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A Single-Stage Synchronized Switch Interface
Circuit for Power Enhancement and Voltage
Regulation in Electromagnetic
Energy Harvesting

Jiacong Qiu
Minfan Fu

Abstract—Synchronized switch interface circuits demonstrate
good performance for electromagnetic energy harvesting appli-
cations, but lack adaptability in terms of harvested power. This
article introduces an additional control degree of freedom by
proposing two power control methods and implementing them in
a synchronous current inversion and energy extraction (SCIEE)
circuit. Theoretical analysis indicates that the single-stage system
achieves higher efficiency for approximately 41.3% of the sup-
ported load range compared to using a commercial de—dc regulator.
In the load transient experiments, the proposed system maintains
the output voltage well-regulated, with undershoot and overshoot
below 0.2 V. The output voltage ripple is 0.15 V at an 18 mA load
current. The proposed system is compared to three other options:
a direct ac—dc harvesting circuit, the synchronous switch energy
extraction (SSEE) circuit, and a two-stage harvesting system using
a commercial de—dc regulator and an open-loop SCIEE circuit. The
proposed system supports a maximum load current of 29.47 mA,
the highest among these options. In a field test, the proposed system
supports successful integrated circuit long range (LoRa) packet
transmissions and exhibits a broader supported load range than
the SSEE or direct ac—dc harvest scheme.

Index Terms—Energy harvesting, synchronous switch interface
circuit, voltage regulation.

1. INTRODUCTION

HE Internet of Things (IoT) technology has grown rapidly
T over the last few decades. As the number of deployed de-
vices increases, powering those embedded devices has become
increasingly expensive. On the other hand, energy is widely
available in the ambient environment. Harvesting ambient en-
ergy to power the embedded devices in different applications,
such as environmental monitoring [1], automotive systems [2],
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Fig. 1.  General representation and circuit equivalent of an EMEH.

and smart home systems [3]. Ambient energy harvesting helps
reduce the need for battery maintenance, leading to battery-free
systems and lower costs.

Energy harvesters can convert ambient energy into electricity.
Electromagnetic energy harvesters (EMEHs) are one of the most
commonly used transducers [4]. EMEH has a decent power den-
sity and relatively lower output impedance [4]. Fig. 1 shows the
schematic and circuit equivalent of an EMEH. V¢ represents
the electromotive force (voltage). L,, and R,, are the coil’s
equivalent series inductance and resistance, respectively. This
circuit equivalent is widely used in research on interface circuits
for EM transducers [5], [6].

Different mechanical designs of EMEH have been proposed
to harvest ambient energy. Those designs include cantilever
beams or mass—spring systems to create translational movement
between magnets and coils, thereby harvesting vibrational en-
ergy [6], [7], [8]. Such systems are suitable for vibration energy
harvesting. The system modeling process in such EMEH usually
involves considering the influence of electromagnetic damping
introduced by interface circuits. On the other hand, EMEH de-
signs have been proposed to harvest other types of kinetic energy
as well. Rotational harvesters, similar to a generator, are suitable
for harvesting energy from bicycles and other rotational move-
ments. Some rotational EMEHSs have also been proposed [9],
[10], [11]. Slow but strong translational movements, such as tidal
waves or human footsteps, can be converted into high-frequency
rotational movements for better harvesting capability [12], [13].
When the mechanical input is strong, and the EMEH design can
directly convert mechanical input to relative movement between
magnets and coils, such as in [13], [14], and [15], the EMEH
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can be modeled by the simplified model shown in Fig. 1 with
the amplitude of V¢ being regarded as constant.

The output of an EMEH is usually a low-voltage ac source,
which is not directly utilizable for IoT devices. Interface circuits
can convert the generated electricity of EMEH into utilizable
forms. The most straightforward circuit is a full-bridge rectifier
(FBR) or a voltage multiplier. The harvesting capability of such
rectifiers is limited, since the output voltage level of EMEH
is typically comparable to the diode voltage drop. Some early
works reported using a rectifier to rectify the ac output of EMEH,
followed by a boost converter [16], [17]. Active rectification can
reduce the dissipation on diode voltage drop and is often used
in integrated solutions [18], [19].

Direct ac—dc converters come from classic pulsewidth mod-
ulation (PWM) converters. They can enhance harvesting ca-
pability, boost output voltage, and reduce the dissipation on
diodes. They are also capable of regulating the output voltage
by controlling the duty cycle of the PWM switching signal.
Multiple publications have investigated this type of topology [6],
[20], [21], [22]. Some studies treat the output impedance (L,
and R?,,,) of the EMEH as a single entity or ignore it, incorpo-
rating an external inductor in the circuit topology for voltage
boosting [21], [22]. Others utilize the internal inductance of
the EMEH as the inductor for this purpose. Direct ac-to-dc
converters typically operate in discontinuous conduction mode
(DCM), as it offers advantages, such as source-load isolation
and zero-voltage switching [22].

The synchronized switch (SS) technique has been proposed
for piezoelectric transducers in [23]. The SS technique can
significantly improve the harvesting performance of piezoelec-
tric transducers [23], [24]. This technique can also enhance
the harvesting capability of the EM transducer. Sun et al. [7]
proposed the first interface circuit for EMEH based on the SS
technique, naming it the SMFE circuit. The SMFE circuit out-
puts more power than the FBR in their experiment. Xie et al. [25]
proposed an improved and self-powered version named syn-
chronous switch energy extraction (SSEE) for rotational EMEH.
The SSEE circuit harvested roughly twice as much energy as
FBR in their experiment. Another self-powered SMFE has been
proposed in [15] and can harvest more power than a voltage
doubler.

Some articles reported that harvesting energy from EMEH
and piezoelectric transducers simultaneously is also feasible.
Jia et al. [26] proposed using two self-powered interface cir-
cuits for EMEH and piezoelectric transducers, respectively, and
merging the output energy flows with diodes. Lombardi and
Lallart [27] reused the EMEH’s coil inductance as the induc-
tive element for the piezoelectric transducer’s interface circuit
to achieve simultaneous energy harvesting. The synchronous
current inversion and energy extraction (SCIEE) circuit has been
proposed for EMEH in [28]. SCIEE outperforms SSEE and
direct ac—dc under a relatively high coil quality factor. Existing
SS circuits for EMEHs operate on a fixed control scheme; the
control signal’s waveform or phase does not change during the
operation process. The impact of introducing control delays into
the control signal for SS-based energy harvesting systems, where
the source impedance significantly influences system behavior,
has not been explored in previous studies.
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The ability to control the output power of the interface circuit
is helpful in IoT applications. Most embedded devices require a
stable dc voltage supply, typically in the range of 1.8-5 V, with
3.3 V being the most common. If the interface circuit directly
powers an embedded device, then it should be able to output a
regulated dc voltage [29]. Meanwhile, when the interface circuit
charges an energy storage element, such as batteries, capacitors,
or supercapacitors, it should be able to regulate the output power
to maintain good charging efficiency and prevent the storage
element from exceeding its voltage limit.

