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Abstract: This paper presents a piezoelectric (PE) energy harvesting circuit, which integrates a
Synchronized Switch Harvesting on Inductor (SSHI) circuit and a diode bridge rectifier. A typical
SSHI circuit cannot transfer the power from a PE cantilever into the load when the rectified voltage is
higher than a certain voltage. The proposed circuit addresses this problem. It uses the two resonant
loops for flipping the capacitor voltage and energy transfer in each half cycle. One resonant loop is
typically used for the parallel SSHI scheme, and the other for the series SSHI scheme. The hybrid
SSHI circuit using the two resonant loops enables the proposed circuit’s output voltage to no longer
be limited. The circuit is self-powered and has the capability of starting without the help of an
external battery. Eleven simple discrete components prototyped the circuit. The experimental results
show that, compared with the full-bridge (FB) circuit, the amount of power harvested from a PE
cantilever and the Voltage Range of Interest (VRI) of the proposed circuit is increased by 2.9 times
and by 4.4 times, respectively. A power conversion efficiency of 83.2% is achieved.
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with a Wide Operation Range for Piezoelectric (PE) energy harvesting has attracted immense interest due to its potential

for applications such as the Internet of Things (IoT) and implant devices. It is very suitable
for small-scale energy harvesting due to the high power density and easy scalability of
the PE transducer. The general purpose of the PE energy harvesting circuit requires:
(1) rectification, (2) maximum power tracking, and (3) output voltage regulation [1]. Many
researchers have focused on the first two points, rectification and maximum power tracking,
due to a PE transducer’s source impedance characteristics. Various PE energy harvesting
circuits to improve efficiency have been reviewed [2]. The harvesting circuit’s objective is
to achieve efficient energy extraction from the PE transducer while minimizing the power
dissipation of the circuit. Therefore, maintaining efficient PE energy harvesting over the PE
published maps and institutional affil-  transducer’s wide operating range is still a challenge for circuit design.

{ations. Figure 1 shows the PE energy harvesting system, which consists of the PE transducer,
circuit, and a load. The PE energy harvesting circuit converts AC voltage V4 from the PE
transducer into a DC output voltage V,e. The PE transducer has high output impedance

with a large capacitive term. Due to this fact, various sophisticated rectifiers have been

reported in the literature to improve power extraction [3-28]. One group of the PE energy

harvesting circuits adopts a straightforward rectification scheme. The scheme adopts a

full-bridge (FB) rectifier, which consists of four diodes and a relatively large filter capacitor,

to obtain a DC voltage from the PE transducer AC voltage. The shortcoming of this circuit
conditions of the Creative Commons 15 the charge wasted during the rectification. Consider when the PE transducer current ip
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the Cp, and so the amount of charge is wasted. The output power of the circuit is dependent
on the rectified voltage Vi [29].
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Figure 1. Piezoelectric (PE) energy harvesting system.

Another group of PE energy harvesting circuits includes the synchronous switch
technique for the rectification scheme. The adoption of the synchronous switch technique
can enhance the electrostatic force or damping force of the PE transducer and significantly
improve the power extraction efficiency. There are three typical schemes. The Synchronized
Switch Shorting (SSS) scheme instantly shorts the output voltage of the PE transducer at
to, discarding the negative charge to zero voltage Vg4, thereby saving reverse charge [3,4].
The SSS does not require an inductor, but the short operation wastes the previously stored
charge on the capacitor Cp, resulting in insufficient efficiency. In contrast, Synchronized
Switch Harvesting on Inductor (SSHI) [6,7] and Synchronous Electric Charge Extraction
(SECE) [8] harvest the charge that would have been wasted by the short operation. The
SSHI and SECE schemes can harvest more energy than the SSS scheme. Compared to FB,
the SSHI or SECE circuit’s output power can be increased by four times or even higher.
A variety of circuits reported in the literature to improve the SSHI or SECE scheme explore
the potential of efficiency improvement by using the resonant circuits formed by the
external inductor and internal capacitor of the PE transducer [5-27].

