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Abstract—In piezoelectric energy harvesting (PEH), with the
use of the technique named synchronized switch harvesting on
inductor (SSHI), the harvesting efficiency can be greatly enhanced.
Furthermore, the introduction of its self-powered feature makes
this technique more applicable for stand-alone systems. In this
paper, a modified circuit and an improved analysis for the selfpowered SSHI (SP-SSHI) are proposed. With the modified circuit,
direct peak detection and better isolation among different units
within the circuit are achieved, both of which result in the further
removal on the dissipative components. In the improved analysis,
details in the open circuit voltage, switching phase lag, and intermediate voltages among different phases are discussed, all of
which lead to a better understanding on the working principle of
SP-SSHI. The total power dissipation from the piezoelectric source
is also investigated. It is of concern but has not been considered in
the previous literatures. Both analyses and experiments show that,
in terms of the harvested power, the higher the excitation level,
the closer between SP-SSHI and ideal (externally powered) SSHI;
at the same time, the more beneficial the adoption of SP-SSHI
treatment in PEH, compared to the standard energy harvesting
(SEH) technique. Under the four excitation levels investigated,
the SP-SSHI can harvest up to 200% more power than the SEH
interface circuit.
Index Terms—Energy flow, energy harvesting, interface circuit,
piezoelectric, self-powered.

I. I NTRODUCTION
TRUCTURED by a certain number of spatially distributed
autonomous sensor devices, the wireless sensor networks
(WSNs) can be used in military, industrial, and civil applications for monitoring different physical and environmental
conditions [1]. Many concerns on energy consumption were
addressed due to their nature on wireless connections [2].
Different energy harvesting techniques have been investigated
for the purpose to broaden the energy sources, alleviate the
dependence on batteries, and hopefully someday make all WSN
devices self-powered [3]–[6].
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Piezoelectric energy harvesting (PEH) is one of the promising techniques that can scavenge energy from the ambient
vibration sources [4], [7]. With its electromechanical coupling
characteristic, a piezoelectric element can generate electricity
when strain is produced. Since the deformation in a vibrating
structure is alternating, the generated electricity is also alternating. On the other hand, the most potential applications for
the PEH techniques are WSNs and portable electronics [3]. In
these electronic devices, dc power supply is required. Moreover,
the storage of electrical energy also requires electrical energy
in dc form. Therefore, an interface circuit is needed for acdc conversion. The standard energy harvesting (SEH) interface
circuit involves only a bridge rectifier for the ac-dc conversion
[8]–[10]. The energy harvesting capability can be enhanced by
adopting different kinds of switch interface circuits [11]–[13].
In particular, Guyomar et al. proposed a nonlinear technique
named synchronized switch harvesting on inductor (SSHI) [14].
It was claimed that, under the same displacement excitation,
SSHI can increase the harvested power by several hundred
percent, compared to SEH [11], [14]–[16]. The improvement
would be more significant for weakly coupled PEH systems
[17], [18]. To implement SSHI, a displacement sensor and a
controller were usually needed for synchronization and generation of the switching commands [11], [14], [19], [20]. The
power consumption of these auxiliary devices could be even
higher than the harvestable power [21]. Two solutions can be
adopted for implementing SSHI in practical PEH systems. The
first is to cut down the power consumption of the auxiliary
units (usually integrating them into an integrated circuit), until
it could be covered by the harvested power [22]. The second is
to build a self-powered SSHI (SP-SSHI) interface circuit, which
can automatically switch at voltage peaks without regulated
power supply [21], [23]–[25]. In SP-SSHI, the synchronization
is carried out based on the information from the peak detectors;
at the same time, the switches, which are in fact powered by
the piezoelectric source, automatically take actions to invert the
piezoelectric voltage once the maxima or minima are attained.
Lallart and Guyomar [21] implemented the SP-SSHI interface circuit with some discrete electrical components. Based
on the experiment, they claimed that their SP-SSHI interface
circuit can harvest 1.6 times more power than the SEH one.
They have also considered the influence of the voltage drops,
which are produced by diodes and transistors in the circuit,
over the harvested power. Yet, the influences of other components, such as the capacitors in the envelope detectors, have
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Fig. 1.
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Equivalent circuit of a PEH device.

