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A method to improve electric field energy harvesting (EFEH) from domestic power lines by 100% is 

proposed in this paper. Making use of the electric field around power lines is a promising way to 

harvest ambient energy. One common method is to use a copper sheet to wrap on the insulator of a 

power line. The capacitance between the copper sheet and the live wire is utilized to extract energy. 

However, this parasitic capacitance would limit the output power of such a harvester as well when a 

full bridge rectifier is used. To deal with this problem, a new method is proposed to improve the 

harvested energy by using a switching circuit. By monitoring the output of a sensing circuit, the 

switching circuit shortens the discharging time of the parasitic capacitor and increases the output 

power. Compared with a conventional harvester, the proposed system can double the output power in 

theory. Theoretical calculations and experimental validations are presented to prove the concept. 

Measurement results show that the proposed harvester of a 90 cm long copper sheet wrapped on a 

domestic 230 V power line can harvest 367.5 μW power with 95.6% improvement.
   

 
 
 
 

 



1. Introduction 

With the development of the Smart Grid, wireless sensor 

networks have been widely used to monitor high voltage power lines 

and utility assets. A wireless sensor node powered by a battery 

cannot work for a long time. Replacements of the batteries for these 

wireless sensor nodes are difficult and costly. As a result, the ability 

of the nodes to be self-powered is in high demand for such systems. 

Energy harvesting technology provides an alternative solution to 

batteries, which can convert ambient energies in the environment 

into electrical energy [1][2].  

Energy harvesting is a technique that allows scavenging of stray 

energy present in the environment. A study has shown that systems 

or devices requiring mean power levels of 200 µW to about 10 mW 

can be powered from ambient sources [3]. There are various 

methods and sources that can be used to harvest energy, such as 

thermal energy [4], wind energy [5], tidal energy [6], RF energy [7], 

piezoelectric energy [8], magnetic field [9], electric field [10], etc. 

However, solar energy and wind energy cannot provide reliable 

power under some extreme weather conditions when the monitor 

system is needed the most. Electromagnetic energy harvesting 

technology is a very promising solution as it can provide continuous 

and reliable power under such conditions.  

Any energized conductor emits a radial electric field that 

contains energy. Electric field energy harvesting (EFEH) circuit can 

be designed to collect this energy via capacitive displacement 

current that flows from the conductor to the ground. Based on that 

principle, a tube with a diameter of 30 cm and a length of 55 cm was 

mounted on the conductor as the first EFEH in study [11]. 

In previous work, [12] focused on theoretical and simulation 

analysis. [13] proposed a new type of electric field energy harvester 

based on electret electrostatic enhancement effect to harvest electric 

field energy. [14] described a power source of the condition 

monitoring devices for high-voltage transmission lines based on 

EFEH, and its energy harvesting ability in different sizes and 

installation positions was studied. [15] reported on an EFEH circuit, 

where the displacement current charged a large capacitor through a 

full-bridge diode rectifier, and the obtained energy directly supplied 

an antenna pack. This prototype provided 17 mW of continuous 

power from a 35 kV power line in the lab. However, the parasitic 

capacitance between harvests plates resulted in an input impedance 

of high value, lowering the dc/ac rectification efficiency of a full 

bridge rectifier. How to match the huge input impedance and 

achieve high output power are big issues in EFEH systems. [16] 

studied another solution in which a 50 or 60 Hz transformer was 

used to obtain power from a power source. The EFEH circuit needed 

a complicated control system to operate the switches in its 

conversion circuit. Therefore, the volume and weight issue were 

undesirable. [17] utilized LC resonator to solve the ac/dc conversion 

problem and increase the harvester power. With the upconversion 

oscillation circuit in this work, the 50 Hz voltage signal across the 

harvester can be converted into the signal envelop signal with an 

envelope frequency of 200 Hz. Hence, the size of the transformer 

was significantly reduced. The circuit exhibited high efficiency, but 

only achieved low output power. Furthermore, [18] proposed an 

EFEH harvester based on an insulator, which used a self-triggered 

discontinuously operating flyback converter to replace the 

conventional full bridge rectifier to transform ac power to useful 

low-voltage levels. However, their design needed to add a copper 

cube into the insulator, which could cause safety hazards. [19] 

showed a capacitive EFEH harvester that used a MEMS switch to 

manage the harvested energy. However, the “sleep mode” took at 

least 300 s, which was only suitable for sensors having limited 

working time, such as temperature sensors.  

