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Abstract

:

In order to simultaneously improve the fuel economy and overall performance of plug-in hybrid electric vehicles (PHEVs), this study selected the P1 + P3 configuration as its research object. Through a configuration analysis of hybrid vehicles, it confirmed the feasibility of P1 + P3 configuration-PHEV operating modes. Based on this, a rule-based control strategy was developed, and simulation models for the entire vehicle and control strategy were constructed in both Cruise and MATLAB/Simulink software. The study conducted simulation analysis by combining three sets of Worldwide Harmonized Light vehicles Test Cycle (WLTC) driving cycles to assess the fuel-saving potential of the dual-motor P1 + P3 configuration. The simulation results showed that the vehicle model was reasonably constructed and the proposed control strategy had good control effects on the entire vehicle. Compared to conventional gasoline vehicles, the P1 + P3 configuration PHEV achieved a 67.4% fuel economy improvement, demonstrating a significant enhancement in fuel efficiency with the introduction of electric motors.
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1. Introduction


The transportation sector is considered a major contributor to exacerbating climate change, for instance, through increased levels of carbon dioxide and the depletion of finite petroleum supplies. Extensive research has been conducted to seek alternatives to conventional automobiles, and the plug-in hybrid electric vehicle (PHEV) has emerged as a viable solution [1,2,3,4,5]. PHEVs typically combine a conventional internal combustion engine (ICE) propulsion system with a battery-powered electric propulsion system. These vehicles inherit the advantages of both traditional ICE vehicles and battery electric vehicles. In comparison to purely electric cars, PHEVs notably excel in their impressive range and the flexibility of their component sizing. Over the past decade, there has been a notable increase in the commercial success and market penetration of plug-in hybrid electric vehicles.



Despite achieving this success, there remains a continued need to enhance the plug-in hybrid electric vehicle (PHEV) for higher levels of fuel economy to bolster its competitiveness, presenting an ongoing challenge. Among various potential areas for improvement, energy management systems offer promising prospects for further advancements in cost-effectiveness [6,7]. Merely through algorithmic alterations in the operation and interaction of existing components within the powertrain, these systems can elevate the overall efficiency of PHEVs.



In the past, diverse energy management systems for hybrid vehicles have been developed, encompassing both optimization-based and rule-based control strategies [8,9,10,11,12,13,14,15,16,17,18,19,20]. Optimization-based energy management systems derive power distribution rules among multiple energy sources by solving intricate optimization problems, whereas rule-based systems primarily rely on heuristics.



Global optimization methods such as dynamic programming (DP) and Pontryagin’s minimum principle (PMP) aim to maximize fuel economy by minimizing cost functions representing fuel consumption and emissions along a given driving cycle [13,14,15]. However, these techniques cannot be directly applied to real vehicles due to their inability to precisely anticipate the entire driving cycle in advance. Therefore, global optimization methods are commonly utilized as benchmarks to evaluate other energy management systems. To address these challenges, the finite-horizon model predictive control (MPC) method is employed to balance real-time implementation with controller optimization [16,17,18,19]. However, it necessitates predicting or identifying future driving cycles in advance.



Rule-based energy management strategies can be further classified through deterministic and fuzzy logic. Deterministic rules are crafted to enhance fuel efficiency while minimizing transmission losses and emissions by mapping the efficiency regions of Internal Combustion Engines (ICEs) and electric motors (EMs). They rely on empirical knowledge and optimal operational points. They can be primarily categorized into the following types:



The Thermostat (ON/OFF) strategy utilizes the generator and ICE to produce electrical energy. This method maintains battery SoC between predefined upper and lower limits at all times. However, it suffers from the drawback of not being able to supply the needed power to the vehicle in all modes [21,22,23,24].



The Power Follower strategy, also known as the baseline strategy, relies on the generator and Internal Combustion Engine (ICE) as the main power sources. It operates by responding to the driver’s power requirements. The rules governing this strategy are formulated using heuristics and human intelligence. In this technique, the EM only works as an auxiliary power source. The ICE and the generator work as the primary sources, and the EM only aids the ICE. This is used in series and parallels HEVs [25].