not been pointed out. In addition, two important parameters,
i.e., the switching delay phase ϕ and inversion factor γ, were
regarded as constants. However, in fact, these two parameters
are constants only when the open circuit voltage VOC (related
to displacement magnitude) and storage voltage VDC (voltage
across the storage device) are constants. A more complete
analysis should take these into account, for comparing the
energy harvesting efficiencies under different VOC and VDC .
Instead of using transistors to switch the inductor shunt, Qiu
et al. [24] used two silicon controlled rectifiers to construct
their SP-SSHI interface circuit; yet, analysis on the principle
and performance details about the proposed circuit was lacked.
In the aforementioned literatures, the energy dissipation in
the SP-SSHI circuit and the performance difference between
the SP-SSHI and ideal (externally powered) SSHI interface
circuits were not shown. Without considering these issues,
the cost for implementing the self-powered switching actions
cannot be specified. Moreover, in either literature, only the
performance of the SP-SSHI device under a specified vibration
magnitude was investigated. Given that, in SP-SSHI, a part
of the harvested power must be consumed to carry out the
switching actions, it would be too strong to conclude that
SP-SSHI always outperforms SEH.
In this paper, a modified circuit topology for SP-SSHI is proposed. The circuit is built with discrete electrical components.
With the adoption of a complementary topology, the peak detection units can be separated from the switching inductive shunt;
therefore, better isolation can be achieved. An improved analysis is also provided considering the aforementioned concerns
about SP-SSHI. Section II introduces the working principles of
PEH as well as the SSHI interface circuit. Section III proposes
the modified circuit topology for SP-SSHI. Section IV provides
an improved analysis on SP-SSHI. Section V compares and
discusses the experimental and analytical results. Section VI
concludes the paper.
II. P RINCIPLES
A. Piezoelectric Energy Harvesting
Given a typical PEH device, e.g., a piezoelectric cantilever
with harvesting interface circuit and energy storage, the piezoelectric structure can be modeled as an equivalent current
source ieq in parallel with the piezoelectric clamped capacitance Cp and the internal leakage resistance Rp , as shown in
Fig. 1. The current source ieq is proportional to the vibration
velocity ẋ with the relation of
ieq (t) = αe ẋ(t)

(1)

where αe is the force-voltage factor of the piezoelectric structure.

Fig. 2. Equivalent circuits of two SSHI treatments. (a) P-SSHI. (b) S-SSHI.

Different interface circuits could be designed for different
objectives; yet, in terms of energy flow, they all extract energy
from the vibrating mechanical structure. For the purpose of vibration suppression, usually the extracted energy is dissipated,
while for energy harvesting, a portion of the extracted energy
is reclaimed and stored in electrical form for the subsequent
usage. As shown in Fig. 1, for a PEH device, the interface circuit provides power conditioning, and then the energy storage
device stores the harvested energy, while a part of the harvested
energy is used to power the dc load.
B. SSHI Interface Circuit
In a vibrating piezoelectric device, since the induced voltage
across the piezoelectric capacitance is alternating, the most
conventional way to turn an ac voltage into dc is to use a bridge
rectifier for rectification and then a capacitor for filtering. The
combination of bridge rectifier and filter capacitor forms the
standard interface circuit that can be used for energy harvesting,
i.e., SEH. Ottman et al. [8], [9] discussed the optimization of the
SEH technique. Yet, using SEH cannot ensure that the energy is
always flowing from the mechanical part to the electrical part.
During a certain interval in each cycle, energy returns from the
electrical part to the mechanical part. It was called the energy
return phenomenon [16].
The SSHI treatment overcomes this problem by adding an
inductive switch path, which is composed of a switching component sw and an inductor Li to the SEH circuit. This path can
be connected in parallel to the bridge rectifier to form a parallel
SSHI (P-SSHI) circuit [Fig. 2(a)], or in series to form a series
SSHI (S-SSHI) circuit [Fig. 2(b)] [11]. Regardless of P-SSHI or
S-SSHI, the switch switches on to form the series loop once the
displacement x reaches its extreme values, and then switches
off after half of an resistance inductance capacitance (RLC)
cycle, as shown in Fig. 3(c), so as to allow a natural inversion
piezoelectric element. Since the
to vp , the voltage across the 
period of the RLC circuit 2π Li Cp is usually selected to be
much smaller than the vibration period that equals to 2π/ω, the
voltage inversion is regarded to be finished in an instant. On
the other hand, the vibration period is much smaller than the
time constant Rp Cp , the influence of Rp during the switchingon interval is negligible.
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III. C IRCUIT

