Design and optimization of energy management strategy based on plug-in hybrid electric vehicle
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Abstracts: The escalating worldwide energy crises and environmental pollution issues have made new energy cars a crucial avenue for the automobile industry's growth. Plug-in hybrid electric vehicles (PHEVs) represent a novel energy paradigm that offers significant research potential and combines the best features of pure electric and conventional gasoline cars. Plug-in hybrid electric cars' energy management systems may be successfully optimized to increase energy consumption and decrease emissions. This is important for both environmental protection and the growth of the new energy vehicle sector. The engine and the power battery are the two power sources used in plug-in hybrid cars, and the effectiveness of the system depends on a good energy management plan.
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Figure 1
Introduction
Background: The world automobile industry has developed rapidly in the 21st century, and automobiles have become an indispensable means of transport in national life. The increasing surge in the number of automobiles has brought about serious energy and environmental problems. Considering from the perspective of global oil resources reserves, the total amount of oil resources on the earth is limited, and human beings consume a large amount of oil resources every year. According to the World Energy Statistics Yearbook released by BP in 2022, the disposable energy demand will increase by 5.8% in 2021, of which fossil fuels will account for 82% of the disposable energy use, and for the sake of the sustainable development of human beings, new types of energy need to be developed to reduce the proportion of fossil energy use. For the sustainable development of mankind, it is necessary to develop new types of energy to reduce the proportion of fossil energy use. From the perspective of environmental issues, the pollutants contained in the exhaust fumes of traditional fuel vehicles can directly or indirectly affect human life and health. In order to cope with climate change, The car sector should adapt to national legislation and the changing times by progressively transitioning from conventional fuel vehicles to new energy vehicles. At present, The development of new energy cars is being actively supported by European and American new energy vehicle initiatives. Europe from the constraints, penalties and incentives to strengthen the support of new energy development. The carbon emission standard of automobiles has been raised from 130g/km before 2020 to 95g/km between 2020 and 2025, and enterprises failing to meet the standard will be punished, and the planning of banning the sale of traditional fuel vehicles in 2030 has been put forward. In addition, Both national and EU incentives are available for the acquisition and operation of new energy vehicles. The United States began to strengthen its support policies for new energy vehicles in early 2021, raising the fuel vehicle pollution criteria, the new energy vehicle subsidy standards, and the electric vehicle investment standards in order to encourage the development of new energy cars. Currently, the three primary categories of new energy cars are fuel cell, hybrid, and pure electric vehicles. Although they have the advantages of zero pollution, zero emission and environmental friendliness, the range is not enough to meet people's needs for long-distance travelling, the charging facilities are not perfect enough, the charging time is longer, and there are problems such as higher battery costs, batteries that are prone to spontaneous combustion in the process of use, sharp decline in battery performance in winter due to the influence of the weather, and inaccurate estimation of the battery's power level. There are two other categories of fuel cell cars: methanol fuel cell vehicles and hydrogen fuel cell vehicles. Despite the fact that fuel cell vehicles are quiet, efficient, and emit no emissions, the infrastructure of fuel cell vehicles, such as hydrogen refuelling stations, is still extremely imperfect, and most of the current hydrogen still comes from fossil fuels. Hybrid vehicles are divided into plug-in and non-plug-in types according to whether they are rechargeable or not. The benefits of both conventional fuel cars and fully electric vehicles are combined in plug-in hybrid automobiles, and they can use the internal combustion engine when running long distances, eliminating the anxiety of short range, imperfect charging facilities and long charging time of pure electric vehicles. Plug-in hybrids can also be used as mobile energy storage tools, providing external power when needed.
Plug-in Hybrid Electric Vehicles (PHEVs) combine an electric propulsion system with a traditional internal combustion engine, represent a pivotal moment in the evolution of automotive technology. This creative pairing makes use of both technologies' advantages and seeks to significantly contribute to efforts to mitigate the effects of global climate change by lowering greenhouse gas emissions and fossil fuel use. PHEVs are designed to optimise energy use by switching between an electric motor and a conventional engine. The electric motor powers the vehicle primarily over short to medium distances, which is efficient and fuel-efficient. When the battery is depleted, the vehicle seamlessly switches to using the petrol engine, making long-distance journeys feasible without the range anxiety associated with all-electric vehicles (EVs). This dual-mode operation greatly improves overall energy efficiency, as electric propulsion is more efficient than combustion in converting energy into power. PHEVs offer far-reaching environmental benefits. By utilising electricity as the primary fuel source, these vehicles significantly reduce tailpipe emissions compared to conventional vehicles. When driven in electric mode, PHEVs emit no carbon dioxide, assisting in the reduction of greenhouse gas emissions and air quality. Even where internal combustion engines are used, PHEVs tend to have more efficient engines and advanced emissions control technology, further minimising their impact on the environment.The ability of PHEVs to use electricity for daily commutes and short journeys means that a large proportion of driving can be done without emitting any CO2. This capability is essential for lowering the transportation sector's carbon footprint, particularly in urban settings. Furthermore, the carbon footprint of PHEV charging and operation will be further decreased as renewable energy sources become more readily available and the grid grows greener, contributing to the shift towards a more sustainable future.