Direct ac—dc converters can control their power by tuning
the duty cycle of their control signal. Numerous studies have
reported that this ability enables functionalities, such as voltage
regulation, maximum power point tracking, and torque con-
trol [6], [22], [29], [30].

Conventional direct ac—dc converters can output a regulated
dc voltage to power IoT devices. However, the mismatch be-
tween the output power and the power requirements of the IoT
devices remains significant in energy harvesting applications.
So, conventional active rectifiers struggle to meet the power
requirements of IoT devices. Alternatively, SS circuits are re-
ported to exhibit higher output power for some EMEHs [7],
[15], [25], [28]. Thus, using SS interface circuits to power [oT
devices has potential for improved performance. However, SS
interface circuits for EMEH reported in previous articles lack
the control degree of freedom and cannot output a stable dc
voltage for IoT devices to operate. This article proposes an SS
energy harvesting circuit for EMEH featuring two power control
methods: phase delay control and energy extraction (EE) interval
control. The proposed method is implemented in the SCIEE
circuit. The proposed method introduces an additional control
degree of freedom for electromagnetic synchronized switch
interface circuits, enabling load voltage regulation and thereby
extending their potential in energy harvesting IoT applications.

II. OPERATION PRINCIPLE
A. Circuit Topology

Fig. 2 shows the circuit schematic and operation waveform
of the SCIEE circuit with phase delay control. The operation
waveform of the EE interval control method is shown in Fig. 4,
both with an enlarged waveform on the right.

The SCIEE circuit comprises a sensing inductor, an inversion
branch, and a harvesting branch. L,, and R); are the internal
impedance of the EMEH. L is the sensing inductor, whose
inductance is much smaller than L,,. R, is the equivalent series
resistance (ESR) of L,. The controller can sense the voltage
zero-crossing points (ZCPs) across Ls and generate control
signals for v41 and vgo accordingly [31]. Ly, is the harvesting
inductor, designed to be much larger than L,,. C; is the output
capacitor. Ry, is the load represented by a resistor. The voltage
across Cy can be considered constant. C; is for the energy
transfer process during energy harvesting. C; is rather small
so that the resonant frequency of Cy and L,, is much higher
than the frequency of V. Cs is for the current inversion (CI)
process. For simplicity of design and analysis, we set Co = C71,
but they do not have to be equal for the circuit to function
normally.
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B. Phase Delay Control

Fig. 2 shows the operation waveform when control is realized
by delaying the energy harvesting phase.

At tq, the EMEH current ¢,,, = 0. M; and M5 are both ON to
short-circuit (SC) the EMEH. The equivalent circuit is shown
in Fig. 3(a). veps energizes L,,, and i,, rises between ¢; and ts.
The harvested energy is stored inside L,,,. This mode lasts until
the first current peak of EMEH.

At to, 1, reaches its negative peak. At this time, M, turns
OFF, steering the current in EMEH to Cs. L,,, L, and C5 form
an LC resonant loop; the equivalent circuit is in Fig. 3(b). The
LC resonance lasts half a resonant cycle and inverts the EMEH
current from negative to positive. When vco drops back to zero
at t3, the body diode of M5 conducts again to SC the EMEH.
Turning My ON after t3 can reduce the conduction loss and
realize zero-voltage switching for Ms at ts.

After ¢, the transducer is short-circuited with a nonzero initial
current, as in Fig. 3(a). Energy accumulates in L,,,, making 4,
rise. Some initial current in the EMEH introduces more torque,
so more energy is extracted from the mechanical domain than
in the previous SC phase. At t4, ., reaches its positive peak.

After 4, the circuit keeps the EMEH short-circuited until ¢5.
tq, the time delay between ¢4 and 5, is tunable. Longer ¢, results
in less energy output and less torque induced in the EMEH, as
the theoretical analysis in the next section shows. The controller
can control the output power by controlling ¢4. The minimum

(©) (d)

Equivalent circuit diagrams. L,s = Ly, + Ls, Rms = R + Rs. (2) SC mode. (b) CI mode. (c¢) EE 1 mode. (d) EE 2 mode.

energy output is achieved when ¢,,, is negative at ¢5. In that case,
turning OFF M will have no effect since the EMEH will still be
short-circuited by the body diode of M.

At t5, the circuit starts to harvest energy. The amount of
energy stored in the EMEH at ¢5 determines the amount of
extracted energy in this phase, as in Fig. 3(c). At t5, M turns
OFF to steer i, through D; to C1. L,, and C; form a resonant
loop to transfer the energy stored in the EMEH to Cy. Ly, is
much larger than L,,, so it has a negligible impact on the LC
resonance. This resonance lasts for a quarter of a resonant cycle
of L,, and Cy. When i,, reaches O at ¢;, D1 becomes reverse
biased. The EMEH is short-circuited with zero initial current
to accumulate energy for the next cycle. In the meantime, the
energy stored in C'; transfers to the load through L, and D, asin
Fig. 3(d).

The circuit operation suggests that the turn-OFF intervals of
M7 and M5 do not need to be precise for the phase delay control
method. If £ = 0, then the circuit operates like a regular SCIEE
circuit in [28].

C. EE Interval Control

Fig. 4 shows the operation waveform when controlling the
length of the energy harvesting phase.

At t1, there is some initial current in the EMEH, 7,,, > 0. The
EMEH is short-circuited by M, and M5 until t5. Fig. 3(a) shows
the equivalent circuit in this mode. Between ¢; and to, Vo < 0,
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Fig.4. Operation waveform of controlling the EE interval of the switch during
the energy harvesting phase. ¢;, is the EE interval.

S0 4., goes from positive to negative. This mode lasts until 7,,
reaches its negative peak at o.

The circuit inverts the EMEH current between ¢, and t3,
similar to the phase delay control method, and the equivalent
circuit is in Fig. 3(b). In both cases, the CI occurs at the negative
current peak of the EMEH. After the CI, the EMEH is again
short-circuited until ¢4, the positive current peak.

Att4, M turns OFF for t;,. When M turns OFF, i,,, is steered to
the harvesting branch, similar to the phase delay control method,
as in Fig. 3(c). However, for EE interval control, not all the
energy stored in the EMEH is transferred to Cy. At ¢y, M; turns
ON again to SC the EMEH and make D, reverse-biased, as in
Fig. 3(d). The circuit goes back to its initial state. On the other
hand, the extracted energy in C transfers to the load through
Dy and Lj,. The amount of extracted energy in this mode is
determined by the beginning and end values of 7,,.

