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In order to break through the existing battery technology of electric vehicles, this paper proposes to use heat pump air conditioning instead of the original PTC heating system potential. First, the advantages and disadvantages of different heat pump models for new energy vehicles are analyzed and compared. Second, a fuzzy inference system is constructed based on the machine learning model to observe the temperature of the passenger compartment using the temperature sensor inside the tram and to determine the need for the air conditioning system to be turned on in the heating/cooling mode by comparing it with the set temperature. Finally, the results show that the machine learning algorithm is able to monitor and adaptively adjust the interior temperature to further enhance the adaptability of the system with low volatility and high accuracy. The proposed research study can lay the foundation for further optimizing the design of heat pump air conditioners for electric vehicles.
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1 INTRODUCTION
Automotive air conditioning technology has been developed for nearly 70 years since the 1950s, when General Motors first designed and installed the first integrated heating and cooling air conditioner in a car in the United States (Sharif et al., 2017; Bentrcia et al., 2018; Wang et al., 2020). During this period, although the components within the automotive air conditioning system have been continuously updated, its entire system based on mechanical compression for cooling and the use of waste heat from fuel vehicles for heating has remained almost unchanged (Ahn et al., 2016; Kalinichenko et al., 2018; Lee et al., 2022). With the rising awareness of environmental protection in various countries and the rapid development of technology in the new energy vehicle industry, it is the trend for vehicles to develop from traditional fuel vehicles to new energy. Therefore, the automotive air conditioning industry is facing a shift and challenge from a single indicator of comfort to comprehensive energy saving and emission reduction. Under the pressure of energy crisis and environmental pollution, new energy vehicles came into being. Among them, pure electric vehicles, with their characteristics of no pollution, low noise, and high efficiency, have received wide attention from automobile manufacturers and consumers and have gradually become an important research direction for the transformation and upgrading of the automobile industry (Wang et al., 2016; Li et al., 2019). Although electric vehicles have great potential for development, shortcomings such as short range and long charging time limit the popularity of pure electric vehicles.
Both new energy vehicles and conventional vehicles require a comfortable driving environment. Air conditioning systems can provide a comfortable interior environment for the driver and occupants under complex and changing driving conditions (Sharif et al., 2016). Pure electric vehicles have limited battery capacity and short range, so there are strict requirements for the energy consumption and efficiency of the air conditioning system. Among them, in the design of the whole vehicle thermal management system, the cooling system medium of electric drive and accessory thermal management is the coolant, and the structure is basically independent. The interior thermal management and battery thermal management are realized by the coupling of air conditioning system, and the cooling medium is an R134a refrigerant. The interior thermal management mainly includes interior cooling, interior heating, and remote control of air conditioning. The strongest coupling between the battery thermal management and air conditioning system is battery cooling, and battery heating is generally realized independently through the battery heater, which is basically not coupled with the air conditioning system.
Recently, artificial intelligence has become a socially recognized future development trend (Athey, 2018; Bi et al., 2019). By mining the implied laws from a large amount of historical data and applying them to the prediction of the system, machine learning improves the accuracy and precision of the system. With decades of research and development, automotive air conditioners have accumulated a sufficient amount of historical data and are a representative applicable object for machine learning. Most of the air conditioning systems of electric vehicles currently in circulation are used for winter heating through PTC, but according to the relevant electric vehicle regulations, if the car is to have the function of heating and defrosting, then the PTC electric heating power needs to be more than 3000 W (Park and Kim, 2017; Park and Kim, 2019). The PTC electric heating method of heating consumes a lot of power and has a large impact on the battery, and the coefficient of performance of the system is maximum 1, there is certain of energy waste. The heat cannot be propagated in the reverse direction without the interference of external forces, and heat can only be radiated from high temperature to low temperature. The working principle of the heat pump is to consume less energy and realize the propagation of heat from the low-temperature object to high-temperature object by reversing the cycle, so as to obtain a larger amount of heat. This way of consuming less energy and obtaining more heat can achieve the purpose of energy saving.
Heat pumps have a proven product history of over 20 years as a solution for home and commercial air conditioning. Although, their use of electrical energy can achieve 2–3 times of heat output. However, limited by cost and technical maturity, they have been slow to develop in the automotive air conditioning industry. However, with the imperative to address the range of electric vehicles, heat pump systems are the most promising and efficient solution available. At present, a lot of research studies have been performed by scholars in various countries on the design and application of heat pump air conditioning control systems in the context of machine learning. In this paper, we will systematically review the current research status of the electric vehicle heat pump air conditioning control system based on machine learning, summarize and conclude the technical principles of heat pump air conditioning, types of heat pumps, environmental protection work material substitution, and compressor control strategy and electric vehicle heat pump defrost system based on machine learning, and analyze the current difficulties in electric vehicle heat pump air conditioning on this basis.