In summary, PHEVs embody a transitional technology that combines the convenience of conventional fuels with the environmental benefits of electrification, marking an important step on the road to sustainable transport and a low-carbon future. Plug-in hybrid electric vehicles (PHEVs) have achieved significant advancements in efficiency and environmental impact reduction via the implementation of energy management systems. However, there are still specific gaps and issues that prevent them from performing at their best, highlighting the need for further optimisation.
Current strategies typically rely on predefined conditions or static algorithms that cannot fully adapt to real-time changes in driving conditions, battery status or environmental factors. This restriction may result in an energy distribution between the combustion engine and the electric motor that is less than ideal, which can affect efficiency and emissions. Many energy management systems have not yet fully considered the potential for PHEVs to be charged using renewable energy sources. Optimising charging schedules to charge at times of high renewable energy availability could significantly reduce the carbon footprint of these vehicles, but this area remains underdeveloped. Existing strategies may not adequately take into account different driving behaviours and patterns that can significantly impact energy consumption and efficiency. More personalised energy management systems that learn from individual driving habits can improve overall vehicle performance and energy efficiency. Gaps exist in the use of real-time data (e.g., traffic conditions, weather, and road topography) to dynamically adapt energy management strategies. Such adaptive strategies can optimise the use of electric drives in the most favourable situations, thus further improving fuel efficiency and reducing emissions.
Optimising energy management strategies for PHEVs is critical to advancing sustainable transport. It not only promises to increase these cars' efficiency and provide environmental advantages, it will also play a key role in the wider transition to a low-carbon transport system. By addressing these gaps, future energy management strategies can ensure that PHEVs contribute more effectively to reducing global greenhouse gas emissions, making them a cornerstone of sustainable urban mobility solutions. This endeavour will require cross-disciplinary collaboration, leveraging advances in artificial intelligence, data analytics and renewable energy integration to unlock the full potential of PHEVs for a greener future.
research purpose
This study's primary goal is to develop and optimize energy management plans for plug-in hybrid electric vehicles (PHEVs) in order to increase the cars' efficiency, lessen their negative effects on the environment, and support environmentally friendly transportation. By using fuzzy controllers and particle swarm algorithms to optimize the equivalency factors of the adaptive ECMS, the study specifically aims to expand on the current research on energy management strategies for plug-in hybrid electric vehicles (PHEVs) and further improve fuel economy and the sustainability of battery charging and discharging.
Literature review
Current Research Status of Energy Management Strategies for Plug-in Hybrid Electric Vehicles
Energy management strategies are crucial in the control of the power domain of plug-in hybrid vehicles. Currently there are more types of hybrid powertrains, and one of the goals of the development of different powertrains is to consume less energy while meeting the power requirements. Plug-in hybrid cars have a hybrid system built into the hardware. An energy management strategy that satisfies the requirements of the hybrid system is used to take use of the hardware's attributes at the software level. Rule-based and optimization-based energy management systems are the two primary categories of energy management strategies now available for plug-in hybrid cars.[image: ]
Figure 2 Energy Management Strategies
State of the art of research on rule-based energy management strategies
The physical foundation of the controlled hybrid system serves as the foundation for the rule-based energy management approach, including the working principles of the engine, motor, power coupler, battery, brake, etc., as well as according to the driver's driving needs, combined with the control experience accumulated by experts, engineers and experimental calibration to formulate a control strategy to control the coordinated work of the various components in the hybrid system, so that the vehicle can be driven by the engine and motor operating either independently or together. To move the car, the engine and electric motor can operate independently or together, so as to give full play to the advantages of the engine in medium-high speed and high torque with good fuel economy and the electric motor in medium-low torque with high efficiency, and thus achieve the purpose of saving energy. Rule-based energy management strategies are relatively simple, easy to implement and widely used (Serrao, et al., 2011), and can also be used as a basis for research on optimisation-based control strategies. The two types of rule-based energy management techniques that are now the subject of a lot of research are fuzzy rule-based energy management strategies and deterministic rule-based energy management methods.
