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1  Introduction

With the continuous growth of the global population, the energy demand continues to increase. However, due to the dominance of fossil fuels in global energy and fossil fuels are non-renewable, it has led to the global energy crisis [1]. Besides, the use of fossil fuels will generate a mass of air pollutants (e.g., carbon dioxide, sulfur dioxide, etc.), which will cause serious environmental pollution, climate change [2], etc. To resolve the aforementioned issues, countries around the world have implemented a variety of measures hoping to fundamentally adjust the global energy structure and achieve sustainable development. Thereinto, “Paris Agreement” reached in 2015 under the framework of “United Nations Framework Convention on Climate Change” aims to control the increase in the average temperature of the globe to within 2°C below preindustrial levels, and thereafter to peak global greenhouse gas emissions as soon as possible, continuously decreasing thereafter [3]. United Kingdom plans to reduce the average exhaust emissions of “new cars” to approximately 50–70 g/km by 20230, which is roughly half of what it is now [4]. In addition, China proposed a plan at “United Nations General Assembly” in 2020 to peak carbon dioxide emissions by 2030 and strive to achieve carbon neutrality by 2060. It is a fact that the whole world is committed to changing the current energy structure, protecting the Earth’s ecology, and achieving global sustainable development [5].

Based on the above background, electric vehicles (EVs) have been vigorously promoted and used in various countries around the world. Compared to gasoline vehicles, EVs have the advantages of no exhaust emissions, low noise, no pollution to the environment, and low operating costs [6]. Power batteries are the core components of EVs, and lithium batteries currently occupy a dominant position in EVs power batteries due to unique advantages such as long cycle life, low self-discharge rate [7], etc. Therefore, conducting relevant research on lithium batteries is meaningful for enhancing the performance of batteries and promoting the blossoming of EVs industry.

To ensure the safety, stability, and durability of lithium batteries during charging and discharging, effective management is crucial. It can ensure that the battery can safely produce optimal performance with a sufficiently long lifespan. Battery management system (BMS) can effectively control, monitor, and manage lithium batteries, consisting of various sensors, actuators, controllers, and signal lines, and is one of the core components of the battery system [8]. However, lithium batteries have very complex electrochemical characteristics inside and are easily affected by operating conditions and environmental factors such as environmental temperature and discharge depth. Therefore, establishing accurate models is a prerequisite for battery control and management. Through precise models can gain a deeper understanding of the chemical and physical processes inside the battery, providing a foundation for performance optimization [9]. State estimation and prediction are also vital functions of BMS, which include state of charge (SOC), state of health (SOH), state of power (SOP), and state of energy (SOE). Accurate state estimation can provide crucial guidance for the operation and extend the lifespan of batteries to some degree. In addition, various faults are inevitable during the operation of batteries. Reliable fault diagnosis techniques can timely and effectively diagnose faults, efficiently guide the elimination and prevention of battery system faults, and reduce the cost of battery operation [10].

In summary, the development of advanced and efficient modeling, operation, management, and diagnosis technologies for lithium batteries is of great significance. This work investigates and discusses the key issues currently existing in lithium batteries from three comprehensive aspects, introduces the currently advanced technologies, and finally looks forward to future research on lithium batteries from five perspectives. This work can promote the progress of the new energy industry and make significant contributions to the global energy revolution to a certain extent.

2  Key Issues

2.1 Accurate Modelling of Batteries

Accurate modeling is important for battery simulation analysis, optimization control, status monitoring, and life management. Due to the complex internal characteristics of batteries, to simplify the modeling problem of batteries, several key model parameters are generally used to replace the complex chemical and physical processes inside the battery. So far, the models of lithium batteries mainly include equivalent circuit models, electrochemical models, and mathematical models. The widely used models are equivalent circuit models and electrochemical models. Common equivalent circuit models include resistor-capacitance (RC) network models, partnership for a new generation of vehicles (PNGV) models, and general nonlinear (GNL) models [11]. Common electrochemical models include single particle model (SPM), pseudo-two-dimensional model (P2D), etc. The electrochemical model starts from the basic principles of electrochemistry to describe the dynamic process between the positive and negative electrodes of lithium batteries. Based on the transfer process of internal charged particles, the model has higher accuracy compared to the equivalent circuit model. However, its disadvantage is that the calculation process is complex and limited to laboratory research. The equivalent circuit model has better universality and stronger scalability and is widely used in lithium batteries research. Identifying model parameters is a prerequisite for model establishment, and the methods of parameter identification are mainly divided into offline methods and online methods [12]. Offline methods mainly include least squares method, impedance spectroscopy method, meta-heuristic algorithm, etc., which largely rely on the test data of the battery under different conditions. Online methods mainly include recursive least squares, Kalman filtering, adaptive observer, etc. The online method can identify the parameters of the model in real time and has an excellent ability to capture parameter changes [13].

At present, some research on battery modeling has been carried out. Reference [14] employed 1st-order RC equivalent circuit model as the research object and used the least squares method to identify the model parameters. The results show that this method has high identification accuracy and low computational complexity. Huang et al. [15] conducted parameter identification research on both 1st-order RC equivalent circuit model and 2nd-order RC equivalent circuit model of batteries, using an improved linear particle swarm optimization algorithm for parameter identification. By comparing the experimental results, it is obvious that this method has fast convergence speed and high accuracy. Furthermore, by comparing and analyzing the two models, it can be concluded that 2nd-order RC equivalent circuit model can better simulate the dynamic characteristics of batteries. Liu et al. [16] systematically reviewed the development of chemical models and parameter identification research for lithium batteries, introduced P2D models and simplified models, and classified parameter identification, summarizing the characteristics of various methods.

