean that the damage can be gradual, and the harvester may
still be functional even after damage has occurred.

5. Conclusion

This paper discusses the development and long-term testing
of a bridge harvesting system (BHS), including improvements in
the vibration harvester and its power management circuitry with
the goal of providing power for structural health monitoring. The
short-term and long-term testing of the BHS on the New Carquinez
suspension bridge shows a 10x improvement in unprocessed
harvested power (PFIG-B2) [32] compared to a previous version
(PFIG-B1)[5]. Anew power management circuit is presented, which
can “cold-start” without any pre-charged voltage and can boost
the very low-voltage and decaying PFIG signal. By using a trans-
former followed by a charge pump, a 10 wF capacitor can charge
up to 2V on the bridge. The average unprocessed PFIG power is
between 1 uW and 6 pW, while the maximum observed power is
estimated to be 10.9 wW. The long-term study showed a decrease
in harvested power after approximately six weeks. The cause of
this reduced power is slippage of the FIG position, which has been
repeated in the lab and verified with the retrieved harvester. It can
be eliminated in future harvester designs. The circuit efficiency of
14.4% allows for a 10 wF capacitor to quickly charge to a high volt-
age based on the low voltage PFIG inputs allowing for the circuit’s
use in the long-term test. This circuit provides a proof-of-concept
design with efficiency that can readily be improved by using active
circuits designed in a low-power IC technology and by eliminat-
ing the transformers. Without the use of transformers in the circuit
interface, the PFIG can be optimized for power without taking the
output impedance into account.

The most unique result is that the BHS system was continu-
ously functional and monitored for more than one year on the
New Carquinez Bridge in California. The combination of harvester
and electronics improvements allowed the system to function for
over a year and were it not for the malfunctioned rechargeable
battery of the wireless sensor, the system could have continued
to operate while being monitored for even longer. Nevertheless,
this 13-month study provided further understanding of the PFIG’s
long-term performance capabilities, and the lessons learned will
motivate further improvements in future PFIG research. Energy
harvesting applications derive their value from the ability to oper-
ate for many years and decades, and this is the first published
long-term study of a mechanical harvester and system.
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