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Comparative Case Study on the Self-Powered
Synchronous Switching Harvesting Circuits
With BJT or MOSFET Switches

Weiqun Liu —, Adrien Badel

Abstract—Self-powered realization for synchronous switching
circuits is a hot spot for piezoelectric vibration energy harvesting.
Two typical kinds of switches, bipolar junction transistor (BJT) or
metal-oxide semiconductor field effect transistor (MOSFET) are
popularly used without a clear understanding about the perfor-
mance difference. In this paper, comparative investigations about
adopting these two types of switches based on a case study are per-
formed. It is determined that the performance difference comes
from three aspects: the gate parasitic capacitance, the turning-
on threshold, and the driven mechanism. In particular, the third
one imposes a critical influence on the performance. Investigations
are performed on the self-powered synchronous switching circuit
of two possible methods: with electronic breakers or with exter-
nal control units. The results from simulations and experiments
show that the current-driven mechanism limits the available per-
formance in the case of the BJT switch in comparison with the case
of the MOSFET switch. The difference is especially obvious for the
cases of large piezoelectric capacitance and open-circuit voltage.
A preliminary design guideline is concluded that the MOSFET is
probably a better choice with the same voltage and current ratings
in most cases.

Index Terms—Bipolar junction transistor (BJT), current driven,
metal-oxide semiconductor field effect transistor (MOSFET),
piezoelectric generator, synchronous switching circuit, voltage
driven.

I. INTRODUCTION

S ONE of the promising techniques for sustainable
power source, piezoelectric generator can scavenge en-
ergy from ambient vibrations [1]. The researches about piezo-
electric energy harvesting generally focus on two subjects: 1) the
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improvement on the mechanical structure to increase power den-
sity [2] or operation bandwidth [3]-[5] and 2) the study about
the electronic interface circuits of high performance to get the
most power for the generator.

Generally, the interface circuit is used for regulating the alter-
native current (AC) from the generator to direct current (dc) and
delivering the extracted power to the load. For this purpose, the
standard circuit simply composed of a rectifier and a capacitor
was first proposed [6]. However, a great part of energy is not ex-
tracted but returned to the dynamic system due to the limitation
of the rectifier. This energy return phenomenon [7] makes its per-
formance not good in low electromechanical coupling cases [8].
To increase the harvested power, many nonlinear synchronous
switching harvesting techniques were developed, for instance,
synchronized switch harvesting on inductor (SSHI) [9]-[11]
and synchronous electric charge extraction (SECE) [12]. These
circuits can significantly increase the harvested power in com-
parison with the standard circuit, especially in the case of low
electromechanical coupling level. Moreover, as another desired
property for the interface circuit, low load dependence is also
observed. Further improvements were proposed on SSHI such
as double synchronized switch harvesting (DSSH) [13], SSHI
with magnetic rectifier (SSHI-MR) [14], enhanced SSHI [15],
etc., or on SECE such as optimized SECE (OSECE) [16], tun-
able SECE [17], etc. Different features, such as better power or
bandwidth, etc., are provided with these circuits.

For these synchronous switching circuits, a critical issue in
the way is the self-powered realization for the switching control.
A variety of approaches have been studied, including mechani-
cal switches [18]—[21], velocity control [22], integrated circuits
[23]-[25], or electronic breakers [26]-[28]. Among them, the
mechanical switch relies on the structure’s dynamic motion to
connect and disconnect, and it has the advantage of simplicity
and fewer electronic components requirements. However, it is
sometimes not so reliable because the switching position is not
so adaptive and accurate. The velocity control utilizes an addi-
tional piezoelectric element as the sensing unit and drives the
switches with an analog comparator, implying special fabrica-
tion requirements on the generator and slightly complex circuit
[22]. The integrated circuit is the smartest with the possible
realization of advanced control strategy but the most complex.
The switch is controlled by either a clock divider [23] or a mi-
crocontroller [25], etc. Generally, the velocity control and the
integrated circuit can be viewed together as the self-powered
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switching circuits with external control units. For this case, the
switching instant can be precisely controlled with negligible
phase lag. Compared with the former methods, the electronic
breaker composed of an envelope and a comparator receives
great interests due to its simplicity and reliability. It was first
proposed for SSHI [26] and subsequently extended for other
synchronous switching circuits [28]. In the self-powered switch-
ing circuits, the electronic breakers powered by the piezoelec-
tric source automatically detects the piezoelectric voltage max-
ima or minima and takes action to turn the switch on or off
properly. The harvested power is strongly related to the avail-
able open-circuit voltage magnitude and the phase lag between
the switching actions and the corresponding piezoelectric ex-
trema in the self-powered circuits [27], [31]. In order to find out
the relationship between the self-powered circuit’s performance
and the used components, an early analysis was conducted by
Lallart and Guyomar, including the voltage drop on the diode
and the transistor [26]. Nevertheless, other components in the
circuit were not accounted and the phase lag was assumed to be
constant. Liang and Liao proposed a model with an improved
analysis which contains the influence of the envelope capacitor
and the leakage resistance of the piezoelectric element [27]. The
phase lag induced by the diode and the transistor in the elec-
tronic breaker is analyzed. However, the RC delay introduced
by the envelope detector’s resistor and capacitor is neglected.
The phase lag effect induced by charging the switch’s parasitic
capacitance with the envelope capacitance to turn on the switch
is not studied either. More recently, a comprehensive modeling
and analysis has been performed to take these two factors in
consideration with more accurate results obtained [29].

Easy to find, as one of the most important components of
the self-powered circuit, the switch plays a critical role in the
circuit performance in the self-powered switching circuits with
electronics. Even for the velocity control method and the inte-
grated circuit approach in which the switching operations are
controlled by external control units with phase lag negligible,
the switches still affects circuit efficiency. However, few inves-
tigations have been performed to detail the switch’s influence
and the design guideline of the switch type selection from two
typical available options: bipolar junction transistor (BJT) or
metal-oxide semiconductor field effect transistor (MOSFET).
Both of them have been popularly used, for instance, BJT in
[26], [27] and MOSFET in [22]-[25], [28]. It is interesting to
investigate when BJT or MOSFET is better.

