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Abstract—The low power density of a magnetic field energy
harvester (MFEH) limits its applicability. Conventional methods
for improving power harvesting, e.g., increasing the volume of the
magnetic core, cannot effectively increase the output power density
of the MFEH and it increases the burden on the transmission
lines. An in-depth investigation reveals that by adding an optimal
series-connected capacitor before the rectifier, the output power of
the MFEH can be maximized. By reducing the net voltage applied
to the magnetizing inductance, the flux accumulation is slower,
lengthening the energy harvesting time, and the output power is
increased. Furthermore, the output power can be maximized with
an optimal series-connected capacitor. The design method of the
optimal series-connected capacitor is theoretically analyzed in this
article, which is only related to the load characteristics. In addition,
the proposed method has a simple structure and can effectively
improve the system power density of the MFEH. An experimental
prototype is constructed to verify the effectiveness of the proposed
method, and the results agree well with the theoretical analysis.
Compared with the conventional MFEH without a series-connected
capacitor, the method presented in this article can increase the
harvested power by approximately 50%.

Index Terms—Magnetic field energy harvester (MFEH), power
density, series-connected capacitor.

I. INTRODUCTION

N ORDER to ensure the safe and rapid development of
I smart grids (SGs), wireless sensor nodes (WSN5s) are widely
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used to monitor the real-time operating information of power
lines such as voltage, current, and temperature [1]. The main
bottleneck for real-time monitoring applications is the lack of
self-sufficient energy. In this regard, energy harvesting (EH)
technologies are promising solutions to ensure the continuous
self-powering of WSNs [2]. Many energy sources in the ambient
environment can be used, e.g., solar [3], [4], wind [5], vibration
[6], [7], electric field [8], and magnetic field [9], [10], [11], [12],
[13], [14], [15], [16].

To date, researchers have extensive research and practical
experience in solar and wind power supply. These two EH
technologies can effectively power the monitoring equipment.
However, their output power depends on weather conditions,
and the EH devices are usually large in size. The electric field
energy harvester (EFEH) utilizes the potential difference in an
electric field for EH, and the EFEH system often uses the ratio of
the capacitive voltage divider to induce a voltage with a simple
circuit and low cost. However, strict overvoltage protection and
electromagnetic compatibility design are needed, which ensure
electrical isolation from the front-end energy acquisition circuit
to avoid damage to the electric field EH system.

According to the data from the U.K. National Grid, a typi-
cal substation generates an average magnetic field of 32 A/m,
and it provides good application conditions for MFEHs [9].
Nowadays, there are two types of MFEH: cable-clamped energy
harvesters and free-standing energy harvesters [10]. The free-
standing energy harvester boasts advantages of easy installation
and low susceptibility to core saturation. However, the power
density of the free-standing energy harvester is relatively low.
The cable-clamped energy harvester is similar to a current trans-
former, which is clapped in the transmission line. Compared to
the free-standing energy harvester, it has a higher power density.
Therefore, the cable-clamped energy harvester has received
widespread attention in the field of SG. In this article, the MFEH
analyzed is the cable-clamped energy harvester. However, with
the rapid development of SGs, an increasing number of intelli-
gent sensing developments, such as climbing robots and visual
cameras are being used in the SGs. The required power of such
equipment is also increasing. Therefore, improving the output
power density of the MFEH as much as possible has become an
urgent mission.

