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Abstract

:

Within the past decade, since impediments in nonrenewable fuel sources and the contamination they cause, utilizing green energies, such as those that are sun-oriented, in tandem with electric vehicles, is a developing slant. Coordinating electric vehicle (EV) charging stations with sun-powered boards (PV) reduces the burden of EV charging on the control framework. This paper presents a state-of-the-art literature review on remote control transmission frameworks for charging the batteries of electric vehicles utilizing sun-based boards as a source of power generation. The goal of this research is to advance knowledge in the wireless power transfer (WPT) framework and explore more about solar-powered electric vehicle charging stations. To do this, a variety of solar-powered electric vehicle charging station types are thoroughly studied. Following a study of many framework elements, the types of WPT components are explored in a different section. Within the wireless power transmission framework for solar-powered electric vehicle charging, compensators and various coil structures are also investigated, along with the advantages of each coil over the others. This study also discusses the use of artificial intelligence (AI) in WPT frameworks and highlights the important aspects of developing an AI model.






Keywords:


wireless power transmission; electric vehicle charging; photovoltaic system; artificial intelligence; solar energy












1. Introduction


Due to the growing demand of consumers worldwide, the need for electricity generation has increased [1]. At the same time, rising natural gas prices and regulatory emphasis on limiting greenhouse gas emissions have increased the cost of generating electricity using fossil fuels [2]. Because of this, there has been an increase in the usage of alternative energy sources for providing electricity, such as the solar power produced by solar systems. Utilizing EVs is another action to take to reduce air pollution. However, it needs to be taken into account that they only go a short distance on a single charge. Electric vehicles require charging stations for their batteries, as was previously mentioned. The most common and secure method of charging an electric vehicle is with a wire connected to the grid; however, the focus of this article is on the use of renewable energy sources, such as solar power, as a power generation source for wireless power transfer (WPT) technology. To avoid the drawbacks of using cables for charging, WPT can also be employed [3,4]. The structure of the charging stations, as well as their problems and potential solutions, are discussed in the following.



Figure 1 illustrates the general state of charge of an electric car wirelessly using a photovoltaic panel [2]. Solar cells and the controller section are two of the most crucial parts of the charging station. It is not feasible to obtain the maximum power from the solar panels at the output, due to weather conditions, shadows, the location of the sun according to the solar panel, and other variables. However, we can obtain and transmit the maximum power from the solar cells to the output by using maximum power point tracking (MPPT) algorithms.



The Perturb and Observation (P&O) method, which compares the voltage and current in every moment and the moment before and chooses the optimal value, is one of the most common and straightforward approaches in this subject. Another important component is converters, which can change the voltage level to the desired value. It falls into two broad groups, DC–DC and DC–AC converters, both of which are important. The best and most widely used converter is the buck/boost converter.



As previously mentioned, the losses that impact the system’s efficiency are the main problem with power transmission; hence, several resonates are utilized to create resonances, and the best of them is LCC resonance. Using various coil structures—which can be referred to as a circular structure, instead of the standard ones—is another technique to increase system efficiency, and after performing the above process, we can raise efficiency up to 90%. After transferring power to the secondary coil, an alternative voltage, that is, DC, is required. To accomplish this task, due to the high-frequency system, a high-frequency rectifier is required. Next, the voltage must be changed to a suitable voltage for the energy storage used in EVs. For EVs, lithium-ion (Li-ion) is frequently used, as it has a higher power density than lead-acid or nickel-cadmium rechargeable batteries. A DC–DC converter can be employed to do that. We can then wirelessly charge EVs using a solar panel after completing this method. Solar energy and electric cars may be utilized to minimize air pollution, which is a highly serious issue in recent years, owing to air pollution and the limited supply of fossil fuels [5]. Additionally, due to their limitations in storing energy and traveling short distances, electric vehicles need charging stations to be able to provide the energy required for electric vehicles to travel long distances. There are many ways to charge an electric vehicle, known as AC and DC charging modes [6]. Table 1 summarizes the types of charges available for electric vehicles. Since there are several sorts, each of which needs cables and unique converter heads to charge, technology has advanced to the point where it is now possible to transmit electricity wirelessly, as is covered below.



Here, the induction wireless power transmission mode—which has issues, such as power losses—is investigated for charging all-electric vehicles, in order to do away with various types of cables and unique converter heads. The properties of various resonants are holistically discussed in [4], and for gaining the maximum power output from the solar panel, MPPT is employed (one of the simple and efficient method is P&O [8]).



This article focuses on analyzing the methods and techniques required to wirelessly transmit power for electrical cars that use solar energy as a clean energy source. The objectives of the research are as follows:




	
The article begins with a discussion of photovoltaic systems, looking at grid-connected and off-grid options, and then looking at maximum power point tracking to maximize the amount of electricity generated by solar panels. This study also investigates energy storage to determine the best type of storage to save energy and minimize losses.



	
The study will explore several wireless power transmission techniques, including static and dynamic stations, to identify the distinctions and benefits of each station.



	
The paper will discuss coil structures to take into account the optimal and efficient structure for coils to prevent power loss, as well as to maintain safety due to magnetic waves, which are harmful to people. By reviewing these structures, the paper hopes to increase the efficiency and reliability of power transmission.



	
The evaluation of artificial intelligence applications used in WPT, whose primary objectives are to speed up computation, identify faults, and improve efficiency, is the last target of this article.








