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Figure 2. Antenna and Rectifier system [11]
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Abstract (15 lines max):
Modern automobiles have many insufficiencies, including high fuel costs and environmental pollution. Our system uses wireless power transmission to power an electric vehicle, therefore decreasing fueling costs, increasing vehicle efficiency, decreasing greenhouse gas pollution, and improving the overall convenience of the electric vehicle. This system consists of a series of high-directivity transmitters which are placed above the road and transmit power in the form of radio waves. These waves are directed onto the surface of the road. The external surface of each vehicle is outfitted with a system of microscopic antennas and rectifiers which receives the power from the transmitted waves and converts that power to direct current. This direct current power is then used to propel the vehicle. An auxiliary battery stores unused energy and ensures that the vehicle can continue to travel for up to thirty kilometers without receiving any power transmission. An electronic control unit distributes power from the motor to the rest of the vehicle. A vehicle detection system would be implemented on the transmitters in order to prevent wasting energy by transmitting when no vehicles are passing the transmitter. The prototype intended to be built is a 1/5th scale model of both the transmitter and the vehicle systems.
Over the course of the automobile’s history, many features have been designed to improve functionality, safety, and driver engagement. However, since the early 20th century, the fundamental formula for an automobile, 4 wheels powered by an internal combustion engine, has not changed. Not even the oil crises in the 1970s changed that pattern. Now, however, that basic template must change. By 2030, the internal combustion engine will no longer be a feasible automotive power source. 
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Figure 1. Average GHG emissions of an American Household [3]



One of the reasons IC engines will no longer be viable sources of power for automobiles is climate change. Many scientists, including Dr. Bill Hare of the Potsdam Institute for Climate Impact Research, argue that to minimize damage from climate change, we must limit global temperature increase to 1⁰ C [1]. If this goal is not accomplished, Dr. Hare postulates that we will experience extreme hardships, including mass extinction of vulnerable animals, and a possibility of rapid and severe increases in temperature [1]. According to Dr. Hare, to avert this scenario we must reduce net greenhouse gas (GHG) emissions to near zero by 2050, and we must afterwards create negative net GHG emissions [1]. This will have a significant effect on automobiles because of their prevalence and their GHG emissions. According to the EPA, automobiles emitted approximately 1.5 gigatons of CO2 in 2009, which was approximately 4% of the world’s total GHG emissions [2]. While this figure may seem insignificant, automobiles, as shown in Figure 1, accounted for 50% of the average emissions of American households [2]. Further, the GHG emissions from vehicles are likely to rise in the future. Currently, there are one billion automobiles registered worldwide, and it is predicted that within 20 years that number will double [3].This means that eliminating GHGs from automobiles would reduce our total GHG emissions significantly. 

A promising alternative to internal combustion which has the potential to eliminate all of the GHG emission normally produced by cars is the battery powered electric vehicle (BEV). BEVs use energy stored in batteries to drive electric motors for propulsion. These batteries are charged when vehicles are plugged into the power grid. BEVs produce no direct emissions, thus eliminating the GHG emissions produced by internal combustion.
BEVs also address some secondary problems associated with IC engines. One such issue is the high price of petroleum based fuels. It is estimated that the average electric car costs only a third as much to drive a mile as a conventional gasoline powered vehicle [4]. Electric cars are also much more efficient than internal combustion powered cars. The Tesla Model S, for instance, achieves a drivetrain efficiency of 88% whereas an IC engine can manage at best 35% [5].
However, BEVs have issues, most of which are caused by the batteries. Modern BEV batteries have three major problems: weight, cost, and charging time. Currently, in order to provide a reasonable range of travel on one charge, batteries must take up a large part of the total weight of BEVs. For instance, batteries take up a third of the 2700 lb. curb weight of the Tesla roadster [6]. This extra weight means that the Tesla Roadster weighs nearly 700 lb. more than the Lotus Elise, the conventional car it is based upon [6]. As a result, BEVs have worse handling and take more energy to move than conventional vehicles. In addition to being heavy, modern batteries are unreasonably expensive. Currently, it is estimated that batteries cost around $400 per kilowatt-hour to manufacture [7]. This results in a total cost of $34000 for the 85 kW-h, 300 mile range, pack in the Tesla Model S. As a result, the battery packs in BEVs are prohibitively expensive, creating a significant roadblock for the widespread implementation of electric vehicles. The final significant problem with BEVs is their slow charging time. Presently, BEVs take long periods of time, typically multiple hours, to fully charge, whereas an IC powered vehicle can be refueled in only a few minutes. Consequently, traveling long distances in an electric vehicle is very inconvenient and time-consuming compared to traveling in conventional vehicles. 
