
IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 31, NO. 8, AUGUST 2016 5515

A Management Circuit with Upconversion
Oscillation Technology for

Electric-Field Energy Harvesting
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Abstract—Traditional LC resonance circuit can continuously
and efficiently accumulate energy from the harvester at optimal
impedance matching. Due to electric-field frequency (50 Hz, in
China) and small equivalent capacitance (tens or hundreds of pi-
cofarads) of electric-field capacitive harvester, it is difficult to man-
ufacture a huge transformer with a large inductance (>10 000 H)
to optimally match the capacitive harvester. An upconversion oscil-
lation circuit with a smaller size transformer around high-voltage
power line is proposed to achieve efficient electric-field energy har-
vesting in this paper. The power-frequency output signal is trans-
formed into higher frequency oscillation signal in the upconversion
circuit consisting of the switch and the transformer. In this case, op-
timal impedance matching with the smaller size transformer is re-
alized. Therefore, weak energy from harvester is fast accumulated
into the storage capacitor by using the upconversion oscillation cir-
cuit. For a 10-kV power line, the upconversion maximum charging
power reaches 663 μW in experiment. Due to optimal impedance
matching in the upconversion oscillation circuit, the maximum har-
vesting efficiency is increased from 3% to 90.5%, compared with
the traditional harvesting method. While the voltage across the
storing capacitor is 3.26 V, the instantaneous discharge circuit can
drive a wireless sensor node with an output power of 110 mW.

Index Terms—Electric-field energy harvesting, high-frequency
oscillation, power line, upconversion, wireless sensor node.

I. INTRODUCTION

W ITH the development of the low-power miniature
CMOS, the wireless sensor networks have been used

in wider fields, such as the monitoring of the harsh environ-
ment, the building structure, and the medical implants. A wire-
less sensor node powered by a battery with a limited energy
hardly works for long time. In many applications, wireless sen-
sor nodes are distributed in remote/dangerous regions or are
embedded in detected objects such as buildings. In these cases,
replacements of batteries for the wireless sensor nodes are dif-
ficult. A promising alternative solution to batteries is the use
of energy harvesters that convert ambient energies within their
environment into electrical energy. Many ambient energies such
as solar energy [1], [2], vibrational energy [3]–[6], wind energy
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[7]–[10], and electromagnetic energy [11]–[12] are harvested
for electronic systems. In remote areas or complex regions,
it is attractive to scavenge ambient energies for autonomous
wireless sensor networks to monitor some parameters such as
temperature, inclination, aging, and icing of high-voltage power
line. The induced electromagnetic field around the high-voltage
power line can provide enough energy for a wireless sensor
node with power consumption of hundreds of microwatts by
using an instantaneous discharging circuit. According to Fara-
day’s law of induction, the magnetic coil is used to harvest the
magnetic-field energy induced by the current flowing through
the wire [13], [14], but this energy source is unstable for the
weak current. Due to the stable electric field around the power
line, electric-field energy harvesting can be achieved on a high-
voltage power line.

From the principle of a capacitance voltage divider, the cylin-
drical capacitive harvester is presented to harvest electric-field
energy around a high-voltage power line [15], [16]. In order to
obtain the required harvesting power, a voltage transformer con-
nected directly to the harvester is proposed to achieve impedance
transformation according to the output impedance of the har-
vester. Because the optimal impedance matching between the
voltage transformer and the harvester is not realized, the effi-
ciency of energy harvesting is only 3% [16]. In order to obtain
the highest efficiency of energy harvesting, the primary induc-
tance impedance of the transformer must be the conjugation of
the equivalent impedance of harvester. For example, the tradi-
tional LC resonance matching circuit is proposed to obtain a
maximum power from energy harvester [17], [18]. In consider-
ation of the general length (tens of centimeters) and more output
power of the harvester, the capacitance between the harvester
on power line and the ground is several picofarads, and the
equivalent capacitance of the harvester is tens or hundreds of
picofarads. However, due to electric-field frequency (50 Hz, in
China) and small equivalent capacitance of the capacitive har-
vester, the transformer requires a huge inductance (>10 000 H)
to optimally match the equivalent impedance of the harvester
in the traditional LC resonance circuit. Not only it is difficult to
realize in small size, but also the harvesting efficiency is dimin-
ished due to the distributed capacitance of the transformer with
the huge inductance. In order to avoid the manufacture difficulty
of the transformer with the huge inductance in the traditional
LC resonance circuit, an upconversion resonance circuit, in-
cluding two high-frequency LC resonance loops and a switch, is
designed [19]. When the control frequency of the switch is equal
to the LC resonance frequency, the optimal impedance matching
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Fig. 1. Structure of electric-field energy harvesting.