The architecture of the paper is organized as follows: Section 1 represents an introduction of wireless charging for electric vehicles utilizing solar cells. Section 2 discusses the fundamentals of the photovoltaic system and its components, as well as the various types of electric vehicles. The types of wireless power transmission, types of coil topologies, and their outcomes will all be covered in this section, as well. Section 3 will describe the use of artificial intelligence in WPT systems, along with the key factors that go into creating an AI model. We will review, wrap up, and make suggestions for further research in the fourth session. The final section will present the conclusion.




2. Wireless Charging Station for Electric Cars Using Solar Energy


In general, all types of charging stations will be divided into two distinct categories: static and dynamic. However, first, a look at solar systems is had before discussing different kinds of charging stations.



2.1. The Solar Power Generation System


According to Figure 2, a solar system has three primary components, and an energy storage system would make it four if we included it:




	
Photovoltaic array;



	
DC–DC converters;



	
MPPT system;



	
Energy storage system.








2.1.1. Photovoltaic Systems


The phenomenon by which the radiant energy of the sun is converted into electricity without the use of mechanical mechanisms is called the photovoltaic phenomenon. In general, photovoltaic systems are classified into two groups, according to their application: grid-connected units and off-grid units.



Photovoltaic Systems Connected to the Grid


In a grid-connected system, electricity generated from solar energy will be injected into the national grid. Photovoltaic systems connected to the national grid are centralized or decentralized to strengthen the national grid and prevent electrical pressure on power plants during the day, and more details about PV market could be found in [9]. The advantages of this system include easy installation and setup, high efficiency, and no need for complex peripherals. Figure 2a shows a grid-connected photovoltaic system. Typically, this system does not require a battery to store electrical energy, but sometimes, energy storage devices, such as batteries, are utilized to improve network reliability. Therefore, the grid-connected systems of global electricity can be classified into two groups, with a storage system and without a storage system [10].




Grid-Independent Photovoltaic System


The off-grid system is illustrated in Figure 2b. In unfavorable weather conditions, it is necessary (or required) for the energy storage system to be able to feed the entire load of the system for several days. These devices are typically utilized in places where there is no access to the national power grid or where it is expensive to connect. For example, in mountainous telecommunication bases, nomadic areas, rural cottages, and to meet the electrical needs of areas that do not have a national electricity grid in general, a grid-independent photovoltaic system can be used [11]. The conceptual foundation and environmental impact of PV systems are covered in further depth in [12,13].





2.1.2. DC–DC Converter


Converters play a major role in the photovoltaic system, which is responsible for changing the voltage and current to the expected value. DC–DC converters can be divided into two types of reducers and boosters [14]. The aid commands the switches to turn on and off, and the circuit operates to reach the expected voltage level. Figure 3 represents the electrical circuit of the buck converter:



As mentioned in Figure 3, the circuit has a duty cycle that is obtained from the following equation:


  D =    T  o n      T  o f f     =    V O     V  i n      



(1)




in which    T  o n     is the time for the switch to be on,    T  o f f     is the time for the switch to be off,    V O    is the output voltage, and    V  i n     is the input voltage.




2.1.3. Maximum Power Point Tracking Methods


The non-linearity of the solar cell output characteristic, as well as the fluctuation of light radiation and even cell temperature, are some of the problems that hinder solar panels from operating at their maximum power point. As a result, a system for controlling solar cells must be taken into consideration. This system should not only position the solar cell at its best working point, but should also be able to continuously track the maximum point of the system’s maximum transmission power in the event that this point changes due to the weather conditions and position the solar cell there. This type of continuous following is called the maximum transmission power. The task of the MPPT algorithm is to find the actual maximum power point and track it. It should be noted that, in some cases, especially in conditions of non-uniform radiation, several local maximum points may occur; but there is only one real maximum point. Different ways have been suggested to pursue maximum power [15]. There are two types of algorithms for MPPT, including conventional and intelligent. One of the most widely used conventional methods that has been considered in this research is the perturbation and observation method, and one of the intelligent algorithms of MPPT is fussy logic [16].



Perturbation and Observation Method (P&O)


The basis of this algorithm is to create a disturbance in the operating cycle of the electronic converter of power and consideration and its effect on the output voltage of the array (PV) (Figure 4). Disturbance in the power cycle of the electronic power converter will lead to disturbance in the current of the PV array and, consequently, the disturbance of the voltage of the solar array.



If we are on the left side of the MPPT, increasing the voltage causes an increase in power, and vice versa, if we are on the right side, increasing the voltage causes a decrease in power (Table 2).



According to the table, and according to this algorithm, if an increase in power is observed, the perturbation should stick in this path to reach MPP, and if the power falls, the perturbation should be in the opposite direction. This process should be repeated over and over until we reach MPP [18]. One of the problems with the P&O algorithm is that it does not perform well in the face of rapid climate change. This is shown in Figure 5. In constant weather conditions, changes A in PV voltage, move the working point to B, and due to the fall in power, the disturbance signal is reversed. In this case, the radiation level is increased, and the curve is transferred from P1 to P2 in the same time interval. The working point is shifted from A to C, an increase in power is observed, and the perturbation continues in this direction. Therefore, the working point moves far away from the MPP point, and if the radiation level increases, the algorithm diverges [19].



However, the P&O algorithm to extract the maximum output power of the solar panel might be a significant and effective method, among the numerous methods of maximum power tracking, due to its simple algorithm, high reliability, and quick tracking [20]. For a better understanding of the P&O method, the flowchart of this method is shown in Figure 6.




