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Low-Power Analog Control Circuit
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Abstract—Magnetic field energy harvester (MEH) based on cur-
rent transformers has emerged as a promising method for powering
mass sensors in smart grids. However, a significant challenge lies in
the insufficient power harvested at low primary currents. Aiming at
resolving this shortcoming, a novel maximum power point (MPP)
reaching method based on a low-power analog control circuit is
proposed in the present study. The main objective of this method is
to improve the performance of the MEH. The MPP is achieved by
controlling the voltage of the dc side of the rectifier bridge based
on the optimal load voltage characteristics of the MEH. The analog
control circuit is designed using low-power analog devices and
megaohme-level resistors, eliminating the need for a microcontroller.
The performed analyses revealed that the calculated maximum
power loss of the proposed approach is only 81.81 uW. Experi-
mental results demonstrate a remarkable increase in MEH power
output ranging from 101.39 % to 149.89 % compared to commercial
circuits at currents ranging from 1 to 10 A.

Index Terms—ILow-power analog control circuit, magnetic field
energy harvester (MEH), maximum power point (MPP), the
optimal load voltage.

I. INTRODUCTION

ITH the advancement and development of smart grids,
W the real-time monitoring of equipment characteristics
and parameters in power systems using mass sensors has
emerged as a prominent research area in recent years [1], [2],
[31, [4], [5], [6], [7]. Studies show that the installation and main-
tenance of sensors are heavily constrained by cables and battery
power. Accordingly, numerous investigations have been carried
out to develop wireless sensor networks. Recently, energy har-
vesting technology has emerged as a highly promising technique
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for the development of self-powered wireless sensor networks
[8], [9]. Energy harvesting techniques from the environment
such as wind [10], solar radiation [11], [12], and oceanic waves
[13], face limitations such as being geographically dependent
or being susceptible to weather conditions. These limitations
make it a challenge to provide a consistent and reliable en-
ergy supply to sensors. In contrast, power systems provide a
steady and reliable source of energy including vibration [14],
[15], temperature [16], and electromagnetic [17]. Among these
forms of energy, vibration energy with low power density is
predominantly present in power equipment with stable vibra-
tion characteristics such as transformers. Temperature energy
harvesting typically exhibits poor efficiency, which limits its
applicability to parts of the power systems with significant
temperature variations. On the other hand, the electromagnetic
field is commonly used as a reliable and continuous source of
energy in power systems [ 18]. Another challenge associated with
the electric field energy harvesting method is the requirement for
a large coupling capacitor size. This is exemplified by the use of
a 1 m long plate in [19]. Due to its significant energy harvesting
performance, compact size, and economic feasibility, magnetic
field energy harvester (MEH) technology [20], [21], [22] has
emerged as an advantageous approach for powering wireless
Sensors.

Extensive investigations have shown that obtaining sufficient
energy from the power line for sensors using the MEH technol-
ogy is a significant challenge, particularly when the transmission
line current is low [23]. To address this concern, comprehensive
investigations have been conducted. Zhuang et al. [24] devel-
oped an augmentation technique based on control coils, injected
control currents to prevent core saturation, and improved energy
harvesting efficiency. Despite achieving remarkable results, the
developed system was large and complicated, and the control
circuit consumed a significant amount of energy. Through the
use of capacitor energy storage, Liu et al. [25] significantly im-
proved the output power of MEH. However, the control approach
employed in the system, which requires detecting the primary
current over zero point, is complicated to implement. Moon
and Leeb [26], [27] proposed a method to increase the output
power of MEH by incorporating flux-shaping capacitance and
adjusting the position of the transfer window. Nevertheless, this
method exhibited poor primary current adaptation, and locating
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the transfer window was a challenge. Furthermore, Zhuang et al.
[28] enhanced the instantaneous output power of MEH for duty
cycle loads. Paul et al. [29] and Wang et al. [30] conducted
experiments and demonstrated that the utilization of composite
core materials can enhance the output power of MEH. However,
this approach has limitations as the combination of different
materials in a composite magnetic core inherits both strengths
and weaknesses of materials, resulting in a limited performance.
A conventional method to boost the output power of MEH is to
enlarge the core size. In this context, Gaikwad and Kulkarni [31]
analyzed the size effect of MEH and found that increasing the
core size leads to higher costs.

