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Abstract

:

Overhead high voltage power line (HVPL) online monitoring equipment is playing an increasingly important role in smart grids, but the power supply is an obstacle to such systems’ stable and safe operation, so in this work a hybrid wireless power supply system, integrated with inductive energy harvesting and wireless power transmitting, is proposed. The energy harvesting device extracts energy from the HVPL and transfers that from the power line to monitoring equipment on transmission towers by transmitting and receiving coils, which are in a magnetically coupled resonant configuration. In this paper, the optimization design of online energy harvesting devices is analyzed emphatically by taking both HVPL insulation distance and wireless power supply efficiency into account. It is found that essential parameters contributing to more extracted energy include large core inner radius, core radial thickness, core height and small core gap within the threshold constraints. In addition, there is an optimal secondary coil turn that can maximize extracted energy when other parameters remain fixed. A simple and flexible control strategy is then introduced to limit power fluctuations caused by current variations. The optimization methods are finally verified experimentally.
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1. Introduction


Industrial electricity demand has been drastically increasing with the spread and intensification of industrial development. As a result, high voltage power lines (HVPLs) are playing an increasingly important role in the connection between the western and eastern regions of China to achieve the economic coordination. However, damage to HVPLs caused by strong winds, extreme climate, icing, lightning, contamination, tower tilting, etc. are inevitable due to the terrible working conditions in wild and remote areas as well as relatively long distances between towers [1,2]. In order to avoid possible paralysis of the power grid, real-time online monitoring is applied to supervise the potential dangers to HVPLs with the help of real-time status monitoring equipment.



In recent years, domestic and foreign scholars have proposed several methods for HVPL fault diagnosis and online monitoring [3], but the problem of an convenient and efficient power supply for monitoring equipment remains unresolved. Previous studies [4,5,6,7] have introduced several commonly-used power supply methods: (1) on the basis of the capacitor dividing principle, energy obtained from electric fields around the power line can be used to power the monitoring equipment; (2) lasers beams carrying high energy are sent from the low voltage side to the receiving device located in the high voltage side and then transformed into electricity; (3) a new way to supply power is to comprehensively utilize photovoltaic, wind and battery energy, which is the most mature one and has already been installed on some power lines. Nevertheless, the solutions mentioned above share some common problems such as being subject to the influences from the harsh external environment, low efficiency of photoelectric conversion devices, small receiving energy, short battery life and so on. Previous studies [8,9,10,11] presented a novel online energy harvesting device based on electromagnetic induction. Electricity is acquired by a current transformer (CT) directly attached to the high voltage power lines. This approach shows high stability, high efficiency and convenience of power supply with equal potential, particularly when it comes to monitoring equipment, such as inspection robots, which are directly attached to the line. However, disadvantages, such as low extracted power, poor saturation features, voltage distortion due to increased current and over-heating are also prominent. Based on the consideration of core saturation, a US patent [12] proposed a new type of separation core, but unfortunately only the structure and method of installation are mentioned. In addition, other studies also found that Mn-Zn ferrite and other materials with higher permeability can greatly reduce the eddy current losses and improve the core power density [13,14]. However, accurate analysis and design of inductive energy harvesting devices, which can achieve high-level power and avoid distortion of voltage, are rarely reported. Even though inductive energy harvesting can resolve the problem of powering monitoring devices on HVPLs which have the same potential as line voltage, the way of power transmission used to connect the HVPL and monitoring equipment on the transmission tower should be carefully chosen due to the extremely large potential difference. In sum, those power supply methods share a common problem, that is, power transmission from HVPLs to monitoring equipment on the transmission tower is tough to accomplish. Accordingly, [15] proposed the use of optical fiber to resolve the electrical insulation problem. It is undeniable that optical fiber has its own unique advantages in dealing with electrical insulation, but harsh environmental conditions like strong winds and blizzards will make the fiber become much more fragile, so the use of fiber optics is not a permanent solution.