However, without large battery packs, electric cars become much more feasible. Wireless power transmission (WPT) is an ideal solution to this problem. WPT powers the automobile through the conversion of radio waves into electrical energy, obviating the need for large battery packs. This results in much more convenient long-distance travel. Also, WPT vehicles will weigh much less and be much more affordably than traditional BEVs because the cost and weight of the power receiving system is far less than that of a large battery pack. Consequently, wireless power transmission will make the car of 2030 cheaper and more enjoyable by eliminating many of the current issues with electric vehicles.
Technical Description
There are two major portions to the wireless power transmission system: the transmitter and the vehicle. Both transmitter and vehicle design significantly affect the efficiency and feasibility of the system, and both must be optimized in order to create an efficient system. Fortunately, the vehicle is fairly simple to optimize, and the transmitter design can easily be adapted to deal with specific design constraints.
The main part of the transmitter subsystem is a high-directivity transmitter, such as a parabolic dish or horn-shaped antenna. Parabolic and other similar antennas have very low losses and very high gains, meaning that for any given input power, the output power density is very high [8]. This is because they focus the output into a small aperture, as opposed to transmitting spherically. This increases the efficiency of the system by focusing all of the emitted waves at the road surface, where the cars can use them, instead of uselessly transmitting waves into the atmosphere. The antenna shape can be further optimized to minimize the non-road area covered by the beam in order to increase the efficiency. 
The transmitter would be positioned above the roadway so that the beam would cover the roadway underneath it completely. Unfortunately, efficiency does decrease as the distance between the road and transmitter increases. However, this drop in efficiency is relatively small at the distances which would be used in our design; in fact, according to Equation 1 (from Martin Barringer’s paper on Radio wave propagation), where d is the distance from the transmitter and λ is the wavelength, the loss at a height of 10m is less than 5% [8].
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However, placing the transmitter higher would allow for the coverage of more of the road’s surface. Consequently, the height of the transmitter would have to be optimized for each region by comparing the cost of energy to the cost of the transmitter assembly. 
This transmitter would emit radio waves with frequencies around 500 kHz in order to comply with radio exposure standards established by the Institute of Electrical and Electronics Engineers (IEEE) to prevent health risks while still effectively powering vehicles. A frequency of 500 kHz allows us to transmit 9000 W/m^2 of power wirelessly [9]. Whereas, higher frequencies would limit the amount of power transmitted to a level that could not provide enough power to propel a vehicle.  
In order to effectively power electric vehicles along a roadway, the lateral spacing of the transmitters must also be considered. The most important factor in placement is to ensure that the vehicles receive enough power. The amount of power absorbed by a vehicle traveling one meter can be calculated using Equation 2, where ρ is the energy density in W/m^2, SA is the surface area of the receiver, V is the velocity in m/s, and ε is the conversion efficiency.
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In order to simplify the calculation, it is assumed that the vehicle is traveling at a typical freeway speed of 100 km/h. Using a power density of 9000 W/m^2, an average automobile surface area of 5.6 m^2, a velocity of 100 km/h, and an efficiency of 85% (based on the results of past WPT experiments) gives us an energy absorbance of 1550 J per meter traveled [9], [10]. Consequently, the energy absorbed per meter is more than sufficient to power a conventional vehicle such as the Tesla Model S, which requires approximately 650 J per meter. This means that in order to power a modern electric vehicle, only approximately half of the surface of the road would need to be powered. 
The other major part of the transmitter system is a car detection system that activates the transmitter when a car nears it. This allows the transmitter to conserve power when no cars are present, greatly increasing efficiency. This could be accomplished in several different ways, including light detection and ranging (LIDAR) sensors, ground sensors, Radio-frequency-IDs, or any other type of motion sensing. The optimal system would be determined by the costs of each of these detection technologies, their range, and their effectiveness at sensing vehicles. This system is important because on a typical roadway, a large portion of the road is unused. At max capacity, as determined by a study performed in the Balkans, a two lane highway can carry around 12,000 cars per day [12]. This means that around .14 cars pass a given point each second. Whereas if the entire road surface were covered by cars traveling at highway speed, there would be about seven cars per second, calculated by dividing the speed traveled by the average length of a car. This means that, at max road capacity, only approximately 1/50th of the road is occupied by vehicles which means each transmitter would only have to be on about 2% of the time. 