Q is the quality factor of the sw − Li − Cp loop. In P-SSHI,
Vref equals to zero; in S-SSHI, Vref equals to the rectified
voltage Vrect , which is the sum of the voltage drop of a practical
rectifier and the storage voltage VDC , i.e., the voltage across
the filter capacitance Crect .2 Typical waveforms in P-SSHI and
S-SSHI as well as the zoom-in view of one of their switching
intervals are shown in Fig. 3. Since ieq is proportional to
the velocity ẋ, these switching actions make sure that vp and
ieq have the same sign; therefore, their product, the power
input from the mechanical part to the electrical part, is always
positive.
To implement SSHI, additional units for displacement peak
detection and switch control are required. In most of the
researches, these functions were realized with displacement
sensors and digital controllers [11], [14], [19], all of which need
external power to run. In [21], all these units were replaced
by an SP-SSHI circuit.3 It makes use of the piezoelectric
element itself as a displacement sensor and generates switching
commands with transistors accordingly. The introduction of
this SP-SSHI allows the SSHI technique to be more compact
and independent of the external power and therefore opens
a more promising future to the SSHI technique. Yet, some
concerns about the SP-SSHI were still not addressed in [21].
For example, is there any constraint or applicable range for
this treatment? Does the SP-SSHI always outperform SEH? In
the following sections, the SP-SSHI treatment will be further
investigated concerning these issues.

The essence of the SP-SSHI technique proposed in [21],
[23], [24] is the electronic breaker. Without providing external
power, it can automatically perform switching actions once
the voltage across the switch reaches its maxima. Since one
breaker can only allow the current flow in one direction, replacing the switch in either Fig. 2(a) and (b) with two of such
breakers (one as maximum breaker and the other, which was
inversely connected, as minimum breaker), the SP-SSHI can be
achieved. The breaker consists of three parts: envelope detector,
comparator, and switch. In the design presented by Lallart and
Guyomar [21], the envelope detectors were in series with the
clamped capacitance Cp and inductor Li . The detected voltage
in fact was not vp , but the voltage sum of vp and the voltage
across Li . Even Li is connected to Cp for a very short interval
in every cycle, the hard switching-off action introduces high
frequency components to Li . The local maxima or minima
produced by these high frequency components may induce
misjudgment to the other breaker. Therefore, both the envelope
detector and comparator parts should be carefully isolated from
the switching path. For the breaker introduced in [21], [24],
several resistors were connected for the isolation purpose. Yet,
the principle and design guideline were not clearly provided.
Taking these envelope detection and isolation issues into consideration, in our self-powered design, we use complementary
transistors topology to achieve both direct envelope detection
for vp and reduction on the interference among different parts
in the breakers. With this reformation, all the isolating resistors,
which are bound to consume some energy, can be removed.
The modified SP-SSHI circuit for S-SSHI is shown in Fig. 4.4
We obtain its waveforms (Fig. 5), as well as the zoom-in view
around one of the processes of switching on maxima (Fig. 6)
with the PSpice simulation. The component values and models
used in simulation are listed in Table I. vC1 and vC2 in Fig. 5
denote the voltages across C1 and C2 ; iD5 , iD6 , iC1 , and iC2 in
Fig. 6 denote the currents flowing through D5 , D6 , C1 , and C2 ,
respectively.
Accompanying with the vibration, switching actions take
place when vp reaches its maximum or minimum in each cycle.
Different from the ordinary SSHI interface, which has only
one voltage inversion in each switching action, in the SP-SSHI
circuit, two voltage inversions and one charge neutralization are
experienced accompanying with each switching action, which
can be figured out from the voltage and current waveforms
within the switching intervals, as shown in Fig. 6. Combining
with the natural charging phase toward maximum or minimum,
we can divide half of a vibration cycle into four phases.
Take the half vibration cycle associated with switching on
maximum for discussion. Fig. 7 shows the detailed working
principle of the four phases. For the switching on maximum,
R1 , D1 , and C1 form an envelope detector. T1 acts as a
comparator while T3 acts as the electronic switch.

1 The definition on voltage inversion factor in this paper is different from that
in [21]. The sign information is also included in this definition.
2 Since C
rect is usually selected to be much larger than Cp , VDC is regarded
constant during each vibration cycle.
3 More exactly, it is a self-powered S-SSHI device in [21].

4 The self-powered interface circuit for P-SSHI can be modified from that for
S-SSHI. In this paper, the analysis and experiment focus on the S-SSHI case for
showing the principle and insights about the self-powered switching interface
circuit.

