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Abstract—In order to maximize power density, the resonant magnetic transduction mechanism (represented by a perasit
frequency of an energy harvester should be equal to the source jnductance and resistancg,,,, and Rq,., respectively, and
excitation frequency and the electrical damping set equal 10 5 ransformer). The resistor, inductor and capacitor on the

the parasitic damping. These parameters should be adjustable . id f the t f t itic d .
during device operation because the excitation characteristics oca primary-side of the transiormer represent parasitic dampi

change. This brief presents, for the first time, a power electronic Dp, SPring constant, and proof massm, respectively. A
interface that is capable of continual adjustment of the damping resistor, Ry, is connected to the secondary windings to form
and the resonant frequency of an energy harvester by controllig  a typical electrical load, and its value determines thetetad

real and reactive power exchange between the electrical and damping of the transducer and therefore the generated power

mechanical domains while storing the harvested energy in a bat- f . itati ff d lituda
tery. The advantages of this technique over previously proposed ora given source excitation ot irequenoyand amplitudero.

methods are the precise control over the tuning parameters otie ~ Clearly, the addition of the reactive components, and Cy,
electrical system and integrated rectification within the tuning in Fig.[d is also possible, and the reason for this is expthine
interface. Experimental results verify the operation, and the pelow.

prototype system presented can change the resonant frequen

of the electro-mechanical system by+10% and increase the ~ ° Transducer Reactive
damping by 45%. As the input excitation frequency was swept 12  Lem Rem load
away from the un-modi?ed resonant frequency of the harvester @ ————5—7—F """ VWA
the use of the tuning mechanism was shown to increase real power i |
. X w'mYy 1/D, 1/k m Ry 3L =Cy|
generation by up to 25%. The prototype harvester is capable of 4 T T i
generating 100 mW at an excitation frequency of 1.25Hz. [ | | 4 | |

Index Terms—energy harvesting, pendulum energy harvester, Mechanical domain Electrical domain

impedance emulator, maximum power transfer. Fig. 1. Energy harvester electromechanical model with a geesctrical

load consisting of discrete resistive and reactive compisnen
I. INTRODUCTION

NERTIAL energy harvesters achieve maximum power den- Previous attempts in changing the resonant frequency of
I sity when the transducer is operated at resonance and wR88T9y harvesters have involved modifying the mechanical
the electrical damping coefficied®. is equal to the parasitic Properties of the resonant system, such as the spring consta
mechanical damping), or further increased if the motion as reported in [4}-[6]. This is equivalent to changing thieiga
of the mass is displacement limitefl [1]. These harveste?§ the primary-side inductor in the system model in Fij. 1.
are typically modelled using a mass-spring-damper systdfh [4], Adams et al. developed a technique to modify the
whose resonant frequency is determined by the proof mass &RéNY stiffness using an electrostatic comb-drive actyaind
Spring constant !_2] [3] Typ|ca||y in such systems, theoremt in [5], Aya.la et al. pUb“ShEd results from a harvester with
frequency cannot be modified and this reduces the generafegontactless magnetic tuning mechanism, which modified
power when the source excitation frequency deviates fram tHie tensile strain in a cantilever thereby altering the rapri
transduction mechanism’s mechanical resonant frequency. stiffness. Challeet al. demonstrated a different configuration
Fig.[d shows a typical configuration of an electrical equivf pPermanent magnets capable of increasing and decreasing
alent circuit for an inertial energy harvester using antetec the resonant frequency][6]. The main disadvantage of these
technigues, which alter the mechanical properties of tise sy
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resonant frequency because the electrical componentsardéréewheeling path in the converter. The duty cycleléf then
parallel with the mechanical parameters. The main advantegets the magnitude of the current flow. In order to transfer
of this technique is that the complexity is low. However,rthe energy in the opposite directiong. from the battery to the
are limitations in which a finite number of discrete reactivenechanical system), and M3 keep the same states but
load components cannot produce a system with continuousigw 1/ is pulsed and the anti-parallel diode bf, provides
variable tuning. In addition, an energy storage elemerit et the freewheeling path. Conversely, if, > V,, M, is held
appropriate interface is required instead of dissipatingrgy permanently on and\/; permanently off andM, and Mj3
in a resistive load. control the direction of power flow. The efficiency of the
In this brief, we present a new approach to developirgystem can be increased by using synchronous rectifiersrrath
a tuneable energy harvester by using an H-bridge powtban using the diode freewheeling paths in the MOSFETS.
electronic interface, which is able to mimic a generalised If the bridge consumes or supplies only reactive power,
complex load impedance and is also capable of rectifying thgen the circuit mimics an inductor or capacitor, respetyiv
generated electromotive force (EMF) and storing the geed@rawhich has the effect of increasing or decreasing the system
energy into a battery. The rest of the brief is divided inte thresonant frequency. If the bridge consumes only real power,
following sections: a description of the power electronie i the circuit emulates a pure resistance and this corresponds
terface, harvester overview and modelling, simulationiltes to a transfer of energy from the mechanical domain to the
the system architecture, experimental results and candsis battery. By controlling the effective value of this resista,
the electrical damping can be set to maximise the generated
Il. HARVESTER POWER ELECTRONICS power. In the presence of both real and reactive power flows
) ) _the converter sets both the electrical damping and the a@gon
A model of the energy harvesting system with an H-bridggequency. As the switch duty cycles are continuously \deia
interface to the battery is shown in Flg. 2. (between 0 and 1), the bridge input impedance can effegtivel
take any value between the limits set by parasitic companent
in the circuit and is therefore not restricted to specifiaueal
, which is the case when using discrete reactive loads, asrshow
| oat in [I7].

