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A Reconfigurable Rectifier-Based Power Improving Method of Free-Standing
Two-Coil Magnetic Field Energy Harvesters Over a Wide Load Range

Yong Li
and Zhengyou He

Abstract—Free-standing magnetic field energy harvesters (FSM-
FEHs) have promising potential in charging sensors used in elec-
trical power grids. The output power of the FSMFEH is highly
dependent on the load resistance. However, the load resistance of
the sensors varies over a wide range during the operation pro-
cess. Therefore, a crucial challenge for an FSMFEH system is to
maintain high output power over a wide load range. In this letter,
an innovative reconfigurable rectifier-based FSMFEH system with
two coils connected in parallel is proposed. First, a new structure
of two identical coils in parallel is proposed in magnetic energy
harvesting applications. Then, a reconfigurable rectifier with two
operation modes is developed to incorporate the new coil structure.
By switching between the full-bridge mode and the half-bridge
mode according to the actual load demand, the proposed FSMFEH
can maintain high output power over a wide load range. In addition,
the mode transition can be easily achieved by shorting one of the
diodes, leading to a simple and low-loss control. The effectiveness
of the proposed FSMFEH system is verified based on a laboratory
prototype. It is provided that the experimental result is consistent
with the theoretical analysis. The output power can be maintained
above 8.19 mW within the 50-1500 2 range when the busbar
current is 100 A.

Index Terms—TFree-standing magnetic field energy harvester
(FSMFEH), power improving, two-coil system, wide load range.
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I. INTRODUCTION

electrical energy. To ensure a safe and stable operation
of the busbars, wireless sensors are used to monitor essential
information on the busbars, e.g., temperature, voltage, current,
humidity, etc. However, the limited life span of batteries that
power the wireless sensors becomes a bottleneck because it
increases the cost to replace them frequently [1]. Therefore, it is
necessary to develop a reliable and stable power supply method
to achieve a self-sustainable monitoring system [2].

Energy harvesting (EH) technologies can harvest energy from
the ambient environment, such as solar, wind, vibration, radio
frequency, magnetic field, etc. Solar EH technology is relatively
mature and has been extensively researched to date. However,
solar energy is affected by weather conditions, which cannot
be applied to the busbar of switchgear [3]. Similar situations
exist in wind EH technology [4]. Vibration and radio frequency
energy harvesters are not limited by weather conditions, but they
produce extremely low power densities. At present, the power
densities of the vibration and radio frequency energy harvesters
are /W/cm? level. For example, the harvesters developed in
references [5] and [6] can harvest an output power of 143.6 and
21.4 W, respectively.

The magnetic field energy harvester (MFEH) harvests energy
from the magnetic field around the busbars [7], [8], [9], [10],
[11], [12], [13]. Unlike solar and wind EH technology, MFEH
is independent of weather conditions [7], [8]. In addition, it has a
higher power density than vibration and radio frequency energy
harvesters [7], [8], [9], [10], [11], [12], [13]. Therefore, MFEH
is suitable for harvesting energy near busbars [13].

MFEH can be classified into two types [7], [8], [9], [10],
[11], [12], [13]. The first type is called cable-clamped MFEH
(CCMFER) [7], [8], and its power density is relatively high.
However, the core diameter of the CCMFEH will increase with
increasing busbar width, which makes the CCMFEH system not
universal. The second type is the free-standing MFEH (FSM-
FEH) [10], [11], [12], [13], which can be placed anywhere on
the busbar with an alternating magnetic field and can overcome
the disadvantage mentioned above. For FSMFEHs, the latest
research result shows that a power density of 4.182 mW/cm®
can be achieved [13]. Despite the above advantages, there is still
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Fig. 1. Conventional FSMFEH system. (a) System placed on the busbar.
(b) Equivalent circuit.

a critical problem that need to be addressed for the FSMFEH.
The characteristic of output power against load changes is further
analyzed in [12] and [13]. It is found that when the load resis-
tance of the sensor decreases from the optimal load, the output
power generated from the FSMFEH will fall rapidly below the
maximum power point. In this case, the stable operation of a
sensor will be adversely influenced due to the low power supply.
This is the key challenge faced by FSMFEH systems for charging
wireless sensors in electrical power grids [14].

