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    Due to the global awareness regarding environmental protection, instead of high-emission, low-efficiency automobiles, low-emission, high-efficiency vehicles are being manufactured. An electric vehicle uses the energy stored in the battery to drive high-performance electric motors. High-efficiency electric motors have inherently low-speed and high-torque that make electric vehicles ideal for driving in an urban area; therefore, the electric vehicle and hybrid electric vehicle are favored in the household market. The electric vehicle needs charging before its battery is exhausted. There are two technologies to charge electric vehicle batteries, conductive (wired) and wireless charging. Whether conductive or wireless charging, the recent batteries take 0.5-12 hours charging time. The grid transfers conductive charging power to the battery through a wire. It has clear benefits, but it must meet the “wired charging four necessary conditions,” which will be discussed later. Wireless charging transfers power through the magnetic field between two aligned coil pads. It does not rely on those conditions. The only drawback the wireless charging has is that two conductive coil pads must align for efficient power transfer. The manufacturer has to provide a parking guidance device to assist the user in parking the vehicle and align two coil pads. This tutorial book introduces a wireless charging method that does not only have massive power, compact size, and high transferring efficiency but provides two-frequency bandwidth and bidirectional communication using a data-attached mechanism without resorting to other RF devices. The novel communication provides charging and billing information and monitors safety during the charging period.




    The conductive charging is quite mature and compliant with regulations of SAE J2931/1, J1772, SAE J2836/6, IEEE 802.11, etc. Its advantages are high efficiency of about 88-91% on full load and being straightforward. However, the safety during the charging period must satisfy “wired charging four necessary conditions.” The connector must be tightly linked, there must be a stable power source, the vehicle must be grounded, and the vehicle must be stationary. . As time progresses, the aging effect of the components can occur. As a result, wire and connectors must be maintained; uncertain grounding may lead to leakage or sparking; vehicle movement poses a risk during charging. As depicted, the conductive charging will bring an extra cost and risk to the users, however, these disadvantages do not occur on the wireless charging approaches.




    The wireless charging device includes two parts: the primary unit and the secondary unit. The former is on the grid side, which generates high-frequency current entering a coil pad, and the latter is on the vehicle side, which receives the power energy via a coil pad. The two pads are aligned together for high-efficiency power transfer. SAE J2954 is the industrial regulation, but it is currently in the drafting stage. Wireless power transfer is based on the principle of electromagnetic inductive or magnetic resonance. Inductive resonance has a wide range of applications such as an inductive heater in the kitchen with an efficiency of about 84%. The advantage of wireless charging by inductive technology is convenience; its efficiency may be up to 86%. Because there is no wiring, it does not need to consider “wired charging four necessary conditions.” The vehicle can even move or leave during the charging process.




    This book shows a data attached technology to synchronize the power carry wave and magnetic field link between two inductive pads. Its advantages include the fact that data is not broadcasted but rather hidden within the carrier, and it is not susceptible to interference.This is quite suitable for wireless charging applications. The two frequency band includes regular data using the low-frequency band and emergency data using the high-frequency band. Information to be transferred may include vehicle ID, charging voltage, battery current and status, which let the primary unit know which car is being charged for billing and what is the charging status for safety. If an alarm goes off, such as for overvoltage or overcurrent, the emergency data will give feedback to the primary unit to stop charging immediately. The response time is faster than WiFi, Bluetooth, or ZigBee.




    The reason for the long charging time is the chemical reaction process of redox in the battery. For example, an electric vehicle generally uses a lithium-ion battery as a power source. A cell is a basic electrochemical unit that contains the electrodes, separator, and electrolyte. Its charging process is that first, the lithium-ions escape from the positive electrode through the separator and the electrolyte. Finally, these lithium-ions diffuse to the negative electrode. The diffusion time becomes the key to charging speed. To enhance the charging rate, new electrode materials have been continuously discovered. For example, ultra-capacitor electrode materials like graphene, carbon nanotubes (CNT), activated carbon, and others rely on static electricity to charge and discharge the battery instead of chemical reactions. Therefore, the ultra-capacitor has fast charging and discharging speed and high power density, but its energy density is lower than the battery according to the same size. As depicted, the process of reducing the material size and increasing energy density will continue.
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    To focus on reducing emissions and improving fuel economy, automotive manufactories are developing Electric Vehicles (EV) to replace fuel and diesel vehicles starting from 2030~2040. The green power supply EVs to make a maximum environmental benefit, zero-emission, and lower pollution. However, changing climate occurs intermittently, which results in a spinning reserve of electric power. Fortunately, a stable electric storage system (ESS) may compensate for this problem.




    Electromagnetic induction transmits power from the source to the load via air gap based on the Faraday theorem, Ampere theorem, and Maxwell equation. A power pad combines with a turned network (or compensation network), constituting a resonant circuit to transmit and receive more massive energy efficiently. As a result, it can efficiently transmit massive power with higher efficiency of up to 90%, the quality factor of 5~100, a coupling factor of 0.2~0.5, and a fundamental operating frequency range from hundreds of Hz to several 100 kHz through an acceptable air gap. These achievements are a credit to high-frequency semiconducting switching components with less power loss, and a tuned compensation network can compensate for power transmission loss due to lateral misalignment between coils. In addition, high-quality power pads can provide a higher magnetic flux to overcome the limitation of the air gap.




    A static battery charging system with a heavy electric storage tank will definitely help the vehicle to achieve a longer traveling distance. However, the heavy electric storage system will encumber the vehicle and produce more pollution in the environment. On the contrary, a dynamic battery charging system can reduce the vehicle battery size and weight while increasing vehicle driving efficiency. However, the system needs to integrate various infrastructures such as the widespread battery charging stations.




    Adaptive compensation of the magnetic inductive system (ACMIS), based on zero voltage switch (ZVS), transmitting electric power from a single-end inverter combined with a compensated network of parallel to parallel (P-P) type and an auto-tuning impedance of LC tank is introduced in this book. The issue of simultaneous power and data communication is covered. The coherent wireless data transferring scheme includes handshaking communication, a current trimming mechanism, and a data attached scheme that synchronizes with the power flow via magnetic link. The advantages are low cost and RF radiation and interference. In addition, it simultaneously carries feedback of the load side’s message in real time. The experiment for a multifunctional contactless power flow of the G2V mode and bidirectional outer communication and inner communication with giant magnetoresistance (GMR) effect for car parking guidance is introduced. The experiment analyzes data transferring performance, including the current trimming method and data attached method, to evaluate data transmission quality according to the varying lateral offset, output power, and the air gap between two inductive power pads.
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      Abstract




      Automotive manufactories are developing electric vehicles, such as hybrid electric, plug-in hybrid, battery-electric, and fuel cell electric vehicles in order to reduce emissions and improve fuel economy. Major advanced countries will ban fuel and diesel cars starting from 2030~2040. Electric, hybrid, and fuel cell vehicles have attracted more and more attention from automakers, governments, and customers. Research and development efforts have been focused on developing novel concepts, low-cost systems, and reliable hybrid electric powertrain.




      This chapter reviews the present technologies of EVs in the range of Li-ion battery technology, drivetrain configuration, electric motor drives, power distribution system management with charging/discharging of EVs and conductive/wireless charger.
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      1.1. INTRODUCTION




      The vehicles are propelled by Internal Combustion Engines (ICE), which emit carbon monoxide, carbon dioxide, nitrogen oxides, and hydrocarbons as a result of the fuel they burn [1, 2]. These results will lead to global climate change, such as rising sea levels, abnormal rainstorms, droughts, and increased desertification. These impacts will cause significant harm to the ecosystem, water and land resources, human socioeconomic activities, and life safety.