2 PRINCIPLE AND STATUS OF ELECTRIC VEHICLE HEAT PUMP AIR CONDITIONING
2.1 Working principle of the electric vehicle heat pump air conditioning system
The working principle of the electric vehicle heat pump air conditioning system is shown in Figure 1, which mainly consists of an electric compressor, a four-way reversing valve, an external heat exchanger, a liquid storage dryer, a capillary tube, an internal heat exchanger, and a fan (Zhou et al., 2017; Peng et al., 2021; Ning et al., 2023). The cooling cycle is similar to the heating cycle in that the direction of the mass flow can be changed simply by a four-way reversing valve.
[image: Figure 1]FIGURE 1 | Working principle of the electric vehicle heat pump air conditioning system.
T and P denote pressure and temperature, respectively. As can be seen from Figure 1, the electric air conditioning compressor will be a high-temperature and low-pressure gaseous refrigerant, compressed into a high-temperature and high-pressure liquid refrigerant; through the car heat exchanger condensation, heat exchanges with the air inside the car, the air temperature inside the car rises, and the refrigerant temperature drops, becoming a low-temperature and high-pressure liquid refrigerant; and then, through the electronic expansion valve, it becomes a low-temperature and low-pressure gaseous refrigerant; through the car heat exchanger, heat exchanges with the gas outside the car, the air temperature outside the car drops, and the refrigerant temperature rises, becoming a high-temperature and low-pressure gaseous refrigerant, into the next round of the refrigeration cycle. In this way, the heat exchange between the inside and outside of the car can be realized, so as to achieve the effect of heating the inside of the car.
2.2 Different types of heat pump systems
2.2.1 Direct heat pump
Automotive air conditioning systems with heat pump functions are more complex than conventional automotive air conditioning systems, and the functionality and reliability of the components are correspondingly higher. Junqi et al. (2021) pointed out that the existing four-way reversing valve design is a copper reversing valve for domestic air conditioners, and an aluminum reversing valve for automotive air conditioners has poor solderability, low reliability, and vibration resistance and, thus, has the disadvantage of being unsuitable for frequent switching and leakage between high and low pressures. Therefore, major automotive companies and system suppliers can now arrange a dual heat exchanger on the indoor side to take care of the cooling and heating needs (Han et al., 2021; Wang et al., 2022a). For the direct heat pump system, an internal condenser is arranged directly on the rear side of the evaporator inside the air conditioning box to replace the conventional warm air core. At the same time, since the outdoor heat exchanger has to take on additional heat absorption demand in winter, it is necessary to add an additional heat making valve set or throttling short pipe valve set at its inlet in the heat pump mode. The function is to realize the fine adjustment of the flow rate of outdoor heat exchanger to maintain the stable operation and heat output of the system in the heating mode. At the same time, the battery cooler and indoor evaporator also need to use solenoid valve set to cut off and bypass to the gas–liquid separator.
2.2.2 Indirect heat pump
Unlike the direct heat pump, the indirect heat pump system uses a plate heat exchanger to realize the heat exchange between the compressor high-pressure high-temperature refrigerant gas and the coolant of the cooling circuit, and the heat exchanged high-temperature coolant then flows through the warm air core in the air conditioning box via the secondary circuit, so as to conduct secondary heat exchange with the circulating air in the air conditioning box again. After the secondary heat exchange, the air temperature of the warm air core reaches the set target air temperature (Zhou et al., 2022). It can be seen that the arrangement inside the air conditioning box is still the same as that of the conventional air conditioning box, with the evaporator and the warm air core. The air conditioning box does not need to be redesigned again, which can reduce most of the design and verification and tooling costs and save the development cycle. Meanwhile, the indirect heat pump with secondary loop design can realize the coupling relationship between the coolant system and the heat pump system through the plate water-cooled condenser (Malinowski et al., 2017). The high-pressure water PTC of the cooling system can achieve rapid warming of the battery system in winter and can also be used as a supplementary heat source to compensate for the risk of heat deficiency of the heat pump system under severe low-temperature conditions. It also reduces the risk and cost of the high-pressure PTC in the air conditioning box. The use of electrical energy regulation not only keeps the structure design simple but also controls the current size and heat and the use of temperature models, reduces the heat loss during the operation of the air conditioning system, and increases the speed of the car’s internal temperature.
