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Abstract :
Transportation industry consumes 29% of energy, out of which Gasoline accounts for 56% of the transportation fuel. Extensive use of gasoline leads to the emission of harmful gases which are hazardous to the environment. To reduce the pressure on conventional fuels, the Electric vehicle is an alternate solution. A major hurdle in implementation is the limited range of EV. Mainly EV needs a large battery capacity to increase the range of the EV. One of the possible solutions is to charge the vehicle while moving referred to as “Dynamic Wireless Power Transfer”. By charging the vehicle while moving can significantly reduce the battery energy storage capacity on the vehicle. This thesis identifies the challenges in the implementation of DWPT for EV. DWPT can be implemented either with small segmented coils layed on the road or with long tracks on the road. Long tracks have problems of low coupling coefficient, complicated power electronics structure and overall lower efficiency. In comparison to long track DWPT, segmented DWPT has higher coupling coefficient, less complexity of power electronics and higher overall efficiency. However, to apply segmented coil structure to DWPT, some challenges have to be addressed. This dissertation evaluates different magnetic couplers by simulating and comparing for misalignment and coupling coefficient application with and without shielding. Further, it compares different vii reactive compensation circuit suitable for misalignment tolerance, load independence, power factor, and efficiency. A major challenge in the implementation of dynamic wireless power transfer (DWPT) is automatic detection of EV to avoid loss in efficiency and alleviate any safety concerns. This work proposes a novel coil detection method for segmented DWPT. Detection of the EV ahead of its arrival will initiate energizing of the transmitter buried inside the road to enable just-in-time transfer of power. At low speeds, communication can be a reliable method to power up the transmitter coil. However, at high speeds on highways, communication latency time for the detection of an EV is long and hence impractical. This work proposes a low cost and low power EV detection system based on a novel orthogonal coil arrangement to detect EVs traveling at high speeds. Lastly, this dissertation presents a maximum efficiency point tracking algorithm for Wireless Power Transfer (WPT). Conventionally, the load is considered only resistive in the literature. However, in most of the cases, the battery is the end load, and the equivalent circuit of battery consists of resistive and reactive elements. Therefore, to improve the overall efficiency of the system, load impedance has to be matched with source impedance.
Currently, three ways exist for transmission of power wirelessly: Inductive Coupling, Capacitive Coupling and Microwave Coupling. Between the three, inductive coupling is the most widely used technology currently. The capacitive coupling field is upcoming and recent developments in Resonant Coupling have managed to create waves in the wireless charging technology.
An application of WPT is the charging of electric vehicles (EVs). Parking spots are being developed which can charge the EVs when the vehicle is parked in the parking space using WPT. While this application allows autonomous charging of EVs and provides hassle free charging, research is being carried out to charge EVs while they are in motion. Termed as Dynamic WPT, this technology will enable EVs to charge on the go, thus reducing the size of batteries used and increasing the range of EVs.
The preliminary stage of the project involved the detailed study of dynamic WPT systems, coil designing and excitation topologies. Furthermore, coils of different geometries were developed and compared using ANSYS Electromagnetics simulation software. With these, a planar coil design was selected. Besides these simulations, that were carried for a typical EV, hardware prototyping for a small-scale system has to be carried out. The coils has to fabricate and a preliminary low power analog circuit has to be developed with an LED load. The models which gave the best simulation results were chosen for the development of the Hardware Prototype on a smaller scale.
Future scope includes the optimization of planar coils for maximizing efficiency, comparative analysis of compensation topologies, monitoring the effects of WPT system on local electricity grid and the building of communication protocols between charging controller and car.
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Chapter 1
Introduction
Recently, wireless power transfer has been a very active topic of research in the electrification of the transportation system A wireless charging system would address a major drawback of plug-in electric cars; i.e., their limited driving ranges. Researchers are looking into the convenient wireless charging methods to power the vehicles when they are parked stationary or charge them while they are in- motion through the electrified roadways [3]-[7], this chapter explains the need of WPT. Moreover, this chapter summarizes the problem statement of the project.
1.1 Overview
One of the major problems in power system are the losses occurring during the transmission of electrical power. The loss of percentage during the transmission is approximated as 26% [12]. The main cause for power loss during transmission is the resistance of wires used in the grid. According to WRI (world resource institute), the electricity grid of India has the highest percentage (27-40%) of power transmission losses in the world [13]. For this reason, Tesla had proposed methods of electricity transmission using an electromagnetic induction method.
Using electromagnetic induction (EMI) the transmission of electrical energy from a power source to an electrical load without connecting wires can be done. It is reliable, efficient, fast, low maintenance cost, and it can be used for short range or long range. The basic working principle of wireless power transfer is, two objects having similar resonant frequency and in magnetic resonance at powerfully coupled rule tends to exchange the energy, while dissipating relatively little energy to the extraneous off-resonant objects.
Moreover, this method can be involved in a variety of applications, like to charge mobile phones, laptops wirelessly.
[image: https://www.edgefxkits.com/blog/wp-content/uploads/Wireless-Power-Transfer-1.jpg]
Fig 1.1
There are three main systems used for wireless electricity transmission: solar cells, microwaves and resonance. In an electrical device, microwaves are used to transmit electromagnetic radiation from a source to a receiver.
Basically, it involves two coils as shown in Fig.1.1 a transmitter and a receiver coil. The transmitter coil is powered by an Ac current to produce a magnetic field, which in turn induces a voltage in the receiver coil.
In the transmitter section, the AC current boosts a copper wire, which generates a magnetic field. Once a receiver coil is placed within the close vicinity of the magnetic field, the field can induce an AC current in the receiving coil. The electrons in the receiving device, then converts the AC current back into DC current, which becomes utilizable power.