To improve the power density of the MFEH, many efforts
have been made [11], [12], [13], [14], [15], [16], [17]. The
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composite core structures and optimization topologies are used
to suppress the dead zone problem under a wide range of
power line currents [11], which improves the output power at
larger currents. However, studies show that dual cores bulge
the system and increase the volume and price of the system.
Liu et al. [12] considered the phase difference caused by the
magnetizing inductance and established an excitation current
model to accurately describe the operational characteristics of
the MFEH. Then, the parameters of the magnetic core to achieve
the maximum output power density of MFEHs are optimally
designed. However, the designed method can only achieve the
maximum output power under a single EH condition. When
the EH parameters change, e.g., the primary side current, or
load resistor. The original optimal design parameters of the
magnetic core will not be able to achieve the maximum output
power under other EH conditions. In [13], a power conditioning
circuit with comprehensive control is used to achieve impedance
matching to maximize the output power. This method does not
consider the output characteristics of the MFEH when the core
is saturated. However, saturation usually occurs in the MFEH
[12]. Lu et al. [14] proposed an EH method based on impedance
matching. Luetal. [14] generates parallel resonance by matching
the secondary winding of the open gap magnetic core with its
excitation impedance. However, the method only considers the
case where the core works on unsaturated phases. When the core
is in the saturation regime, the resonance model is no longer
applicable and the magnetizing inductance is a variable instead
of a constant. Liu et al. [15] proposed a method to improve the
performance of MFEH. The series capacitor and two switches
are used to store energy and modulate the core saturation.
However, the method only considers the influence of different
switching states on the maximum output power, but the influence
of different series capacitors on the output power has not been
theoretically analyzed. The different series-connected capaci-
tances will affect the improvement effect of the output power
[16]. Moreover, the reason for the series-connected capacitor
design method in the experiment has not been analyzed in [16].
Zhuang et al. [17] added an artificial magnetic field to alleviate
saturation conditions and lengthen the harvesting time. However,
this method is complex with the increased size and weight of the
MFEH. Besides, the nonlinear variation of the MFEH internal
impedance due to saturation characteristics makes it difficult to
select the compensation capacitor for impedance matching.

To fill the above research gap, this article proposes an effective
power improving method of magnetic field energy harvesters
(MFEHSs) using a series-connected capacitor. The conventional
method of using a capacitor always involves resonating with the
inductive impedance [ 18]. Thus, the current flow to the load is in-
creased, and the power transferred to the load is increased. How-
ever, the MFEH will be saturated when high voltage is developed
on the secondary winding, and the MFEH can harvest more
energy when it is soft-saturated [20]. It is noted that when the
MFEH is in the saturation regime, the magnetizing inductance
is a variable instead of a constant [19], [22], [23]. The working
condition of the capacitor that plays a resonant role is limited
[18] (only when the MFEH absolutely works in the unsaturated
phase). This article studies the output power characteristics when

8835

A S
>

4
%Mom’toring equipr/ne?lt :
4
B3 "/Power'Iine |
[
N < |

I
Power line l
|

Magnetic field |

. |

Fig. 1. Fundamental concept and structure of the MFEH installed on an AC
power line.

the magnetic core is in the saturation regime. Therefore, the
series-connected capacitor in this article does not play the role
of resonance, but the role of compensation for the adjustment of
the secondary side voltage. By reducing the net voltage applied
to the magnetizing inductance, the flux accumulation is slower,
lengthening the EH time, and the output power is increased.
Through the analysis in this article, different series-connected
capacitors will affect the output power improvement effect of
the MFEH system. There is an optimal series-connected capac-
itor that can achieve the maximum improvement of the output
power. In summary, the main novelties of this article include the
following.

1) Revealing theroot cause of power harvesting improvement
with a front-end capacitor, which is different from the
conventional resonant compensation mechanism.

2) The principle of increasing output power by a series-
connected capacitor in the MFEH is analyzed, which
manipulates the core voltage to alleviate the saturation
degree of the system, i.e., lengthen the EH time.

3) Founding the design method of the optimal capacitance,
which is only related to the load resistor. The method is
applicable in the case of power line current fluctuations.
The theoretical design method of the optimal capacitor
is given, which facilitates the practical application and
design.

4) Compared to the methods discussed above, the proposed
method in this article only added a series capacitor, which
has a simple structure without complicated circuits or
electronics, e.g., microcontrollers, switches, and MOSFETS.