The EE interval ¢}, is tunable. Shorter ¢;, results in less energy
output and less torque induced in the EMEH. The EE interval is
the turn-OFF interval of M. Therefore, for EE interval control,
the turn-OFF interval of M, needs to be precise.

If t;, > 0.57\/ (L, + Ls)C1, which is a quarter of the LC
cycle of L,,, + L, then the circuit operates like a regular SCIEE
circuit.

Since the energy harvesting process of SCIEE and SSEE
is similar, the same control method also applies to the SSEE
circuit. Section V-D provides more details on using such control
methods on the SSEE circuit.

III. THEORETICAL ANALYSIS
A. Output Energy of EMEH

The current level of EMEH, both before and after the EE
phase, determines its energy output. Most of the extracted energy
is transferred to C; and delivered to the load. To analyze the
output energy of the EMEH, ¢,,, at different time instances (e.g.,
t1 and t5) must be derived.

After obtaining the output energy, we can derive the energy
delivered to the load by analyzing the energy flow of the harvest
branch. Since the harvest branch consists of all switching ele-
ments and lossless elements, the energy output of the EMEH can

IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 41, NO. 4, APRIL 2026

be fully transferred to load Ry, given D1, Ly, Do, and C are all
ideal in steady state. For nonideal cases where Ly has ESR and
diodes have voltage drops, a detailed analysis of the losses in the
harvest branch is presented in [28]. Overall, the output energy
of EMEH can reflect the energy delivered to the load side.

B. EMEH Model

In the following discussion, we assume that the electrical
damping introduced by the interface circuit does not affect the
dynamics of the EMEH. This assumption is suitable for applica-
tions where the EMEH design directly converts the mechanical
input into the movement of magnets, as in [13], [14], and [15].
The EMEH’s circuit equivalent is an ac voltage source with
constant amplitude in series with a nonideal inductor, as shown
inFig. 1.

C. EMEH Energy Analysis of Phase Delay Control

Fig. 5(a) shows one cycle of the EMEH’s current waveform
when the control method is phase delay control, and Fig. 5(b)
shows the waveform of EE interval control. The CI and EE phase
is extended to illustrate the voltage waveform. Fig. 5(c) and (d)
shows the equivalent circuits. We assume that the electromotive
force (generated voltage) is a sinusoidal voltage

Vems = Vo sin (wt) (1)

where w is the source angular velocity and Vj is the amplitude.
Veme 18 also the open-circuit output voltage of the EMEH, so one
can extract the parameters of V¢ by measuring the open-circuit
output voltage of the EMEH.

The operation of phase delay control ensures that 4,, (¢1) = 0.
In the first SC phase, which is from ¢; to 9, the governing
equation of the system is

diyn (1)
dt

—Vosin(wt + wtg) = Lins + Runsim(t) )
where ¢4 is the controllable delay time mentioned in Fig. 2, and
Lys =L, + L, and R,,s = R,, + R, denote the inductance
and resistance in the SC loop, respectively. Solving (2), I 4, the
current level at ¢5, is obtained as

wtd—ﬂ
. wLns Vi Voe @ .
im(ta) = Lia(ta) = — < o _ (1/X7 sin(—wtq + @)
ms ms

3)
where X = R2, + L2 w?, Q = wLiys/Rus is the EMEH
quality factor, and ¢ = arctan(Q).

In the CI phase (t2 to t3), as shown in Fig. 5(d), an RLC
resonant circuit resonates for half a resonance period. Then, the
EMEH current at ¢3 is

Ioq(ta) = v1a(ta) 4)

where v = — exp(—7/2Q¢), Qe = WeLms/Rmse is the quality
factor during CI phase, Ry is the ESR of the EMEH at the
resonance frequency of Ly, and C'y, which is usually higher than
R, and w, = (LmsCl)’l/ 2 is the resonant angular frequency
of Ly, and C1.
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In the next SC phase (t3—t5), the governing equation of the
system is
diy, (t)
dt

where the initial condition is changed as i,,,(0) = I24. Solving
(5), the value of the current level at ¢5 is obtained as

~ + DwLnsVo
L) = (wtatm)/Q (1 + DwlnVo
(ta) =€ X

Vo(ye ®™/9 4+ 1)

VX

Therefore, the energy output per cycle of the EMEH in phase
delay control is

Vo sin(wt) = L + Runsim () (5)
I3q

+ sin(—wtq + ¢). (6)

1
Brp(ta) = 5 Lms(Tsalta)” )
So, the output power of the EMEH is
Ppp(ta) = Epp(ts) - w/2m. ®)

D. EMEH Energy Analysis of EE Interval Control

Fig. 5(b) shows one cycle of the EMEH’s current waveform
when the control method is EE interval control. At t;, the EMEH
current is Io,. From ¢; to o, the governing equation is

diy, (1)
dt

and the initial condition is i, (0) = I,. Solving (9) for Iy, gives

—Vo sin(wt) = L + Runsim (t) 9)

Lo=¢e@ oo~ 1, (10)
which is the EMEH current at ¢, and
I =1+ e ™)L wVo/ Xns. (11)

I, the current level of the EMEH if it is shorted for half a source
cycle, with the initial current being zero and the phase of Vi ur
being also 0. It is also the peak current level of the SSEE circuit.

The circuit behaves like the phase delay control case in the
CI phase, from 5 to t3. The EMEH current is inverted from I,
to I5,, where

I, = ’7110' (12)

In the next SC phase (t3 to t4), the governing equation is
diy, (t)
dt

and the initial condition is ¢,,(0) = I,. This state is similar
to (9), but the polarity of the initial current and Vs are both
positive in this phase. Solving (13) for I3, gives

Isp =€ ™/ QL+ I,.

Vo sin(wt) = Ly

+ Runsim (t) (13)

(14)

In the EE phase from ¢, to the next ¢;, the EMEH current
drops from I3, to I,. We define the ratio between Iy, and I3,
as D,.(tp), i.e.,

Dr(th) = IOO/ISO-

This ratio D,.(t5,) is determined by the EE interval ¢, if the
output voltage level is lower than half of the peak voltage level
on C [28]. If the previously mentioned condition is not satisfied
(usually under very light load), then D,.(¢;,) will be determined
by the EE interval ¢5,, the average output voltage, and the average
output current. However, D,. will still be dominated by ¢;,. The
analysis of D, is in Section III-E.