In this paper, an EFEH with a switching circuit is proposed. By 

turning on/off the switch periodically, the proposed system can 

overcome the limitation of parasitic capacitance to a conventional 

full-bridge rectifier. Based on this, the output power can be nearly 

doubled. The EFEH was implemented on a domestic power line to 

prove the concept. 

The rest of this paper is organized as follows. Section II presents 

the E-field energy harvesting basics, followed by Section III, where 

the proposed EFEH system with a switching circuit is presented. In 

Section IV, a management circuit is proposed to match the output 

impedance. Section V presents the development of the proposed 

EFEH system, along with experimental results on a 230 V household 

power line. Section VII concludes this paper. 

2. The Proposed EFEH Circuit  

As shown in Fig. 1, the proposed EFEH system consists of three 

parts: a copper sheet wrapped on a power line, a switching circuit 

and a rectifier circuit. An insulated domestic power line is wrapped 

up by a copper sheet to construct parasitic capacitors. The 

capacitances between the surrounding copper sheet and the hot wire, 

neutral wire and safety ground wire in the line are denoted as CCH, 

CCN and CCG, respectively. Due to the existence of CCH, the voltage 

variation on the live wire will induce an ac voltage on the copper 

sheet. The equivalent circuit is shown in Fig. 1(b), where Ca = CCH 

and Cb = CCN + CCG = 2Ca. The copper sheet can then be regarded 

as a voltage source. The displacement current produced by the 

wrapped line can be utilized for energy harvesting [19]. 

The equivalent circuit of the wrapped power line is shown on 

the left side of Fig. 1(c). Since the geometry of the domestic power 

line is almost symmetric to the centre, the capacitance values of CCH, 

CCN and CCG can be regarded as the same: CCH = CCN = CCG.  Both 

CHN and CHG are in parallel with the voltage source. The voltage 

source can be regarded as the same with or without these two 

capacitors. So they are omitted in the subsequent analysis. The 

nominal voltage between the live wire and the other two wires is 230 

Vrms in the UK (50 Hz). The voltage source of the EFEH system can 

be converted to a capacitive current source as shown on the right 

side of Fig. 1(c), where the equivalent current source, input capacitor 

and input voltage are denoted as iE, CE and vin, respectively. iE is 

equal to jωCEvin, where ω is the angular frequency of the ac voltage. 

voc is the open-circuit voltage on Cb of the equivalent circuit when 

there is no load added in the EFEH system as shown in Fig. 1(b). 

Therefore, voc = vH/3 and CE=Ca+Cb=3Ca. 
 The displacement current generated by the copper sheet can be 

used to harvest energy when a resistive load is connected between 

the copper sheet and the ground as shown in Fig. 1(b). According to 

[20], the ac output voltage Vout on the load resistor 𝑅𝑜𝑢𝑡  can be 

expressed as: 

 
 

(a) (b) 

 
(c)  

Fig.1. (a) Diagram of the EFEH on a domestic power line. (b) 
Equivalent circuit of the EFEH. (c) Schematic diagram of the proposed 

EFEH circuit. 
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𝜔𝐶𝑎𝑅𝑜𝑢𝑡𝑉𝐻

𝜔𝑅𝑜𝑢𝑡(𝐶𝑎 + 𝐶𝑏) − 𝑗
(1) 

where ω is the angular frequency of the ac voltage and VH, Vin and 

Vout are the magnitude values of vH, vin and vout, respectively. The 

absolute value of Vout can be calculated from (1), and can be 

expressed as: 

|𝑉𝑜𝑢𝑡| =
𝜔𝐶𝑎𝑅𝑜𝑢𝑡𝑉𝐻

√1 + 𝜔2𝑅𝑜𝑢𝑡
2(𝐶𝑎 + 𝐶𝑏)2

(2)
 

Hence, the real power on the load can be expressed as: 