II. THEORETICAL ANALYSIS

The MFEH is widely used to capture electrical energy from
power lines and then supply power for sensing loads in power
grids. The working scenario is shown in Fig. 1. It depicts the
structure of the MFEH: the magnetic core claps on the transmis-
sion line, and the N-turn coil is wound on the magnetic core. If
the primary side current is a sinusoidal current with a frequency
of w/2, the primary side current can be expressed as follows:

ip (t) = V21, sin (wt) (1)

where [, is the root mean square (RMS) of iy, and w is the
angular frequency.



8836

ucore(t)

® In

I:N
Fig. 2.  Equivalent circuit of the MFEH.
(YN is(1)
—> >
+ .
lu (l)
Cf ucore(t) Ly R |:|
Fig. 3. Simplified circuit of the MFEH.

The equivalent circuit of the MFEH is illustrated in Fig. 2. L1
is the primary side leakage inductance, R,, is the magnetizing
resistance, and L,,, is the magnetizing inductance. R,, denotes the
secondary side winding resistance; L, denotes the secondary
side leakage inductance; 7,(t) is the secondary side current; i,,(t)
is the magnetizing current; u.o.(t) is the voltage across the
magnetic core; and Ry, is the resistance of the load.

As detailed in [16], the hysteresis loss (several mW) of the
MFEH is much smaller than the output power (hundreds of mW).
Thus, hysteresis loss can be ignored, and R,,, can be ignored.
The wire resistance is at most several ohms, which is negligible
compared to the load resistance. To facilitate the analysis, this
article ignores the winding resistance, i.e., R,, = 0. Since the
permeability of the magnetic core is very high, L, and L,o
can be negligible compared with L,,,. Therefore, the simplified
circuit is illustrated in Fig. 3.

A. Analysis of Core Saturation

Ucore(?) 1s defined as the voltage across the magnetizing
inductance, which can be expressed as

diy, (t)
dt

The magnetizing inductance L,,, can represent the saturation
characteristic of the MFEH, which is obtained as [19]
u:N?A  dB N2A 3

l - dH 1 )
where 11, s the permeability of the core, A is the cross-sectional
area of the magnetic core, and / is the magnetizing length of the
magnetic core.

The B—H curve of the core is shown in Fig. 4. In the unsatu-
rated phase, the B—H curve works in a relatively linear region. At
this time, the magnetizing inductance is approximately regarded
as a large fixed value, and the MFEH harvests energy steadily.
However, in the saturated phase, the flux density B of the
magnetic core reaches the maximum, and the voltage across

ucore(t) =L, 2)

L m =
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Fig.5. Two possible working states of the MFEH system. (a) MFEH is in the
non-saturation regime. (b) MFEH is in the saturation regime.

the secondary rapidly drops to zero since the voltage that can be
developed by the core is proportional to the time derivative of
B.

Two possible working states of the MFEH system are estab-
lished in Fig. 5. If the flux density B of the magnetic core does not
reach the maximum in one EH period, as illustrated in Fig. 5(a).
That is, there is no saturated phase, and the MFEH is considered
in the nonsaturation regime. While B has reached Bs,¢, there is a
saturated phase in one EH period. And, the MFEH is considered
in the saturation regime, which is shown in Fig. 5(b).

By applying Kirchhoff’s current law, the magnetizing current
i,,(t) can be expressed as follows [24]:

t) = - .s t). 4
i () = 2 i (1 @

Fig. 5 shows that the magnetizing current i, (f) is nearly zero in
the unsaturated phase, and it increases suddenly in the saturated
phase. Therefore, the secondary side current can be expressed
as follows:

(1) = ip(t)/N = /2I,sin(wt) /N (Unsaturated)
0 (Saturated)
&)

In each EH period, the EH time, i.e., the magnetic flux density
B stretching from one end of the B—H loop (-Bg,t) to the other
end (Bsay), is denoted as 74,¢. The average current flowing to Ry,
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from O to 74, can be expressed as

z /tsm \/§Ip Sln(wt) dt — 4\/§Ip(sin(Wtsat/2))2
T Jo N N |

I, = (6)

NwT

Then, the average voltage obtained across the load can be
expressed as

4v/21, Ry (sin(wtse /2))?
NwT '

The average power transferred to the load can be expressed
as

U, =1ILR;, =

(7

_ 32Ip2RL (Sin(Wtsat/Q))4 ) 8)

_ U
(NwT)?