While most research in the field of MEH focuses on the
magnetization curve to increase the output power of MEH, less
research explores the concept of maximum power point (MPP)
reaching in MEH to design the energy management circuit and
increase the output power of MEH from different perspectives.
Li et al. [32] demonstrated that impedance matching can reach
the MPP for MEH. However, this approach is applicable only
for resistive loads and may not meet the power supply require-
ments for sensor loads in energy harvesting applications. Huang
et al. [33] developed an energy-tracking extraction circuit to
continually reach the MPP. However, further analyses revealed
that the maximum efficiency of the proposed system is up to
82%. The majority of investigations in the field of MEH use
microcontrollers to reach MPPs. While this approach simplifies
the design of the control system, it requires milliwatt power con-
sumption, leading to a significant power loss. Aiming at solving
the foregoing challenges, the present study focuses on analyzing
the functionality of MEH to understand the relationship between
harvesting power, primary current, and load voltage. To this end,
a hardware circuit of MPP reaching was designed to provide a
constant voltage power supply for sensors, while reducing the
power consumption to the micro-watt level.

The rest of this article is organized as follows. Section II
discusses the equivalent circuit of the MEH, approximate power
calculation, theoretical analysis of the MPP, and experimental
validation. Moreover, the fundamentals of the MPP reaching
method are covered in Section III. In Section IV, the proposed
technique is experimentally validated using commercial circuits.
Finally, Section V concludes this article.

II. ANALYSIS OF THE OPTIMAL LOAD FOR MEH
A. Maximum Power Point Theoretical Analysis

Fig. 1 depicts the equivalent circuit for the MEH. /; sinwt is the
primary sinusoidal ac current, N is the number of secondary coil
turns, and Ryire, Licak, and Ly, are the coil resistance, leakage
inductance, and excitation inductance, respectively. Va4 is the
constant voltage load, I, is the excitation current, and I},,q 1S
the load current.

Since the magnetic permeability is typically high, the cal-
culation can be simplified by ignoring the leakage inductance
of the coil, the equivalent resistance of the core loss, and the
excitation current of the nonsaturated core. In addition, the coil
resistance has a small value and can be ignored. Consequently,
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Fig. 1. Equivalent circuit of MEH.

for a primary current with a sine waveform and a frequency
of w/2m, the amount of power delivered to the load doubles.
Based on these simplifications, the output power of MEH can
be expressed as follows [34]:

o \/511 Vioad (1 — COs Wtsat)
N N

where Py, is the output power of MEH, I; is the primary current
rms value, and fg, is the energy transfer time of the MEH in
each primary current half-cycle.

According to the electromagnetic induction principle, there
is a proportional relationship between the load voltage and the
rate of change of the magnetic induction in the core. At low load
voltages, the MEH is capable of transmitting energy throughout
the entire half cycle. However, as the load voltage increases and
the magnetic induction reaches its maximum value, the MEH
loses its ability to maintain the output voltage and its output
capacity diminishes. According to the law of electromagnetic
induction, the energy transfer can be expressed in the following
form:

Pr,

ey

dB
‘/load = NSE (2)

where S and B are the equivalent cross-sectional area and the
magnetic induction of the core, respectively. It is worth noting
that the magnetic induction of the core shifts from one end of the
magnetization curve to the other curve during an energy transfer
cycle. Performing integration on (2) leads to the following
equation:

Bsul tSlll
/ NSdB = /Vloaddt. 3)
— B 0
tsat 18 given by
. |2NSBg T
tat = _ 4
sat min |: Viead 5 “4)

where Bg, is the saturation magnetic induction and 7 is the
primary current period. By substituting (4) into (1), the derivative
can be derived as follows:

aPy _ 22l (1 = cog NS B
AVoad TwN Vioad
2WNSBgy . 2wNSBgy
Vioad Vioad
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Fig. 2. Configuration of the experimental setup.
TABLE I
CORE PARAMETERS
Parameter Value
Core material Nanocrystalline
Core type Toroidal
Outer radius 25 mm
Inner radius 16 mm
Height 20 mm
Saturation magnetic induction, By 125T
resistivity 115 uQ-cm
Equivalent cross-sectional area 140.4 mm?
Equivalent magnetic circuit length 128.8 mm
Turns of the secondary winding 190
Frequency of the primary current 50 Hz
When (5) equals 0
2w N2 SB t
TP 9,331, 6)
‘/load

