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Abstract: The analysis given in this paper shows that an integrated approach is needed for the design of power
conditioning circuits. The efficiency of the conditioning circuit as well as the effect of the circuit on the output
power flow of the harvester has to be taken into account if optimal transformation of vibration input energy to
useful output energy is aimed at. Two power conditioning circuits are considered, a standard buck converter and a
converter using ‘switched charge extraction’. Their influence on the harvester output power is determined, and an
analytic loss model is set up of both circuits.
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inertial harvester is modeled as a mass-spring-damper
system with input vibration y(t), the displacement of
the mass is represented by z(t). The generator
transforming the mechanical movement into electrical
energy is modeled as a transformer, with an output
capacitor C0 [1].

1. INTRODUCTION
Motion energy or vibrations are an attractive
source for powering miniature energy harvesting
generators. A block diagram of an autonomous system
with a vibration-based energy harvester as power
source is given in Fig. 1. The electronic load is
decoupled from the source by means of a buffer, e.g. a
(super)capacitor or a battery, as the energy demand of
the load is generally not constant over time. A power
conditioning circuit is not only needed to perform an
AC to DC voltage conversion, but has to maximize the
energy extraction from the harvester as well. In order
to obtain an efficient transformation of input vibration
energy to useful output power, both the efficiency as
well as the influence on the harvester output power
flow of the conditioning circuit has to be taken into
consideration while designing the circuit.

2. POWER CONDITIONING CIRCUITS
Two different power conditioning circuits are
considered in this paper. The first circuit is a standard
buck converter, see Fig. 3. In [2] is shown that an
optimal DC load for the harvester can be calculated for
every operating frequency. The input voltage of the
buck converter, controlled through the duty cycle of
the switching element, is set to be the optimal DC load
voltage. A fixed output voltage Uout of the converter
is assumed.

Fig. 1: Block Diagram of a vibration powered
harvester system.
Fig. 3: Buck converter.

Fig. 2 : Electrical equivalent model of energy
harvester
The model, shown in Fig. 2, of the energy harvester is
used to calculate the influence on the harvester
behavior of different power conditioning circuits. The

Fig. 4: Synchronous Charge Extraction Circuit.
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kC0 of the harvesting device and is
shown in Fig. 6. In
can be seen that for larger
coupling coefficients, the output power of the
harvester connected to the buck converter tends to the
maximal reachable power output Plim = a²m²/8d,
determined by the acceleration, damping and the mass
of the harvester [5]. When SCHE is used, the power
output limit Plim is reached for smaller coupling
coefficients, and the output power decreases with
larger coupling coefficients.

Fig. 5: Output voltage and mass displacement of
harvester with SCHE.
The second circuit, shown in Fig. 4, operates according
to the principle of synchronous charge extraction
(SCHE) [3][4]: the switch closes when the output
voltage on the output capacitor C0 of the harvester
reaches a maximum, the energy on C0 is then
transferred to the inductor L, the switch re-opens when
the charge on C0 is completely removed, the energy
stored in the inductor is then transferred to the output
capacitor. A fixed output voltage of the converter is
assumed. In fig. 5 the output voltage of the harvester
while using SCHE is shown. As the harvester operates
in open-circuit condition most of the time, the
harvester behavior is expressed by:
2
z
 mz
 dz kz
(1)
my
C0
Working out (1) gives:
2
zM
(2)
ma cos
m 2 zM kzM
C0
with a the input acceleration, zM the displacement
amplitude of the mass and
the phase difference
between the input vibration y(t) and the displacement
of the mass z(t).
The energy balance during half a vibration period is:
T/2
C0UM2 T/2
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With UM the harvester output voltage at the switching
instant. Working out (3) gives:
2 2 zM2
(4)
mazM sin
dzM2
2
2
C0
From (2) and (4), zM can be calculated. The power
output of the harvester connected to a SCHE converter
is then calculated as follows:
2 2 zM2
(5)
PSCHE
C0
The optimal output power flow of the harvester for
both load cases depends on the coupling coefficient

Fig. 6: Optimal harvester output power versus squared
coupling coefficient for both load cases.
3. CONVERTER EFFICIENCIES
To assess the effectiveness of the system
consisting of a harvester and power processing circuit,
not only the output power flow of the harvester needs
to be looked at, but the efficiency of the power circuit
itself needs to be considered as well. Therefore, an
efficiency analysis is made for both power processing
circuits in which the energy losses in the switch, the
diode and the parasitic losses in the inductor due to its
equivalent series resistance ResrL are taken into
account. The conduction losses of the switch are
modeled through resistor Rsw. The input filter losses of
the buck converter are modeled as the losses in the
equivalent series resistance ResrC and parallel resistance
RparC.
Buck converter
The input voltage of the converter is controlled
through the duty-cycle. Because of the very low power
processed by the circuit, the converter is most likely to
operate in discontinuous conduction mode. The
harvester is modeled as a current source to simplify the
determination of the voltages and currents in the
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converter, see Fig.3. The input current of the converter
Iin is defined by the optimal harvester output power
PUopt and the optimal fixed output voltage Uccopt :
PUOpt
Iin
(6)
UccOpt 2UD
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5) Input filter loss: The loss in the input filter capacitor
Pfilter is calculated as the loss in the series and parallel
parasitic resistors ResrC and RparC.
The efficiency of the converter is then expressed as :
PUOpt
(13)
PUOpt Pmos Prect Pdiode PL Pfilter

with UD the forward voltage drop of the rectifier
diodes.
When the switch is closed, the inductor current iL is
given by:
L