P
L i

Based on Faraday’s law of electromagnetic induction, when
the magnetic core is in the saturation regime, the maximum flux
accumulation is equal to the integration of core voltage ucore(?),
which is the secondary-side voltage from O to 7, [15]

sat

t
2ABsN = /0 Ucore (t)d. 9)

According to (8), during the EH period, for example, wts,y
from 0 to 7, sin(wts,t/2) is a single increasing function. And
it is always larger than zero. Therefore, when the primary side
current, the parameters of the MFEH, and the load resistance are
constant, P, is increased with wtg,¢. From (9), £y, is limited by
the maximum saturation flux and the core voltage.

From (7) and (8), in a certain EH condition, i.e., a certain
primary side current, a certain winding turn, a certain cross-
sectional area of the magnetic core, and a certain load resistor,
Uy, and Py, increase with #4,¢. Thus, lengthening 7., can increase
Pr. Equation (9) shows that reducing the net voltage applied to
the magnetic core can increase fs,; When the MFEH works in a
certain harvesting condition. Thus, reducing the net voltage of
the magnetic core makes #,¢ longer, that is, the output power of
the MFEH can be increased. This lays the theoretical foundation
for the proposed research work.

B. Analysis of the Compensation Role of the Series-Connected
Capacitor

When the MFEH is series with a capacitor C,, as shown
in Fig. 7, the capacitance voltage under sinusoidal current is a
concave wave. And teore(t) = uca(t) + u (1), thus, the waveform
of the core voltage is also a concave wave, as shown in Fig. 6. If
11 is the EH time without C, u.ore1(?) is the core voltage without
Cg; to is the EH time with C, tcore2(?) is the core voltage with
C; due to the limitation of the magnetic flux saturation equation,
the following equation can be derived:

t1 to
2ABg N = / Ucore1 dt = / Ucore2dt. (10)
0 0

According to (10), if a suitable series-connected capacitor is
selected, the EH time can be lengthened. That is, the net voltage
of the core can be reduced, and the output power of the system
can be increased.
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Fig. 7. Circuit example series with the capacitor C,. (a) Before the current

path reversal. (b) Time region when the current path reversal first started.

As shown in Fig. 7(a), during each EH period, the capacitor
C, is charged until the magnetic core enters the saturated phase.
Once the MFEH enters the saturated phase, the magnetizing
inductance instantly decreases to zero, and the core voltage
becomes zero. At this instant, if u.,(¢) is higher than Uy, the
series-connected capacitor current ic, () continually flows from
C, tothe load until uc,(¢) is equal to Ur,. Subsequently, the diodes
turn OFF. In contrast, if u.,(?) is lower than U, obviously current
ica(?) stops with diodes being reverse biased. In this case, uc,(?)
is maintained at a value for the rest of the present EH period.
When the next EH cycle arrives, the transmission line current
is reversed, and the MFEH repeats the previous process, shown
as Fig. 7(b). Different series-connected capacitors will result
in these two working states. The analysis of the characteristics
of the output power of the MFEH with the different series-
connected capacitors is illustrated in the following section.