Currently, there are two main ways to improve the power
transfer capability of FSMFEHs to tackle the issue of variable
load. The first way is to improve the power by increasing the
size of the core [10], [12]. For example, in [12], the output
power of the FSMFEHs can achive from 40 to 200 mW over
the 10-200 2 load range. However, the size of the core is
242 cm x 10 cm x 10 cm, which means that the cost of the
core is very high. Meanwhile, due to the limitation of installation
space in the busbar environment, such a large core cannot be
applied in the busbar environment. The second way is to improve
the output power of the system by designing the core structure,
such as a helical core [11]. As the length of the core is increased,
the output power of the system is significantly improved. How-
ever, such a helical core is complicated and expensive to make.

In light of this, a reconfigurable rectifier-based FSMFEH
system with two coils connected in parallel is proposed in this
letter. To the best of our knowledge, this method has never been
done for the FSMFEH before. The proposed system only needs
to drive a switch, and thus, it has simple control and low power
loss. Compared with the existing methods [10], [11], [12], the
method proposed in this letter requires neither increasing the size
of the core nor making complex core shapes. Based on the
structure of two identical coils in parallel, high output power
over a wide range can be harvested by switching the rectifier
between full-bridge and half-bridge modes.

The contributions of this letter are listed as follows.

1) Atwo-coil FSMFEH system with areconfigurable rectifier
is proposed in this letter, which can work in two operating
modes: the full-bridge rectifier mode and the half-bridge
rectifier mode. Besides, the mathematical models between
the equivalent load and the output power of the two modes
are derived.

2) Based on the above mathematical models, the relationship
between the optimal dc load of the two modes is obtained,
i.e., the optimal dc load of the half-bridge mode is four
times of the full-bridge mode. Meanwhile, the theoretical
load boundary between the two modes is derived. Then,

5639

high

Al 1
I The m

~

low

R Ry

Fig. 2. Curve of the output power P against the equivalent AC load Ry,.

the operating mode of the system can be selected according
to the relationship between the actual load and the theo-
retical boundary load. The proposed system can maintain
high output power over a wide load range by selecting
work in the full-bridge mode or the half-bridge mode. The
experimental results show that the output power can be
maintained above 8.19 mW within the 50-1500 €2 range
when the busbar current is 100 A.

II. CONVENTIONAL ENERGY HARVESTER

Fig. 1(a) shows the conventional FSMFEH system placed on
the busbar. The equivalent circuit of the FSMFEH system is
shown in Fig. 1(b). I is the busbar current. M is the mutual
inductance between the busbar and the harvesting coil. L is the
self-inductance of the coil, and R is the coil resistance. C is the
compensating capacitor, which is added in series to the circuit
to eliminate the reactive power generated by the self-inductance
L of the coil, thus, C = 1/(w?L). N is the number of coil winding
turns. Ry, is the equivalent ac load resistance. According to
Faraday’s law, the induced coil voltage Us can be expressed
as

Us = jwMI. 1)
The harvested power delivered to the load can be calculated
as
2 2]2 M2
p=—Ys g, - LR 2)
(Ry + R) (RL + R)

According to (2), the curve of the output power P against the
equivalent ac load Ry, is plotted in Fig. 2. It can be observed
that the curve has an optimal point where the output power is
maximum. The corresponding optimal equivalent ac load can be
solved by setting its derivative to zero as follows:

dP
— =0. 3
R, 3
Then, the optimal load Ry, is yielded as
Rie = R. @)
The maximum output power is
w?I?M?
P, max — ; 5
4R )

As shown in Fig. 2, it can be further found that the output
power P falls slightly with the increase in R;, when Ry, is larger
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Reconfigurable rectifier-based FSMFEH system.