2.2.3 Heat pump system with waste heat recovery
Although the heat pump system can output 2 to 3 times the electrical power of the heat and the energy efficiency is high, it relies on the external heat exchanger at low-temperature air and refrigerant heat transfer. When the external heat exchanger is in evaporating condition and the surface temperature is lower than the dew point temperature of the incoming air, the heat exchanger surface is in wet condition and the heat exchanger surface will condense or even frost. Therefore, the traditional air source heat pump, in the low-temperature and high-humidity environment will quickly frost and, thus, affect the stable output of system heat and system pressure loss. For this reason, many scholars have considered dual heat source heat pump systems that operate by using the waste heat from the coolant of electrical components such as motors.
A new heat pump system for electric vehicles is proposed in the literature (Singh and Sharif, 2019; Wang et al., 2021a), which takes the form of an additional external heat source in the system. A special device, called a bi-directional reservoir, was also designed. This device performs the filtering and drying function of the reservoir inside a conventional vehicle air conditioner and can be used in the cooling or heating mode. This replaces the original need for two expansion valves, two check valves, and two liquid storage electric compressor control tanks. The results of the improved heat pump bench test show that at an ambient temperature of −10°C, the air side absorbs 2.5 kW of heat exchange and the battery and motor recover 0.5 kW of heat. In comparison with the PTC system, the whole vehicle saves 15% of electricity consumption. It also improves the stability of the system for external heat exchanger frost.
Rajbongshi and Saikia (2018) proposed a thermal management method called the thermal link system, in which the waste heat recovery heat exchanger is connected in series with the outdoor heat exchanger. In the heating mode, the power consumption can be reduced to 580 W and a heating capacity of more than 2000 W can be obtained. As a result, the COP of the heat pump system exceeds 3.3.
In the study of Liu et al. (2019), a waste heat recovery heat pump system connected in parallel with an external heat exchanger was investigated. The performance of the winter EV thermal management system was enhanced by recovering the automotive waste heat, and the heating COP was improved by about 25.5% when the ambient temperature was −7°C and the waste heat was boosted from 0 W to 1000 w. At the same time, the waste heat generated by the circuit helps to increase the compressor suction pressure and outlet pressure, which in turn increases the outlet air temperature. In comparison with the PTC heating system, the remaining power of the whole vehicle is improved by about 53%.
Karnik et al (2016) noted in an SAE workshop that the I-pace heat pump system can recover 2.5 kW of heat from the motor circuit at an ambient temperature of 0°C. At the same time, only 0.3 kW of compressor power consumption is required to deliver an overall 2.8 kW of heat to the passenger compartment. Menken et al (2018) evaluated that the Audi Q7 e-tron heat pump can deliver 3.4 kW of heat with 2.5 kW of power in the waste heat recovery heat pump mode at an ambient temperature of 5°C.
2.3 Environment-friendly work substitution for heat pump air conditioners
Currently, R134a is the main working fluid in automotive air conditioning systems, while R407C, R410A, R1234yf, and CO2 are also used in a few automotive air conditioning systems.
R134a is non-toxic, non-combustible, and has good heat transfer performance, but its boiling point is relatively low (−26.5°C) and the amount of refrigerant vaporization decreases significantly when the ambient temperature decreases, resulting in a decrease in heating efficiency, insufficient low-temperature heat production, and high energy consumption, which cannot meet the load requirements of automotive air conditioners at low ambient temperatures; its GWP (1600) value is high, and it is a restricted process in the EU and the Kyoto Protocol. R407C is a ternary non-azeotropic blend of R32, R125, and R134a, with a GWP value of 1980. R134a, R407C, and R410A are three mainstream automotive air conditioning process agents whose use has been restricted due to their high GWP values. R1234yf (ODP = 0, GWP = 4) is an environment-friendly process agent for automotive air conditioners jointly introduced by Honeywell and DuPont, which can meet the requirements of EU regulations and has similar thermodynamic and heat transfer characteristics to R134a. It is one of the best alternatives to R134a for automotive air conditioners because of its low cost (Altinkaynak et al., 2019; Pabon et al., 2020; Adrian et al., 2021; Yadav et al., 2022). However, there is a 10% decrease in performance compared with R134a systems, and the performance decrease is more prominent at low-temperature heating. Meng et al. (2018) and Yang et al. (2019) applied R1234yf/R134a hybrid work gases with different mixing ratios in automotive heat pump air conditioning systems, and the COP is slightly lower than that of R134a systems, but the difference does not exceed 7%, which is feasible.
