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Abstract—Free-standing magnetic field energy harvesters (FSM-
FEH) have proven potential for powering sensors on power trans-
mission lines. To realize the application FSMFEH, a key challenge is
to satisfy the power supply requirements of sensors, i.e., the output
power and the constant output voltage requirements. However, the
output power and voltage of FSMFEH systems are highly depen-
dent on the power line current, which typically varies over a wide-
range. Therefore, the stabilized power supply to the sensor will be
broken, and the optimal output power will not be maintained. To
address these issues, an energy management circuit with dual-coil
FSMFEH and bidirectional dc–dc is proposed in this article. First,
the influence of power line currents and the constant voltage output
to the system are analyzed. Then, the optimal operating modes of
the system under different load conditions are clarified. Finally,
the energy management strategies are presented based on the mode
switching boundaries of the dual-coil system and the voltage control
of the bidirectional dc–dc. Experimental results show that when
the power line current varies from 30 to 500 A, the output power
can be improved from 0.6 mW to 3.2 mW at the minimum power
line current, and from 195 to 365 mW at the maximum power line
current.

Index Terms—Dual-coil system, energy management, free-
standing magnetic field energy harvesters (FSMFEH), power
improving.
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I. INTRODUCTION

POWER lines and busbars are the main carriers to realize
the transmission of electric energy in urban distribution

networks. To ensure the safety and reliability of the power
transmission process, it is necessary to install sensors to realize
the collection of temperature, voltage, current, and other infor-
mation [1], [2]. Generally, these sensors are mainly powered by
batteries. However, batteries are required to be replaced due to
their limited capacity. As a result, it will cause inconvenience to
operators and increase maintenance costs [3].

Recently, environment energy harvesting technology has been
rapidly developed, and substantial research has shown the po-
tential in supplying power to sensors through solar [4], [5],
wind [6], [7], vibration [8], [9], and magnetic field [10], [11].
Among them, the free-standing magnetic field energy harvesters
(FSMFEH) can capture energy from the magnetic field, which is
independent of weather, and have higher output power compared
with vibration energy harvesters. Therefore, it is attractive to use
FSMFEH for a continuous, maintenance-free power supply to
sensors in power lines and busbars, the configuration case is
shown in Fig. 1.

Power line sensors like HCSP-1BS, CSHV, etc., can consume
tens of milliwatts of power on average [12]. To satisfy the power
requirement of sensors, it is critical to improve the output power
of the FSMFEH systems [13]. Currently, there are two main cat-
egories of approaches to improve the output power of FSMFEH
systems. On the one hand, as shown in Fig. 1, by optimizing the
parameters of harvesters, the output power can be significantly
improved. For example, Moghe et al. [14] proposes the I-shape
core structure to improve the ability to converge magnetic flux.
By optimizing the size of the I-shaped core, the harvested energy
is increased. Besides, Yuan et al. [15], [16] proves that increasing
the number of coil turns appropriately can also improve the
output power. On the other hand, impedance matching is also
an effective way to improve the output power by controlling the
back-end circuit. In [17], the single-stage ac–dc boost rectifier is
adopted, and the optimum power control method is proposed to
realize the maximum power point tracking (MPPT) of the energy
harvesting system. Similarly, a reconfigurable rectifier and its
impedance matching methods are presented in [18]. The output
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Fig. 1. Configuration case of the FSMFEH system.

power can be maintained above 8.19 mW with a wide load range.
However, the maximum output power and the output voltage can
be varied due to the varied power line currents. As a result, the
output power and voltage of FSMFEH systems will exceed or
lower than the rated value when the current of the power line is
high or low. Thus, the output of the FSMFEH system struggles
to meet practical requirements of the sensor.

To address these issues, a general method is to adopt the
energy management circuit to regulate the output voltage or
power of the system. In [19], the full-bridge active rectifier is
utilized to control the parallelled batteries to realize the energy
management. However, the real-time duty cycle control will lead
to a high computation burden and switching loss. Moreover,
Wang et al. [20] present a three-port interface energy manage-
ment circuit in which an energy storage battery is connected in
parallel with the load as an external port, and the power flow is
controlled by a bidirectional dc–dc converter. The experimental
results show that the vibration electromagnetic energy harvester
can obtain a constant load voltage of 3.3 V and realize the
MPPT at a fixed vibration frequency. However, similar to the
influence of the varied power line current, the influence of the
varied vibration frequency on the energy harvester has not been
addressed. In summary, the above researches indicate that there
is a lack of an energy management method for FSMFEH systems
that takes into account power line current variations and system
impedance characteristics to achieve MPPT and constant voltage
control.