To overcome the above problems and improve the stability and security of the power supply of monitoring equipment, a new power supply mode to achieve energy harvesting by combining electromagnetic induction and wireless power transmitting technology is proposed. According to [16], in 2007 Kurs at the Massachusetts Institute of Technology (MIT) successfully lit a 60 W bulb over a distance in excess of 2 m by using magnetically coupling resonant wireless power transmission. With reference to “Electric Power Industry Standard of the People’s Republic of China—The Technical Code for Designing 110–500 kV Overhead Transmission Line”, seven or eight suspension insulator strings are needed for a 110 kV overhead line which covers about an insulation distance of 1.1 m, and this paper thus takes the 110 kV HVPL as an example. As far as we are concerned, there is nothing relevant to the application of magnetically coupling resonant wireless power transmitting technology in this field. Therefore, the magnetically coupling resonant wireless power transmitting technology provides a new solution to power 110 kV HVPL on-line monitoring equipment.



In order to solve the problem of powering online monitoring equipment, a combination of inductive energy harvesting and magnetically coupling resonant wireless power transfer is proposed. The power demand of wireless power transfer devices as well as the distortion of output power and overheating should be taken into consideration. As a result, a particular and precise design relevant to enhance output power and avoid the chances of voltage distortion is necessary. There are some inductive energy harvesting device prototypes, but most cannot provide enough power and have current fluctuation problems. One cause accounting for this is that detailed design methods of inductive energy harvesting devices are rarely introduced. Instead, the design experience of traditional CT for measurements is used as a reference and consequently, there are still many practical application problems.



This paper mainly focuses on 110 kV high voltage lines and aims to develop an energy harvesting device by electromagnetic induction and wireless power transmission technology. The energy harvesting device not only should meet the power needs of the wireless power transmission system, but also needs to adapt to the normal current fluctuations of high voltage power lines. The factors which may influence the working features of the energy harvesting device are further analyzed. Optimization design of specific parameters is also taken into consideration with computational and experimental verification. The work we do should be helpful to promote the practical implementation of HVPL wireless power supply systems. Most importantly, it also provides a new solution to the supply problem of monitoring equipment located on transmission towers, such as bird driving devices, data acquisition units, signal transceiver repeaters, temperature monitoring sensors, insulator contamination testing sensors, monitoring cameras and so on.




2. System Modeling and Analysis of the Wireless Power Supply System


The HVPL wireless power supply system consists of a energy harvesting device based on the electromagnetic induction principal and a wireless power transmission system. Electricity is firstly obtained from the HVPL by electromagnetic induction [17] and then converted into a high frequency signal by a high frequency conversion device. Secondly, the transmitter in the wireless power transmission system powered by the high frequency signal transmits the energy to a receiver located beyond the insulation distance through magnetically coupling resonant wireless power transmission. Finally, the received energy is rectified and voltage-stabilized to power the online monitoring equipment. Specific devices used are shown as follows: energy harvesting device attached to the HVPL, protection control, energy storage and discharge circuit to relieve the effect of current fluctuations, high frequency conversion device to convert the power frequency into high frequency, energy receiver located on the transmission tower to receive electromagnetic energy and transform it into high frequency electricity, rectification and voltage regulator circuit to transform high frequency electricity into direct current (DC) electric energy for powering online monitoring devices. Among them, the power transmission and receiving coils are connected with tuning capacitors in series, which makes the wireless power transmitting system be a state of series resonance. The overall system configuration is shown in Figure 1.



The voltage of HVPL monitoring equipment on the market is generally DC 5–2 V while the power rating ranges from 1 W to 10 W. For a typical wireless power transmitting system, Lt and Lr denote the inductance of the transmitting coil and receiving coil, respectively. It and Ir accordingly denote the current on the transmission and receiving sides. It has been proved that the output power is closely related to the working frequency, and specifically that a higher frequency can transfer more energy within a long distance [18,19]. With reference to “Electric Power Industry Standard of the People's Republic of China—The Technical Code for Designing 110–500 kV Overhead Transmission Line”, the insulation distance of 110 kV HVPL is approximate 1.1 m, so the magnitude of the working frequency should be set around MHz. In this paper, the transmission coil and the receiving coil are connected in series with the tuning capacitor. The Kirchhoff’s voltage law (KVL) equation can de expressed by:


    {      I •  t   Z 1  − j ω M   I •  r  =   U •  s        I •  r   Z 2  − j ω M   I •  t  = 0       



(1)







The transmission and receiving current can be calculated and written as:


    {      I •  t  =    Z 2     U •   s     Z 1   Z 2  +   ( ω M )  2          I •  r  =   j ω M    U •   s     Z 1   Z 2  +   ( ω M )  2          



(2)