Fig. 4.

than the optimal value. In contrast, P drops rapidly with the
decrease in R; when Rj is smaller than the optimal value.
This reveals the difficulty in maintaining high power output for
conventional FSMFEH systems under light load conditions. In
the following section, a new energy harvester design is proposed
to reshape the P-R;, curve. The purpose is to enhance output
power, particularly for small loads.

III. NEW ENERGY HARVESTER DESIGN

In the new design, the conventional coil is splitinto two identi-
cal small coils connected in parallel, as depicted in Fig. 3. Based
on this, the proposed reconfigurable rectifier-based FSMFEH
system is illustrated in Fig. 4. In the proposed system, L; is the
self-inductance of coil 1, and L, is the self-inductance of coil
2. Ry is the coil resistance of coil 1, Rs is the coil resistance of
coil 2. M1 is the mutual inductance between the busbar and coil
1. M5 is the mutual inductance between the busbar and coil 2.
M5 is the mutual inductance between coils 1 and 2. Because the
two coils are split from the conventional coil, Ry = Ry = R/2,
My =My = M/2, Ly = Ly. Cq1, Cs, and C); are compensating
capacitors on each branch, respectively. Vp is the phasor of the
input voltage vp of the rectifier. Ry is the dc load. Uy is the
dc output voltage. The rectifier consists of three diodes and a
switch, leading to two models depending on the operation of
switch S.

A. Mode I: Full-Bridge Mode

A full-bridge rectifier can be gained when switch S is turned
OFF, as shown in Fig. 5(a). The equivalent circuit of this full-
bridge rectifier is presented in Fig. 5(b).

Ry, is plotted in Fig. 5(b) as an equivalent ac load in full-
bridge mode. It can be expressed as [15]

8
Re. = —3Ro = Rp. (6)
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Fig.5. Proposed FSMFEH system with a full-bridge rectifier. (a) S; is turned
OFF. (b) Equivalent circuit.

By applying Kirchhoff’s voltage law, the equivalent circuit
can be described by
{jWM11f1 - ZII:Q - ZM(I:2 + I3) - I:2R1 = (12 + fs)RL
jwMﬂl — ZQIg — ZM(I2 + 13) — IgRQ = (IQ + Ig)RL

(7
where Z1, Zo, and Z); can be expressed as
Z1 = jw(L1 — Mlg) + Jw%l
Zy = jw(Ly — Mi2) + 5567 ®)
_ 1
Zym = jwMis + ToCnr

where Cq, Cs, and Cjs are compensating capacitors, and they
can be expressed as

C1 =
Cr = m : €))
Then, the output power can be derived as
_ 4w2112RLM22. (10)
(4Rr + R)

The optimal load R1,_qpy for achieving the maximum output
power can be obtained by

R

RFLfopt = 4 (11)
Then, the maximum output power is
w2I? M?
P =—1 12
FMAX iR (12)

According to the above analysis and comparing (11) and (12)
with (4) and (5), the optimal equivalent load of the full-bridge
mode is only a quarter of that in the conventional system, but
the maximum output power is maintained. Now, since Ry,p¢ can
be reduced by 75%, i.e., Rropt Will move to the left in Fig. 3,
higher output power can be achieved in the small-load range.

