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Abstract—Electromagnetic energy harvesters (EMEHs) have
the potential to harvest various energy forms from different
frequencies. But there is no AC-DC power converter that can
achieve impedance matching for multi-input of a single energy
harvester to extract maximum power from all frequency points.
The article proposes a new AC-DC converter based on
feedforward control to realize variable input impedance under
different input frequencies. The article proposes an auxiliary coil
to obtain the reference signal for feedforward control. The model
of the auxiliary coil is built to guide the design. The AC-DC
converter realizes variable impedance matching at different
frequencies using an auxiliary coil. The article also analyzes the
impedance mismatching loss caused by current ripple and builds
a numerical calculation model. It can provide guidance for the
design of key parameters, such as threshold voltage. The article
designs a prototype of the AC-DC converter and EMEH with
auxiliary coils. According to the measurement, the MPPT
efficiency of the AC-DC converter is 98.7% at input frequency of
50 Hz and 97.7% at 1000 Hz. The converter transmission
efficiency is 86.3%. The output voltage of AC-DC converter is 5 V
with load resistor of 837 Q. The overall of the multi-input energy
harvesting system is 84.8%.

Keywords—Multi-input, Energy harvesting, AC-DC converter,
Impedance match, MPPT.

L INTRODUCTION

With the popularity of wireless sensors, the self-powering
problem of sensors has become a hot research topic. It is a
premium power solution for equipment in extreme
environments and situations which are not easy for battery
exchange. Currently, energy harvesting is an efficient and
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alternative energy source to supply power for wireless sensors.
In the power grid, there is a large amount of magnetic field
energy. Therefore, the electromagnetic energy harvester
(EMEH) is a good choice in the situation [1]-[6].

Magnetic field energy has different frequencies. Fig. 1 shows
a photo of the measured 500kVA transformer in Guangxi,
China and its magnetic flux density next to the output bus on
the high voltage side at different frequencies. From the
measurement result, it can be observed that there is a significant
amount of magnetic field energy in the space, including power
frequency, third harmonic, fifth harmonic, and other
components. EMEHs have the potential to harvest EM energy
from different frequencies. However, current micro-energy
harvesting systems can only harvest energy with the same
frequency. These single-source micro-energy harvesting
systems consist of EMEH, an AC-DC converter, and an energy
storage unit. The reliability and output power of these energy
harvesting systems relying on a single energy source is low [6].
They are only suitable for some special applications where the
power consumption is low. If power consumption is high, the
output power of a single-source energy harvesting system is
insufficient to support real-time operation of high-power
sensors[7]-[12].

Therefore, in response to the higher power demands of
applications and the complexity of environments, multi-input
energy harvesting technology is needed.

Multi-input energy harvesting faces new challenges in
maximum power point tracking (MPPT). Fig. 2 shows a multi-
input energy harvesting system. The equivalent circuit model
of'an EMEH consists of a voltage source in series with a resistor
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Fig. 1. (a) The photo of the measured 500k VA transformer and (b) its magnetic flux density next to the output bus on the high voltage side at different
frequencies.
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Fig. 3. Output power curve of EMEH when the reactance is matched.

and an inductor [13]. Therefore, the EMEH requires impedance
matching through an AC-DC converter to achieve MPPT. The
output power curve of EMEH is shown in Fig. 3. Maximum
power can be extracted only when the device's reactance is
matched and the output load is equal to the resistance.

However, the circuit’s resistance includes coil resistance R
and eddy current equivalent resistance Reddy. Reddy Varies with
frequency [14]. So, total equivalent resistance R and reactance
vary with frequency. Therefore, it is necessary to achieve a
variable input impedance at different frequencies of the AC-DC
converter to achieve MPPT for multi-input EMEH.

This paper proposes an AC-DC converter using feedforward
control strategy based on an auxiliary coil to achieve variable
input impedance of the AC-DC converter to realize maximum
power delivery for multi-input EMEH.

The organization of the rest of paper is as follows: Section II
gives the theoretical modeling of an auxiliary coil and basic
design of the AC-DC converter. Section III discusses the key
design and simulation analysis of the AC-DC converter. The
prototype of multi-input EMEH systems and related
measurement results are provided in Section IV. Section V is
the conclusions.