𝑃 =
|𝑉𝑜𝑢𝑡|2

𝑅𝑜𝑢𝑡
=

𝜔2𝐶𝑎
2𝑅𝑜𝑢𝑡𝑉𝐻

2

1 + 𝜔2𝑅𝑜𝑢𝑡
2(𝐶𝑎 + 𝐶𝑏)2

(3) 

When 𝜕𝑃/𝜕𝑅𝑜𝑢𝑡 = 0 , the ac output power of the conventional 

harvester will reach its peak, which can be expressed as: 

𝜕𝑝

𝜕𝑅𝑜𝑢𝑡
=

𝜔2𝐶𝑎
2𝑉𝐻

2

𝜔2𝑅𝑜𝑢𝑡
2(𝐶𝑎 + 𝐶𝑏)2 + 1

−

2𝜔4𝐶𝑎
2𝑉𝐻

2𝑅𝑜𝑢𝑡
2

(𝜔2𝑅𝑜𝑢𝑡
2(𝐶𝑎 + 𝐶𝑏)2 + 1)

2 = 0 (4)

 

Substituting (4) into (3), the peak value can be expressed as: 

𝑃𝑎𝑐_𝑐𝑜𝑛 =
𝜔𝐶𝑎

2𝑉𝐻
2

2(𝐶𝑎 + 𝐶𝑏)
(5) 

and the optimal load resistance can be expressed as 

𝑅𝑜𝑢𝑡 =
1

𝜔(𝐶𝑎 + 𝐶𝑏)
=

1

𝜔𝐶𝐸

(6) 

However, due to the existence of CE, if a rectifier is added to 

the EFEH system, the dc output power will be much lower than the 

maximum ac output power level given by (5). The displacement 

current generated on the copper sheet will flow through the full-

bridge rectifier into the output capacitor Co, as shown on the right 

side of Fig. 1(c). When the harvester circuit as shown in Fig. 1(c) is 

in the open circuit scenario (not connected to the management 

circuit), vin will be equal to vH /3. Meanwhile, vo will be charged to 

Voc, the peak value of vin, which is equal to √2𝑉𝐻/3. Without the 

proposed switching circuit, the steady-state waveforms on the EFEH 

circuit are shown in Fig. 2. When vin increases from 0 V, the voltage 

on the output capacitor Co is denoted as vo. When vin is lower than 

vo, iE flows into CE to charge it. In this interval, all diodes in the full-

bridge rectifier are reverse-biased and no current flows into the 

output capacitor Co, until the voltage across the internal capacitor CE 

reaches vo. When this happens, two diodes in the full-bridge rectifier 

turns on and the current starts flowing into the output capacitor and 

the load. This condition continues until the current iE changes 

direction.  

Then the harvested energy will discharge CE and then charge it 

to the opposite polarity. The whole sequence is repeated 

periodically. The total amount of charge available from the EFEH 

every cycle can be expressed as [21][22] 

𝑄𝑎𝑣𝑎𝑖𝑙𝑎𝑏𝑙𝑒/𝑐𝑦𝑐𝑙𝑒 ∫ |𝑖𝐸|
2𝜋/𝜔

0

𝑑𝑡 =
4𝐼𝐸

𝜔
= 4𝐶𝐸𝑉𝑜𝑐 (7) 

where ω is the angular frequency of the displacement current, and 

the equivalent current source can be represented as 

𝑖𝐸 = 𝐼𝐸𝑠𝑖𝑛𝜔𝑡 (8) 

In these sequences, the harvested ac energy cannot be transferred to 

the dc output when vin changes from its positive peak to the negative 

peak, which requires 7 ms (from t1 to t2 as shown in Fig. 2 (b)). From 

t1 to tv0, vin decreases from its positive peak to zero while CE is being 

discharged. In this interval, the charges from the current source are 

wasted, which limits the output power of the EFEH circuit. The 

amount of the lost charges in a current cycle can be expressed as 

𝑄𝑙𝑜𝑠𝑡_𝑐𝑜𝑛𝑣 = 2𝐶𝐸(𝑉𝑜 − (−𝑉𝑜)) = 4𝐶𝐸𝑉𝑜 (9) 