The value of I3, and Iy, can be solved by combining (10),
(12), and (14), which yields

(15)

1 —~e ™/Q
1—7-D.(ty) - e 27/Q

IOo(th) = I3, Dr(th)'

By the conservation of energy, the energy output of the EMEH
of the EE interval control is

I3o(tn) =

7)

1 1
Ero(th) = 5 Lms(Iso(tn))* = 5 Lms(Too(tn))*.  (18)
Thus, the output power of the EMEH is
Pro(tn) = Ero(tn) - w/2m. (19)

E. Relationship Between Harvest Time and Harvested Energy

The circuit in the EE phase is an LC resonant circuit with a
diode in its current path, as discussed in the previous section. If
the output voltage level is lower than half of the peak voltage
level on (', then the initial voltage on C is 0, and the initial
current in the inductor is I5,. The current waveform of i,,
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during EE can be approximated as i,, (t) ~ I3, cos(we1t), where
Wel = (LmSCl)’l/ 2 is the resonant angular frequency of L,
and C1. D,_pg(tp), D, under relatively heavy load, is

D,_p(tn) = cos(wer - tp). (20)

If ¢, is much shorter than the maximum duration of the EE
phase, then 4,,(¢) during the EE phase can be linearized. In
this condition, the initial voltage on C; can be approximated
as Voo ~ Vi, where V7, is the output voltage. Then, i,,(t) ~

I3, — ‘:f t. D._vr.(tn), D, under very light load, is
Vit
Dryi(tn) =1- 7 LIZ : Q1)
ms o

We define app = Ppp/Poy and arg = Pro/Popy as the
EMEH power ratios. The power ratios indicate the output power.
Py is the maximum power that can be delivered to a pure
resistive load if it is directly connected to the output of the
EMEH. Py is given by

‘/02 V Xims
P (L?nsuﬂ + (Rums + \/XmS)Q)

Fig. 6 shows the theoretically derived app and atg, com-
pared with the simulation results. The parameters are 1 = 1V,
Ly = 1.6mH, w = 211 - 2w rad/s, Ryse = R, and Ry, = 150
), other circuit elements are ideal.

To further validate the approximations made in the theoreti-
cal analysis, the simulated operation waveform under different
control methods and different control signals is recorded and
compared to theoretical values. Fig. 7 shows four cases. Ry =
Rus = 0.45 Q, other conditions are the same as the previous
simulation. The simulated waveforms agree with the theoretical

P, opt — (22)
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Fig.7. Simulated operation waveform of: (a) EE interval control, ¢;, = 40us.

(b) EE interval control, ¢, = 80us. (c) Phase delay control, t45 = 326us.
(d) Phase delay control, t4 = 737us.

TABLE I
CALCULATED AND SIMULATED CRITICAL CURRENT VALUES

Values Simulation (A) Theory (A)
I3, (tp, = 40 pus) 0.859 0.853
Ioo (tp, =40 pus) 0.661 0.665
I3, (tp, = 80 us) 0.975 0.969
Ioo (tp, = 80 us) 0.216 0.213
I3q (tqg = 326 us) 0.890 0.881
I3q (tqg = 737 us) 0.594 0.589

analysis. Table I summarizes and compares the simulated values
in Fig. 7(a)-(d) with theoretically calculated values using (6),
(16), (17), and (20).

The two simulations show that simulated and theoretical val-
ues align well, validating the theoretical analysis on the EMEH
currents and output power. Both control methods allow EMEH’s
output power to be adjusted from 0 to maximum.

F. Efficiency and Loss Analysis

The input energy from the mechanical domain is

T
Bin= [ Vo ®) i 1)1 (3)
0
and the energy loss on R,, and R, are
T
Braws = [ B 2, (01 4
0

where T' = 27 /w is the period of the EMEH voltage source,
Vemt is given by (1), and i,,(t) is given by solving (2), (5), (9),
and (13).
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1) Current of Phase Delay Control: Solving (2) gives the
transducer current i, (t) in the first SC phase between ¢; and o

im(t) = Vo, [WLs cos(wt + wtg) — Ry sin(wt + wty)]
—wt/Q\
+& 0. [Rons sin(wtg) — wlyps cos(wtyg)].
Xms
(25)
During CI phase, i,,(t) is given by
im(t) = e e/ Q. [ Cos(wet i) (26)

where to; =t +tq —T/2.

In the next SC phase, solving (5) gives i,, () between ¢3 and
t5. Given the CI phase being much shorter than the EMEH period
T, we have

e~wtei/Q
Xoms
Vo
Xons

im(t) = ([Tdes + Lms%w)

+

[—wLms cos(wte;) + Rms sin(wte;)].  (27)

2) Current of EE Interval Control: For EE interval control,
solving (9) gives the EMEH current between ¢; and ¢

3 67"‘)t/Q
Zm(t) = X (IOOXms - LmsVOW)
Vo .
% [—wLps cos(wt) + Rys sin(wt)].  (28)
During CI phase, i,,(t) is given by
i (t) = e @e(tei2)/Q L [ Cos(wetesn) (29)

where toio =t — T/2.
Similar to the first SC phase, the EMEH current between t3
and t4 can be approximated with

e*th'z/Q
'Lm(t) - T(IOOXWS + Lms%w)
Vo .
+ [—wLps cos(wtein) + Rms sin(wtei2)]. (30)

Xms

Combining the equation of i,,(t) and the currents of other
components in the previous analysis, the input energy from the
mechanical domain, the output energy at the load side, and the
energy loss in one complete cycle can be theoretically derived.
Fig. 8 shows the theoretically derived power and efficiency under
different ¢4, and Fig. 9 shows the results under different ¢;,. The
amplitude of Ve is 1.0V, the ESR of Ly, is 0.9 2, and the diode
voltage drop is 1 V in the calculation. The results show that input
power and output power both increase with the control signal,
with the input power increasing faster at heavy load conditions. It
also suggests that for EMEHs with a relatively low ESR, the EE
interval control can maintain a relatively high efficiency across
the load range compared to high-ESR EMEHs.
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G. Comparison and Discussion

The efficiency is the output power at the load side divided by
the input power of Vp¢. So, the output impedance of the EMEH,
which is R,,, will contribute to the energy dissipation.