II.  CONTROL STRATEGY BASED ON AUXILIARY COIL FOR
AC-DC CONVERTER

The topology of the AC-DC converter is shown in Fig. 4. The
converter uses two NMOS device (M3, M4) and two PMOS
device (M1, M2), which can decrease the complexity of the
drive circuit. The converter uses the coil inductor as the
switching inductor to decrease loss. To achieve impedance
matching, it is necessary to control the input current of the
converter, specifically the inductor current. Hysteresis control
is adopted because it enables precise control of the inductor
current, with high steady-state accuracy, fast response speed,
and low implementation difficulty [13]. Fig. 5 shows the
control schematic diagram of the AC-DC converter.
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Fig. 4 Topology of the AC-DC converter.
S AC-DC | Storage
EMEH converter device
Drive
i signal
. Control Control Drive
Iref | circuit signal circuit
- g

Fig. 5. Schematic diagram of EMEH system.

The control of the power devices is achieved by comparing
the real-time inductor current with upper and lower threshold
value of a reference current signal. When the inductor current
operates in continuous conduction mode (CCM), the
waveforms of the inductor current and the reference current are
as shown in Fig. 6. irr is the current reference, and Ai is the
current ripple threshold.

A. Feedback control based on auxiliary coil

As shown in Fig. 5, the key to current hysteresis control
method is to generate a reliable and accurate current reference
irer. Generally, irr is obtained by sampling the input voltage of
EMEH and scaling it down proportionally [13]. However, when
the coil inductance is used as the switching inductor, the curve
of the input voltage will change to square wave. Ref. [13]
proposed a method to obtain the induced electromotive force
(EMF) reference of an EMEH using an auxiliary coil.

Fig. 7 shows an EMEH with auxiliary coil. The auxiliary coil
cannot decrease the output power of the main coil [13]. Fig. 8
shows the coupled equivalent circuit model of an EMEH with
auxiliary coil. v(t) is the EMF of the main coil. Redqy is the eddy
current equivalent resistance of the main coil, Rs is the
resistance of the main coil, Lo is the inductance of the main
coil, Ricad 18 the output resistance, vemr(?) is the input voltage of
the main coil, and v,(?) is output voltage of the main coil. va(?)
is EMF of the auxiliary coil, Reday axx is the eddy current
equivalent resistance of the auxiliary coil, Rau is resistance of
the auxiliary coil, Laux is inductance of the auxiliary coil, Rauxi
is equivalent input resistance of the sampling circuit, vemraux()
is the input voltage of the auxiliary coil and vau(?) is the open-
circuit voltage of the auxiliary coil.

Defining the number of turns of the main coil is Vi, number
of turns of the auxiliary coil is N, wire diameter of the coil is
dwd, Ue is the relative magnetic permeability of the magnetic
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Fig. 8. Coupled equivalent circuit model of an EMEH with auxiliary coil.

core, and B(f) is magnetic flux density in the cross-sectional
area of the magnetic core.
Input voltage of the main coil, vemr(t), is:

Nd, Bt
Vo () =201 20 (M)
Input voltage of the auxiliary coil, Vemraux(t), is:
N,d Bt
Vo (0 = A0 20 @
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Fig. 9. Schematic diagram of multi-input EMEH system.
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Fig. 10. Current hysteresis-loop control circuit based on auxiliary coil.

The current reference, ir(?), is equal to the output current of
the main coil when impedance matching is achieved. In this
case, Rioad = Rs + Reddy and Leoii is matched. irf(t) is expressed
as:

el _ N
2R +Ryy, N(2R +Ry)

Generally, output of the auxiliary coil is connected to input
characteristic of the sampling circuit, where Raux is greater than
100 kQ. Therefore, vaux(?) is approximately equal to vemraux(?).
By sampling the output voltage of the auxiliary coil, vau(), and
then amplifying it by a factor of Ni/ (M2(2Rs + Reddy)), the
current reference, iref(f), can be obtained.

e (1) = Veutraux (1) (3)

B. Impedance matching for multi-input EMEH

The above section introduced the current hysteresis loop
control method for EMEH based on auxiliary coil. By using an
auxiliary coil, the current reference for different frequencies
can be obtained for EMEH to achieve impedance matching for
multi-input sources. As shown in Fig. 9, the current hysteresis
loop control method based on this auxiliary coil primarily
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consists of the auxiliary coils, a signal processing circuit, and a
control circuit including hysteresis comparator. The current
hysteresis-loop control circuit based on the auxiliary coil is
shown as Fig. 10.