The vehicle subsystem will consist of a rectenna, an auxiliary battery, and a control unit. The rectenna, a circuit consisting of an antenna and rectifier, receives the radio waves from the transmitter and converts them to DC power. The auxiliary battery stores received power so that the vehicle can travel between transmitters, and the control unit manages the flow of power. These subsystems would be designed into new electric vehicles; however, they could also be retrofitted into existing BEVs in place of their normal battery packs.
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The most important consideration in the design of the vehicle subsystem is maximizing the energy received. This is determined by the efficiency of the system and the area of the antenna. As a result, the receiver must maximize its area while remaining efficient. Consequently, an array of micro rectennas similar to that used on the SHARP wirelessly powered plane (discussed in the past applications of this technology section) would be most effective. A micro rectenna, as shown in Figure 2, consists of a microstrip antenna connected to a rectifier [11]. The antenna receives the radio waves in the form of high-frequency alternating current. The rectifier, usually a diode, converts this AC power into DC which can be used to charge the battery. Micro rectennas offer several significant advantages that make them ideal for this application. First, they are extremely efficient, able to receive and convert up to 85% of the power transmitted to them [10]. Secondly, they can be manufactured in a film that can be incorporated into the bodywork of the WPT vehicle [10]. This means that micro-rectennas can be used to maximize the surface area able to receive the radio waves and that the added weight is insignificant.  
The battery is an important part of the system because it allows the vehicle to travel between transmitters and also allows for the possibility of travel in an area without transmitters. According to the National Household Travel Survey the average commute to work for an American household is around 12.2 miles [12]. By Equation 3, in which D is distance traveled in miles, E is joules required per meter, and C is required battery capacity, including a factor of safety of 1.5, a 5.5 kW-h battery would be required to commute to work without any WPT.
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This battery would also help regulate the power received by the motor instead of relying solely on WPT which could be affected by the weather and other environmental factors. This battery would be paired with an electronic control unit (ECU) that would distribute power to the motor and the rest of the car. This ECU would also control when the battery is charging and would allow the vehicle to utilize regenerative braking to harvest power.  
Past Applications of This Technology
The concept of efficiently transmitting power over long distances via electromagnetic waves is demonstrated to be feasible by the invention of the Stationary High Altitude Relay Platform (SHARP), an aerial vehicle developed by a team including the Canadian Department of Communications, SED systems, and the University of Toronto Institute for Aerospace Studies. The SHARP is an airplane which is powered solely through the conversion of microwave radiation into DC power. Ground installations placed in a circle with a diameter of eighty meters transmit waves with a power of 500 kW at a frequency of 2.4 GHz [13]. SHARP receives this power through an array of micro-rectennas affixed to the bottom of a disk located just behind its wings. SHARP flies at an altitude of twenty-one kilometers, with the diameter of its circular flight path being two kilometers [13]. SHARP’s efficiency in the conversion of microwave to DC power was found to be 85% [9]. The technology used in the project was found to be highly successful, showing no major technical issues at the project’s completion.
Impacts
Changing from IC vehicles to WPT vehicles would significantly reduce our total GHG emissions. The United States Department of Energy currently estimates the total GHG emitted by the burning of gasoline in highway vehicles every year to be 1.5 billion metric tons [2], whereas WPT vehicles would produce no GHGs if all of the electricity used to power them came from non-polluting sources such as wind or solar power. Even if clean energy sources were not used, the WPT vehicle would still result in less GHG emission. In fact, fully energizing the European Union’s road network would require approximately three fourths of the energy all of the vehicles in the E.U. currently use.  The E.U.’s road network has a surface area of approximately 4.04 trillion square meters [14]. This means that it would require 36 TW (9000 W/m^2 multiplied by the surface area) to provide continuous power to the road surface. However, only half of the road surface would be powered, and that power would be supplied for only approximately 1/50th of the time. Consequently, the total power required would be only 360 GW, which over the course of a year would be 11 million TJ or approximately 270 megatons of oil equivalent. This is only 73% of the 370 megatons of oil equivalent currently used for transportation in the E.U. [15]. 