Transducer H-Bridge
Ram |

Larm

1:a

nf R

,,,,,,,,,,,,,,,,,,,,,,,,,, : [1l. PENDULUM HARVESTER

Mechanical domain Electrical domain A resonant inertial energy harvester was built to validate

. . . . . the concepts presented in this brief. The harvester, asrshow
Fig. 2. Electrical equivalent circuit of an electromagnetitergy harvester . . . . . .

with an H-bridge interface. in Fig.[3, is a pendulum-type device designed for harvesting

energy from the rocking motion that naturally arises in alkma

In order for the power electronic interface to be able tBoat. The proof mass is a 12@Gegment of a hollow dural
mimic the electrical characteristics of an inductor, caoac cYlinder, freely suspended from a pivot by ball bearingse Th
or resistor (or a combination of these components to formP400f mass is 18.4 cm in length, with inner and outer radii
generalised load), the terminals of the converter that ecnn©f 9 ¢cm and 11 cm, respectively. The pendulum motion is
to the transducer must be able to supply and consume reacfi@gpled, via a rack-and-pinion arrangement, to two bruskeed
power and consume real power. This means that, for afptors, which are connected in series to form the transducer
polarity of transducer EMF, the direction and magnitudehef t and to a third dc motor, which acts as a tachogenerator.
flow of power (between the mechanical system and the battery)
must be controlled as a function of the load impedance tlat th Pendulum pivot,
interface circuit is emulating. By choosing the duty cyciela .. ¢ -
switching sequence of the MOSFETEI{—M,), the H-bridge -«
is able to perform this task because the bridge can operate as ‘,_
either a buck or boost converter for either polarity of input
voltage, where the inductance of the transdukgy,, forms . g :
the converter inductance in each configuration. Provided th B LN
battery voltage exceeds the generated emf from the traagsduc j Tachogenerator
operating the bridge in boost mode steps up the voltage from
the transducer and pushes energy into the battery. Cotyerse
operating the H-bridge in buck mode transfers energy frofjf: 3. The prototype pendulum energy harvester with DC geoes and

. tachogenerator connected via a rack and three pinions.
the battery to the mechanical system.

With reference to Fld:IZ, if the polarity of transducer Vgh‘a The restoring torquﬂ“’r, for a pendu|um is given by
is such thatV, > V,, power can be transferred from the B .
transducer to the battery by operating the H-bridge as a T, = —mgrsin(6) @)
boost converter, meaning thdt/; is held permanently on wherem is the proof masg; is the acceleration due to gravity,
and M, is permanently off.M, is then pulsed on and off r is the distance from the rotation axis to the centre of mass,
at high frequency and the antiparallel diodeMf forms the and@ is the angular displacement.