The natural work gas CO2 (ODP = 0 and GWP = 1) has the advantages of good low-temperature heating performance and high cooling capacity per unit and is considered as one of the best choices for the new generation of work gas for automotive air conditioning (Lee et al., 2014). Mercedes-Benz of Germany was the first to launch a vehicle equipped with a CO2 air conditioning system in 2017, and Toyota and others have started to apply it on a large scale. The CO2 heat pump system developed by Valeo can increase the driving range by 15% at −15°C and 30% at 20°C. The CO2 transcritical automotive heat pump air conditioning system proposed in the literature (Zheng et al., 2020; Wang et al., 2022b) can achieve an outlet air temperature of 40.4°C and a COP of 1.8 at −20°C in a fully fresh air environment, with obvious advantages of low-temperature heating effect. However, the critical temperature of CO2 work material is low (31°C), and the system must work in the transcritical cycle (pressure >7.4 MPa), and the operating pressure is much higher than that of the R134 a automotive air conditioning system, and the existing components cannot meet the requirements of system reliability and safety.
3 MACHINE LEARNING-BASED COMPRESSOR CONTROL STRATEGY FOR HEAT PUMP AIR CONDITIONERS
A temperature sensor in the passenger compartment of the electric vehicle observes the temperature of the passenger compartment and determines that the air conditioning system needs to be turned on in the heating/cooling mode by comparing it with the set temperature. The automatically controlled air conditioning system features low volatility and high accuracy, avoiding the driving safety hazards for drivers caused by manually adjusting the air conditioning knob. Scholars at home and abroad have found that the compressor is a key part of the air conditioning control system through research on air conditioning systems. Scroll compressors can even reduce the power of the air conditioning system by avoiding the compressor to always run at very high speed.
The scroll compressor is driven by a DC motor. By adjusting the duty cycle of the voltage applied to the DC motor, the speed of the compressor can be effectively controlled to achieve effective and precise control of the occupant compartment temperature. At the same time, it can reduce the power of the air conditioning system by avoiding the compressor from running at very high speed all the time. By introducing machine learning (Agarwal et al., 2020) and combining neural networks with fuzzy control, researchers designed a fuzzy neural network compressor controller and compared it with the control effects of PID and fuzzy control to derive the best compressor control system.
In this paper, the control strategy of the heat pump air conditioning system is studied from the power of the air conditioning system by combining the heat transfer mechanism of the heat pump air conditioning system and components and relevant algorithms in machine learning with current popular control methods as the starting point. Based on the thermodynamic principle, the remaining components of the heat pump air conditioning system are modeled, and the coupling of each component is proposed to build a heat pump air conditioning system construction strategy. The deficiency of fuzzy control which relies heavily on expert experience is remedied.
3.1 Inverter compressor PID control
PID control as a linear controller is widely used in the field of mechanical control due to its excellent robustness, high reliability, simple principle, and easy implementation (Xie et al., 2022). PID achieves the control of the control target by establishing an accurate mathematical model. However, for the automotive air conditioning system, the dynamic changes of its driving state and environment make it a non-linear and time-varying strong controlled object. Therefore, it is difficult to meet the precise control of the air conditioning system by using the PID controller, a classical control algorithm that regulates by linear superposition of three items: proportional, differential, and integral. At the same time, there are also applications for the actual control object, after simplifying the PID controller, such as the PI controller.
The PID control system for the automatic air conditioning compressor was determined based on the principle of the PID control system combined with the compressor control system. The researchers found that if the set temperature of the passenger compartment is 25 °C, the compressors all run at the highest speed when the temperature difference exceeds the upper and lower limits to ensure that the set temperature is reached as soon as possible (Chunyue, 2017).
3.2 Fuzzy control of the variable-frequency compressor
Fuzzy control based on fuzzy sets, fuzzy logic, and fuzzy language is a popular research topic in the field of artificial intelligence control in recent years and has been widely used in various fields of industry. The automotive heat pump air conditioning system is easily limited by the driving status of the car and the changing heat load. Also, fuzzy control, as an important part of intelligent control, uses set fuzzy rules for effective control of the control target without the need for precise mathematical models (Nguyen et al., 2019). Yordanova et al. (2014) argued that the introduction of fuzzy control into the field of air conditioning control avoids most of the ineffective control and allows the power of the air conditioning system to be reduced.