1.2 Literature Survey
Nicholas Tesla has been the pioneer of wireless transmission of power. He started eﬀorts in wireless power transmission way back in 1891, when he ﬁrst demonstrated this technology by glowing an incandescent lamp by means of a resonant circuit. This has been an undeveloped technology ever since, and a lot of researchers have tried to commercialize this technology over the years. Some of the ongoing research and developments have been discussed in [2]. This includes research in diﬀerent sub-ﬁelds of WPT like Inductive Power Transfer(IPT), Evanescent wave coupling, Radio and Microwaves, Electrostatic induction. The authors in paper [3] have discussed the inductive power transfer method in depth along with various optimization parameters like eﬃciency, power transferred etc.
The recent upsurge in electric vehicle research has paved a way for WPT technology to be used in EV charging systems. Research is being carried out in diverse ﬁelds including stationary WPT systems, dynamic or in-motion WPT charging systems, which has been discussed in [4] along with various other topics like magnetic coupling, compensation topologies, power electronics converters.
A maximum energy efficiency tracking method is presented in this paper [5] with the support of an analysis and the experimental verification of a 2-coil WPT system. The basic principle is to search for the minimum input power for any given output power. By keeping the equivalent load resistance of the receiver circuit to the optimal value through the closed-loop control of the power converter within the receiver module, maximum energy efficiency tracking can be achieved by searching for the minimum input power. Another advantage of this method is that it does not need any wireless communications between the transmitter and the receiver circuits, making it attractive in practical applications. The proposed method has been successfully tested under the situations of weak and strong magnetic coupling. Besides the differences due to the omission of the core losses and the inverter losses, the simulated and measured energy efficiency curves exhibit the same trends in both cases.
The papers [6, 7] have discussed in depth above the modelling and working of near ﬁeld IPT based systems. The modelling of IPT based systems as loosely coupled transformers has been discussed and a brief explanation on diﬀerent modelling techniques like ‘2-port network theory model’, ‘equivalent circuit theory model’, ‘coupled mode theory model’. The authors have also discussed 3 phase magnetic systems for WPT based systems and provides an analysis for such systems. As resonant circuits are used, capacitor selection and compensation topologies like Series-Series (SS), Series-Parallel (SP), Parallel-Series (PS), Parallel-Parallel (PP) are also discussed.
A detailed analysis of various capacitive compensation techniques has been discussed in paper [8].The mathematical modelling has been discussed along with bifurcation analysis and battery applications.The paper also demonstrates the hardware implementation and provides a comparative analysis of the various compensation topologies.
This paper [9] presents a detailed analysis, design and realization of a Series-Series (SS) WPT system with dual active bridges, which will improve the overall performance. Three independent Phase Angles (PAs) have been analyzed and designed in this study, one PA on the primary side and the other two PAs on the secondary side. This Multiple Degrees of Phase Control (MDPC) method can achieve additional reactance compensation, load transformation and output regulation simultaneously. To realize the proposed method in practice, key implementation techniques have been investigated in detail, including additional reactance estimation, mutual inductance estimation,phase detection and synchronization. The feasibility and effectiveness of the proposed system is verified through simulation and experimental results.
In paper [10], the authors have discussed the planar coil geometry and diﬀerent numerical methods for evaluating inductance. It discusses the modiﬁed wheeler formula and compares various 2D geometries and gives a complete comparative analysis of these geometries. The core design along with coil size and geometry has been discussed in paper [11]. It explains the method of analysis of cores, the popular geometries used along with results obtained from simulations. A further optimization on coil ratio and sizing has been carried out in paper [12].
The authors in paper [13] have studied in depth the modelling, parameter selection as well as the switching algorithms that can be used for a dynamic WPT system. State Space modelling of the system has been demonstrated including a closed loop control strategy. Additionally, a fast switching system has been considered along with its simulations.
In this paper[14], a compact high efficiency wireless power transfer system has been designed and developed. The detailed gate drive design, cooling system design, power stage development, and system assembling are presented. The successful tests verified the feasibility of wireless power transfer system to achieve over-all 90% efficiency.
 In this paper[15], an innovative dynamic wireless charging system based on magnetic coupled resonant power transmission is presented. The transmitting coil of this charging system can selective on/off for charging vehicles while driving. The structures of transmitting coil and receiving coil is researched and improved. And the dispersed coupling structure named grouped periodic series spiral coupler (GPSSC) is proposed and its characteristics are described. A simulation of coupling coefficient at different D is carried out.
This paper [16] proposes a three-phase dynamic WPT charging system with overlapped three-phase transmitter coils.The overlap length is optimized to depress the fluctuation of the output voltage. These coils are powered by a three-phase inverter to generate an even magnetic field, and a unipolar coil is employed as a receiver to simplify the coil structure of the secondary side. Based on the proposed three-phase coil structure, the output voltage characteristics of the system are analyzed in detail. The maximum system efficiency reaches 89.94%.
In most cases, the coil design is based on the classical theory and the parameters of the coils are obtained by calculations or direct measurements. However, the method has its limitation when the shape and structure of the coil is complex or the coil hasn’t been constructed. This problem can be resolved by using techniques like ﬁnite element analysis (FEA) and MATLAB simulation, as explained in the paper [17]. This paper demonstrates the use of ANSYS Maxwell in the designing of coils, cores and performing FEA analysis to ﬁnd key parameters like inductance and coupling coeﬃcient. Furthermore, the paper also discusses the use of ANSYS Maxwell in creating magnetic ﬁeld plots that give a visual representation of the magnetic lines and coupling.
The use of MATLAB Simulink in developing a FEA model of transmitter and receiver coils as well as the WPT system, providing an easy method to analyze the circuit response at various frequencies has been examined in paper [18]. The paper demonstrates the use of MATLAB in developing power electronic based WPT system models and carrying out intensive frequency response, eﬃciency analysis.
In this paper[19], the efficiencies for both the angular aligned and unaligned positions of the receiver and transmitter coils of wireless power transfer (WPT) systems are examined. Some parameters of the equivalent circuit were calculated with Maxwell 3D software. The analytical solution of the circuit was calculated in MATLAB program through the composition of the system’s mathematical modeling. The numerical solution of the system, however, was calculated using PSIM, which is circuit simulation software.
For building a hardware model of a WPT system, the most important component is the wire used to develop the coils. Conventionally, Litz wire has been used. Paper [20] has illustrated various Litz wire types, constructions and the related electrical and thermal parameters.
Authors in [21] have demonstrated the hardware implementation of a dynamic WPT system.The modelling aspects, parameter selection as well as the power converter circuitry and control strategy has been discussed. A DC-DC converter based closed loop control has been discussed as well. Furthermore, an adaptive design of receiver coil has been explained in paper [22]. The design has been compared with the conventional design and prototype eﬃciency results have been compared.
This paper[23] proposes a new analysis concept for power flow in WPT in which the primary provides frequency selection and the tuned secondary, with its resemblance to a power transmission network having a reactive power voltage control, is analyzed as a transmission network. Analysis is supported with experimental data taken from Oak Ridge National Laboratory’s WPT apparatus. This paper also provides an experimental evidence for frequency selection, fringe field assessment, and the need for low-latency communications in the feedback path.


