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Abstract: A parametric study of a high-power-density dual resonator for achieving low frequency broadband electro-
magnetic energy harvesting is reported. The dual resonator consists of a rectilinear oscillator (R; O) performing
magnetic levitation and a rotary oscillator (R O) performing electromagnetic coupling through a stator and a rotor.
Both oscillators, coupled by magnetic forces generated by a set of arc permanent magnets. radially magnetized and
centro-symmetrically fixed onto the R, O and the rotor of the R+ O achieve the reciprocating-to-rotary motion con-
version and frequency up-conversion. Specifically, the dual resonator is able to convert stochastic reciprocating mo-
tion into controllable rotation, provide intrinsic frequency up-conversion, use non-contact magnetic coupling to pro-
vide near loss-free energy transfer and be configured into specific applications to obtain and maintain high-energy
orbits of multi-stable energy harvesting. While solely focusing on developing a dual resonator provides substantial
benefits, its dynamic behavior is unclear, thus electromagnetic-dynamic governing equations are derived, and a
curve fitting model of restoring torque of Ry O under different repulsive magnets configurations are developed to
predict key characteristics and to improve performance of the electromechanical system. Power analysis is carried
out for providing a quantitative guidance of customizing the harvester to achieve an optimal power density.
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0 Introduction

Despite the abundance of ambient vibrations,
conventional linear rectilinear energy harvesters
have notoriously limited efficiency™’, as they typ-
ically only work efficiently in a narrow band of
frequencies centered around their own natural fre-
quency, which reduces their power density. To
widen the output bandwidth, active tuning mech-
anisms have been developed that adjust the natu-
ral frequency of the harvesters in response to the

23] Study on circuit design

excitation frequency
for energy harvesters using switching techniques
to increase harvesting efficiency have also been

donel**). For instance, the self-powered synchro-
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nized switching interface can extend the effective
bandwidth by four times.

Another popular approach is to enable non-
linearity of the energy harvesters to obtain high-
energy orbits by introducing external magnetic
forces. The so-called nonlinear energy harvesters
(NEHs), could be designed as softening or hard-
ening configurations to widen output bandwidth
under excitations with slowly varying frequen-

ciest®,

Multiple cantilever beams with different
but close natural frequencies have been also inte-
grated to achieve broad bandwidth"™® but there is
no interaction between these cantilever beams.
To explore the interaction effect on the broadband

output, two degree-of-freedom (2DOF) harvest-
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ers have been constructed™® ' to have double res-
onant peaks and increased frequency bandwidth.
These aforementioned approaches can also be
combined, such as using magnetic forces to cou-
ple two cantilever beams, and to form a nonlinear
2DOF energy harvester™"'" Experimental inves-
tigation has shown a nearly 100% increase in the
operating bandwidth and a 41% increase in the
magnitude of the power output at an excitation

2051 Such nonlinear energy har-

level of 2 m/s
vesters could make the resonant peaks commen-
surable with suitable parameters, which results in
more resonant peaks and wider bandwidth. Ex-
periments have demonstrated a 130% increase in
the bandwidth in comparison to their linear coun-
terparts at an excitation level of 2 m/s* "%,
However, the efficiency of NEHs is still

L7 Rotary

much lower than rotary generators
generators, generally outperform rectilinear de-
vices, owning to concentrated magnetic flux vari-
ation in the coil. While they are particularly well
suited for low-frequency, large-amplitude oscilla-
tions, the application of rotary generators is re-
stricted to purely rotational energy sources,
e. g. » wind turbines and hydroelectric stations.