Here Z1 and Z2 represent the equivalent impedance on the transmitting side and receiving side, respectively, and M represents the mutual inductance between the transmission and receiving coils which can be calculated by    M =    N 1   N 2   μ 0    4 π     ∮  C 1      ∮  C 2      d  l 1  ⋅ d  l 2     r  12            or electromagnetic simulation as described in [20,21] for two paralleling solenoid coils. When transmitter and receiver are both in a resonant state, the transfer efficiency can be given by:


   η =     ( ω M )  2   R L    (  r 2  +  R L  )  [   r 1  (  r 2  +  R L  ) +   ( ω M )  2   ]      



(3)







Here r1, r2 represent the resistance of the transmitting and the receiving coil, RL represents equivalent resistance of the online monitoring equipment from the receiving coil side. Mid-range wireless power transfer is taken into consideration since the insulation distance of a 110 kV HVPL is 1.1 m. When the distance between the transmitting and receiving coils is more than two times the coil diameter, the coupling coefficient experiences a cubic decay with the increase of transfer distance, leading to a drastic decline of the transfer efficiency. At this point, improving the transmission efficiency needs to enhance the reflected impedance of the wireless power transmission system, and the simplest way is to increase the resonant frequency [22]. If the insulation distance of 1.1 m is taken into account, the most appropriate frequency is set to MHz in the paper. In order to find out the efficiency feature of 110 kV HVPL, simulation and computation are carried out by taking RL into consideration. The power transmitting coils and receiving coils are spiral coils, which are tightly wound with Liz wire-1650/0.05F. Meantime, they are also designed with the same parameters, that is, the radius is 15 cm and the coil turn is 6. Results are shown in Figure 2.



It is obvious from Figure 2 that the higher the resonant frequency is, the higher the efficiency that could be achieved when the transmission distance is fixed. One thing that needs to be considered is that along with an extremely high frequency, the self-inductance of the coil is largely affected by external changes, making the system rather sensitive and may even cause drastic decrease of efficiency because of small deviations from the resonant frequency. To achieve both high efficiency and stability, the HVPL wireless power transmitting system is suggested to work around 3–6 MHz. From Figure 2 we can also find that system efficiency increases while load resistance decreases. It can reach an efficiency of 10% when the resonant frequency is 3–4 MHz and the load resistance is 140 Ω. Considering the power requirements of online monitoring equipment, the wireless power supply system can work normally only when the maximum extracted power of the energy harvesting device is 100 W. Consequently, a series of design optimizations of the energy harvesting device are necessary.




3. Modeling and Optimization Design of Energy Harvesting Device


3.1. Theoretical Analysis


Energy harvesting device extracts energy from magnetic fields around the HVPL, which is illustrated in Figure 3 [23].



Energy harvesting devices applied in HVPL are supposed to deliver stable power regardless of current fluctuations, because too large a current may lead to deep saturation of the core and cause serious overheating problems, so it is essential to make sure that the core works in linear areas, which is one of the design criteria. Through practical investigation, the current in 110 kV HVPL in Yangzhou, Jiangsu Province, China is set to range from 20 A to 1000 A. A gapped core is thus used to avoid core saturation and increase the maximum saturation magnetic flux density. Besides, it is of great convenience to install the energy harvesting device on the HVPL. According to Figure 3, the equivalent circuit equation is given by:


    {     I 1  −  I m  =  I p       I p   N p  =  I 2   N s       E 2  −  U 2  =  I 2  (  R 2  + j ω  L 2  )       



(4)







Here I1 represents the current in the HVPL, Im represents the excitation current. Np and Ns represent the primary turn and the secondary one of the energy harvesting device, respectively. I2 represents the secondary current. E2 represents the induced voltage on the secondary side. U2 represents the load voltage. R2, and L2 represent the resistance and inductance of the secondary coil. RL represents equivalent resistance of the secondary side. To simplify the analysis, hysteresis loss, eddy current loss and other iron loss are ignored through the calculation. A gapped core structure is shown in Figure 4.