      A total of 195 countries have adopted the first-ever universal and legally binding climate change agreement at the Paris Climate Conference in December 2015 [3]. This agreement issues a comprehensive action plan to put humankind on track to limit global warming below 2°C above the preindustrial levels. This ambitious plan requires a significant reduction in greenhouse gas emissions, starting from 2020. According to the International Energy Agency, the long-term concentration of greenhouse gases in the atmosphere must be limited to about 450 parts per million of carbon-dioxide equivalent [4].




      According to the Paris climate agreement, major advanced countries will ban fuel and diesel cars starting from 2030~2040, such as Germany (2030), China (2040), the United States (2030), the United Kingdom (2040), France (2040), India (2030), etc. This will force consumers to purchase vehicles with high efficiency and low pollution [5]. Compared with traditional cars, electric vehicles not only use energy more efficiently but also have a wide range of sources of electricity, such as hydropower, thermal power, nuclear power, renewable energy, etc. There is a growing interest in hybrid electric vehicle (HEV), plug-in hybrid electric vehicle (PHEV), Fuel cell electric vehicle (FCEV), and battery electric vehicle (BEV) technologies because of their reduced fuel usage and greenhouse emissions [6 – 8].




      HEV use more than one source of energy. The design of the propulsion system can be adapted to different output power curves to achieve higher efficiency. For example, ICE has a high efficiency; an electric motor (EM) has a higher efficiency than ICE while accelerating or decelerating frequently. Both sources of power operate with a controller to save fuel and reduce emissions. In addition, it can use a battery for regenerative braking, recovering kinetic energy to save energy when the vehicle is decelerating. It is favored by many consumers since it has minimal mileage concern and supports high efficiency. In 2018, HEVs accounted for around 3% of global car sales (2.8 million units), compared to 1.5% for battery electric vehicles (about 1.4 million units). Under increasingly stringent conditions of global vehicle emissions, the IHS Markit [9] predicts that the amount of HEV and BEV sold is less compared with ICE, as shown in Fig. (1.1).
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Fig. (1.1))


      The market prediction of EV, PHEV, HEV, Fuel cell and ICE.



      Famous hybrid vehicles such as Toyota’s Prius (PHEV) and related series have a battery capacity of about 1 to 9 kWh [10]. Although the mileage in the purely electric mode is very short, the overall fuel consumption can reach at least 20 km/l when the hybrid drivetrain is in parallel mode. In global sales, as of Oct. 2014, the sales volume is more than 7 million vehicles, which indicates that it is a fairly mature product.




      

        1.2. Powertrain Architecture Classification




        Energy consumption is a major assessment when comparing electric, hybrid, ICE, and FCVs vehicles. Several authors have provided well-to-wheels analyses that assess the global energy consumption of these types of vehicles [1, 8, 11]. HEVs and BEVs have been confirmed to consume less fuel and gas emission compared with ICE vehicles, even when electrical power is generated using petroleum. About FCEVs, the results are not so obvious in terms of the production of hydrogen.




        HEVs are propelled by an ICE and an electric motor (EM) in series or parallel configurations. The ICE provides the vehicle an extended driving range, while the EM increases efficiency and fuel economy by regenerating energy during braking and storing excess energy from the ICE during coasting. ICE and EM are integrated as powertrains to achieve high performance by an intelligent control system. The default program in the intelligent control system considers ICE as suitable for steady-state operation and the electric motor suitable for frequently accelerating and decelerating operation. Fig. (1.2) shows a running vehicle whose load power can be divided into two elements [11]. One is average (steady) power, which is constant power, and another is dynamic power, which is zero average power. The intelligent control system assigns ICE and EM output power to wheels based on speed changes, power, and demand. One powertrain which favors steady-state operation, such as an ICE, can be used to supply the average power. On the other hand, another powertrain, such as an electric motor, can be used to supply dynamic power. The total energy output from the dynamic powertrain will be zero in a driving cycle. The dynamic power is provided by the electric traction system (traction motor and chemical batteries) to meet the peak power demand and recover the braking power.
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Fig. (1.2))


        Load power is decomposed into steady element and dynamic element.



        The concept of hybrid powertrain can be implemented by different configurations (architectures) [11, 12], which are mentioned as follows:




        

          1.2.1 Series Hybrid Drivetrain




          The power progression is linear, resulting in a series hybrid-electric drivetrain. It runs on an internal combustion engine that drives a generator that only generates enough electricity to maintain steady-state operation (average power). Ideally, series HEV is an ICE-assisted EV that aims to extend the driving range. Depending on the battery capacity, if the battery is able to propel the vehicle, then it is classified as a full hybrid. If not, then it is called a mild hybrid. The converted electricity by ICE either charges the batteries or can bypass the battery to propel the wheels via the same electric motor and mechanical transmission. During braking, coasting, and transferring excess energy from the wheels to the batteries, energy is regenerated. The series hybrid drivetrain is illustrated in Fig. (1.3).




          
[image: ]


Fig. (1.3))


          Block diagram of series HEV.



          Some of its advantages are: 1) Mechanical decoupling between the ICE and the driven wheels allows the ICE to operate in the narrow optimal region; 2) The engine generated by steady-state operating can increase efficiency and reduce emission; 3) nearly ideal torque-speed characteristic of electric motor [1, 13] makes complex multi-gear transmission unnecessary, which brings benefits such as increased cabin capacity, simplified mechanical maintenance, and no discontinuous power output during shift gear. Therefore, as a pure electric vehicle, the series hybrid is quiet and comfortable (BEV); 4) simple structure and drivetrain control.




          Some of its disadvantages are: 1) series hybrid undergo multiple conversions, such as generator loss, battery charge loss, battery discharge loss, and motor loss, etc. Owing to the loss, the series hybrid is suitable for driving in urban areas, and it is useless on the highway; 2) the cascade structure leads to relatively low-efficiency ratings because all three motors are required. 3) A big traction motor is required since it is the only torque source of driven wheels.




          Taking advantage of its simple structure, control, and low-speed and high-torque, this drivetrain is usually employed in heavy vehicles, such as passenger buses, military vehicles, and locomotives. In terms of fuel consumption, this system is suitable for frequently accelerating and decelerating operations.


        




        

          1.2.2. Parallel Hybrid Drivetrain




          Parallel Hybrid Drivetrain uses mechanical coupling in parallel ICE and electrical motor. A typical configuration of a parallel hybrid drivetrain system is illustrated in Fig. (1.4). Both the engine and the electric motor directly supply torques to the driven wheels that can be used separately or together to propel a vehicle. Conceptually, it is inherently an electric-assisted ICE vehicle for achieving lower emissions and fuel consumption. This drivetrain is classified as a mild hybrid. In the low-speed region, it employs a start-stop system [13] in the low-speed to reduce emissions and idling to increase fuel economy by using only an electric motor to drive the vehicle. In a steady speed region, only the internal combustion engine supplies high efficiency to drive vehicles. Both powertrains operate vehicles at the same time to provide comfort and pleasure when ascending or in a hurry. ICE power can be split to drive the vehicle and charge the batteries. When charging the batteries, the electric motor can be used as a generator to charge the battery through regenerative braking, coasting, or by absorbing power from the ICE when its output is greater than the power required for driving wheels.
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Fig. (1.4))


          Block diagram of parallel HEV.