As can be seen in the voltage waveform shown in Fig. 2(b), the 

charges can be delivered to the load when the voltage is in the flat 

region, such as the interval from t0 to t1. The charges that flow into 

the load per cycle can be expressed as: 
𝑄𝑙𝑜𝑎𝑑 = 𝑄𝑎𝑣𝑎𝑖𝑙𝑎𝑏𝑙𝑒 − 𝑄𝑙𝑜𝑠𝑡_𝑐𝑜𝑛𝑣

= 4𝐶𝐸(𝑉𝑜𝑐 − 𝑉𝑜)
 (10) 

As a result, the energy and average power delivered to the load can 

be derived as: 

𝐸 = 𝑄𝑙𝑜𝑎𝑑𝑉𝑜 (11) 

𝑃𝑐𝑜𝑛𝑣 = 𝑓𝐸 = 4𝐶𝐸𝑓𝑉𝑜(𝑉𝑜𝑐 − 𝑉𝑜) (12) 

When dP/dVo is equal to 0, the dc output power will reach its 

maximum. The optimal Vo can be obtained as: 

𝑉𝑜_𝑜𝑝𝑡 =
1

2
𝑉𝑜𝑐 (13) 

Meanwhile 

𝑃𝑐𝑜𝑛𝑣 =
𝑉𝑜

2

𝑅𝑜

(14) 

Substituting (13) and (14) into (12), the maximum dc output power 

for the conventional EFEH circuit with a full bridge rectifier can be 

expressed as: 

𝑃𝑐𝑜𝑛𝑣_𝑚𝑎𝑥 = 𝐶𝐸𝑓𝑉𝑜𝑐
2 (15) 

at 

𝑅𝑜 =
1

4𝐶𝐸𝑓
(16) 

According to (5) and (15), the ratio of Pconv_max to Pac_con can be 

 

 
Fig.2. Waveforms of (a) iE and io, (b) vin and vo on the conventional 
EFEH circuit; waveforms of  (c) iE and io, (d) vin and vo on the proposed 

EFEH circuit with respect to operating time. 



expressed as: 

𝑃𝑐𝑜𝑛𝑣_𝑚𝑎𝑥

𝑝𝑎𝑐_𝑐𝑜𝑛
=

𝐶𝐸𝑓𝑉𝑜𝑐
2

𝜔𝐶𝑎
2𝑉𝐻

2

2(𝐶𝑎 + 𝐶𝑏)

(17)
 

where 𝑉𝑜𝑐 = √2𝑉𝐻/3, and𝐶𝐸 = 𝐶𝑎 + 𝐶𝑏 = 3𝐶𝑎 . According to (5) 

and (17), Pconv_max is calculated to be 2𝑃𝑎𝑐_𝑐𝑜𝑛/𝜋 in theory.  

The available energy carried in the displacement current is 

wasted for 3.5 ms per half period (10 ms). In order to shorten the 

discharging time and increase the output power, a switching circuit 

is added in the EHEF system as shown in Fig. 1(c). The waveforms 

with the switching circuit are shown in Fig. 2(c) and (d). When vin 

starts decreasing from its positive peak (or increasing from its 

negative peak), the switch turns on. Then CE is short-circuited and 

vin reaches zero instantaneously at tvo ≈ t1. As a result, the 

discharging time can be shortened to zero in theory, and the output 

power would increase. According to Fig. 2(b), io is effective for a 

much longer time and vo will charge to a higher peak value (about 

two times) than the results shown in Fig. 2(a).  

The amount of the lost charges per cycle can be reduced to 

𝑄𝑙𝑜𝑠𝑡_𝑝𝑟𝑜 = 𝐶𝐸(𝑉𝑜 − (−𝑉𝑜)) = 2𝐶𝐸𝑉𝑜 (18) 

Similarly, the dc output power for the EFEH with the proposed 

switching circuit can be expressed as: 
𝑃𝑝𝑟𝑜 = 2𝐶𝐸𝑉𝑜𝑓(2𝑉𝑜𝑐 − 𝑉𝑜) (19) 

The maximum output power can be obtained as 

𝑃𝑝𝑟𝑜_𝑚𝑎𝑥 = 2𝐶𝐸𝑓𝑉𝑜𝑐
2 (20) 

at Vo = Voc, and Ro = 1/(2CEf). 