It is assumed that the gap between two semicircular cores is δ. According to the law of magnetic potential balance, it can be concluded that:


    {     N 1   I m  =  H e   l e  +  H δ  ⋅ 2 δ      N 1   I m  =  H ′   l t        



(5)







Here He, le represent the magnetic field strength and the magnetic length in the core, and H′, lt represent the overall magnetic field strength and the equivalent magnetic length in gapped core. Since    B = μ H   , the equivalent permeability of the designed energy harvesting device can be given by:


    μ ′  =    l t   μ 0   μ r    ε  l e  +  μ r  ⋅ 2 δ     



(6)







Here ε is the edge effect coefficient of the magnetic field near the gap, which in engineering applications, can be ignored under the condition of δ/h ≤ 0.2 and δ/(b-a) ≤ 0.2, when ε = 1 [24]. According to Ampere’s circuit theorem, the magnetic flux density at any radius ρ can be obtained by:


    B 1  =    2   μ ′   i m  ( t )   2 π ρ    a ϕ    



(7)







The magnetic flux of the cross-linked ring core can be expressed by:


    Φ m  ( t ) =    ∫ s    B 1  ⋅ d    s =    2   μ ′   i m  ( t )   2 π      ∫ a b    1 ρ     d ρ    ∫ 0 h   d z    =    2   μ ′   I m  cos ( ω t )   2 π   ln (  b a  ) h   



(8)




so the induced voltage on the secondary side can be calculated by:


    E 2  = −  N s    d  Φ m  ( t )   d t   =  2   N s   μ ′  f  I m  sin ( ω t ) ln (  b a  ) h   



(9)







Here f is the excitation current frequency. a, b represent the inner and the outer radius of the core, respectively. When the device is working the power frequency, resistance (R2) and inductance (L2) of the secondary side can be calculated by [23]:


    {     L 2  =    μ ′   N S   2  ( b − a ) h    π   S  c u       ⋅ K      R 2  =   2 ( b − a + h )  N s   ρ  c u    /   S  c u           



(10)







Here ρcu, Scu denote the resistivity and the cross-sectional area of the copper wire. ρcu = 0.0175 Ω·mm2/m when temperature is 20 °C. K denotes the effective coefficient of the rectangle cross-sectional coil, which is determined by the ratio of the height of the core h and the length of the secondary coil. When Equations (9) and (10) are integrated, the expression of the secondary current is obtained and expressed by:


    {     I 2  ( t ) =   2  2   N s   μ ′  f  I m  sin ( ω t ) ln (  b a  ) h ⋅  S  c u     j ω  μ ′   N s  ( b − a ) h   π  S  c u     ⋅ K + 4 ( b − a + h )  N s   ρ  c u   + 2  R L  ⋅  S  c u          I m  =  I 1  −  N s   I 2        



(11)







Assuming:     a 1  = 2  2   N s   μ ′  f ln (  b / a  ) h ⋅  S  c u     ,     a 2  = ω  μ ′   N s  ( b − a ) h   π  S  c u     ⋅ K   ,     a 3  = 4 ( b − a + h )  N s   ρ  c u   + 2  R L  ⋅  S  c u     , the real and imaginary part of secondary current can be expressed by: scale and align


    {    Re (  I 2  ) =    a 1   a 3  (  a 2    2  +  a 3    2  +  N s   a 1   a 3  ) +  N s   a 1    2   a 2    2      (  a 2    2  +  a 3    2  +  N s   a 1   a 3  )  2  +  N s    2   a 1    2   a 2    2    ⋅  I 1      Im (  I 2  ) =    N s   a 1    2   a 2   a 3  −  a 1   a 2  (  a 2    2  +  a 3    2  +  N s   a 1   a 3  )     (  a 2    2  +  a 3    2  +  N s   a 1   a 3  )  2  +  N s    2   a 1    2   a 2    2    ⋅  I 1        



(12)







It is obvious that primary current is not completely linearly proportional to the secondary current because of the nonlinear coefficient K in Equation (11) caused by the excitation current. The receiving power of the load can be further calculated by:


    P o  =  [    ( Re (  I 2  ) )  2  +   ( Im (  I 2  ) )  2   ]  ⋅  R L    



(13)








3.2. Parameters Optimization Design with Threshold Constraints


3.2.1. Parameter Optimization Design of the Core


When the current is small, it is necessary to increase the magnetic induction intensity B so that enough power can be obtained. Considering that the gap length δ has a significant influence on the equivalent permeability, a short gap length (normally less than 1 mm) is preferable in this circumstance. In accordance to Equations (5) and (6), the magnetic induction intensity constraints can be given by:


    {     B r  ≤    I  m min   ⋅  μ ′     l t         B  m max   ≥    I  m max   ⋅  μ ′     l t          



(14)







Equation (14) demonstrates that core materials exert a direct effect on the electricity extracted along with current fluctuations. On the one hand, a high initial permeability is needed to achieve enough output power when the current is small. On the other hand, a high saturation magnetic flux density coefficient is necessary to avoid premature saturation when the current is large. Through comparison among features of different materials, cold rolled silicon steel sheet is selected for the core. Specifically, the initial permeability of this material reaches 1000 H/m and the saturation magnetic flux density reaches 2.03 T.