Accordingly, the optimal load voltage Vi« and the maximum
output power of MEH Pr,;,,,x can be obtained in the following
form:

- 2WNSBsa[
Vinan = — 20— @)
Prmax = 0.65211wS Bgy. ®)

Equation (7) indicates that the optimal load voltage only
depends on the characteristics of the core and the frequency
of the primary current, while it is independent of its amplitude.

B. Experimental Verification of Maximum Power Point

Fig. 2 and Table I depict the configuration of the experimental
setup and the core parameters. The figure includes three PCBs
used for determining the MPP, testing the commercial circuit,
and testing the proposed method. The isolation transformer and
the power resistor are linked in series to deliver the primary
current. The experimental core is crossed by the primary power
line, and a rectifier bridge (in PCB called MPP test circuit)
connects the two ends of the core coil to an electronic load
operating at a constant voltage.

The magnetic core is modeled using Saber software, and an
accurate core model is established by incorporating the nominal
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Fig. 3. Output power of MEH at different load voltages and primary currents.
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B-H curve, geometric parameters, and coil parameters of the
core. However, despite these efforts, discrepancies may still
occur between simulation and experimental results. These dis-
crepancies can be attributed to various factors, including errors in
the actual magnetic core parameters compared to their nominal
values, measurement errors, and the challenge of accurately
estimating excitation current and excitation resistance in sim-
ulation. Fig. 3 shows the output power of MEH at different load
voltages and primary currents. Fig. 4 highlights the impact of
primary current on the optimal load voltage and MPP. It has been
observed that when the primary current exceeds 2 A, the optimal
load voltage falls within the range of 6 to 8 V. Furthermore, when
the load voltage fluctuates between 6 and 8 V, the output power
of the MEH shows minimal variations. Consequently, when the
load voltage is within this range, the MEH operates close to the
MPP. On the other hand, when the primary current is 2 A and
below, the optimal load voltage is reduced. However, in this case,
the output power of MEH is only diminished by approximately
1-2 mW compared to the MPP at a load voltage of 6.7 V. The
experimental results indicate that at 1 A and 2 A, the power at
6.7V is 88% and 96% of the maximum power, respectively.
In conclusion, it can be inferred that the optimal load voltage
remains unaffected by the magnitude of the primary current, as
long as it exceeds 2 A.

Although (7) indicates that the optimal load voltage is deter-
mined solely by the characteristics of the core and the frequency
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Fig. 5. Experimental results of the output voltage waveforms of the core at
different load voltages and different primary currents.

of the primary current, Fig. 4 reveals a correlation between the
optimal load voltage and the amplitude of the primary current.
The observed deviation arises because the output voltage of the
core does not perfectly align with the description in (3). Equation
(3) implicitly assumes that the output voltage of the core can only
be zero or equal to the load voltage. However, in fact, the magnet
core voltage actually undergoes a transition from zero to the
load voltage, as depicted in Fig. 5. When the load voltage is low
(Vioaa =2V and 5 Vin Fig. 5), the core does not reach saturation
throughout the entire energy transfer cycle. As a result, there is
no rise in the output voltage of the core from zero to the load
voltage. Instead, the output voltage of the core only changes
in polarity without any change in amplitude. The output voltage
waveforms of the core perfectly align with the assumption stated
in (3). However, when the load voltage is high (Vio,q = 8 V and
11V in Fig. 5), the core voltage drops to zero after reaching
saturation. At the beginning of the next energy transfer cycle,
there is a process where the core voltage rises from zero to the
load voltage. This deviation from the assumption in (3) leads to a
mismatch between the core voltage waveform and the equation.