The State Machine (Multimode) strategy operates within specific vehicle states using an algorithm based on a decision tree of stable conditions. It encompasses various modes of operation: ICE only mode, where only the Internal Combustion Engine (ICE) propels the vehicle; boost mode, utilizing both the ICE and the Electric Motor (EM) for driving force; and charging mode, where the ICE charges the vehicle while simultaneously propelling it. This strategy, also known as the Multimode strategy, adapts to distinct vehicle conditions by employing different operational modes to optimize overall performance [26,27].



The fuzzy logic strategy relies on if–then rules. Its effectiveness hinges on the selection of membership functions and the precise formation of fuzzy rules [28]. Rule formation involves engineers’ reasoning. Fuzzy logic primarily comprises optimized fuzzy rule control, adaptive fuzzy logic control, and predictive fuzzy logic control. The first type employs optimization algorithms to adjust membership functions within fuzzy logic, such as divided rectangle (DIRECT), particle swarm optimization (PSO), and the genetic algorithm (GA) [29]. The second type possesses adaptive capabilities but requires prior knowledge or data to act upon [30,31,32]. The third type can predict the state of power transmission systems and take real-time action, but necessitates the use of a Global Positioning System (GPS) for vehicle tracking, relying on known trip-related information [33].



Building upon the aforementioned discussion, the development of a rule-based energy management strategy tailored for the complex P1 + P3 hybrid architecture in automobiles holds significant research value due to its low computational load, independence from predictive loops, and closer alignment with practical applications. This study designs the operational modes of the P1 + P3 plug-in hybrid electric vehicle (PHEV) based on the engine characteristic curves. Building upon this, this research develops an energy management strategy using the State Machine (Multimode) strategy to ensure the vehicle maintains higher overall efficiency across various operating modes. To achieve this, we constructed the entire vehicle model using Cruise software and developed an energy management strategy model using MATLAB/Simulink software. We conducted simulations to analyze the rationality of the designed control strategy under different operating conditions and assessed the impact of the dual motors in the P1 + P3 configuration on the vehicle’s energy and economic performance.




2. Materials and Methods


2.1. Structure of the P1 + P3 Plug-in Hybrid Powertrain System


As shown in Figure 1, a simplified diagram of the P1 + P3 dual-motor hybrid powertrain structure is presented. The system includes components such as an engine, a P1 motor, a P3 motor, a clutch, transmission, and a main reducer.



The P1 + P3-configuration PHEV system’s power can be provided by the engine, the P1 motor, and the P3 motor. The P1 motor is installed at the rear of the engine and carries out functions like engine idle start–stop, engine speed control, and driving the electrical components of the vehicle independently. The P3 motor is located between the differential and the transmission and is directly connected to the transmission output shaft through a reduction mechanism. It also features regenerative braking capabilities. When the clutch is disengaged and the transmission is in neutral, the vehicle is driven solely by the P3 motor via a two-stage gear mechanism. When the clutch is engaged and the transmission is in gear, the P3 motor can work in conjunction with the engine to drive the vehicle, or the vehicle can be solely driven by the engine while the P3 motor idles without torque output. The engine can also drive the P1 motor to power the vehicle and charge the power battery, enabling a driving and charging mode. During deceleration and downhill driving, the clutch disengages, allowing for efficient energy recovery by the P3 motor. Furthermore, the three power sources can be coordinated and controlled according to the vehicle’s torque demands and its state under different operating conditions.



Based on the preceding discussion, this study categorizes the driving modes of the P1 + P3 plug-in hybrid electric vehicle into six types:



EM alone: sole propulsion provided by the P3 motor.



Extended-range mode: sole propulsion by the P3 motor with the engine generating power via fuel to charge the battery (P1 motor becomes generator).



ICE alone: sole propulsion by the engine.



Combined ICE-EM: propulsion provided jointly by the engine and motor.



Power split: division of the engine power between driving the vehicle and charging the battery.



Regenerative braking: during vehicle deceleration, the P3 motor recovers braking energy to recharge the battery.



Table 1 provides the operational status of key components under different driving modes.




2.2. Rule-Based Energy Management Strategy


An energy management strategy, as one of the key technical aspects of PHEVs, can be formulated based on variations in vehicle power requirements and the battery’s state of charge (SOC) to optimize its operation.