While the device is working at the power frequency, the suppression effect of the secondary inductance on the current is small. Moreover, the self-resistance of the secondary coil is insensitive to the core size. As a result, the secondary coil is assumed to have no influence on output power. The secondary current reaches its maximum when the secondary induced voltage E2 is maximized. According to Equations (8) and (9), the relationship between induced voltage E2 and core parameters can be expressed by:


    E 2  ∝  {     Φ m  ( ln  b a  , h ) ⇒  Φ m  (  S  e q   )      μ ′  ( a )       



(15)







It is observed from equation (15) that two design principles should be followed: (1) large inner radius a; (2) large cross-sectional Seq. If core height h and core width (b-a) are both adjustable, core width (b-a) will have a greater influence on output power because of the K changes caused by (b-a). However, the core width must satisfy δ/(b-a) < 0.2 to avoid the edge effect of magnetic fields, making the selection of core inner radius a much more difficult. Furthermore, it is impossible to extend Seq in engineering applications for the reason that excessive weight of the core may result in wire deformation. On the contrary, it is essential to decrease Seq as much as possible on the premise of sufficient output power.



Compared with core size, gap δ has a greater influence on the initial current, core saturation as well as the extracted electricity. A gapped core can generate a larger magnetic field intensity when the magnetic induction intensity is the same, which means the gap helps to broaden the linear working region. As a consequence, output power should be guaranteed to be large enough when the primary current is small and the core is not oversaturated when the secondary circuit is open, so the gap design should satisfy the following equation:


    {    π a ⋅    μ 0   μ r   I  1 max   − γ  B  max      μ r  ( γ  B  max   −  μ 0   I  1 max   )   < δ ≤ π b ⋅    μ 0   μ r   N 2  f  I  m min   ln (  b a  ) h −  E  2 min      μ r  −  μ 0   μ r   N s  f  I  m min   ln (  b a  ) h       δ < 0.2 ( b − a ) ∩ δ < 0.2 h       



(16)







Here I1max is the maximum primary current, Imin is the minimum excitation current. E2min is the minimum induced voltage needed by the load. γ is the saturation coefficient, which should be set to guarantee that both numerator and denominator on the left side of the inequality are positive. Similarly, the value of δ should ensure that both numerator and denominator on the right side of the inequality are positive.




3.2.2. Design Optimization of the Secondary Coil


Compared with the core parameters which mainly affect system stability, the turns of the secondary coil Ns and the load RL have a larger influence on the output power, which is more sensitive to Ns. When the primary current is small, larger Ns can increase the output power and decrease the initiating current of the energy harvesting device. On the contrary, a smaller Ns is preferable when the primary current is large. Taking all the factors above into consideration, the design of secondary coil should meet the following rules:

	(1)

	
The inner resistance of the coil should not be larger than the load resistance to ensure maximum output power:


    N s  ≤    R L   S  c u     2 ( b − a + h )  ρ  c u       



(17)








	(2)

	
Since the core is composed of two semicircles, a maximum Ns is achieved when the secondary coil covers half of the core at most, which means Ns is determined by the inner radius of the core:


    N s  ≤   π a  2     π   S  c u         



(18)
















4. Results


4.1. Simulation Analysis of the Energy Harvesting Device


In this part, the optimal parameters of the power harvesting device are determined with threshold constraints to demonstrate the direct influences of those parameters on output power. Simulation is carried out to visually display the calculations and the discussions in Section 3. Though the specific working environment is determined in advance, any major conclusions drawn from the analysis should be suitable for other circumstances too. An example of the practical design of a power harvesting device is presented here.



The current in the HVPL is assumed to be 500 A. Cold rolled silicon steel sheet is selected for the core according to 3.2.1. Further analysis of parameter optimization factors such as core inner radius a, core external radius b, radial thickness (b-a), height h, gap δ and coil turns Ns is introduced to find out the general rules for achieving maximum output power.