1.3 Problem Statement

The aim of this project is to develop a Transmitter pulsation control for dynamic wireless power transfer system for maximization of efficiency and to develop it as a feasible technology in electric vehicle charging and other similar applications by analysis and implementation of the system.

Objectives:
1. To understand the basics of static wireless power transfer system and dynamic wireless power transfer system.
2. To optimize coil geometry in order to maximize efficiency and minimize power loss.
3.To analyze Transmitter pulsation scheme for a segment based dynamic wireless power transfer system to minimize loss of power.






Chapter 2
Basics of Wireless Power Transfer
Wireless Power Transfer is a technology of transmitting power through an air gap to electrical devices for the purpose of energy replenishment. In the previous chapter, the existing literature was discussed and a problem statement was prepared. This chapter discusses about different types of WPT techniques. Furthermore, dynamic WPT has been discussed in great detail, considering various aspects like system configurations, power electronic systems, etc.

2.1 Overview
Wireless power transfer methods encompass technologies such as Laser, photoelectric, radio waves (RF), microwaves, inductive coupling and magnetic resonance coupling. These technologies can be broadly categorized based on underlying mechanism, transmission range, and power rating. Based on the power transfer distance wireless energy transfer methods can be categorized into two types; near field and far field. If transfer distance is longer than the wavelength of electromagnetic wave, it is categorized in to far field technique. Laser, photoelectric, RF, microwave can be considered as far field energy transfer methods. Inductive coupling and magnetic resonance coupling based methods are regarded as near field approaches. Even though far field techniques have transmission range up to several kilometers, they suffer from the trade-off between directionality and efficiency. Frequency range of far field approaches are typically very high (GHz range) compared to near field (kHz–MHz). 
[image: ]
Fig 2.1: Wireless energy transfer [1]

Inductively, coupled near field approaches can be used to transmit high power efficiently in very near range (up to several centimeters). Efficiency of such systems deteriorates exponentially with the distance [4].























Table 2.1: Comparison of different wireless power transfer method

	Wireless charging
technique
	Advantages 
	Disadvantages
	Effective charging distance

	Inductive coupling
	Non radioactive therefore Safe for human, simple implementation
High transfer efficiency of 95% at short distances.
	Short charging distance, heating effect, not suitable for mobile 
applications, needs tight alignment between chargers
and charging devices
	From a few millimeters to
a few centimeters

	Magnetic
resonance coupling
	Loose alignment between chargers and charging devices, charging multiple devices simultaneously on different power, high charging efficiency, nonline-of-sight charging
unaffected by weather environment
	Not suitable for mobile applications, limited charging distance, complex implementation
Decrease efficiency because of axial            mismatch between Receiver and transmitter coils 
	From a few centimeters to
a few meters

	RF Radiation
	Long effective charging distance, suitable
for mobile applications
	Not safe when the RF density exposure
is high, low charging efficiency, line of-
sight charging
	Typically within several
tens of meters, up to several
kilometers

	Capacitive coupling
	High output power
For EV applications
Simple design
	Large coupling area is needed for more power transfer
	Small transfer distance of few centimeter






2.2 Dynamic Wireless Power Transfer

WPT technology can be used as a solution in eliminating many charging hazards and drawbacks related to cables. The concept of dynamic WPT enabled EVs, which means the EV could be charged while moving in a road will increase the effective driving range while reducing the volume of battery storage Fig(2.2). Not only from the consumer perspective, but also from sustainable energy point of view WPT enabled EVs are greatly beneficial.

[image: Related image]

Fig.2.2: EV dynamic WPT [3]

From the vehicle viewpoint, dynamic WPT enabled infrastructure where EVs can be charged continuously while in motion, theoretically the EV battery problem with unlimited driving range. However, employment of such system is reliant on the infrastructure development, which in turn limited by its cost. In addition, amount of the energy gained through WPT depends on the power level of the system, vehicle speed and duration that vehicle travel within the WPT enabled zone.

2.3  Dynamic EV charging approaches can be mainly categorized into two types based on transmitter array design:
a) Track based
b) Segment based (augmented type)

These are explained in detail below:

A.Track Based 
The magnetic track spans the charging area, and the Rx is charged when it moves along the long magnetic track as shown in Fig.(3) .The simple design and minimal component count allow multiple pickups along the track. While the track is able to create a substantial charging space, a relatively larger Tx track means that the Rx merely covers a small portion of the Tx[4],[1].

 [image: https://www.intechopen.com/media/chapter/51247/media/fig8.png]
Fig 2.3 :Track Based [4]


B.Segment based 
In segment based track,segments are powered by a single inverter that relies on sensors to turn ON or OFF the segments ,Which allows the individualized magnetic couplers to span the charging area and each magnetic coupler to be powered by an independent power source as shown in Fig. (2.4). [4 ],[1].

[image: https://www.intechopen.com/media/chapter/51247/media/fig9.png]
Fig 2.4: Segment Based [4]


Table.2.2: Comparison between Track Based and Segment base
	Segment based
	Track Based

	1. The electromagnetic field in the                                               uncoupled region must be suppressed to reduce exposure.
	1. Tracking of receiver coil and appropriate switching of transmitter coils must be done. Thus, a separate master controller is required to do this task.

	2. Due to the high inductance value of coil, distributed compensation capacitors are required, which in-turn increases the system complexity and cost.
	2. As multiple transmitter coils are used, the overall cost of the system increases. Also, the complexity increases due to the designing of the excitation system for these transmitter coils.

	3. The coupling coefficient is low.
	3. The separation between the transmitter coils must be optimal. A large distance between two coils will reduce the efficiency steeply. 



Conclusion:
Thus, in this chapter several types of WPT technologies were discussed and the inductive power transfer technique was considered suited for the given application of EVs. The IPT based system was described in detail considering the different power electronics based systems involved. Furthermore, dynamic WPT system was studied and the segment type technique was chosen.