Fig. 3. Typical waveforms of two SSHI treatments. (a) P-SSHI. (b) S-SSHI.
(c) Inversion of vp at the instant of extreme displacements.

The voltage relation before and after the switching action in
SSHI is described by the following equation:
Vof f − Vref = γ(Von − Vref )

(2)

where Von and Vof f are the voltages before and after the
inversion, respectively; Vref is the reference voltage; γ is the
inversion factor that is defined as1
γ = −e−π/(2Q) .

(3)
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Modified SP-SSHI interface circuit.
TABLE I
C OMPONENT M ODELS OR VALUES

Fig. 5.

Simulation waveforms in the modified SP-SSHI.

Fig. 6. Voltage and current waveforms in the process of switching on maximum.

Natural Charging: The current flow in the phase of natural
charging toward the maximum value of vp is shown in Fig. 7(a).
In this phase, only the paths of the two envelop detectors in

the interface circuit conduct; all transistors are cut off. Positive
equivalent current ieq charges Cp , C1 , and C2 , so that vp , vC1 ,
and vC2 increase simultaneously, as shown in Fig. 5.
First Inversion: When vp reaches its maximum Vmax , the
voltage across C1 is Vmax − VD , where VD denotes the forward voltage drop of a diode. Then, vp begins to drop. When
the decrease reaches VD + VBE ,5 i.e., vp = V1 (t1 instant in
Fig. 6), the transistor T1 conducts. C1 begins to discharge
through T1(ec) , D3 , T3(be) , Crect , D8 , Li , and r (as observed
from the iC1 waveform in Fig. 6), consequently makes T3
conduct.6 The conduction of T3 switches on the inductive path
that consists of D5 , T3(ce) , Crect , D8 , Li , and r, producing a
shortcut to the charge in Cp . Cp starts a quick discharge from
the voltage V1 through the inductive path (as observed from the
iD5 waveform in Fig. 6), until vp reaches its local minimum (t2
instant in Fig. 6). The current flow in the first inversion is shown
in Fig. 7(b).
Second Inversion: The current through Li now tends to
reverse its flowing direction, but the T3(ce) path is immediately
blocked by the reverse D5 . As observed from Fig. 6, iD5
maintains at zero after the t2 instant. Yet, the path consisting
of D7 , Crect , T4(ce) , and D6 is still available. Because even
T4 is cut off, there is a small parasitic capacitance across its
emitter and collector, which is uncharged. The reverse current
flows through this path, as it can be observed from the iD6
5V
BE denotes the transistor
6 The component r in Fig. 4

base-emitter threshold voltage.
represents the total equivalent series resistance
of the non-ideal switching path. It is composed of the parasitic resistances of
the inductor, diodes, and transistors.
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Fig. 7. Four phases within half of a vibration cycle (associated with switching on maximum). (a) Natural charging. (b) First inversion. (c) Second inversion.
(d) Charge neutralization.

waveform in Fig. 6, until T4 ’s emitter-collector capacitance
CCE is charged, at which very instant (t3 instant in Fig. 6) vp
becomes V3 . The local minimum of vp , i.e., V2 , may induce
misjudgment for the minimum breaker. Hence, R2 is necessary

for making sure that C2 , which is used for minimum detection, discharges slower than Cp , so as to skip over this local
minimum. Fig. 7(c) shows the current flow in the second inversion. The second inversion is a side-effect in the self-powered
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interface to counteract the energy conversion enhancement.
This side-effect can be limited by selecting transistors with
small emitter-collector capacitor capacitance CCE as the
switches. However, it cannot be completely got rid of, since
the parasitic capacitance CCE cannot be totally removed from
a practical transistor.
Charge Neutralization: After t3 , both T3 and T4 are cut off;
however, C2 still has not finished its discharging, the rest of the
charge in C2 will flow into Cp and C1 until they are the same in
voltage. The discharge of C2 is reflected by the iC2 waveform
shown in Fig. 6. It stops when iC2 approaches zero (t4 instant
in Fig. 6). This charge neutralization again increases vp a little
bit to V4 before vp enters the following half cycle of minimum
detection. The actual discharge of C2 starts from t1 , as observed
from the iC2 waveform in Fig. 6; yet, to simplify the analysis,
the charge neutralization is assumed to be an independent phase
other than the other three phases. The current flow in this charge
neutralization phase is shown in Fig. 7(d).
Switching on minimum makes use of the counterparts in
the circuit, and its principle is similar to that of switching
on maximum. Because of the complementary topology, for
the switching on minimum, the four intermediate voltages are
−V1 , −V2 , −V3 , and −V4 , respectively. The analysis on the
four phases within half of a vibration cycle helps understand
the working principle of the SP-SSHI interface circuit and
also provides guidance for the component selection. From the
voltage waveforms of vp , vC1 , and vC2 shown in Fig. 5, C1
and C2 in the envelop detectors are approximately connected
in parallel to Cp . They affect the original system and decrease
the magnitude of the open circuit voltage. This influence can be
reduced by selecting small C1 and C2 ; yet, they cannot be too
small, because the stored charge in these two capacitors should
be enough to drive the corresponding transistors for carrying
out switching actions. To determine the values of these two capacitors, some trial-and-error experiments should be involved,
and the value might be different according to the selected
transistors. On the other hand, the values of C1 and R1 (or C2
and R2 , respectively) should satisfy the following criterion:
2π