Thus, in this article, an energy management method is pro-
posed to realize power improvement and constant output voltage
control. The main contributions are listed as follows.

1) The effect of power line current variation and the constant
output voltage control on the impedance characteristics of
a general FSMFEH system with the bidirectional dc–dc is
considered and analyzed.

2) Considering the influence of power line current varia-
tion on system impedance, a dual-coil and three-bridge
FSMFEH system with a bidirectional dc–dc is proposed.
Operation principles and load characteristics are clarified
and modeled.

3) The energy management strategies for the system are
presented with the consideration of wide-range power line
current variation. The proposed strategies provide guid-
ance for constant voltage control of bidirectional dc–dc
and mode switching boundaries of a dual-coil system,
which realizes the output power improvement and constant
voltage output control.

The rest of this article is structured as follows. In Section II,
the influence of the power line current variation on FSMFEH

Fig. 2. General FSMFEH system with the bidirectional DC-DC.

TABLE I
SYSTEM PARAMETERS

systems is introduced. Considering the wide range variation
of the equivalent load, the dual-coil and three-bridge rectifier
systems are proposed, and mathematical models under different
operation models are derived. In Section III, based on the model
switching boundary and the voltage control of the bidirectional
dc–dc, the energy management strategies are designed to deal
with the wide range variation of the power line current. Then,
four typical power line current cases with corresponding control
logic have been clarified. In Section IV, the constant voltage
control, the output power improvement, as well as the accuracy
of model switching, are verified through experiments. Finally,
Section V concludes this article.

II. OPERATION PRINCIPLES OF THE PROPOSED SYSTEM

A. Influence of Power Line Current on FSMFEH Systems

As shown in Fig. 2, LS is the self-induction of the energy
harvesting coil, CS is the series resonant capacitor. Cf is the
filter capacitor, and CSE is the energy storage supercapacitor
(SC). VO is the ac port voltage of the rectifier. VL is the dc
voltage across the load RL. VSE is the dc voltage across the
energy storage capacitor CSE. IL1 is the average current flowing
through the inductor. The full-bridge rectifier consists of diodes
D1–D4. The bidirectional buck-boost converter is composed of
MOSFETs S1–S2 and inductor L1. For a single-coil and full-bridge
rectifier FSMFEH system with the bidirectional dc–dc and en-
ergy storage, the equivalent dc load RLeq can be considered as
the parallel connection of load RL and the equivalent energy
storage load RSE

RLeq = RL//RSE =
VL

IO
. (1)

When the output voltage VL is controlled at a constant voltage
by the dc–dc, the output current IO will change as the power line
current İB changes. Thus, the equivalent load RLeq of the system
will change accordingly with the fluctuation of the power line
current. Based on the parameters in Table I, the simulation results
can be developed, and the impact of power line current on the
equivalent load RLeq can be analyzed.
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Fig. 3. Variation curve of RLeq. (a) When the power line current is high.
(b) When the power line current is low.

Fig. 4. Proposed energy management circuit.

As shown in Fig. 3(a), when power line current is high, i.e.,
IB increases from 80 to 400 A, RLeq decreases from 600 to
73 Ω. Even worse, as shown in Fig. 3(b), when the power line
current varies from 40 to 60 A, RLeq dramatically varies from
4000 to 1000 Ω. Both cases present that when the power line
current changes, the equivalent load will vary widely under
constant output voltage control. As a result, the output power
will inevitably decrease compared with the optimal output power
point. Therefore, it is important for FSMFEH system to realize
both impedance matching and output voltage control.