As a result, the peak of vo (Vo_peak) will increase to twice the 

conventional EFEH circuit without the switching circuit. According 

to (5) and (20), Ppro_max can be 4𝑃𝑎𝑐_𝑐𝑜𝑛/𝜋  in theory. Thus the 

harvested power will be doubled compared to that of the 

conventional circuit.  

In this study, the simulation packages Maxwell and Mutisim 

are used to evaluate the equivalent capacitance and simulate the 

proposed switching circuits, respectively. Fig. 3 shows the 

calculated and simulated results of the EFEH system using a 

wrapping copper sheet with a length of 30 cm. The equivalent 

capacitance CE increases with the length of the wrapped copper. The 

output power is also a function of the load impedance. The 

maximum output power is achieved when vo reaches its optimal 

value with the optimal load resistance. Then, the output power drops 

from its peak when the load impedance deviated from its optimal 

value. The conventional EFEH systems achieve their maximum dc 

output power when Vo_peak = 0.5Voc. An EFEH system with the 

proposed switching circuit can achieve its maximum output when 

Vo_peak = Voc, which is twice the conventional one. Since the optimal 

value of the load resistance is doubled as well, the dc output power 

is twice that of the conventional EFEH. The simulated results are in 

good agreement with the calculated ones. Therefore, the 

performance of the EFEH circuit is improved significantly by using 

the proposed switching circuit.  

3. The Proposed Switching Circuit 

To increase the output power extracted from a house-hold 

power line, a switch can be added as shown in the schematic diagram 

of Fig. 1(c). A control circuit is needed to operate the switch. The 

implemented switching control circuit is shown in Fig. 4. The 

switching circuit consists of a voltage sensing circuit (C1-R1-R2), a 

comparator (Q3) and two branches MOSFETs (D1-Q1 and D2-Q2). 

The switching circuit is connected to a copper sheet wrapped on the 

power line, copper_1.  

As shown in Fig. 5, during the interval t0 to t1, vin reaches the 

maximum value and is flat. The voltage on C1 will be charged to the 

voltage of 0.5Voc (or Voc when the switching circuit is added) 

through R1 and R2. The voltage at the point between R1 and R2, vdiff, 

will be zero. When vin decreases from the positive peak, vdiff becomes 

negative. Or vdiff will be positive when vin increases from its trough. 

 
Fig. 3. The calculated and simulated output power of the conventional 

and the proposed methods, with respect to Vo. The copper sheet has a 

length of 30 cm. The value of Vo is controlled by changing the load 
resistance. 

 

Fig. 4. Circuit diagram of the proposed switching circuit. It consists of a 

sensing circuit (C1-R1-R2), a comparator (Q3) and two branches of 

MOSFETs (D1-Q1 and D2-Q2). The output voltage of the sensing circuit, 

vdiff, is used to trigger Q3. The output voltage of Q3, vcomp, is used to control 

the switches Q1 and Q2. 

 
Fig. 5. Waveforms of (a) the source current iE and output current io, (b) 

The input voltage vin, (c) The output voltage of Q3, and (d) The output 

voltage of the sensing circuit Vdiff with respect to time.  



The values of R1 and R2 are chosen so that a suitable value of vdiff can 

be used as the input signal to trigger Q3.  

As shown in Fig. 5, during t0 to t1, the source current flows to 

the load via the full bridge rectifier. At time t1, the source current iE 

changes direction and vin starts to drop from its maximum value. The 

sensing circuit generates a negative pulse at vdiff, which leads to a 

positive output of the comparator Q3. Then, Q1 turns on and the 

switching circuit is short-circuited to ground via D1-Q1. Q2 is off at 

this interval. As a result, vin drops from its peak value to zero at this 

instance. In the interval from t1 to t2, vin decreases from 0 to the 

trough, Q1 remains on and Q2 remains off. There is no current on 

D1-Q1 since D1 is reverse biased. There is no current on D2-Q2 as 

well since Q2 is off. The output voltage of the comparator Q3 (vcomp) 

keeps positive until iE changes direction and vin increases from the 

trough value. Then the sensing circuit will generate a positive pulse 

at time instance t3. Q2 turns on and the switching circuit is short 

circuited via D2-Q2. As a result, vin drops from its peak value to zero 

at this instance. The whole sequence repeats periodically. 