Li Cp < Red Ced 

π
ω

(4)

where ω is the frequency of the mechanical vibration. Because
the capacitors C1 and C2 in the envelope detectors are selected
to be the same value, they are denoted as Ced in (4); similarly,
R1 and R2 are denoted as Red . The first inequality ensures
that the charge neutralization finishes later than the two
voltage inversions, so as to avoid the misjudgment on local
minima or maxima. The second inequality implies that the
charge neutralization should use much less time than half of
a vibration cycle, so that the influence induced by inserting
envelop detectors can be minimized.

IV. A NALYSIS
In Section III, the working principle of the modified
SP-SSHI circuit has been introduced. Based on this, detailed
and quantitative analysis is provided in this section.
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A. Open Circuit Voltage
The effect of the two capacitors C1 and C2 in the envelop
detectors was not taken into account in [21]. Within one vibration cycle, the energy that is flowed into these two capacitors
will return to the mechanical part rather than being stored in
themselves nor used to power the dc load. Therefore, C1 and
C2 can be equivalently regarded as two capacitors connected
in parallel to Cp . This approximation is validated from Fig. 5,
since both vC1 and vC2 are very close to vp . Given the harmonic
displacement excitation as
x(t) = X sin(ωt)

(5)

where X is the magnitude of the vibration displacement. With
(1), the equivalent current source should be
ieq (t) = αe Xω cos(ωt).

(6)

With the parallel connections of Cp , Rp , C1 , and C2 , at open
circuit condition, vp becomes
vp,oc (t) = VOC sin(ωt + θ)

(7)

where
VOC = 

αe XωRp

(8)

1 + ω 2 Rp2 (Cp + 2Ced )2

θ = tan−1




1
.
ωRp (Cp + 2Ced )

(9)

VOC is the open circuit voltage, representing the magnitude
of vp ; θ is the phase difference between the maximum vp,oc
and the zero crossing point (from positive to negative) of
ieq , as shown in Fig. 5. Without shunt circuit connected,
the original open circuit voltage of the piezoelectric structure is
VOC,org = 

αe XωRp

.

(10)

1 + ω 2 Rp2 Cp2

Therefore, (8) implies that the open circuit voltage in
SP-SSHI will be slightly reduced from VOC,org under the same
excitation.
In addition, to effectively drive the switches, there is a
constraint for VOC , which is set by the forward voltage drops of
diodes and transistors in the circuit. To figure out the constraint,
suppose no switching action is performed before the connection
of the circuit. Once it is connected, the first switching action
may start after vp attains, for example, its maximum, i.e., VOC ,
and then drops to VOC − VD − VBE . At this time, T1 will
conduct only when vC1 is larger than the voltage drop produced
by T1(ec) , D3 , T3(be) , Crect , and D8 in series, and T3 will
conduct only when vp is larger than the voltage drop produced
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by D5 , T3(ce) , Crect , and D8 in series. Both yield the same
constraint for VOC as

In the switching on maximum, if V1 > Vref 1 , where
Vref 1 = VCE(sat) + 2VD + VDC

VOC > VCE(sat) + 3VD + VBE + VDC

where VCE(sat) is the collector-emitter saturation voltage of the
corresponding transistors.
On the other hand, given a VDC satisfying (11), we can obtain
the maximum attainable VDC in energy harvesting from (11), as
follows:
VDC,max = VOC − VCE(sat) − 3VD − VBE .