Fussy Logic (FL)


Using FL for MPPT prepares several benefits. A number of them are to track the MPP with high precision, not be influenced by disruption of the inputs, and work independently and unpredictably [21,22]. The FL algorithm includes three steps. In the first step, fuzzification, numerical data are converted into linguistic values with the help of the membership function. There are five levels: Z (zero), NS (negative small), PS (positive small), NB (negative big), and PB (positive big) [23]. The FL method inputs generally contain functions that express the error (E) and change in error (ΔE); questions are given below:


  E =   P p v  ( t )  − P p v    (  t − 1  )    V v p  ( t )  − V v p  (  t − 1  )     



(2)






  Δ E  ( t )  = E  ( t )  − E  (  t − 1  )   



(3)




where   P p v   is the output power of the PV panel,   V v p   is the voltage of the photovoltaic panel, E is the error,   Δ E   is the error difference, and t is time.



In the second step, the rule table, inputs are processed and a decision is made. In the last stage, defuzzification, linguistic data is converted to clear data [24].





2.1.4. Energy Storage


Storages may be utilized as a component of a photovoltaic system to supplement solar energy during times of low solar output or at night. Storages are also used as batteries in electric vehicles to power the car. There are different types of storage devices, which we see in Figure 7, comparing the life and efficiency of storage devices [25].



As can be seen, the best types of energy storage are lithium-ion batteries and supercapacitors, which have been used recently in [26] and [27]. Lithium-ion batteries, as one of the storage unit types, are usually employed in electric vehicles as energy storage and power supply, which have advantages such as low volume, high durability, and good efficiency.





2.2. Wireless Electric Vehicle Charging Systems


2.2.1. Static


The static wireless electric vehicle charging systems (WEVCS) initial arrangement is represented in Figure 8. Additional power converters and circuits are installed together with the primary winding beneath a road. Typically, the secondary coil or receiving coil is positioned underneath the EVs, either in the front, back, or center. The received electricity is converted from AC to DC using a high-frequency rectifier and transferred to the battery bank. Due to some safety issues, the controller and battery management systems are employed to get feedback from the system. The amount of power coming from the source, the size of the charging pad, and the space between the two coils all affect how long it takes to charge. We can install static-WEVCS in parking’s, garages, homes, commercial buildings, and shopping centers, with an average distance of around 150 to 300 mm between light electric vehicles [28,29,30,31]. This kind of wireless charging station is seen in Figure 8; a solar power plant has been set up nearby that uses MPPT technology to boost power output. Because the energy generated by solar panels is DC, it must be converted to AC for wireless power transmission. A converter is needed to change the system’s electricity from DC to AC, so that the car can be charged. The output of this converter is given to a compensator to increase efficiency. Another compensator is placed in the receiver coil. A compensator is employed to minimize the phase between the voltage and current, as well as to minimize the reactive power in the system [4,32]. In fact, a compensator is needed to increase the efficiency and useful transmission power [33]. In addition, a rectifier converter is placed to convert AC to DC electricity to charge the electric vehicle battery (recent developments with rectifiers can be found in [33]).




2.2.2. Dynamic


Plug-in or battery electric vehicles (BEVs) suffer from two major problems—cost and range. To increase the range of distance with fully charged electric vehicles, they must be charged continuously or often need to install a larger storage unit (which leads to additional problems such as cost and weight). Additionally, a common charging method for EVs is not cost-efficient; so, for the problem, we can use a dynamic wireless charging system for electric vehicles (D-WEVCS), which is known as an “electric road”. Research shows that this method can reduce the problem range and cost of electric vehicles. Primary coils are positioned and spaced in the road with a high voltage, high frequency AC source, and compensation circuits to the microgrid and/or renewable energy system (RES). The secondary coil similar to static-WEVCS is located below the car and is used to receive the magnetic field generated when electric vehicles (EVs) pass the transmitter. Then, the magnetic field is converted to the DC charge by the power converter BMS. The Possibility of frequent charging of electric vehicles reduces the storage unit size; the need is almost 20%, compared to the current EVs [32]. The dynamic wireless charging station system is similar to the static one, with the difference being that the number of transmitter coils is usually more than in the static mode. Therefore, all of the static charging station system’s stages apply to the dynamic station, as well. A dynamic wireless charging station for electric cars using solar panels is shown in Figure 9.





2.3. Electric Vehicle Connection Type to Grid Models


Electric vehicles can be divided into different modes when connected to the charging network, as follows:




	–

	
Grid to vehicle connection mode (G2V);




	–

	
Vehicle to grid connection mode (V2G).









With the increase of electric vehicles and their battery, we need to charge them, and because of that, the extra load is added to the distribution network. The distribution network will suffer if this load imposition happens during peak hours, leading to higher losses and voltage decreases [34]. Additionally, by developing smart grids with online control, the two-way power exchange capability of electric vehicles, and especially the V2G discharge capability of vehicles, can be used. G2V is also used when solar energy is low and the number of cars to charge is high [35], as shown in Figure 10.




2.4. Wireless Power Transmission


Wireless power transmission (WPT) is used for this purpose. Here, we examined different coil structures, such as circular structure and DD, as well as DDQ, which are proposed by researchers at Auckland University [35], in which the DDQ structure has shown better performance than other structures. We also list the compensators and compare them to determine which one is the best; the SS compensator performed well, while simplicity was taken into consideration. There are different ways to transmit wireless power, which can be transmitted by radio waves or electromagnetic waves. The focus on electromagnetic waves for wireless power transfer changed as electromagnetism science developed and radio waves were found to be feeble.