The magnetization curve of the core can be approximated
using the following expression [24]:

2
B = Bgy X —arctanyH 9)
T

where H is the magnetic field intensity and the «y is a constant
representing the sensitivity of the core in the nonsaturation
region, reflecting the initial permeability in conventional models.
Because the rectifier bridge does not conduct during the process
of the core voltage rising from zero to the load voltage, the
excitation current is equal to the primary current. According to
the Ampere circuital theorem, the magnetic field intensity can
be expressed in the following form:

VoI 1 sinwt
B l
where [ is the equivalent magnetic circuit length. According to
(9) and (10) and the electromagnetic induction law, the output
voltage waveform of the core during the transition from zero to
the load voltage can be described in the following form:

Viewe () = QﬁwalNSBsa[ coswt
core o 7l (1+ 2721f?i2n2(wt)> ’

H (1) (10)

(1)
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Fig. 6. Proposed system for MEH.

During the transition of the output voltage of the core from
zero to the load voltage, the rectifier bridge does not conduct,
and the excitation current is equal to the primary current. Con-
sequently, with an increase in the primary current, the excitation
current also increases, leading to a shorter duration for the output
voltage of the core to rise from zero to the load voltage. This
phenomenon causes the output voltage waveform of the core
to closely adhere to the assumption stated in (3), as illustrated
in Fig. 5 (/1 = 2A and 8A). In summary, the optimal load
voltage converges toward a constant value determined solely by
the characteristics of the core and the frequency of the primary
current, as demonstrated in Fig. 4. Furthermore, due to the high
magnetic permeability of the core, typically a small primary
current is sufficient to maintain the optimal load voltage at an
approximately constant value. For instance, in this case, as long
as the primary current exceeds 2 A, the optimal load voltage can
be considered as a constant value.

III. PROPOSED MEH SYSTEM AND IMPLEMENTATION
A. Proposed MEH System

Fig. 6 depicts the design of an MEH system with analog
control circuits. A full-bridge rectifier is used to change the ac
output into a dc output. It should be indicated that the dc—dc
converter and analog control circuit are parts of the power man-
agement circuit. The analog circuit consists of a voltage divider,
a voltage follower, and a comparator for MPP reaching. The
circuit implementation described in this study utilizes analog
components, eliminating the need for a programmable controller
and significantly reducing power loss.

In the analog control circuit, the load voltage (Viect) 1S
sampled through resistor-based voltage division to obtain V;.
Next, V; is passed through a voltage follower and compared
with a predetermined reference voltage, V,.f, using a hysteresis
comparator. Based on the comparison result, the EN terminal
of the dc—dc converter is controlled to regulate the charging and
discharging of capacitor C;. This mechanism guarantees that the
load voltage consistently remains close to the optimal load volt-
age. By simulating the functionality of the dc—dc converter using
resistors and MOSFETs, and controlling the ON/OFF switching of
the MOSFETS to simulate the controlled state of the EN terminal
of the dc—dc converter, the simulation results for V... depicted in
Fig. 7 were obtained. The simulation results demonstrate that the
load voltage undergoes periodic fluctuations around the optimal
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Fig. 7. Simulation result of Vyect.

load voltage, oscillating between an ascending phase (State I)
and a descending phase (State II). In State I, the dc—dc converter
is in a disabled state, the output of the comparator is low, and
the input terminals of the comparator do not draw any current.
Therefore, according to Kirchhoff’s law, Vi, is

Ry

‘/} = —
Rr—‘er

V. (12)

Similarly, since the voltage follower does not draw any cur-
rent, according to Kirchhoff’s law

Vi = k(View = V1) 13)
Therefore, V;,, can be expressed in the following form:
Ry
Vin = =——k(Vieet — VD1). 14
Rt (Vieet — V1) (14)

As R; is a megohm resistor and the EN pin of the dc—dc
converter is not enabled, it can be considered that capacitor C; is
disconnected from the circuit behind it. In this case, C; is charged
by the MEH through the rectifier, resulting in an increase in
Vrect> Vi, and Vi,,. When Vi, exceeds Vier, Veomp outputs a high
level, enabling the EN pin of the dc—dc converter and causing the
circuit to enter State II. During the state transition of the circuit,
when V;,, and Vs are equal, the state transition threshold voltage
Viect1 can be obtained according to (14).