A rectilinear-to-rotary motion conversion
mechanism can address these shortcomings from
both the rectilinear and the rotary nonlinear ener-
gy harvesters, and thus to provide an efficient ap-
proach to harvest low-frequency rectilinear vibra-
tions. However, rectilinear-to-rotary motion con-
version is traditionally achieved by using a combi-
nation of mechanical transmission components,
such as crank and connecting rod or eccentric and

8193 -~ Not withstanding their bene-

pitman arm
fits, the complex mechanical transmission com-
ponents required for coupling, and the introduced
excessive volume, mass, wear, {riction, and en-
ergy loss, present significant challenges to relia-
bility and durability. In most of these aforemen-
tioned approaches, friction and inelastic deforma-
tion lead to significant energy loss.

This paper reports a contactless dual resona-

tor for achieving high-power-density low frequen-

cy broadband energy harvesting, consisting of a

rectilinear oscillator and a rotary oscillator cou-
pled through magnetic forces. We derived the
electromagnetic-dynamic governing equations of
the nonlinear 2DOF system. The combination of
restoring torques produced by the interaction of
repulsive magnets and ferromagnetic screws with
arc magnets can enable the dual resonances to be
tuned for different vibration sources. Thus, a
curve fitting model of the restoring torque under
different configurations is developed for future
simulation of the system. Furthermore, the ex-
perimental results for harvested power are pres-

ented to confirm the power harvesting capacity.

1 Structural Design

The dual resonator (Fig. 1) builds off our

k1, consisting of a rectilinear oscil-

previous wor
lator (R, O) performing magnetic levitation and a
rotary oscillator (R+ O) performing electromag-
netic coupling through a stator and a rotor. Both
oscillators, coupled by magnetic forces generated
by a set of arc permanent magnets (N52, 15 mm
o.r. X 5mmi.r. X 10 mm, 90°), radially mag-
netized and centro-symmetrically fixed onto the
R, O and the rotor of the RO achieve the recipro-
cating-to-rotary motion conversion and frequency
up-conversion, Without the repulsive magnets,
the magnetic interaction between the eight ferro-
magnetic screws and the rotor generates eight an-
gular equilibrium positions (0, =/4, 2=/4, 3x/4,
s 5n/4, 6n/4 and 7n/4). Two repulsive rectan-
gular magnets (8 mm X 8 mm X 8 mm) are atta-
ched in the stator in Ry O (Fig. 1(a)) to reduce
the number of equilibrium positions from eight to
four, and to shallow the potential well. The sta-
tor also has six coils (2 000 turns, 50 Q). For
each coil, a ferromagnetic screw is inserted inside
to increase the magnetic flux cross the coil and it
generates magnetic interaction with the magnets
on the rotor, which along with the two repulsive
magnets creates the desired potential well distri-
bution.

The equivalent mechanical model of the har-
vester is presented schematically in Fig. 1 (b).

The governing equations of the nonlinear 2DOF
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system subjected to base excitation F.,. can be de-
scribed by
mz +cz=F..+F@,2)— F— mg

C (. kEsinfdO) .
1+ (e + 5 )0=M.® +=0.2> (D
_ kR sin(40)0
VUU‘ a le + RL

where z, m and ¢, are the displacement, mass and
damping coefficient of the R, O, respectively; F.,.
the input excitation force; F; the friction force on
R, O from the steel shafts; 4, I and ¢, the angular
displacement, angular mass and damping coeffi-
cient of the R+ O, respectively; &, the constant co-
efficient about electromechanical coupling; R, the
load resistance; R, the internal resistance of the
harvester; V., the output voltage caused by the

varied electromagnetic field; F(0,z) and z(0,2)

Prototype

17 cm X @12 cm

R,O: Rotor+Stator

Fig. 1

2 Restoring Torque of R;O:. Para-

metric Study and Analysis

2.1 Experimental measurement

The restoring torque M, was decided by the
positions and quantities of repulsive magnets. To
accurately describe the nonlinear characteristics of
the energy harvester, the accurate nonlinear re-
storing torque M, on rotor is needed. Since the
size of arc magnets and repulsive magnets cannot
be ignored compared with the distance between
Gilbert 22l or the Ampe-

them, the model

re model”® which assumes the permanent mag-

the magnetic force and torque between the R, O
magnet and the rotor magnets, and M, the resto-
ring torque generated by repulsive magnets and
ferromagnetic screws on R O.