Later, with the advancement of science in the field of power transmission, they tried to reduce the dimensions and safety more. They also tried to reduce losses at short distances. Resonance induction is the most popular method for wireless power transmission at short distances nowadays. It was developed by MIT University in 2007 and was designed to enhance the effective distance of power transmission and increase efficiency [36]. As of now, their thoughts are focused on minimizing power losses and boosting the transmission power under consideration.



British scientist Michael Faraday contributed to advance the electromagnetic field by creating Faraday’s law of induction. This rule outlines the process through which electromagnetic induction or EMFs are produced. The so-called electromagnetic force voltage (Vemf), as stated in Equation (4), is created by varying the flux by the temporal change multiplied by the quantity of windings in the coil.


   V  e m f   = − N   d  φ m    d t    



(4)




where N is the number of turns of the coil, and dφm is the change in magnetic flux [37]. Wireless power transmission has different types that can be divided as follows, which is shown in Figure 11 [38]:




	–

	
Induction wireless power transmission;




	–

	
Capacitive coupling wireless power transmission.









This study focuses on power transmission at close distances.




	
Induction wireless power transmission mode.








Induction Power Transfers (IPTs) are commonly used to transmit power wirelessly, and they have problems. Problems of this type of induced wireless power transmission can be called eddy current losses. The advantages of this type of transmission include safe power transfer on a rainy day, long life, and high reliability [39]. Figure 12 depicts a schematic of induction WPT.




	2.

	
Capacitive coupling wireless power transmission mode.









This model’s field coupling, also known as capacitive power transfer (CPT), offers some advantages. This method overcomes the restriction that magnetic energy cannot pass through a metal shield or plate and achieves this while also reducing energy losses, keeping magnetic field interference at a reasonable level, and avoiding field interference. It makes the system operate in a saturated state, a strong magnetic field, and also when there is an electric field present [39]. However, this mode of power transmission can be very dangerous for humans, due to the sudden discharge of high voltage of this type of power transmission. We see an example of this in Figure 13.



Additionally, for the long-distance power transmission mode, we will only discuss the microwave mode, which is more useful in the field of telecommunications. This type of power transmission is performed using high-power antennas, which can be seen in Figure 14.



2.4.1. Important Factors in Wireless Power Transmission


The resonators used should be as light as possible and have low sensitivity to displacement. In addition, these resonators should be able to operate at an average air distance of about (10–20 cm). One of the suitable methods for increasing the efficiency is the coupling coefficient and the quality coefficient, which is possible with the proper design of the complex structure of the resonator (wires). To achieve high efficiency, the coupling coefficient k and the quality coefficient Q must be large. In general, the coupling coefficient increases as the air gap increases. If the increase in efficiency is achieved by increasing the power, it cannot be a good method. In the resonance induction method, the magnetic coupling coefficient between the coils, due to the relatively large air gap, compared to the non-resonance induction method, is generally about 0.1 to 0.5, which is about 0.95 for the non-resonance induction method, which has a similar function to transformers. Increasing the quality coefficient increases the efficiency and the smaller the coupling coefficient, the higher the quality coefficient will affect increasing the efficiency [40]. The coupling coefficient (k) can be obtained from the following equation, which is usually between 0.1 and 0.5:


   K =  M     L 1   L 2                 0.1   <   K   <   0.5  



(5)







  K :   coupling coefficient;



M: mutual inductance;



   L 1  :    primary   coil   inductance   ;



   L 2  :    sec ondary   coil   inductance   .



Additionally, the quality factor Q is usually between 10 and 1000, and numbers below 10 are not acceptable, which is obtained from the following equation:


   Q =   ω L  R               10   <   Q   <   1000  



(6)







  Q :    quality   factor   ;



  ω = 2 π f  ;



L: inductance of the coil;



R: resistor of coil.



Additionally, other issues, such as magnetic field interference and safety [41], are addressed by measures in the structure of coils.




2.4.2. Compensator


In a wireless power transmission system with resonant coupling, it is essential for employing a compensation network to lower the VA rate of the coil and power supply due to the weak coupling and substantial leakage inductance of the coils [42]. The use of capacitors on both the transmitter and receiver sides is the simplest way of addressing inductance leakage. Depending on how the capacitor is placed in the circuit, four types of compensation are possible. For this purpose, they were introduced as series–series (SS), series–parallel (SP), parallel–series (PS), and parallel–parallel (PP), based on configuration [43]. These structures are used to compensate for leaks from the induction coil, which is called a compensator [14]. The basic topologies are shown in Figure 15.



The correlations in Table 3 can be used to compute the values of capacitors based on the layouts of the aforementioned topologies, as shown below [44]:



Now, according to the above explanations and the introduction of compensators, a general comparison of compensators in wireless power transmission is given according to the criteria of coupling coefficient values and winding weight, misalignment, and voltage value, etc., as shown in Figure 16 [45].



In light of the comparison in the above figure, the SS structure, which was the simplest and very well topology at the time it was developed and is still in use, is our next choice. As can be observed, this structure has a strong coupling coefficient, but a lot of copper was used in its construction, and it also has a high impedance and poor efficiency with distance.




2.4.3. Coil Structure


As we saw in the previous section, efficiency and safety are important factors in the transfer of wireless power. Among the many ways to improve the two factors we discussed is to change the coil’s structure. The information below belongs to the primary coil’s construction (Figure 17):




	–

	
Circular structure;




	–

	
Rectangular structure;




	–

	
DD structure;




	–

	
DDQ structure.