Chapter 3
Mathematical Modelling and Coil Design
While the basic system descriptions were covered in the previous chapter, this chapter discusses the mathematical modelling of a WPT system. Stationary and dynamic WPT systems have been studied and mathematically modelled to evaluate the efficiency of the systems. Furthermore, in the later sections, coil designing principles have also been discussed.
3.1 Modelling of Inductive Power Transfer (IPT)
Inductive Power Transfer based systems are analogous to a loosely coupled transformer as shown in Fig. 3.1. In these systems, a transmitter coil is excited using an AC source. This generates a time varying current which in-turn creates a time-varying magnetic field,which links with receiver coil and generates EMF  in the receiver coil.
[image: ]
Fig. 3.1: Basic Inductive Power Transfer [3]
Parameters:
V1: Transmitter side supply
RL: Load Resistance
R1: Transmitter Coil Resistance
Lp: Transmitter Coil Inductance
R2: Reciever Coil Resistance
Ls: Reciever Coil Inductance
Lm: Mutual Coupling between the Transmitter and Reciever Coils
As the modelled WPT system is analogous to a loosely coupled transformer and hence can be further simplified using the equivalent circuit theory. These simplifications have been explained in the following subsections.
3.1.1 Equivalent Circuit
IPT based systems can be modelled using the equivalent circuit theory as shown in Fig. 3.2.
[image: ]
Fig. 3.2: Equivalent Circuit for IPT [3]

The circuit shows the self inductance and resistance of both primary and secondary side, also the mutual inductance of coil.

The leakage inductances are:
	
	La = Lp – Lm
	(3.1)

	
	Lb = Ls – Lm
	(3.2)

	3.1.2
	Equivalent Impedance
	

	
	

Z = (R1 + jωLa) + (jωLm||R2 + RL + jωLb)

	

(3.3)


                                   (3.4)                                          

After simplification, the final value of Z comes out to be:

	[image: ]        (3.5)                	
3.1.3 Power Transfer Efficiency
From Fig. 3.2, the Power Transfer Efficiency η can be calculated as below:
	[image: ]                                                  (3.6)
	
Applying KCL and KVL to Fig.(3.2), we have:
	

	V1 = (R1 + jωLa)I1 + (RL + R2 + jωLb)I2
	(3.7)

	Im(jωLm) = (RL + R2 + jωLb)I2
	(3.8)

	I1 = Im + I2
	(3.9)


[image: ](3.10)
(3.11)
(3.12)

According to equation 3.6 and 3.12, the power tranfer efficiency can be expressed as:
[image: ](3.13)
(3.14)
   
For a given system to maximize the efficiency,
[image: ]		(3.15)
(3.16)
Therefore, the maximum effiiciency is given as:
	[image: ]	(3.17)
The above equation gives an expression for maximum efficiency of a general WPT system. It can be observed that, for a system, the values of R, L would be fixed and the only variable parameter is the system frequency, ω. Furthermore, it can be easily deduced that to maximise the efficiency of the system, the system frequency ω must be increased to a very high value. Increasing system frequency ω increases the efficiency of the WPT system, but there are several drawbacks associated with it, which are discussed in the following subsection.



Drawbacks of Traditional IPT
1. Poor Power Factor (As ω → ∞, PF→ 0)
2. Large VA rating for Source Side Inverter due to low PF
3. Poor Efficiency
From the above analysis of an IPT system, we observe that the efficiency of the system is dependent on the source frequency and the system parameters like inductance and resistance of coils. To increase the power transfer efficiency, one method is to increase the source frequency (3.15). But as we increase the source frequency, the circuit becomes highly inductive. This leads to a very low power factor. As power factor decreases, there’s a need of a large VA rating of inverter on the transmitter side. Apart from this, another drawback is increase in the amount of copper losses.
Hence, while designing the circuit, efficiency as well as power factor should be considered. To ensure higher efficiency as well as higher power factor, modern day IPT systems use different techniques, one of them being Capacitive Compensation technique, which is explained in the following section.
3.2 Capacitive Compensation
Capacitive compensation is a method used in IPT based systems to increase the operating frequency and efficiency of the system. In traditional IPT systems, with increase in frequency, the inductance of the circuit increases. Capacitive compensation involves the addition of capacitors of appropriate values on both sides (transmitter and receiver) and the capacitor can be connected either in series or parallel. The capacitor value is chosen such that the equivalent LC circuit resonates, thus enabling the maximum efficiency for power transfer.


Based on the connection of capacitors with respect to the coils, four basic topologies are:
· Series Series
· Series Parallel
· Parallel Series
· Parallel Parallel
To ensure maximum efficiency, the source frequency is calculated using the receiver circuit’s resonant frequency. This ensures that the self-inductance of the receiver coil is fully compensated by the capacitor on this side.

3.2.1 Series-Series Resonance
Fig.	 3.3 shows the series-series topology 	forcapacitive compensation in the IPT System.
[image: ]
Fig. 3.3: IPT with Capacitive Compensation[3]
The impedances of the circuit can be calculated as
	[image: ]	   (3.18)
[image: ]
As seen from the supply side, imaginary part can be given by,
[image: ]
Therefore, the secondary frequency is given by,
	[image: ]                                                                        (3.21)
According to Eq. 3.2,
	[image: ]                                                                                          (3.22)
The primary capacitor is so chosen that impedance as seen from source side becomes purely resistive in nature. This ensures primary inverter (power source) has minimum possible VA rating. That means, supply voltage and current are in phase.
On similar lines, the value of C1 can be calculated as,

	[image: ]                                                                                       (3.23)




The values of Primary Compensation Capacitors for various topologies have been shown in Table 3.1.
Table 3.1:Values of Primary Compensation Capacitances for different
Topologies
	Topology
	Value of C1

	Series Series
	


	Series Parallel
	


	Parallel Series
	


	Parallel -Parallel
	














3.3 Modelling of the Dynamic System
A controller is present at the transmitter end to control the excitation of the transmitter coils according to the position of the receiver coils. Complexity in terms of controlling the power flow is higher in dynamic WPT.Analysis of segmented coil design can be carried out to derive most optimal design. 
[image: Image result for Equivalent circuit for 3 Transmitter 1 Receiver Dynamic Power Transfer]
Fig. 3.4: Equivalent circuit for 3 Transmitter 1 Reciever Dynamic Power Transfer
Fig. 3.4 shows a 3 transmitter WPT system system with the corresponding RLC circuit. Let the mutual inductances between the 4 circuits be as follows:
Mij : Mutual Inductance between the ith and jth transmitter coils Mrk : Mutual Inductance between the reciever coil and the kth transmitter coil
Let the mutual impedences be as follows:
Xmn = jωMmn
Applying KVL in all the four circuits we get,
	[image: ]              (3.24)
	[image: ]         (3.25)
	[image: ]           (3.26)
[image: ](3.27) [image: ]	                             (3.28)
where,
[image: ]
This is the basic modelling of a system with 3 transmitter coils and 1 receiver coil. Equation (3.28) can be used to study the system performance.