Fig. 10 shows the efficiency of phase delay control and EE
interval control versus the output power under different R,,,s. As
the output power increases, both methods show improved effi-
ciency. EE interval control exhibits better efficiency compared to
phase delay control over the entire load range. The excess energy
in the EMEH will return to the mechanical domain, but some of
it will be dissipated in the ESR of the EMEH. For phase delay
control, the energy returns to the mechanical domain between
t4 and t5 in Fig. 5(a), where the current level in the EMEH
is higher. So, more energy is dissipated on R,, and R, in this
process. However, for EE interval control, the energy returns to
the mechanical domain between ¢; and the first ZCP of 7,,, in
Fig. 5(b), where the current level in the EMEH is lower. This
phenomenon is more obvious for EMEHs with a low-quality
factor, i.e., higher R,,. While phase delay control does not
require as precise timing as EE interval control, its efficiency
will be lower. So, if the controller is capable of performing EE
interval control at a relatively low energy consumption, it is
preferred to use this control method.

IV. CONTROLLER IMPLEMENTATION

The switching frequency of the synchronized technique is
much lower than that of direct ac—dc methods, and the switching
actions are synchronized with the V,¢’s ZCPs. Using a micro-
controller unit (MCU) to control SS interface circuits has several
advantages. Since the switching action is low frequency and
synchronized with the EMEH, the MCU can stay in low-power
mode between switching actions. The MCU can utilize its in-
ternal comparator to detect ZCPs in low-power mode, thereby
achieving low power consumption and eliminating the need for
triangle waveform generators or external clock sources.
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Fig. 11 shows the general architecture. We utilize a low-power
MCU along with discrete components to control the circuit. The
purpose of the MCU is to generate a control signal based on
the current information sensed by L and the measured output
voltage at the load side, while maintaining a relatively low
energy consumption.

The control circuit operates without external clock sources,
relying on the MCU’s high-speed internal clock (HSI) and
low-speed internal clock (LSI) for proper operation. The MCU
offers different low-power modes, including Sleep mode and
DeepSleep mode. In Sleep mode, the core stops, but the HSI
remains active, providing high-precision timing while requiring
higher power consumption. In DeepSleep mode, only the LSI is
active; the power consumption is drastically reduced compared
to letting the controller run at full active mode, which needs
about 3 mA continuously.

The protection circuit protects the MCU from voltage spikes
generated during the CI and EE phases. T}, is a 1:1 signal trans-
former to filter out the common-mode voltage spikes. 1, R,
Dy, and D, filter out differential voltage spikes. Although
the spikes are filtered, the ZCPs of voltage across the sensing
inductor can still propagate to the input of the MCU. We only
need to detect the ZCPs, as they indicate the current peak of
the EMEH. The protection circuit has a negligible impact on
the circuit’s operation, given that R,,; and R, are sufficiently
large, so it can be ignored as if the sensing inductor is directly
connected to the comparator inputs.

The MCU detects the ZCPs of the EMEH current with its
internal comparator, COMP1, and measures the load voltage vy,
through a voltage-dividing network formed by R; and Rs. Since
the switching frequency is not high and the sources of M7 and
M3 are connected to the ground, the MCU can directly drive the
MOSFETs through two current-limiting resistors Rg1 and Rgo.

The MCU stays in DeepSleep mode most of the time, as
Fig. 12(a) shows. At to, the beginning of the CI phase, the MCU
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Fig. 12.  Operation of the MCU with its associated low-power modes (not to

scale). t1—t5 correspond to Fig. 2. T = 27/ LyC' is the resonant cycle of Ly

and C7. LPTIM is the low-power timer of the MCU. (a) Phase delay control. (b) EE interval control.

wakes up by the COMP1 signal. It performs CI by turning OFF
M for a set period. Meanwhile, it measures the output voltage
and calculates the control output of the feedback controller.
The HSI remains ON during Sleep mode so ADC can operate.
After t3, the MCU returns to DeepSleep mode. At ¢4, the MCU
wakes up again due to the COMP1I signal. It sets its low-power
timer (LPTIM) to generate an interrupt after ¢; and immediately
returns to DeepSleep mode. At ¢5, the MCU wakes up by the
LPTIM and performs energy harvesting operations by turning
M, OFF for a set period.

Fig. 12(b) shows the MCU operation of the EE interval
control. The operation is similar to phase delay control. The
difference is that the MCU immediately performs energy har-
vesting at positive-to-negative ZCPs, and the EE interval is con-
trolled by setting the MCU in Sleep mode instead of DeepSleep
mode between the turning ON and turning OFF of M to generate
a more precise EE interval.

A. Feedback Control

To achieve voltage regulation, feedback control is required,
which makes the frequency-domain characteristics, particularly
the control-to-output transfer function, of interest. A frequency-
domain model can aid in controller design. The operation in-
volves RC resonance, so the current and voltages cannot be lin-
earized to extract a small-signal ac model, as is typically done in
analyses of switching dc—dc regulators. Nevertheless, the circuit
exhibits several features. The output power is load-independent,
the switching frequency is relatively low, and the inductor cur-
rent waveforms are discontinuous. Those features suggest that
the proposed circuit can be regarded as a constant power source
delivering power to Ry and Cjs, which is similar to a DCM
buck—boost converter. Therefore, the dominant-pole approxima-
tion can be employed to describe the system behavior [32]. The

control-to-output transfer function can be approximated as
Go

1+ 27ffo

where G| is the dc gain, which can be obtained through theo-
retical analysis in the previous section or by simulation, and f,
is the pole frequency given by f, = 1/(nR.C) [32].

To validate this approximation, frequency-domain simula-
tions are conducted in conjunction with time-domain wave-
form analysis. The simulation parameters are: R; = 30062,
Cs = 720uF, dc value of Vi, =33V, L,, + Ly = 1.63 mH,
R,, + R; = 0.52Q, L, = 10 mH, Rj; = 0.88(). The control
signal is between 0 and 1. It is linearly related to ¢4 or ¢, and its
polarity is adjusted so that increasing the control signal increases
the output power.

The dc gain is simulated first. The simulated dc gain of phase
delay control is 14.7 dBV, and the dc gain of EE interval control
is 17.5 dB. Next, a small sinusoidal signal is injected into
the control signal. Fig. 13 illustrates the simulated operation
waveforms at the pole frequency. For phase-delay control in
Fig. 13(a), the gain at f,, = 1.47 Hz is 11.3 dB, with a phase
shift of —49.3°, representing a 3.5 dB drop from the dc gain.
For EE control in Fig. 13(b), the gain and phase at f, are
13.62 dB and —49.9°, respectively, corresponding to a 3.9
dB drop. These results are consistent with the behavior of a
single-pole system.

Fig. 14 shows the frequency-domain response. The curves
represent the simulation results, while the straight lines denote
the asymptotes of a single-pole system. The response confirms
that the system behaves as a single-pole system with a pole at
fp = 1.47Hzand a —20 dB/decade slope beyond that frequency.
Additional small delays are introduced by the control circuit
and harvesting branch, so the phases drop below —90° at higher
frequencies.