(16)

(11)
is the first reference voltage, vp will experience the first inversion. For the first inversion, i.e., from V1 to V2 , Cp + C1 ,
Li , and r form an RLC loop for discharging, with the quality
factor of

1
Li
.
(17)
Q1 =
r Cp + Ced

(12)
The relation between V2 and V1 can be obtained as
V2 − Vref 1 = γ1 (V1 − Vref 1 )

B. Switching Phase Lag
From the principle of SSHI [11], the switching actions should
be taken at the right instants when vp attains its extreme
values, i.e., Vmax or Vmin in Fig. 5. In SP-SSHI, however, to
switch at the very instants would be impossible; due to the
voltage drops of diodes and transistors in the envelope detectors
and comparators, there is a phase lag between the instants of
switching action start and the maximum (or minimum) vp . This
phase lag is shown as ψ in Fig. 5 and calculated with the
following relation:


VD + VBE
.
(13)
ψ = cos−1 1 −
VOC
Combining (9) and (13), the phase difference between the
instants of maximum vp and maximum displacement (also
ieq = 0) can be obtained as
ϕ = ψ − θ.

(14)

This phase difference ϕ was regarded as constant in [21].
Nevertheless, given the above relations, ϕ in fact changes with
VOC . Considering the constraint on VOC given in (12), the
range of ϕ can be obtained as


VCE(sat) +2VD +VDC
−1
−θ. (15)
− θ < ϕ < cos
VCE(sat) +3VD +VBE +VDC
The lower limit corresponds to infinite VOC ; the upper one
corresponds to the minimum harvestable VOC .
C. Intermediate Voltages among Four Phases
In the externally powered SSHI, there are only two phases
in a half vibration cycle, i.e., natural charging and voltage
inversion. The two intermediate voltages can be calculated according to the charging and discharging processes in these two
phases. In SP-SSHI, owing to the interactions among different
parts in the self-powered switching circuit, more phases are
distinguished for better analysis about the circuit behavior. Four
working phases were introduced in Section III. As shown in
Fig. 6, the four phases are linked by four intermediate voltages
from V1 to V4 .

(18)

where

γ1 =

−e−π/(2Q1 ) ,
1,

V1 > Vref 1 ;
others

(19)

is the inversion factor of the corresponding RLC loop, whose
quality factor is Q1 .
After the first inversion, if V2 < Vref 2 , where
Vref 2 = −2VD − VDC

(20)

is the second reference voltage, vp will experience one more
inversion. For the second inversion, i.e., from V2 to V3 , Cp
in series with CCE , Li , and r form another RLC loop for
discharging, with the quality factor of

1 Li (Cp + CCE )
.
(21)
Q2 =
r
Cp CCE
The relation between V3 and V2 can be obtained as
V3 −

Cp
(V2 − V3 ) − Vref 2 = γ2 (V2 − Vref 2 )
CCE

(22)

where

γ2 =

−e−π/(2Q2 ) ,
1,

V2 < Vref 2 ;
others

(23)

is the inversion factor of the corresponding RLC loop, whose
quality factor is Q2 .
Assuming that the discharge of C2 starts after the two
inversion of vp , the charge neutralization is regarded as an
independent phase. In the charge neutralization, the total charge
in Cp , C1 , and C2 is unchanged. Considering their original
voltages, V4 is related to V1 , V2 , and V3 with the following
equation:
(Cp + 2Ced )V4 = Ced (V1 + V2 ) + Cp V3 .

(24)

After the charge neutralization, the natural charging starts.
It lasts for half of a vibration cycle, until vp reaches −V1 , the
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start voltage of the switching on minimum. The voltage relation
corresponding to this phase can be obtained as follows:
3π/2+ϕ
ω

1
−V1 = V4 +
Cp + 2Ced




vp (t)
ieq (t) −
dt.
Rp

(25)

π/2+ϕ
ω

Since the durations of the two inversions and the charge neutralization are much shorter than a half vibration cycle, the vp
waveform can be approximated by splitting the vp,oc one at the
switching instants and then moving the adjacent parts against
each other to some extent, i.e.,



4
, n− 12 π+ ϕ < ωt
vp,oc (t) + V1 −V

2


≤ n + 12 π + ϕ,


v̂p (t) =
4

v (t) − V1 −V
, n+ 12 π+ ϕ < ωt

2
 p,oc
≤ n + 32 π + ϕ,
n ∈ Z.