Chapter 4
Selection of Coil geometry

4.1) Introduction
Wireless power transfer has been an research area for quite a few decades and recently lot of weightage has been given to carry out advancements in the field of wireless power transfer, as it is considered to be more efficient in power transfer when compared to conventional modes of power transfer such as using cables etc. Hence there is a serious demand for WPT based applications as the technology advances. In this paper, dynamic modelling and analysis of a simple two coil type wireless power transfer module is designed using ANSYS Maxwell software and the coefficient of Mutual inductance coupling, M between two coils is dynamically calculated for a range of distance.
Hence before designing a product in real time it is modelled, simulated and analysed in a high performance efficient tool like ANSYS Maxwell.

4.2) Design of Coil

Since a minimum of  two inductive coils have to be designed for wireless power transfer to be possible. The designing of one such inductance coil is described which is called a Transmitter (Tx) and the same analogy applies for the Receiver coil (Rx) except for the reduction in dimensions. For most of the wireless power transfer applications Helix coil is preferred for Inductance coil designing .The modelling is carried out in ANSYS Maxwell electromagnetic simulation package with the time domain specification chosen as transient analysis. We know that the Inductance of the coils must be large so as to obtain better Mutual coupling, which is with reference to the Eq.(1). Hence the Mutual coupling coefficient (M) must be large for power transfer capabilities.
  
                             .....  (4.1)                                                
Various coils structures have been designed and analysed in literature, out of which the planar spiral coil design has been studied extensively. The Fig. 4.1 shows a typical diagram of a spiral coil planer inductor. This type of coil geometry provides an excellent horizontal misalignment tolerant, making it extremely useful in application pertaining to EVs and related devices.


[image: ]
Fig. 4.1: Planer Coil Geometry

Using numerical analysis, we can get an approximate expression for the  value of self-inductance of a planer spiral coil, as given below

                .... (4.2)
Where,
µ - relative permeability, N - number of turns, davg  - Average diameter of the coil , σ- Packing Factor
We also have,
              davg                     …..(4.3)

The above  expression  gives the approximate value of self-inductance of a coil as a function of geometric parameters like diameter and number of turns.
Using this analytical expression, we can calculate the values of inductances for coils with different physical dimensions. 





4.3) ANSYS Maxwell Simulation

The analysis of the IPT based stationary and dynamic power transfer has been done and the transmitter and receiver coils design has been studied.
To analyses the results, the complete system has to be developed in the software environment and simulated. This chapter discusses various simulations that were carried out using software like ANSYS Maxwell.
ANSYS Maxwell Software was used to carry out finite element analysis for coils of various sizes geometries and arrangements. Using ANSYS Maxwell key parameters like inductance of coil, coupling coefficient of the system were calculated. Considering the values of the coil cross sectional area, inner and outer diameter obtained in the previous chapter, various spatial simulations were carried out in ANSYS Maxwell. The parameters that were varied were separation between the transmitter coils and the distance of the receiver coil from the transmitter coils. Considering a typical EV charging application and optimum coil dimensions, the coil thickness was fixed to 6mm diameter, stranded wire. Besides this, the coil size was fixed to 70cm as outer diameter. Keeping the above mentioned basic parameters constant, different models were built in ANSYS Maxwell Electromagnetic 3D environment and finite element analysis was performed for analysing mutual inductance and coupling coefficient (k).

Different Coil Geometry:

Different coil geometries were simulated in ANSYS Maxwell to analyse their coupling coefficients and flux linkage values. Spiral Planar, Helical and Spilt Square geometries were simulated.

A) Spiral Planar Geometry:

For Spiral Planar Geometry shown in Fig. 4.2
1. Coil Inner Diameter = 25cm
2. Coil Outer Diameter = 70cm
3. Number of Turns = 10cm

                                       [image: Description: G:\1Tx dis0\0.JPG]
Fig. 4.2: Planer coil


Results:
                 Self inductance is 78.641µH
                 The coupling co-efficient was found to be 0.52865 
                 Mutual Inductance is 43.007µH
  

B) Inverted Helical Geometry:

For Inverted Helical Geometry shown in Fig. 4.3(a)
1. Coil Inner Diameter = 25cm
2. Coil Outer Diameter = 70cm
3. Number of Turns = 10cm
4. Vertical Height change = 5cm


                        [image: ]

Fig.4.3(a): Helix coil Geometry



                              [image: Description: G:\helix200\helix200 height.JPG]

Fig. 4.3(b): Inverted Helix coil and its magnetic field B




 Results:
               Self inductance is 71.381µH
               The coupling co-efficient was found to be 0.3051
               Mutual Inductance is 21.786µH


C) Helical Geometry:The helix coil geommetry is shown in Fi.4.4(a)

               [image: ]
     Fig. 4.4(a): Helix coil geometry

                          [image: ]
         Fig. 4.4(b): Helix coil and its magnetic field B


Results:
              Self inductance is 78.389µH
              The coupling co-efficient was found to be 0.31418
               Mutual Inductance is 24.641µH
 

D)Rectangular Planar Geometry

For Rectangular  Planar Geometry shown in Fig. 4.5
1. Outer Sides = 70 cm
2. Number of Turns = 10cm
3. Starting point = (0,0,0)
                                        [image: ]
          Fig. 4.5: Rectangular coil geometry

Results:
               Self inductance is 0.70464µH
               The coupling co-efficient was found to be 0.06821
               Mutual Inductance is 0.048µH


D) Split square (Transmitter coil) geometry

For Split Square  Geometry shown in Fig. 4.6(a)
1. Coil Inner Diameter = 5cm
2. Coil Outer Diameter = 35cm
3. Number of Turns = 15
4. Number of Split Transmitter Coils = 4
5. Number of Receiver Coils = 1

                  [image: Description: C:\Users\acer\Desktop\B.TECH  PROJECT\4coil-squre.png]
Fig. 4.6(a): split square geometry


[image: ] 
Fig. 4.6(b): flux density of split square geometry

Results:
              Self inductance is 233.46µH
             The coupling co-efficient was found to be 0.0294
              Mutual Inductance is 3.9594µH




E) Spilt square geometry(both coil): The split coil geometry of both receiver and Transmitter coil shown in Fig.4.7(a).