          Some of its advantages are: 1) As its powertrains are not cascaded, thus energy loss is less; 2) The compact structure of the drivetrain requires only smaller traction electric motor and ICE that can be used to obtain the same dynamic performance comparable with the series hybrid drivetrain; 3) lower cost and simple architecture.




          Some of its disadvantages are: 1) As parallel hybrid drivetrains are the mechanical couplings between the engine and the driven wheels, thus the engine operation points cannot be fixed in a narrow speed region to obtain an optimal benefit; 2) clutches are often necessary for the start-stop system; 3) parallel hybrid vehicle needs a complex control strategy to drive wheels between ICE and electric motor.




          The Honda Insight, Honda Civic, Ford Escape, and M. Benz S400, etc., are some examples of parallel hybrid systems [13].


        




        

          1.2.3. Series-parallel Hybrid Drivetrain Objectives




          A typical configuration of the series-parallel drivetrain is shown in Fig. (1.5). In the figure, there is a planetary gear set in transmission, which decouples the engine speed from the wheel speed [13 – 15]. The motor and transmission shaft (TS) are connected to the planetary ring gear set (R), and the motor speed is proportional to the transmission shaft (vehicle speed). The ICE is connected to the carrier (C), and G/M is connected to the sum gear (S).
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Fig. (1.5))


          Block diagram of serial-parallel HEV.



          The planetary gear set is shown in Fig. (1.6). Thus the planetary gear unit, engine, and G/M constitute the series power flow route. When the G/M speed is negative (opposite direction versus the torque), the G/M operates in generating power. In this way, the ICE power is split into two paths; one path is transferred to the drivetrain, and the other generator charge batteries. When the G/M speed is positive, the G/M becomes a motor, and aids ICE to propel wheels.
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Fig. (1.6))


          Block diagram of the planetary gear set.



          The speed and torque of an ICE are expressed as Eq. 1.1 and Eq. 1.2, respectively [11].
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              	(1)
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              	(2)

            


          




          In Eq. (1.1), the ICE speed (ωC) is a weighted average of the speeds of the vehicle (ωR) and G/M (ωS). For any given vehicle speed, the G/M speed can be adjusted to choose the ICE speed under an optimal region by controlling the G/M (motor) speed.




          The series-parallel configuration combines the advantages of series and parallel drivetrains. However, they still require three motors and a planetary gear set, which makes the powertrain somewhat complicated and costly. The well-known Toyota Prius employed this configuration. Another possible alternative to the planetary gear unit uses a combination of two concentric machines motor and G/M as a power-split device [16 - 18]. It reduces the architecture size and weight; the two machine sets can be merged, creating a single machine with a double rotor [19].


        


      




      

        1.3. Electric Vehicles




        

          1.3.1. BEV




          BEV is the only powertrain that runs entirely on electricity, as illustrated in Fig. (1.7). It is exclusively powered by batteries or other electrical energy sources, and it is possible to achieve zero-emissions. However, the short driving range, as well as the high initial cost, large and bulky batteries, and long refueling time, has limited its use. The cost of electric vehicles reduced continuously, along with an increase in the market share. Investing in new batteries materials research provides high charging current, short charging time (80% full charging/ half hour); also, the cost of the batteries has fallen to less than $120/kWh, high power density (1–1.5kW/kg) [20], energy consumption between 117 and 268 Wh/km [21] and energy density (55-150Wh/kg) [20–21]. This energy density is quite low when compared to gasoline, which has an energy density of roughly 12000Wh/kg. Electric vehicles will bring more benefits in the future.
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Fig. (1.7))


          Block diagram of BEV.

        




        

          1.3.2. FCEV




          FCEV uses fuel cells to generate electrical energy from hydrogen [22 - 24]. The electrical energy is either used to drive the vehicle or is stored in an energy storage device, such as a battery pack or ultra-capacitors. Because an FCEV can be equipped with batteries or super-capacitors, it can be regarded a form of BEV, as shown in Fig. (1.8). Since fuel cells generate electricity from a chemical reaction (isothermal) [25], they do not burn fuel, therefore, they do not produce pollutants. The byproduct of a hydrogen fuel cell is water. An FCEV provides quiet operation and more comfort for the ride. However, the production of the hydrogen fuel cell may result in emissions.
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Fig. (1.8))


          Block diagram of FCEV.



          Table 1.1 shows a comparison of the major characteristics of BEV, HEV, and FCEV.




          

            Table 1.1 List of Major Characteristics of BEV, HEV, and FCEV.




            

              

                

                  	Types of EVs



                  	BEV



                  	HEV



                  	FCEV

                


              



              

                

                  	Propulsion



                  	√ Electric motor drives



                  	√ Electric motor drives


                  √ ICE



                  	√ Electric motor drives

                




                

                  	Energy storage



                  	√ Battery


                  √ Super-capacitor



                  	√ Battery


                  √ Super-capacitor


                  √ Fossil or alternative fuels



                  	√ Hydrogen tank


                  √ Battery, super-capacitor needed to enhance power density

                




                

                  	Energy system & infrastructure



                  	√ Electric grid charging facilities



                  	√ Gasoline stations


                  √ Electric grid charging facilities for PHEV



                  	√ Hydrogen


                  √ Hydrogen production and transportation infrastructure

                




                

                  	Battery size


                  [kWh]



                  	35-80



                  	1-10



                  	1-10

                




                

                  	Characteristics



                  	√ Zero-emission


                  √ Range anxiety


                  √ Lower travel cost


                  √ High initial cost


                  √ High energy efficiency



                  	√ Very low emission


                  √ No range anxiety


                  √ Higher fuel economy compared with ICE



                  	√ Very low emission


                  √ No range anxiety


                  √ Higher fuel economy compared with ICE

                




                

                  	Major issues



                  	√ Battery sizing, power density, energy density, management, lifetime, and cost


                  √ Charging facilities


                  √ AI driving.



                  	√ Optimal control and management between multiple energy sources


                  √ Battery sizing and management



                  	√ Fuel cell life cycle, cost and reliability


                  √ Hydrogen production and distribution infrastructure

                


              

            




          




          According to the level of electric power and the function of the electric motor, HEVs can be classified into the following categories.


        




        

          1.3.3. Mild Hybrid




          It not only has more than two energy sources but also has two power sources to drive the vehicle at the same time (for example, an internal combustion engine with an electric motor). In general, the internal combustion engine is a primary power source associated with an integrated starter generator (ISG) [26] as a secondary power source. ISG is installed between an internal combustion engine and transmission for auxiliary power. If the internal combustion engine needs to be started, the motor acts as a starter;; if primary power is insufficient during driving, ISG is used as an electric motor to aid the engine. The electric motor provides greater efficiency by replacing the starter and alternator with a single device that assists the powertrain. Mild hybrids generally cannot provide all-electric propulsion. For fuel economy improvement, the mild hybrid is estimated to be in the range of 10%-20%.


        




        

          1.3.4. Full Hybrid




          It, sometimes also called a strong hybrid, is a vehicle that can run on just the engine, a motor, or a combination. A large, high-capacity battery provides battery-only operation. The full hybrid vehicles have a split power path that allows more flexibility in the drivetrain by inter-converting mechanical and electrical power. To balance the forces from each portion, the vehicles use a differential-style linkage between the engine and motor connected to the head end of the gearbox. When such a vehicle uses this fully electric system, it becomes a




          “zero-emission vehicle” (ZEV). For fuel economy improvement, the full hybrid was estimated to be in the range of 20%-50%.


