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Abstract


To address the issues of increased energy consumption and reduced engine efficiency in plug-in hybrid electric vehicles (PHEVs) under low-temperature conditions due to cabin heating demands, this paper investigates the coupling characteristics between the powertrain system and the cabin thermal management system and proposes an adaptive energy management strategy tailored for low-temperature environments. First, a comprehensive model incorporating vehicle dynamics, the engine, and the passenger compartment thermal management system was established. The impact of different ambient temperatures and equivalent factors on the system’s energy consumption characteristics was then quantitatively analyzed under WLTC conditions. Based on this, an adaptive strategy for minimizing equivalent fuel consumption that accounts for cabin heating demand was designed. By using real-time cabin heating demand and engine waste heat power as state feedback, the equivalent factor is dynamically adjusted to coordinate the allocation of power between propulsion and heating. Simulation and hardware-in-the-loop test results indicate that the optimized strategy, by promoting early engine engagement and improving waste heat recovery efficiency, reduces PTC energy consumption by 0.47 kWh under −20 °C WLTC conditions, decreases additional fuel consumption caused by low temperatures by approximately 59%, and improves the vehicle’s equivalent fuel economy by 4.6%, while effectively maintaining passenger compartment thermal comfort. This study contributes to sustainable transportation by reducing low-temperature-induced energy waste, lowering equivalent fuel consumption, and promoting efficient use of engine waste heat, thereby supporting carbon emission reduction goals in hybrid electric vehicle operations.
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1. Introduction


With the goal of carbon neutrality in mind, the transition to low-carbon powertrains has become a consensus within the industry [1]. The “Energy-Saving and New Energy Vehicle Technology Roadmap 3.0,” released in 2025, explicitly calls for the development of diversified powertrain systems [2,3]. Among these, plug-in hybrid electric vehicles (PHEVs) have emerged as a key direction for China’s new energy vehicle industry due to their ability to combine the advantages of both hybrid and pure electric drive systems [4]. By alleviating range anxiety while meeting energy-saving and emission-reduction requirements, PHEVs have become a vital focus [5,6]. Strategies regarding energy management, as the key technology determining PHEV performance, directly impact the actual realization of their energy-saving benefits [7,8]. Currently, mainstream energy management methods are primarily divided into rule-based and optimization-based categories. The former determine operating modes through predefined logic and are characterized by simplicity and strong real-time performance [9], while the latter aim to further enhance energy efficiency and have been extensively studied. Among these, dynamic programming can provide theoretically optimal solutions but relies on precise models and complete operating condition information [10]. The equivalent consumption minimization strategy (ECMS) is widely applied due to its ease of control, with performance depending on the optimization of the equivalent factor [11,12]. Model predictive control combines rolling optimization with feedback mechanisms, utilizing short-term predictions to enhance adaptability to operating conditions [13,14,15].



Cabin heating systems in PHEVs typically employ positive temperature coefficient (PTC) electric heaters or heat pumps [16]. Among these, PTC heaters feature fast response times and simple structures; they are often integrated with engine waste heat recovery systems and switch heat sources based on engine operating conditions. However, due to the inherently high energy consumption of PTC heaters and the fact that the heating system serves as a critical auxiliary load in the vehicle, its operation directly affects the real-time power distribution between the engine and the electric motor. Furthermore, engine efficiency is significantly affected by temperature, and maintaining thermal comfort in the passenger compartment under extreme operating conditions requires substantial energy consumption [17].