     [image: Description: G:\model4R&D.png]
                                    Fig. 4.7(a): spilt square geometry for both coils

  
        [image: Description: G:\field.png]
Fig. 4.7(b): flux density spilt square geometry for both coils




Results:
Self inductance is 204.69µH
The coupling co-efficient was found to be 0.319
Mutual Inductance is 59.815µH




4.4) Conventional Stationary WPT System:

Before going to complex dynamic WPT systems, first, a simple stationary WPT system was simulated. With given parameters, the transmitter and receiver coils were modelled in ANSYS Maxwell. For increased computational speed, a rectangular helical planer coil was used with 36 segments instead of a perfect circular coil .The Fig. 4.8(a) how the modelled system and the magnitude of magnetic field B for this system.
A simple stationary WPT system was modelled with below mentioned Parameters :
1. Coil Inner Diameter = 25cm
2. Coil Outer Diameter = 70cm
3. Number of Turns = 10
4. Coil Width = 6mm
5. Coil Material = Copper
6. Separation = 10cm



[image: Description: G:\model.JPG]
Fig. 4.8(a): Model of Stationary WPT System (planer coil)


               [image: Description: G:\1Tx dis0\Capture.JPG]
Fig. 4.8(b): Magnetic field B in stationary WPT


Table 4.1 : Values of Inductances using ANSYS Maxwell
	Receiver  inductance(µH)
	Mutual inductance(µH)
	Transmitter inductance(µH)

	          78.641
	              43.007
	        78.641




Using ANSYS Maxwell matrix calculator, inductance of the 2 coils and the mutual inductance was calculated. The table:4.1 shows the obtained value .The Fig. 4.8(b).  shows the magnitude of magnetic field B at various points in the form of isothermal curves. Each color represents a value of B, with blue being the least value and red the maximum value of B. As it can be observed, maximum flux is linked in the central region of the coils. Additionally, at the edges, there is cancellation of flux due to negative interference.


1)Varying Receiver Number of Turns

After the basic simulation, the number of turns of receiver coil were increased while keeping the outer diameter constant. The model was simulated and inductances and coupling coefficient were found.

Table 4.2: Values of Inductances for 15 turn WPT system
	                    10 turns
	                         15 turns

	                0.5218 (K)
	                      0.5765 (K)

	               43.007 (µH)
	                     75.042 (µH)



As it can be observed, the change in number of turns increases the values of inductances but there is very little variation in the value of coupling co-efficient. A larger value of inductance is not suitable as it calls for a higher value of compensation capacitor.

Conclusion: With increasing number of turns, it is observed that mutual inductance increases.












2)Varying pitch of Coils:

i. Increasing pitch :The coil pitch increased by 5mm shown in Fig.(4.9).

                         [image: Description: F:\Capture11.JPG]

  
                       Fig. 4.9: Pitch increasing continuous by 5mm
Results:
Self inductance is 31.168µH
The coupling co-efficient was found to be 0.3619
Mutual Inductance is 10.512µH


ii.  Decreasing pitch ;

             [image: Description: F:\Capture22.JPG]
Fig. 4.10: Pitch decreasing continuous by 5mm

Results:
              Self inductance is 48.397µH
              The coupling co-efficient was found to be 0.3036
               Mutual Inductance is 13.872µH

Conclusion: In either case of varying pitch, the mutual inductance decrease slightly.


                                       Table 4.3: Different pitches of the coil
	
	Pitch 30mm
	Pitch 45mm
	Pitch 60mm

	Self  inductance       (µH)
	47.853
	78.641
	46.036

	Mutual inductance  (µH)
	13.865
	43.007
	12.548

	Coupling co-efficient (K)
	0.3054
	0.52865
	0.28565




Conclusion: Of the given simulated pitches 45mm pitch is optimum.

2) Varying thickness of the wire

Table 4.4: Different thickness of the coil conductor
	
	Thickness 4mm
	Thickness 6mm
	Thickness 10mm

	Self inductance(µH)
	          83.048
	        78.641
	        76.881

	Mutual inductance(µH)
	          41.865
	        43.007
	       42.292

	Coil Coefficient(k)
	          0.4888
	       0.52865
	       0.5500



Conclusion: With increasing thickness mutual inductance is shown to decrease but its coil coefficient increase.



4.5) Dynamic WPT Simulation

After simulating a stationary WPT system, simulation for dynamic WPT system was carried out. In this simulation, a parametric analysis was done to analyses system parameters at different positions of receiver coil as it moves along the Y-axis. Fig. 4.11 show the parametric analyses results where the value of coupling coefficient of the system at various receiver position has been plotted.

Table 4.5: Value of Coupling Coefficient  for different coil displacement
	             Sr. No.
	Displacement (cm.)
	Coupling Coefficient

	                    1
	                  0
	                  0.5218

	                    2
	                100
	                 0.4974

	                    3
	                200
	                 0.46106

	                    4
	                300
	                 0.3733

	                    5
	                400
	                 0.2736

	                    6
	                500
	                 0.1870


         





Fig. 4.11: Plot of coupling coefficient versus distance






Conclusion: With decreasing distance between the coils, mutual inductance increases.As we can observe in Fig. 4.11, the value of coupling coefficient around  the point Ydis =0 mm is maximum. Furthermore, the value goes on reducing on either sides, reaching a minimum on both sides. Having a bell curve like shape, the Fig. 9 indicates the nature of coupling in a dynamic WPT system and aides in the development of the switching algorithm.In this simulation, the dynamic WPT system with 1 transmitter coil was analyses. This was further extended to 3 transmitter coil WPT model as illustrated in further sections.

4.6) Simulation of Dynamic WPT with 3 Transmitter coils

After simulating a stationary WPT system, simulation for dynamic WPT system was carried out. In this simulation, 3 transmitter coils and one receiver coil were modelled. Further, a parametric analysis was done to analyse system parameters at different positions of receiver coil as it moves along the Y-axis.
       [image: Description: G:\3Tmodel\3Tmodel-dis0.JPG]
Fig. 4.12: shows the modelled dynamic WPT system.
 
With 3 transmitter coils and a receiver coil, the system has been modelled such that the receiver coil moves over the transmitter coils, while value of key parameters like inductances has been calculated at different points over that path. Fig. 4.12 shows the magnitude of magnetic field B plotted in the form of isothermal curves. This Fig. pictorial represents the coupling between the transmitter and the receiver coils, and helps understand the nature of coupling, along with points of maxima and minima.
        [image: Description: G:\3T dis750\Capture.PNG]
Fig. 4.13 :Magnetic field B of 3 Transmitter WPT system

The Fig. 4.14 shows the parametric analyse results where the values of mutual inductance of receiver coil with both the transmitter coils individually has been plotted.