        




        

          1.3.5. PHEV




          It charges batteries from a wall outlet or in the garage, which improves the efficiency of utility power usage because the charging is done at night [26 - 28]. In addition, they can use grid to increase the spin reserve of peak power by bidirectional power transfer such as vehicle to grid (V2G) [29, 30] or vehicle to home (V2H) [31, 32]. Due to this reason, they can run solely on electric power, resulting in better miles per gallon (MPG) [13]. Toyota Prius PHEV, Mitsubishi Outlander PHEV, Nissan Leaf, Citroen Numero 9, and more manufacturers' PHEVs are on the market. For fuel economy improvement, the plug-in hybrid can be improved by 100% if the ICE is not used (e.g., in urban drive cycles). Increasing the battery size allows ZEV operation for short trips and thus results in an important reduction in fuel consumption and greenhouse gas emissions. Degrees of hybridization are shown in Table 1.2.




          

            Table 1.2 Degrees of Hybridization.




            

              

                

                  	Capability



                  	Micro


                  Hybrid



                  	Mild


                  Hybrid



                  	Full


                  Hybrid



                  	Plug-in Hybrid

                


              



              

                

                  	Automatically stops/starts the engine for reducing emission



                  	yes



                  	yes



                  	yes



                  	yes

                




                

                  	Regenerative braking and excess energy during coasting.



                  	-



                  	yes



                  	yes



                  	yes

                




                

                  	Uses an electric motor to assist a combustion engine



                  	-



                  	yes



                  	yes



                  	yes

                




                

                  	Can drive vehicle using only an electric motor



                  	-



                  	-



                  	yes



                  	yes

                




                

                  	Plug-in charge for extended all-electric range



                  	-



                  	-



                  	-



                  	yes

                


              

            




          


        


      




      

        1.4. A Brief Review of EVs Traction Motors




        The EVs traction motors for the propulsion system play a very important role that considers acceleration, deceleration, acoustic noise, efficiency, and cost. The position of EVs traction motors is divided into concentrated [33] and distributed [34 –36]. Table 1.3 provides a summary of some of the salient examples in recent years for light-duty vehicles [36 – 38], most commonly used, including Permanent Magnet synchronous motor (PM) and Induction Motor (IM). The IM has the characteristics of easy manufacturing and low cost, but its disadvantages are that it has lower efficiency and lower power density. The PM has the characteristics of high power density and high efficiency. However, it is expensive due to the use of rare earth material. DC motors produce torque and speed with a mechanical commutator (coal brush), which is not the same as PM motor using an electric commutator. Because their torque vs. speed characteristics suit the traction need well and their speed controls are simple, it has become a mature technology in electric propulsion. However, dc motor drives have low efficiency and a higher need for maintenance. The French automaker PSA Peugeot Citroën introduced the HEV version of the well-known Berlingo (1998-2005), which is called Dynavolt, with a dc motor as electric propulsion [34]. The Switched Reluctance Motor (SRM) is gaining more attention because it has a simple and rugged construction and fault-tolerant operation. Some of its disadvantages are acoustic noise, torque ripple, and electromagnetic interference (EMI). The performance evaluations compared with DC motor, PM motor, IM motor, and SRM motor for application on light-duty vehicles are shown in Figs. (1 to 9) [34, 37]. Based on the main characteristics of the electric propulsion, each of them is graded from one to five points, where five points mean the best, according to which IM motor is the most adapted candidate for the electric propulsion.




        

          Table 1.3 Electric Motors in Commercial EVs [36−38].




          

            

              

                	Vehicle



                	Market


                Release



                	Vehicle type



                	Motor


                Type



                	Bus


                Voltage


                [V]



                	Peak


                Power


                [kW]



                	Peak


                Torque


                [Nm]



                	Max. Speed


                [rpm]

              


            



            

              

                	VW bora compact sedan



                	2019



                	BEV



                	PMSM



                	400



                	75



                	1000



                	1600

              




              

                	KIA soul



                	2018



                	BEV



                	PMSM



                	375



                	81.4



                	285



                	8000

              




              

                	Regera hyper-car



                	2018



                	HEV



                	PMSM



                	800



                	199



                	792



                	3250

              




              

                	BMW i8



                	2018



                	HEV



                	PMSM



                	340



                	105



                	250



                	-

              




              

                	VW e-Golf



                	2017



                	BEV



                	PMSM



                	323



                	100



                	290



                	12000

              




              

                	Tesla Model S



                	2012



                	BEV



                	IM



                	-



                	441



                	285



                	16000

              




              

                	Tesla Model X



                	2016



                	BEV



                	IM



                	-



                	193(front)


                375(Rear)



                	249(front)


                649(Rear)



                	6100(front)


                5950(Rear)

              




              

                	Tesla Model 3



                	2017



                	BEV



                	PMSM



                	-



                	192



                	430



                	-

              




              

                	Hyundai Ioniq



                	2017



                	HEV



                	PMSM



                	-



                	32



                	169



                	-

              




              

                	2018



                	EV



                	PMSM



                	-



                	88



                	295



                	-

              




              

                	2018



                	PHEV



                	PMSM



                	-



                	45



                	169



                	-

              




              

                	Hyundai Sonata



                	2017



                	PHEV



                	PMSM



                	-



                	50



                	205



                	3300

              




              

                	Toyota Prius



                	2016



                	PHEV



                	PMSM



                	-



                	53



                	163



                	-

              




              

                	Toyota RAV4



                	2014



                	PHEV



                	IM



                	-



                	115



                	370



                	-

              


            

          




        




        Fast and quick torque response is the main characteristic of high dynamic performance traction drive. The ideal torque-speed profile for traction applications is the constant power in all the speed ranges [39]. A well-controlled electric motor drive has a torque-speed profile close to the ideal, as shown in Figs. (1.10 to 1.13) [40, 41]. In these figures, a well-controlled electric motor drive includes two distinguishable operating regions: constant torque and constant power region. The maximum torque in the constant torque region is determined through the inverter current rating, while the constant power region is present due to inverter voltage and current limits [42]. In the last region (flux weakening), both torque and power decay due to the increasing influence of back electromotive force (Back-EMF) [41]. The extended constant power operation is important for both vehicle initial acceleration and coasting travel and requires less acceleration power [43].
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Fig. (1.9))


        Various features of electrical motors for EV and HEV application [34, 37].



        Field-oriented control (FOC) and direct torque control (DTC) [44] are the most popular methods for AC motor drives, such as IM, PM, etc.. They were employed to control motor speed or torque according to reference command. FOC control scheme (Space vector control) can be derived based on the d-q model of AC motors, which achieves the decoupling of torque control and field control; similar characteristics such as the dc motor can be obtained. DTC has no need for complicated coordinate transformation. The torque is controlled directly by controlling the angle of the stator flux linkage vector, which provides a very quick response. Both FOC and DTC can generate PWM by adopting the Space vector pulse width modulation (SVPWM) technique [45, 46].




        
[image: ]


Fig. (1.10))


        Typical speed-torque characteristics of EVs & HEVs from the electric traction motor.