The SSHI scheme uses a resonant loop to change the polarity of the capacitor charge
at tp, which flips the capacitor voltage Vp4 instantly. This way, the PE transducer current
charges the internal capacitor continuously instead of discharges first. A variety of im-
proved SSHI schemes have been reported in the literature [8-16]. The SSHI circuit and
DC-DC converter in [8] share the inductor to reduce the size. A trickle charger with the
SSHI circuit charges the energy storage device [9]. The use of the SSHI scheme harvests
shock vibration energy [10]. The insertion of a diode in the resonant loop for the SSHI
scheme was adopted [11,12]. Re-share components to further simplify the controller were
adopted in [13,14] for self-powered schemes. A triple bias-flip SSHI circuit was proposed
in [15] to reduce the energy loss during the capacitor voltage flipping. The circuit was fully
integrated by using on-chip capacitors instead of an external inductor to flip the capacitor
voltage [16]. Unlike the SSHI scheme, the typical SECE scheme first transfers the capacitor
energy to the external inductor and then to the load. Therefore, the PE transducer is open
most of the time, and the power extraction for the SECE scheme is independent of the load.
Based on a typical SECE scheme, a variety of improved circuits have been reported [17-22].
The SECE circuit operates over a wide operation range by fine controlling the pulse tim-
ing [17]. The SECE circuit was designed for shocked vibration energy harvesting [18],
self-powered [19], and energy loss reduction [20,21]. Finally, using the transformer instead
of a diode bridge [22] reduces the circuit’s power dissipation.

Theoretically, the efficiency of the SECE circuit is independent of the load. The circuit
uses two resonant loops to harvest the energy per half cycle. Compared to SECE, except for
those low-coupling PE transducers, SSHI is suitable for almost any type of PE transducer,
which can harvest more energy. To increase the efficiency of the PE energy harvesting over
a wide operation range of the PE transducer, the circuits in [23-25] integrated SSHI and
Maximum Power Point Tracking (MPPT). The circuits in [3,25] realized a self-powered
MPPT. However, it requires an additional controller, such as using the “VDD_MUX”
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PE Transducer

block [3] and adopting the three different operation modes [25]. The increase in the
circuit blocks would increase the circuit’s complexity, and hence higher power dissipation.
Additionally, the power dissipation for the MPPT operation increases as the source and load
change rapidly. In contrast, other approaches to expand the operating range were adopted
in [27,28]. Multiple resonant circuits to extract power were used in [27], or the circuit
topology was reconfigured in the operation according to the PE voltage [28]. However, the
control circuit for switch timing was not shown in [27], and the SSHI scheme did not use
the PE interface in [28].

This paper presents a hybrid SSHI circuit which is integrated with a diode bridge
rectifier. The rectification scheme implemented by the proposed circuit significantly extends
the operating range of the rectified voltage for efficient PE energy harvesting. The key
advantage of the proposed circuit is simple and easy to implement. The circuit is self-
powered without the help of an external power supply. This paper is organized as follows.
Section 2 describes the basic operation of the SSHI circuits and analyzes their maximum
allowable rectified voltage. Section 3 presents the proposed rectifier scheme followed by
the operation, modeling analysis, extracted power analysis, and operation range of the
circuit. Section 4 presents the proposed circuit and describes its operation. Section 5 shows
the measurement results of the proposed circuit and compares its performance with other
recent circuits. Section 6 draws the conclusion.

2. Preliminaries
2.1. Review of Relevant SSHI Circuits

Figure 2 shows a typical Parallel-SSHI (P-SSHI) circuit [5] and a Series-SSHI (S-SSHI)
circuit [6]. The PE transducer is modeled as a current source ip in parallel with a capacitor
Cp, and a resistor Rp, where ip = Ipsin(2mfpt), and fp is the excitation frequency of the
PE transducer. This simple model is suitable when the PE transducer is weakly coupled,
and it is used for PE circuits” performance analysis in this paper. Both typical P-SSHI and
S-SSHI circuits incorporate a switch (SW in Figure 2) in series with an external inductor L
as shown in Figure 2.

SSHI
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Figure 2. Typical (a) P-SSHI circuit and (b) S-SSHI circuit.

The operation of typical SSHI circuits is illustrated in Figure 2 with associated wave-
forms. Unlike the P-SSHI circuit, the SSHI circuit adds the load Cp and Ry, in the resonant
loop. Due to its series connection, the PE transducer is open most of the time, and the
energy from the PE transducer is transferred into load only when the capacitor voltage
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is flipped. In contrast, the P-SSHI circuit transfers the energy to the load only when the
rectified voltage clamps the PE voltage. The SSHI circuit harvests the charge that would
have been wasted per cycle to obtain more power than the FB circuit. Unlike the SECE, the
SSHI circuits use one resonant loop instead of two resonant loops to harvest the charge that
would have been wasted during the rectification, which limits the rectified voltage’s range.