2iavg _ inUD

As with the buck converter, the harvester is modeled
as a current source with the harvester output capacitor
C0 connected in parallel, to simplify the determination
of the voltages and currents in the converter, see Fig.4.
The output voltage of the harvester while the switch is
on is calculated using:
d2uc
uc
2UD ResrL Rsw duc
(14)
2
LC0 LC0
L
dt
dt
The current through the inductor is then:
du
iL
C c
(15)
dt
While the switch is off, the current through the
inductor is determined by:
di
L L
UD ResrLiL Uout
(16)
dt
Using equations (13)-(15), the on-time of the switch is
calculated. The losses in this circuit are listed:
1) Mosfet Loss: The switch conduction loss Pon is
obtained from the RMS current through the switch and
the switch on-resistance Rsw. The switching loss is:
f
Psw UD Uout ILmax t off
UC2 0 max Cds 2f
(17)
2
The vibration frequency f of the harvester determines
the switching frequency fs = 2f of the SCHE converter.
The gate-drive loss is given by (10).
2) Diode Loss: as with the buck converter, the diode
loss is obtained using (11).
3) Inductor Loss: The loss in the inductor is calculated
using the RMS inductor current.
4) Bridge Rectifier Loss: The loss in the bridge
rectifier is:
Prect 2iavg _ inUD
(18)

(7)

dt

Uout

CRparC

The current through the inductor with the switch open
is:
ResrL
t
UD Uout
UD Uout
(8)
iL (t)
iL ( )
e L
ResrL
fs
ResrL
Using the expressions for the inductor current, the
input voltage of the converter can be calculated. The
duty cycle δ needed to obtain the optimal Uccopt is
then found through iteration.
The losses in this circuit are listed:
1) Mosfet Loss: The Mosfet loss Pmos, is the sum of the
conduction loss Pon , the switching loss Psw and the
gate-drive loss Pdrv. The switch conduction loss Pon can
be obtained from the RMS current through the switch
and the switch on-resistance Rsw. The switching loss is:
1
Psw
UiniL ( )t off fs Uin2 Cds fs
(9)
2
fs
As only discontinuous conduction is considered, no
switching loss occurs during on-switching of the
switch. The second term in (9) refers to the drainsource capacitance loss. The gate-drive loss is given
by:
Pdrv Ugs Qg fs
(10)
Ugs and Qg are the gate-source voltage at the on-state
and the gate charge.
2) Diode Loss: The diode loss can be obtained using
(11) with iavg_out the average output current of the
converter.
Pdiode UDiavg _ out
(11)

4. EXAMPLE
To illustrate previous analysis, a piezo bimorph
element is taken as energy harvesting device. The
measured model parameters of the device are given in
Table 1, as well as the theoretical optimal output
power of the harvester with buck converter load PUOpt
and with synchronous charge extraction Psche. Note that

3) Inductor Loss: The loss in the inductor due to its
series resistance is calculated using the RMS inductor
current.
4) Bridge Rectifier Loss: The loss in the bridge
rectifier is:
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the output Psche is much larger than PUOpt, because of
the rather low coupling coefficient of the device, see
Fig. 6. An output voltage of 3 V is chosen for both
power processing circuits. The efficiency of both
converters is calculated for varying inductance, using
the optimal load conditions of the bimorph harvesting
device as input (see Table 1). Figure 7 shows a plot of
the calculated efficiencies versus inductance of both
circuits. The efficiency of the buck converter is given
for varying switching frequency. The highest
efficiency of the buck converter, 67.4%, is reached
using a switching frequency of 0.5 kHz and an
inductance value of 68 µH. The duty cycle in the
optimal point is 0.056%. The highest efficiency,
61.5%, of the SCHE-converter is reached using an
inductance value of 33 µH. The calculated on-time of
the switch at this point is 248 ns.
Although the efficiency of the buck converter is
higher, the overall effectiveness ηeff, defined as
Pharvester / Plim , of the harvesting system,
eff
circuit
will be higher using SCHE, see Table 1.
This example shows that it is important to take the
efficiency of the power processing circuit, as well as
the effect of the processing circuit on the power flow
of the harvester into consideration while designing a
power conditioning circuit.

output energy is aimed at.

Fig. 7 : Calculated efficiency of SCHE and buck
converter for varying inductances and switching
frequency.
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Table 1 : Measured model parameters of piezo
bimorph harvesting device and used converter
parameters.
m
d
C0
2

fresonance
a
Plim
PUOpt
Psche
Uccopt
UM_SCHE
Ron

1.1e-3 kg
0.067 Ns/m
750 pF
0.03
300 Hz
4m/s2
37 µW
26 µW
35 µW
5.3 V
12.4 V
2

Cds
toff
UD
ResrL
RparC
ResrC
Qg
Ugs
ηbuck
ηSCHE
ηeff_buck
ηeff_SCHE

5 pF
5ns
0.6 V
45 k /H
100 M
0.1
0.3 nC
5V
67.4%
61.5%
47.4%
58.2%

5. CONCLUSION
The analysis given in this paper shows that an
integrated approach is needed for the design of power
conditioning circuits. The efficiency of the
conditioning circuit as well as the effect of the
conditioning circuit on the output power flow of the
harvester has to be taken into account if optimal
transformation of vibration input energy to useful
456