Ve = Wwﬁ Vi (1)

In State II, the EN terminal of the dc—dc converter is enabled,
allowing energy to be transferred from capacitor C; to the load
through the converter. Consequently, both V,.¢ and V; decrease,
leading to a decrease in V;,, as well. It should be noted that, due
to the high output level of Vg, according to Kirchhoff’s law,

the value of V;,, will be determined by both V; and Vo, as

R, R,
‘/in - ‘/1 ‘/com . 16
R, + Rf + R, + Rf P (16)
Combined with (13)
Ry R,
Vin = 55k (Viee — V) = Veomp- 17
R,—FRJP ( t D1)+ R7+Rf p ( )

When Vi, drops below V.., the output of the comparator
becomes low, disabling the dc—dc converter and transitioning
the circuit back to State I. During the circuit state transition, Vi,
and V,¢r are equal, which gives us the state transition threshold
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Fig. 8. Block diagram of the analog control circuit.

voltage Viect2 as follows:
R, + Ry R,
Vieertz = W Viet — m‘/comp + Vpi.  (18)
T

After the circuit transitions into State I, V... rises again. Then,
Viect moves periodically between Viect1 and Viecro. The MEH
always operates at the MPP when Viqct1 and V.o are near the
optimal load voltage.

B. Power Supply for Analog Control Circuits

Fig. 8 illustrates the composition of the analog control circuit,
which includes the power source provided by the internal rail
Ving of the dec—dc, capacitor C,, voltage follower, compara-
tor, diodes, and resistors. The internal power supply Vi,o of
LTC3388-3 eliminates the need to add an additional component,
such as a linear regulator, to provide power for the analog control
circuit, reducing the complexity and power loss in circuit design.
It can supply power regardless of whether the dc—dc converter
is enabled. Moreover, the LTC3388-3 achieves high efficiency
at low load current (95% at [1,q = 100 4A) and consumes only
720nA typical dc supply current at no load. This is particularly
important for energy harvesting applications. When the con-
verter is disabled, Vi,2 can provide a regulated voltage of 4.6V
from the input voltage V,ect. This enables the proposed system
to self-start using input power directly from the MEH, unless
the output power of MEH is extremely low, below the energy
consumption of the megohm voltage divider branch circuit. Vo
remains equal to Vi up until it reaches 4.6 V, and V. exceeds
4.6V, Vi,o stabilizes at 4.6 V. Meanwhile, when V.. is lower
than 4.6 V, Vi, 5 fluctuates. To ensure stable supply voltage to the
analog control circuit, a diode (BAT60A) and capacitor C, are
included in the circuit. Capacitor C, maintains the supply voltage
at around 4.3V, accounting for the forward diode voltage drop.
On the other hand, the diode prevents reverse current flow from
the capacitor to the dc—dc converter when Ve, falls below 4.3 V.
Consequently, even if the voltage supplied by the internal rails
of the dc—dc converter suddenly drops, V.. remains stable at a
reasonable level. The model of capacitor C, is 25TQC22MYV,
and its equivalent series resistance is only 45 m§2, which makes
its power loss very low. The capacitance value is 22 uF, and it can
be selected according to the recommendations in the LTC3388-3
device manual.
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C. Voltage Divider Branch Circuit

The voltage divider branch comprises a starting diode
(BAT60A) and two resistors. Diode D1 ensures the self-starting
of the analog control circuit and the dc—dc converter. During the
initial activation or restart of MEH, the voltage of the capacitor
C; is close to zero, leading to a negligible power output from
the MEH to C;. In this scenario, if the voltage divider branch
resistance is high, the system may face difficulties in starting.
This is because the output power generated by the MEH is fully
consumed so the voltage across the capacitor C; cannot increase.
To resolve this problem, the diode D1 breaks the voltage divider
branch when the voltage on C; is lower than 0.3V, allowing
a gradual climb to 0.3 V. The voltage can continue to increase
due to the high-megohm resistance of the voltage divider branch,
which limits power consumption. Therefore, the system can start
smoothly. Based on these descriptions, increasing the megohm
level of the resistor reduces power consumption in the circuit,
while it does not affect the voltage divider function.

D. Voltage Follower

To mitigate the influence of other resistors on the voltage
divider circuit, its output voltage is coupled to a voltage follower.
The voltage follower model is MCP6042T-1, which features low
quiescent current (600nA) and the ability to operate in a wide
supply voltage range (1.4-6.0 V). This allows for extremely low
power consumption and easy startup, reducing its requirements
on the power supply. Its output is wired through a resistor to the
comparator’s in-phase end.