The SSHI circuit requires an associated controller for switch timing. Ramadass et al. [9]
used a comparator with an external reference voltage and an adjustable RC delay circuit
to control the synchronous switch. Wu et al. [14] integrated the SSHI circuit with the
active rectifier with the optimal flipping time. Eltamaly et al. [15] proposed a discrete self-
powered switch to realize the SSHI operation. Fang et al. [24] proposed an S-SSHI circuit
with the Fractional Normal-Operation Voltage (FNOV) scheme. Wu and Ha [25] adopted
the MPPT circuit to extend the operating range of the SSHI circuit. The adoption of the
MPPT scheme enables the SSHI circuit to operate over a wide operation range. However,
the MPPT circuit requires an additional controller and hence more power dissipation.

This paper adopts a self-powered switch proposed in [14], but with a different rectifi-
cation scheme and a circuit. The proposed scheme significantly extends the operating range
of the rectifier voltage for harvesting energy efficiently. Unlike the typical SSHI circuit,
two resonant loops rather than one loop are used for the voltage flipping. One resonant
loop is typically used for the P-SSHI scheme and for the power extraction, and the other
is used for the S-SSHI scheme and for delivering the energy to the load and back to the
PE transducer. This scheme is feasible as the two resonant loops switch at the inductor’s
current peak, forming a boost topology.

2.2. Effect of the Rectifier Voltage on the Extracted Power

The SSHI circuit forms a resonant circuit to flip the internal capacitor’s voltage, and
its output power is dependent on the rectified voltage V.. If the rectified voltage is too
high, the load may not obtain the power from the PE transducer. The effect of the rectified
voltage on the output power of the SSHI circuit is analyzed as follows.

If the PE transducer being excited opened, its open-circuit voltage could be expressed
as Voo = 271/1‘% Let us define the flip voltage ratio #r as the ratio of the amount of the
capacitor voltage change to the maximum possible voltage change for a typical P-SSHI and
an S-SSHI circuit shown in Figure 2. Referring to the waveform in Figure 2, with an ideal
FB rectifier, the #r of the two circuits is:

_ Vrect + Vin

HEg = for P — SSHI HE =
zbrect ! 2

(VM - Vrect)

The output power of the P-SSHI and the S-SSHI circuit can be obtained as:

for S — SSHI (1)

Poutp—ssrr = 4fpCp[Voc — (1 — 71F) Vrect] - Vrect

Pout,stsHI = 4fPCP127FI7F(Voc - Vrect) . Vrect (2)

According to Equation (2), the optimal rectified voltage Viyectopt for the maximum
power is obtained as:

Vrect,opt,PfsSHI = 2(1V_0C;7P)/ Vrect,opt,5755HI = % (3)

Since the output power P, is a quadratic function of the rectified voltage V. within

the operation range, the maximum allowable rectified voltage Vyectmax of the P-SSHI and
S-SSHI circuits is twice the optimal rectified voltage Viectopt- If the rectified voltage exceeds
Vyect max, the load cannot obtain any power from the PE transducer, which is the common
shortcoming for both SSHI circuits. Figure 3 shows the relationship between output power
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and rectified voltage for a typical P-SSHI circuit and a typical S-SSHI circuit shown in
Figure 2, at the excitation frequency of 100 Hz with different excitation amplitude.
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Figure 3. Output power versus V. for a typical (a) P-SSHI circuit and (b) S-SSHI circuit.

With maintaining a high PE power extraction efficiency, the rectified voltage is required
to be adjusted within a specific range. Let us define the Voltage Range of Interest (VRI) as:
V=V
VRl = ——— 4

v @)

where V}, and V; represent the upper and lower threshold of the rectified voltage, respec-

tively, and their corresponding output power of the circuit is 1/m times the maximum
available power, which is expressed as Pout(V),) = Pout(V)) = P"Lm"”“

According to Equation (2), the VRI for the two typical SSHI circuits can be obtained as:

1-1 1
Y " VRIs ssp = \/1— — 5)

VRIp_ =
P-SSHI = T .

The VRI for the P-SSHI circuit is related to the voltage flipping ratio #r. In contrast,
the S-SSHI circuit is independent of the #r. As #f increases, the VRI of the P-SSHI circuit
increases, but not for the S-SSHI circuit.