B. Operation Principles of Dual-coil and Three-Bridge
Rectifier Systems

The proposed energy management circuit for the FSMFEH
is shown in Fig. 4, including a dual-coil FSMFEH system, a
three-bridge rectifier, a bidirectional dc–dc, and an SC. The
dual-coil and the three-bridge rectifier develop the impedance
matching circuits to improve the output power under different
power line current conditions. Meanwhile, by controlling the
bidirectional dc–dc and the SC, the constant output voltage
of the FSMFEH system can be regulated. The parameters are
introduced as follows. İS1 and İS2 represent the current of the
harvesting coil LS1 and LS2. RS1 and RS2 denote the parasitic
resistance of LS1 and LS2. CS1, CS2, and CM are resonant
capacitors. Moreover, M1 and M2 are the mutual inductances
between the cable and harvester coils. RL is the sensor load. In
addition, the dc–dc includes an inductor L1 and two switches
(S1, S2). The rectifier consists of four diodes (D1-D4) and three
switches (S3, S4, S5).

To simplify the analysis, the output load of the FSMFEH
system is considered as RLeq. Switch S5 is designed to realize
voltage regulation under extreme conditions. Here, S5 is turned
OFF and considered as a diode. Thus, the equivalent circuit of

Fig. 5. Equivalent circuit of the proposed FSMFEH system.

TABLE II
OPERATION MODE OF THE SYSTEM

the proposed system in Fig. 4 can be re-depicted as shown in
Fig. 5. To make the circuit well-tuned, the relationship should
be satisfied

⎧⎨
⎩
CS1 = 1

/
ω2 (LS1 −M12)

CS2 = 1
/
ω2 (LS2 −M12)

CM = 1
/
ω2M12

(2)

where M12 denotes the cross-coupling of LS1 and LS2.
Different from the traditional single-stage ac–dc boost recti-

fier that uses two MOSFETs to achieve the MPPT, the proposed
three-bridge rectifier adopts two MOSFETs to change the oper-
ation mode of the system instead of dynamically tracking the
maximum power point so that additional switching losses can
be avoided. Based on these switches, the operation mode of the
system can be divided, as given in Table II. It should be clarified
that the source of S4 is connected to the anode of diode D4. In
this configuration, the body diode of S4 is connected in reverse
series with D4. As a result, the third rectifier leg (S4+D4) can be
effectively disabled when S4 is OFF.

Since the third bridge arm is disabled in mode 1 and mode 2,
the equivalent ac circuit of the energy harvesting system remains
consistent. The difference is that the variation of the rectifier
bridge topology in mode 1 and mode 2 leads to changes in the
equivalent ac load. To distinguish the simplified circuits of mode
1 and mode 2, RO is adopted to denote the equivalent load of
the full-bridge rectifier, while ROH denotes the equivalent load
of the half-bridge rectifier, as shown in Fig. 6(a) and (b).
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Fig. 6. Simplified circuit. (a) Mode 1. (b) Mode 2. (c) Mode 3.

Mode 1: The simplified circuit of mode 1 is shown in Fig. 6(a).
RO is the equivalent ac load. According to Faraday’s law, the
induced voltage V̇S can be represented as

V̇S = jω (M1 +M2) İB . (3)

By using the fundamental component approximation method,
the KVL equations of the circuit can be obtained as

VS = IS (RS1 +RS2 +RO) (4)

where IB, IS, and VS are the root-mean-square (RMS) values of
İB , İS , and V̇S .

The relationship between the equivalent ac load RO and the
equivalent dc load RLeq is

RO =
8

π2
RLeq. (5)

According to (3) and (4), the output power can be calculated
as

PO =
VS

2

(RS1 +RS2 +RO)
2RO

=
ω2(M1 +M2)

2IB
2

(
RS1 +RS2 +

8
π2RLeq

)2
(

8

π2
RLeq

)
. (6)

Setting the derivative of PO to 0, the optimal load can be
obtained as

RLSFopt =
π2

8
(RS1 +RS2) . (7)

The maximum output power can be calculated by setting RLeq

= RLSFopt

POopt−1 =
(ωIB (M1 +M2))

2

4 (RS1 +RS2)
. (8)

Mode 2: The simplified circuit of mode 2 is shown in Fig. 6(b).
The relationship between ROH and RLeq with the half-bridge
rectifier becomes [21]

ROH =
2

π2
RLeq. (9)

Based on the KVL law, the following equation for the circuit
in mode 2 can be obtained as

İSROH = jω (M1 +M2) İB − İS (RS1 +RS2) . (10)

The output power in this mode can be calculated as

PO = I2SROH

=
ω2(M1 +M2)

2IB
2

(
RS1 +RS2 +

2
π2RLeq

)2
(

2

π2
RLeq

)
. (11)

Similarly, by setting the derivative of PO to 0, the optimal
load in mode 2 can be calculated as

RLSHopt =
π2

2
(RS1 +RS2) . (12)

The maximum output power in mode 2 can be calculated by
setting RLeq = RLSHopt

POopt−2 =
(ωIB (M1 +M2))

2

4 (RS1 +RS2)
. (13)

According to (8) and (13), it can be seen that the maximum
output power POopt-2 of mode 2 is the same as that of mode 1.