Output voltage and phase of the auxiliary coil for the ng
source are obtained by sampling through the ns auxiliary coil;
it is expressed as:

Vaun (t) = Vauxn Sll’l(zﬂ'f;]t + en) (4)

Vaun 18 voltage amplitude of the ng auxiliary coil, fy is
frequency, and 6, is phase of the voltage. By amplifying Vauxn,
Viremn(t) 18 obtained:

Vet () = Vi SINQ2Zf1 + 6,) 5)

To obtain diref(?), Virer1(£), Virer2(?), ..., Virem(#) are scaled down
by different factors and then summed together.

The inductor current will fluctuate within the range of
iret()-Al to iref(f)+AI, where Ai is the maximum value of the
current ripple. A7 is controlled by threshold voltage of the
hysteresis comparator AUs.

By neglecting the current ripple, the output power of EMEH
Pour can be further expressed as:

n VZ
p ="
2R ) ©

i=1

where V4 is open-circuit voltage amplitude of the na source.

According to (6), when the AC-DC converter achieves
variable input impedance under different frequencies, the input
power of the AC-DC converter is equal to the sum of the
maximum output power of each source of multi-input EMEH
when impedance matching is achieved.

III. THRESHOLD VOLTAGE DESIGN

In the current hysteresis loop control method, as the threshold
voltage AUy of the hysteresis comparator increases, the
switching frequency of the AC-DC converter decreases,
resulting in lower switching loss. However, a higher threshold
voltage AUy leads to increased current ripple, resulting in
impedance mismatching and lower theoretical maximum
extraction efficiency of the AC-DC converter. Therefore, the
threshold voltage is a key parameter in the design of current
hysteresis loop control circuit.

A. Theoretical model of switching loss and impedance
mismatching loss

In order to analyze the relationship between the threshold
voltage and the switching loss of the converter, as well as the
loss caused by impedance mismatching due to current ripple, it
is necessary to derive formulas between the threshold voltage
AUy and the switching frequency f. However, the switching
frequency will vary with the input voltage as shown in Fig. 11.
To simplify the analysis, the average switching frequency fs, is
defined as [15]:

R KV, -V

samp
. 7
o 2LV, AU, )

where Rgmp 1s resistance of sampling in the power circuit, & is
amplification ratio of the sampled voltage, ¥, is voltage

coil

Vi /\
s

—_—

t
Fig. 11. Curve of switching frequency and input voltage of the converter.

amplitude of the source under one frequency and Vs is output
voltage of the converter.

The switching loss of the circuit mainly consists of turn-on
loss, turn-off loss, and loss caused by the discharge of the
output capacitance of power devices during switching [15]. The
expression for these losses can be expressed as:

P =2P +2P, +2P,

loss loss_swN loss_swP lossN_e T 2P|ossrgc (8)

Pioss_swn 1s the turn-on and turn-off loss of the NMOS, while
Pioss_swp 1s the turn-on and turn-off loss of the PMOS. Piogn ¢
and Piossp ¢ are the losses generated by the discharge of the
output capacitances of the NMOS and PMOS during switching.
Ploss_swcan be expressed as:

11 VIV fio(tom +t
})lossisw = 5?]2 E :% (9)

where T; is a switching cycle. foirand o is turn-on and turn-off
time of the switches.

S0, Ploss_swcan be calculated as:

_VHCoyx + Co )Rk VY, = V)

loss_sw — 32LCOHVOAUd

2 (10)
+ VonRsampk(ZomN + [oan + toffiP + tonil’ )(2V0Vp - Vp )
1 67Z'Lcoi| V:!AUd
Similarly, P ccan be expressed as:
2 2
loss C= VO COSSRsampk(z‘V;Vp Vp ) (1 1)
- 64L.,\V, AU,

According to (10) and (11), the switching loss Piess can be
calculated.

The calculation for impedance mismatching loss caused by
current ripple is given as follows. Considering the current ripple,
the input power of one switching cycle, Pin ave(?), is:

V() 2R (1) +V,)(AD?
AR 30, =m0 (12)

Py e =

Therefore, the theoretical maximum input power for one AC
cycle, Pin_max, 1S:

. N
Py (1) = V) RAP i(Vp ey (13)
in_max 8R 37mfN 45 (Vo _ Vp sin(Zﬂ'ﬂ))
N,
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The loss caused by impedance mismatching due to current
ripple, Pioss rip, 1S:

. N

V sin(2r—)+ V.