It is worth noting that since lithium batteries are currently widely used in practical applications, it is important to study online battery modeling techniques. Some artificial intelligence (AI) methods have also been applied to parameter identification of lithium batteries models, such as meta-heuristic algorithms (MhAs), which can effectively improve the efficiency and accuracy of battery modeling.

2.2 Reliable Operation and Management of Batteries

Batteries continuously generate heat during operation, which can cause an increase in battery temperature and affect performance and cycle life. In severe cases, it can also cause safety accidents such as combustion and even explosions. Therefore, effective heat dissipation technology is crucial for the operation of batteries [17]. In addition, lithium batteries are widely used in energy storage stations, conventional in the form of battery packs. The initial capacity of battery pack in the energy storage station is normally different from each other. If the rate of SOC decrease during discharge is not consistent, the lower SOC will be discharged first, which will reduce the capacity utilization and service life of the energy storage station. Therefore, it is necessary to study the equilibrium strategy of lithium battery SOC, which is extremely important for the operation of the battery. In addition, the internal materials of the battery are also crucial for its performance, and the use of appropriate electrode materials can also help improve the battery’s performance [18].

Battery management is also very necessary, and it cannot be separated from accurate estimation and prediction of the current condition of the battery. Through accurate state estimation, guidance can be provided for subsequent battery management. At present, research on state estimation for lithium batteries mainly includes SOC estimation, state of health estimation, and life cycle assessment (LCA), in which LCA is used to assess the impact of products, production processes, and activities on the environment. In addition, there are also some predictive studies on the remaining life of batteries. Reference [19] reviewed the methods and clearly classified for estimating SOC of lithium batteries, and systematically evaluated and compared the advantages and disadvantages of each method, providing important guidance for subsequent research on SOC estimation of lithium batteries. Yang et al. [20] provide a comprehensive introduction and summary of SOH estimation methods and summarize various parameters that reflect battery aging. The study provides important guidance value for subsequent measurement of battery aging and estimation of battery SOH. Wang et al. [21] conducted estimation research on the remaining useful life (RUL) of lithium batteries and proposed a novel estimation model based on an improved anti-noise adaptive long short-term memory (ANA-LSTM) neural network. The model considers changes in parameters such as current rate and environment and optimizes the model parameters. The research result proved that the model has good accuracy and robustness. Reference [22] proposed a RUL estimation method based on singular filtering-Gaussian process regression-long short-term memory (SF-GPR-LSTM). This method can quickly and accurately achieve estimation tasks, and has advantages such as high robustness and good stability, laying a theoretical foundation for the industrial application of lithium batteries.

Overall, the most widely used state estimation methods currently are data-driven methods, such as neural networks, machine learning algorithms, etc. Compared to other methods, this method has faster estimation accuracy and stronger generalization, but it heavily relies on battery test data [23].

2.3 Accurate Diagnosis of Batteries Systems

Lithium batteries operate under complex and variable operating conditions in practical applications, and the impact of extreme environmental factors can also increase safety hazards and shorten useful life [24]. Therefore, fault diagnosis technology is extremely important for improving the reliability and safety of batteries. Through accurate fault diagnosis, battery faults can be eliminated timely, and then targeted operation and maintenance can be carried out. It can enhance the service life of batteries, and reduce the cost of battery operation and management. Diagnosis of faults cannot be separated from analyzing the triggering mechanism and behavioral characteristics of battery faults [25,26]. The most commonly used diagnosis technology currently is based on AI technology, which uses algorithms to extract features from fault data to identify fault categories.

Reference [27] summarized the research status and achievements of fault diagnosis for lithium-ion battery systems from three aspects: Data fusion, fault recognition, and fault prediction, with the background of big data. It also looks forward to future fault diagnosis technologies based on the fusion of big data and artificial intelligence. Reference [28] classified faults into three categories based on different locations: Internal battery faults, sensor faults, and actuator faults. A comprehensive review of various fault mechanisms, features, and diagnostic methods was conducted, and this work also provides more prospects for future research directions, such as developing and using more data-driven methods and utilizing multiple fault features and diagnostic methods. However, it is worth noting that fault diagnosis techniques based on big data heavily rely on algorithm performance and require high quantity and quality of data samples.

3  Prospects

This article comprehensively analyzes the correlative investigation on key issues of modeling, operation, management, and diagnosis of lithium batteries and investigates some current advanced technologies, which can provide valuable guiding significance for future research. Based on the aforementioned key issues and technologies, five constructive prospects are summarized as follows:

•   The current modeling technique for lithium batteries chiefly focuses on single battery, but battery appear in the form of battery packs at actual usage. Therefore, it is necessary to conduct more modeling analysis and research on lithium battery packs.

•   Due to the nonlinear and time-varying characteristics of lithium batteries, it is essential to develop more online parameter identification techniques, which can provide vital technical support for the management of lithium batteries in practical operation.

•   Reasonable operating strategies and reliable battery management techniques can reduce the cost of battery operation. Hence, more operational technologies related to lithium battery systems can be developed from an optimization perspective. Meanwhile, online state estimation technology and joint estimation methods should be developed, which can improve the efficiency of battery management;

•   In the context of big data, developing and utilizing more novel data-driven methods (such as machine learning, deep learning, transfer learning, etc.) are of great meaning for solving the above issues, which can significantly improve the ability and efficiency of battery management, and effectively promote the evolution of lithium batteries technology.

•   It is indispensable to implement more related studies on lithium batteries (e.g., LCA, SOP, SOE, etc.). Besides, it is vital to conduct more research on the internal mechanisms of lithium batteries to further improve the power supply performance.
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