As only one resonant loop is used for voltage flipping for typical SSHI circuits, the VRI
is limited. The proposed circuit in this paper uses two resonant loops for the flipping of the
capacitor voltage. One loop is used for extracting power, and the other loop is used for
delivering the energy to the load and also back to the PE transducer. The proposed circuit
operated in two different modes according to the PE voltage. Even with the relatively high
rectified voltage, the circuit can also deliver the energy to the load due to the two resonant
loops’ boost operation.

3. Proposed Rectifier Scheme
3.1. Block Diagram

Figure 4 shows the block diagram of the proposed hybrid SSHI circuit, which is
integrated with a diode bridge rectifier. The proposed circuit consists of an FB rectifier with
four diodes D1-Dy, two switches 51-S;, and one inductor L. The rectified voltage Ve is
constant due to the relatively large capacitor Cy.. To simplify the analysis and illustration,
assume that the diodes and switches are ideal unless otherwise stated.
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Figure 4. Proposed hybrid Synchronized Switch Harvesting on Inductor (SSHI) circuit integrated with a diode bridge rectifier.

3.2. Operation

Figure 5 shows the waveforms of voltage Vg4 and inductor current i; when the
proposed SSHI circuit operates for voltage flipping. Refer to Figure 4 for circuit operation.
When the current ip crosses the zero point from positive to negative, the switch S; is turned
on, forming one resonant loop through the devices of Cp-L-D1-5;-Cp. The energy in the PE
transducer is transferred to the inductor over the time interval of {,. When the inductor
current i reaches the peak value, the 51 is turned off, and the other resonant loop is formed
through the devices of Cp-L-D;-Cy, and Rp-D4-Cp. The inductor’s energy is transferred
to the load during the time interval of ¢, and transferred back to the capacitor Cp, with
a flipping voltage on the Cp. When the ip crosses the zero from negative to positive,
the symmetrical circuit topology follows the same operating principle but uses different
resonance circuits. The circuit operates in two different modes, named the P-SSHI mode
and the S-SSHI mode, according to whether the PE voltage is clamped by rectified voltage
Vet in each half cycle. Note that the operation of the proposed circuit in the P-SSHI or
S-SSHI mode is different from that of the typical P-SSHI or S-SSHI circuits.

A

0 >

<—ta—>

f,—
t=0 q VBA t

Figure 5. Waveform of the voltage Vg4 and inductor current iy,

Figure 6 shows the waveforms of the voltage Vg4 and current iy of the circuit in two
different modes. As shown in Figure 6a, the proposed circuit operates in the P-SSHI mode.
In this mode, the energy is transferred to the load either in the period when the FB rectifier
works or when the resonant circuits run. However, if the proposed circuit is in the S-SSHI
mode, the energy is transferred only in the period when the resonant circuits run, as the
PE voltage cannot attain the rectified voltage of Vi, as shown in Figure 6b. The circuit’s
two operating modes depend on the open circuit voltage V., the voltage flipping process,
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o

and the rectified voltage V.. In Section 3.3, two resonant loops used during the voltage
flipping are modeled to analyze the circuit’s operation mechanism.

Vrect

e
J

Sl N

0 i

(a) (b)

—
~v

Figure 6. Waveform of the PE voltage Vp4 and inductor current iy (a) in the P-SSHI mode, and (b) in the S-SSHI mode.

3.3. Modelling Analysis

The proposed circuit completes the voltage flipping using the two resonant loops,
whatever the operation modes. Each resonant circuit is modeled using ideal electronic
components except the forward voltage drop of Vp for analysis. Suppose the PE transducer
current ip is zero when it begins the voltage flipping, and the Rp is so large that it can
be ignored.

e  First resonant loop:

Figure 7 shows the operation of the first resonant loop to extract power from the PE
transducer. Here, the switch SW represents the switch S; or S, in Figure 4, and Vp models
the forward voltage of the one diode inserted in the resonant loop. When the switch SW
in Figure 7 is ON, using Kirchhoff’s Voltage Law, KVL equation of the circuit model in
Figure 7a is:

d2vc dUC
Oc = LCPW + RCPW + VD (6)
A
I, Px
Viect+2Vp OF Vip+ 2V

+
Vc( t) —

0 ; >

— t

=0 '

(a) (b)

Figure 7. (a) Circuit model of the first resonant loop, and (b) its waveform.
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As ir(0) = 0, the capacitor voltage vc, i.e., Vpy, the inductor voltage vy, and the
inductor current iy are readily obtained as:

oc(t) = Vp + (0c(0) = Vp) e~ sin(wt + )

iL(i') = CP% = 70C(02}; VD eiét Sil’l(wt)
oL(t) = = “2(0c(0) = Vp)e ™ sin(wt — B) @)

where f = arcsin(%), 6= %, w = \/w% — 62, and w, = \/% R is the total parasitic
resistance along the resonant loop. Note that the v¢(0) is the initial condition of the
capacitor Cp, which is dependent on the operation mode of the circuit.