Due to the distinguished working principle, there are mainly
three different aspects between BJT and MOSFET to be consid-
ered when used as switches in the self-powered synchronous
switching harvesting circuits: the parasitic capacitance, the
turning-on threshold and the driven mechanism. The former
two will significantly affect the phase lag in the approach of
electronic breakers. Meanwhile, the current-driven BJT and
the voltage-driven MOSFET imposes variations in the cir-
cuit’s energy transfer efficiency with electronic switches. They
will together affect the selection of other circuit components
and performance discrepancy is expected to use the two type
switches, respectively. Consequently, comparison investigations
about adopting these two types of switches are necessary and
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useful for the circuit design. For this purpose, a case study has
been performed in this paper using the BJT TIP31C and the
MOSFET 8Si2392ads which have comparable voltage and cur-
rent ratings.

This paper is organized as follow: Section II presents the in-
troduction on the principle and operation of the self-powered
OSECE (SP-OSECE) circuit with the electronic breaker. The
SP-OSECE circuit is selected here for investigations as a repre-
sentative of the synchronous switching circuits due to the easy
feasibility and low load dependence [16]. It facilitates the dis-
cussion by choosing a constant load without affecting the gener-
ality. Section III presents the comparative investigations about
the two switches types in the SP-OSECE circuit with electronic
breakers, and Section IV further performs the comparison of
the two switches in the SP-OSECE circuit with other switching
control approaches instead of electronic breakers. In the end,
some conclusions are given in Section V.

II. PRINCIPLE OF THE SP-OSECE CIRCUIT WITH ELECTRONIC
BREAKERS

Considering that the analysis about the SP-OSECE circuits is
fully described in [28] and [29], the principle will be briefly re-
minded for the readability. Fig. 1 presents the SP-OSECE circuit
which mainly consists of two identical electronic breakers, two
switches and a fly-back transformer composed of three wind-
ings Ly, Lo, and L3 with a 1 : 1 : m turn ratio. The electronic
breaker, including an envelope detector and a comparator, is
used to produce the desired switching control signal at the piezo-
electric voltage extreme position while the fly-back transformer
is deployed for transferring the energy to the load. Regarding
the switches .S; and S5, they can be implemented with MOS-
FETs or BJTs with other components unvaried. Two capacitors
Cyi (i =1, 2) and Cy; for each switch are introduced to repre-
sent the parasitic capacitance of the MOSFET (C,,, C,q) and
the BJT(Cs., Cj.) for the consideration that Cys or Cy,. plays
an important role in the circuit performance [29]. Cy4 or Cj is
also plotted for the completeness despite the insignificant effect
on the circuit. Besides, two gate resistors I2,; are used at the
control end of the switches. The usage of R,1 (Ry2) is based on
two reasons: 1) discharging the reversely accumulated charge on
Cy1 (Cy2) last half period and 2) discharging Cy; (Cy2) to zero
to turn off the switch Sy (S2) before the operation of Sy (Sh).
In this way, the switching operation is facilitated without the
needs for additional neutralization charge from C);. Notably,
a frictional resistor r is introduced in each inductor branch to
stand for the parasitic serial resistance loss on the transformer
and the diodes.

In the circuit, the piezoelectric element is equivalent to a
current source i, in parallel with an intrinsic capacitance C and
a leakage resistor Ry. Considering that this paper is devoted to
the circuit investigation, the piezoelectric generator is assumed
to be subjected to a sinusoidal motion of constant displacement
amplitude uy; and u = uy;sin wt and we have

leq = QU = QWU COS Wt (1)
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Fig. 1. SP-OSECE circuit with two possible switch types of MOSFET and BJT.
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according to the piezoelectric constitutive equation. Here, v is
the force factor of the piezoelectric generator, w is the vibration
frequency, and u is the displacement. Then the analysis about
the piezoelectric generator with the SP-OSECE circuit can be
performed completely from the electric aspect. Therefore, the
current source 7o, is determined and a numerical model can
be constructed in the LT-Spice software. For comparison pur-
pose, the waveforms of the SP-OSECE circuit in Figs. 2 and
3 are obtained with LT-Spice software using the MOSFET
Si2392ads and the BJT TIP31C as switches for R,; = R)» =
R, =200k and C); = C)» = C}, = 0.5nF with other com-
ponents listed in Table III.

As indicated in Figs. 2 and 3, the operation of the SP-OSECE
circuit can be divided into four phases for each half-period
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(b)

Simulated voltage waveforms of the SP-OSECE circuit with two different switches and other components identical: (a) MOSFET Si2392; (b) BJT

between two switching operations: (1) natural charging; (2) volt-
age inversion; (3) energy transfer; and (4) charge neutralization.
Considering the positive half-period ty — to + 17/2(T = 27 /w
is the period) as shown in Fig. 2, S; and S, are opened at the
beginning of the natural charging phase. Both LC branches are
blocked and the current 7., charges Cy with V,, increasing. At
the meantime, the detector capacitor C),; is also charged through
R, and D; while Cy» and Cyy are charged through 7}, and
the base resistor 2. As V), reaches the extreme V,ar, Vip1
reaches the peak value V,,,; — AV) subsequently with some
delay due to the RC circuit composed of R, and C),;. The
peak is then preserved by the envelope detector and V), starts to
decline. When V), goes smaller than V)5, — AVi — Vgi (VaE
is the base-emitter voltage of 7),; and AV; is the voltage drop
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on I?,; and D), the comparator T),; turns on and the current
from C); charges Cy; to make V,; greater than the threshold
voltage Vi, (Vys—n for MOSFET and Vg for BJT). During
this process of turning on the switch, V,, further decreases to
Vosr — AV — Vg — AV; and the nature charging phase (1)
ends. Then the voltage inversion phase (2) starts in the form
of LC oscillation (L,; and Cjy). Due to the configuration of the
fly-back transformer, the energy stored in the LC circuit is not
transferred at the first quarter of the LC oscillation due to the
reversed bias of D3 because the induced voltage on L3 is nega-
tive. As the LC oscillation continues and V), is reversely charged
to —(Vioaa + Vp)/m (Vp is the voltage drop on the diode),
the voltage on L3 at the secondary side becomes larger than
Vioad + Vp. The SP-OSECE circuit enters phase (3) with the
energy stored in the transformer transferred to the load. Af-
terwards, the charge neutralization phase (4) begins due to the
voltage difference between Cy, C,1, Cp2 and Cy;. The current
from Cj starts to reversely charge C,,1, Cy1 through (T),1, Rp1),
and C)y through (R,2, Ds). As aresult, V;; becomes negative
and S; is closed. It is represented by RC process as indicated
in Fig. 2 corresponding to the time constant 77 and 7, respec-
tively. As aresult, a voltage retreat towards zero for V), due to the
charge neutralization process can be observed in Fig. 2. At the
meantime, the accumulated charge on Cj» with the positive Vo
(S5 is closed when V5 is negative and lower than the thresh-
old) begins to discharge through R,». It facilitates the switching
on of S, since the charge from C) is only required to charge
Cyo to —V,s_¢, from zero instead of a relatively large posi-
tive value. With the positive half-period ending, the SP-OSECE
circuit starts to operate similarly for the subsequent negative
half-period.