G(s) 31)
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PI controllers are widely used for regulating single-pole sys-
tems and have been applied in direct ac—dc converters operating
in DCM mode [22], [29]. The Cohen—Coon tuning method can
be adopted to select the parameters. By analyzing the output
voltage response to small step changes in t4 or ¢, during
simulation, the PI controller parameters are obtained. The pa-
rameters for phase delay control are K, = 2.25 and T; = 0.03;
for energy harvesting cycle control, K, = 1.56 and T; = 0.03.
Both simulation and subsequent experimental results verify that
under these parameters, the PI controller can regulate the output
voltage.

So, the PI compensated voltage feedback controller is im-
plemented in the MCU to realize voltage regulation. The MCU
compares the measured value of the analog-to-digital converter
(ADC) and the target value set by the user and adjusts ¢4 or ¢y,
accordingly. Since the ADC sampling is synchronized with the
switching action, external low-pass filters, such as an RC filter,
are unnecessary.
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TABLE II
COMPONENT PARAMETERS IN EXPERIMENT

Component Value / Type
Resonance capacitors C'1,C2 2.2 uF
Output capacitor C's 720 puF

EMEH internal inductance L,
Harvesting inductors Ly,
Sensing inductor L
N-channel MOSFET
Gate Resistors Rg1 Rgo
Diodes D1 D2
Protection transformer 77,

1.41 mH (ESR R,, = 0.46 Q)
10mH (ESR = 0.88 2)
0.22mH (ESR = 22 m2)
NCEO110AS (Rps,on = 20 mQ)
240 Q
SB10200 (Vz; = 0.7 V)
HR228434 (1:1 turn ratio)

Dp1 Dp2 1n4148W
Rp1 Rp2 51k€2
Ri+R> 2MQ

V. EXPERIMENTS
A. Circuit Prototype and Experimental Setup

A circuit prototype is fabricated. Fig. 15 shows the EMEH
and circuit board used in the experiment. The energy harvester
is a rotational electromagnetic transducer. A brushless dc motor
rotates the magnet array as mechanical excitation. The load can
be either pure resistive loads of different values or embedded
devices. Table II shows the materials and parameters used in the
experiment. The ESRs of the inductors are measured at 211 Hz
with an LCR meter (Instek LCR-821). R,, is measured with the
prototype circuit, so the resistances of wiring and PCB traces
are also included in R,,. R; and Rs are implemented with a
2 M Q potentiometer. The power dissipation on Ry and Rs is
around 5 ¢+ W at 3.3 V output, which is negligible compared to
the output power.

B. Circuit Operation

The first experiment validates the circuit’s operation. The
EMEH’s open circuit voltage amplitude is 1.02 V, and the
frequency is 211 Hz. The load resistance Ry = 325(). The
output voltage is set to 3.3 V. Fig. 16(a) shows the measured
EMEH current and output voltage when the control method is
EE interval control. Fig. 16(b) shows the measured waveforms
for the phase delay control. The measured waveforms agree with
conceptual ones in Figs. 2 and 4, indicating that the system
operates as intended.

The steady-state output power of the proposed system is
evaluated under different loads. The output voltage V7, is set
to 3.3 V, and the load resistance R, varies from 130 to 745 Q.
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Fig. 16. Experimental waveform of (a) EE interval control and (b) phase delay
control.

The EE intervals t;, at different load resistances are measured
by observing the voltage waveform on the gate of M;. The
theoretical output power for different EE intervals is calculated
based on (18) and the theoretical analysis of the harvest branch
in [28], while the actual output power is given by Py = VL2 /RL.
Fig. 17(a) shows the relationship between the EE interval and
output power theoretically and experimentally. The same ex-
periment is repeated for phase delay control, and Fig. 17(b)
shows the evaluation results for phase delay control. Overall,
the theoretical derivations and experimental data agree well.
The power and loss distribution is theoretically derived
based on the current values of resistors and diodes derived in
Section III. The theoretically derived results are compared to
simulation results. Table III shows the theoretically derived and
simulated power distribution. The ESR of the EM transducer
causes most of the energy dissipation. Most of this is dissipated
during the SC phase. While the dispersed energy is significant,
more energy can be extracted from the harvester compared to
other harvesting schemes; therefore, the overall energy output
remains larger. The experimentally measured, simulated, and
theoretically derived outputs are in close agreement. The gate-
driving losses of MOSFETs are negligible compared to other
losses. The EMEH output resistance I?,,, accounts for most of
the power loss. Phase delay control is more straightforward to
implement because its timing requirement is not as strict as EE
interval control. However, for the same output power, phase
delay control dissipates more power due to the reactive power
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TABLE III
POWER DISTRIBUTION AND LOSS BREAKDOWN AT 130 €2 LOAD

Energy extraction interval control

Power Theory Simulation
Output Power 83.6 mW 83.4 mW
Rm 141 mW 140 mW
Rs and Rps,on 21 mW 21 mW
Dy 17.9 mW 17.6 mW
Do 17.7 mW 17.6 mW
Ry, 4.62 mW 4.34 mW
Phase delay control
Output Power 86.9 mW 83.5 mW
Rm 205 mW 203 mW
Rs and Rps on 30 mW 30 mW
Dy 18.6 mW 17.7 mW
Do 18.4 mW 17.7 mW
Ry, 4.93 mW 4.32 mW

* Simulation Condition: Source amplitude is 1.0 V @ 211 Hz, load Voltage
is 3.3 V, load Resistance is 130 Q.

induced in the transducer, so EE interval control is preferred in
terms of efficiency, as discussed in Section III-G. The simulation
results and theoretical derivations are in good agreement.

A bench power supply powers the control circuit. The average
current consumption of the MCU is measured through a mul-
timeter to evaluate the power consumption of the control part.
For phase delay control, the power consumption of the control
circuit is 264 W at 3.3 V. As for EE interval control, the power
is 297 uW. The ADC measurements and feedback controller
calculations account for most of the power consumption of the
MCU. In the experiment, if the control part performs switching
actions only, then the measured power at the VCC terminal is
only 75 pW, including gate driving, approximately 33 pW in
theory.
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The power consumption of the control circuit increases or
decreases with the source frequency. Because the operation
of the MCU is synchronized with the source, this increase or
decrease is proportional to the source frequency. In addition, for
EE interval control, the power consumption varies by as much as
15 W, depending on load conditions at 211 Hz. This variation
is because the time length of Sleep mode during EE intervals
changes with load power. This variation is slight compared to the
system’s output power. Keeping the MCU in low-power modes
most of the time has reduced the power consumption of the MCU
from 9.9 mW to less than 0.3 mW.