Att, = %, the inductor voltage vy (ta) = 0, and so we obtain the capacitor voltage
vc(ta) = Vo and the peak inductor current iy px

vc(0) =Vp 54, _vc(0)—Vp
76 N —
wyL wyoL

i, pk = ip(ta) =

®)

e  Second resonant loop:

Figure 8 shows the operation of the second resonant loop switched from the previous
first resonant circuit. Similarly, the KVL equation of the circuit model in Figure 8a is:

d%o do
ve = LCp— 5 + RCp—F + Vieet +2Vp ©)
A
7
l
VC(t) —
-— tb
0 ; >
Vrec -
t v, t=0 Vga t
(@) (b)

Figure 8. (a) Model of the second resonant loop, and (b) its waveform.

Here, the forward voltage drop of the two diodes is considered. Since the initial
capacitor voltage and inductor current are V¢ and iy pg, respectively, the voltage on the
capacitor and the current through the inductor can be obtained as:

vc(t) = Vieet +2Vp + A - e % sin(wt + @)

ir(t) = Cp- A-wee % sin(wt + ¢ — B) (10)
. 2
where, A _ \/(Cpé(VcoVthCPZVD)zL,PK> + (Veo — Vieet —2Vp)?,

and ¢ = T — arcsin(W).
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From Equation (10), when t;, = M%, the inductor current iy (t,) = 0. Finally, the
flipping voltage V,, can be obtained as:

Vin = —vc(ty) = Awie_(s'tb — Vieet —2Vp (11)

[

e  Operation mode:

The proposed circuit’s operation mode depends on whether the PE voltage is clamped
by the rectified voltage Vye:. If the circuit works in the P-SSHI mode, the PE voltage is
clamped by V. per half cycle, and the initial capacitor voltage vc(0) = Vyeet +2Vp. If the
circuit works in the S-SSHI mode, the PE voltage cannot attain the V., and so the initial
capacitor voltage v (0) = Vi, + 2Vo.. Therefore, the critical condition of the two modes is:

Vieet + 2VD = Viu + 2V, (12)

Considering that the parasitic resistance R along the resonant loop is very small, say
Voo = 0, and i px ~ ““(jig‘” According to Equation (11), the voltage V,; can be obtained as:

(2V0c - VD)2
2(Vrect + 3VD - ZVoc)

Vi & (13)

The critical rectified voltage V,. .ri between the two operation modes is approximately
(2 T \/E) Voo — 2Vp.

Therefore, when the rectified voltage is lower than the critical rectified voltage, the PE
voltage is clamped by the rectified voltage per cycle. In the P-SSHI mode, the proposed
circuit operation is similar to the P-SSHI circuit, but the energy delivery to the load occurs
when the FB rectifier works and the capacitor voltage flips. In contrast, in the S-SSHI mode,
the energy delivery to the load occurs when the resonant circuits run only, in which the PE
voltage is boosted even if the rectified voltage is quite high.

3.4. Extracted Power

The extracted power of the proposed circuit is analyzed in the P-SSHI or the S-SSHI
mode as follows.

e P-SSHI mode:

In the P-SSHI mode, the extracted power of the two parts needs to be taken into
account. One part is the power obtained by the load when the FB rectifier works. The other
part is when the resonant circuits run. Let us calculate the power obtained by the load
when the FB works first.