2.2.1. Low- to Mid-Speed Phase


When driving in suburban conditions, vehicle speeds are relatively low, and power demands are minimal. To improve fuel economy, it is advantageous to use the electric motor as the primary power source whenever possible. The subject of this study is the P1 + P3 hybrid powertrain configuration. During the low- to mid-speed phases, the operating modes include EM alone, extended-range mode, and regenerative braking mode.



In suburban driving conditions, if the battery is adequately charged, and the electric motor can provide the required torque for the driver, the EM alone is given priority. If the battery’s state of charge (SOC) falls below SOC min, then the extended-range mode is engaged. During braking situations, following the principle of maximizing regenerative braking, if the required braking torque is minimal, priority is given to the P3 motor for regenerative braking. When there is significant deceleration and the P3 motor can provide the maximum braking torque while ensuring safety, mechanical braking is used to complement the remaining braking force requirements, thus maximizing energy recovery [34]. If the battery’s charge is sufficient, the mechanical brake is employed to ensure that the battery is not overcharged. The logic for switching vehicle operating modes during the low-speed phase and torque allocation are depicted in Table 2.



The switching control logic for low-speed phase operating modes is illustrated in Figure 2. This switching logic can be divided into three layers:




	
Determining whether the vehicle operates in driving mode or regenerative braking mode based on the overall vehicle torque demand.



	
Deciding whether to enter EM alone or extended-range mode and whether to engage energy recovery based on SOC status.



	
Based on the maximum regenerative braking capability of the P3 motor, determining whether to engage in blended braking.









2.2.2. High-Speed Phase


When the vehicle is operating at high speeds and requires significant power, it enters the high-speed mode. In this mode, the engine serves as the primary power source to propel the vehicle, and both the P1 motor and P3 motor can function as drive motors or generators. Figure 3 illustrates the operational range and efficiency of the engine. The green area represents the high-efficiency region, while the red area signifies the low-efficiency region. The ‘opt’ curve indicates the engine’s optimal operating curve, obtained through laboratory testing.



Because the high-speed phase primarily relies on the engine for propulsion, there are four main operating modes during this phase: ICE alone, combined ICE-EM, power split, and regenerative braking, with the latter being the same as in the low- to mid-speed phase. The conditions and torque allocation for different operating modes during this phase are detailed in Table 3.



In the table,     T   c b 1     represents the sum of the engine’s optimal torque and the maximum drive torque of the P3 motor, as expressed in Formula (1):


    T   c b 1   =   T   e n g _ o p t   +   T   P 3 _ m a x    



(1)







    T   c b 2     represents the difference between the engine’s optimal drive torque at the current speed and the vehicle’s torque demand, as described in Formula (2):


    T   c b 2   =   T   e n g _ o p t   −   T   r e q    



(2)







Based on the above analysis, the control strategy workflow for the high-speed phase can be depicted as shown in Figure 4.



In the control strategy, the torque values of all power sources are converted to the torque transmitted to the wheel ends. The threshold parameters in the control strategy are as presented in Table 4.






3. Modeling


To verify the effectiveness of the energy management strategy, a P1 + P3 plug-in hybrid electric vehicle model was constructed using Cruise (2020) software. The control strategy was implemented in MATLAB/Simulink(R2018b) software for joint simulation validation. The model architecture is illustrated in Figure 5.



3.1. Engine Characteristic Model


Figure 6 illustrates the fuel consumption model of the engine, detailing the fuel consumption of the engine at the corresponding RPM and torque. The data presented were obtained from dynamometer tests.



The methods for calculating fuel consumption rate, engine maximum torque, and fuel consumption for each stage are as follows:


    b   e   = 1000 B /   P   e    



(3)






    T   e n g _ m a x   = f (   n   e n g   )  



(4)






    Q   e n g   =     P   e     b   e     367.1 ρ g    



(5)







In the equations,     b   e     represents the fuel consumption rate;   B   represents the hourly fuel consumption;     Q   e n g     represents the engine’s fuel consumption for each stage;     P   e     is the engine power;   ρ   is the density of gasoline; and   g   represents the acceleration due to gravity.




3.2. Drive Motor Characteristic Model


Similar to the modeling process for the engine, only the external characteristic curves and efficiency of the electric motor are considered [35]. The motor model was established using relevant data obtained from dynamometer tests. Figure 7 and Figure 8 display the external characteristic curves of the P1 and P3 motors.