The EV obtains the exact value of the controlled quantity by interrupt sampling and then compares this quantity with the given quantity to obtain the error signal [image: image], error rate of change [image: image], fuzzy control of the exact quantities of error signals [image: image] and [image: image] into fuzzy quantity [image: image], and error rate of change [image: image]; then, the fuzzy decisions are made by [image: image], [image: image], and the optimized fuzzy control rules [image: image] (fuzzy relations) based on the inferred synthetic rules. The fuzzy control quantity A is obtained as
[image: image]
In order to exert precise control on the controlled object, it is also necessary to convert the fuzzy quantity [image: image] into the precise quantity, i.e., non-fuzzy processing, and after getting the precise digital control quantity, it is converted into the precise analog quantity by digital-to-analog conversion and sent to the actuator for the first step control of the controlled object. The frequency of the control quantity, the rate of change of the control quantity frequency and the temperature deviation are sent back to the indoor microcontroller system for genetic evaluation and optimization, obtaining new control rules and genus functions, and then interrupting and waiting for the second sampling for the second step control. Going on in this way, the self-learning optimal control of the controlled object is achieved.
3.3 Machine learning-based inverter compressor fuzzy neural network control
Machine learning is centered on parsing data and finding patterns, learning by writing algorithms, and making decisions and predictions of relevant events based on the learned algorithms. In contrast to the traditional idea of explicitly writing programs to perform a solidified task, machine learning enables computers to perform tasks by developing learning algorithms (Durur and Yokuş, 2021). Depending on the learning method, there are three categories: supervised learning, unsupervised learning, and reinforcement learning. Different types of machine learning methods have specific advantages, disadvantages, and applications. An overview of current machine learning methods and classical applications is shown in Table 1.
TABLE 1 | Overview of machine learning methods and classical applications.
[image: Table 1]Machine learning is a method of giving machines and humans the same level of intelligence (artificial intelligence). Machine learning contains a variety of algorithms that are applicable indifferent situations such as clustering and classification. Artificial neural networks are the current research hotspot and focus in machine learning. Artificial neural networks are based on the structure of biological neural networks. One or more outputs are produced by many inputs that pass through several implicit layers. These connections form specific loops that mimic the way the human brain processes information and logical connections. As the algorithm continues, the hidden layers tend to be smaller and more subtle. By using the generalized multi-feature subspace framework to learn the structural features of noisy and anomalous pixels, a unique approximate solution is computed by using the L1 sphere theory, and the complex computation of large-scale data is avoided by using the filtering technique, thus reducing the time and space complexity. Finally, machine learning provides better recognition results compared to other sparse coding methods.
Fuzzy systems and artificial neural networks belong to the same characteristic-free mathematical models and non-linear systems, and both are important tools for dealing with uncertainty problems, uncertainty, and non-linearity. Salleh et al. (2017) studied that the inference rules of fuzzy systems rely on expert experience or skilled operators to write them, and they do not have adaptive and self-learning capabilities themselves, which makes fuzzy systems have certain limitations. Moreover, the reliability of expert experience determines the reliability of fuzzy systems. Neural networks have the ability of adaptive learning, fault tolerance, parallelizable computation, and distributed information storage. However, Alashkar et al. (2017) pointed out that neural networks themselves do not make good use of empirical knowledge and are often assigned initial values and weights in the form of 0 or random numbers, which makes neural networks show poor performance when applied to express rule-based knowledge. Also, it makes the neural network prone to fall into local extremes and increases the training time of the neural network. In conclusion, fuzzy systems are suitable for dealing with structured knowledge, while neural networks are more effective for unstructured knowledge. Fuzzy neural network systems are modeled according to their fuzzy systems and given physical meaning to the corresponding network nodes. In contrast to neural networks, fuzzy neural networks can determine the initial values of the system. Also, compared to fuzzy systems, fuzzy neural networks have high adaptive and learning capabilities due to their neural network structure (Marín et al., 2019; Zheng et al., 2021).