      
Fig. 4.14: Plot of Mutual inductance versus distance of 3 Transmitter WPT system

As we can observe in Fig. 4.12, the value of mutual inductances around the point Ydis = 0 mm is negative.
This negative value is due to negative interference in between the fields of the two transmitter coils. The negative M value indicates that the receiver coil is now supplying current to the transmitter side coils, a situation that is not favourable in a dynamic WPT system.

CONCLUSION:

From all the ANSYS MAXWELL simulations for coil design
A spiral planar coil of uniform pitch of pitch 45mm is most optimum design choice with wire thickness 6mm and no. of turns 10.
  



























4.7) MATLAB Simulation:

Besides ANSYS Maxwell, MATLAB is another useful software for the
purpose of simulations. While ANSYS has been used extensively for carrying out electromagnetic simulations and finite element analysis, MATLAB is important for performing electrical simulations on the equivalent circuit.Different simulations were carried out on both stationary as well as dynamic. WPT system, using Simulink and SimPowerSystems toolbox.

Stationary WPT Simulation:
The stationary WPT system was modelled in MATLAB Simulink using the Sim Power System toolbox. Fig. given below shows the model that was developed in MATLAB Simulink.

[image: ]
Fig.4.15 MATLAB Simulink Model of Stationary WPT System

The source was considered to be HF source with frequency of 15kHz and peak voltage of 36V, with appropriate compensation capacitors. The system efficiency was calculated using the obtained values of input
and output power.


Dynamic WPT Simulations:
The results obtained using Simulink and SimPowerSystems toolbox for
stationary WPT system were acceptable and hence this model was extended for dynamic WPT model. In order to simulate a system with changing mutual inductance in the SimPowerSystem component, the stationary model was repeated a number of times with different M values, connected to a common sources via circuit breakers. The circuit breakers were programmed such that only 1 circuit breaker was ON at a time and the switching was similar to the actual variations in the mutual inductance values. To perfectly interface with the ANSYS Maxwell result, a Simulink model was developed with 7 repeated units and circuit breakers.


[image: ]
















                             
Fig.4.16 Simulink Model of Dynamic WPT system using circuit breakers


                                         
[image: ]                       

Fig.4.17 Dynamic WPT Model Result for 1 Block

As we can see in the Fig., every block will have an output similar
to the first block in different time instants.
Use .mat file to store the data of oscilloscope then write a program to plot these graphs.
[image: ]Using this model, the efficiency of the system at different positions was found. Fig. shows the plot of efficiency and coupling coefficient with change in position of receiver coil for a single transmitter coil model.
Fig.4.18 Efficiency and Coupling Coefficient Values for Dynamic WPT Model


The Fig. shows that the efficiency remains constant for a misalignment of around 50 percent on both the sides of the transmitter coil. Furthermore, the efficiency falls sharply with further reduction in coupling. This graph gives us important insights into the switching algorithm that can be employed while designing a dynamic WPT system to achieve higher efficiencies.



Conclusion
Thus, different models with various coil geometries, parameters were
simulated in ANSYS Maxwell and MATLAB Simulink. The results obtained will be used in the prototype development.




CHAPTER 5
TRANSIENT ANALYSIS & TX PULSATION CONTROL 

5.1) Introduction
In this chapter, the transient analysis of the series–series (S–S) compensation circuit D-WPT system is derived. The analysis will be used as the basis for the proposed control algorithm in the next section.

5.2) Circuit Analysis
The S–S compensation circuit given in Fig..5.1 is used in this work, where capacitors (C1 and CR) are connected in series with the respective coils at both the transmitting and receiving sides.
                    [image: ]
Fig..5.1. Series–series compensation circuit

The S–S compensation circuit is used because the compensation capacitance required for both Tx and Rx is independent of the coupling. Assuming that the coils’ skin and proximity effects are included in the respective coil resistances (R1 and RR) and the coils are mutually coupled (M),
the system matrix in the frequency domain becomes
  
           ……..(5.1)                                                                                                                                                                                                                                        
                                                                                                                                                                                
where s = jω.
The coil-to-coil efficiency can be derived from (eq 5.1) to be  


                                                                                                             ……………. .(5.2)                                      

Where, ω0 is the resonance frequency of the WPT system.

As we know coil-to-coil efficiency decreases as the coupling decreases. This can be attributed to the rise of input power, which, in this case, is the input current, as the setup is powered by a constant voltage source.Therefore, the input current can be used as a control parameter for estimating the coupling coefficient.In order to investigate the input current, the steady-state and transient components of the input current i1 are derived from (eq 5.1). As the aim of the analysis is to study the transient response and not the coil efficiency and to ease derivation and computation, R1 and RR are neglected to simplify the analysis.
Hence,

                    [image: ]                          ………    (5.3)    
                                                                [image: ]     …….…….   (5.4)
[image: ][image: ](5.5)


Where
              [image: ] 
From (eq.5.4), the time domain of the steady-state component can be represented as
           [image: ]                   ……………5.6

However, as (eq. 5.5) does not have radical factors, the numerical expression of the transient component in time domain is
        [image: ]..5.7


5.5) Current Limits

In this section, we will derive the current limits (i1−ON and i1−OFF) and time t1 to differentiate between the two current limits. In order to determine the current limits, the cutoff coil-to-coil efficiency has to be defined. Using the predefined cutoff coil-to-coil efficiency ηmin, the minimal mutual inductance Mmin can be derived from (eq 5.2) to be


                                                                                                ………..(5.8)                                              

The key parameters in this control scheme are the switching ON and OFF input current limits, i1−ON and i1−OFF, which are calculated from (eq. 5.7) based on the minimal coupling kmin. 
                        [image: ]  …….. ( 5.9)
                      [image: ]         ….5.10

Where 
              [image: ]
The difference between the two current limits is that i1−ON may contain overshoot during its transient response compared to i1−off , which only consists of the steady-state component.
At lower couplings, the two current limits are similar but when a higher cutoff coupling is chosen, the disparity between both current limits increases.

Next, to differentiate between the two different current limits, we define t1 as the time for the input current i1 to reach its transient peak, and Fig. 5.2 shows the numerical solution of t1 against the coupling coefficient.
                 [image: ]
Fig..5.2. Time (t1) of the input current’s maximum amplitude versus coupling coefficient.