III. COMPARATIVE INVESTIGATIONS ON THE SP-OSECE
CIRCUIT WITH ELECTRONIC BREAKERS

A. Analysis

In spite of the similar operations of the SP-OSECE circuit
with the two different switches, it is noticed that the circuit
performance represented by the load voltage Vj,,q with the
same Ry in Fig. 2 is different, 10.8 V for the MOSFET and
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Simulated current waveforms of the SP-OSECE circuit: (a) MOSFET Si2392; (b) BJT TIP31C.

9.9 V for the BJT. The maximum piezoelectric voltage V),
and the switching voltage Vj; in two cases differs as well. It
implies that the switch type plays an important role on the circuit
performance, thus it is meaningful to perform studies about the
switch’s influence for the improvement of the circuit design.

Using the model derived in [29], the SP-OSECE power per-
formance can be written as

Vload2 - "7.fC(0'rnZ‘/a2
R nfCyRp +m?

Psp osece = 2)
in which f = w/27; 7 is the energy transfer efficiency of the
circuit related to the circuit quality relies on the used components
(diodes, switches, transformer, transistors, etc.) and the working
conditions such as the excitation level and the load situation, etc.
[30]; m is the turn ratio; and V, is the piezoelectric voltage at
the start of the voltage inversion phase

VO’d
Vi m Vorr + 2Vie cosy & —20 — AV; 42V, cosf, (3)
m

where 6, is the phase lag between the switching instant and the
peak position V},57, AV3 is the voltage retreat variation due to
the charge neutralization as indicated in Fig. 2, and V. is the
generator’s open-circuit voltage magnitude. Using (2), we have

~ —AV3 +2V,. cosb,

Va “
1,/ —1fCoRy
nfCoRL+m?
and the open-circuit voltage magnitude can be expressed as
‘/0 ,0rg C — VIH
‘/;)C:C,O—D(‘UO and ¢ = tan 1|17| (5)
V VR02 + ‘/ImQ VRe
with
auyy
V;)r org —
-,0rg CO
c, +GC, C,
RPN (T —
1+w?(Cy+C,)" Ry wCy "R, +1
Vim = S W (Cy + C))’ Ry WG’ R,

Ry  1+w(C, +C))’R?  w?C R+ 1
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Here, V. org represents the generator’s original open-circuit
voltage with R neglected and the SP-OSECE circuit discon-
nected, Ry; = Ry = R, is the base resistance of the com-
parator transistor 7T),; and ¢ is the phase difference between
V, = Vpu and ieq = 0. Equation (4) is obtained on the base-
ment that the SP-OSECE can be simplified as an RC net-
work composed of R,1, Cp1, Cys1, Cys2, Cpo, and Ry in the
natural charging phase. This can be deduced from the cir-
cuit’s operation principle in Fig. 1. When wR,C,, << 1 and
wa(Cp + C’q) << 1 are satisfied for the usual case, (5) can
be further simplified as

~ C() ‘/;)c,org
Co + 201) + Cy .
As shown in Fig. 2, 0, can be further divided into three parts:
0 from the envelope detector’s RC circuit delay (R,; and C);),

f, from the voltage drop to make the comparator turn on, and
03 from the charging process to turn on the switch. It holds

0) + 0y = cos ™! (1 _ AV1+VBE>
Voe

Voc ©)

. 1=V /Voe VBE
cos — =71 9% _
\/1+w2RpCp V;m

05 =0, — (61 +62)

:COS_l l_VD/%(: _@_ A‘/Q
\/]. +w2RpCp Vvo(’, V;x:

1=V /Voe VBE> )

-1
— cos ——
<\/1+w2RPCp Vac
in which AV; is the voltage drop on the diode D,; and the
envelope detector resistor I?);, and

AVy = Cy Vi /Cy + Vinbs /(wRy) ®)

is the voltage drop of V), during the charging of Cy; until the
corresponding switch is turned on. Obviously, #; and 6 are
almost not affected by C; and V;;, except the slight and indirect
influence through V,,.. However, 05 is directly related to Cy and
Vin as seen in (7) and (8) since it determines the time to charge
Cy over Vi, and the voltage drop AV5. In particular, the last
term at the right side of (8) accounts for the leakage current
through the gate resistor R,; = I2, for this duration, implying
that V43, imposes more influence than C,.

With the same components except the switches, the values
of m, R,, Ry, Cy, R, f, and C), are identical for both cases
of MOSFET and BJT switches. By carefully observing (2) and
(4), it can be deduced that the performance difference is only
related to V,., AVs, 6,, and 7. Analysis is thus performed on
these variables for the two cases of BJT and MOSFET in order
to understand the influence of the switch type. Before conduct-
ing the comparison, three pairs of BJT and MOSFET switches
which have similar max allowed Vpg (or Veg) / Ip (or I¢)
are chosen to obtain a preliminary knowledge about the dif-
ference of the two switch types and the parameters are listed
in Table I. The ratings vary from 100 V/3 A, 60 V/2 A to
20 V/1 A in the around. Considering the power electronics ap-
plications, the switches with the current rating below 1 A are not
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TABLE I
PARAMETERS FOR THE SELECTED BJT AND MOSFET SWITCHES OF THREE
DIFFERENT RATINGS
Switches Type Ratings Vin (V) Cy (nF) CyViy
(VDS/ID or (nC)
Ver/Io)

Si2392ads MOS 100 V/3.1 A 1.2-3, typically  0.1345 0.31
[32] 2.3
TIP31C BIT 100 V/3 A < 1.8, typically 0.477 0.303
[33], [34] 0.636
Si2308bds MOS 60 V/1.9 A 1-3, typically 0.133 0.253
[35] 1.9
PZT651T1 BIT 60 V/2 A <1, typically 0.0745  0.043
[36] 0.582
SiUD402ed  MOS 20 V/1 A 0.4-0.9, 0.01 0.006
[37] typically 0.62
BCP68TI BIT 20 V/1 A <1, typically 0.0745  0.043
[38] 0.582

considered here. However, due to the difficulty to find the BJT
and MOSFET switches with the exactly same rating, the MOS-
FET switch Si2392ads has a current rating of 3.1 A for 100 V
grade and Si2308bds has a current rating of 1.9 A for the 60 V
grade with the ambient temperature TA = 25 °C. It is assumed
that the slight difference would not affect the investigations
hereafter.