Since multiple parameters interact with each other, the dimensions of the analysis are reduced step by step to simplify the analysis and ensure the accuracy at the same time. The analytical method adopted in the paper is fractional reduction of dimensions, that is, the influences of a parameter with less impact on the output power is analyzed first, and then a certain law can be obtained. If this complies with the principle of monotony, this parameter can be set as a reference point when we analyze how other parameters affect output power. If not, then this parameter may interact with others, so a second parameter should be chosen.



After a series of computational analysis and dimension reduction analyses, core inner radius a, radial thickness (b-a) are analyzed first. The results are shown in Figure 5.



It is apparent from Figure 5 that output power increases as the radial thickness increases (b-a). Besides, a larger core inner radius contributes to more output power when other parameters remain the same, which corresponds with the theoretical analysis. It is surprising to find that 40 W is obtained without any other optimization. Since both the core inner radius and radial thickness have a monotonic increasing relationship with output power, which meets the criteria of dimension reduction analysis, parameters a and (b-a) are determined first. Additionally, too large a core inner radius a and radial thickness (b-a) have much smaller influences on the increase of output power and may increase the risk of wire deformation. Thus, suitable evaluation parameters should be chosen in advance to do further optimization.



To verify the specific influence of core cross-sectional area Seq on output power illustrated in Equation (15), radial thickness (b-a) and core height h are chosen to assess their impacts on determining the output power. Similarly, the changing trend while other parameters remain the same is shown in Figure 6.



As shown in Figure 6, output power increases with the increase of Seq, and the rise of the radial thickness (b-a) and core height also leads to the increase of output power. An important distinction between these two dimensions, namely, (b-a) and h is that same increase leads to different output power changes. Take     {    [ b − a ] = h = 8 cm      P o  = 39.96 W        as a reference point, ΔZ1 = ΔPo1 = 0.96 W when Δx = Δh = 2 cm but Z2 = ΔPo2 = 6.94 W when Δy = Δh = 2 cm. Apparently, ΔZ2 is 5.98 W more than ΔZ1 which is in accordance with theoretical analysis.



In sum, increasing the core inner radius and cross-sectional areas both lead to larger output power. However, the increase rate in Figure 5 and Figure 6 is pretty small, so these optimization methods commonly serve as helping measures. As a result, optimizations of the core gap δ and secondary coil turns Ns are discussed to increase the output power by a large margin. A part of parameters are determined as follows: core inner radius a = 10 cm, core external radius b = 18 cm, core height h = 8 cm. The relationship between output power and core gap as well as secondary coil turns is displayed in Figure 7.



It is obvious from Figure 7 that there is an optimal secondary coil turn where output power is maximized. Meanwhile, output power increases prominently with the decrease of core gap δ. For instance, when δ decreases from 2 mm to 1.8 mm, the maximum output power increases by 6.3 W. When δ decreases from 1.2 mm to 1 mm, the maximum output power increases by 28.4 W. In conclusion, for a core of fixed parameters, maximum output power can only be achieved with a certain secondary coil turn. When the primary current is 500 A, the optimum core dimension is suggested as follows: core inner radius a = 10 cm, core external radius b = 18 cm, core height h = 8 cm, core gap δ = 1 mm and secondary coil turns Ns = 60–80.



Though a smaller core gap contributes to larger output power, it is impossible to minimize the core gap as much as possible since the core gap plays an important role in broadening the linear working regions of the core. In a situation when the gap is small and the current is large, the core is likely to work in deep saturation mode which will result in a drastic rise in temperature. Therefore it is very necessary to keep the energy extracting device working in the critical range between linear and saturated regions. In order to increase the output power when the current is small and discharge output power when current is large, a stability control strategy of extracting energy is proposed to adjust to the fluctuation of current. The basic principle is to control the core gap and the secondary coil turn as shown in Figure 7. An overall scheme of the control strategy is specifically illustrated in Figure 8.



In Figure 8, the control strategy is divided into the following steps:

	(1)

	
According to Figure 7, both the optimal secondary coil turn Ns1 to achieve maximum output power and secondary coil turn Ns2 to ensure the minimum demanded power can be determined, which should comply with Ns2 > Ns1.