 The selection of t1 will affect the integrity of the proposed control scheme. If minimum values of t1 are used, the two current limits will not be properly differentiated, and the control scheme might be erroneous. Therefore, to differentiate between the two current limits in (eq 5.9) and (eq 5.10), the highest t1 according to kmin must be selected and doubled, so that the rising and falling times during the transient period are accounted for, thereby ensuring algorithm reliability

5.4) Control Algorithm

A flowchart detailing the process of the proposed control algorithm flowchart is given in Fig. 6. At the start, we have to define the cutoff coil-to-coil efficiency for the respective current limits according to (eq 5.9) and (eq 5.10). Basically the operation of the proposed control scheme is as follows: the Tx is being powered ON briefly and only when the Tx and Rx are not within proximity (i1−ON will be exceeded), then Tx will cease to operate and will restart again, depending on the pulse frequency. If both Tx and Rx are within proximity (i1−ON will not be exceeded), then Tx will continue operation. When the Rx remains within the proximity of Tx, the Tx will continue operation but when the Rx moves further away from the Tx (i1−OFF will be exceeded), the Tx will be turned OFF. The time differentiation between the two current limits t1 is crucial for the proposed control scheme to maintain correctness. The pulse frequency (or its period Tpulse) is an important variable of this control algorithm as it determines the time that the WPT system starts up after being switched OFF. A flowchart detailing the process of the proposed control algorithm flowchart is given in Fig.5.1



[image: ]Fig.5.3 Proposed control algorithm flowchart.





















Chapter 6

Fabrication of Prototype 

For this purpose, we have designed the coil prototype. The dimensions of the coil are

1.Diameter of coil =180mm
2.No. of Turns = 20
3.Coil width= 1.02363mm
4.Coil Material=Super enameled copper

To wound the coil in exact shape, PVC pipe piece having 180 mm is used and fixed it with adhesive.
The coil were made using super enameled copper of 18AWG (1.02363mm) suitable for high frequencies of 1Mhz.

[image: F:\IMG_20190517_110354_HDR.jpg]

Fig.6.1 Coil Prototype


Furthermore, the coil inductance is measured  with LCR, the value obtained is 132.5µH.
The compensation capacitance is found with the help of inductance value,and calculated capacitance is 211.6pf.Then the circuit is tuned at resonant frequency 1MHz with CRO.

[image: D:\Downloads\IMG-20190516-WA0002.jpg]
Fig.6.2 Static WPT

[image: ]

Fig.6.3 Circuit tunning with CRO


Moreover, the transmitter coil is given supply with pulse generator circuit and LED is used for power indication of each transmitter coil.
[image: ]
Fig.6.4 Pulse Generator circuit

Pulse generator circuit is used to get sine waveform at required frequency, the circuit connection for generating a sinusoidal output from the XR-2206 is shown in Fig.6.2. The potentiometer, R1 at Pin 7, provides the desired frequency tuning. The frequency of oscillation, fo, is determined by the external timing capacitor, C, across Pin 5 and 6, and by the timing resistor, R, connected to either Pin 7 or 8. The frequency is given as:
[image: ]

and can be adjusted by varying either R or C.








6.1 Circuit Parameters:

In hardware implementation, the circuit has parameters as given in Table.6.1
Table.6.1 Parameters of coil and their values
	Parameters
	Value

	V
	20 v P-P

	L1 and L2
	132.5µH

	C1 and C2
	211.6pf

	R
	0.3 ohm




6.2 Hardware :

In hardware prototype for LED load of 12W, high frequency power supply is used. With 1MHz of operating frequency compensation capacitor found for both transmitter and receiver coils.

Additionally, Arduino Uno is used for transmitter coil switching by sensing receiver coil position with the help of magnetic sensor incorporated with microcontroller.A magnetic sensor is a magnetic switch that shorts in presence in magnetic field as shown in Fig.6.5
[image: ]

Fig.6.5 Hardware circuit diagram

[image: ]
Fig.6.6 Implemented prototype
[image: ]
         Fig.6.7 flowchart for control Tx supply 
The transmitter coils are placed apart 30cm. Efficiency of the system drops below 30% if the receiver coil goes beyond 10cm from the center of the transmitter coil. Hence to achieve an efficiency of above 30% the receiver coils should be within 10cm of the center of transmitter coil. For this the sensor are placed at these (20cm between them) distances so the transmitter only operates when receiver coil is within this space essentially saving power and increasing overall efficiency of the system. The sensor are switches that short in presence of a strong magnetic field. This magnetic field is provided via a magnet attached to the receiver. The sensor while shorting sends a high pulse to Arduino which using its control algorithm incorporated in it sends pulse to respective relays to switch on/off depending on the control algorithm. The transmitter LEDs are provide to indicate whether the respective transmitter switches on in presence of a receiver nearby.

Conclusion: The prototype development was discussed in this chapter along with several design parameter, different circuit topologies and design constraints.




















Chapter 7
Results And Conclusion 

7.1 Results

This section have been compiled with the hardware results

7.2 Conclusion
In this project, various designs, geometries as well as different configurations for the transmitter and receiver coils were modelled. ANSYS MAXWELL was used to carry out these simulations involving finite element analysis. The results obtained using these simulations were used to develop the hardware model and the development of the dynamic WPT system. Furthermore, parametric analysis was carried out to simulate a dynamic WPT system. These simulations were used to develop the single transmitter coil switching algorithm for efficient and robust dynamic WPT system. A magnetic sensor is a main part of control scheme it detects the receiver shorting in presence of magnetic field created by magnet attached to the receiver coil




7.3 Latest Innovations and Future scope


1.The Government of Israel is collaborating with the Israeli start up ElectRoad to install a public bus route in Tel Aviv, using an under the pavement wireless technology that can eliminate the need for plug in recharging stations.

2.Solar Roadways hoping to build solar powered roads that will provide not only power but can be controlled remotely.

3.US federal government planned to establish 48 charging stations(corridor) in collaboration with Tesla.




1. Solar Power Satellite 
 Satellite with solar panel is used to capture maximum amount of solar energy from the sun in the space. Satellite consists of microwave transmitter which is used to convert power into microwave for transmission.

2. Wirelessly powered home appliances
In future there will be a transmitting device inside home that will transmit power to all the home appliances such as Television, Laptop, Lamp, Iron, Sound Box, Fridge, Mobile etc.

3. Wirelessly powered smart city
We can use power from power station without wire through transmitter and receiver. Transmitter transmit electricity from power station and a receiver receive the power and supply the power between houses, cars, trains, offices even emergency areas where wired technology is impossible to set up.
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