Generators
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For small displacementd;. is approximately linear, and thebridge input impedance, where the input impedance is set
resonant frequency of the pendulum is expected to be to behave as a paralldRLC circuit. In a practical imple-
mentation, the optimal demand current is dependent on the
1 /mgr o . . -
= — (2) source excitation frequency and bridge input impedance. Th

2m I former can be obtained by processing the output of one or
where! is the moment of inertia referred to the rotation axisnore accelerometers, and the latter can be adjusted asgordi

For the prototype harvestem = 2.4 kg, I = 0.023 kgnd  to precalculated values. Alternatively, a microprocessar be
andr = 7.8 cm; hence, the resonant frequency is expectedused to implement perturb and observe algorithm to achieve
be 1.42 Hz. In practicef,, will be lowered by damping and, maximum power transfer. This method may not require any
at larger amplitudes, by the weakening of the restoringuerdginertial sensors. The demand reference curfentis therefore
due to thesin(6) term. The transducers and tachogenerator wiket as
also add some inertia. The natural resonant frequency of the Ve (t) AV
pendulum harvester was measured by observing the voltagérer(t) = 6";% +C eglt
on the tachogenerator when the pendulum was released from
a displaced position and was found to be 1.2 Hz. whereV.s is the transducer generated EMF.

At this stage we make a distinction between linearly and The switches were controlled using a pulse-width modulator
rotationally excited harvesters|[8]. The usual harvestedeh (PWM) and, as stated in Selc] I, the bridge can be thought
as represented by Fidd. 1 4id 2, assumes a reciprocatiag lif as operating in four modes depending on the direction in
excitation of the proof mass and is the most common type Which power should flow and the polarity of the transducer
harvester studied to date. In contrast, the pendulum devieMF. Here, for the sake of simplicity, the controller design
is rotationally excited, and as shown in FIg. 4, the fram® PSpice does not differentiate between these four operati
oscillates in an arc of amplitude, at a driving frequencyw. A modes although the effect of the switching scheme is the same
relative angular velocity between the pendulum and the draritor €ach branch of the H-bridge, the high-side switchés
causes the transducer to generate an EMF, driving a curr@ffl M> are operated in antiphase with respect to the low-
and damping the relative motion with electrical dampingide switches)Mz and M,. When the current error signal is
constantD,. Parasitic mechanical losses are represented &§/0, €ach side of the bridge is operated with a 50% duty
D,. For the rotationally excited pendulum experiencing smaiycle. If there is an error, the duty cycle is increased on
angles ofy, the linearised equivalent circuit can be represent&f€ side of the bridge and decreased by the same amount

by Fig.[2 if the current source has magnitudewdf,/ and ©On the other. This is the same as breaking up the operation
the primary-side capacitance has a valud of into four modes, but simplifies the controller at the expense

of increasing the number of switching operations and thus
increasing the switching losses.

The objective of this simulation was to verify that transeluc
currents could be drawn with variable magnitude and phase,
i.e. checking that any complex load can be synthesised by the
H-bridge and battery arrangement. In addition, the sinanat
=. were also used to demonstrate that a net energy flow could be
Moment of o achieved from the mechanical system into the battery in the
nertia, I 1 presence of losses with real semiconductor device models.

The plots in Fig.[b show simulation results of the H-
bridge extracting real power from the mechanical system int
the battery and controlling an exchange of reactive power
between the battery and mechanical system. [Fig] 5(a) shows
the electrical system behaving as af®0@esistor. As expected,

Fig. 4. Mechanical schematic of the pendulum harvester. the transducer EMF and bridge current are inphase, and
thus, instantaneous power into the battery is always pesiti
Fig. [6(b] shows the bridge emulating a 1006 capacitive
IV. PSPICE SIMULATIONS load. In this case, predominantly reactive power flows, a&s ca

A mixed electromechanical model of the rotationally exiteP® Seen by the alternating sign of the instantaneous pomer, a

pendulum was constructed in PSpice. The values on t¢ Pridge current leads the transducer EMF. In Fig.]5(ts), th

primary-side of the transformer in the model were set to Kerage power is slightly below zero due to the losses in the

equivalent to the mechanical parameters described inBkc. pridge.