The total charge Qs generated by the PE transducer per cycle is 4CpV,.. When
the FB rectifier blocks, the charge lost Qj,s; due to charging and discharging the internal
capacitor per cycle is 2Cp(Vyect +2Vp — Vi). So, the available charge per cycle by the load
can be expressed as:

Qrect = Qtotal - Qloss =2Cp (ZVOC — Viect —2Vp + Vm) (14)

Thus, when the FB rectifier works, the output power of the proposed circuit in the
P-SSHI mode is:

Pout,PfssHI,FB = fPQrectVrect - 2]"PCP (2Voc - Vrect - 2VD + Vm)Vrect (15)

Since the energy is also transferred to the load when the resonant circuits run, its
output power is obtained as:

Pout,P—SSHI,flipped = 2fPQmVrect = ZfPCP(Vm + VCO)Vrect (16)
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where Q;; is the total amount of charge during the interval of operation of the two resonant
circuits. Since Vg ~ 0, the total output power of the circuit in the P-SSHI mode is:

Pout,p—sst1 = Pout,p—ssH1,FB + Pout,p—sSHI, flipped (17)
= szCP[(z(Voc + Vm - VD) - Vrect)vrect]

e  S-SSHImode:
In the S-SSHI mode, the energy is obtained by the load only when the resonant circuits

run. According to Equation (13), the output power is obtained as:

(2Vae — Vp)®
Vrect + 3VD - 2Voc

Pout,S—SSHI = 2fPQmVrect = fPCPVrect (18)

We built the circuit shown in Figure 4 and used the LTspice software to verify the
theoretical analysis. Ideal switches and diodes with Vp = 0.2 V were used for the simulation.

The simulation parameters are shown in Table 1.

Table 1. Simulation parameters.

Components Value
Piezoelectric transducer current ip 50 uA
Frequency fp 100 Hz

Capacitor Cp 19 nF
External inductor L 1.5mH

Figure 9 compares the theoretical and simulation results. The critical rectified voltage
Viyect ori distinguished the two different operation modes. As the approximation of the V,
in Equation (13), it has a slight deviation between the theoretical and the simulation results
in the S-SSHI mode. The optimal rectified voltage is near V. o;, in which the circuit can
harvest maximum power harvested from the PE transducer. Unlike the typical SSHI circuit,
the proposed circuit has a wide operation range of the rectified voltage in the S-SSHI mode
to efficiently extract power from the PE transducer. The ideal SECE circuit’s output power
is independent of the load, and its output power P,;; sece = #}%CP is four times the output
power of the FB, which is 133 uW using the parameters in Table 1. In this case, the proposed
circuit’s output power is higher than that of the SECE when the rectified voltage Vi is
higher than 5 V. Theoretically, compared to Equations (17) and (18), after calculation, if
Vreer> 1.1V, the proposed circuit’s output power is larger than that of the SECE, in which
the proposed circuit operates either in the P-SSHI mode or in the S-SSHI mode. However,
in practice, the loss due to electronic devices of non-idealities will cause their results to
deviate from the theoretical value, which will be further explained in Section 5.
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Figure 9. Comparison of theoretical results with simulation results.

3.5. Operation Range

Table 2 shows the VRI expression for the typical P-SSHI circuit, the typical S-SSHI
circuit, and the proposed circuit. Figure 10 shows the VRI versus m for three different
circuits. Here, the n7r of P-SSHI is set to 0.75. Note that Vp = 0 in the analysis. Asm > 1.3,
the VRI of the proposed circuit is higher than that of the other two circuits, mainly due to
the fact that the circuit can boost the rectified voltage. The VRI of the proposed circuit is
smaller than the VRI of the P-SSHI circuit when m < 1.3 because the flip factor 5 of the
proposed circuit operating in the P-SSHI mode is limited 0.707.

Table 2. Comparison of the VRI of the three different circuits.

VRI
P-SSHI S-SSHI Proposed
11_% 1— 1 ) B 17\/@
- - —7a 3-2V2
Proposed
10" F
P-SSHI
— j
g ,/"
/7
100 Vi S-SSHI
,' .....................................................
LI A RTTY. 1L b
Fof o e
10.1 I ‘ ; . 1 J
1 1.2 14 16 e ; o

Figure 10. VRI versus m.

4. Circuit Implementation

Figure 11 shows the implementation for the proposed circuit, which includes a self-
powered switch, an FB rectifier, and an inductor. The self-powered switch consists of two
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PNP transistors of Q, and Qq, two NPN transistors of Q; and Qs3, and a capacitor C;. The
key advantage of this circuit is simplicity. The transistors Q; and Q, with the capacitor C;
are used to detect the voltage peak of the PE voltage Vg4 to enable the transistors Q3 and
Q4. The transistor Q3 or Q4 can be turned off itself once the inductor current approaches
the peak. The detail of the operation principle is briefly described as follows.

L D1 Ds _I: Q
3
+ i
Q Q M M <
. < Via 1 View == C. :: RL
() Ip Cp :: Rp M M
-{ -T©
M
Yol T D, Ca
' L

Figure 11. Proposed hybrid SSHI circuit integrated with a diode bridge rectifier.