III. OPTIMAL CAPACITOR DESIGN

When the core is not in the saturated phase, the current ic, ()
flowing into C, equals the secondary side current (7). If the
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core enters the saturated phase, Ly, is extremely low during this
period, and the current flowing into C, equals zero. Thus, one
can obtain
i, (1) = V2I,sin(wt)/N  (Unsaturated) (11
0 (Saturated)
The relationship between the voltage and the current flowing
into a capacitor can be described as
duc (t) .
= = t).
p ic, (1)
Substituting (11) into (12), uc, (t) when the core in the
unsaturated phase can be yielded as

~ V2I,(1 — cos(wt)) B
o NwC,

where Uy is considered as a constant.

Since different capacitances will affect the magnitude of the
voltage at the time point #,4, there will be two possibilities, uc,
(tsat) 2UL Or uca (fsa)<UfL.

Cy % 12)

ug, (t) Uo 13)

A. Analysis of Ueq (tsar)>UL

If uca (tsat) >UL, as analyzed before, the capacitor voltage
uc, will decrease to U, and remain at Uy, until the beginning
of the next EH period. The waveforms of i,,(?), uca(?), Ucore(1),
and Uy, are depicted in Fig. 8.

According to Fig. 8, Uy is equal to Uy, and uc,(#) can be
expressed as

V21, (1 — cos(wt))

t) = —Up. 14
uc, (t) NoC., L (14)
At 4, Instant, uc, can be obtained as
V2I,(1 — cos(wtsy))
tsat) = 4 —Ur > Uy. 15
uc, (tsa) NoC. Ur > UL (15)
Substituting (7) into (15), C, can be calculated as
C, <T/(4Ry). (16)

In the meanwhile, substituting (7) and (13) into (9) yields

st \/21,(1 — cos(wt))
Nw(C,
_ ﬂlp(wtsat — sin(wtsy)) (17
Nw2(C, '
The waveform of C, against 74, is plotted in Fig. 9. It can be
clearly seen that C, has the same trend as 7,,,. Consequently,

t
2ABg N = / —Up +Urdt
0
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under the condition of (16), only when C,=T/(4Rr), will the
power transferred to the load be maximized.

B. Analysis of Ugq (tsqr)<UpL

When uc, (tsat)<Up, the selection of the capacitor has the
following restriction:

C. > T/(4Ry). (18)

Similarly, the waveforms of i;,, uca, Ucore, and Uy, are depicted
in Fig. 10. uc, (fsat) can be described as

V21, (1 — cos(wtsy))
Nw(C,

uc, (tsar) = — Uy = Uy (19)
where Uy is a constant, and Uy<U7,.

Substituting (7) and (19) into (9), (20) can be obtained, which
is shown at the bottomyes of the next page.

To facilitate the analysis, can be rewritten as

k:M/Oa+M1 21
where k, M, and M are
k = 2v2ABuT(wN)?/ 1,
M = T(wtga — 2 sin(wisy) + wlgy cos(wiy)) (22)

My = AR (wtgy — wtsacos(wisy))

It can be seen from (22) that when the MFEH works under a
certain condition, i.e., a certain magnetic core, a certain winding
turns, a certain primary side current, and a certain load resistor,
k will be a constant. Equation (21) only has two variables: fa¢
and C,. To determine the effect of 7y, change in an EH period
on M, the first derivative and the second derivative of M against
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Wi,y are obtained as

M = T'(wtgy — 2 sin(wisy) + Wi cos(wigy))

ddw_]\t/fat - T(l - COS(Wtsat) — Wiyt Sin(Wtsa[)) (23)
d(fti\:{)z = T'(—wts cos(wisa))