(26)

Substituting the approximated vp in (26) into (25), and given
ω(Cp + 2Ced )Rp  1, we can have
−V1 = V4 − 2VOC cos ϕ +

4VOC sin ψ + π(V1 − V4 )
. (27)
2ω(Cp + 2Ced )Rp

Equation (27) provides the relations between V1 and V4 . Combining the linear equations of (18), (22), (24), and (27), the four
intermediate voltages from V1 to V4 can be solved out, in terms
of VOC and VDC .
D. Harvested and Dissipated Powers
The energy flow within the PEH system is of concern for the
overall evaluation on the performance of the harvesting systems
[20]. Based on the above analyses about the influences of selfpowered implementation on the open circuit voltage, switching
phase lag, and intermediate voltages, the harvested power as
well as the power dissipated during the harvesting process in
SP-SSHI can be calculated as follows:
Ph,SP −SSHI
= 2f0 VDC [Cp (V1 + V3 − 2V2 ) + Ced (V1 − V2 )] , (28)
Pd,SP −SSHI



= f0 (Cp + 2Ced ) (V1 − Vref 1 )2 − (V4 − Vref 1 )2

+ 2(VCE(sat) + 2VD ) Cp (V1 + V3 − 2V2 )

+ Ced (V1 − V2 )

1
2
πVOC
+
− 4VOC (V1 − V4 ) sin ψ
ωRp

π(V1 − V4 )2
+
(29)
2
where f0 = ω/(2π) is the vibration frequency in Hz. The three
items in (29) estimate the power dissipations produced by the
non-ideal voltage inversions, components’ voltage drops, and

Fig. 8. Experimental setup.

the internal loss within the piezoelectric element. It should be
noted that the harvested power here is the net harvested power.
The sensing, comparing, and switching units in the circuit
in fact are powered by the piezoelectric source. The power
consumed in these units has already been included in the total
dissipated power given in (29).
Moreover, the SEH and externally powered SSHI are
also employed for the evaluation on the performance of the
SP-SSHI. The harvested and dissipated powers in SEH are
Ph,SEH = 4f0 Cp VDC (VOC,org − VDC − 2VD )

(30)

Pd,SEH = 8f0 Cp VD (VOC,org − VDC − 2VD ).

(31)

Considering the influence of the internal loss within the piezoelectric element, the expressions on the harvested and dissipated powers in externally powered S-SSHI were provided in
[26].7
V. R ESULTS
Experiments are carried out to evaluate the performance of
practical SP-SSHI. The experimental setup is shown in Fig. 8.
It is built up with a piezoelectric cantilever and the modified
SP-SSHI interface circuit.
The main mechanical structure is an aluminum cantilever
whose fixed end is fixed on the vibration-free table while the
free end is driven by an electromagnetic driver. A piezoceramic
patch of 49 mm × 24 mm × 0.508 mm (T120-A4E-602, Piezo
System, Inc.) is bonded near the fixed end where the largest
strain happens along the cantilever. A permanent magnet is
attached at the free end of the cantilever, so as to achieve the
coupling with the electromagnetic driver, and it also acts as a
proof mass to lower the vibration frequency and increase the
displacement of the free end. A function generator (33120A,
Agilent Co.), following by a power amplifier (2706, B & K
Co.), provides a 30 Hz sinusoidal excitation to the electromagnetic coil. To provide constant displacement excitation, an
inductive displacement sensor (JCW-24SR, CNHF Co.), which
is not shown in Fig. 8, is used to measure the displacement
7 In the externally powered SSHI, the sensing and switching control units do not affect VOC , and there is no switching phase delay;
however, the voltage drop of bridge rectifier was considered nonzero
in [26].
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TABLE II
OTHER C IRCUIT PARAMETERS

Fig. 9. Sensitivities of the harvested power. (a) Over the capacitance in
the envelop detectors, i.e., Ced (Red = 200 kΩ, VOC,org = 25 V, VDC =
10 V). (b) over the resistance in the envelop detectors, i.e., Red (Ced = 2 nF,
VOC,org = 25 V, VDC = 10 V).