To power the comparator Q3, a second copper sheet, copper_2, 

is wrapped on the power line, as shown in Fig. 4. Since the power 

consumption of the comparator is very low, a simple ac/dc 

rectification circuit was used. The ac voltage on the second cooper 

sheet is rectified by D3 and D4 to charge two storage capacitors Cn 

and Cp, respectively. Two Zener diodes ZD1 and ZD2 are connected 

in parallel with the two storage capacitors to limit the voltage and 

protect the circuit.  

To realise the harvester, in fact, only one copper sheet is needed. 

As shown in Fig. 6(a), with the one-section method, copper_1 can 

also power the comparator Q3 in the switching circuit. This can be 

achieved by charging the two storage capacitors Cn and Cp via a 

limiting capacitor (CL) as shown in Fig. 4. However, in this case, vin 

will be affected by the switching circuit, especially by the Zener 

diodes. One solution is to use a power manager circuit, so that only 

adequate power is distributed to power the comparator. 

Alternatively, with the two-section method as shown in Fig. 6(b), 

copper_2 is installed separately on the power line to charge the 

storage capacitors Cn and Cp. Since the power consumption of the 

nano-power comparator is very low compared with the harvested 

power, the length of copper_2 can be very short. The comparison of 

these two methods will be analyzed in Section 5.  

4. The Management Circuit 

To ensure sufficient energy can be accumulated to drive the 

load for practical applications and to reduce the magnitude of the 

optimal impedance of the load, a management circuit can be 

connected in parallel with Co. According to (20), the optimal load 

impedance of the EFEH system is in the range of tens of MΩ. The 

proposed management circuit for the EFEH system is shown in Fig. 

7. Resistors R3, R4 and R5 are used to divide the voltage drop on Co. 

Comparator Q4 is used to switch the pMOS (Q5) and the nMOS (Q6). 

Resistors R6 and R7 are added to protect Q5 and Q6. Terminals VQ4_in- 

and V+
Q4 are connected to VCp, one side of the storage capacitor Cp 

as shown in Fig. 4. VCp acts as both a reference input voltage and a 

power supply to provide dc power for the comparator.  

When the harvester starts to work and Co starts charging, the 

voltage vo on Co increases from 0 V. During the charging process, 

the output of the comparator (vcomp_m) is low and equal to V-
Q4. The 

MOSFET switches Q5 and Q6 are off. When vo reaches the upper 

bound voltage (Vupper), VQ4_in+ is equal to VQ4_in- (or VCp). vcomp_m 

changes to a high value of V+
Q4, which turns on Q5 and Q6. Since the 

value of vcomp_m becomes higher in this instant, the voltage of VQ4_in+ 

will be increased as well and much higher than VCp. 

As a result, the energy stored in Co will be discharged and 

delivered to the load. vo gradually decreases from Vupper to the lower 

bound voltage (Vlower). When VQ4_in+ decreases to VCp, Q5 and Q6 

will be turned off. Co will no longer be discharged. Since the value 

of vcomp_m becomes lower in this instant, the voltage of VQ4_in+ will 

be decreased as well and much lower than VCp. Then the harvesting 

energy begins to accumulate in Co again. The whole sequence 

repeats periodically. 

The system generates an output pulse each cycle on the load. 

Therefore, the output impedance of the EFEH system can be reduced 

to a low value more suitable for practical applications, so that Rload 

can be chosen independently from the rectifier circuit. 