Figure 9 and Figure 10 illustrate the operational efficiency of the P1 and P3 motors, respectively. The data presented were also obtained from dynamometer tests.



The formulas for calculating the motor’s maximum torque and power are as follows:


    T   m o t _ m a x   = f (   n   m o t   )  



(6)






    P   m   =     T   m o t     n   m o t     9550    



(7)







Motor power can be expressed as:


    P   m o t   =           T   m o t     n   m o t     9550   ⋅   η   m o t   ,   T   m o t   < 0           T   m o t     n   m o t     9550   ⋅   1     η   m o t     ,   T   m o t   ⩾ 0        



(8)







Motor efficiency is expressed as:


    η   m o t   = f (   n   m o t   ,   T   m o t   )  



(9)








3.3. Power Battery Pack Model


Ignoring the temperature’s impact on the power battery, the power battery is simplified into an ideal equivalent circuit model [13]. The equivalent circuit diagram is shown in Figure 11.



In Figure 11,     C   s     and     C   1     are the polarization capacitors of the battery’s polarization internal resistance, representing the hysteresis response of the battery’s charge and discharge capacitance [14].



The battery terminal voltage can be calculated using Equation (10):


  U =   U   o c   −   U   s   −   U   1   − I   R   e    



(10)







In the equation,   U   represents the battery terminal voltage;     U   o c     is the open-circuit voltage of the battery;     U   s     is the voltage across     R   s    ;     U   1     is the voltage across     R   1    ;   I   represents the battery current; and     R   e     stands for the internal resistance of the battery.



The formula for the loop current is as follows:


  I =     U   o c   −    U   o c   2   − 4   R   b a t     P   b a t      2   R   b a t      



(11)







In the equation,     R   b a t     is the total internal resistance of the battery pack, and     P   b a t     is the total power of the battery pack.



When building a power battery model, it should include an SOC calculation module that can reflect the remaining capacity of the battery. The calculation method can utilize the ampere-hour integral method:


    S O C   t   =   S O C   0   −   1   C   ⋅   ∫  0   t    I     d t  



(12)







In the equation,     S O C   0     is the state of charge at the beginning of charging or discharging;     S O C   t     is the state of charge at time   t  ; and   C   represents the rated capacity of the battery.




3.4. Vehicle Dynamics Model


In this study, lateral dynamics issues such as turning and lane-changing are excluded. The primary focus is on the vehicle’s dynamics and efficiency during straight-line driving. Therefore, wheel rolling resistance, gradient resistance, air resistance, and acceleration resistance are taken into account [15]. The calculation expression for the vehicle dynamics model is as follows:


    T   F   =   r ⋅ ( m g ⋅ s i n ⁡ θ + m g f ⋅ c o s ⁡ θ +     C   D   A   v   2     21.15   + δ m ⋅ d u / d t )     η   t      



(13)







In the equation,   m   is the total vehicle load;   g   is the acceleration due to gravity;   f   is the rolling resistance coefficient;   θ   is the slope gradient;   r   is the wheel radius;   A   is the frontal area;   v   is the vehicle speed;     η   t     is the transmission efficiency; and     C   D     is the drag coefficient.



The Cruise vehicle model is depicted in Figure 12.



The proposed basic parameters of the P1 + P3 structure for the whole vehicle (partial) are shown in Table 5.





4. Results and Discussion


The simulation was conducted using Cruise and Matlab software for both a conventional gasoline vehicle and P1 + P3 plug-in hybrid electric vehicle.



To more effectively simulate the entire process of PHEV mode switching, three sets of WLTC cycle conditions were combined as the target conditions for simulation. The Worldwide Harmonized Light Vehicles Test Cycle (WLTC) is a globally recognized vehicle test cycle used for measuring fuel consumption, emissions, and the electric range of vehicles. It was developed to provide a more realistic representation of driving conditions compared to the previous test cycle known as the New European Driving Cycle (NEDC). The WLTC consists of a series of driving phases with different average speeds, accelerations, decelerations, and stops. These phases are designed to simulate various driving conditions, including urban, suburban, and extra-urban environments. The cycle aims to reflect real-world driving patterns more accurately, taking into account factors such as traffic congestion, road type, and driving behavior. The initial SOC was set to 0.8, with a maximum SOC limit of 0.8 and a minimum SOC of 0.4.