Other structures are also seen in [46]. The DDQ structure is the most effective coil structure, as determined by prior research and outcomes. In the next section, we discuss coil structure. The coil construction in Kim’s research project [47], which depicted a simple circular shape and employed three ferrites’ cores in parallel and an aluminum shield to lessen radiation and promote safety. According to Ongayo and Hanif’s [48] research, the new improved circular structure was suggested, while taking into account the electromagnetic interference (EMI) and electromagnetic field (EMF) effect. As a result, the ferrite core was used to improve the flux path and reduce losses and leakage. However, these plates are typically expensive and delicate, in comparison to their structures. Aluminum shielding is used to reduce magnetic radiation that is harmful to the human body and reduce leakage current. It causes and transmits little power and has a short air distance. The coupling coefficient and efficiency have grown, but on the other hand, the price and weight have gone up. It also transfers a little amount of power in a small air gap.



Table 4 illustrates the results of the simulation, where D is the distance between the transmitting and receiving coils, L1 and L2 are the primary and secondary coil self-inductances, respectively, M is the mutual inductance, and k is the coefficient of coupling. The results make it clear that the L1 and L2 variations, when d changes, are much smaller than the M variance. In each of the three possibilities, M and k increase as the separation between the two coils decreases. More power is delivered to the output when M and k are bigger. In comparison to the coreless transfer, the values of M and k will rise if a ferrite core is used. A coreless transformer will be light and inexpensive, but it cannot be used for high and efficient power transfer, due to its low coupling factor and mutual inductance. A comparison of shielded and unshielded transformers reveals that the parameters, particularly M and k, change little. As a result of shielding, M and k are only slightly reduced.



In a research study [49], Mohammad and Choi showed that the DD structure was improved over the circle structure, but the alignment sensitivity was increased. Their results showed that the rough core surface has many core losses. The suggested structure with optimal thickness and smooth structure significantly reduces the core loss. In the optimized core, the losses are reduced up to 60%. The maximum permissible core losses for a specific system are determined by considering the coupling factor and the quality factor for uniform thickness and the suggested optimal core. In [50], the DDQ structure was proposed by Mirslim and Rasakh, and compared to the DD structure, the sensitivity to alignment decreased. Their research used two structures, the DDQ structure was located on the receiver or secondary side with a square coil, and the receiver side used a LLC compensator that increases the X-axis tolerance, which made the system more compact, and also efficiency increased, compared to the DD structure. Other structures, such as the bipolar pad structure used in [51], developed by Mirsalim and Rasekh, for the bipolar structure, which was obtained from two D-pads that were overlapping, and in this paper, using a LCC compensator, using LCC increases the efficiency and improves the lateral (horizontal) misalignment and reduces the size of the transmission plate and examines the effect of coils on each other. In [52], they chose the tripolar pad (TP) structure from three coils, and in this article, we used an SS compensator structure. At first, the value of the capacitor is determined in such a way that it removes the imaginary parts of the impedance that can be seen in the output. In this method, the inductive load can keep the compensation and the resonant frequency constant by comparing the two scenarios, and the suitable value for the capacitor can keep the nominal voltage constant in the non-alignment position. As it was said, for the back of the pads, a flat aluminum plate is used to protect and bind the radiation of the electromagnetic field, and ferrite magnet is used to improve the magnetic field, which is an expensive metal. This structure is proposed to reduce the cost and improve efficiency. Table 5 reviews some recent articles on WPT.






3. Application of Artificial Intelligence in WPT


There are several studies on the WPT system that focus on the goal of achieving higher distance transmission. The research has mainly focused on impedance adaptation and the design of resonators [61,62,63], transducers, and power electronics and inverters with appropriate control methods [64]. According to the needed performance, which varies depending on the application, WPT systems were constructed. They can be used in many different ways; for example, small coils can be useful in biomedical applications, while medium-sized coils are suitable for wireless charging, and larger coils are made for charging electric vehicles. The types and dimensions of the winding affect the power transmission efficiency and lead to other various changes in different parameters, such as mutual inductance, resonance frequency, and so on [63]. Trial and error exercises are time-consuming when calculating parameters, and the outcome may not be altered from a theoretical, simulation-based, or computational standpoint.



WPT and ANN approaches are offered as a way to cut down on this enormous amount of time. An illustration of soft computing is artificial neural networks (ANN), which can handle complicated IT equations and numerous parameter calculations. It is used to identify unidentified parameters and computational methods that simulate an accurate answer quickly. For instance, a WPT design with a high transmission efficiency can be adjusted based on the coil design, inverters, and the volt-ampere (VA) ratings of the active and reactive elements. There is an issue which is related to a huge computational load due to the training all of the combinations of parameters and variables. The WPT design and optimization techniques nowadays can result in a speedier convergence. It is possible to generate reliable outcomes using a variety of soft computing techniques (grouped based on fuzzy, evolutionary logic algorithms, and ANNs) [65,66,67]. ANNs are analogous to a sophisticated processor with a shared aim to preserve useful data and make it accessible for additional usage. ANN functions in two stages. The initial stage is to gather information about a network across the teaching and learning process. Second, weights are the terms used to describe how neurons are connected. The output of neurons is determined by how well the consequences perform. A bigger impact on the output is provided by a connection with more weight. When tackling problems with complicated nonlinearities, neural networks are known as generic estimators, and educational algorithms are a crucial component of neural networks. A primary neural network consists of three types of layers, as seen in Figure 18 [68].