Before the PE transducer current ip crosses the zero point from positive to negative,
the NPN transistor’s base-emitter of Q; is turned on to make the capacitors C; and Cp
connect in parallel. As the current ip crosses the zero point to discharge the capacitor Cp,
and the voltage Vg4 drops, since the voltage of the capacitor C; remains unchanged, the
switch Qy is turned off and Q5 is turned on. This results in Q3 being turned on. It transfers
the energy previously stored in the capacitor Cp to the inductor L using the first resonant
loop formed by internal capacitor Cp and the inductor L, and so the inductor current i
increases. When the i approaches its peak, the voltages across the inductor L and the
capacitor Cp are both approximately zero, forcing Qs to be turned off in the resonant loop.
Once Qs is off, the second resonant loop is formed by the source, the inductor L, and the
load. Its operation is already stated in Section 3.2. The rectified voltage could be higher
than the PE voltage without being clamped due to the use of the second resonant loop.
Due to the symmetrical circuit topology, the proposed circuit follows the same operating
principle but uses different resonant circuits when the current ip crosses the zero point
from negative to positive.

5. Experiment Results

A printed circuit board (PCB) was prototyped to verify the operation and performance
of the proposed circuit. The prototype circuit board was populated by only eleven compo-
nents. Four Schottky diodes of S514 with the maximum forward voltage drop of 0.6 V at
room temperature were used to build the FB rectifier. The two PNP transistors of 2N3906s
with Vegisar =0.25V, Veeisar = —0.65 V, and two NPN transistors of model 2N3904s with
Verisar) =02V, Vpgisar) = 0.65 V, were used for Qp —Q4. The capacitor C4 value is selected
as 1 nF, the inductor L = 1.5 mH and Cp, = 10 pF in this paper, unless otherwise stated.

A PE cantilever was used for experimental testing. A tip mass of 1.5 g was placed
at the end of the PE cantilever, and the measured internal capacitor Cp = 22 nF. The PE
cantilever was put on a thick aluminum plate, which was mounted on the vibration shaker,
as shown in Figure 12.



Sensors 2021, 21, 615

13 of 17

Oscilloscope

Figure 12. Experimental setup.

The first experiment is to verify the operation of the proposed circuit. The shaker is
excited at 70 Hz. The open circuit voltage V. is observed as around 5 V. Figure 13 shows
the measured waveform of the PE voltage Vp4 and rectified voltage V.. Figure 13a shows
the proposed circuit operating in the P-SSHI mode. Here, we adjust the signal generator
to double the V. of the PE transducer for better observation under the P-SSHI mode. In
the test, a resistor Ry, of 220 k() is placed at the load to make the circuit operate in the
P-SSHI mode. When the resonant circuit operates, the PE voltage suddenly rises from
425V t0 0.58 V, or drops from 4.25 V to 0.61 V. Then, the current charges the Cp with its
voltage increase. As expected, the PE voltage is clamped by the rectified voltage V. of
4 V. When the V. is adjusted manually back to 5V, the circuit enters the S-SSHI mode, and
the waveform of the PE voltage is shown in Figure 13b. The PE voltage Vp4 instantly rises
from 3.58 V to 0.25 V, or drops from 3.52 V to —2.9 V when the resonant circuits run. The PE
transducer is in an open circuit most of the time due to high unreachable rectified voltage.

11V Ve

4 ms b
_—

—v

Vrect Vrecl

(a) (b)

Figure 13. Measured waveform of the PE voltage Vp4 and the rectified voltage V. (a) in the P-SSHI mode, and (b) in the

S-SSHI mode.

Next, we tested the cold start of the proposed circuit. At ty, the excitation signal is
applied to drive the shaker to excite the PE transducer. As shown in Figure 14, after ty, the
PE voltage amplitude increases slowly from 0 V to 3 V, and so does the rectified voltage
Vrect- The zoom-in waveform on the right shows the detail. It verifies that the circuit has
the capability of cold start.
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20ms

Figure 14. Cold start of the circuit.