The vehicle speed tracking performance is shown in Figure 13. It can be observed that the actual vehicle speed trajectory closely follows the WLTC cycle conditions, indicating that the constructed vehicle model and control strategy are correct, and the formulated control strategy exhibits a certain level of stability.



Figure 14: Comparison of engine output torque between conventional vehicle and P1 + P3 dual-motor configuration. The engine output torque of the traditional gasoline vehicle fluctuates significantly with vehicle speed, with a maximum output torque of 240 Nm. In contrast, the engine torque curve of the P1 + P3 dual-motor configuration is more stable. When the vehicle speed is low and the battery is sufficiently charged, the engine remains off, resulting in an output torque of 0. In situations where the battery’s state of charge (SOC) is low, and the vehicle enters the range-extender mode, the engine’s output torque stabilizes at around 100 Nm. In the high-speed phase where the engine is the primary power source and maintains SOC stability, the output torque is higher, at approximately 160 Nm.



Figure 15 and Figure 16 illustrate the operating point distribution of the two vehicle models. In the case of the traditional gasoline vehicle, the distribution of engine operating points is relatively scattered, with the majority falling within the low-efficiency range, resulting in poor fuel economy. In contrast, the P1 + P3 dual-motor configuration allows the electric motor to compensate for the engine’s output torque when demand is high. Conversely, when torque demand is low, the electric motor functions as a generator, converting a portion of the engine’s output torque into electrical energy for recharging the battery. This approach effectively adjusts the engine’s operating points, ensuring that it operates more frequently within the high-efficiency range. A clear improvement in engine performance is observed when comparing this configuration to the traditional gasoline vehicle.



Figure 17 depicts the speed, torque, and power characteristics of the P1 motor. As shown in the figure, when there is sufficient battery charge during the low-speed stage, the P1 motor remains inactive. When the battery charge is insufficient, the P1 motor operates in conjunction with the engine in a series configuration, entering the range-extending mode to recharge the battery. In the high-speed stage, when the engine’s torque output falls short of the vehicle’s torque demand, the P1 motor serves as an auxiliary power source, working in parallel with the engine to propel the vehicle. In cases of low battery charge, it enters the power split mode, with the P1 motor and engine working in parallel to recharge the battery.



Figure 18 shows the speed, torque, and power characteristics of the P3 motor. It can be observed that in the mid–low-speed range, the P3 motor serves as the primary power source for the vehicle. During regenerative braking conditions, the P3 motor is engaged in energy recovery, enhancing the fuel economy of the vehicle. The torque variations of different power sources align with the torque distribution rules defined by the control strategy.



Based on the output torque diagrams of the engine and motors, it is evident that the control strategy proposed in this study can reasonably allocate engine and motor torques under various vehicle torque demands, thus meeting the performance requirements in different modes. This indicates that the formulated control strategy is effective and optimized.



Figure 19 shows the variation in the state of charge (SOC) of the power battery. When the battery has a high state of charge, it is prioritized for driving the vehicle, causing the SOC to gradually decrease over time. When the SOC drops to a certain level, the vehicle enters the range-extending mode or the power split mode, with the engine starting to charge the battery. It can be observed that the battery SOC fluctuates between 0.2 and 0.8, and it stabilizes at around 0.4 by the end. This approach significantly reduces battery wear and extends the battery’s lifespan.



Table 6 presents the final experimental fuel consumption, showcasing a hybrid vehicle utilizing the developed energy management system. The initial state of charge (SOC) stands at 80%, decreasing to 50% by the cycle’s end, resulting in a fuel consumption rate of 6.74 L per hundred kilometers. Comparatively, the fuel consumption of a conventional vehicle per hundred kilometers amounts to 10 L. Additionally, Figure 20 provides a more detailed representation of the fuel variations between the two vehicles. It is observed that in the initial phase of hybrid vehicle operation, it primarily relies on the electric motor, resulting in lower and relatively stable fuel consumption. As time progresses, the state of charge (SOC) of the traction battery gradually decreases, and the engine starts to contribute to propulsion and recharge the battery. Consequently, fuel consumption gradually increases, and the rate of fuel consumption significantly accelerates. According to Table 6, the P1 + P3 hybrid configuration (PHEV) demonstrates a 67.4% improvement in fuel efficiency compared to traditional gasoline vehicles, highlighting a substantial enhancement in the vehicle’s fuel economy with the introduction of the electric motor.