        The EV electric motor makes numerous stops and starts on the road, which should satisfy several essential characteristics that are as follows: 1) high torque at low speed to satisfy hill-climbing conditions; 2) high-efficient range during a wide range of speed; 3) overload capability, typically twice the rated motor torque for a short period; 4) fault-tolerant capability; 5) high-power density according to weight and volume; 6) quick and fast dynamic response for driver needs; 7) high ruggedness in harsh environments; 8) low acoustic noise; 9) high-power and high speed on highway driving; 10) small size, reduced weight, the lower moment of inertia; 11) acceptable cost. More details of the operation characteristics of these motors are described below.




        

          1.4.1. DC Motor




          The DC motor is a classical electromagnetism application according to Ampère's circuital law. A brief description of the dc motor and driver is given in Fig. (1.11). The stator of the motor with two poles is a permanent magnet; the rotor of the motor is a coil with a rotating slip ring through a coal brush. The controller regulates ia by Pulse Width Modulation (PWM) technology to turn on-off switching S1~S4. When the motor runs clockwise, S1 and S4 = PWM and S2 and S3 = off; when the motor runs counterclockwise, S1 and S4 = off and S2 and S3 = PWM. The ia injects the coil via the coal brush, which produces torque by electromagnetism. The angle of the coal brush relative to the permanent magnet of the stator is fixed, which makes the rotor run at optimal efficiency.




          Conventionally, the dc motor with coal brush is widely used due to its excellent torque-speed characteristics and simple speed control. However, low efficiency, low power density, and additional maintenance requirements, such as replacing the brush, make it less attractive in EV applications. However, in lower power propulsion applications, the brushed dc motor system is still applied because of its simplicity, low cost, and mature technicality.
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Fig. (1.11))


          Schematic representation of dc motor with driver.

        




        

          1.4.2. Permanent Magnet Synchronous Motor (PM)




          Due to permanent-magnet excitation, PM brushless machine is inherently efficient, high power density, and reduced weight and volume gave power rating [47]. Permanent Magnet Synchronous Motors (PMSM) use a set hall sensor to provide feedback on rotor position to the driver, allowing for alternate current follow rotor position. A brief description of the PMSM motor with hall sensor to feedback rotor position and driver is given in Fig. (1.12). The stator has a three-phase winding; the rotor is a permanent magnet with two poles. The controller regulates three-phase current (ia, ib, and ic) according to the detection of the rotor position to turn on-off switching S1~S6 using Pulse Width Modulation (PWM) technology, which has either sinusoidal or trapezoidal waveforms. The 3-phase current produces a spin magnetic field to synchronize rotor speed to produce torque.




          
[image: ]


Fig. (1.12))


          Schematic representation of PM brushless motor with driver.



          A motor runs on the three-phase winding feedback sinusoidal or trapezoidal back-EMF corresponding brushless AC (BLAC) motor or brushless DC (BLDC) motor. Fig. (1.12) shows the schematic representation of a typical PM drive. In both BLAC and BLDC drives, rotor position information is necessary, which generally employ low-cost Hall sensors or/and a relatively high-resolution encoder to detect rotor position. However, numerous sensor-less techniques have recently been developed or are under development for both BLDC and BLAC drives. The PM motors inherently have a short constant-power region (Fig. 1.10) due to flux weakening capability in the high-speed range. To extend the speed range of PM motors, the conduction angle control is employed [48].




          There are several types of PM motors, i.e., surface-mounted PM (SPM) motor, interior PM (IPM) motor, flux switching PM (FSPM) motor, and so on, for EV drive [19, 49-51]. FSPM motor feedback sinusoidal EMF is more suitable for BLAC control and it also has small torque ripple and high-speed applications. However, the FSPM has disadvantages such as low magnet utilization ratio and expensive manufacturing cost than IPM [19, 51]. SPM motor for traction is easy to manufacture, which usually has concentrated stator coils and shorter end connections which leads to lower copper loss. The armature-reaction field is small, the inductances of the d-axis and q-axis are almost the same, and the reluctance torque is nearly zero [19, 41]. As for the losses, the SPM motor suffers from PM loss and joule loss due to the de-excitation current at high-speed. The PM loss can be reduced by segmentation in both circumferential and axial directions [49]. IPM motor with the V-shaped PMs has a strong structure, high-speed operational capability, and magnetic saliency effect [51 – 53]. For the magnetic saliency effect, it can lead to the reluctance torque generation; therefore, the high-speed operation of a motor through flux weakening control is enabled [53, 54]. Therefore, the IPM motor with the V-shaped PMs has a much larger overload torque over the speed range, a safer back electromotive force (EMF) in uncontrolled generator operation [55], and little sensitivity to PM temperature. The IPM motor has higher joule loss at low speed, but a proper stator slot number and rotor segments can keep the harmonic loss under control. Particularly, IPM motor is widely used in EVs, such as Toyota Prius with a V-shaped rotor.


        




        

          1.4.3. Induction Motor (IM)




          The IMs motor is widely accepted as the most potential candidate for electric vehicle propulsion due to its mature technology, ruggedness, reliability, low maintenance, low cost, and ability to operate in rigorous environments [11, 41]. The IM motor is already applied in many light-duty vehicle EVs including the Tesla Model S, Tesla Model X, Toyota RAV4, etc. A brief description of the PM motor and driver is given in Fig. (1.13). In this figure, the controller uses FOC or DTC algorithm to generate three sinusoidal waveforms with a phase shift 120∘ difference through close-loop-control with ia and ib signal to drive the IM motor. Both a high starting torque and a low starting current can be achieved since the supply voltage and frequency are variable. By appropriate choice of supply voltage and frequency, the starting torque can be almost as high as the maximum torque, while a high efficiency can be achieved by minimum slip control [56, 57].
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Fig. (1.13))


          Schematic representation of IM motor with driver.



          For conventional IMs, the constant power range typically extends to 2–3 times the base speed. However, for traction machines with flux-weakening control to extend speed range, this can be extended to 4–5 times the base speed [41, 58]. Without using any PMs, the manufacturing process is significantly reduced as well as the overall cost. Optimal flux, maximum efficiency, and minimum acoustic noise are also discussed [41].


        




        

          1.4.4. Switched Reluctance Motor (SRM)




          Switched reluctance motors (SRMs) are characterized by rare-earth-free and wide-speed-range advantages and are becoming an attractive technology for EV/HEV applications [59, 60]. RMs’ main characteristic is the use of rotor salient poles. The very robust rotor is cheap to produce and not temperature sensitive [61, 62]. Its efficiency remains high over a wide speed range. Efficiency values over 95% have been reported [63]. The high rotor inductance ratio makes sensor-less control easier to implement [63, 64]. The high ripple torque resulting in higher noise and vibrations is the main drawback. The investigations considered the stator/rotor geometry, power/torque density, reduced noise, and vibration [41, 65, 67]. A fault-tolerant topology system with advanced control functions is subjected to fault conditions, including open-circuit and short-circuit faults; the proposed converter starts its fault-diagnosis procedure to locate the fault [68].




          A drive with a 6-phase/8-pole SRM is illustrated in Fig. (1.14). In this figure, the controller regulates three-phase unipolar current ia, ib, and ic by Pulse Width Modulation (PWM) technology to turn on-off switching S1~S6, and SRM motor rotates clockwise with pulsated torque.
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Fig. (1.14))


          Basic winding structure and driving topology of a 6-phase 12/8-pole SRM.