The control circuit requires only a single power supply, and its
low power consumption makes self-powered operation feasible.
For verification, the control circuit’s power supply, VCC, is
directly connected to the output of the energy harvesting circuit,
so VCC= V.. The system is cold-started by precharging C'; with
an external power supply. After a cold start, the external power
supply can be removed, and the system can operate continuously
in experiments. In future designs, with the help of additional
cold-start circuits, such as those in [6], [15], and [21], the system
can achieve self-startup. The MCU’s power consumption is less
than 1% of the output power, so it has a negligible impact on the
output.

C. Load Transients, Source Transients, and Powering loT
Devices

The proposed circuit’s operation waveforms are recorded
when source and load conditions vary. In Fig. 18(a) and (b), the
load condition varies. The load is an embedded system compris-
ing an STM32F030 microcontroller and a PAN3029 wireless
transceiver module, which together are capable of integrated
circuit long range (LoRa) packet transmission. It is programmed
to transmit a packet to a host device and receive a packet from
the host device. As Fig. 18 shows, the load current undergoes
several step changes during transmission and reception.

The output of the proposed circuit is directly connected to the
power pin of the embedded system load without any additional
voltage regulator. The embedded system load consumes 18 mA
during packet transmission, 8 mA during packet reception, and
300 pA in the idle state. The load voltage overshoot and under-
shoot during the load current transient are lower than 0.2 V, and
the voltage ripple during transmission is approximately 0.15 V
for both cases. The overshoot and undershoot are slightly larger
for phase delay control since its response is a bit slower. The
embedded system load has successfully transmitted and received
a LoRa packet, indicating that the interface circuit can power the
embedded system in [oT applications.

In Fig. 18(c) and (d), the source condition varies. The load is
a 325 () resistor, and the source voltage is adjusted by changing
the position of the energy harvester’s coil. The source voltage
amplitude changes as the coil moves back and forth, and the
harvester current 7,,, fluctuates accordingly. The output voltage
remains steady at 3.3 V during this process. The proposed power
control method, combined with a PI-compensated feedback
controller, can effectively maintain the load voltage under
varying load and source conditions.
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Fig. 18. Measured waveform of the proposed control method during source
and load transients. (a) Load transient response of the EE interval control. (b)
Load transient response of phase delay control. (c) Source transient response of
the phase delay control. (d) Source transient response of the EE interval control.

D. Performance Comparison With SSEE, Direct AC-DC
Boost Topology, and Tvo-Stage Topology

Another circuit prototype for the SSEE harvesting scheme
in [25] and the direct ac—dc conversion scheme is fabricated
using the same PCB board and components for comparison. By
removing C5 and adding another diode Dssgg (on the right
edge of the PCB in Fig. 15), the circuit operates like an SSEE
circuit. In addition, if Ly, is short-circuited and the control signal
is changed to a high-frequency PWM signal, then the circuit
operates as a direct ac—dc boost converter. The output voltage
control of the SSEE circuit is achieved by delaying the EE
operation, similar to Fig. 2.

The load of this experiment is the embedded system from
Section V-C. The transmitting power is set to 11 dBm, the
embedded system load consumes 37 mA during packet trans-
mission, and the source voltage amplitude is 0.85 V.
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Fig. 19.
voltage required by the LoRa transmission module to operate.

The three harvesting schemes are deployed to power the
embedded system load. Fig. 19 shows the recorded waveform in
the experiment. When the embedded system load is powered by
the proposed system, as in Fig. 19(a), the output voltage dropped
to 2.3 V, but since this voltage is still within the operational
voltage range of the embedded system, LoRa transmission is
still functional, so the embedded system successfully trans-
mitted a LoRa packet. For the SSEE harvesting scheme, the
embedded system can perform system initialization, but fails
during transmission since the maximum available power of the
SSEE harvesting scheme is insufficient. In the case of direct
ac—dc boost harvesting, the leakage from the embedded system
prevented the output voltage from rising above the minimum
required voltage, causing the embedded system load to fail to
start .

Another two-stage topology is fabricated to evaluate the
performance of the proposed single-stage voltage regulation
solution with a two-stage voltage regulation solution. The two-
stage topology consists of a normal SCIEE circuit in series
with a commercial dc—dc regulator MT2492; the energy buffer
capacitance at the output of the SCIEE circuit, which is also the
input of the MT2492 dc—dc regulator, is 720 uF.

The different harvesting schemes’ maximum supported load
current is measured by measuring the maximum output current
at a 3.3 V output voltage. The maximum current of the direct
ac—dc topology is measured to be 0.2 mA. The SSEE circuit’s
maximum output current is 27.31 mA. The two-stage topology’s
maximum output is 27.25 mA, and the proposed single-stage
solution can output 29.47 mA. The maximum output current
of the two-stage topology is 92.5% of that of the single-stage
topology, consistent with the datasheet specifications of the
commercial de—dc regulator used in the second stage.

VI. DISCUSSIONS

A. Comparison of Two-Stage Topology and the Proposed
Single-Stage Power Control Solution

Vemt 18 an internal equivalent voltage source within the EMEH,
making end-to-end efficiency difficult to measure directly in
experiments. Some works would measure the end-to-end ef-
ficiency at the output of the EMEH [22], but in SS circuits,
the EMEH’s output impedances L,,, and R,, participate in the

Measured waveform of (a) Proposed system, (b) SSEE harvesting scheme, and (c) direct AC-DC boost harvesting scheme. The red line is the minimal
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Fig. 20. Theoretically derived efficiency of EE interval control, phase delay

control, and the two-stage topology.

circuit operation, so the impact on the performance is not neg-
ligible. Therefore, this section discusses efficiency and energy
transfer performance based on simulation results and theoretical
analysis.