5. Measured Results 

To verify the proposed method, a copper sheet (copper_1) of 

85 cm long is wrapped on an insulated power line to form an EFEH, 

as shown in Fig. 8. Another short cooper sheet copper_2 having a 

length of 5 cm is also wrapped on the power line to harvest power 

for the operation of the comparators in the switching circuit and the 

management circuit. The grounding of the circuit is provided by an 

oscilloscope, whose ground is connected to the earth. In the actual 

scenario, the grounding of the circuit can be the earth wire in the 

cable or the earth. The nominal voltage is 230 V at 50 Hz on a 

domestic power line in the UK. The power line has a diameter of 0.8 

cm. The rubber insulator has a thickness of 0.18 cm. The live wire, 

ground wire and neutral wire have a diameter of 0.22 cm. For the 

conventional method, copper_1 has a length of 90 cm. The 

capacitance values of the parasitic capacitors CCN, CCG and CCH are 

the same. The measured value of CCH is 1.12 pF per cm so CE is 

estimated to be 3.36 pF per cm. The estimated and simulated value 

of CE is 302 pF and 307.8 pF, respectively, when copper_1 has a 

length of 90 cm.  

The output capacitor Co has a value of 1 µF. A low supply 

current comparator (Q3: TLV3691), two MOSFET switches 

 
(a) 

 
(b) 

Fig. 6. Diagram of the proposed (a) one-section and (b) two-section 

EFEH. 

 
Fig. 7. The proposed power management circuit. It consists of a 

comparator (Q4), two switches (Q5 and Q6), and five resistors (R3, R4, 

R5, R6 and R7). 



(BSP372N and ZVP4424A) and two diodes (1N4007G) are used in 

the proposed switching circuit. A capacitor C1 (2.2 pF) and two 

voltage dividing resistors (R1 = 1 MΩ and R2 = 1.5 MΩ) are added 

as the sensing circuit. Two storage capacitors Cn and Cp have a 

capacitance of 1 μF to provide dc power for comparator Q3. Two 

Zener diodes (BZX79C4V7) are connected in parallel with the two 

storage capacitors to limit the voltage and protect the circuit.  

A low supply current comparator (Q4: TLV3701), two 

MOSFET switches (BSP126 and ZVP4424G) are used in the 

management circuit. Three voltage dividing resistors (R3 = 200 MΩ, 

R4 = 10.5 MΩ, R5 = 12.5 MΩ) are added to set Vupper and Vlower. Two 

resistors (R6 = 10 MΩ and R7 = 50 MΩ) are added to protect the two 

MOSFET switches. A 135 kΩ resistor is added as the load of the 

EFEH system. The Vupper and Vlower were set to be 30 V and 5 V, 

respectively. The measured results of the voltage on Co and Vload are 

shown in Fig. 9. It should be noted that Vupper and Vlower can be set to 

any desired values by choosing appropriate values for R3, R4 and R5. 

The measured vin for the EFEH circuit is shown in Fig. 10. The 

output of the comparator is triggered by the output of the sensing 

circuit, to ensure that the switching circuit turns on when vin changes 

from the positive peak or negative peak, as shown in Fig. 11. At time 

instance t1, vdiff has a negative pulse, which leads to a positive output 

of the comparator Q3. The switch is turned on, and vin drops from its 

peak value to zero at this instance. As a result, the discharge time 

can be shortened, and the output power would increase. vcomp keeps 

positive until the sensing circuit generated a positive pulse at the 

time instance t3.  

According to Fig. 10, with the proposed switching circuit, vin 

has a peak value of 105.1 V with an optimal load (30 MΩ). For the 

conventional method, Vin has a peak value of 53.1 V with an optimal 

load (15 MΩ). Compared with the conventional method, the 

maximum output power has been improved by 95.6% from 187.9 

μW to 367.5 μW.  

The measured voltage and output power with respect to the 

load resistance are shown in Fig. 12(a) and (b), respectively. As 

shown in Fig. 12(b), the maximum output powers achieved are 96.3 

μW, 240 μW and 367.5 μW for the proposed two-section EFEH 

system with wrapped copper sheets having a total length of 30 cm, 

60 cm and 90cm, respectively. Since copper_2 has a length of 5 cm, 

copper_1 is reduced by 5 cm accordingly in the proposed two-

 
(a) 

 
(b) 

Fig. 12. The measured (a) Vo and (b) output power with respect to the 
load resistance. The measured results of the proposed one-section, 

two-section and conventional methods are compared with the 

calculated results, where the copper sheet has a total length of 30 cm, 

60 cm and 90 cm, respectively. 