According to (23), when wty,y = 0 and 7/2, the second
derivative of M against wts, is equal to zero. When wig,y 1S
within the range of (0, 7/2), the second derivative of M against
Wlgay 18 less than zero. When wt,, ¢ is between (7/2, ), the second
derivative of M against wfg, is larger than zero. The changing
trend of the second derivative of M against wig,, is plotted in
Fig. 11(c). From the above analysis, it can be seen that the first
derivative of M against wtg, shows a trend of first decreasing
and then increasing. There are two key points, when wtga
= 0, the first derivative of M against wfg, is equal to zero. And
when wtg,y = m, the first derivative of M against wi,; is equal
to 2T. Therefore, the changing trend of the first derivative of M
against wtg,y 1s plotted in Fig. 11(b), and another zero crossing in
Fig. 11(b) is setto wty. Thus, M first decreases and then increases
with increasing wig,¢. Since M is equal to zero at both wtg, =0
and 7, M is always less than zero in an EH period. The changing
trend of M against wt,; is plotted in Fig. 11(a). Thus, under this
restriction, i.e., wtg,; between (0, ), if C, increases, M/C, +
M, will be larger for the same w,t.

In addition, at the point of wts,y = 0, M/C, + M, is always
equal to zero no matter what C,, is. And when wt,y = 7, M/C,
+ M, is always equal to 27 regardless of C,. Thus, the changing
trend of M/C, + M7 against wts,; under different C,, is plotted in
Fig. 12. With the same k, that is the same magnetic core, the same
primary side current, and the same load resistor, a larger C, leads
to a smaller wfg,, and hence reduced power Py, transferred to the
load. Consequently, under the condition of (18), only when C,
= T/(4R 1), will the power transferred to the load be maximized.
The design flow chart of the optimal series-connected capacitor
is shown in Fig. 13.

According to (8), (17), and (20), the output power against C,
with an example of /,, = 50A 1,5, N = 200,A =2 cm?,and R;, =
100 Q is illustrated in Fig. 14. In this figure, when C,<T/(4R ),
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Fig. 14. P, response with a series-connected capacitor.

the power transferred to the load increases with increasing C,.
When C,>T/(4R 1), the power transferred to the load decreases
with increasing C,. The maximized power improvement is only
achieved when C, = T/(4Ry). The red line is the power level
of the MFEH without C,. If the capacitance is infinite, the
capacitance path is equivalent to a short circuit, and the output

ta \/21(1 — cos(wt))
cha

2ABgN = — Uy + Urdt = V2I,

0

T (wisa—2 sin(Wisar) +whsar o8 (Wisar) + 4RL (

a

Wisay — Whgar COS(Wisat))

2Nw?T
(20)
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TABLE I
SIMULATION PARAMETERS OF THE MFEH

PARAMETERS Value
Material 1585
Frequency, f° 50 Hz
Cross-sectional area, 4 1em?, 2 cm?
Saturation magnetic induction, By 0.6T
Series-connected capacitor, C, 1-60 uF
Winding turn, N 200, 400
Primary side current, /, 50A,100A
Load resistor, R, 20~500 Q

1.4 ¥ * 50A,200turn,200Q,2cm?

1.2F ;3 e * 100A,200turn,200€2,1cm?

e —

1.0 ¥ R
~0.8f 1
g
£0.61

04 |

02k — 50A.400tun,200Q, Tcm?

’ % 50A,200turn,2009,1cm’
0 0 10 20 30 40 50 60

0.75

0.65
0.5
2045k,
= o

0.35

0.25F =
'S Unsaturated region

0.15, 1 1 1 1 1 1 1 1 1 1
: 50 100 150 200 250 300 350 400 450 500
RUQ)
(®)
Fig.15.  Simulation results of the MFEH. (a) Waveform of the harvested power

against the series-connected capacitor of the same load with R;, = 2002 as
reference under different EH parameters. (b) Blue: Pp-optimal C, and Pp.-
without C,,. Orange: fsat-optimal C, and fgat-without C,.

power with C,, is almost the same as the output power without
C,.