The turns ratio of the transformer was set based on the dc

generator’s motor constant and the gear ratio betweenrpinio V. PROTOTYPESYSTEM ARCHITECTURE

and rack. As discussed above, in order to control the input impedance
An instantaneous demand current to be drawn from tloé the converter, the transducer EMF and the input current

transducer by the bridge was calculated in the simulatisetha must be measured. The demand current can be calculated from

on the measured EMF of the transducer and the requirde transducer EMF based on the required input impedance

fn

(t)+i/0 Vems(t)dt (3)

[a)

Amplitude: Dg
Frequency: w
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] ] demand current for the bridge every 0.83 ms usipbf (3).
N ] A digital proportional-integral-derivative compensatsrthen

” closed around the system to ensure that the measured current
50 tracks the calculated demand current. Modification of the
SZ\/\/V\/\ bridge current is performed through operation of the swveisch

of the H-bridge, as was done in the PSpice simulations. The

Transducer
EMF [V]

Transducer

Power [MW]  Current [mA]
)
.
5
8

o F o ] bridge MOSFETSs (FDN339AN from Fairchild with &y ()
£%5 g /\/\/\/\/\/\/\ of 35 mf2) were driven by two L6387 low- and high-side gate
/280 VA VAL V. VAL VANV A0V drivers from STMicroelectronics. The chosen dc generators
Time [s] when configured in series, have a combired,, and Ry,
(2) 502 emulated load. of 10 mH and 15.6Q, respectively. Consequently, in order

Transducer
EMF [V]
o

T ] to keep the transducer ripple current to around 10% of the
\/\/\/\/\ expected maximum value of around 75 mA [Hig. b(a)] with a
il ] maximum inductor voltage o¥,,;; = 6 V, a PWM switching

T frequency of around 40 kHz is required.
/\/\/\/\ Fig. [ shows the measured transducer EMF and current
waveforms for the prototype setup where the bridge is con-
figured to behave as a pure 10p& capacitor. The current

/\/\/\/\/\/\A/\/ amplitude and phase (relative to the transducer EMF) are as
expected for this load, within 5% experimental error.

0 05 1.0 15 25 3.0 35 4.0

Transducer

Power [MW]  Current [mA]
|
©
8

Battery

2.0
Time [s]

(b) 1000 uF emulated load.

Transducer
EMF [V]
o l\‘) ey

Fig. 5. Simulation of synthesised loads using the H-bridge.

!
N

S

of the converter. A control loop can then be used to ensure 15 AN N
that the measured current in the transducer tracks the deman W
current. However, unlike in the PSpice simulation, it is not RNV V]

possible to directly measure the transducer’s generateB EM 0 08 10 A8 g X 30 %8 40

when a current is flowing because of the transducer’s inkerna

impedance. Therefore, the EMF is inferred via a separdtg: 7. Measured waveforms from the prototype pendulum fsaevewith
tachogenerator, which is mechanically ganged to the gm'rera{he H-bridge emulating a 1000F capacitor.
transducer, as shown in Fig. 6. In this system, the tachagene

ator contributes only an additional 2% in volume, 3% in mass i
and negligible cost over the two dc generators because & doe ) ; o )
not have to supply power. This means that the overhead offaving validated the bridge circuit, the complete experi-

employing this technique is low compared to the ones regort@€ntal system was then tested on a laboratory rocking table a
in [2]-[6]. different excitation frequencies at a fixed amplitude. Téwor

nant frequency of the system for different synthesisedtreac
H-Bridge loads was obtained by sweeping the excitation frequency and

Transducer looking for the peak in the response of the integral of the
m Vyx
Vv,

Filtered Transducer
Current [mA]
o

. EXPERIMENTAL RESULTS

M| tachogenerator EMF (corresponding to pendulum position).
L Changes in system damping through the use of a synthesised
g resistive load were analysed by normalising the pendulum
maximum position with a given load to the open-circuit case.
ﬂ%} Eﬁ\& Fig.[8 shows that the system damping changes as expected
with load conductance. As the connected conductance in-
A 5, 55 55, 64 creases, increased current flows in the transducer, catrsng
; pendulum relative motion to decrease. If negative condeeta