Beside the ratings, Table I also shows the parameters of the
switches in different aspects: the parasitic capacitance C, (Cj
for MOSFET and (. for BJT), the turning-on threshold V}y,
(Vys—n for MOSFET and Vg _1, for BJT), and the product of
the two C,, V{y,. Since the parameters are not specifically given in
the datasheet, the values used here are obtained from the Spice
model provided by the manufacturer [32], [33] or the LTspice
library [34]. Moreover, the BJT’s turning-on threshold Vi _¢n
adopts the base-emitter junction voltage V;. which is consid-
ered to be a reasonable estimation. It is close to the base-emitter
voltage value with Iz = 1 mA. Besides, the base-emitter capac-
itance C. adopts the junction capacitance C. as well. From
Table I, it is found that V4, and C, decreases with the maximum
voltage and current ratings. Moreover, the MOSFET has larger
Vin than the BJT does for higher ratings (100 V/3 A, 60 V/2 A)
and the difference diminishes as the rating decreases (20 V/1 A).
In contrast, C; does not show a specific trend that the MOSFET
or BJT has larger values than the other. It seems more likely
dependent on the specific devices. In this paper, the comparison
pair Si2392ads/TIP31C is used for following investigations due
to the proper voltage rating, and more importantly, the close
Cy Vin values as seen in Table 1.

Among the parameters, C, and V;, affects the open-circuit
voltage V. and 6,. Easy to find from (6), V. decreases with
Cy so that V, gets smaller accordingly as indicated by (2). Con-
sidering that C, is usually much smaller than Cy, V,. would
not vary much for both switch types. In contrast, a more notable
influence on the phase lag 0, is exerted by C; and V;, to-
gether. Since the BJT and the MOSFET shows no obvious trend
about (), the turning-on threshold Vjy, is mainly considered
here.

An additional effect related to C; and V;y, is about the start
voltage of the SP-OSECE circuit. In order to properly start the
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SP-OSECE, it requires the open-circuit voltage V. to be capable
of turning on the switches. It implies that

‘/;)C_VD

Ve —AVy — Vg = ——2 L2 1
LT iretr,c,  OF
O{ ‘/th ‘/th 03 C( ‘/th
> AV, ~ 2 9
2~ o "%R, TG,
)

according to (7) and (8). When wQRpCp << 1 is satisfied, it
yields

V;J(: > qull/cp + VD + VBE or

Cp > quth/(‘/oc —Vp — VBE)' (10)

It can be drawn that a minimum V., called as the start voltage
Vitart» 1 required to start the SP-OSECE circuit for the given
C), and the selected switches. In turn, a minimum requirement
on C),, also exists for a given V. and selected switches. Due to
relatively larger V;y,, a higher V., is needed for the MOSFET
switch.

Beside Cy and Vjy,, the switch-driven mechanism is another
important factor of the SP-OSECE circuit performance. For
MOSFET, the conduction of the switch is determined by the
condition whether the gate-source voltage is larger than the
threshold V, ,_},. As indicated by the waveform 4,; in Fig. 3(a)
that no visible current is required at the gate, the MOSFET is
a voltage-driven device and its performance is related to the
drain-source resistance Ry, , which is weakly dependent on
the gate-source voltage as well. Here, for the Si2392ads in our
case, Rys_,, differs from 0.1-0.4 Q) with the gate-source volt-
age varying from 10 to 4.5 V according to the datasheet [32].
High gate-source voltage leads to relatively low R;;_,, and
thus slightly improved circuit quality factor and energy transfer
efficiency 7. Distinguished from the MOSFET with the voltage-
driven mechanism, the BJT switch is a current-driven device,
which means that continual base current is necessary to keep on
the conduction of the BJT switch even though the base-collector
voltage is greater than the threshold voltage V1. Itis clearly
seen in Fig. 3(b) that a nonzero i, is injected into the base of
the BJT. Depending on the base current, the BJT switch has
three working regions: the amplification region with high dc
current gain 3 of the order of hundreds, the saturation region
with low dc current gain 3 of the order of dozens, and the cut-off
region with ultra-low base current. When used as switches in
the SP-OSECE circuit, the BJT is meant to work in the satura-
tion region with small collector-emitter voltage Vi so that the
power dissipation on the BJT switch is small for the purpose of
high efficiency. It requires the base current Iz is large enough
to satisfy the following dc gain condition:

Ip 1

T > 3 (11)
in which I is the collector current and 3. represents the as-
sumed critical dc gain between the amplification region and the
saturation region. To be noted, 3. might vary with the BJT’s
working condition and not have a fixed value. Then, using the
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integration of Iz and I~ over the time of the whole voltage-
inversion process, we can deduce

1 1
7QC ~ 7C()(V;z + Vioad/m)

p( a t )> > 3 3

where (D is the total charge into the base during the voltage
inversion phase and Q)¢ is the total charge into the collector.
The last term at the right in (12) represents the minimum charge
on C); to ensure that the BJT switch operates in the saturation
region, while the first term at the left represents the maximal
charge available on C); for the base current /5. Especially,
whenboth V,, >> Vgg_i, and V, >> V.4 are satisfied (which
corresponds to most cases), we have
c, > iC’U. (13)
Be

It hints that a second minimum limit on C,, beside (8) exists
for a given Cj to ensure the working point of the selected BJT
switch to be in the saturation region. In particular, this minimum
limit is inversely proportional to the BJT critical dc gain (3. and
increases with C. On the one hand, the dissatisfaction of (13)
will lead to the shift of the BJT switch’s working point into the
amplification region with high collector-emitter voltage Vg so
that the circuit energy transfer efficiency n will significantly de-
crease. On the other hand, the increase of C,, with respect to Cj
to satisfy (13) decreases V,. with a factor of 2C,, and increases
01 + 60, simultaneously, resulting in smaller V,.cos§, in (4). A
trade-off on the determination of the optimal C), has to be made
and the optimal C,, is inclined to show strong correlation with
Cy. It is especially unfavorable for large Cy cases, in which a
larger C), has to be used with the BJT switch while a smaller
C), can be selected with the MOSFET with better performance
in this point.