Fig. 2. Equivalent circuit of energy harvesting.

is realized. However, because of small equivalent capacitance of
the capacitive harvester, the stray capacitance of switch cannot
be neglected, and impulse response is not obtained in the output
loop of the upconversion resonance circuit at the turn-off mo-
ment. Therefore, the high-efficiency energy harvesting cannot
be achieved by using the upconversion resonance circuit.

In this paper, aiming at improving the efficiency of electric-
field energy harvesting, an upconversion oscillation circuit, in-
cluding a small-size (50 × 20 × 20 mm3) transformer and a
bidirectional switch consisting of two MOSFETs, is proposed.
Through turning on/off the switch periodically, the power-
frequency voltage signal across the harvester is converted into
the higher frequency output signal, including two alternate oscil-
lations. Because of the alternate oscillations, optimal impedance
matching can be realized by using the upconversion oscillation
circuit. The upconversion oscillation circuit with a small-size
transformer can efficiently accumulate the electric-field energy
from the harvester.

II. ELECTRIC-FIELD ENERGY HARVESTER

The noncontacting cylindrical harvester for supplying wire-
less monitoring device is shown in Fig. 1. The cylindrical har-
vester is used as a capacitive voltage divider to harvest electric
field energy. The harvester comprises a tubular inner electrode,
a tubular outer electrode, and a dielectric material between the

inner electrode and the outer electrode. RL is the load resis-
tance. Fig. 2 shows the equivalent circuit of energy harvesting.
Three capacitors Cw (power line to inner electrode), Ch (inner
electrode to outer electrode), and Cg (outer electrode to ground
of the electric plant) are connected in series. Cw , Ch , and Cg

are described by [16]
⎧
⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎩

Cw =
2πε0 l

ln(r2/r1)

Ch =
2πε0εr l

ln(r4/r3)

Cg =
2πε0 l

ln(2h/r5)

(1)

where ε0 , εr , r1 , and h represent the permittivity of vacuum,
the relative dielectric constant of the dielectric, the radius of
the power line, and the height from outer electrode to ground,
respectively.

From Fig. 2, the voltage u across the load is given by

u =
RL/(1 + jωpChRL )

RL/(1 + jωpChRL ) + 1jωpCw + 1/jωpCg
uo (2)

where uo and ωp represent the power-line phase-ground rms
voltage and the angular frequency of the power-line voltage,
respectively. For load resistance the obtainable power can be
expressed as

P =
|u|2

RL
. (3)

When ∂P/∂RL = 0, the optimal load resistance RL(opt) can
be calculated by (4). Thus, the maximal power (Pmax ) can be
obtained at RL = RL(opt) (5) at bottom of the page

RL(opt) =
ln(r4/r3) ln(2r2h/r1r5)

2πε0 lωp [ln(r4/r3) + εr ln(2r2h/r1r5)]
(4)

From (5), the maximum output power (Pmax) of the harvester
increases with the rms voltage (uo ) of the power line, the length
(l) of the harvester, r4 and r5 (see Fig. 1); and decreases with
increasing r2 , r3 and εr . Meanwhile, in order to obtain more
power from the harvester, the size of the harvester must be
increased as much as possible.

In experiment, as shown in Fig. 1, the length (l) of the har-
vester and r1 , r2 , r3 , r4 , and r5 are 30 cm and 10, 15, 16,
18, and 20 mm, respectively. The inner and outer electrodes
are separated by the insulation paper with a relative dielec-
tric constant (εr ) of 1.56, and thus, the capacitance (Ch ) of
the harvester is 211.7 pF. The phase-to-ground rms voltage
of the power line is 10 kV. General height of 10 kV power
line is above 8 m. From (5), the maximum output power
is Pmax ∝ 1/[0.19(ln h)2 + 3.4 ln h + 12.7]. For example, the
maximum output powers (Pmax ) at the power-line heights of 8
and 16 m are 0.62 times and 0.54 times of that at the power-line
height of 1 m, respectively. Pmax decreases slowly with the fast

Pmax =
2πε0 lωpu

2
o · [ln(r4/r3)]2

[ln(r4/r3) + εr ln(2r2h/r1r5)] · [ln(r4/r3) ln(2r2h/r1r5) + 1]
(5)
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Fig. 3. Output power versus load resistance for values of experimental pa-
rameters (uo = 10 kV, h = 1 m, l = 30 cm, r1 = 10 mm, r2 = 15 mm,
r3 = 16 mm, r4 = 18 mm, r5 = 20 mm, and εr = 1.56).