For a two-stage energy harvesting system consisting of a
normal SCIEE circuit in series with an energy buffer and a
commercial dc—dc regulator, the input power and output power
do not match, so some control method is still required to keep
the system from overvoltage, for example, letting the SCIEE
circuit operate intermittently with a certain duty cycle instead
of continuously. Under ideal conditions, the efficiency of the
first stage of this two-stage topology can still be 7jee When
operating intermittently, where 7 1 the efficiency of the
SCIEE circuit during operation. So, the efficiency of a two-stage
energy harvesting system for a given load F,,; would be
(32)

Tltwo_stage = Tlsciee * Tldc—dc

over the entire load range, where 74._q. 1S the efficiency of the
commercial dc—dc regulator. On the other hand, the efficiency
of the proposed single-stage topology can be calculated with the
theoretical analysis in Section III-F. Fig. 20 shows the theoret-
ically derived efficiency of the single-stage system and that of
the two-stage topology when 7gc—qc = 0.92. The parameters are
the same as those in table II.
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TABLE IV
COMPARISON OF DIFFERENT ENERGY HARVESTING SCHEMES UNDER THE SAME MECHANICAL EXCITATION

Direct AC-DC

Harvesting scheme topology [22]  SP-SMFE [15] SSEE [25] SCIEE [28] SCIEE+DC-DC This work
Gate driving complexity medium low high low low low
Voltage regulation yes no no no yes yes
Polarity detection not required required required required required required
Inductor count 1 1 3 2 3 2
Switching frequency® 50 kHz 422 Hz 422 Hz 422 Hz 422 Hz + 600 kHz 422 Hz
Voltage ripple® 5.4 vV - 0.64 mvV@ - 0.45 pV 1.28 mV
Maximum output power(® 0.66 mW - 90.12 mW 97.25 mW 89.93 mW 97.25 mW
Supported load current range(© 0-0.20 mA - 0-27.31 mA@ - 0-27.25 mA 0-29.47 mA
Controller DSP analog circuit analog circuit  microcontroller microcontroller microcontroller
Controller power consumption - - 5 mW - - 0.3 mW
Self-powered yes yes yes no no yes
Self startup without percharging no yes no no no no

@ The switching frequency used in the comparison experiments
® Derived at 0.2 mA load current and 720 uF load capacitor
© Load voltage is 3.3 V

@ When adopted with the control method in this paper

A two-stage topology demonstrates better efficiency for light-
load conditions at the cost of extra components for the second
stage. For heavier loads, the proposed single-stage topology can
outperform the SCIEE+dc—dc configuration. In the prototype,
the efficiency of EE interval control is higher than that of the
two-stage topology when the output power is higher than 56 mW,
which is around 41.3% of the supported output power range.
On the other hand, the output power needs to be higher than
88 mW for the phase delay control’s efficiency to be higher. The
analytical results in Fig. 10 suggest the proposed solution would
have better efficiency for a wider load range for smaller R,,,.

Although the proposed single-stage system introduces some
efficiency loss under light-load conditions, it improves perfor-
mance under heavy-load scenarios and offers higher peak power.
In typical IoT applications, energy is relatively abundant when
the system remains in sleep mode, so lower power conver-
sion efficiency is tolerable. During brief periods of wireless
communication, the system experiences a heavy load, during
which reliable operation requires sufficient output power, so the
proposed design is valuable for such applications.

Some performance metrics, such as voltage ripple, under-
shoot, overshoot, and response time, are strongly influenced
by factors, including the selected components, load conditions,
and selection of the dc—dc regulator integrated circuit (IC). In
general, due to the lower switching frequency of the single-stage
topology compared to that of commercial dc—dc regulators, it
would exhibit larger voltage ripple and higher undershoot or
overshoot for the same output capacitance. However, the effect
of those drawbacks can be reduced through the appropriate se-
lection of output capacitance and careful controller loop design.

B. Comparison of Different Energy Harvesting Solutions

Table IV compares different harvesting schemes. The direct
ac—dc boost topology is capable of voltage regulation. Still,
its energy harvesting capability is limited when the output
impedance of the EMEH is large and mainly inductive. SMFE,
SSEE, and SCIEE circuits are based on the SS technique and
can harvest more energy under those conditions at the cost of
additional transducer current polarity detection. The switching
frequency is lower, so a larger output filter capacitor and larger

inductance are required. However, the low switching frequency
has also made control easier and more power-efficient. The pro-
posed system’s microcontroller consumes only 0.3 mW, which
is lower than the 5 mW consumption of the analog controller in
the SSEE circuit [25]. The low-power feature of the controller
also enables self-powered operation at the steady state, allowing
the controller to directly draw power from the load, provided
the load capacitor is precharged for the system to start up. A
two-stage topology, consisting of an SCIEE circuit in series
with a commercial dc—dc regulator, can achieve better efficiency
at light loads. Still, since another stage introduces additional
power loss, its maximum supported load current is not as high
as that of a single-stage solution. Two-stage topologies also
require more components. Combined with the power control
method proposed in this article, SS interface circuits can achieve
single-stage voltage regulation and a relatively larger supported
load range, enabling applications in IoT systems that require
relatively high peak output power and regulated voltage output.
By adopting the SS technique and implementing single-stage
voltage regulation, the proposed system achieves higher output
power and improved efficiency under heavy-load conditions
compared to direct ac—dc rectifiers and the two-stage topology.

VII. CONCLUSION

SS interface circuits have been reported to enhance the output
power of EMEHs. However, existing SS circuits for EMEHs
cannot control their output. This article proposes an SS interface
circuit implemented with two power control methods, adding a
control degree of freedom to the SS circuits.

This system enables applications in [oT systems that require a
regulated voltage output. It controls power by changing the phase
of the control signal or changing the time duration of the energy
harvesting phase, achieving single-stage voltage regulation. A
theoretical analysis of the relationship between control signals
and EMEH power output has been conducted. The efficiency
and loss of the two control methods have also been theoretically
analyzed and compared, showing that changing the time duration
of the energy harvesting phase achieves better efficiency for the
same loading condition. Theoretical prediction and simulation
results agree well.
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The implementation of a controller using an MCU is elabo-
rated. A circuit prototype has been fabricated to validate the pro-
posed circuit. The circuit operates as designed. The output power
at different control signals of the circuit prototype has been mea-
sured. The measured results agree with theoretical derivations.
The MCU’s power consumption is also measured to be less than
300 W, about 3% compared to continuous operation, suggest-
ing that utilizing low-power modes for low-switching-frequency
applications has benefits. Experiments have also validated the
feasibility and effectiveness of the proposed control scheme
under different load and source conditions.

Experiments evaluated the performance of the direct ac—dc
topology, the SSEE circuit implemented with the proposed
power control method, an SCIEE circuit in series with a com-
mercial de—dc regulator, and an SCIEE circuit implemented with
the proposed control method. The proposed system showed the
widest supported load range.

Further analysis shows that compared to using a commercial
dc—dc regulator for voltage regulation, using the single-stage
topology with the proposed power control method exhibits a
wider supported load range, fewer components, and better effi-
ciency for output power larger than 56 mW.

In the field test for transmitting a LoRa packet under the
same mechanical excitation, the proposed circuit’s performance
was compared to two other harvesting schemes: synchronized
switch energy extraction (SSEE) and direct ac—dc conversion .
The SCIEE circuit can support successful transmission when the
other two schemes fail due to insufficient power, demonstrating
a wider range of supported loads.
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