However, the current-driven mechanism of the BJT switch
brings additional benefit on reducing the voltage retreatment
AVj3 as implied in Fig. 2, which is favorable to the performance
according to (3). In the MOSFET case, during the process of
turning on the switch .S;, the voltage between C),; and Cj;
is almost balanced around V, ~ C,V, /(C, + C,) [denoted in
Fig. 2(a)] and the remaining charge on C); to be neutralized can
be calculated as C2V,, /(C, + C,) while the remaining charge
of the other envelope capacitance is estimated as C, V},5;. Then
the voltage retreatment AV3 can be calculated according to the
final voltage equilibrium between Cj and the two capacitors
Cpi (i = 1, 2) after voltage inversion and we have

AV3 Mmos

~ Vioad o C()Vioad/m - CpQV;J/(Cp + Cg) - Cp‘/;gM
m C[) +QCZJ +Cq
_ CPQVa/(Cp +Cy) + CyVour + (26, + Cy)Vigaa/m

Co +2C, + C,
(14)

In the BIT case, after turning on the switches, the charge
on C); is totally injected to the base due to the current-driven
mechanism and the remaining voltage V. and charge on C),; to
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TABLE II
BRIEF COMPARISON SUMMARY BETWEEN BJT AND MOSFET SWITCHES

Definition MOSFET BIT Preferred
Gate parasitic capacitance C,, Depending on specific components Depending on specific components -
Turning-on threshold V;}, Relatively larger for high ratings Relatively small for high ratings BIT
Driving mechanism Voltage-driven mechanism Current-driven mechanism MOS
Cy and Vi, ’s influence 1) Introduce more phase lag; 1) Introduce less phase lag; BIT

2) Induce higher start voltage Vitart 2) Induce smaller start voltage Vitart

3) Decrease V,,. and V,, 3) Decrease V,,. and V,
Driving mechanism’s influence 1) No requirement on C), 1) Minimum requirement on C), to ensure the MOS

2) Slightly affect the energy transfer efficiency
7 by the drain-source resistance related to the

gate-source voltage

saturation working region

2) Significantly affect the efficiency 7 in the
amplification region;

3) High C), decreases V; , V,. and increase
the phase lag due to RC delay

be neutralized is zero as seen in Fig. 3(b). Only the remaining
charge on the other envelope detector capacitance C), Vs is to
be neutralized. Consequently, the voltage retreatment AVj is
calculated as

Vioad . CoVoad /m - Op V})M
Co +2C, +C,

— CP‘/P]W + (2017 + Cg)vioad/m

Co + 201) + Cg

AVzpyr =

s)

which is much smaller than the value in the case of MOSFET. It
can be also observed from the waveforms in Fig. 3 that the volt-
age on C); after inversion is zero for the case of BJT switch and
a large non-zero value of V,. is found for the case of MOSFET.

From the aforementioned analysis, it is found that the switch
type affects the circuit performance from various aspects and
different features are found for both types, respectively, as sum-
marized in Table II. The BJT’s low Vi _¢;, promises both lower
phase lag 0, and smaller start voltage V., while the MOSFET
can be used with smaller C,, for large C)y which is favorable to
the circuit performance. However, it is interesting to find from
Figs. 2 and 3 that, although the BJT switch possesses benefits
of smaller phase lag 6, and voltage retreatment AVj3, the circuit
performance is still not as good as the MOSFET case. It implies
that the current-driven mechanism of the BJT presents more
critical limitations on the performance in this simulated case. In
order to clarify the benefits and deficits of the two switch types
and their influence on the circuit performance, further studies
based on experiments and simulations have been performed and
presented hereafter.

B. Results

To fulfill the comparative investigations about the two types of
switches, a piezoelectric generator connected to the SP-OSECE
circuit is prepared for experimental tests, as shown in Fig. 4. It
is composed of a steel cantilever beam (20 mm x 100 mm X
0.6 mm) and a piezoelectric ceramic patch (20 mm x 30 mm
x 0.4 mm) attached to the beam top at the clamped end. A
specially designed fixture is fabricated to fix the generator on
a shaker (2075E-HT, The Modal Shop), which is driven by
a signal source (DG1032, Rigol) through a power amplifier

Laser displacement sensor

Fig. 4. Experimental setup.
TABLE III

COMPONENTS AND PARAMETERS
Definition Value Definition Value
MOSFET (S;) Si2392ads BJT(S;) TIP31C
Transformer 77 WE750811290 (m = 1)  Transistor (7,;)  2N5401
Diodes (D;, Dp;) BYV28-100 Co 13.75 nF
Ry 5MQ R 200 k2
a 0.0003 N/V Ry; 200 k2
Ry; 3.3k Ry; MQ
f 67 Hz wunr 1.25 mm

with a sinusoidal excitation of 67 Hz around the generator’s
resonant frequency. With the laser displacement sensor (HL-
C203BE, SUNX) adopted, the displacement amplitude of the
beam tip is controlled to be constant as uj; = 1.25 mm by tuning
the excitation level. Meanwhile, the voltage V,, and Vi,aq are
acquired by an oscilloscope.

Parameter identifications are first performed on the piezoelec-
tric generator. With C\y measured by a multimeter, o and Ry are
determined through the original open-circuit voltage response
without circuit and the phase difference between the displace-
ment and the voltage. Table III lists the parameter values as well
as the electronic components used in the SP-OSCECE circuit.
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With the equivalent current source determined using (1), two
simulation models using MOSFET Si2392ads and BJT TIP31C
as switches are then established using the LT-Spice software. In
the circuit, the resistor I2,,; in the envelope detector is selected to
200 kS2 for the purpose of avoiding misjudgment on the voltage
extreme while the load resistor Ry is fixed to be 200 k€2 for
simplifying the investigations. However, it is thought that the
load value would not affect the comparison results with the
same components since the load imposes identical effects on
both cases according to (1) and would not induce performance
difference, especially considering the low load dependence of
the SP-OSECE circuit [18]. Notably, the serial resistance r is
determined by fitting the simulations with experiments due to
the difficulty of direct measurement.