increase of the height (h) of the power line. The height of a 10-kV
power line varies with the different environment. The results of
the electric-field energy harvesting at h > 8 m can be calculated
according to the experimental results at h = 1 m. For the conve-
nient test in experiment, the height of the 10-kV power line is set
to 1 m. As shown in Fig. 3, the theoretical value agrees well with
the experimental results. From Fig. 3, the theoretical and exper-
imental output powers increase first and then decrease with the
increase of the load resistance. Their maximum output powers
are 750 and 733 μW at the load resistance of about 15 MΩ,
respectively. In order to obtain the maximum charging power
(which equals 733 μW), the traditional LC resonance circuit is
proposed, as shown in Fig. 4. Lr1 and Lr2 are the primary induc-
tance and the secondary inductance of the transformer, respec-
tively. In the traditional LC resonance circuit (Cst = 0.47 F),
because 1/

√
Lr1Ch = 1/

√
Lr2Cr2 = ωp , the transformer (turn

ratio n = 50) with Lr1 = 47910 H and Lr2 = 19 H is required
according to the experimental values (h = 1 m and uo = 10 kV)
and the calculated values (Cg = 3.6 pF, Ch = 211.7 pF, and
Cw = 41.1 pF) of parameters. The traditional circuit requires a
huge transformer with a large primary inductance (47 910 H).
Obviously, it is very difficult to realize in small size.

III. MANAGEMENT CIRCUIT

The management circuit for the electric-field energy harvest-
ing is composed of an upconversion oscillation circuit, a control
circuit, a rectifier, a storing capacitor Cst , an instantaneous dis-
charging circuit, and a wireless sensor node, as shown in Fig. 5.
In the upconversion oscillation circuit, the bidirectional switch
S consists of two MOSFETs NDF03N60Z (ON Semiconductor
Inc.) with a small conduction resistance (3.6 Ω), a large current
(2.6 A) and a high breakdown voltage (600 V). The upconver-
sion oscillation circuit with a small-size transformer can convert
power-frequency voltage signal across the harvester into higher
frequency signal. The rectifier transfers the higher frequency
ac signal into the dc signal for the main storing capacitor Cst ,
and then energy from the harvester with the weak output power

Fig. 4. Traditional LC resonance circuit for electric-field energy harvesting.

Fig. 5. Management circuit of electric-field energy harvesting.

(733 μW) can be continuously and efficiently accumulated to
Cst in a long period. The instantaneous discharging circuit with a
LDO S1313 (Seiko Inc.) is used to provide a higher output power
and a stable voltage for the wireless sensor node with a high con-
sumption power (hundreds of microwatts) in a very short time.
The micropower control circuit with a low power consumption
of about 6 μW, consisting of a comparator MAX924 (Maxim
Integrated Inc.), a half-wave rectifier bridge (D1), a voltage-
regulator diodes (Z1), resistors, and capacitors, can produce the
pulse signal for the upconversion oscillation circuit. In the con-
trol circuit, the half-wave rectifier bridge (D1) transfers the ac
signal into the dc signal for the capacitor C1(100 μF ). By using
the voltage-regulator diode Z1 , a stable voltage is obtained for
the comparator. A pulse signal with the voltage amplitude (8 V)
is produced for the switch.

A. Upconversion Oscillation Circuit

In order to avoid the large-size transformer and realize op-
timal impedance matching, the upconversion oscillation circuit
composed of the harvester, the smaller size transformer, and the
bilateral switch S (consisting of two MOSFETs) is designed for
harvesting electric-field energy, as shown in Fig. 5. L1 and L2
are the primary and secondary inductances of the transformer,
respectively. M is the mutual inductance of the transformer. R1
and R2 are the resistances of the primary and the secondary
coils in the transformer, respectively. us is the phase-to-ground
voltage of the power line.

High voltage on the power line can be expressed as

us(t) =
√

2uo sin(ωpt) (6)
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Fig. 6. Equivalent upconversion oscillation circuits. (a) Switch-on time and
(b) Switch-off time.

where uo is the phase-to-ground rms voltage of the power line.
The switch S driven by the control circuit is turned on/off period-
ically. Ts and D are the switch period and the switch duty cycle,
respectively. The switch frequency is fs = 1/Ts . t1 ≤ t ≤ t2
and t2 ≤ t ≤ t1 + Ts are the time windows when the switch
S is turned on and off, respectively. The turn-on moment is
defined as t1 = t0 + nTs , the turn-off moment is defined as
t2 = t1 + DTs , n is a nonnegative integer, and t0 is the first
turn-on moment of the switch.