Fuzzy neural networks are essentially conventional neural networks that are given fuzzy input signals and fuzzy weights, and their learning algorithms are usually neural network learning algorithms or generalization algorithms. The inference rules of Mamdani-type fuzzy neural networks conform to the normal human thinking habits and, therefore, can represent human knowledge more accurately (Yucel et al., 2017; Zhang et al., 2018a; Lucchese et al., 2021; Mohammed and Hussain, 2021). However, their computations are generally complex and are not conducive to mathematical analysis.
4 ELECTRIC VEHICLE HEAT PUMP AIR CONDITIONING DEFROST RESEARCH
4.1 Frost suppression structure design
The frost suppression design is mainly designed to reduce the frost rate and frost volume by changing the geometrical structure parameters and surface interface properties of the heat exchanger. The literature (Hu et al., 2020) analyzed the characteristics of frost growth in a four-process heat exchanger: the ratio of gas–liquid refrigerant differs in different processes and is influenced by gravity, the frost layer is uniformly distributed in the first process, while it is non-uniformly distributed in the second, third and fourth processes, and there is a linkage between surface frost growth and surface temperature drop. There is a lack of research on the optimization of frost suppression for this phenomenon, but in the study of improving the air inlet conditions of electric vehicle heat exchangers (Zhang et al., 2018b), the four processes were improved to six processes with more uniform air inlet, and the study provided ideas for heat exchanger frost suppression. Combining these two studies, it can be foreseen that improving the refrigerant side process has some potential in the design of heat exchanger frost suppression.
The outdoor heat exchanger of the heat pump system has two spatial arrangements, horizontal and vertical, and the conventional fuel car heat pump system mostly uses the horizontal arrangement with the reservoir function, while the electric car microchannel heat exchanger mostly uses the vertical arrangement that helps drainage. Gillet et al. (2018) studied the heat production and air outlet temperature variation of horizontal and vertical arrangement methods under evaporator conditions in high cold, high humidity, and cold and wet conditions. The performance of the horizontal arrangement is better than that of the vertical arrangement under frost conditions, mainly because the vertical arrangement leads to uneven refrigerant distribution and severe frosting at local locations, while defrosting will not be complete. This shows that the vertical arrangement of the heat exchanger, although conducive to frost water drainage, but not conducive to frost suppression. In the work of Mahvi et al. (2021), a superhydrophobic heat exchanger was studied, which was able to significantly reduce the amount of frost and keep the thermal conductivity above 50% of the maximum value and reduce the time and energy required for defrosting.
Surface treatment can reduce the amount and speed of frosting, but the high cost of the surface treatment and the complexity of the process make it difficult to spread, so reducing costs and simplifying the process are the key points of whether this type of technology can be applied. Considering the long-time operation of the electric vehicle heat exchanger, surface treatment cannot fundamentally solve the frosting problem, and we still need to rely on the defrosting equipment and system, but surface treatment has a positive effect in extending the defrosting cycle and reducing defrosting energy consumption, as shown in Table 2.
TABLE 2 | Comparison of the traditional solution and the proposed solution.
[image: Table 2]In order to reduce the energy consumption, the air conditioning system works at the optimal working condition and achieves the economic performance index; the machine learns and makes calculations based on the input command and operation status and adjusts the action of relevant actuators, especially the speed of electric compressor, in time. To achieve the aforementioned control objectives, the air conditioning controller needs to collect information on the operating status of the air conditioning system and the environment, including the temperature inside and outside the vehicle, sunlight intensity, cooling water temperature, and compressor speed, and then output the corresponding control signals through the microprocessor to adjust the corresponding actuators to meet the requirements of the occupants. Based on the aforementioned conditions, unnecessary calculations are reduced.
4.2 Electric vehicle heat pump defrost technology
The common defrosting methods of heat pump systems include manual defrosting, water flushing, compressed air defrosting, electric defrosting, and hot air defrosting. For electric vehicles, hot air defrosts is valued because it does not require auxiliary equipment and has high energy efficiency. The following is the main introduction of hot air defrost technology; there are two forms of hot air defrost: the hot air bypass method and reverse cycle method:
1) The hot gas bypass method refers to the direct introduction of high-pressure high-temperature exhaust from the compressor into the heat exchanger to melt the frost, which has the advantages of short bypass piping, low resistance, and small temperature fluctuations inside the vehicle during defrosting (Xi et al., 2021). The defrosting time and energy consumption of the four defrosting modes are shown in Table 3. Among them, the thawing performance of the high-pressure hot gas bypass is the most satisfactory.
TABLE 3 | Four defrost modes and performance parameters.