Rav: & Fsn@TI+Y)
272

37 NR K un—mm@m%»

i

(14)

loss_rip

By combining (10), (11) and (14), the relationship between
the total loss of the circuit, Pioss, and the threshold voltage, AUq,
can be obtained:

P

loss.

=P

loss_rip

+P

loss_sw (15)

To calculate the total loss, the parameters of the switching
devices are required. In this paper, the selection method from
[15] is used to choose the power devices. Specifically, an GaN-
HEMT EPC2037 and a PMOS PMV160 are selected. The
device parameters are shown in TABLE 1. The switching loss
at different threshold voltages is shown in Fig. 12(a). As the
threshold voltage increases, the switching loss gradually
decreases.

To calculate the impedance mismatching loss, the theoretical
maximum output power and the equivalent resistance of EMEH
is required. Assume that the theoretical maximum output power
of the EMEH is 20 mW and the equivalent resistance is 50 Q.
The actual resistance mismatching loss at different threshold
voltages is shown in Fig. 12(b). As the threshold voltage
increases, the impedance mismatching increases, but the rate of
increase becomes slower.

The total circuit loss Pioss at different threshold voltages is
shown in Fig. 12(c). The total loss initially decreases and then
increases as the threshold voltage increases. The minimum Piogs
is 0.15 mW at a threshold voltage of 28 mV.

Therefore, 28 mV is chosen as the threshold voltage design
value to minimize the total loss. The average switching
frequency f. is 103 kHz.

IV. EXPERIMENTAL PROTOTYPE

As shown in Fig. 13, the prototype of the AC-DC converter
is fabricated. The size of the circuit is 3.5 cm x 4.8 cm. The key
components of the converter are shown in TABLE II. All
components are low-power devices. As shown in Fig. 14, the
prototype of an EMEH with auxiliary coils is fabricated. The
volume of the device is 49 cm?, and the magnetic core material
is manganese-zinc ferrite with a relative magnetic permeability
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of 2000. Key parameters of the EMEH are shown in TABLE
1.

To simulate the magnetic field environment, a magnetic field
energy generation platform is constructed as shown in Fig. 15.

TABLE I. KEY PARAMETERS OF THE SWITCHES

Part number fon tofr Coss Ras_on O
EPC2037 0.48ns 0.67ns 420pF 400mQ 115pC
PMV160 Ins 0.5ns 42pF 210mQ 3.3nC

TABLE II. KEY PARAMETERS OF THE AC-DC CONVERTER

Device Part number
] EPC2037
Switches PMV160
) LTC6078
Analog amplifier LTC6255
Comparator TLV7011
Supply TPS78101

TABLE III. KEY PARAMETERS OF THE EMEH

Coil . Resistance Inductance
turns
Main coil 1500 385Q 390 mH
Auxiliary coil 200 35Q 20 mH

Fig. 14. Prototype of the EMEH with auxiliary coils.
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The platform consists of signal generator, power amplifier,
oscilloscope, and Helmholtz coil. The Helmholtz coil can
generate a uniform magnetic field. The photo of the platform is
shown in Fig. 16.

A. Prototype of EMEH with auxiliary coil and test bench

Before experiments on the multi-input energy harvesting
system, it is necessary to test the EMEH to obtain its output
characteristics.

Fig. 17 shows the input voltage waveforms of the prototype
of the EMEH in a 50 Hz / 7.6 Gs magnetic field. The black
waveform is the input voltage vemr(t) of the main coil, while the
blue waveform is the input voltage vemraux(t) of the auxiliary
coil. Voltage frequencies of the auxiliary coil and the main coil

Signal generator

Power amplifier

/ \ ’/m\\ /”’\ ’ //’ \ /”"‘\\‘

E,Output voltage of the main c011 (O 2V/d1v)
()utput voltage/ of the dLl\llldl’\ coil (2()mV div )

jlmes (IOTQJdlv) \/ 1 \J N / x\

Fig. 17. Input voltage waveforms of prototype of the EMEH in a 50 Hz /
7.6 Gs magnetic field.

are the same, both at 50 Hz, with a phase difference of 0.
Voltage amplitude of the main coil is 720 mV, and voltage
amplitude of the auxiliary coil is 95mV. The amplitude ratio is
approximately 7.57, which is approximately equal to the turn
ratio of 1500/200=7.5. Therefore, input voltage signal of the
auxiliary coil can be used to obtain the phase and amplitude of
the input voltage of the main coil.