The equivalent upconversion oscillation circuits in the turn-
on/off time are shown in Fig. 6. From Fig. 6, the switch S
is replaced by the wire in the turn-on time. In the turn-off
time, the switch S can be substituted by the series network
of the switch-off capacitance (Cs) and the switch-off resis-
tance (Rs). Based on equivalent impedance, the series net-
work of the switch-off capacitance (Cs) and the switch-off
resistance (Rs) is equivalent to the parallel connection of the
equivalent switch-off capacitance (Ce(off )) and the equivalent
switch-off resistance (Re(off )). Ce(off ) = Cs + 1/ω2CsR

2
s and

Re(off ) = RS /1 + ω2C2
s R2

s , where ω is the angular frequency
of the voltage across the switch. In turn-off time, the harvester
is charged by the high voltage source. Because Ce(off ) (tens of
picofarads) is much smaller than Ch (hundreds of picofarads)
in Fig. 6 (b), ih(t) ≈ io(t). The voltage across the harvester at
the turn-on moment t1 can be expressed by

uh(t1) =
{

uh(t0), n = 0
uh(t1 − Toff ) +

∫ t1

t1 −To f f
ih(t)d, n ≥ 1

(7)

where uh(t0) and uh(t1 − Toff ) are the voltages across the har-
vester at the moments t = t0 and t = t1 − Toff , respectively.
Toff = (1 − D)Ts . ih(t) =

√
2ωpCw Cguo sin(ωpt)/(Cw Ch +

ChCg + CgCw ) is the charging current through the harvester in
the turn-off time.

From Fig. 6, the current i1 through the primary inductance L1
is the sum of the current ih and the current io . In the turn-on time,
because R1/(2L1) < 1/

√
L1Ch , a damped oscillation current

(ih) is produced in the R1 − Ch − L1 circuit. io is a power-
frequency current produced by the high-voltage source. At the
power frequency, the impedance of the primary inductance L1 in
the small-size transformer is far less than the impedance of Ch ,
the impedance of Cw , and the impedance of Cg . The differential
equation of the voltage across Ch is expressed as

L1Ch
d2uh

dt2
+ R1Ch

duh

dt
+ uh = 0. (8)

According to (8), the current ih = Ch duh/dt and the ini-
tial voltage uh(t1) across the harvester, i1 in the turn-on time
window (t1 ≤ t ≤ t2) can be approximately expressed by
⎧
⎪⎪⎨

⎪⎪⎩

i1 (t) = ih (t)+io (t) =
uh (t1 )
ω1L1

e−α 1 (t−t1 ) sin[ω1 (t − t1 )]+io (t)

io (t) =
√

2(Cw + Cg )uo

ωp Cw Cg

cos(ωp t)

(9)
where ωr1 =

√
1/(L1Ch) is the resonance angular frequency

in the turn-on time. α1 = R1/2L1 is the attenuation coefficient
in the turn-on time. ω1 =

√
ω2

r1 − α2
1 is the oscillating angular

frequency in the turn-on time.
In the turn-off time, another damped oscillation occurs in the

primary loop. The impedance of Rs − Cs parallel network is
equal to the impedance of Ce(off ) − Re(off ) series network, and
hence, the Rs − Cs parallel network can be replaced by the
Ce(off ) − Re(off ) series network. Being similar to the analysis
in the turn-on time, the differential equation of the sum (ue)
of the voltage (uh) across Ce and the voltage (uCe ( o f f ) ) across
Ce(off ) is expressed as

L1Ce
d2ue

dt2
+ ReCe

due

dt
+ ue = 0 (10)

where Ce = Ce(off )Ch/(C
e ( o f f ) + Ch), Re = R1 + Re(off ) ,

and ue = uh + uCe ( o f f ) . According to (10), the cur-
rent ih = Cedue/dt and the initial voltage ue(t2) =
uh(t1) sin(ω1DTs)e−α1 DTs across the harvester and i1 in the
turn-off time window (t2 ≤ t ≤ t1 + Ts) can be approximately
expressed by
⎧
⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎩

i1 (t) = ih (t)+io (t) = Im e−α 2 (t−t2 ) cos[ω2 (t − t2 ]+io (t)

io (t) =

√
2ωp Cw Cg (Ch + Ce (off ) )uo

Cw (Ch + Ce (off ) ) +(Ch + Ce (off ) )Cg + Cg Cw

cos(ωp t)

Im =
ue (t2 )
ω1L1

(11)
where ωr2 =

√
1/L1Ce is the resonance angular frequency in

the turn-off time. α2 = Re/2L1 is the attenuation coefficient
in the turn-off time. ω2 =

√
ω2

r2 − α2
2 is the oscillating angular

frequency in the turn-off time. From (9) and (11), a new higher



ZHANG et al.: MANAGEMENT CIRCUIT WITH UPCONVERSION OSCILLATION TECHNOLOGY 5519

TABLE I
PARAMETERS OF COMPONENTS IN UPCONVERTION OSCILLATION CIRCUIT

Symbol Quantity Value

L1 Primary inductance of transformer 3.63 H
L2 Secondary inductance of transformer 36.3 mH
R1 Resistance of primary coil 122 Ω
R2 Resistance of secondary coil 15 Ω
M Mutual inductance of transformer 0.36 H
Ce ( o f f ) Equivalent off capacitance of switch 40 pF
Re ( o f f ) Equivalent off resistance of switch 11 kΩ

frequency current signal with two oscillation frequencies is in-
duced in the primary loop.