          The efficiency of electric motors depends on the working points. Their characteristic footprints are shown in Fig. (1.15). If these motors with the same peak efficiency are compared, PM motors are more efficient in overload transients at a constant speed, whereas RM has better performances at high-speed overloads [69].
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Fig. (1.15))


          Efficiency map for (a) DC motor, (b) surface-mounted PM motor, (c) internal-mounted PM motor, (d) IM motor, and (e) RM motor.

        


      




      

        1.5. Li-ion Batteries




        In an EV, the battery pack is not easy to design because of the following requirements: high power density and energy density, long cycle lifetime, short charging time, affordable cost, and reliability, which should be achieved simultaneously. Li-ion batteries are recognized as the most competitive solution to be used in EVs. The advantages of Li-ion batteries are high energy density, long life-cycle, heat and cold resistance, safety, and commercialization [70, 71]. The Li-ion batteries or energy storage system is the power source of the vehicle. It can be repeatedly charged and discharged, so it is called a secondary cell. The high energy density (compared to lead-acid, nickel-metal hydride batteries), high power density, and fast charging characteristics are the main research direction of vehicle battery technology. These technological developments and advancements are crucial for the ICE to become a historical achievement.




        The storage system usually uses 20 to 40 cells as a group in parallel and uses 96 to 120 as a group in series. The batteries in series provide higher voltages; batteries in parallel provide larger currents. In addition, to avoid excessive discharging batteries, these batteries provide sufficient dynamic power to the motor to meet driver needs.




        The main materials of a lithium battery include a positive electrode material, a negative electrode material, an electrolyte, and a separator. Energy storage and release rely on lithium ions moving between the positive and negative electrodes. The battery is charged by an external electric field. The electrons originally in the positive electrode material move to the negative electrode through the charger. Lithium ions are released from the positive electrode lattice, pass through the separator, and finally into the negative electrode lattice, as shown in Fig. (1.16).
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Fig. (1.16))


        Lithium-ion battery chemistry during charging.



        When the battery is discharged, the electrons work on the load and move to the positive electrode; lithium ions are released from the negative electrode lattice, pass through the separator, and finally embedded in the positive electrode lattice, and combine with the electrons, as shown in Fig. (1.17). The rate of moving lithium ions determines the battery power density.
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Fig. (1.17))


        Lithium-ion battery chemistry during discharging.



        These Li-ion batteries are a whole lot better than Nickel-Metal Hydride (NiMH) cells and lead acid cells found in EVs of yore, but they too have their limitations. One of the most difficult challenges in battery design is increasing energy density while also maximizing battery life span [72, 73]. Li-ion batteries have achieved better combinations of these parameters than any previous technology. Yet there is still a tradeoff between energy and life, even within the family of Li-ion.




        The Li-ion battery has good charging and discharging electrical characteristics. Its charging and discharging curves are illustrated in Fig. (1.18). While charging, the charging capacity increases gradually, with the charge voltage maintaining a constant current between t0 and t1. When the voltage reaches a maximum, the current decreases exponentially. On the other hand, the capacity discharge maintains an almost constant voltage and current to the load, although there is a small decrease and increase in the voltage and current values, respectively, until the cell capacity reaches the minimum acceptable level, which is set by the manufacturer. For example, the end of discharge voltage is 3.0 V, as shown in Fig. (1.18 B).
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Fig. (1.18))


        Typical characteristics of the lithium-ion battery.



        However, discharging capacity is less than the charging capacity. The state of the charge (SOC) is determined by these leakage energy causes, which include the charging and discharging cycle, ageing, operational environment, operating temperature, and so on. The SOH indicates how much the battery has been abused, and its performance has been degraded [74, 75].




        There are two kinds of aging: aging from use, called “cycle life,” and aging with time, called “calendar life” [76, 77]. Manufacturers define cycle life for Li-ion cells as the number of full discharge-charge cycles required to reduce a cell's capacity to a fraction of its original state (A common threshold used in the laptop industry is 80 percent).




        Other negative effects of cycle life are as follows:





        

          	Stay away from very low and very high states when discharging and charging. Voltages below 3.00V/cell and over 4.15V/cell cause more stress on the battery.




          	Stay away from very high charge rates; charging at a rate greater than C/2 reduces the life of the cell.




          	Stay away from charging at temperatures below 0° C.




          	Stay away from very high discharge rates.


        




        Calendar Life Li-ion cells lose capacity with time, even if they are just sitting on a shelf. They lose the most capacity early in their life and then continue to lose capacity gradually thereafter. Some factors that shorten the calendar life are as follows:





        

          	Life-time average temperature and time spent at high states of charge. Batteries would last the longest if they were stored in a refrigerator at a very low state of charge.




          	They are the fastest when stored in a hot place at a full state of charge.


        




        A liquid cooling system is used by some manufacturers of important inventions to improve battery lifetime. This technology keeps the batteries at a favourable temperature even under extreme ambient temperature.Table 1.4 shows the comparison between Li-ion batteries with other types of batteries.




        

          Table 1.4 Characteristics of li-ion batteries compared with other types of batteries




          

            

              

                	Battery Type



                	Li-ion


                [78]



                	Lead acid


                [79]



                	Ni-Cd


                [80]



                	Ni-MH


                [81]



                	Zn-Br


                [82]



                	Fe-Cr


                [83]

              


            



            

              

                	Power Density [W/kg]



                	1800



                	180



                	150



                	250-1000



                	-



                	70-100

              




              

                	Energy Density [Wh/kg]



                	110-160



                	30-50



                	45-80



                	60-120



                	35-54



                	20-35

              




              

                	Nominal Volt. [V]



                	3.6



                	2



                	1.25



                	1.25



                	1.67



                	1.18

              




              

                	Operating temp. [°C]



                	-20~60



                	-20~60



                	-40~60



                	-20~60



                	-20~60



                	-40~60

              




              

                	Cycle Live



                	500-1000



                	200~300



                	1500



                	300~500



                	>2000



                	-

              




              

                	Charge Efficiency [%]



                	95~



                	79



                	-



                	-



                	-



                	-

              




              

                	Energy efficiency [%]



                	80



                	70



                	60-90



                	75



                	80



                	66

              




              

                	Overcharge Tolerance



                	Very low



                	High



                	Moderate



                	Low



                	High



                	Moderate

              




              

                	Self-discharge



                	Very low



                	Low



                	Moderate



                	High



                	Low



                	High

              




              

                	Thermal Stability



                	Most Stable



                	Least Stable



                	Least Stable



                	Least Stable



                	Least Stable



                	Stable

              


            

          




        


      




      

        1.6. EVs on a Power Distribution System




        BEV or PHEV charging batteries connect a wire to a grid. Therefore, BEVs and PHEVs will become a distributed power source to be a commitment by an aggregator [84, 85]. They aid the power grid to provide efficiency, stability, and reliability. In contrast, they can put the grid in a critical condition when heavily charging batteries during peak power demand.




        The power demand of a certain area in winter [86] is shown in Fig. (1.19). It has a wave trough between 0h-6h which is the period of minimum power demand; a wave crest between 18h-20h is the period of the highest power demand. Regardless of the demand, the amount of power generated in the grid must be equal to the demand to meet the voltage and frequency of grid stability. Therefore, the grid is a large servo system, which keeps the balance between output power and demand at all times.
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Fig. (1.19))


        The power demand of a certain area in winter.