of the cantilever for adjustment under different situations. The
circuit component models and values in the experiment are
listed in Table I. Other circuit parameters are given in Table II.
As for the selection of components in the self-powered
switching interface circuit, the models of the diodes and transistors are not specific; other than these two components, the
values of the resistors and capacitors in the envelop detectors,
i.e., Ced and Red , need to be determined according to the
inequality given in (4). Fig. 9 shows the sensitivities of the harvested power over the variations of Ced and Red , respectively.
The simulation results for the Ced case match the theory well,
except when the Ced is too small to provide enough current
for driving the transistors. The effect of Red is not involved in
the theoretical estimation. However, given Ced is fixed at 2 nF,
based on the relation provided in (4), the range of Red is
obtained from 125 kΩ to 493 kΩ. The simulation results shown
in Fig. 9(b) agree with the theory within this range. Below
the lower bound, improper switching actions are observed at
local maxima or minima; above the upper bound, the larger
Red , the larger the discrepancy on estimation. In general, with
the premise that the SP-SSHI circuit can properly function, the
values of Ced should be selected as small as possible, so that the
influence caused by the envelop detectors can be minimized;
at the same time, the value of Red should be determined
based on (4).
The harvested and dissipated powers under four different
excitation levels are investigated. Without the self-powered
circuit connected, the four excitation levels induce 5, 8, 12, and
25 volt open circuit voltages VOC,org across the piezoelectric
element, respectively. Under those four excitation levels, the
harvested power is measured as a function of the storage voltage
VDC . Resistors with different resistance values are connected as
loads one by one. With the corresponding measured dc voltage
across each resistor, the harvested power under different VDC

can be obtained. The experimental results of Ph,SP −SSHI ,
Pd,SP −SSHI , and Ph,SEH under the four excitation levels, together with the analytical results on the harvested and dissipated
powers in the three interface circuits of SP-SSHI, SEH, and
ideal SSHI, are shown in Fig. 10 for comparison. From the four
subfigures in Fig. 10, both of the analytical and experimental
results show good agreement with each other.
Comparing SP-SSHI to ideal SSHI, the higher the excitation level, the closer between the corresponding curves,
i.e., Ph,SP −SSHI versus Ph,SSHI and Pd,SP −SSHI versus
Pd,SSHI , which means that the SP-SSHI approaches the ideal
SSHI, in terms of both harvested and dissipated powers. Since
the total electrical extracted power is composed of harvested
and dissipated portions [20], the harvested percentages within
the extracted power under different conditions are shown in
Fig. 11, where ṼDC is the nondimensional storage voltage
normalized to VOC,org . From these figures, the maximum harvested percentage in the SP-SSHI gets higher as the excitation
level increases. In addition, under the same excitation level, the
harvested percentage in the SP-SSHI might be higher than that
in the ideal SSHI case when ṼDC is small, but in terms of the
maximum value, the harvested percentage in the SP-SSHI is
less than that in the ideal SSHI.
Comparing the SP-SSHI to SEH, the largest increase in the
maximum harvested power is about 200%, as observed from
Fig. 10(d). However, meanwhile it should be noted that, unlike
the ideal SSHI, whose harvested power has a constant magnification toward that in SEH, the superiority of SP-SSHI over
SEH varies. The improvement is more significant under high
excitation level; under low excitation, it may lose its benefit.
For example, as shown in Fig. 10(a), when VOC,org = 5 V,
the maximum harvested power in the SP-SSHI is smaller than
that in the SEH. On the other hand, for the SP-SSHI under
this excitation, the experimental result is even smaller than the
theoretical prediction. This is because the transistor in the real
circuit cannot be fully turned on and off in time under this
low level excitation. Fig. 12 shows the theoretical maximum
harvested power as functions of the original open circuit voltage
in the SP-SSHI and SEH, respectively. The critical open circuit
voltage is 5.84 V for the experimental setup used in this paper.
Only when the excitation level is above this critical point, the
SP-SSHI can harvest more power than the SEH. On the other
hand, as observed from Fig. 11, the harvested percentage in
the SEH is always larger than those in the SP-SSHI and the
ideal SSHI regardless of the excitation level VOC,org and the
storage voltage VDC . In general, rather than claiming that
the SP-SSHI always outperforms the SEH, it should be careful
to examine the broader range of operation when implementing
this SP-SSHI interface circuit.
VI. C ONCLUSION
The introduction of the self-powered version of the SSHI
did open a promising treatment for PEH with switching technique. Nevertheless, issues still lie in further improvements on
both circuit and accurate modeling. We proposed a modified
circuit for the SP-SSHI. Compared to the circuitry proposed in
[21], the modified circuit not only minimizes the interference
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Fig. 10. Harvested and dissipated powers under different excitation levels. (a) VOC,org = 5.0 V. (b) 8.0 V. (c) 12.0 V. (d) 25.0 V.

Fig. 11. Harvested percentage within the extracted power. (a) VOC,org = 5.0 V. (b) 8.0 V. (c) 12.0 V. (d) 25.0 V.
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