According to (9) and (11), the output voltage across the output
inductor L2 is given by (12), shown at bottom of the page, where
ϕ1 = arctan(α1/ω1)and ϕ2 = arctan(α2/ω2).

From (12), in the turn-on/off time, the output voltage is sum of
alternating higher frequency oscillation voltage and alternating
power-frequency voltage. The higher frequency peak voltage in
turn-on/off time is directly proportional to the primary induc-
tance (L1), and inversely proportional to the mutual inductance
(M). Therefore, by using a transformer with a smaller primary
inductance and larger mutual inductance, higher oscillation volt-
ages can be obtained.

According to (1) and the values (h = 1 m, l = 30 cm, r1 =
10 mm, r2 = 15 mm, r3 = 16 mm, r4 = 18 mm, r5 = 20 mm,
and εr = 1.56) of the parameters in Section II, the capacitances
(Cg = 3.6 pF, Ch = 211.7 pF, and Cw = 41.1 pF) are obtained.
According to the calculated capacitances and the parameters (as
shown in Table I) of components in upconversion oscillation
circuit, the theoretical power-frequency peak voltage (0.016 V)
is far less than the theoretical higher frequency peak voltage
(21 V) at the switch frequency of 200 Hz and the switch duty
cycle of 5%. In this case, the higher frequency oscillation voltage
signal possesses most of the energy, and the power-frequency
voltage signal can be ignored. Theoretical output voltage (Vout)
across L1 and current (i1) through primary loop are shown in
Fig. 7. From Fig. 7, the power-frequency output voltage/current
signals of the harvester are converted into the higher frequency
output voltage/current signals with two oscillation frequencies
by using the upconversion oscillation circuit, respectively.

Fig. 8 shows the output voltage across the output inductor
in the upconversion oscillation circuit at the switch frequency
of 200 Hz and the switch duty cycle of 5% in experiment.
From Fig. 8, the power-frequency output signal of the harvester
is transformed into the envelope signal with the envelope fre-
quency of 200 Hz. Each envelope includes two alternating high-

Fig. 7. Theoretical output voltage (Vout ) across L1 and current (i1 ) through
primary loop for values of frequency upconversion oscillation circuit parameters
(us = 14.14sin(314t) kV, Cg = 3.6 pF, Ch = 211.7 pF, Cw = 41.1 pF, L1 =
3.63 H, L2 = 36.3 mH, R1 = 122 Ω, R2 = 15 Ω, M = 0.36 H, Ce (off ) =
40 pF, Re (off ) = 11 kΩ, fs = 200 Hz, and D = 5%).

Fig. 8. Output waveform of the upconversion oscillation circuit for values
of circuit parameters (us = 14.14sin(314t) kV, h = 1 m, l = 30 cm, r1 =
10 mm, r2 = 15 mm, r3 = 16 mm, r4 = 18 mm, r5 = 20 mm, εr = 1.56,
L1 = 3.63 H, L2 = 36.3 mH, R1 = 122 Ω, R2 = 15 Ω, M = 0.36 H,
Ce (off ) = 40 pF, Re (off ) = 11kΩ, fs = 200 Hz, and D = 5%).

frequency oscillation voltage signals. The higher frequency
oscillation voltage amplitude decreases with duration time at
turn-off time. Experimental results verify the theoretical anal-
ysis. The voltage amplitude of the turn-off time is higher than
that of the turn-on time, and thus, a stronger charging energy
can be obtained.

Vout = −M
di1
dt

=

⎧
⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎩

−ωr 1M

ω1L1
uh (t1 )e−α 1 (t−t1 ) cos[ω1 (t − t1 ) + ϕ1 ] −

√
2ω2

p Cw Cg Muo

Cw + Cg

sin(ωp t)(t1 ≤ t ≤ t2 )

ωr 2MIm e−α 2 (t−t2 ) sin[ω2 (t − t2 ) + ϕ2 ] −
√

2ω2
p Cw Cg (Ch + Ce (off ) )Muo

Cw (Ch + Ce (off ) ) + (Ch + Ce (off ) )Cg + Cg Cw

sin(ωp t)(t2 ≤ t ≤ t1 + Ts )

(12)
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Fig. 9. Equivalent circuit of charging for a storing capacitor by the upconver-
sion oscillation circuit.

B. Charging for a Storing Capacitor

As shown in Fig. 9, the ac output signal from the upconversion
matching circuit is transferred into the dc signal by the recti-
fier bridge, and the charging for the storing capacitor (Cst) is
realized. The rectifier bridge is closed, and the charging current
through the storing capacitor can be produced while the voltage
(Vrect) across the secondary coil is higher than the voltage (VC s t )
across the storing capacitor; whereas the rectifier bridge is open,
and the charging current through the storing capacitor is cutoff.
The voltage across the rectifier bridge is ignored, because the
voltage (∼0.1 V) across the rectifier bridge is much less than
that across the storing capacitor (>1 V).