B. Mode 2: Half-Bridge Mode

By switching on S, a half-bridge rectifier can be obtained,
as depicted in Fig. 6, where the equivalent ac load can be
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Fig. 6. Proposed FSMFEH system with a half-bridge rectifier. (a) Sy is turned
ON. (b) Equivalent circuit.

expressed as

2 1
—— = _R;. 1
Ry WQRO 4RL (13)

By applying Kirchhoff’s voltage law, the equivalent circuit is

jWMll:l —211:2 - ZM(I:2 + 13) - 1:231 2(1:2 + 113)%
jwMaly—ZoIs — Zy(Is + I3) — I3Re = (I + I3) &
(14)
According to (8), (9), Z1, Z5, and Z), can be obtained: Z; = 0;
Z> =0;and Z,; = 0.
Then, the output power can be derived as

w? IRy M?
= (15)
(RL + R)
Accordingly, the optimal load Ryr,_opt can be obtained by
RHL_opt = R. (16)
The maximum output power can be calculated by
w212 M?
P = ——. 17
HMAX iR (17)

In this case, compared with the conventional system, the opti-
mal load and the maximum output power are not changed, which
means that the curves of output power against load changes of the
half-bridge mode and the conventional system are overlapped.

C. Switching Boundary Analysis

For a better illustration, the curves of output power against
equivalent ac load changes of the full-bridge mode and the half-
bridge mode under the same set of system parameters are shown
in Fig. 7. R; is the corresponding load at the intersection of the
two curves with the same output power, it can be solved

Pr = Py. (18)

Then, the load at the intersection of the two curves R; is
yielded as

R
Ri=%.
2

It is worth noting that the R; here is the equivalent ac load. In
this letter, the dc load value of the switching point corresponding

19)
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to R; is defined as Ry;. According to (6), the dc load Ry, can be
expressed as

“r-Tn

Ryi = —
TR 16

(20)

Now, we disclose the most important finding in this research
work to guide practical operation. When the dc load of the
FSMFEH system is smaller than Ry;, the output power of the
full-bridge mode is higher than that of the half-bridge mode.
Thus, switch S; is turned OFF to activate the full-bridge mode.
On the other hand, when the dc load is larger than Ry;, the
output power of the half-bridge mode is higher than that of the
full-bridge mode. Then, S is turned ON for the half-bridge mode
operation. As a result, by switching between these two modes,
we can achieve high output power over a wide load range.

D. Control Diagram

From the theoretical analysis, it can be seen that the FSMFEH
system operating mode is selected by comparing the load resis-
tance Ry and Ry;. Ry can be calculated by measuring the load
voltage and current, and it is compared with Ry; to determine
whether switch §; is switched. The switching procedure is
shown in Fig. 8. If R is smaller than Ry;, switch S; is turned
OFF to activate the full-bridge mode. When Ry is larger than Ry,
switch S; is turned ON to activate the half-bridge mode. The
circuit diagram with mode switching is shown in Fig. 9.
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TABLE I
PARAMETERS OF THE EXPERIMENT

Parameters Value Parameters Value
Core material Permalloy Wire diameter 0.15 mm

f 50 Hz I, 100 A

N 3500 N, 3500

R 2244 Q R, 229.9
L 1.3666 H L, 1.3319H
C, 36.1 pF G, 41.2 uF
M, 1.08597 H Cwu 9.33 uF

IV. EXPERIMENTAL VERIFICATIONS
A. Prototype Setup

To verify the analysis above, an experimental platform is
built in the laboratory, as shown in Fig. 10. The large current
generator outputs a 50 Hz ac to simulate the busbar current. The
magnetic core consists of a 38 mm x 6 mm X 6 mm core and
two I mm x 30 mm x 30 mm core laminations. The specific
parameters of the experiment are given in Table I. Two coils are
constructed in such a way that the parameters are as close as
possible in manufacturing.

B. Experimental Results

The experimental curves of P against R; under different
modes are shown in Fig. 11. Its trend is consistent with the
theoretical curves. The experimental waveforms of Uy, I, and

Vp are shown in Fig. 12, and the root mean square of the
busbar current is always 100 A.