Thermostat control techniques now employ deterministic rule-based energy management strategies, also referred to as logic threshold-based energy management strategies, multipoint power-following control strategies, and optimal operating curve strategies (P. Ruiz, 2023). The thermostat control strategy is mainly used for hybrid energy management in series plug-in (Wassif Shabbir, 2019), which controls the switching operation of the engine and motor according to the SOC of the power cell. When the SOC is high, the engine is switched off and the electric motor provides the driving power; when the SOC drops below the switch-on threshold, the engine is started and the engine operates in the high-efficiency zone with constant power. When the power is insufficient, the motor supplements the power; when the power is too high, the excess power drives the motor to generate power to charge the power battery. When the SOC rises above the shutdown threshold, the engine is turned off. With this control strategy, the engine keeps starting and shutting down between the turn-on threshold and the turn-off threshold, and the power battery keeps charging and discharging, which is more frequent, which is good for the fuel economy of the engine, but not good for the life of the battery. Multi-point power following control is similar to the thermostat control strategy, which is based on the principle that the engine has multiple power operating points, and according to the demanded power, the engine operates at the corresponding power point, and the excess or lack of power is borne by the electric motor (W. Wang, 2023). For this control strategy, the engine changes frequently when more power points are set, and it is difficult for the engine to follow the demanded power of the whole vehicle when fewer power points are set. Banvait H et al. proposed a deterministic rule-based control strategy, which divides the operating modes of the hybrid vehicle into Charging of Depleting (CD) and Charging of Sustaining (CS). Charging of Sustaining (CS) mode, in which the electric motor provides the main power and the engine provides the auxiliary power, and the Charging of Sustaining (CS) mode, in which the engine provides the main power and the electric motor provides the auxiliary power (Banvait H, 2009).Jiang, YC et al. proposed an energy management strategy with an optimal engine operating curve, which is based on the principle of plotting the fuel consumption on the engine MAP diagram and the fuel consumption on the engine MAP diagram. engine MAP diagram to draw the curve with the lowest fuel consumption rate, so that the engine works according to this curve, which can ensure that the engine always works with high efficiency (Jiang, et al., 2016).
Fuzzy rule-based energy management strategy is a management strategy that fuzzifies the control rules into a fuzzy rule base based on expert experience and then processes the input and output signals based on the fuzzy rule base (Li, et al., 2011) (Montazeri-Gh & Mahmoodi-k, 2015). As early as 1998, Korean researchers proposed to apply fuzzy rule-based energy management strategy to parallel hybrid vehicles (Lee H D, 1998), and later Zeng Qingliang et al. applied rule-based energy management strategy to plug-in hybrid vehicles by constructing two-input and one-output fuzzy controllers, which solved the problem of low discharge rate of the SOC at lower times  (Li Y, 2010). designed a fuzzy controller for a parallel hybrid vehicle and verified the effectiveness of the fuzzy torque distribution strategy (Won J S, 2002).Chan-Chiao Lin et al. proposed a fuzzy energy management strategy that simultaneously considers the power demand of the whole vehicle, the SOC of the battery pack, and the efficiency of the electric motor. The simulation results show a 10% improvement in fuel economy over the optimal curve control strategy (Chan-Chiao Lin, 2001). Denis, Nicolas et al. proposed a condition-adaptive fuzzy energy management strategy based on dynamic planning of the globally optimal allocation results, taking into account the initial SOC and driving range (Dubois M R, 2015). The fuzzy rule-based energy management strategy has better adaptivity and robustness compared with the deterministic rule-based energy management strategy, the fuzzy rules and the affiliation function of the fuzzy controller still refer to the experience of experts and engineers during the design process, which is still essentially an empirical control method, resulting in the fact that this energy management strategy is not able to achieve optimal control.
Current status of research on optimisation-based energy management strategies
Optimisation-based control strategies can be divided into two categories: control strategies based on instantaneous optimisation and those based on global optimisation  (Fengqi Zhang, 2020).
Transiently optimised energy management strategy is a real-time online management strategy for hybrid systems to minimise local cost. Currently, the main energy management strategies based on transient optimised control strategies are the energy management strategy with minimum equivalent fuel consumption (ECMS) and the energy management strategy based on model prediction (MPC) (Borhan, 2012).Paganelli et al. first applied the ECMS to the energy management strategy of a parallel hybrid system with good control results (Paganelli G, 2002).Yakhshilikova proposed a systematic approach based on the optimisation strategy of ECMS and verified the effectiveness of the optimisation strategy in a real vehicle (Yakhshilikova, 2022).Zheng Chen et al. proposed an energy management strategy based on the equivalent fuel consumption minimisation ECMS and simulated annealing SA algorithm applied to a plug-in hybrid system. management strategy applied to a plug-in hybrid vehicle, and the simulation validation shows that this optimised energy management strategy has lower fuel consumption than CD-CS. The energy management strategy based on model prediction is the problem of predicting the driving conditions in a future period and optimising the energy distribution of the hybrid within this period (Chen, et al., 2014).