In order for electric vehicles to penetrate the automobile market, they must become more affordable. Currently, the most expensive component of an electric vehicle is its batteries. Instead of the $34,000, 85 kWh battery that the new Tesla EV is powered by, wireless power transmission would require a battery as small as 5.5 kWh, which would only cost around $2200 [7].This significant drop in price would allow the WPT vehicle to compete with conventionally powered vehicles. This smaller battery also reduces weight, which in turn reduces the power needed to drive the vehicle. This means that not only is the vehicle itself cheaper, but it also costs less to drive. In fact, driving a BEV 15,000 miles a year at current electricity rates of four cents per mile costs about $600 per year [4]. As a result, driving an electric vehicle is $1300 cheaper than driving an IC vehicle (assuming $3.54 per gallon and a 28 miles per gallon). This alone results in a 69% reduction in fueling costs, in addition to the fuel savings due to the decreased weight of the vehicle.
Possible Concerns
Potential adverse effects of the widespread use of wireless power transmission include health effects caused by transmitting powerful radio waves. However, the IEEE has conducted extensive research into these potential risks and determined that, for frequencies not exceeding 1.0 MHz, exposures of less than 9000 Watts per square meter are safe [9]. Our transmitter design complies with this IEEE standard, and thus presents no significant health concerns.
Another potential drawback of WPT comes from wave interference. As waves propagate, interactions take place which can distort the intended signal. Because of the amount of information currently being relayed via radio waves, it is important to ensure that neither the power signal nor the information will be distorted. Electronic filters are currently utilized in many radio receivers in order to prevent distortion and can be applied to the receiving antennae in the car [16]. These filters separate the desired frequency for each receiver from the interacting waves of any other frequencies being collected by the receiver [16].
A final potential problem is a power failure or loss of signal occurring while the vehicle is in use. However, the vehicle’s auxiliary battery accounts for this scenario. A loss of transmission would cause the battery to automatically supply power to the motor. The battery would allow for an additional estimated 30 km of travel before needing to be recharged. This would allow the vehicle to safely reach a charging station or operating wireless power transmitter. 
Prototype
In order to create a prototype which will demonstrate feasibility of this technology, a one-fifth scale version of the transmitter and the vehicle system would be implemented and driven via remote control. All of the components of the system would be scaled appropriately. While a full-scale mock-up would be ideal, the one-fifth scale prototype is more realistic given the time and financial constraints, while still demonstrating the mechanics of the system and facilitating analysis that can be applied to the full-scale version. In order to gain a full understanding of the WPT concept all of the systems of the full scale vehicle will be included in the prototype.
Scaling down the components of our design presents multiple technical problems which would not affect a full-scale system. In order to receive power, the surface area of the vehicle must maintain a specific ratio with the wavelength of the transmitted power. This means that we must decrease the wavelength at a rate equal to the square of the rate at which we scale down the vehicle. As a result, our prototype would be powered by 5.8 GHz radio waves. Unfortunately, wavelengths this small present major health risks, including the risk of cancer. In order to eliminate this possibility, we will minimize the energy density of the transmission by installing a receiving disk on top of the vehicle, increasing its effective antenna area and the amount of power it is capable of receiving.
The entire prototype would consist of a model roadway with several transmitters to provide power to it and a vehicle to drive on the roadway. The vehicle would drive a circuit of this roadway to prove that a vehicle can drive with WPT. The total power transmitted, received, and expended in the vehicle would be measured to determine that the vehicle did gain more power than it expended and to determine the efficiency of the system. 
The transmitter system would be optimized to transmit at 5.8 GHz to cover the roadway. This means that it would be similar in design to the full-scale system, except much smaller. It would most likely utilize a parabolic dish antenna. The transmitter system would be switched on and off by an IR trip-laser that would detect when the vehicle was within the transmission area. 


The vehicle would a 1/5th scale mock-up of an automobile that would be designed and manufactured to be extremely efficient. It would incorporate the receiver system into the dish mounted on top of the vehicle and would also contain an auxiliary battery and controller. The prototype should receive approximately 100 W of power, assuming a receiving area of one square meter and a power density of 100 W/m^2 (the IEEE maximum permissible), which would be more than enough to propel the vehicle to 20 kph (1/5th of highway speeds). The auxiliary battery would have a capacity of around 20 Wh in order to allow the vehicle to drive between transmitters.  
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