From Fig. 8, at the switch frequency of 200 Hz and the switch
duty cycle of 5%, the main charging energy is possessed by
the converted high-frequency signal during the switch-off time.
We ignore the output signal during the switch-on time. Fig. 10
shows the voltage (Vrect) across the rectifier bridge, the current
(i2) through the rectifier bridge, and the charging current (iC s t ).
According to [20], the charging current of the storing capacitor
can be described by

iC s t =
Mi1(t)

L2
, Ω ≤ ωt ≤ π − Ω (13)

where Ω is the conduction angle of the rectifier bridge. The
average charging current of the storing capacitor Cst can be
described by

iC s t =
1
π

∫ π−Ω

Ω
iC s t dθ = −2ω2MIm

πωr2L2
sin(Ω + ϕ2)e(−α2 Ω/ω2 )

+
2ω2

2MIm

π2ω2
r2L2

e(−πα2 /2ω2 ) . (14)

When the rectifier is open, the voltage across L2 is equal to
the voltage across the storing capacitor Cst

VC s t = VL2 = ωr2MIm e(−α2 Ω/ω2 ) sin(Ω + ϕ2). (15)

The voltage across the storing capacitor can be expressed by

Cst
dVC s t

dt
= īC s t . (16)

Fig. 10. Voltage across rectifier bridge, current through rectifier bridge, and
charging current.

From (14), (15), and (16), the charging process of storing
capacitor can be expressed by

VC s t (t) =
ω2

2MIm

πωr2
e−

π α 2
2 ω 2 (1 − e−

2 t
π ω r 2 L 2 C s t ). (17)

From (17), the charging voltage across the storing capacitor
increases with an exponential function. The charging time con-
stant is directly proportional to the capacitance of the storing
capacitor, the secondary inductance, and the resonant frequency
of the primary loop in the turn-off duration.

According to (17), the charging voltage increases faster with a
smaller capacitance of storing capacitor. However, more energy
in the larger storing capacitor can be obtained at its output
voltage (that is, the relatively stable input voltage of 3.2 − 3.5 V
across the load with the power consumption of several hundred
milliwatts, including the instantaneous-discharge circuit and the
wireless sensor node). Hence, an appropriate storing capacitor
of 0.47 F (17.3 × 9 × 14.5 mm3) with the acceptable voltage
variation of 0 − 5 V for a wireless sensor node with power
consumption of hundreds of microwatts is used.

At different switch frequency and duty cycle, the experimen-
tal charging voltage of the storing capacitor in 1 min is shown in
Fig. 11. From Fig. 11, the experimental charging voltage of the
storing capacitor increases first and then decreases with the in-
crease in the switch frequency, and the same variation tendency
of the experimental charging voltage versus the switch duty
cycle is obtained. The fastest charging process of the storing
capacitor (Cst = 0.47 F) can be achieved at the optimal switch
frequency of 200 Hz and switch duty cycle of 5%.

At the optimal switch frequency of 200 Hz and switch duty
cycle of 5%, the charging process of the storing capacitor by
using the upconversion oscillation circuit is achieved in experi-
ment, as shown in Fig. 12. It is similar to the charging process
of the first-order RC circuit. The experimental results present
the similar trend of the theoretical charging process of the stor-
ing capacitor. Fast charging process of the storing capacitor is
obtained by using upconversion oscillation circuit. By using the
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Fig. 11. Experimental charging voltage of the storing capacitor at different
switch frequencies and duty cycles in 1 min for values of circuit parameters
(us = 14.14sin(314t) kV, h = 1 m, l = 30 cm, r1 = 10 mm, r2 = 15 mm,
r3 = 16 mm, r4 = 18 mm, r5 = 20 mm, εr = 1.56, L1 = 3.63 H, L2 =
36.3 mH, R1 = 122 Ω, R2 = 15 Ω, M = 0.36 H, Cst = 0.47 F, Ce (off ) =
40 pF, and Re (off ) = 11 kΩ).