As analyzed before, the SP-OSECE circuit’s performance
is closely related to the detector capacitance C),. In view of
that, multiple experiments and simulations with different C),
have been performed for the circuit with the MOSFET and
BJT switches, respectively. Fig. 5 shows the results for these
two cases. As seen in Fig. 5(a), the obtained open-circuit volt-
age values V,. using two various switches are close to each
other without obvious discrepancy and both decrease with the
increasing C), values. It is logic according to (6) since the par-
asitic capacitance C,; is much smaller than Cyy with little effect
on V...

In contrast, obvious discrepancy is observed for the phase lag
6, in the two cases, as shown in Fig. 5(b), especially for small
C,, values. The reason is that the MOSFET Si2392ads possesses
larger Vi, than the BJT TIP31C despite of similar product value
of C,Viy,. According to (7) and (8), a larger voltage drop AV,
is induced to turn on the switch Si2392ads, thus leading to
the increase of #3 and 6,. As C, increases, AV, gets smaller
according to (8) and the proportion of 83 in the total phase lag
0, decreases while the phase lag 6, is dominated by 6, + 60
by virtue of the increased RC phase delay and the decreased
Vo according to (7). The close results of 6, for large C), hint
similar 6, + 6 with the two different switches, in accordance
with the aforementioned analysis. The same trend that the phase
lag 6, first decreases and then increases is found for both cases.
It can be understood with (7) and (8) that, as C), increases, the
dominant 65 in 6, for small C), cases decreases to the secondary
position while the sum 6, + 65 increases and begins to occupy
the dominant position in 6, for large C), values. Therefore, an
optimal C), exists to obtain the smallest phase lag 6,, as shown
in Fig. 5(b).

As another important factor of the SP-OSECE circuit per-
formance, the energy transfer efficiency 7 is also plotted in
Fig. 5(c). Higher efficiency is obtained in the case of the MOS-
FET switch Si2392ads in comparison with the case of the BJT
switch TIP31C for small C), values from 0.2 to 2 nF and the
maximum efficiency in the MOSFET case is also higher than the
one in the BJT case. It is because small C,, values are not able to
provide the required current to let the BIT switch work in the op-
timal saturation region. Consequently, larger power dissipation
on the BJT switch decreases the energy transfer efficiency. As
C, continually increases, the BJT works in the saturation region
and better efficiency is found for BJT. The reason is that the
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BJT’s benefit of reducing the voltage retreatment AV3 becomes
obvious for large C,, values with more charge to be neutralized.

Notably, the efficiency first increases then decreases with C),
in both cases while the power performance shows the same trend
as seen in Fig. 5(d). It is partly due to the C},’s influence on the
switch’s conduction properties in the way of varying the working
point of BJT or Rjs_,, of MOSFET and also partly due to the
interaction between the load voltage and the efficiency itself.
The power performance is related to the open-circuit voltage
V.., the phase lag 6, and the efficiency 7 at the same time. As
seen in Fig. 5(a) and (b), too small C,, introduces large phase lag
[see Fig. 5(b)] while too large C,, decreases V. and introduces
more phase lag 6, as well [see Fig. 5(b) and (c)], leading to
smaller V;, for both small and large C), values according to (3).
The power performance would become worse correspondingly,
implying smaller load voltage Vi,.q as well. When the voltage
drop on the diodes, the serial resistance r and the switches is
comparable to V},,q, the ratio of the energy consumed by these
components during the voltage inversion and the energy transfer
phases gets larger, leading to lower efficiency. In turn, the power
performance is affected by the efficiency until the equilibrium
achieves. Consequently, the efficiency 7 shows the trend similar
to the power performance in Fig. 5(d).

By inspecting the power performance in Fig. 5(d), it is found
that the circuit using the MOSFET switch case obtains higher
max performance, about 112% of the one with the BJT switch.
Considering the larger phase lag introduced by the MOSFET
Si2392ads and the similar V. in both cases, it shows that the
efficiency plays a critical role in the performance. More specif-
ically, the current-driven mechanism decreases the available
maximum power due to the trade-off between V,.cosf, and
7. As C), continually increases, the BJT in the saturation region
brings superior power performance due to the less neutralized
charge.

Since a minimum C, is required to ensure the proper working
region of the BJT switch for better efficiency and performance,
it can be inferred that this minimum C,, for BJT switches de-
termined by (13) increases with Cy. The effects of decreasing
V,ccos 6, will become more obvious making the obtained V,
values smaller according to (3). As aresult, the available optimal
performance using the BJT switch is inclined to be even worse
in comparison with the case of using the MOSFET switch as ()
increases. In addition, the performance comparison for different
original open-circuit voltage V. oy corresponding to different
excitation levels is also meaningful to obtain a more complete
and better understanding about the influence of the two dif-
ferent switch types. For these reasons, additional studies are
performed for two typical cases: 1) generators with Cjy from
small to large values with the same original open-circuit voltage
Voc,orgs 2) the same generator (C constant) with V. o, from
small to large values. Consequently, a more complete compari-
son can be made for the two switch types. Considering that good
agreements between experiment and simulation are validated in
Fig. 5, the LT-Spice models are further used for the followed
investigations.

Fig. 6(a) shows the comparison results of the power perfor-
mance when the generator’s intrinsic capacitance C|, varies from
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and C}, with Cy constant.

2to 100 nF with V. ., constant as 37.5 V and C), varying from
0.1 to 10 nF for each Cj case. It is shown that the BJT switch
brings almost the same optimal power as the MOSFET switch
only in very small Cjy cases (no more than 5 nF). As () in-
creases, the MOSFET switch case outperforms the BJT switch
case with much better power. However, for large C,, values de-
viating from the optimal region of the power performance, the
BIJT brings slightly better performance than the MOSFET due

|MOSFET ..