Mode 3: The simplified circuit of mode 3 is shown in Fig. 6(c).
When S3 is OFF and S4 is ON, the dual coils are connected with
the full bridge rectifier. According to the KVL law, the following
equation should be satisfied as⎧⎨

⎩
(
İS1 + İS2

)
RO = jωM1İB − İS1RS1(

İS1 + İS2

)
RO = jωM2İB − İS2RS2

. (14)

The output power in mode 3 can be calculated as

PO = (IS1 + IS2)
2RO

=
ω2(M1 +M2)

2IB
2

(
RS1 +RS2 +

32
π2RLeq

)2
(
32

π2
RLeq

)
. (15)

Similarly, the optimal load in mode 3 can be calculated as

RLDFopt =
π2

32
(RS1 +RS2) . (16)

The maximum output power in mode 3 can be calculated by
setting RLeq = RLDFopt

POopt−3 =
ω2(M1 +M2)

2IB
2

4 (RS1 +RS2)
. (17)

It can be observed that the maximum output power in three
modes is theoretically the same according to (8), (13), and (17).
More importantly, according to (7), (12), and (16), the optimal
load condition satisfies: RLDFopt < RLSFopt < RLSHopt. As a
result, the diagram of output power varying with equivalent load
under different modes is shown in Fig. 7. Compared with the
single operation mode, the output power can be improved by
switching the operation mode of the rectifier under different
load conditions.

III. ENERGY MANAGEMENT STRATEGIES

To improve the output power and achieve the constant voltage
output for the load under the wide-range variation of the power
line current, the energy management strategies are presented as
follows.
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Fig. 7. Diagram of output power varying with load under different modes.

Besides, according to Fig. 7, the output power in mode 3
is higher than in mode 1 and mode 2 when the equivalent dc
load RLeq is lower than the boundary RL-b. Therefore, the load
switching boundary of mode 3 to mode 1 can be calculated as

RL−b =
π2

16
(RS1 +RS2) . (18)

Similarly, the output power in mode 2 is higher than in mode 1
and mode 3 when RLeq is higher than the boundary RH-b. Then,
RH-b can be calculated as

RH−b =
π2

4
(RS1 +RS2) . (19)

It is worth noting that S3 will turn ON in mode 2, while S4 will
turn ON in mode 3. Therefore, by comparing the load value of
the FSMFEH system and turning ON the corresponding switch,
the mode switching and output impedance regulation can be
achieved.

Considering the wide-range power line current variations,
four different operation cases are analyzed here. The diagram
of the energy flow under different power line current conditions
is depicted in Fig. 8.

Case 1: Power line current is high so that the output power
(Po) of the FSMFEH system is higher than the load required
(PL), i.e., Po > PL. In this case, the bidirectional dc–dc needs
to operate in buck mode to charge the SC and maintain a stable
load voltage VL, the power flow is shown in Fig. 8(a). According
to (1), the equivalent dc load RLeq can be obtained by sampling
VL and Io. Also, the optimal operation mode can be determined
by comparing the value of RLeq, RH-b, and RL-b.

Case 2: Power line current is low, which means the output
power Po of the FSMFEH system cannot sufficiently power the
load, i.e., Po < PL. The bidirectional dc–dc needs to operate
in boost mode to let the SC discharge to the load. At this time,
the power flow is shown in Fig. 8(b). According to (1), Io will
decrease and RLeq will increase in this case. Thus, the operation
mode should be redetermined.

Case 3: Power line current is just enough to power load,
i.e., Po = PL. The bidirectional dc–dc needs to stop charg-
ing/discharging the SC, the power flow is shown in Fig. 8(c).
In fact, this case is a transition between case 1 and case 2, and it
lasts for a short period of time when power line current varies.