 
Fig. 8. The experimental setup. Copper_1 and Copper_2 have a length 

of 85 cm and 5 cm, respectively. The fabricated switching circuit and 

management circuit are also shown in the figure. 

 
Fig. 9. The measured waveforms of vload and the voltage on Co. 

 
Fig. 10. Waveforms of vin at CE. The EFEH with the proposed one-
section method and the conventional method were compared, when 

Copper_1 has a length of 90 cm. 

 
Fig. 11. Waveforms of the voltage at the output of the comparator Q3 

(Vcomp) and the voltage at the output of the sensing circuit (Vdiff). 



section method. 

The optimal load of the proposed two-section EFEH system is 

twice the load impedance of the conventional harvester. The 

measured output power with respect to vo is shown in Fig. 13. The 

measured results are in good agreement with the calculated ones. 

For the proposed two-section method, the EFEH system has a 

maximum output power of 367.5 μW when the voltage on the 

load is 100 V with a load impedance of 30 MΩ. The calculated 

maximum output power is 385.6 μW in the ideal case, so the 

rectification efficiency is 95.3%. The proposed method is slightly 

less efficient compared to the traditional method's result of 97% 

at 186 μW, but the output power is almost twice as high. 

With the one-section method, copper_1 and copper_2 are 

linked together as one piece. In this case, the maximum output 

power is 312.1 μW when the load impedance is 20 MΩ and the 

voltage on the load is 79 V. The output power is lower than the two-

section case, although the total lengths of the copper are the same. 

This is because part of the energy on CE is diverted into the storage 

capacitors Cn and Cp by a limiting capacitor CL. As this part is not 

accurately managed, more than necessary power can be delivered to 

the switching and managing circuit. Also, the Zener diodes in the 

switching circuit would affect Vin, hence the output power. It is a 

simple and effective solution to use two sections as discussed above. 

Alternatively, another low power control circuit can be utilized to 

ensure no excessive power or voltage is provided to the switching 

and management circuit. 

These results are in good agreement with the analytical results 

obtained in Section II. The measured results with different lengths 

of copper sheets are summarized in Table 1. The comparison with 

the state-of-the-art is shown in Table 2. [17] and [18] used an up-

conversion oscillation circuit and flyback converter circuit to solve 

the ac/dc conversion problem in the EFEH system, respectively. 

However, the EFEH system in [17] requested three equivalent 

capacitors connected in series, which reduced the input voltage of 

their EFEH circuit. Although their circuit was installed on a 10 kV 

power line, the harvested power was quite low (663 μW), compared 

with 367.5 μW output power on 220 V power line in this work. The 

ac/dc conversion circuit in [18] was much more complicated than 

the proposed switch circuit in this paper. The maximum dc output 

powers achieved were 0.91pac_con and 0.33pac_con in [17] and [18], 

respectively, where pac_con is the maximum harvested ac power as 

calculated by (5). [19] showed an EFEH harvester using a MEMS 

switch on a 220 V / 60 Hz power line, whose power source was at a 

similar power level with the proposed work. However, this design 

only achieved 0.64pac_con maximum output power. With the 

proposed switch circuit, the maximum harvested power was 

increased to 1.12pac_con and 1.32pac_con using the 1-section-method 

and 2-section-method, respectively. 

6. Conclusion 

To conclude, an EFEH system with a switching circuit has been 

proposed in this paper. The capacitance between a copper sheet 

wrapped on a power line and wires inside the power line can be 

utilised to harvest energy. But this capacitance limits the output 

power as well. By turning on/off the switch periodically, the 

proposed EFEH system can overcome the limitation. A sensing 

circuit is added to generate a signal to automatically control the 

switching circuit. The output power has been increased by 100% in 

theory. A management circuit is added to control the output voltage 

and lower the load impedance. The proposed fully self-contained 

harvester with a 90 cm long copper sheet wrapped on a domestic 

power line has harvested 367.5 μW output power with 95.6% 

improvement from the conventional system. The experimental 

results are in good agreement with the calculated ones. 
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