- —
[+ =]

Power(mwW)
o
(2]

(b)

Simulated power performance of the SP-OSECE circuit: (a) varying Cjy and C), with constant original open-circuit voltage V. org: (b) varying V,c org

to the benefit of less charge neutralization, as analyzed in last
section. Fig. 6(b) presents the comparison results in the other
case that the generator’s original open-circuit voltage Vi¢ org
varies from 2.7 to 40 V with C, constant as 13.75 nF. It is seen
that the BJT brings slightly better optimal performance for low
Voc,org values while the MOSFET outperforms for large Vi org
values. The reason is that the phase lag introduced by BIJT is
smaller than the one introduced by MOSFET for small V, ¢
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values and it imposes more positive effects with the negative
effects of the current-driven mechanism compensated.

In order to have a detailed view about the comparison, the
optimal results in these two cases are plotted with the corre-
sponding C),, 0, and 7 depicted for the variable Cy case (left
column) and the variable V. o case (right column) in Fig. 7.
The following facts can be found that:

1) As Cj increases, the optimal C,, increases correspond-

ingly in the BJT case but stays almost stable in the MOS-
FET case as indicated in Fig. 7(a). It is consistent with
(13) for the BJT case due to the current-driven mecha-
nism. The very slight increase of the optimal C), in the
voltage-driven MOSFET case is attributed to the lower
phase lag [see Fig. 7(c)] since increasing C), slightly will
effectively decrease AV; for relatively large Cj values.
Meanwhile, except the same decreasing trend for both
cases at the beginning, the opposite trend is observed for

the phase lag 6, which increases with C for the BJT case
but decreases for the MOSFET case for relatively large C
case, as shown in Fig. 7(c). In the BJT case, the increasing
optimal C), enlarges both the phase lag ¢, by introducing
additional RC delay and the phase lag 6, by lowering V.
so that 0, increases. In the MOSFET case, with V,. o1
constant and C), almost unvaried for the increasing Cy, the
obtained open-circuit voltage V,,. will increase according
to (4), leading to the decrease of 65 and ¢, as well. Regard-
ing the efficiency 7 in Fig. 7(e), the efficiency decreases
with C,, for both cases due to the circuit quality factor re-
duced with the increase of C(y. However, the decline speed
of the efficiency in the BJT case is slightly faster than the
speed in the MOSFET case. It is also attributed to the de-
crease of V,. induced by the larger optimal C), for the BJT
switch. With the earlier analysis, it can be explained that
the BJT switch brings similar performance for small C
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but much worse performance for large Cj in comparison
with the MOSFET switch, as indicated in Figs. 6(a) and
7(g), which is in accordance with the previous analysis
in Section III-A. The optimal power with the MOSFET
switch is 158.52% of the power with the BJT switch in
the case of Cy = 100 nF.

2) Asseen in Fig. 7(b), the optimal C,, with the MOSFET is
higher than the one with the BJT for small V. o, cases
since larger AV; is required due to the higher V;, of
Si2392ads. However, as V. o, increases, the optimal C),
decreases in both cases. Notably, the optimal C), with the
MOSFET switch continues getting smaller and becomes
lower than the one with the BJT switch which approaches
to the minimum requirement of C), according to (13).
Meanwhile, the increasing V. .., makes the phase lag
induced by AV, become smaller and negligible. Conse-
quently, the phase lag 0, decreases as V, vy increases
and approaches a constant value and the MOSFET al-
ways brings larger phase lag as shown in Fig. 7(d). In
contrast, the efficiency increases in both cases to a stable
value, as indicated in Fig. 7(f) since the dissipation on
diodes becomes negligible for high V. .., cases and the
efficiency is mainly determined by the circuit quality fac-
tor related to the transformer and the switch. Due to the
trade-off between the optimal C), and the efficiency in-
duced by the current-driven mechanism, the BJT presents
lower efficiency than the MOSFET for most cases and the
difference is enlarged for large V,. ry cases. As a result,
the optimal power in both cases is similar without obvious
difference for small V,,. o, While better results are found
with the MOSFET switch for large V,. or; values. The
power with the MOSFET switch is 112.41% of the power
with the BJT switch for V. o1 = 40 V.

For the purpose of validating the simulation results, experi-
mental tests are performed on a generator with four piezoelectric
patches. By varying the connected piezoelectric patch number
and connecting an additional capacitance in parallel, the capac-
itance Cj of the generator can be changed while the original
open-circuit voltage is set to 37.5V as simulation for the case of
left column in Fig. 7. However, in order to avoid damage of the
generator, the maximum capacitance tested in Fig. 7 is around
60 nF since high displacement amplitude is required to obtain
the open-circuit voltage of 37.5 V as Cj increases. For the right
column, a single piezoelectric patch is still used with the orig-
inal open-circuit voltage changed by displacement amplitude.
By checking the experimental results with the simulation, it is
clear that the experimental results shows similar trend as the
simulation and confirm the analysis well.

Experimental investigations are also performed about the SP-
OSECE circuit’s start voltage Vi, which is considered as an
important figure about the circuit performance. It reflects when
the circuit will start to work. Lower start voltage means the
circuit can harvest energy from lower displacement amplitude
uyy , corresponding to lower vibration level. Fig. 8 presents the
experimental results of the SP-OSECE circuit with the two var-
ious types of switches. In both cases, Viar¢ decreases with C),
as expected from (10) since the voltage drop AV to turn on the
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Fig. 8. Experimental start voltage of the SP-OSECE circuit with two different
types of switches.

switch become smaller. In particular, Vi, in the case of using
the BJT switch is always smaller than the corresponding value
in the case of using the MOSFET switch.

From the earlier analysis, it is shown that, due to relatively
higher V4, the MOSFET Si2392 brings higher start voltage
Vitart and larger phase lag than the BJT TIP31C. However, in
comparison with the BJT TIP31C, similar performance is still
obtained with the MOSFET Si2392 in smaller Cy or Vi ore
cases and much better performance is available for higher Cj
or V,¢ org cases. It confirms that the current-driven mechanism
of the BJT plays a critical role and restricts the optimal power
performance to be worse than the one with the MOSFET of
voltage-driven mechanism, especially for large Cy or Vi org
cases. It can be further inferred that with identical V4, and C,
the MOSFET would be always superior to the BJT in the SP-
OSECE circuit with electronic breakers (optimal C), used) while
Vitart Would be the same.