Eq. (1) shows that the angular displacement
and angular acceleration has significant effect on
the output voltage. The functions of F(f,2) and
previous

7(f#,2) have been developed in our

work™, In order to predict the response of the
system, it becomes necessary to figure out how
the restoring torque M, produced by the interac-
tion of arc magnets with repulsive magnets and
attractive ferromagnetic screws result in a change
in the rotational motion. So, the following sec-

tion will derive the analytical model of the resto-

ring torque on Ry O.

2DOF
equivalent model

Structural design and mechanical schematic

net as either a magnetic charge or magnetic dipole
is not suitable for the system. Therefore, curve
fitting method was used to derive the expression
of M, acted on the rotor from measurement data.
As shown in Fig. 2, the stator of the rotary oscil-
lator was fixed to a platform. By adjusting the
side knob, the platform could rotate a certain an-
gle. One end of a bar was fixed to the center of
rotor, another end to the tip of the force sensor.
The force corresponding to the angle can be read
by the force sensor. By multiplying the force and
the distance, the torque M, could be calculated. d

is the normal distances from the surface of repul-
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(a) Torque measurement setup

Arc magnet

Ferromagnetic screw

Repulsive magnet

(b) Schematic of the arrangement of magnets

Fig.2 Experimental setup of restoring torque measure-

ment

sive magnets to the outer surface of the R;O
magnets. (2 is the angle between two repulsive

magnets.
2.2 Modeling and systematic analysis

The restoring torque M, measured at any

T=-53.15sin4 —112.2sin8
Measured data
Fitted curve

Measured data
Fitted curve

d=3.5 mm
R-Sq:99.7%

T=-35.29sin4 H—88.38sin8 9
Measured data
Fitted curve

d=5.3 mm
R-Sq:99.94%

Measured data
Fitted curve

point on the R+ O is a combination of torques gen-
erated by the interaction of repulsive magnets
(T,,) and arc magnets as well as attractive ferro-
magnetic screw (T..) and arc magnets. These
torques are superimposed on each other. First,
the repulsive torque function (T,.,) at different
distance d when only one repulsive magnet was
attached is needed to obtain. The torques at d =
3.5,3.9,4.9,5.3,6.0and 7.5 mm were meas-
ured and plotted in Fig. 3. Curve fitting was used
to characterize the nonlinear restoring torque.
The common function of the torque can be ex-
pressed as
T, (0) = Asin(40) + Bsin (80) (2)

with different coefficients A and B, which are de-
pendent on the distance d.

By linear fitting A and B, as shown in Fig. 4,
we have

A(d)=15.04d —169. 19
B(d)=28.552 4d — 82. 74

The same procedure was conducted to meas-

3

ure the torque produced by one attractive ferro-
magnetic screw, experimental result and curve
fitted is shown in Fig. 5.

Thus, the equation of torque (T,.) can be
expressed as the following equations in one period

(n/2)

T=-41.68sin4 0—91.13sin8 9
Measured data

Fitted curve

d=3.9 mm

R-Sq:99.76%

d=4.9 mm
R-Sq:99.55%

T,/ (mN * m)

—27.92sin4 0—77.02sin8 T=-21.07sin4 §—-59.44sin8

Measured data
Fitted curve

d=6.0 mm
R-Sq:99.82%

d=7.5 mm
R-Sq:99.02%

Fig. 3 Restoring torques when only one magnet was applied at different distances(T,,)
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A data
Linear fitting 4
B data
Linear fitting B

Measured screw
Curve fitted screw

T../(mN * m)

R-Sq=99.51%

n /4
9 /rad

Curve fitted of torque given by ferromagnetic
Fig. 4 Linear fitting of coefficients A and B
- - screw (T.)