IV. SIMULATION AND EXPERIMENTS

To test the proposed method, a numerical simulation is carried
out. The system parameters are listed in Table I. Fig. 15(a) shows
the variation curve of the harvested power transferred to the load
with the series-connected capacitor under the same load and
different EH parameters, e.g., I, A, and N. From the analysis
in Section III, it is known that when C,<T/(4R},), the power
transferred to the load increases with increasing C,. And when
C.>T/(4R1), the power transferred to the load decreases with
increasing C,. Thus, the maximized power improvement is only
achieved when C, = T/(4R ), and the optimal series-connected
capacitor is only related to the load resistance. According to
Fig. 15(a), it is seen that there is an optimal capacitance that
enables maximum power improvement. The same load resis-
tance always has the same optimal series-connected capacitor,

IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 39, NO. 7, JULY 2024

Fig. 16.  Photograph of the experimental prototype.

no matter how other parameters vary. The simulation results in
Fig. 15(a) are based on the condition that Ry, = 200 2. The
optimal series-connected capacitance is 25 uF in theoretical
analysis when R;, = 200 2. From Fig. 15(a), the simulation
results of the optimal series-connected capacitance under the
same load resistor and other varied parameters are always 25 uF
when Ry, = 200 €. It agrees well with the theoretical analysis
in Section IIL.

Furthermore, Fig. 15(b) shows the simulation results of the
power improvement with series-connected capacitors. The pro-
posed MFEH achieved a power of 0.67W under R, = 50€,
I, = 50A, N = 200, A =1 cm?, which indicates a 52.3%
increment of power compared to the harvester without using
the proposed method. It is also shown that the harvesting time
is lengthened from 5.2 to 5.7 ms, which verified the previous
analysis in Section II.

The proposed design methodology is further verified based
on an MFEH constructed in the laboratory, as shown in Fig. 16.
A controllable ac source with resistive loads is used to emulate
the power grid. It can generate a power frequency sinusoidal
current from 0 to hundreds of amps. A permalloy magnetic core
is clamped on the power line, and an array of compensation
series-connected capacitors is used before the rectifier. And
the experiment is verified under I, = 50 A, N = 200, and
A=1cm’

The typical core voltage, the capacitor voltage, and the load
voltage waveforms with R;, = 2502 and R;, = 500 (2 are shown
in Fig. 17(a) and (b), respectively. It can be observed that the core
voltage without C, is a square wave formed due to the existence
of the rectifier circuit, as shown in the yellow waveform above
Fig. 17. The core voltage with C, is a concave wave, as shown
in the yellow waveform at the bottom of Fig. 17. It is the same
as the previous analysis. It is clearly seen that the EH time has
been lengthened from 2.85 to 3.2 ms and from 2.4 to 2.9 ms,
respectively. In addition, the output power transferred to the
load increased from 0.298 to 0.39 W and from 0.212 to 0.28 W,
respectively, compared to the MFEH without a series-connected
capacitor. In addition, the experimental waveforms are the same
as the above analysis, that is the capacitor voltage at #,, is equal
to the load voltage. When the secondary side of the magnetic core
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TABLE II

COMPARISON BETWEEN THE METHODS

Number of
Maximum A Power densit .. . . . ..
Reference I (Apus) o By, (T) Y Additional control unit switches/coils/additional
output power ? (cm?) (MW /c?/T/A ) .
(W) capacitors
m
Qian et Semicontrolled active rectifier
5520 60 443 1.35 15.383 3/1/2
al. [13] and a buck-boost controlblock
Liu et Microcontroller and an
115.49 4 242 1.25 9.544 . . 2/1/1
al. [15] operational amplifier
Zhuang et Power management unit and a
L117 283 10 1 1.25 22.64 . 1/2/1
al. [17] microcontroller
This article 600 50 1 0.6 20 / 0/1/1
Withontcapacil;r P =0.298W Withoutcapacito? PL=0212W 190(?: #* IS The designed optimal C, W
Tt tat i i
B g gy 58 /;_ 7 LZ”‘ ] 0k # The experimental optimal C, i‘; .
¥ e ] § n et e —— 70r u\it:
| ug [20V/divIN__ " ulllf;'/di\"r' =" =7 r-xi 60 F I s
Up 8.625V (Mmsdivl| | UL 103V £ [4ms/div] SR ® 1(“ *
fat 2.85ms fat 2.4ms 40 + N _ _
® 300 350 400 450 500
| i ! 30+ . P R/
| With optimal capacitor P;=0.39W With optimal capacitor P~0.28W 20 [ / 8
| fat /1“1 10+ - hd - .
| R\ U 20y aidl e |, U 12gViv)) = | 50 100 150 200 250 300 350 400 450 500 550
0—-—\ -—-——'_//'—\'\——-‘1 [ \ —t \—J‘ RL/Q
b, IZ(I\)"/divFV - tica 120V /vl /| fis [20V/diN /'u(-,,/‘[kz()\"/di\}\ Nw
| Uy, 9875V £ [4ms/div] v 12y £ [4ms/diy], Fig. 19.  Error analysis comparing designed C,, with experimental results.
| fac 3.2ms far 2.9ms
(a) (b)