IV. SP-OSECE CIRCUIT WITH EXTERNAL CONTROL UNITS

Beside the electronic breaker approach, the SP-OSECE cir-
cuit can also be realized with external control units, for instance,
the velocity control approach [22] or using the integrated cir-
cuits [23], [24]. It is meaningful to investigate the switch type
influence in these methods to provide a more complete compari-
son study. Generally, the external control unit can be represented
by an equivalent pulse voltage source V; with a series resistor
R, according to Thevenin’s theorem as shown in Fig. 9. For
simplifications, it is assumed that the low level output of Vj is
zero to turn off the switches and the high level output is Vi to
turn on the switches. Considering the relatively small values of
R, (usually less than 100 k€2) and Cj; (in the order of 0.1 nF),
the phase delay for turning on the switch is small and negligible.

Fig. 10(a) shows the power performance for the case of
R, = 2k and variable V. This resistance value is selected ac-
cording to the estimated results from the datasheet of TLV3701
[39] which was used in the velocity control method [22]. It is
seen that the power output of the circuit using the BJT switch
TIP31C starts for very small Vi; values and gradually increases
to a stable value. It can be explained by the lower turning-on
threshold V;;, and the current-driven mechanism of the BJT
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Fig. 10.  Performance comparison between the SP-OSECE circuit with external control units and two different switches of the MOSFET Si2392ads and the BJT

TIP31C: (a) power with Ry = 2 k2 and variable VH; (b) power with Vi = 5 V and variable R (c) dissipation in the variable V case; (d) dissipation in the

variable R case.

since the small Vy values is not enough to supply the current
for the BJT in the saturation region. Therefore, the performance
is limited unless V}; is large enough as indicated in Fig. 10(a).
In contrast, the power output of the circuit with the MOSFET
Si2392ads starts for a slightly larger V; value due to the higher
Vin values but rapidly increases to the maximum value due to the
voltage-driven mechanism. Fig. 10(b) shows the performance
for the other case of Vi = 5 V and variable R;. Clearly, the
performance of the circuit with MOSFET is almost unaffected
while the power of the circuit with BJT decreases gradually

with R, from a certain small value around 100 €2. It implies that
the current supplied by V; is not sufficient to provide the opti-
mal working condition for the BJT TIP31C when R; increases.
Obviously, the current-driven mechanism of the BJT makes the
performance susceptible to external control circuits and special
considerations are required for design.

To be noted, the power dissipation for the operation of the
switches is another important factor to be considered. When
the external control circuits are powered by additional indepen-
dent sources, the power dissipation might be not so relevant.
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However, if the external control circuits are powered by the
harvested power, the dissipation for operating the switches will
play an important role in the final net power. For the MOSFET,
the dissipation can be estimated as

Pimos = 2fCyVi? (16)

which is used to charge C,; to Vy without continual current
required. As for the BJT, it can be estimated as

7/2
Pypir =2f Viigdt = 2f Vi (CoVyonr /8 + CyVin).
0

a7

Clearly, it is composed of two parts: 1) the consumption for
turning on the BJT and 2) the consumption of keeping the BJT’s
conduction during the voltage inversion. Here, it is assumed
the BJT is turned off exactly when the voltage inversion is
finished. In order to make BJT work in the saturation region,
we have 3 > [3.. Considering the normal case of C; < Cy /.
and Vg < %A{VPde]T is inclined to be larger than P; \ios.
It is verified by the results in Fig. 10(c) and (d) with the two
different switches and other parts are identical. It is found that
the dissipation in the BJT case is much higher than the one in
the MOSFET case. Moreover, the dissipation in the BJT case
increases when Vjy increases or R, decreases. It is due to the
increase of the gate current 7,. Meanwhile, dissipation in the
MOSFET case increases slowly with V7 but does not vary with
R as indicated in (16).

It can be thus concluded that the MOSFET switch is a more
favorable option for the SP-OSECE circuit with external control
units in comparison with the BJT switch based on two reasons:
1) the facilitation of reaching stable maximum power and 2) less
power dissipation for operation.

V. CONCLUSION

In this paper, comparative investigations have been performed
about the influence of the switch type (BJT or MOSFET) on the
performance of the SP-OSECE circuit. The analysis reveals that
the performance difference comes from three aspects: the gate
capacitance C,, (Cy for MOSFET or Cy. for BJT), the turning-
on threshold voltage Vi, (Vjs_¢y for MOSFET or Vpg_¢y, for
BJT), and most importantly, the driven mechanism (the voltage-
driven mechanism for MOSFET or the current-driven mecha-
nism for BJT). Preliminary survey on the available BJTs and
MOSFETs for the power purpose shows that the MOSFET usu-
ally has higher turning-on threshold with the same voltage and
current ratings while the gate capacitance does not have a spe-
cific trend. Followed investigations by experiments and simula-
tions based on the case study of adopting the BIT TIP31C and
the MOSFET Si2392ads show that:

1) For the SP-OSECE circuit with electronic breakers, the
BJT switch has the advantage of lower start voltage Viiart
and less phase lag for small C| cases (see Fig. 7) due to
the relatively lower turning-on threshold V;;,. However,
the current-driven mechanism of the BJT requires a min-
imum C), which increases with Cj at the same time. In
contrast, the voltage-driven mechanism of the MOSFET
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only requires C, to charge the gate capacitance C; and
turn on the switch with small phase lag in consideration of
the trade-off for V,,.. The optimal C), in the MOSFET case
shows weak dependence on Cj and decreases as Vi org
increases. Consequently, small optimal C), values are ob-
tained in the MOSFET case. It makes the circuit with the
MOSFET switch shows much better results on the avail-
able optimal power than the one with the BJT switch for
large C) cases. Moreover, the optimal power performance
using the MOSFET switch is close to the one with the BJT
switch even in the small Cy cases.

2) For the SP-OSECE circuit with external control units,
the BJT switch always show worse performance than the
MOSFET except smaller start voltage. The current-driven
mechanism requires the external unit to provide higher
driving current to let the BJT work in the saturation region.
Otherwise, the performance degenerates rapidly. Mean-
while, the MOSFET shows stable performance which are
less affected by external control circuits.

With the same voltage and current ratings, it can be therefore
concluded that the MOSFET switch is superior to the BJT one
for most aspects except the start voltage. Finally, it is reminded
that the investigations are performed on the SP-OSECE circuit
using the BJT or MOSFET switches, but can be extended to other
self-powered synchronous circuits and other switch types of
current or voltage driven mechanism with the same operations.
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