E. Comparator

The out-phase end of the comparator is connected to V,¢. The
voltage V. is divided by two resistors (R¢; and R¢2) to produce
the voltage Vier. The in-phase terminal of the comparator is
linked to the outputs of the voltage follower and the comparator
through the corresponding resistors R, and Ry. The circuit has
distinct state transition threshold voltages (Vyect1 and Vieet2) in
different states (State I and State II) due to the feedback of the
comparator output voltage. The ratio of the resistors R, and Ry
affects the difference between the two state transition threshold
voltages in the circuit. If this difference is too large, the voltage
swings too much around the optimal load voltage so the MPP
reaching becomes less effective. Finally, the enable side of the
dc—dc converter receives the comparator’s output. The compara-
tor’s model is TLV3401IDBVR, which requires only 470nA
of supply current per channel. It has a wide operating supply
voltage range from 2.5 to 16V, and for harsh environments, the
input voltage can be taken 5 V above the positive supply voltage
without damaging the device. The low supply current makes it
an ideal choice for comparators where quiescent current is the
primary concern.

FE. Parameter Determination Method

When determining the parameters for the circuit, two princi-
ples should be followed. The first principle is to set the state
transition threshold voltages (Viect1 and Viee2) close to the
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TABLE II
PLATFORM PARAMETERS

Parameter Value
Core secondary coil resistance 25Q
Zener LMSZ5238BT1G
Diode BAT60A
DC-DC converter LTC3388
Isolated Voltage Regulated Power Supply STG-2000W
Full-bridge diode rectifier BAS4002ARPP
Electronic load IT8511A+

MCP6042T-I/SN
TLV3401IDBVR

Operational amplifier
Comparer

optimal load voltage. The second principle is that the difference
between two state transition threshold voltages should not be too
large. The average value V. and the difference AV, between
the two transition threshold voltages can be calculated using (15)
and (18).

R+ R R,
Vave = L <

‘/r A
kR 2R, + Ry)
R,
kR;

Vcomp) + Vb1 (19)

Av;ect = ‘/;'ectl - ‘/;'ectQ - V;:omp- (20)

In the present study, the following approach is utilized to
satisfy the two principles. First, V,y equals the optimal load
voltage, and second, AV .. is less than half the length of the
load voltage interval (Viy,). This approach allows the MEH to

operate close to the MPP.

R, + Ry R,

— o | Vet — 5755 Veom Vb1 = Vinax (21
ka ( ef 2(Rr+Rf) ol p>+ D1 a; ( )
R, 1

‘/int . (22)

ki}{f‘/comp S 5

The proposed method involves only one inequality constraint
and one equation, making the parameter selection process rel-
atively simple. With four unknown parameters (R,, Ry, k, and
Vret), the goal is to choose a set of parameters that satisfy the
requirements.

IV. EXPERIMENTATION AND EVALUATION
A. Maximum Power Point Reaching Experiment

Fig. 2 depicts the experimental platform for MPP reaching
MEH. Tables I and I indicate the parameters linked to the exper-
imental core and platform, respectively. During the experiments,
the optimal load voltage was 6.7V, and Vi,; and AV ..t were
set to 2V and 0.86V, respectively. The analog control circuit
resistance parameters are presented in Fig. 8.

Fig. 9 shows the voltage waveforms at significant points while
the analog control circuit is operating. It can be observed that
the load voltage (Vie.t) undergoes periodic changes between
Viect1 and Viecto, divided into an ascending phase (State I) and
a descending phase (State II). In State I, the comparator (Veomp)
outputs a low level, the EN terminal of the dc—dc converter
is not enabled, and energy is transferred from the magnetic
energy harvester to the capacitor C;. As a result, the load voltage
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Fig. 9. Waveforms of Vyiect, Vi, Vret, and Veomp (I1 = 2 A, R, = 100).
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Fig. 10.  Vyect waveforms when the primary current changes. (a) Increase of

low current (2 A) to high current (10 A). (b) Decrease of high current (10 A) to
low current (2 A).