The third layer is the output layer, whereas layers beginning with input layers are connected by certain hidden layers. Different types of neural networks are recognized based on the interactions between layers, and the connection weight minimizes the error between the neural network’s acquired and desired outputs. Synaptic connections link the three layers together to train the neural network. As a consequence, an algorithm is appropriate based on the problem for which a resolution is required for the best and most accurate outcome possible. Artificial neural networks are used in numerous applications because of their versatility in a variety of tasks, including adaptive control, system identification, function approximation, and optimization. Researching and finding solutions are other advantages of using ANN techniques. Adopting ANN techniques saves time and money actions, thereby minimizing processing requirements simply by shortening the time spent using the device. Its ability to handle imprecise data and non-linear mapping guarantees its acceptance as part of the simulation. The most popular and fundamental ANN technique is known as regression propagation (BP), also known as error return, and it has been utilized as a method for optimization in many different sectors for a variety of applications. The error correlation learning rule serves as the foundation for BP propagation, which has at least three interconnected layers. The first layer’s output serves as the operation’s starting point, and from there, the connection procedure is repeated until the final receipt. Particle swarm optimization (PSO) and genetic algorithms (GA) are two more common methods employed because they are simpler than BP. A crowd-based community behavior called ethics serves as the inspiration for the stochastic approach known as PSO. PSO and GA are virtually the same in that they loop through a generation hunting group in search of the best outcome with a random population. However, evolutionary operations, including crossover and mutation, are not incorporated in the PSO algorithm [69,70]. Instead, particles fly in search of the problem area the optimal result follows the current optimality particles.



In WPT, several BP, GA, and PSO optimization and modification techniques are used. They enhance: (A) The coil design; (B) frequency division and consistency; (C) power transfer efficiency (PTE); (D) energy management; (E) converter (power electronics), and fault analysis. In WPT, optimization using ANN is primarily concentrated on enhancing PTE, and validation of ANN is typically accomplished by contrasting the findings of ANN by employing software for finite element analysis (FEM). MATLAB or ANSYS Maxwell HFSS are used. It is challenging to forecast each value, since there are many variables that affect the process of creating a steady output, including the primary coil, current, and location of the transmitter and receiver coils at the time of the reception unit and route. The output current and parameter changes might be kept constant to account for undetected BP disorders. The PID controller receives the BP train, and MATLAB/Simulink are often used to model the system [70]. Some articles on the use of artificial intelligence in WPT have been reviewed in Table 6.




4. Recommendations and Future Work


Today, due to the growth of using electric vehicles, the need for charging EV stations has increased, in which one of the sources that can be used in charging stations is a photovoltaic system, and we also discussed that the best method for charging electric vehicles is wireless method, which can be improved by using the following suggestions:




	(1)

	
Using wireless charging during vehicle movement, which will reduce the cost of energy storage units.




	(2)

	
Improving wireless power transmission by using new coil structures and using new resonances suitable for improving power transmission.




	(3)

	
Applying the new MPPT algorithm or combine several algorithms to improve solar panel output energy.




	(4)

	
Using new converters or a combination of existing converters that can be used for this type of system.




	(5)

	
Creating a wireless charger that can quickly charge a vehicle, compared to the time it takes to do so using a plug-in charger.




	(6)

	
More consideration and study must be given to enhancing shielding, in order to promote health and safety.




	(7)

	
Implementing reinforcement learning and deep learning algorithms to reduce misalignment errors.




	(8)

	
Employing quantum computing methods for better power transmission with more precision and speed.




	(9)

	
We need to find innovative methods to reduce the cost of materials (especially for the dynamic charge method).










5. Conclusions


This paper presents and investigates current technologies for wireless charging electric vehicles with solar energy. Due to the fact that WPT technology and solar energy use are reliable, practical, and effective charging techniques, they are currently the subject of intensive research in academia and industry. In this review paper, we explored electric cars and the type of charging modes. According to the discussions, when more electric vehicles are produced, the photovoltaic system may offer a promising energy source to power them.



The method of generating electricity from solar energy and the general classification of photovoltaic systems are divided into two groups, grid-connected and off-grid, and the parts used for this purpose were discussed. Additionally, MPPT approaches were studied, and the P&O method was frequently picked for the MPPT algorithm, due to its straightforward implementation and excellent accuracy. We looked at and evaluated various storage technologies, including lithium-ion batteries, which are frequently used in electric cars due to their compact size, light weight, and high efficiency. EV connection types to the grid and static and dynamic wireless charging techniques were also explored.



This paper also examined the development of wireless power transfer, as well as its various forms and uses. To improve the critical elements in wireless power transmission, we also reviewed the crucial elements in power transmission and looked at various coil and compensator structures, as well as the important factors and shielding effect in WPT. We also review some recent papers on wireless charging EVs in Table 5. A cutting-edge analysis was performed on creating artificial intelligence for the WPT system. As a consequence of this research, we were able to identify the most crucial factors for creating an AI model for WPT systems, which we have listed in Table 6. Compared to plug-in chargers, the primary objective of WPT charging systems is to be more effective. This article identifies several significant challenges and prospective research projects. By overcoming these challenges, wireless chargers have the potential for commercial use. While deploying dynamic or static wireless chargers in the real world, ecological, financial, and performance, in terms of efficiency, sustainability, and reliability, must be carefully evaluated. Using dynamic wireless chargers as a distribution and communication line needs to be further studied. It is necessary to conduct more research on the utilization and storage of various renewable energy sources. Future advancements in WPT can be used to automate and commercialize wireless charging systems.
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Abbreviations