        The maximum power generation and the proportion of generation of units are shown in Fig. (1.20). In this figure, “Nuclear: 20, 0.038” means that nuclear power generation accounts for 20%, and the cost is $0.038/kWh. The cost determines the order of units. For example, baseload power such as nuclear units and coal units provide a lower generated cost. The higher generated cost, such as oil units, is only turned on during peak power demand. Nuclear units and coal units are baseload power units that are continuously generated to meet most of the demand. The hydro units are a renewable energy source that acts as a load or generator to provide bidirectional power transfer. They pump water to the reservoir during 0-6h and generate power to the power grid during 6-24h. Therefore, the main function of the hydro units aids the power grid in economic operation.
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Fig. (1.20))


        Proportion of generated power by each generator.



        The Liquefied Natural Gas (LNG) generates more power than coal units because of less emission. However, the cost ($0.11/kWh) of LNG is more than coal units (0.054/kWh). Oil units can immediately start generating power, allowing them to satisfy surge demand such as peak power demand (18 h-20 h). However, its cost of generation is the most expensive, which is 5 times that of nuclear units. The proportion of power generated by oil units is only 5%. The renewable units generate only 4% power, which provides intermittent power to the grid. In this situation, the power grid absorbs the impacts of intermittent power by coal units. In Fig. (1.20), the spinning reserve is only 5% in 18h-20h. Therefore, the situation of this power grid system is critical.




        The number of EVs is expected to grow rapidly in the coming years. An EV battery charging rate is slow, i.e., 1.5 kW [5] or fast, i.e., 400 kW [87]. However, the uncoordinated charging of these vehicles can put severe stress on the power grid. EVs are capable of charging their batteries to 80% capacity. Slow-rate charging takes 10 hours and fast-rate charging takes half an hour. On the grid, the danger arises when huge numbers of EV batteries using fast charging rates are used without being managed. For example, 200 EVs use fast-charging batteries to add 80 MW demand on the grid during peak power demand. If the total demand is more than max. generation at 19 h, then there is an output power cut-off on a certain area to avoid generators’ breakdown, as shown in Fig. (1.21).
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Fig. (1.21))


        The power grid de-rating output power during peak power demand.



        As above, the EVs must be managed to avoid power grid breakdown or de-rating. Aggregator aggregates the contracted EVs and contracted factories to be a virtual power plant (VPP) [88-90]. The VPP de-load during 18h-20h as shown in Fig. (1.22). In the Figure, the optimal day-ahead market bidding strategy of an aggregator of a power distribution system controls the spinning reserve up to 10% and shifting the peak demand to 02h-07h. Therefore, the aggregator creates a win-win situation for both power plants and contracted EVs and factories, which reduces the number of power plants and brings benefits to the power distribution system.
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Fig. (1.22))


        Contracted power de-load and spinning reserve up to 10%.



        Vehicle-to-grid (V2G) has been used as the bidirectional power transfer between the EVs and the power grid traditionally. However, recently, these EVs are more likely to present a general concept of EVs providing a buffer to store energy. In this aspect, the benefits of V2G applications have been widely studied, including load shifting [91], reduced power loss, power unit commitment, and the impact of charging PHEV or BEV on distribution power systems [92 – 95].




        A city with a power distribution system is illustrated in Fig. (1.23). In this figure, the power distribution system includes a centralized power plant, distributed energy storage units, independent system operator (ISO), aggregator, and power transmission network. The optimal day-ahead market bidding strategy of an aggregator of a power distribution system accepts direct assignment of ISO which provides economical operation, reduces emission, optimal unit commitment, and stable voltage and frequency on the power grid.
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Fig. (1.23))


        A power distribution system with an aggregator in a city.



        There is bidirectional power transfer by EVs, as shown in Fig. (1.24). In this figure, the EVs charging batteries during 01-07h (G2V) and EVs output energy to the grid during 18h-20h (V2G) are depicted. In addition, the spinning reserve of the power grid is up to 10%.
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Fig. (1.24))


        Bidirectional power transmission by EVs keeps the power grid running efficiently and increases the spinning reserve by up to 10%. Batteries charging for BEV and PHEV.



        Between 2030 and 2050, the worldwide ICE vehicle market will be closed. It will be replaced by EVs or HEVs, which have zero or low emissions and high-efficiency performance. Before the battery runs out of energy, they use traditional conducive charging or novel wireless charging to charge the batteries between the power grid and the vehicle. As compared to ICEs, EVs require more time for refueling, dedicated connectors, and fewer charging stations.




        

          1.6.1. Conductive Battery Charging




          The EVs or PHEV receive energy from the power grid by a physical plugging-in connector and store the energy into a battery pack. The charging rate is determined to input power by the capacity of the charger and batteries; it can be charged and discharged many times over its useful service life.




          The conductive charger consists of an ac–dc rectifier and dc-dc converters or a low-frequency ac to high-frequency ac converter with PFC. They are classified as on-board and off-board chargers. In on-board chargers, rectifiers and battery current regulators reside inside the vehicle, whereas rectifiers and battery regulators reside outside the vehicle for off-board chargers. They are classified based on the power transfer level. Level 1 and Level 2 are the on-board chargers that should be located on the vehicle and the connector compliance with SEA J1722 is required [96 - 99]. The level 1 charger has a power output of 2 kW (120V/15A), whereas the level 2 charger has a power output of 4–20 kW (208V, 240V/up to 80A). Level 3 dc fast chargers, sometimes known as superchargers, have a power range of 50–150 kW, allowing them to charge a battery in less than an hour. It can be installed in highway rest areas and residential areas as a refueling point.




          The state-of-the-art dc fast chargers convert the three-phase ac voltage up to 480 V or higher into the desired dc voltage by two power electronics-conversion stages: ac to dc rectification stage with power factor correction (PFC), which converts three-phase input ac voltage into an intermediate dc voltage, and a dc to dc stage, which converts the intermediate dc voltage into a regulated dc voltage. The dc voltage source injects energy into the off-board charger of the vehicle via a wire cable. Table 1.5 shows a comparison between various models of EVs and PHEVs [76, 99]. Both level 2 and dc fast charging block diagrams are shown in Fig. (1.25). Due to the on-board charger (level 1 or level 2) having a relatively low-power rating, it is suitable for overnight charging. The level 3 or dc fast charging charge battery in less than 1 hour to decrease long time charging. The models of dc fast charging include J1772 combo, Tesla supercharger, CHAdeMO, CCS, etc. [87, 97, 100].




          

            Table 1.5 Various Ev Types And Phev Models with their Charging Level and Battery Capacity [76, 99].