Fig. 17.  Experimental waveforms of typical core voltage, the capacitor volt-
age, and the load voltage. (a) R, = 250€2. (b) R, = 500 2.

—8— The proposed method|
- -0 - Base circuit

L 1 1 1 1 1
250 300 350 400 450 500
R(Q)

Fig. 18.  Experimental results of power improvement.

is short-circuited, the capacitor voltage will remain unchanged
until the next EH cycle comes.

Fig. 18 illustrates that series-connected capacitors can effec-
tively increase the power transferred to the load compared with
the basic circuit without C, in a wide range of load resistance.
The power is increased from 0.35 to 0.54 W under R; =
1002, which is an increase of approximately 54.3%. A 57.1%
increment of power from 0.28 to 0.44 W under R;, = 20012.
Under the condition of I, = 50A, N = 200, A = 1 cm?, and
R = 2509, tsat is 3.2 ms, the conduction voltage of the diode
is 0.3V, and the average power dissipation in diodes is 0.0318 W.
The equivalent series resistance (ESR) of the capacitor used in

the experiment is usually at the milliohm level [15]. Setitto 1 §2
with some margin, and the average power dissipated in the ESR
is 1.56 mW. The load power is 0.39 W, thus, the power efficiency
is 92.12%. The experiment results show that the MFEH system
can achieve an ideal power boost effect by connecting an optimal
capacitor in series.

The error analysis comparing designed C, with experimental
results under ten sets of Ry, is shown in Fig. 19. The orange circle
represents the designed optimal C,, and the blue dots represent
the experimental optimal C,. Compared with the designed opti-
mal C,, the experimental optimal C, deviation is less than 2.8%,
which is high accuracy.

Table II gives the comparison results between the proposed
method and the existing magnetic EH technologies. It is found
that the proposed method does not increase the volume of the
system, which only adds a capacitor. To increase the output
power of MFEH, [13] uses a buck-boost control block, [15] and
[17] use the microcontroller, which requires additional auxiliary
power. Then, the volume of the system and the power loss
are increased. Compared with [13], [15], and [17], only one
capacitor is required to achieve the power increase of MFEH
in this article, which is almost no increase in system volume
and power loss. Moreover, compared with [13] and [15], higher
power density can be achieved in this article. Besides, compared
with [13], [15], and [17], the total number of switches, coils,
and additional capacitors in this article has a minimum number,
which effectively reduces the device costs. This means that
the proposed method is competitive in practical application
compared to existing technologies.
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V. CONCLUSION

In order to improve the power density of the MFEH, a
design method with a series-connected capacitor is proposed
in this article. The series-connected capacitor can lengthen the
EH time within every EH period, resulting in increased power
harvested. An in-depth analysis further reveals that there exists
an optimal capacitance. The optimal series-connected capacitor
enables maximum power transfer. The design method of the
optimal series-connected capacitor is presented in detail. Finally,
simulation and experimental results show that, compared with
conventional MFEHs, the power generated by the proposed
MFEH can be improved significantly over a wide load range.
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