	(2)

	
Use a Rogowski coil to sample the current of HVPL in the form of induced voltage. A digital integrator is applied to transform the transient voltage signal e(t) into a stable signal E. The sampled voltage when the current equal to 500 A (less than or equal to the saturation current of core) is set as the standard value.




	(3)

	
The digital comparator is in charge of comparing the sampled E with the standard value. It outputs high-level signals (“1”) when d1 < d2 and outputs low-level signals (“0”) when d1 > d2.




	(4)

	
The diode is shut off when the comparator outputs high-level signals and the secondary coil turn is set to be Ns1 so that maximum output power is achieved. On the contrary, the diode is turned on and the secondary coil turn is set to be Ns2 so that minimum demanded power is acquired. The control strategy greatly reduces the impact of power increase on the load and realizes the goal to obtain relatively stable output power, regardless of current fluctuation.









If the comparator shown in Figure 8 is equipped with multiple channels, several preset values can be set accordingly, so that the turns of secondary coil will be divided into several segments by controllable diodes. This can bring about two benefits: (1) the receiving power can be regulated to be more stable when the HVPL current is in fluctuation; (2) in addition, the core saturation can be limited by changing the turns of secondary coil to increase secondary current when HVPL current is too large. What we need to do is just to determine the most suitable number of turns of the secondary coil.




4.2. Experimental verification


To verify the accuracy of theoretical and simulated analysis, multiple paired experiments are carried out by using the designed devices as shown in Figure 9. A single wire is enwound into several turns to generate large primary current so that a real working status of HVPL can be simulated. An iodine-tungsten lamp (220 V, 1000 W) is connected to the source (220 V, 50 Hz) with a wire to generate the primary current in the experiments. When the current in single wire is 4.1 A and wire turns is 25, then the primary current of power harvesting device is 102.5 A.



With regard to the parameters optimization design with threshold constraints, nine paired experiments are designed to implement comprehensive validations, when the condition of δ/h ≤ 0.2 and δ/(b-a) ≤ 0.2 is considered. Specific experimental parameters are shown in Table 1.



Test 1: the influence of 0.5 cm’s increase in core inner radius on output power is studied by comparing 1 and 2 in Table 1.



Test 2: 1, 3 and 4 are analyzed comparatively to investigate the influence of core radial thickness (b-a) and core height h on output power when the two parameters are increased by 0.1 cm, respectively.



Test 3: the influence of core gap δ on output power is demonstrated through a comparison among 2, 8 and 9.



Test 4: 2, 5, 6 and 7 are tested to verify the influence of secondary turns Ns on output power.



The corresponding results of Test 1–Test 4 are displayed in Figure 10a–d. Several conclusions can be drawn from the experimental results above:

	(1)

	
Output power increases with the increase of core inner radius when other parameters remain certain;




	(2)

	
The increase of core radial thickness (b-a) and core height h will contribute to the increase of output power but the former one has a more pronounced effect;




	(3)

	
The smaller core gap is, the more output power the device can obtain once it holds true for Equation (16) and other parameters remain unchanged;




	(4)

	
Maximum output power can be acquired with the optimized secondary coil turns when other parameters remain certain. In this experiment specifically, Po (Ns = 80) > Po (Ns = 100).









In order to further validate the proposed optimization theory, the power calculations are performed when the parameters remain the same as that of experiments, which are shown in Table 1. The theoretical calculated results are compared with those of the experiments, as shown in Figure 11.



The primary calculated current is the same as that seen in the experiments, that is, 102.5 A. From Figure 11, it is obvious that the calculated load power and experimental results have the same trend, which proves the accuracy of the theoretical analysis. There are some misalignments between calculations and experiments that are mainly caused by the different formations of the primary current. In the experiments, the primary current is generated by 25 turns of wires, and the current in a single wire is 4.1 A. For the small radius of every wire, the wires in the middle of the group would have little contribution to the main flux of the core, so the effect of the equivalent primary current in the experiments is actually less than that of the single thick wire with the same current value, which is the main reason why the extracted power in the experiments is less than that in the calculations.