5. Conclusions


Taking the P1 + P3 plug-in hybrid electric vehicle (PHEV) configuration as the research subject, a rule-based control strategy was designed on the basis of entire-vehicle modeling. Simulation models of the entire vehicle and control strategy were established using Cruise and MATLAB, and were validated under three combined Worldwide Harmonized Light Vehicles Test Cycle (WLTC) driving cycles. The simulation results included vehicle speed profiles, torque distribution, engine operating points, the current consumption curve, and changes in fuel consumption. The results demonstrated that the developed control strategy effectively coordinated the torque requirements of different driving modes. Compared to conventional gasoline vehicles, the P1 + P3 PHEV configuration showed a significant improvement in fuel economy.
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Figure 1. Structure of the P1 + P3 PHEV configuration. 
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Figure 2. Control strategy flow for low- to mid-speed phases. 
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Figure 3. Engine characteristics chart. 
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Figure 4. Control strategy workflow for high-speed phase in PHEV. 
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Figure 5. P1 + P3 hybrid powertrain energy management simulation model framework. 
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Figure 6. Engine fuel consumption chart. 
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Figure 7. P1 motor external characteristics chart. 
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Figure 8. P3 motor external characteristics chart. 
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Figure 9. P1 motor efficiency chart. 
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Figure 10. P3 motor efficiency chart. 
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Figure 11. Equivalent circuit diagram of the power battery. 
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Figure 12. Cruise vehicle model diagram. 
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Figure 13. Comparison of actual vehicle speed and target vehicle speed. 
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Figure 14. Comparison of engine output torque between conventional vehicle and P1 + P3 du-al-motor configuration. 
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Figure 15. Operating points of the gasoline vehicle engine. 
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Figure 16. Operating points of the P1 + P3 hybrid powertrain engine. 






Figure 16. Operating points of the P1 + P3 hybrid powertrain engine.



[image: Wevj 14 00332 g016]







[image: Wevj 14 00332 g017] 





Figure 17. Simulation results of the P1 motor. 
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Figure 18. Simulation results for the P3 motor. 
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Figure 19. SOC variation curve. 
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Figure 20. Comparison of fuel consumption. 
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Table 1. Working status of various components in different modes.
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Operating Modes

	
Status of Key Components




	
Engine

	
P1 Motor

	
P3 Motor

	
Power Battery

	
Clutch






	
EM alone

	
OFF

	
OFF

	
ON

	
discharged

	
disengaged




	
Extended-range mode

	
ON

	
ON

	
ON

	
charged

	
engaged




	
ICE alone

	
ON

	
OFF

	
OFF

	
idle

	
engaged




	
Combined ICE-EM

	
ON

	
ON

	
OFF

	
discharged

	
engaged




	
Power split

	
ON

	
ON

	
OFF

	
charged

	
engaged




	
Regenerative braking

	
OFF

	
OFF

	
ON

	
charged

	
disengaged











 





Table 2. Mode switching logic and torque allocation during low- to mid-speed phases.
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Operating Modes

	
Switching Logic

	
Torque Allocation




	
Condition 1

	
Condition 2






	
EM alone

	
   S O C > S O   C   m i n     

	
     T   r e q   ≤   T   P 3 _ m a x     

	
     T   e n g   = 0   




	
     T   P 1   = 0   




	
     T   P 3   =   T   r e q     




	
Extended-range mode

	
   S O C ≤ S O   C   m i n     

	
—

	
     T   e n g   =   T   e n g _ o p t     




	
     T   P 1   =   T   e n g _ o p t     




	
     T   P 3   =   T   r e q     




	
Regenerative braking

	
   S O C ≤ S O   C   m a x     

	
     T   r e q   ≤   T   P 3 _ m a x     

	
     T   e n g   = 0   




	
     T   P 1   = 0   




	
     T   P 3   =   T   r e q     




	
     T   r e q   >   T   P 3 g e n _ m a x     

	
     T   e n g   = 0   




	
     T   P 1   = 0   




	
     T   P 3   =   T   P 3 g e n _ m a x     











 





Table 3. Mode switching logic and torque allocation during high-speed phase.
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Operating Modes