Figure 15 shows the power delivered to the load using two different circuits, the FB
circuit and the proposed circuit, with the rectified voltage Vet ranging from 0 V-40 V. The
open circuit voltage is observed as 5 V. The excitation frequency is set to 70 Hz. There
is an optimal rectified voltage for the two circuits, which is 2.5 V for the FB rectifier and
11 V for the proposed circuit, in which the FB rectifier and proposed circuit can deliver
the maximum power of 35 uW and 112 pW, respectively. Consider the VRI when m = 2
for the ratio of the half-maximum power to the maximum power obtained by the load.
The proposed circuit has the wider operational rectified voltage range. The VRI of the
proposed circuit is 4.4, which is 6.5 times higher than that of the FB rectifier. As the Ve
increases, the output power decreases in the S-SSHI mode, and this may be caused by
the losses increase in the circuit, which is evident from Figure 16. The power conversion
efficiency is up to 83.2%. To understand the circuit’s loss breakdown, we simulated the
circuit using the simple model parameters of Ip =70 A, Cp = 22 nF and Rp = 800 kQ). The
majority loss of the proposed circuit is from passive diodes, about 15.3 uW on average.
Due to the use of non-ideal switches of transistors Q3 and Qy, the second-most loss source
is about 7 uW on average. Note that transistors of non-idealities would affect the circuit’s
performance, thereby deviating from the theoretical analysis in Section 3.4. For example,
the non-idealities may cause the output power of the proposed circuit in the S-SSHI mode
to be lower than that of the SECE circuit.

120
g 100
=
. 80
3
a 60
2
5 40
(@)
20
0 3 L e e e e
0 10 20 30 40
Vrect(v)

Figure 15. Power delivered to the load for the full-bridge (FB) circuit and the proposed circuit.
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Figure 16. Power conversion efficiency of the circuit.

Table 3 summarizes the performance and characteristics of recent, state-of-the-art
PE energy harvesting circuits. Consider the weakly coupled PE transducer. The figure
of metric (FoM) in [13] compares the measured output power by the circuit against the

maximum output power obtained by an ideal FB rectifier to estimate the proposed circuit’s
power extraction capability.

Pout
FoM = —— 19
° fPCPVozc ( )

Table 3. Comparison of recent PE energy harvesting circuits.

Publication JSSC 2015 [3] TPE 2015 [12] TPE 2015 [15] JSSC 2019 [16] This work
TeEfl?lcoisoigy 0.35 pm CMOS Colrjri;coriteilts Coerrili)CSI‘i:;ts 0.18 pm HV CMOS Co?rii)cgiteems
PE Transducer Mide V21BL Mide V22B Custom Custom MEMS Custom
Cp (nF) 11 18 28.42 1.94 22
fp (Hz) 200 225 24.9 219 70
Voc (V) 1-7 24 15 25 5
Components - 2 ' ' !
Extraction Scheme Dual-mode SSHI Triple Bias-flip SE-SSHC Hybrid SSHI
Self-powered Yes Yes Yes Yes Yes
VRI* <2.33 (Voc = 3V) ** 1.67 ** 0.533 ** 1.76 ** 44
FoM - 2.06 2.9 ** 2.56 29
POWErf fi‘i’er‘;’c‘;fsm <80% - - - 83.2%

*m = 2. ** Calculate from the paper. *** The count includes the number of logical units, such as NOR gates, AND gates, comparators, etc.

Among the five designs with different power extraction schemes shown in Table 3,
they all adopt nonlinear techniques. The proposed circuit and [15] have the highest FoM
of 2.9. Thanks to the hybrid SSHI, the VRI of the proposed circuit is much higher than
the other reported circuits. The proposed circuit is simple and has a minimum number of
components—only eleven. The power conversion efficiency is up to 83.2%, which could be
further improved by the adoption of active diodes.
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6. Conclusions

This paper presents a rectification scheme that uses two resonant circuits to flip the PE
transducer’s internal capacitor voltage. The proposed circuit integrates the hybrid SSHI
circuit with a diode bridge rectifier, which operates either in the P-SSHI mode or in the
S-SSHI mode according to the PE voltage. Only eleven components implement the circuit.
Thanks to the rectification scheme, the circuit can efficiently harvest energy, even if the
rectifier voltage is quite high. A PE cantilever mounted on the shaker was used to test the
operation and performance of the circuit. The experiment results show that the VRI of the
proposed circuit is 4.4 times higher than that of the FB rectifier, and the maximum output
power is 2.9 times that of the ideal FB circuit. The power conversion efficiency is up to
83.2%. Future work will focus on implementing the proposed scheme using the CMOS
process, which would reduce power dissipation using active diodes and lower-power
controllers and avoid some adverse effects due to discrete devices of non-idealities.
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