	EV
	Electric vehicle



	WPT
	Wireless power transfer



	IPT
	Inductive power transfer



	CPT
	Capacitive power transfer



	MPPT
	Maximum power point tracking



	P&O
	Perturb and observation



	PV
	Photovoltaic



	S-WEVCS
	Static wireless electric vehicle charging systems



	D-WEVCS
	Dynamic wireless electric vehicle charging systems



	RES
	Renewable energy source



	BMS
	Battery management systems



	MPP
	Maximum power point



	FL
	Fussy logic



	G2V
	Grid-to-vehicle connection mode



	V2G
	Vehicle-to-grid connection mode



	EMF
	Electromagnetic field



	TX-coil
	Transmission coil



	RX-coil
	Receiver coil



	SS
	series–series



	SP
	series–parallel



	PS
	parallel–series



	PP
	parallel–parallel



	FEM
	Finite element method



	EMI
	Electromagnetic interference



	EMF
	Electromagnetic field



	EMC
	Electromagnetic compatibility



	CV
	Constant voltage



	CI
	Constant current



	AI
	Artificial intelligence
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Figure 1. Overview of wireless charging powered by a solar panel. 
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Figure 2. Overview of a grid-connected photovoltaic system (a) and off-grid system (b). 
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Figure 3. Buck converter circuit. 
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Figure 4. Perturb and observation control system. 
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Figure 5. Performance of the P&O method in the face of climate change. 
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Figure 6. Perturbation and observation method algorithm. 
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Figure 7. Types of storage devices according to operating time and efficiency [25]. 
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Figure 8. Static wireless electric vehicle charging system schematic. 
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Figure 9. Basic diagram of dynamic wireless electric vehicle charging system. 
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Figure 10. Figure Car connection to the network and vice versa. 
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Figure 11. Types of wireless power transmission. 
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Figure 12. Induction wireless power transmission. 
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Figure 13. Capacitive wireless power transmission. 
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Figure 14. Microwave power transmission. 
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Figure 15. Different types of IPT compensators that: (a) (SS), (b) (SP), (c) (PS), and (d) (PP) reference. 
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Figure 16. Comparison diagram of the initial topology of compensators. 






Figure 16. Comparison diagram of the initial topology of compensators.



[image: Energies 16 00282 g016]







[image: Energies 16 00282 g017 550] 





Figure 17. Coil structures. 
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Figure 18. Sample of neural network. 
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Table 1. Electrical quantities and types of charging methods [7].






Table 1. Electrical quantities and types of charging methods [7].





	Charging

Type
	Voltage of the Nominal AC

Supply [V]
	Maximum Power [kW]
	Charging Time

[h]
	Place of the Charger





	Level 1–AC
	120
	1.3–1.9
	20–22
	1-phase, On-board



	Level 2–AC
	240
	up to 19.2
	6–8
	1 or 3 Phase, On-board



	Level 3–DC
	208–600
	50–150
	0.2–0.5
	3-phase, Off-board
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Table 2. Performance of P&O control method [17].
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	Subsequent Changes
	Changes in Power
	Perturb





	+
	+
	+



	-
	-
	+



	-
	+
	-



	+
	-
	-
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Table 3. Relationships governing the above circuit [44].






Table 3. Relationships governing the above circuit [44].





	Topology
	Secondary

Quality Factor
	Reflected

Resistance
	Primary Capacitance





	SS
	      ω 0   L s   R    
	      ω 0 2   M 2   R    
	      C s   L s     L p      



	SP
	    R   ω 0   L s      
	      M 2  R    L s 2      
	      C s   L s 2     L p   L s  −  M 2      



	PS
	      ω 0   L s   R    
	      ω 0 2   M 2   R    
	      C s   L s       M 4     L p   C s   L s  R   +  L p      



	PP
	    R   ω 0   L s      
	      M 2  R    L s 2      
	      (   L p   L s  −  M 2   )   C s   L s 2       M 4     L p   C s   L s  R   +    (   L p   L s  −  M 2   )   2      
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Table 4. Circular pad simulation outcomes [48].
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D (mm)

	
L1 (µH)

	
L2 (µH)

	
M (µH)

	
k






	
Coreless circular pad

	
100

	
57.82

	
58.03

	
5.63

	
0.097




	
70

	
56.13

	
56.27

	
8.22

	
0.15




	
50

	
50.08

	
49.95

	
13.91

	
0.28




	
Circular ferrite-core pad

	
100

	
92.96

	
93.48

	
12.04

	
0.129




	
70

	
92.61

	
92.39

	
19.20

	
0.21




	
50

	
94.53

	
93.94

	
41.45

	
0.44




	
Circular ferrite-core pad with Aluminum shield

	
100

	
89.60

	
90.75

	
10.90

	
0.121




	
70

	
89.29

	
88.65

	
17.43

	
0.20




	
50

	
94.35

	
92.47

	
40.04

	
0.43
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Table 5. Summary of literature review on WPT systems.
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	No
	Ref
	Year
	Focus
	Summarized Highlights





	1
	[4]
	2016
	
	
Wireless electric vehicle



	
Roadway-powered electric vehicle





	
	
The paper reviewed factors related to power transfer capacity, air gap, efficiency, coil design, and semiconductor switches.








	2
	[6]
	2014
	
	
Energy storage



	
Smart grids



	
International standards



	
EVs energy stations





	
	
The paper overviewed the type of EV charging stations.



	
The paper was about a comparison between American and European standards.



	
A summary of the various energy storage system types was provided in the study.








	3
	[8]
	2016
	
	
MPPT



	
Perturbation and observation





	
	
The paper mentioned that output power from solar panel can vary according to the irradiance and temperature.