            

              

                

                  	Mode



                  	Driving Distance/


                  1 Hour of charging



                  	Battery Energy Size


                  [kWh]



                  	EV Type



                  	Type of Charging



                  	Max Charge Time


                  [Hr]



                  	Max Charge rate


                  [kW]

                


              



              

                

                  	Porsche Panamera


                  S E-Hybrid



                  	10



                  	9



                  	PHEV



                  	Level 1/ Level 2



                  	10/2.5



                  	3

                




                

                  	Audi A3 e-tron



                  	11



                  	9



                  	PHEV



                  	Level 1/ Level 2



                  	8/2.5



                  	3.3

                




                

                  	Cadillac ELR



                  	11



                  	16.5



                  	PHEV



                  	Level 1/ Level 2



                  	12.5-18/5



                  	3.3

                




                

                  	Chevy Spark EV



                  	11



                  	19.44



                  	100% Electric



                  	Level 1/Level 2/


                  dc fast charging



                  	20/7/0.33(80%)



                  	60

                




                

                  	Chevy Volt



                  	11



                  	18.4



                  	PHEV



                  	Level 1/Level 2



                  	13/4.5



                  	3.3

                




                

                  	Ford C-Max Energy



                  	11



                  	7.6



                  	PHEV



                  	Level 2



                  	2.5



                  	3.3

                




                

                  	Ford Fusion Energy



                  	11



                  	7.6



                  	PHEV



                  	Level 1/ Level 2



                  	7/2.5



                  	3.3

                




                

                  	Mercedes S550 Plug-in Hybrid



                  	11



                  	8



                  	PHEV



                  	Level 1/Level 2



                  	2/4-5



                  	3.3

                




                

                  	Mercedes S350 Plug-in Hybrid



                  	11



                  	6.2



                  	PHEV



                  	Level 2



                  	2



                  	3.3

                




                

                  	Smart Electric Drive



                  	11



                  	17



                  	100% Electric



                  	Level 2



                  	2.5



                  	7.2

                




                

                  	Toyota Prius Plug-in



                  	11



                  	9



                  	PHEV



                  	Level 1/ Level 2



                  	5.5/2



                  	3.3

                




                

                  	Mitsubishi i-MiEV



                  	11



                  	16



                  	100% Electric



                  	Level 2 (16A, 10A, 8A)/ Level 3



                  	6, 8, 10/0.5



                  	3.6, 2.4, 1.9, 2/32

                




                

                  	Nissan LEAF



                  	11/22



                  	24



                  	100% Electric



                  	Level 1/ Level 2/ Level 3



                  	22/8/.5



                  	3.3/6/48

                




                

                  	Porsche Cayenne S E-Hybrid



                  	12/24



                  	11



                  	PHEV



                  	Level 2



                  	3, 1.5



                  	3.6, 7.2

                




                

                  	Volkswagen e-Golf



                  	12/24



                  	36.6



                  	100% Electric



                  	Level 1/ Level 2/


                  dc fast charging



                  	24/9/0.5(80%)



                  	3.6/7.2/70

                




                

                  	Ford Focus Electric



                  	22



                  	23



                  	100% Electric



                  	Level 1/ Level 2



                  	20\3-4



                  	6.6

                




                

                  	Fiat 500e



                  	22



                  	24



                  	100% Electric



                  	Level 2



                  	4



                  	6.6

                




                

                  	Kia Soul EV



                  	22



                  	27



                  	100% Electric



                  	Level 1/ Level 2/ Level 3



                  	24/4-5/0.72



                  	6.6

                




                

                  	Honda Accord Plug-in Hybrid



                  	22



                  	7



                  	PHEV



                  	Level 2



                  	3



                  	6.6

                




                

                  	Honda Clarity Electric



                  	25



                  	25



                  	100% Electric



                  	Level 1/ Level 2/


                  dc fast charging



                  	19/3/.5(80%)



                  	NA

                




                

                  	BMW i3



                  	25



                  	24



                  	100% Electric



                  	Level 1/ Level 2/


                  dc fast charging



                  	22/8/0.5



                  	48

                




                

                  	Mercedes B-Class Electric



                  	29



                  	28



                  	100% Electric



                  	Level 2



                  	2



                  	10

                




                

                  	Tesla Model S



                  	29/58/255



                  	85



                  	100% Electric



                  	Level 1/ Level 2/ Supercharger



                  	0.67 (80%)



                  	150
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Fig. (1.25))


          Block diagram of the on-board charger and off-board charger.

        




        

          1.6.2. Wireless Battery Charging




          At present, wireless power transfer (WPT) for vehicle battery charging is an option in addition to conductive charging. The standardization of WPT by the SAE J2954 wireless charging task force is still at an early stage [101]. The WPT for vehicle battery charging without physical wiring provides convenience and safety [102]. Its schematic representation is shown in Fig. (1.26). In this figure, there are two units: the primary unit and the secondary unit. The low-frequency power energy from the grid to primary, which was converted into a high frequency (operation frequency) signal by a high-frequency converter (HFC) and injected LC tank (constructed by compensation network and coil). The LC tank amplifies this signal, radiates this signal, and is received by the LC tank of the secondary unit via an air gap. Finally, the received power will be absorbed by a load (battery pack).




          
[image: ]


Fig. (1.26))


          Block diagram of wireless power charger with RF communication for the electric vehicle.



          The resonant frequency of the LC tank is designed closed to operation frequency by tuning its characteristic impedance. Therefore, the characteristic impedance of the LC tank for the primary unit and secondary unit are the same. However, the primary side's characteristic impedance of the LC tank will be affected by the reflected load via mutual induction, making it difficult for the two sides’ resonant frequency to be closed operation frequency simultaneously, especially for time-varying loads. There is a way to reduce the effective factor, which increases the distance between two LC tanks to reduce mutual induction even to zero. As mentioned above, resonant frequency of the LC tank for the primary unit and secondary closed to operation frequency was called magnetic resonances. MIT researchers presented a paper on power transfer using magnetic resonances, claiming that 60W of power can be transferred over a 2m distance [103]. The result surprised academia, and the WPT quickly became a hot research area. A lot of interesting works were accomplished with different kinds of innovative circuits, as well as the system analysis and control [104 – 106]. In order to transfer power more efficiently, the operation frequency is usually chosen at MHz level, and air-core coils are adopted. When the WPT is used in EV charging, the MHz operation frequency is hard to reach power and efficiency criteria because it is inefficient to convert a few hundred kilowatts of power at MHz frequency level using state-of-the-art power electronics devices. Moreover, air-core coils are too sensitive to the environment. If an air-core coil is attached to a vehicle, the magnetic flux will go inside the chassis, causing high eddy current loss as well as a significant charge in the coil characteristic impedance. To make the WPT system more practical in the LC tank, ferrite as a magnetic flux guide and aluminum plate as a shield are usually adopted [106]. The operation frequency of the LC tank with ferrite and aluminium is less than 100 kHz, which is magnetic field coupling between the transmitted and received LC tanks, which is similar to classic inductive power transmission (IPT) [108, 109].




          The typical IPT technologies include induction cooking [110, 111], contact-less battery charging for electric vehicles [111 - 115], vehicle-to-grid systems [116 - 118], bidirectional inductive power transfer [119 - 121], mobile phones charging [122], medical implants [123, 124], dynamic charging on roadway applications [125, 126], avionic applications [127], power and data transfer [128 - 130], some special applications [131, 132], underwater vehicles [133, 134], mining systems [134], and cordless robots in automation production lines [136, 137].




          The EV transfer power needs communication between the controller and the better management system (BMS). The transfer data include control signal, vehicle’s ID, emergency message, charging voltage, current watt, and battery status, etc., using RF equipment, as shown in Fig. (1.26). The wireless communication is quite mature and compliant with regulations of SAE J2931/1, SAE J2836/6, and IEEE 802.11p, etc. [138]. However, this tutorial book introduces a novel wireless charging method that not only has massive power, compact size, and high transferring efficiency but provides two-frequency bandwidth and bidirectional communication using a data-attached mechanism without resorting to other RF devices. The novel communication provides charging and billing information and monitors safety during the charging period. Its diagram is shown in Fig. (1.27).
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Fig. (1.27))


          Block diagram of coherent wireless power charging and data transfer for the electric vehicle.
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