When the load value is smaller than the Rj; value 300 €2, the
proposed FSMFEH is controlled to operate in the full-bridge
mode because the output power of the full-bridge mode is
higher than that of the half-bridge mode. The optimal load
Rrpo_opt and the maximum output power Ppyvax are 150
and 11.2 mW, respectively. Then, once the load value is larger
than the Ry ; value 300 €2, the proposed system is switched to the
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Fig. 13.  Experimental results of the dynamic response. (a) When the system
starts. (b) When the load changes.

half-bridge mode. In this scenario, the optimal load R rrg_opt and
the maximum output power P \iax become 600 €2 and 12 mW,
respectively.

According to the theoretical analysis, the output power of
the conventional system is equal to the half-bridge mode of the
proposed system. It can be seen from Fig.11, over the 50-1500 2
load range, the output power increases from the output power
limit of 5.45—-12 mW of the conventional system to 8.19—-12 mW
in this letter. Especially, when R o = 100 €2, the output power of
the proposed FSMFEH system can achive 11.025 mW, which is
approximately 89.4% higher than the 5.82 mW output power of
the conventional system.

C. Dynamic Transient

The dynamic response waveform of the proposed system is
shown in Fig. 13. Fig. 13(a) shows the dynamic response of
the system during start, and the startup time is about 260 ms.
Besides, the system can start smoothly without impure or pul-
sating. The dynamic response of the system during load change
is shown in Fig. 13(b). When the load changes from 250 to
350 €, the S; driver signal changes from a low level (0 V) to
a high level (3.3 V), and the system working mode is switched
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TABLE II
THE COMPARISON OF [10], [11], [12] AND THIS LETTER
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Core size (cmxcmxcm) Cost  Complexity The maximum output power(power density) Output power range (load range)
[10] 15x10x10 high medium 0.36 mW(1.86 uW/cm?®) 0.36 mW(Fixed in 6.03 kQ)
(1] 15x10%10 high high 0.612 mW(2.1 xW/em?®) 0.612 mW(Fixed in 13.96 kQ)
[12] 24.2x10x10 high low 200 mW(0.668 mW/cm?) 40-200mW(10-200 Q)
This letter 4x3x3 low low 12 mW(3.788 mW/cm?) 8.19-12mW(50-1500 Q)

from the full-bridge mode to the half-bridge mode. The response
time of the system from the full-bridge mode to the half-bridge
mode is about 500 ms. It can be seen from the waveform that
the two modes can be switched smoothly.

D. Comparison and Discusssion

The comparison of [10], [11], [12] and this letter is given in
Table II. Compared with [10], [11], [12], the proposed method
in this letter can achieve power improvements over a wide range
of loads with a smaller core size, lower cost and simpler core
fabrication. Meanwhile, compared with [10], [11], [12], the
proposed method has a better effect of maintaining high output
power over a wide load range, that is, the proposed method can
achieve a smaller output power change over a wider load range.
Yuanetal. [10], [11] only show the effect of power improvement
under fixed load, and the situation of power improvement under
a wide range of load is not clear, but obviously they have a
lower output power compared with this letter. In [12], over the
10-200 €2 load range, the maximum output power is 200 mW, the
minimum output power is 40 mW, and the percentage of power
decrease is 80%. In this letter, over the 50-1500 €2 load range, the
maximum output power is 12 mW, the minimum output power is
8.19 mW, and the percentage of power decrease is only 31.75%.
In conclusion, the proposed method in this letter can more
effectively maintain high output power over a wide load range.

V. CONCLUSION

In this letter, a new FSMFEH system is proposed to maintain
high output power over a wide load range. The novelty lies in the
rectifier-based reconfigurable structure with two coils connected
in parallel, leading to two operation modes. The equivalent ac
load of the half-bridge mode is four times that of the full-bridge
mode, but the maximum output power is kept the same. By
switching between two modes properly according to the actual
load demand, more power can be captured significantly. The
experimental results show that the proposed FSMFEH system
can harvest at least 8.19 mW of power under a load range from
50 to 1500 2 when the busbar current is 100 A.
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