	
Switching Logic

	
Torque Allocation




	
Condition 1

	
Condition 2






	
ICE alone

	
   0 < S O C ≤ S O   C   m i n     

	
     T   r e q   >   T   e n g _ o p t     

	
     T   e n g   = m i n (   T   r e q   ,   T   e n g m a x   )   




	
     T   P 1   = 0   




	
     T   P 3   = 0   




	
Combined ICE-EM

	
   S O C > S O   C   m i n     

	
     T   e n g _ o p t   <   T   r e q   ≤   T   e n g _ m a x     

	
     T   e n g   =   T   e n g _ o p t     




	
    T   P 1   =   T   r e q    -    T   e n g _ o p t    




	
     T   P 3   = 0   




	
       T   r e q   >   T   e n g _ m a x         T   r e q   ≤   T   c b 1       

	
     T   e n g   =   T   r e q   −   T   P 1 _ m a x     




	
     T   P 1   =   T   c b 2     




	
     T   P 3   = 0   




	
       T   r e q   >   T   e n g _ m a x         T   r e q   >   T   c b 1       

	
     T   e n g   =   T   r e q   −   T   P 1 _ m a x     




	
     T   P 1   =   T   P 1 _ m a x     




	
     T   P 3   = 0   




	
Power split

	
   0 < S O C ≤ S O   C   m a x     

	
       T   e n g _ m i n   <   T   r e q   ≤   T   e n g _ o p t         T   c b 2   ≤   T   P 1 g e n _ m a x       

	
     T   e n g   =   T   e n g _ o p t     




	
     T   P 1   =   T   c b 2     




	
     T   P 3   = 0   




	
       T   e n g _ m i n   <   T   r e q   ≤   T   e n g _ o p t         T   c b 2   >   T   P 1 g e n _ m a x       

	
     T   e n g   =   T   e n g _ o p t   −   T   P 1 g e n _ m a x     




	
     T   P 1   =   T   P 1 g e n _ m a x     




	
     T   P 3   = 0   




	
Regenerative braking

	

	
     T   r e q   < 0   

	
     T   e n g   = 0   




	
     T   P 1   = 0   




	
     T   P 3   = m a x (   T   r e q   ,   T   P 3 g e n _ m a x   )   











 





Table 4. Physical meanings of parameters in the control strategy.






Table 4. Physical meanings of parameters in the control strategy.





	Variable Names
	Variable Descriptions





	   S O   C   m i n     
	Minimum SOC threshold value



	   S O   C   m a x     
	Maximum SOC threshold value



	     T   r e q     
	Vehicle wheel-end torque demand



	     T   e n g _ m a x     
	Engine maximum torque



	     T   e n g _ m i n     
	Engine minimum operating torque threshold value



	     T   e n g _ o p t     
	Engine high-efficiency zone optimal torque



	     T   P 1 g e n _ m a x     
	P1 motor maximum regenerative torque



	     T   P 1 _ m a x     
	P1 motor maximum drive torque



	     T   P 3 g e n _ m a x     
	P3 motor maximum regenerative torque



	     T   P 3 _ m a x     
	P3 motor maximum drive torque










 





Table 5. Partial basic parameters of the research subject.
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Project

	
Parameters

	
Numerical






	
Vehicle

	
Curb weight

	
2130 kg




	
Total mass

	
2545 kg




	
Frontal area

	
2.26 m2




	
Drag coefficient

	
0.33




	
Engine

	
Engine displacement

	
1.5 L




	
Engine power

	
105 kW




	
P1 motor

	
Peak power

	
47 kW




	
Peak torque

	
75 Nm




	
Maximum RPM

	
11,000 rpm




	
P3 motor

	
Peak power

	
300 kW




	
Peak torque

	
300 Nm




	
Maximum RPM

	
14,500 rpm




	
Tires

	
Rolling radius

	
287 mm




	
Transmission

	
Gear ratio

	
1:0.75




	
Power battery

	
Battery pack capacity

	
11.52 kWh




	
Battery pack rated voltage

	
320 V











 





Table 6. Fuel comparison.
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	Vehicle Models
	Fuel Consumption Per Hundred Kilometers (L)
	Fuel Efficiency Gain





	Conventional vehicle
	10.00
	—



	P1 + P3 hybrid electric vehicle
	6.74
	67.4%
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