T... (6)=16. 7sin(5. 72)+ 3.018sin(15. 6650 — 1. 402) 0 & [0-

;]

0 € Other values 4

<T@ =0

T.. (0) =16. Tsin(5. 8750 + 3. 189) + 3. 018sin(15. 6650+ 2. 056) 0 € & [%. ff}
L o] 4

The comprehensive restoring torque M, is the as shown in Fig. 6, the simulation results agree

combination of torques generated by repulsive well with the experimental results no matter the

magnets and ferromagnetic screws, which gives number of repulsive magnets or varied distance d

M, =>) Ty +Tw(j) i+j=8 (5)

were applied demonstrating the validity of our fit-

.. . . ted equations.

Simulated the torque for different configura- 11
. . . . In this section, we created a systematic model
tions of repulsive magnets by using equation M, , -

Experiment
Simulation

Experiment

Experiment
Simulation

Simulation

d=7.5 mm
R-Sq=96.72%

d=6.5 mm
R-Sq=97.23%

d=4.9 mm
R-Sq=97.44%

/4 T/
0 /rad

/4 T/2

0/ rad

/4 T/2
0/ rad

(a) One repulsive magnet and seven screws applied

300

300

Experiment
Simulation

Experiment
Simulation

Experiment

Simulation 200

200

100

=S
S

0

M,/ (mN * m)

-100

d=3.5 mm
d,=3.5 mm
R-Sq=96.81%

/4
0 /rad

T/2

d,=3.5 mm
d,=7.5 mm
R-Sq=98.00%

/4
0/ rad

=200

d;=7.5 mm
d,=7.5 mm
R-Sq=97.00%

T/2

b) Two repulsive magnets and six screws applied with 2=90°

T /4 /2

0/ rad




6 Transactions of Nanjing University of Aeronautics and Astronautics

Vol. 35

Experiment
Simulation

e}
(=)
(=}

=
g
.
=
g

<

N

mm
s 7.5 mm
R-Sq=98.85%

0 /rad

d,=7.5 mm
R-Sq=88.48%

Experiment
Simulation

Experiment
Simulation

/2

0/ rad 0 /rad

(c) Three repulsive magnets and five screws applied

Fig. 6 Experimental and simulation results of the restoring torque (M,)

of the restoring torque (M,), whose waveform
has approximated sinusoidal dependence on the
rotor angular displacement. By adding the repul-
sive magnets, the number of equilibrium posi-
tions can be reduced from 8 to 4, that is, the pe-
riod of restoring torque changes with the presence
of repulsive magnet(s): n/4 without magnet and
7/2 with magnet, respectively. Through experi-
mental verification, the curve fitting model can
accurately describe the restoring torque of Ry O
under different repulsive magnets configurations.,
which will benefit for predicting the response of

the dual resonator system.

3 Power Output Analysis

To illustrate the behavior of the energy har-
vester, excite this system at different frequency
to move the R, O upward or downward the R+ O,
thereby producing a repulsive torque to push the
rotor oscillate at a certain degree and then the ro-
tor will swing back due to the potential energy
well. As shown in Fig. 7, a long stroke electrody-
namic shaker (APS dynamics Inc.) is controlled
by a signal generator (KEYSIGHT 33500B) in
conjunction with a power amplifier (APS 125) to
provide a sine excitation with various frequencies
acted on the prototype harvester. A piezo acceler-
ometer (PCB333B32) measures the input excita-
tion level and a laser sensor (optoNCDT1402,
Micro-Epsilon Inc. ) measures the rectilinear dis-
placement of the R; O.