Case 4: Power line current continues to decrease, the output
power of the FSMFEH system cannot power the load, which is

Fig. 8. Power flow under different power line current conditions. (a) Case 1.
(b) Case 2. (c) Case 3. (d) Case 4.

Fig. 9. Energy management strategies of the proposed system.

a special case of case 2. The load needs to be powered by the
SC. The bidirectional dc–dc should operate in Boost mode. The
power flow is shown in Fig. 8(d).

According to the analysis above, the energy management
strategies are proposed to enable the FEMFEH system to adapt
to the variation of the power line current. The proposed energy
management strategies are shown in Fig. 9, and the control
diagram of the proposed dual-coil FEMFEH system is shown in
Fig. 10. When the SC is not fully charged, i.e., VSE < VSClim,
the output voltage VL should be compared with reference out-
put voltage Vref to determine the buck/boost mode of dc–dc.
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Fig. 10. Control diagram of the proposed dual-coil FEMFEH system with a
bidirectional DC–DC.

Fig. 11. Simulation waveforms. (a) Mode 1, IB = 100 A. (b) Mode 1, IB =
60 A.

Then, comparators are required to enable the mode switching
of the dual-coil and three-bridge rectifier. When RLeq > RH-b,
S3 should turn ON, and the system will operate in mode 2.
When RLeq < RL-b, S4 should turn on, and the system will
operate in mode 3. Otherwise, S3, S4 should turn OFF, and
the system will operate in mode 1. Besides, when the SC is
fully charged, S1, S2, and S4 should turn OFF to stop the SC
charging. Under these extreme conditions, S3 and S5 should
turn ON; by regulating the duty cycle of S3 and S5, VL can be
controlled [22].

Fig. 11 shows the simulation waveforms in typical operation
conditions. vo and is denote the input ac voltage and current
of the rectifier. When the power line current is high, e.g., IB =
100 A, the simulation results are shown in Fig. 11(a). The load
voltage VL can be stably maintained at 3.3V. Meanwhile, IL1 is
positive, indicating FSMFEH system is charging the SC at this
time. Fig. 12(a) shows the microscopic waveform of IL1 during
the charging process. Obviously, bidirectional dc–dc is in the
continuous conduction mode (CCM). The initial value of the
voltage VSE of the SC is 1 V, and its charging waveform is shown
in Fig. 12(b), which gradually increases. When the power line
current is low, e.g., IB = 60 A, the simulation results are shown
in Fig. 11(b). The load voltage VL can also be stably maintained
at 3.3 V. Similarly, Fig. 12(c) shows the microscopic waveform
of IL1 during the switching cycle, and the bidirectional dc–dc
is also in the CCM. In addition, IL1 is negative, indicating that
the SC is discharging and supplying power to the load at this
time. The initial value of the voltage VSE of the SC is 1 V,

Fig. 12. Microscopic waveform. (a) Charging current waveform (IB = 100 A).
(b) Charging voltage waveform (IB = 100 A). (c) Discharging current waveform
(IB = 60 A). (d) Discharging voltage waveform (IB = 60 A).

Fig. 13. Experimental platform of the proposed system.

and its discharge waveform is shown in Fig. 12(d), and the VSE

gradually decreases.
There are two advantages of this strategy. On the one hand,

unlike the traditional method that requires duty cycle control to
realize the MPPT, in this method, MOSFETs of the three-bridge
rectifier only switch once within the specified load range. Thus,
the switching loss of the three-bridge rectifier can be limited,
and the control can be easily implemented.

On the other hand, according to the energy management
strategies, the energy storage system only discharges when
the power line current is low. Therefore, the energy of the
SC/batteries can be preserved as much as possible to provide
power to the load when the power line current is low, or there is
a line fault. As a result, the reliable power supply of the sensors
under extreme operating conditions can be ensured.

IV. EXPERIMENTAL VALIDATION

A. Experimental Prototype

As shown in Fig. 13, a prototype is built to investigate the
performance of the proposed system. A high current generator
is used to form a 50 Hz ac current to simulate the busbar. Specific
parameters are given in Table III. The details of the core shape
and material are provided in Fig. 14. The core is composed of a
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TABLE III
SYSTEM PARAMETERS

Fig. 14. FSMFEH with the triangular-shaped core lamination.