The energy management strategy based on global optimisation is to apply the optimal control theory and optimisation method to make the hybrid vehicle run in a specific cycle condition, so that the hybrid vehicle will have the lowest cost in the whole cycle condition. Theoretically, global optimisation can achieve the real optimisation, but the disadvantage is that this energy management strategy needs to know the whole cycle condition in advance, in practice, it is difficult for the vehicle to know the road condition information in advance, and the global optimisation algorithm is generally more loaded, with a larger amount of computation, and the automotive control requirements of real-time, so at present, it is difficult for the global optimisation algorithm to be applied in the vehicle, but the optimisation results of the global optimisation algorithm can be used as the real-time optimisation algorithm. The optimisation results of global optimisation algorithms can be used as a comparison reference and development guide for real-time optimisation algorithms. Currently, global optimisation algorithms mainly include dynamic programming, genetic algorithm, etc. (Hailong Zhang, 2023). Chen Zheng and other researchers proposed an online global optimisation energy management strategy combining genetic algorithm and quadratic programming based on the fuel consumption rate, battery SOC and power demand of the drivetrain to be applied to plug-in hybrids, and the algorithm can make the engine work in the high efficiency zone (Chen Zhen, 2023). engine to work in the high efficiency zone (Chen Z, 2014).
At present, many scholars have done a lot of research in the field of energy management strategies based on ECMS optimisation(Musardo, et al., 2005). Adaptive ECMS was proposed by foreign scholars such as Cristian Musardo and applied to a parallel hybrid vehicle, which improved fuel economy by 20% while ensuring real-time and maintaining the sustainability of battery charging.Scholars such as Fengqi Zhang used convolutional neural network to predict the speed to adjust the equivalence factor of the ECMS, and the fuel economy was improved by 0.2% to 5% (Zhang, et al., 2017).Shaobo Xie et al. proposed an ANN-ECMS that trained a neural network using historical driving data to adjust the equivalent factor of the ECMS, and the simulation results showed that the fuel economy was close to that of the global optimisation algorithm (Xie, et al., 2018).
Experimental Methods
(1) Design the studied plug-in hybrid system and establish the whole vehicle model. Benchmarking a plug-in hybrid vehicle, the studied plug-in hybrid power system carries out parts selection and matching, establishes the mathematical model of parts and components, and establishes the physical model of parts and components in CRUISE, and finally establishes the physical model of the whole vehicle, and builds a test control strategy using Simulink to test the effectiveness of the physical model. 
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Figure 3 Single-axle parallel P2 configuration PHEV powertrain
(2)Design an energy management plan based on rules. Analyze the plug-in hybrid electric vehicle's P2 configuration in terms of its working mode. Design an energy management strategy based on CD-CS rules. Use Simulink to implement the strategy. Analyze the simulation results. Examine the benefits of the energy management strategy based on the engine's optimized working curve in the event that power maintenance limitations are ignored. This will lay the groundwork for further optimization of the energy management strategy. Analysis is done on the simulation findings.
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Figure 4 Power distribution mechanism in engine drive mode in CD and CS phases
(3) Fuzzy A-ECMS and PSO A-ECMS algorithms are proposed to optimise the energy management strategy. Firstly, the equivalent factors of the ECMS algorithm are analysed, and then the A-ECMS algorithm is applied to the hybrid model under study, which is used as a cross-reference to the Fuzzy A-ECMS and PSO A-ECMS algorithms proposed in this paper. 
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Figure 5 Block diagram of fuzzy control system
(4) Comparative evaluation of the suggested optimization techniques' simulation outcomes. From the perspective of fuel economy and battery SOC balance, compare and analyze the simulation results of the engine optimisation curve-based energy management strategy, the A-ECMS-based energy management strategy, the fuzzy A-ECMS-based energy management strategy, and the PSO A-ECMS-based energy management strategy. Additionally, compare and analyse the optimisation effect of the fuzzy A-ECMS-based and PSO A-ECMS-based energy management strategies on CD-CS energy management strategy. Energy management strategies based on ECMS and PSO A-ECMS are presented.
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Figure 6 Schematic diagram of the process of PSO optimisation of A-ECMS
Expected results
1. Formulate a complete set of PHEV energy management strategy design and optimisation methods. 
2. Develop a set of high-efficiency PHEV energy management strategies with good economy and practicability. 
3. Verify the effectiveness of the proposed strategy through real-vehicle testing, and provide technical support and theoretical basis for PHEV energy management.
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