	
One of the best and simple methods of MPPT is P&O.








	4
	[14]
	2020
	
	
Series–series compensator



	
Current source inverter



	
Voltage source inverter





	
	
For rated power transmission, a maximum coupling spacing of 300 mm was achieved.



	
Optimizing the level of both linear and horizontal misalignment.








	5
	[23]
	2020
	
	
Stand-alone photovoltaic systems



	
Battery bank





	
	
Comparison among batteries resulted that lithium-ion batteries are better than the lead-acid.



	
A logic controller for the two-way converter was designed and simulated.








	6
	[53]
	2021
	
	
Double-sided LCC compensator



	
Control design of a wireless charging transfer system





	
	
This paper suggested a double-sided LCC converter for wireless charging electric vehicles. Symmetrical circular couplers.



	
Using a controller to obtain a constant output voltage and conducting an experiment with a variable DC voltage input will decrease the controller’s efficiency.








	7
	[48]
	2015
	
	
Using circular and rectangular coil structure



	
EMI





	
	
Used FEM to analyze coil structure and the coupling coefficient (k) in different distance.



	
The ferrite-core used in the structure improved the flux path and reduces losses, using an aluminum plate to reduce and limit magnetic radiation.








	8
	[16]
	2020
	
	
Series–series compensator



	
Tripolar coil structure of WPT EV application





	
	
Using tripolar and DDQ pad and series–series compensator to reduce the cost and improve efficiency.



	
Based on the scenario, compensation (SS) was applied to the primary capacitor value to eliminate the imaginary portion of the overall impedance perceived by the source. By using this technique, the inductive load can be balanced, and the system’s resonance frequency maintained.








	9
	[54]
	2019
	
	
Comparison of resonance topology



	
6.6 kw IPT for charging electric vehicles, assuming lateral, rotation, and angular misalignment.





	
	
This study used a 6.6 kW IPT charger with several compensators that take distance and misalignment into account.



	
The outcomes demonstrated that the SS is the topology that performs the best in the small air gap application.








	10
	[55]
	2021
	
	
IPT system shielding optimization using genetic algorithm to improve efficiency





	
	
The effect of the shielding structure on ohmic and iron losses was examined in this paper utilizing a rectangular configuration.



	
Compared to traditional shielding, using evolutionary algorithms to create shielding structures results in improved efficiency.








	11
	[56]
	2021
	
	
Predictive control for EV wireless chargers to maximize power efficiency





	
	
Three theoretical parameters for the predictive controller of 2 kW EV wireless chargers were analyzed in this research.



	
Showed that phase shifting makes it possible to demonstrate that the frequency and battery equivalent resistance have a real impact on the charging efficiency.



	
Efficiency level up to 4%.








	12
	[57]
	2015
	
	
A bidirectional WPT EV charger



	
Self-resonant PWM method





	
	
This study prototyped 6.6 kW bidirectional WPT with big air gap and self-resonant PWM technique. Efficiency at full load condition recorded up to 95.3% with the proposed structure.








	13
	[58]
	2018
	
	
Design load-independent magnetic resonant wireless charging system for EV



	
Using LCL-S/LCL or LCL-LCL compensation topology



	
Constant–current and constant–voltage





	
	
In this paper, the effect of the LCL compensator and rounded rectangular spiral coil with a splicing magnet core was discussed.



	
The LCL compensator and proposed coil structure can achieve CC and CV in the output.



	
The well-faced system can reach the efficiency of 90.94%.








	14
	[59]
	2018
	
	
Design of multiphase receiver for EV dynamic wireless charging system





	
	
In this study, voltage fluctuation was reduced utilizing a multiphase receiver, while taking into account a variety of factors to cut costs and losses. A 10 kW experimental prototype with a four-phase receiver was prototyped, and the fluctuation factor of the receiver dropped to 0.146, due to the four-phase receiver.








	15
	[60]
	2019
	
	
Vehicle coil detection for dynamic wireless charger EV



	
Dual-side closed-loop controller





	
	
The suggested vehicle detection system in this research can successfully transfer power while detecting EVs driving at high speeds for highway applications without a communications link between the transmitter and receiver coils. Used dual side closed-loop controller to detect receiver coil in-road and charge coil from both the X and Y directions.
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Table 6. Literature review on applications of AI for WPT.
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	Number
	Reference
	Targets
	Inputs
	AI Model
	WPT





	1
	[71]
	Boosting power transfer efficiency
	Transfer efficiency and frequency
	PSO
	coupled magnetic resonance (CMR)



	2
	[72]
	Optimal receiver radius of WPT system
	Transmitter coil turns,

turn spacing, side length, and transmission distance
	BP neural network
	magnetic resonance (MR)



	3
	[73]
	Impedance matching in CMR systems (outputs: vacuum capacitor and air capacitor)
	Load impedance
	Feedforward-backpropagation (BP) neural network
	CMR



	4
	[74]
	Mutual inductance M
	The vertical distance between the transmitter coil and receiver coil

(x), and the horizontal distance between the center of the transmitter coil and

that of the receiver coil (y)
	ANN
	inductive coupling (IC)



	5
	[75]
	Lateral misalignment (LTM)
	Current and vehicle speed
	BP
	IC



	6
	[76]
	The power load for wireless power transfer between the primary and secondary coils, as well as the electrical load voltage and current (magnitude and angle)
	Number of turns, layers, and wire gauge for the primary coil; frequency and distance for the secondary coil; and number of turns, layers, and wire gauge for the secondary coil
	Multilayer feedforward ANN
	CMR
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