Fig. 15. Comparison of magnetic flux density distribution. (a) Triangular-
shaped lamination. (b) square-shaped lamination.

central core column and core lamination on both sides. The core
column, which is rectangular cuboid in shape and made of ferrite
(PC95). The core lamination on both sides features a triangular
cross-section. This triangular design allows the laminated core
to collect more magnetic flux into the core column compared to
traditional circular or square cross sections, while maintaining
the same cross-sectional area. The simulation results are shown
in Fig. 15, under the condition of 100 A busbar current. Besides,
the core lamination is made of permalloy (1J85). The control
architecture, as shown in Fig. 10, employing the STM32L476RG
ultra-low-power MCU (supply current 270 μA), combined with
the LM393 voltage comparator (quiescent current 200 μA) and
the IVCR2405DR PWM driver chip (quiescent current 180μA),
is utilized. Besides, since VL, VSE, and IO are sampled, the
closed-loop control can be employed by the MCU. Thus, the
switches of the dc–dc converter are controlled by the MCU
and PWM driver chip according to the PI calculation results
of the output voltage VL. Switches of the three-arm-rectifier are
controlled by the MCU and comparators according to calculation
results of the equivalent load RLeq.

B. Experimental Results

To verify the proposed theoretical model of the maximum
output power point, the maximum output power waveforms
under different operation modes are measured with a 100 A
busbar current without the closed-loop control method. Accord-
ing to Fig. 16(a)–(c), the output voltages are 4.9V(@700Ω),
9.5V(@2700Ω), and 2.8V(@250Ω) under mode 1, mode 2,

Fig. 16. Maximum output power waveforms with different modes. (a) Mode
1. (b) Mode 2. (c) Mode 3.

Fig. 17. Experimental waveforms of bidirectional DC–DC with different
busbar currents. (a) IB = 100 A. (b) IB = 60 A.

mode 3, respectively. Correspondingly, the maximum output
powers are 34.3, 33.4, and 31.3 mW.

In addition, the closed-loop control method of the bidirec-
tional dc–dc is verified. As shown in Fig. 17(a), VSE and IL1

denote the charging voltage and current of the SC. Take mode
1 as an example, when the busbar current is high (IB = 100 A),
the bidirectional dc–dc is operated in buck mode to charge the
SC, and the output voltage of the load is maintained at 3.3 V.
On the contrary, when the busbar current is low (IB = 60 A),
the bidirectional dc–dc is operated in boost mode to discharge
the SC. The output voltage can still be maintained at 3.3 V, as
shown in Fig. 17(b).

Output waveforms (VL) with different cases are measured.
As shown in Fig. 18, output waveforms with different busbar
currents are provided. As shown in Fig. 18(a), the busbar current
is 61 A, which is just high enough to power both the load and
the SC, i.e., the system operates under case 3. As shown in
Fig. 18(b), IB changes to 100 A, the system operates under
case 1, and output voltage can be maintained at ∼3.3 V. Under
this operation condition, the equivalent load RLeq is 418 Ω;
thus, the FSMFEH system is operated in mode 1. When the
busbar current increases to 160 A, as shown in Fig. 19(a), the
equivalent load RLeq is 216 Ω at this time, the operation mode
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Fig. 18. Experimental waveform with different power line currents. (a) Case
3 IB = 61 A. (b) Case 1 IB = 100 A.

Fig. 19. Experimental waveform with different power line currents. (a) Case
1 IB = 160 A. (b) Case 1 IB = 200 A.

Fig. 20. The experimental waveform with different power line currents.
(a) Case 2 IB = 50 A. (b) Case 2 IB = 33 A. (c) Case 2 IB = 20 A.

of the FSMFEH system switches to mode 3. Furthermore, when
the busbar current increases to 200 A, as shown in Fig. 19(b),
the output voltage can still be maintained at ∼3.3 V due to the
charging of the SC. As a result, the constant voltage output is
achieved under case 1.

Conversely, when the busbar current drops to 50 and 33 A,
i.e., the system operates under case 2 at this time. As shown
in Fig. 20(a) and (b), when the busbar current is low, the
equivalent load increases accordingly, and the operation mode of
the FSMFEH system will switch to mode 2. The output voltage
can be maintained at ∼3.3 V due to the discharging of the SC.
As the busbar current is reduced, e.g., IB = 20 A, as shown in

Fig. 21. Dynamic waveform with wide-range power line current variation.