Magnetic field generation platform generates 50 Hz
magnetic field to simulate energy from power grid and 1000 Hz
magnetic field to simulate energy from power electronics. Fig.
18 shows the output voltage curve and output power curve of
the EMEH in the given magnetic field environment. The
prototype achieves its maximum output at an output load of 80
Q, which is 17.92 mW under 50 Hz / 7.6 Gs magnetic field. The
prototype achieves its maximum output at an output load of 120
Q, which is 17.28 mW under 1000 Hz / 400 mGs magnetic
field.

B.  Experiment for multi-input EMEH system

This section verifies the operation of the multi-input EMEH
system. Magnetic field generation platform generates a mixed
magnetic field with 50 Hz / 7.6 Gs and 1000 Hz / 400 mGs.

The hysteresis control function of the AC-DC converter is
verified. The waveforms of inductor current and drive voltage
are shown in Fig. 19. Fig. 20 shows the input voltage waveform
of the AC-DC converter. TABLE IV summarizes key
parameters of the AC-DC converter. The RMS of the input
current of the AC-DC circuit is 18.96 mA including 14.64 mA
at 50 Hz and 12.06 mA at 1000 Hz. The RMS of input voltage
of the AC-DC converter is 1.865 V including 1.21 V at 50 Hz
and 1.4 V at 1000 Hz. Therefore, the input power at 50 Hz for

2.0 18
(80,12,92)

1.8 R — 1 17
S16 {169
S1.4 {158
8 / =
s {142
z12 / :
21.0 182
503 / \ 12 =

0.6 111
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S 14 114 g
g 12 22
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ERS 8 ~
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O 0.6 / : 6 =
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0.2 2
0 50 100 150 200 250 300

Output load(Q)
(b
Fig. 18 Output voltage curve and output power curve of the EMEH in the
given magnetic field environment (a) S0Hz/7.6Gs (b) 1000Hz/400mGs.
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the AC-DC circuit is 17.71 mW, and at 1000 Hz is 16.88 mW.
So the overall input power is 34.59 mW. Thus, the converter
achieves 17.71/17.92 mW=98.7% MPPT efticiency for 50 Hz
magnetic field and 16.88/17.28 mW=97.68% MPPT efficency
for 1000 Hz magnetic field. TABLE V summarizes output
parameters of the system. Output of the AC-DC converter is
5V /837 Q with an output power of 29.86 mW. The converter
transmission efficiency is 29.86 mW / (17.71+16.88) mW
=86.3%. The overall efficiency of the system is 29.86 mW /
35.2 mW = 84.8%.

V. CONCLUSIONS

This paper proposes an impedance matching strategy for
multi-input EMEH systems based on an auxiliary coil. The
theoretical model of the auxiliary coil is proposed to guide the
design of the control circuit. Considering the impact of current
ripple on impedance mismatching, theoretical guidance is

TABLE IV. KEY PARAMETERS OF THE INPUT FOR THE AC-DC

CONVERTER
Maximum
Input Input Input . MPPT
Frequency input .
voltage  current  power efficiency
power
14.64 17.71 17.92 o
50 Hz 121V A W W 98.70%
12.06 16.88 17.2 N
1000 Hz 14V A mW 8mW 97.68%
TABLE V. OUTPUT PARAMETERS OF THE SYSTEM
Transmission Overall
Output voltage Output power efficiency efficiency
5V 29.86 mW 86.3% 84.8%

provided for the design of the threshold voltage of the hysteresis
control circuit. Finally, a prototype of EMEH with an auxiliary
coil and AC-DC converter is developed, and a prototype of the
multi-input EMEH system is built. Experimental results
demonstrate that under a mixed magnetic field with input
sources at 50 Hz and 1000Hz, the system successfully achieves
97.8% MPPT efficiency for the 50 Hz magnetic field and 98.7%
MPPT efficiency for the 1000 Hz magnetic field. The total
output power of the system is 29.86 mW with a total efficiency
of 84.8%.
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