increases, and V;, as a sample of the load voltage, also increases.
According to (12), when V; exceeds 10/9 Vi, or when Vi,
exceeds Vief, Veomp outputs a high level, and the circuit enters
State II. In State II, Veomp outputs a high level, the EN terminal
of the dc—dc converter is enabled, and energy is transferred from
the capacitor C; to the load. Consequently, the load voltage
decreases, and V; decreases accordingly. According to (16), Vi,
also decreases. When V;,, falls below V,¢f, Veomp Outputs a low
level, the EN terminal of the dc—dc converter is not enabled,
and the circuit returns to State I, repeating the cycle. During
the process, the average value of V.. was 6.88V, which is
close to the optimal load voltage. Meanwhile, the maximum and
minimum values were 7.32V and 6.44 V, respectively, resulting
in a difference of 0.88 V between the extreme values.

The analog control circuit exhibits excellent stability and
adaptability under different primary currents. When the primary
current is low, Viect varies between Viect1 and Viecro, €nsuring
that MEH operates near the MPP. Fig. 10(a) shows that as the
primary current increases, Vyect rises to limit the power delivered
by the MEH according to the requirements of the load or to
dissipate excess power through the Zener diode. Fig. 10(b) shows
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Fig. 11.  Transient start-up of the analog control circuit (I; =2 A, Ry, = 100).

that when the primary current decreases from a high value to a
low value, the MEH enters State I after dropping to Viect2 and
returns to a small current operation.

B. Start-Up of Analog Control Circuits

Fig. 11 depicts the transient voltage of the circuit over time.
It is observed that the initial voltage of each capacitor is zero.
As the MEH generates power, V..t and V; gradually increase
from zero, whereas the dc—dc converter remains inactive and the
analog control circuit consumes minimal power. V.. charges
the capacitor C,, thereby increasing V¢ and V... This process
occurs through the internal pin Vj,o of the dc—dc converter
and the diode. Once V¢ reaches the startup voltage of the
comparator, the output voltage Viomp is initialized to zero.
However, it quickly becomes high when 9/10V; exceeds Vief.
Once Viect reaches the startup voltage of the dc—dc converter,
the converter is activated and both V¢ and V; stop rising, while
Vet rises continuously until it reaches V;. Afterward, the output
voltage of the comparator becomes low, which turns OFF the
dc—dc converter and leads to a steady-state operation of MEH.

C. Calculation of the Maximum Power of Analog Control
Circuits

Fig. 8 shows that the power used by the analog control circuit
can be primarily divided into two parts: the power P i used by the
diode D1 and resistors Rj; and R;s, and the power Pcc used by
Vce. Since Vieet can only reach a maximum of 7.32'V and Vp,
is 0.3V, and the corresponding power Pr is lower than 26 uW.
This consumption is significantly lower than the output power
of MEH Given by

‘/;ect (Vl‘ect - VDl)

P p—
i R+ Ris

(23)

The maximum value of the power Pcc can be estimated based
on the maximum value of /¢ as follows:

Poc (t) =Vee (t) Icc (1) - (24)

The current /cc comprises the currents Iy flowing through
the voltage follower, /gc through the resistor, and /¢ through
the comparator branch. The currents in each component can be
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TABLE III
COMPARISON OF INDICATORS BETWEEN THE PROPOSED METHOD AND EXISTING METHODS