[image: Table 3]Hu et al. (2014) systematically studied the hot gas bypass method and obtained the optimal opening of the bypass valve and the optimal defrost cycle for the studied heat pump system. The optimal defrost cycle is based on the basic complete defrost, while the residual frost at the edges where the heat exchange is small can be neglected. In addition, Wang et al. (2018) introduced the method of refrigerant subcooling defrosting, which is similar to the hot gas bypass method and uses the refrigerant liquid just coming out from the condenser to the evaporator for defrosting; the characteristics of this method are similar to those of the hot gas bypass method, which does not affect the heating, but requires a long operation time and is suitable for defrosting out the frost in the case of microfrost to prevent further frost generation. The condenser has the following advantages over conventional hot air corps: First, it has low system operating costs. Condensing temperatures within 8.3°C of the wet bulb design temperature are very practical and economical, with the result that compressor power saves at least 10% of the power consumption of other cooling tower/condenser systems and saves 30% of the power consumed by the fan, which is comparable to the power consumed by the fan of a cooling tower/condenser system and is approximately 1/3 of the power of an air-cooled condenser fan of the same size. Second, the condenser requires only approximately 50% of the windward area of the same size.
2) Circular method
The advantage of reverse cycle defrosting is fast defrosting and low energy consumption, but the disadvantage is that the heating stops when defrosting, which has a greater impact on the vehicle temperature. Minglu et al (2020) pointed out the mechanism by which reverse cycle reduces the circulation efficiency of the system. In the work of Wang et al. (2021b), a reverse cycle defrost system with CO2 as the working fluid was investigated, the parameters in the defrost process were optimized, and a reverse cycle defrost model with CO2 working fluid was established, and the optimal time point and duration of defrost were studied on this basis. Zhou Guanghui et al. proposed a combined reverse cycle defrost-based defrost technology, the core of which is to enhance the temperature and enthalpy of airflow during defrosting, to achieve rapid defrosting by controlling the external air speed, controlling the compressor speed, and enhancing the interior temperature, and to reduce the impact on the interior temperature during reverse cycle defrosting. Li et al. (2022) built a platform for frost defrosting the heat exchanger outside the real vehicle and concluded that the degree of heat exchanger frosting can be indirectly characterized by the change of suction temperature or suction pressure relative to the frost-free state, and the large-diameter electronic expansion valve combined with intelligent control can achieve effective defrosting. The continuous frosting–defrosting experiment was studied by frost time recording and real-time shooting of the frost layer, and the results showed that after continuous operation of frosting for 150 min, the heating capacity decreased by 22.6% and 15.6% respectively, and the second frosting time was only 28.5% of the first frosting time, and the reverse cycle defrosting effect was obvious.
4.3 Electric vehicle heat pump defrost system control
In the defrost system control, the timing control method only needs to confirm the defrost cycle and defrost duration based on experience or experiment, but this defrost method is more suitable for areas with relatively high ambient humidity, while in areas with low ambient humidity, there will be no frost and defrost phenomenon. When the timing module in the air conditioner controller detects that the heat pump air conditioning system is running continuously for a certain value, the heat pump air conditioning system automatically enters defrost mode, which outputs the speed of the compressor and the time for the defrost function to run. In the actual experimental process, the control strategy is verified, when the ambient humidity is above 50%, the air conditioning system continuous heating for a certain period of time, the outdoor heat exchanger will appear frost phenomenon, and the control strategy can complete the defrost function. However, when the ambient humidity is lower than 50%, the heat pump air conditioning system does not have frost in the continuous heating for a certain period of time, but the control strategy will still perform defrosting action, so there will be an unnecessary defrosting process, thus increasing the energy consumption.
The time–temperature control method is a common method in which the air conditioning system defrosts for a certain period of time when the ambient temperature and ambient humidity are relatively high (Liang et al., 2019). When the air conditioning controller detects that the ambient temperature reaches the ambient temperature value set in the defrost control strategy, the CCM will control the air conditioning system to automatically enter the defrost function and then control the corresponding components to complete the corresponding action, i.e., output the speed of the electric compressor and the time for which the defrost function runs. In the actual experimental process, when the ambient temperature reaches below 3°C and the ambient humidity is above 50%, the outdoor heat exchanger will frost for a certain period of time when the air conditioning system is heating continuously, and the control strategy can achieve the defrost function. However, when the ambient temperature is higher than 3°C and the ambient humidity is lower than 50%, the outdoor heat exchanger will be frosted when the air conditioning system heats up continuously for a certain period of time, and at this time, the air conditioning controller will not defrost by judging that the ambient temperature has not reached the condition, so there will be no defrosting action when defrosting is needed.