7ivbatt

Iarm

DV P S is added, the bridge supplies power to the mechanical system
w d the normalised pendulum displacement increases.
' calculation + H an p p
‘ Fig. [@ shows similar changes to the resonant frequency,
i.e, for addition of a positive and negative susceptance, the
Fig. 6. Schematic of the energy harvesting electronics. system’s unmodified resonant frequency (1.17 Hz) can be
decreased and increased, respectively+20% change in
In this implementation, a PIC18F2431 microprocessor samesonant frequency was achieved before the bridge current
ples the tachogenerator EMF and the bridge current througgturates due td?,,.,,, which is comparable to previously
a current transducer, and the microprocessor calculateseported results [2].

Microprocessor
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Normalised Displacement

-5 15 20

5 10
Conductance [mS]

Fig. 8. Observed modification in damping through changes imabsed
displacement with the H-bridge emulating different condocés.

1.25

1.20r

1.15r

1.10r

1.05

Resonant Frequency [Hz]

-20 -15 - 5 10 15

0 -5 0
Susceptance [mS]

Fig. 9. Observed modification in resonant frequency with théridge
emulating different susceptances.

25%, confirming that the system can be used to substantially
increase the power output of energy harvesters. The peak
power at resonance is lower when the 308 capacitor

is added because of increased losses associated with the
reactive current flow, and also because of the cubic relstipn
between power and excitation frequency, which is inherent t
inertial harvesters [1]; with the -30QF capacitor, these two
effects oppose one another with the result that the peakmpowe
is similar to that with C = 0.

VIl. CONCLUSION

Tuning of resonant frequency and damping is necessary if
inertial energy harvesters are to be successfully deplayed
environments where vibration frequencies change over.time
Previous demonstrations of resonant frequency tuning have
used mechanical means or have added discrete reactive loads
The former requires an additional actuator, whereas tlerlat
does not allow continuously variable tuning.

This prototype system has demonstrated, for the first time, a
technigue using a power electronic solution to tuning eperg
harvesting devices over a continuous range, which also in-
cludes rectification and the capability to interface to adrst
An H-bridge interface capable of synthesising a range of
complex load impedance values was designed, simulated and
tested as an interface to an inertial pendulum harvestagusi
brushed dc motors as the transducer. The control system was
constructed using a low-power microprocessor and the power

The output power improvement as a result of the tuningevices were chosen to achieve efficient operation. Further
mechanism, is shown in Fig. 110 where a synthesised loafinimisation of losses and controller overhead would be

consisting of a 150 resistance and capacitances of 0, 60

possible using higher quality generators and a custom aontr

and -300uF was used. Negative values of capacitance a&@plication-specific integrated circuit.

used to compare the effects of increasing and decreasing
H-bridge reactance. They are possible because the valaes
simply used in the mathematical calculation [of (3).

120

AC=0
| ©C = -300uF
E 100 +C = +300pF|
E g0l 8
g
o 60r |
o
3 40 ]
5
0]
20r .
0.9 1.0 11 12 13 14 15 1.6
Excitation Frequency [Hz]
Fig. 10. Power output of the prototype harvester with XBOreal load

impedance and different parallel reactances.

For the excitation amplitude used in testing, a maxim
power of 100 mW was generated at resonance (1.27 Hz)

real impedance. Adding a synthesised -300 capacitance
increases the output power at frequencies beyedd34 Hz

due to the expected increase in resonant frequency. Inasantr
with a synthesised capacitance of 30B, the output power

is greater than the purely resistive case at frequenciesvbe 8]

~1.13 Hz. At 1.1 Hz, the increase in real power output wit
the addition of the synthesised 3Q0F capacitor is around

wlth

a damping corresponding to the bridge synthesising af150

thExperimental results show thatdal0% deviation from the
tetnsducer’s unmodified mechanical resonance was achieved
enabling the energy harvester to operate over an increased
frequency range with an increase in real output power of up
to 25%. The components required to implement this tuning
system consume negligible mass and volume.
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