Lo Power supply Load Power loss
Refs. Control cireuit of control circuit of MEH of control circuit
LAUNCHXL-F28377S microcontroller .
(24] to control the high-power control coil Self-powered Without de-de 34 mW
[25] with a li;?ggg)ii::)fg;;dsp 430 Externally powered Without de—dc unknown
[26] PIClSil:iir(lﬁifer%?;troller Externally powered Without de—dc 2.63 mW
A microcontroller STM32C8T6 is used .
[32] to generate the corresponding PWM wave Externally powered Without de—dc 63.4751 mW
This work Low;li)](i)t;’lvslrl taﬁi(;ic?rilttrﬁll;rmun Self-powered With de—dc 81.81 uW
300 300
—— 1A —=— Proposed Method
——2A 2501 |—— Commercial Module HM100M
2509——3A s 200 | Maximum PowerPoint
—v—4A "
200434 ‘1 %150-
oA l"" = 100-
5 |—a ﬂ!
E150]——38A g 50
= 2/
< f—oa | f o
P T T T T T
100 10AJ] 0 2 4 a6 8 10
50 Fig. 13.  Experimental results.
0 T T T T
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7.2 4
Fig. 12.  Distribution of the output power of MEH against load resistance at >
different primary currents. K 697
6.6
. 6.3 T T T
expressed as follows: 0.03 0.06 time/s 0-09 0.12
V. — V. Fig. 14.  Vyect waveform (I1 =2 A, P, = PLmax)-
Ivg = Igvr + [Vi = Veomp| < 3.79 pA (25) *
R, + R f
T Vee A 6 , _
RO = p— = 119 p (26) Fig. 13 compares the MPP of MEH obtained from the pro-
C1 C2 . .
posed method with that of a commercial energy management
Voo = Veomp | [Vi = Veomp| circuit (HM100M Hemi Electronics, China). The commercial
Ic <Igc + Ien + <8.00 A T T
Ry R, + Ry circuit operates away from the MPP, resulting in lower output
(27)  power. In contrast, the proposed method achieves higher power

where Igy is the drive current of the enabling side of the
dc—dc converter, and /gy and Iqc are the quiescent currents
of the voltage follower and comparator, respectively. Based on
these equations, the maximum current Icc is 12.98 A, and the
maximum Pcc value is 55.81 uW. Meanwhile, the estimated
maximum power consumption of the analog control circuit is
81.81 pW.

D. Method Performance Evaluation

Fig. 12 displays the experimental results of the MPP reaching
method. It depicts the impact of load resistance on energy
harvesting from the MEH. It is observed that when the load
resistance is too low, the output voltage of the dc—dc converter
decreases significantly, which reduces the energy conversion
efficiency and decreases the power obtained by the load.

output by operating closer to the MPP. Moreover, the use of a
lower convex function in the voltage waveform of the core, as
illustrated in Fig. 14, is beneficial in decreasing core saturation
and increasing the ability to harvest magnetic field energy [26].
This contributes to the higher output power of MEH compared
to the MPP.

E. Comparison With Existing Methods

In other energy harvesting technologies, the MPP is typically
influenced by variable parameters [35], [36]. For example, in
piezoelectric energy harvesting, the MPP is affected by fre-
quency variations [37], [38], [39]. However, in MEH technology,
the system frequency remains constant, and the MPP is solely
determined by the properties of the magnetic core. Table III
compares the proposed method with existing MEH methods
in terms of the control circuit and load. Compared to other
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techniques used to reach the MPP in MEH, the proposed method
stands out by achieving self-powering with power consumption
as low as microwatts (compared to milliwatts in other meth-
ods), and it does so without the need for a microcontroller.
Furthermore, when compared to other approaches for improving
the output power of MEH, the utilization of a dc—dc converter
instead of directly connecting a resistor after the rectifier bridge
provides a more practical and feasible solution. For instance,
the effectiveness of the method presented in [26] depends on the
stable load voltage provided by a constant voltage source, and
the introduction of a dc—dc converter would impact the method’s
performance.

V. CONCLUSION

This study proposes a method to achieve the MPP for MEH
technology, aiming to reach the MPP of MEH under different
primary currents and loads. Through theoretical analysis of the
output power of the MEH, it is determined that, under certain
approximate conditions, the optimal load voltage is only related
to the properties of the magnetic core and the frequency of
the primary current. Through simulations and experiments, it
is verified that due to the high magnetic permeability of the
magnetic core, as long as the primary current is not very small,
the optimal load voltage hardly changes with the variation of
the primary current. Under the experimental conditions of this
article, the optimal load voltage can be considered a constant
value as long as the primary current exceeds 2 A. The proposed
method achieves the MPP for MEH by designing an analog
control circuit that ensures the load voltage fluctuates around the
optimal load voltage. Experimental results show that compared
to commercial circuits, the proposed method can increase the
output power of MEH by 101.39%—-149.89% in the current range
of 1-10A. Furthermore, the power consumption of the analog
control circuit is estimated to be only 81.81 microwatts, which
has a negligible impact on the milliwatt-level output power of
MEH.
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