5. Discussion


Due to the large potential difference between the power line and a transmission tower, it is difficult to safely transfer enough energy to monitoring devices. The emergence of wireless power transfer technology provides an alternative way to solve the insulation problem since it does not need any power cables. The technology has been widely applied in fields such as charging of electric vehicles, home appliances and implantable medical devices, but never in powering HVPL monitoring devices. What we need to tackle is to how provide enough energy for the transmission side with an inductive energy harvesting device, which is also the main concern in this paper. Though many inductive energy harvesting devices have already been developed, their design methodology is based on the traditional CT for measurements and experimental tests. As a result, the experimental prototypes cannot provide enough power or solve the problem of voltage distortion. As far as we are concerned, there is no previous research relevant to the design of high-power inductive energy harvesting devices. In the paper, an ptimization design of inductive energy harvesting device is introduced, which is also suitable for other HVPL configurations. Then the extracted energy can be transformed into high-frequency alternating current power to power the transmission coil, which is our future research focus. Chances are high that the proposed combination of inductive energy harvesting and a wireless power supply system could be used in engineering applications. This will undoubtedly bring about a breakthrough in the field of energy conversion and transmission in the power system.




6. Conclusions


The solutions to power 110 kV HVPL online monitoring equipment on the tower are investigated which in the paper are based on the supply demand of the monitoring equipment and the transfer efficiency of the wireless power transmission system. Firstly, an online power harvesting device is modeled and specific parameters affecting the extracted energy are analyzed. The initiating current and saturation features are also taken into consideration to determine the threshold constraints of device parameters. Secondly, an optimization design of the power harvesting device is carried out to increase the extracted energy. Thirdly, experimental verifications are conducted to demonstrate the feasibility of the proposed optimization methods. It is observed that a larger core inner radius, core radial thickness, core height and smaller gap air can increase the extracted energy but exert different impacts. Moreover, the maximum extracted power can be achieved when the secondary coil turns are optimized. Finally, a power stabilization strategy is put forward so that more power can be extracted when the current is small and extra energy will be discharged when the current is large. The work of this paper is of great importance to the design of high-power magnetic field energy harvesting for wireless power supply systems in overhead high-voltage power lines.
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Figure 1. Structure of a wireless power supply system for high voltage power lines (HVPLs). AC, alternating current; DC, direct current. 
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Figure 2. The efficiency varies with the resonant frequency under different resistance. 
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Figure 3. The equivalent circuit of the energy harvesting device. 
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Figure 4. The structure of the energy harvesting device with an air gap. 
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Figure 5. The relationship between the harvested energy and the inner/external diameter of the core. 
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Figure 6. The relationship between the harvested energy and the thickness/axial height of the core. 
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Figure 7. The harvested energy varies with the air gap and the turns of secondary windings. 
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Figure 8. The control strategy of power stability. 
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Figure 9. Experimental system for optimal design of the energy harvesting device. 
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Figure 10. Experimental results: (a) Load voltage contrast between 1 and 2 of the energy harvesting device; (b) Load voltage contrast between 1, 3 and 4 of the energy harvesting device; (c) Load voltage contrast between 2, 8 and 9 of the energy harvesting device; (d) Load voltage contrast between 2, 5, 6 and 7 of the energy harvesting device. 
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Figure 11. Calculations and experiments of output power under different energy harvesting devices. 
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Table 1. Comparative experimental parameters of nine energy harvesting devices (I1 = 102.5 A, RL = 0.5 Ω).
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Device Number

	
a (cm)

	
(b-a) (cm)

	
h (cm)

	
δ (mm)

	
Ns

	
PL (W)






	
1

	
2.25

	
1.0

	
1.65

	
1

	
100

	
2.25




	
2

	
2.75

	
1.0

	
1.65

	
1

	
100

	
4.84




	
3

	
2.25

	
1.1

	
1.65

	
1

	
100

	
6.25




	
4

	
2.25

	
1.0

	
1.75

	
1

	
100

	
4.00




	
5

	
2.75

	
1.0

	
1.65

	
1

	
30

	
1.69




	
6

	
2.75

	
1.0

	
1.65

	
1

	
50

	
3.24




	
7

	
2.75

	
1.0

	
1.65

	
1

	
80

	
5.76




	
8

	
2.75

	
1.0

	
1.65

	
0.5

	
100

	
17.64




	
9

	
2.75

	
1.0

	
1.65

	
2

	
100

	
1.96








Here, a, (b-a), h, δ, and Ns are in short for the inner radius, the radial thickness, the core height, the air gap, and the secondary coil turns of the core, respectively. Similarly, the output power of the energy harvesting device is represented as PL.
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