Fig. 22. Calculated and experimental output power curves (IB = 100 A).

Fig. 20(c), the ac output voltage waveform is distorted. However,
a 3.3 V dc output voltage can still be maintained. As a result,
the constant voltage output is achieved under case 2.

According to Fig. 21, it can be observed that the proposed
method can maintain the output voltage at ∼3.3 V under varied
busbar current conditions. Besides, with the increased busbar
current, the equivalent load of the FSMFEH system changes
accordingly. Thus, the operation mode of the system is switched
from mode 2 to mode 1 and then to mode 3, which is consistent
with the mode in Fig. 7. As a result, the effectiveness of the pro-
posed strategies is validated. The calculated and experimental
output power curves are plotted in Fig. 22 to verify the proposed
theoretical model. It can be found that the maximum output
power is 34 mW with 100 A busbar current. According to (8),
(13), and (17), the maximum output power in the three modes
should be the same. However, in the experiment, there exists an
error of ∼10% in mode 2 and mode 3 compared with the calcu-
lated results. There are two main reasons for this phenomenon.
On the one hand, the mutual inductance of nonclosed magnetic
cores is sensitive to the environment, resulting in different mu-
tual inductance values under different test conditions. On the
other hand, mode 2 and mode 3 have additional driving loss of
switches, which led to the inconsistencies between the calculated
and experimental results. It should be noted that the variation
trend is the same, and the error in switching boundaries is ∼7%,
which proves the effectiveness of the proposed method.

The output power results with closed-loop control are plotted
in Fig. 23. It shows that the proposed energy management
strategies help the system to choose the optimal operation mode
to improve the output power with wide-range power line current
variations. When the power line current varies from 30 to 500 A,
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TABLE IV
COMPARISON OF [15], [16], [18] AND THIS ARTICLE

Fig. 23. Closed-loop experimental results with different power line currents.

the output power of the FSMFEH system improved from 0.6 to
3.2 mW (at min. power line current) and 109 mW with mode 3
compared with 69 mW in traditional single coil mode. When IB
= 500 A, the output power is significantly increased to 365 mW
compared with the traditional mode 195 mW.

C. Comparison and Discussion

This article shares the same core objective as [15], [16], and
[18], which is to improve the output power of the FSMFEH
system. Their comparison is presented in Table IV. Compared
to [15], [16], and [18], the advantages of this article mainly
lie in two aspects: First, it achieves the constant voltage output
of the FSMFEH system under wide current range conditions.
Second, through the proposed method, this article achieves
power improvement under wide current range variations with
a smaller magnetic core size, lower cost, and simpler core
manufacturing, thereby accomplishing the dual objectives of
constant voltage output and power improvement. [15] and [16]
only demonstrate the effect of power improvement under fixed
load conditions, and the performance under wide-range loads
remains unclear. However, they evidently exhibit lower output
power compared to this article. In [18], within the load range
of 50–1500 Ω, the maximum output power is 12 mW, and
the minimum output power is 8.19 mW, resulting in a power
decline percentage of 31.75%. However, this method does not
account for power line current fluctuations, as the improvement
results are based on fixed power line current conditions, leaving
room for further refinement. In this article, through the proposed
energy management method, a 3.3 V constant voltage output can
be achieved when the power line current varies from 30 to 500
A. At the minimum power line current, the output power can be
improved from 0.6 to 3.2 mW, and at the maximum power line

current, it can be improved from 195 to 365 mW. In summary,
the method proposed in this article can more effectively maintain
high output power over a wide range of power line currents while
simultaneously achieving constant voltage output.

V. CONCLUSION

In this article, a dual-coil and three-bridge rectifier FSMFEH
system with bidirectional dc–dc is proposed. By modeling and
analyzing, the output characteristics of the proposed system and
switching boundaries in three modes are clarified. Based on
the bidirectional dc–dc, the constant voltage output control of
the dual-coil FSMFEH system can be achieved. To realize the
impedance matching and improve the output power under a wide
range variation of the power line current, additional switches
are considered in the proposed energy management strategies to
switch the operation mode of the dual-coil system and regulate
the output equivalent load. The experimental results indicate
that the 3.3 V constant voltage control can be achieved with
different power line current conditions, and the output power
can be improved from 0.6 to 3.2 mW (at min. power line current)
and from 195 to 365 mW (at max. power line current).
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