The air and heat exchanger surface temperature difference control method uses the difference between the heat exchanger outlet temperature and the ambient temperature for defrost control (Nilpueng et al., 2019; Su et al., 2021; Yi, 2021). It can be said that assuming that the ambient temperature remains unchanged and the heat exchanger surface does not reach the condition of frost, the heat exchanger surface temperature is basically unchanged at this time, so the difference with the ambient temperature is unchanged, but when the heat exchanger surface reaches the condition of frost, that is, when it starts to frost, the difference between the two will show significant changes (Juárez et al., 2021; Singh and y Sora, 2021). So, you only need to determine the appropriate temperature difference value; it is good to determine whether the outdoor heat exchanger surface has been frosted and a certain defrost time can be, but the defrost method is only suitable for specific situations because different systems need to determine other temperature difference values and different defrost time, and the heat pump air conditioning system is more sensitive to changes in load, such as changes in ambient temperature will cause excess defrost action. When the air conditioner controller detects the ambient temperature and the heat exchanger surface temperature and determines that the difference between the two changes, the air conditioner controller will control the heat pump air conditioning system to automatically enter the defrost function and output the corresponding electric compressor speed and defrost function running time. In the actual experimental verification process, because the ambient temperature will be affected by the speed of the vehicle and other factors, when using this control strategy at this time, due to changes in ambient temperature, there will be defrost action when the defrost should be carried out, or when there is no need to carry out defrost, there is a redundant defrost action (Mohammed et al., 2022).
5 OUTLOOK
In a comprehensive view, researchers in various countries have explored a lot in compressor control strategy optimization and heat pump defrost technology, but the combination with emerging technologies such as machine learning is not close enough. As the application of new energy technology, some basic work and key technologies of heat pump air conditioning for electric vehicles still need to be broken through.
1) Development of heat pump air conditioners toward environmental protection, full-scene energy saving, and extreme environmental applicability: Research and development of new alternative masses, high-efficiency heat pump air conditioning systems and their components, such as supercritical CO2 heat pump air conditioners, new high-efficiency make-up gas compressors, and high-efficiency microchannel heat exchangers should be carried out to solve the problems of high energy consumption and insufficient capacity for heat production. Research and development of new heat pump air conditioners for extreme environments (extreme cold, extreme heat, high humidity, and high salt) and other areas should be carried out to improve the applicability of the whole vehicle.
2) The heat pump system has great potential and advantages in solving the heat and cold management of the passenger compartment, and further research on the enthalpy charge technology, new defrosting method, multiple heat sources for heating at low temperature, and new alternative refrigerants can allow the heat pump system to be applied and promoted in a low-temperature environment.
3) In the optimization of the compressor control strategy, the existing algorithm can be further improved to accelerate the global convergence rate by combining techniques such as small habitats under machine learning models (classifying individuals of each generation and selecting individuals with high fitness from the classification to form a population and re-hybridize).
4) Most of the studies on the defrosting of EV heat pumps only consider that the frosting of the heat exchanger affects its effective area for heat exchange. At present, further research is needed on the actual frost area of the heat exchanger and the extent of the effect of heat exchange.
5) Based on machine learning models, the heat pump air conditioner monitors and adaptively adjusts ambient temperature and humidity, indoor temperature and humidity, air outlet temperature, battery temperature, water temperature, mass temperature and pressure, indoor CO2 concentration, and PM2.5 to further enhance the system’s adaptability.
6 CONCLUSION
Good progress has been made in the research of the heat pump air conditioning control system for electric vehicles in the context of machine learning. Although the heat pump air conditioning system has many advantages and is one of the ideal solutions for electric vehicle air conditioning systems, the system also has defects such as low heating efficiency under low-temperature conditions, slow heating speed, and frosting of the heat exchanger outside the vehicle. In this paper, the advantages and disadvantages of various new energy vehicle heat pump systems are first described separately, and the system performance under different heat pumps is compared and analyzed. Second, in terms of electric vehicle design, the focus of attention is elaborated on the system cooling and heating under the charge volume, compressor oil return, winter frosting, and different electronic expansion valve control. In the future, a commercial CO2 vehicle heat pump air conditioning system can be used to make the performance of the new energy vehicle heat pump system more superior, thus solving the problem of electric vehicle range.
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