Fig. 12. Charging process of a storing capacitor for values of circuit parame-
ters (us = 14.14sin(314t) kV, h = 1 m, l = 30 cm, r1 = 10 mm, r2 = 15 mm,
r3 = 16 mm, r4 = 18 mm, r5 = 20 mm, εr = 1.56, L1 = 3.63 H, L2 =
36.3 mH, R1 = 122 Ω, R2 = 15 Ω, M = 0.36 H, Cst = 0.47 F, Ce (off ) =
40 pF, Re (off ) = 11 kΩ, fs = 200 Hz, and D = 5%).

instantaneous discharge circuit with the low-dropout (LDO), a
stable voltage can be provided to the wireless sensor node. The
wireless sensor node is composed of a humidity and temperature
sensor (type SHT11) with a typical voltage of 3.3 V and current
of 0.9 μA, a high-speed low-power 8-bit processing (micro-
processor, type ATmega32L) with a typical voltage of 3 V and
current of 1.1 mA, and a low-power transceiver (type CC1100)
with a typical voltage of 3 V and current of 1.9 μA. Because the
leakage current (Ileak = KCstVC s t ) is proportion to the charg-
ing voltage across the storing capacitor, the theoretical charging
speed is faster than the experimental charging speed, and the
deviation between the theoretical results and the experimental
results varies with the charging time. Because the measured
leakage current (Ileak = 15 μA) through the storing capacitor

Fig. 13. Charging power of a storing capacitor as a function of charging
time for values of circuit parameters (us = 14.14sin(314t) kV, h = 1 m, l =
30 cm, r1 = 10 mm, r2 = 15 mm, r3 = 16 mm, r4 = 18 mm, r5 = 20 mm,
εr = 1.56, L1 = 3.63 H, L2 = 36.3 mH, R1 = 122 Ω, R2 = 15 Ω, M =
0.36 H, Ce (off ) = 40 pF, Re (off ) = 11 kΩ, Cst = 0.47 F, fs = 200 Hz, and
D = 5%).

(Type PB-5R0V474-R) at the charging voltage of 3.4 V is ig-
nored, the deviation (Δ1 = ω2L2Ileak) of 0.5 V is caused. Ac-
cording to the parameters of the MOS (Type NDF03N60Z),
the deviation Δ2 = PSloss/Ileak = (UonQgfs/Ileak) = (6V ×
12 nC × 200Hz/15μA) = 0.9V, where PSloss , Uon , Qg , and
fs are the loss power, the turn-on voltage, the gate charge, and
the switch frequency of the MOS, respectively. Besides, the
threshold voltage (0.1 V) of the rectifier bridge consisting of
four diodes (Type 1N60P) is ignored. Thus, there is a total de-
viation of 1.5 V between experimental and theoretical results at
the charging voltage of 3.4 V.

The charging power of the storing capacitor can be calculated
by

PC s t (t) =
dWC s t (t)

dt
(18)

WC s t (t) =
1
2
Cst [VC s t (t)]

2 . (19)

The variation of the charging power of the storing capacitor
versus the charging time is shown in Fig. 13. The charging power
increases first and then decreases with increase of the charging
time. The experimental maximum charging power of 663 μW
can be obtained at the charging voltage of 1.4 V.

By using the upconversion oscillation circuit (see Fig. 9),
the variation of the experimental charging power of the storing
capacitor versus the charging voltage is shown in Fig. 14. From
Fig. 14, the charging power increases first and then decreases
with increase of the storing voltage. The maximum experimental
charging power reaches 663 μW at the charging voltage of 1.4 V.
The harvesting efficiency (η = PC s t /Pmax ) is defined as a ratio
of the charging power (PC s t ) of the storing capacitor (Cst) to the
maximum output power (Pmax , Fig. 3) of the harvester. Because
the maximum charging power of the storing capacitor (Cst) and
the experimental maximum output power of the harvester at
a load resistance of 15 MΩ without the proposed conversion
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Fig. 14. Experimental charging power of storing capacitor as a function of
charging voltage.

system are 663 μW (see Fig. 14) and 733 μW (see Fig. 3),
respectively, the maximum charging efficiency of 90.5% can
be calculated by (20). In the previous work [16], according to
the charging power (16.4 mW) of the storing capacitor and the
maximum output power (540 mW) of the harvester at the load
resistance of 300 MΩ, the harvesting efficiency is 3%. By using
the upconversion oscillation circuit, the maximum harvesting
efficiency is increased from 3% to 90.5%, compared with the
previous method [16]

ηmax =
PC s t max

Pmax
=

663μW
733μW

= 90.5%. (20)

IV. EXPERIMENT

A phase-to-ground root-mean-square voltage of 10 kV with
a frequency of 50 Hz at a power line is produced by a high-
voltage transformer. The designed tubular capacitive harvester
is installed on the power line. The management circuitry with
the upconversion oscillation technology and a storing capacitor
of 0.47 F is connected to the harvester. An oscilloscope is used to
measure the voltages across the storing capacitor and the wire-
less sensor node. First, the voltages across the storing capacitor
and the wireless sensor node are obtained. Then the data of the
wireless sensor node is achieved and displayed in computer at
different transmission distances. The wireless sensor node is
composed of a humidity and temperature sensor (type SHT11),
a high-speed, low-power 8-bit processing (microprocessor, type
ATmega32L) and a low-power transceiver (type CC1100). An
LDO regulator (type S1313) is used to provide a stable volt-
age for the wireless sensor node. The wireless sensor node can
work at different states: sleeping, receiving, and transmitting.
The power of the receiving data is 20 mW at a receiving time
of 620 ms, and the power of the transmitting data is 110 mW at
a transmitting time of 5 ms. The necessary minimum energy of
the wireless sensor node in a working cycle is

W = PT = 20mW × 0.62 s + 110mW × 0.005 s

= 12.85mJ. (21)

Fig. 15. Voltage waveforms across storing capacitor and wireless sensor node
for electric-field energy harvesting.