Fig. 8 shows the time history plot of the

Laser
displacement
sensor
Oscilloscope

Harvester

ICP signal conditioner
Accelerometer

Shaker power amplifier

1 Waveform generator

Shaker

Fig. 7 Schematic diagram of the experimental setup

open-circuit voltage and corresponding R, O dis-
placement at different with one repulsive magnets
(d=3.5 mm), Fig. 8(a), and two repulsive mag-
nets (d;, =3.5 vmm, d, =7.5 mm, Q=135%),
Fig. 8(b), attached. One magnet has a higher and
denser voltage output than two magnets due to
the larger restoring torque which result in a dee-
per potential energy well. However, the shallow
potential energy well (two magnets) results in a
wider bandwidth. For one magnet configuration,
it was also found that with input excitations being
at low frequencies, the driving magnet might get
stuck and does not pluck the rotor effectively.
With a higher input frequency (5—7 Hz), the
R, O is able to drive the rotor to escape potential

energy wells with a high angular velocity. The
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rotor oscillates over equilibrium positions for sev-
eral vibration cycles periodically and generates
output voltage at larger amplitude. However,
when the input frequency is larger than 7 Hz, due
to the small amplitude rectilinear motion, the
R, O does not have strong magnetic interaction
with the rotor. Therefore, the output voltage is
small. The frequency-up conversion is observed
when the R; O drives the rotor to escape potential
wells, and the subsequent driving torque starts to
deflect the rotor before the resonant vibration in-

duced by the previous torque had fully run down.

o
g
8

(b) Two repulsive magnets with 4,=3.5 mm, 4,=7.5 mm,
0Q=135°

Fig. 8 Experimental output voltage and R O displace-
ment under different input frequencies and 0. 5g

acceleration

Fig. 9 shows the frequency responses of the
open circuit voltage against excitation frequencies
ranged from 2 Hz to 10 Hz under 0. 5g base accel-
erations. One repulsive magnet configuration has
a denser output voltage and most voltages are

achieved at 4—7.5 Hz range. Two repulsive mag-

Down sweep

Frequency / Hz

Up sweep

Frequency / Hz

(a) One repulsive magnet with =3.5 mm

Down sweep

Up sweep

Voltage / V

6
Frequency / Hz

(b) Two repulsive magnets with d,=3.5 mm, d,=7.5 mm,
52

Fig. 9 Frequency sweep of output voltage at 0. 5g accel-

eration

nets configuration has a wider operation band-
width from 4 Hz to 8 Hz.

A tunable resistor was connected between
the electrodes of the harvester to experimentally
determine the optimal load-resistance for maxi-
mum power output when one repulsive magnets
(d=3.5 mm) was attached. The value R, of the
resistor and voltage Vi across the load were meas-
ured. The instantaneous power delivered by the
energy harvester can be obtained according to P=
V%/R,. Fig. 10 shows the experimental results
of output RMS power and RMS voltage, normal-
ized by the base acceleration, versus load resist-
ance. The maximum output RMS power is
183 m W/g’at the resistive load of 500 Q, which

is three times larger than our previous work.
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g
=]
Z

Normalized voltag

Fig. 10 Experimental measurement of RMS power out-

put and RMS voltage output under harmonic ex-

citation of 5 Hz at 0. 5g

4 Conclusions

This paper reports a contactless high-power-
density energy harvester energy was harvested
using coils and magnets by converting stochastic
reciprocating motion into controllable rotation, to
provide intrinsic frequency up-conversion, and to
be configured into specific applications to obtain
and maintain high-energy obits of multi-stable en-
ergy harvesting with near-unity energy conversion
efficiency and bandwidth widening. A parametric
study is also presented to underlie the dynamic
mechanisms of the prototype, a curve fitting
model of restoring torque was developed, and a
reliable approach is proposed to estimate the mag-
netic interaction for given configurations, which
can be used for predicting response of the electro-
mechanical system. The experiment power analy-
sis demonstrated the up-conversion of a 5 Hz in-
put excitation into an output voltage with a fre-
quency of about 30 Hz, which is six times the in-
put frequency. The maximum output RMS power
is 183 mW/g? at the resistive load of 500 Q.
which is three times larger than our previous

work.
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