Fig. 15 shows the voltage waveforms across the storing ca-
pacitor and the wireless sensor node with electric-field energy
harvesting power supply. While the charging voltage across the
storing capacitor at a charging time of 90 min is 3.26 V (point
D) from 0 V (as shown in Fig. 15), the electrical energy from
the storing capacitor can be discharged into the wireless sensor
node by using the instantaneous discharging circuit. The voltage
across the wireless sensor node at the starting discharging time
is 3.2 V (point A). During the operating time (620 ms) of the
wireless sensor node, the voltage across the storing capacitor
decreases to 3.22 V (point E). During the data transmission,
the voltage across the wireless sensor node decreases to 3.1 V
(point C). From Fig. 12, although the long charging time of
90 min is spent to charge the storing capacitor from 0 to 3.26 V
in the incipient stage, it takes a shorter charging time of 4 min
to charge the storing capacitor from 3.22 to 3.26 V in the next
time duration.

The discharging energy of the instantaneous discharging cir-
cuit provided by the storing capacitor at one discharging period
is

E =
Δ(U 2)C

2
=

[(3.26V )2 − (3.22V )2 ] × 0.47F
2

= 60.91mJ. (22)

From (21) and (22), the instantaneous provided energy of the
instantaneous discharging circuit is larger than the necessary
minimum energy of the wireless sensor node in a working cycle
(E > W). In the receiving time of 620 ms, the voltage across the
storing capacitor decreases from 3.26 to 3.23 V. The calculated
discharging power of the receiving state is 73.8 mW (>20 mW).
In the transmitting time of 5 ms, the voltage across the storing
capacitor decreases from 3.23 to 3.22 V. The calculated dis-
charging power of the transmitting state is 3 W (>110 mW).
The energy from the instantaneous discharging circuit can drive
the operation of the wireless sensor node.

The electric-field energy harvesting with the upconversion
oscillation circuit can drive the wireless sensor node with a peak
output power of 110 mW at a zero-data-loss communication
distance of 90 m.
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Because the communication distance of the wireless sensor
node with energy harvesting supply is short, a repeater should
be placed at ground to send the receiving measured data to a
specified server. According to general height of 10 kV power line
and the communication distance of zero data loss, the distance
between the repeater and the wireless sensor node must be less
than 90 m.

V. CONCLUSION

In this paper, a noncontacting cylindrical harvester is designed
for wireless-monitoring device, and a management circuit with
upconversion oscillation technology is proposed to increase the
energy harvesting efficiency. Power-frequency voltage signal
across the harvester is transformed into the higher frequency
signal with two oscillation frequencies in the switch-on/off time
by using the upconversion circuit. We theoretically analyze the
performance of the harvester and the upconversion method, and
the experimental results present the similar trend of the the-
oretical results. In experiment, the maximum power and the
maximum efficiency of the upconversion electric-field energy
harvesting are 663 μW and 90.5%, respectively. Compared with
traditional circuits for electric-field energy harvesting, the up-
conversion oscillation circuit with a small-size transformer can
accumulate electric-field energy from a harvester more effi-
ciently. In experiment, while the charging voltage across the
storing capacitor at a charging time of 90 min is 3.26 V, the
wireless sensor node can be driven with an output power of 110
mW at a communication distance of 90 m. This new princi-
ple of electric-field energy harvesting can meet the power sup-
ply requirement of the wireless sensor node. The extent of the
power-line phase-to-ground rms voltage (uo) for the manage-
ment circuit is 1 − 30 kV. When uo < 1 kV, the control circuit
with the power consumption of 6 μW is hardly driven by the
harvester with the output power (<7 μW). When uo > 30 kV,
the switch is broken down and the upconversion oscillation
circuit cannot work. The high-efficiency electric-field energy
harvesting with the upconversion oscillation technology can
be achieved at the lower power-line voltage (uo < 1 kV) by
using the lower power-consumption control integrated circuit.
If the communication module with other communication proto-
col such as GSM or GPRS is used, a stronger electric-field source
for energy harvesting is required. Furthermore, the capacitance
of the storing capacitor (Cst) in the management circuit must
be larger to supply more energy for the communication mod-
ule and to make the frequency of sending data higher. It can
be used for batteryless wireless sensor networks to monitor
some parameters such as temperature, icing of a high-voltage
power line, and other potential applications for the smart grid.
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