Therefore, it is necessary to consider the system’s thermal demands in the context of power distribution optimization, which will help further unlock the energy-saving potential of hybrid vehicles. In terms of the engine’s operating temperature, Song et al. [18] incorporated both the battery SOC and the engine coolant temperature penalty terms into the Hamilton function, achieving fuel-saving effects of 6.2% and 8.4%, respectively, under high and low temperature conditions. Merz et al. [19] regarded engine temperature as a new state variable, which reduced the cold start fuel consumption by up to 2.8% and improved the thermal transient response and SOC tracking capability. Early studies treated the thermal management system as a fixed load. Although Zhang et al. [20] considered battery cooling losses and optimized the energy consumption of a series hybrid truck offline using dynamic programming (DP), they still treated thermal management power consumption as a boundary condition. More recent studies have attempted to directly integrate thermal management power demands into the energy management optimization framework. Xu et al. [21] explicitly proposed separate and integrated energy management strategies, converting cooling power demands into the equivalent fuel consumption and integrating them into the ECMS. A comparative study by Jimenez-Espadafor et al. [22] confirmed that the integrated control of energy management and thermal management yields significant improvements in fuel economy when compared with simple independent switching rules. Shams-Zahraei et al. [23] used forward dynamic programming (FDP) to demonstrate the importance of considering an engine–cabin coupled thermal management strategy (CTMS) for optimizing PHEV energy management; this strategy maintains the engine in a warm-up state, thereby improving engine efficiency while reducing cabin heating energy consumption. Chu et al. [24] established a control-oriented engine thermodynamic model to describe the primary thermal behavior of hybrid vehicles, which was used to address energy management optimization problems that account for engine warm-up. Yang et al. [25] proposed an interval Type-II fuzzy controller that accounts for in-vehicle temperature, incorporating passenger compartment comfort and power allocation into the optimization objectives, thereby achieving reduced fuel consumption in both cooling and heating modes. The intelligent energy management method based on reinforcement learning and model predictive control has also been widely studied and applied. Yu et al. [26] employed adaptive grid dynamic programming to generate the global optimal trajectory of battery temperature and SOC, and combined it with hierarchical model predictive control, resulting in a reduction of 1.77% to 14.52% in the total operating cost. Li et al. [27] proposed an energy and heat joint management strategy based on the dual-delay deep deterministic policy gradient. They utilized the engine’s residual heat to preheat the battery, achieving a total optimization cost of 91.42% of DP. Hu et al. [28] employed a reinforcement learning strategy to enable rapid adjustment of the energy management strategy, adapting to optimization tasks and performance improvements in scenarios involving the activation and deactivation of the air conditioning system.



In summary, existing research has conducted in-depth studies on energy management strategies that account for cabin thermal demands; however, most studies focus on comparing optimization results in terms of final fuel consumption or total energy consumption. There is a lack of systematic quantitative analysis regarding how adjustments to energy management strategies reshape the energy contribution ratios of the battery, PTC, and waste heat in heating and propulsion, and ultimately determine the vehicle’s overall energy flow distribution. In particular, the pathways through which different energy allocation logics affect the vehicle’s overall energy efficiency, while ensuring passenger compartment thermal comfort, remain unclear.



To address the above issues, this paper focuses on PHEVs and constructs a thermo-electro-coupled dynamic model that integrates the battery, engine, and passenger compartment to quantify thermal load power. Based on this model, by analyzing the energy consumption characteristics of the passenger compartment thermal management system and the powertrain under different ambient temperatures and fixed equivalent factor strategies, the study reveals the energy flow of the PHEV’s thermal–electric coupling system under low-temperature conditions, clarifies the complementary energy characteristics between engine operating states and passenger compartment heating energy consumption, identifies the energy flow transfer paths during heating mode transitions under different equivalence factors, and elucidates the optimization potential for improving engine thermal efficiency and reducing PTC power consumption. Finally, traditional ECMS usually only adjusts the equivalent factor based on SOC deviation feedback to maintain the balance of energy. It cannot predict the impact of cabin heat demand on energy distribution. This paper proposes an adaptive strategy for minimizing equivalent fuel consumption that takes into account the cabin heat demand. The core innovation lies in incorporating the dynamic thermal demand power of the passenger cabin and the available residual heat power of the engine as feedforward compensation terms, and jointly adjusting the equivalent factor with SOC feedback in real time―when the residual heat is insufficient, actively increase the equivalent factor to trigger engine startup and utilize the residual heat to meet the heating demand; when the residual heat is sufficient, appropriately reduce the equivalent factor to avoid excessive engine intervention. This method breaks through the limitation of traditional strategies that only focus on energy balance, enabling the energy management strategy to actively adapt to the cabin heat state. This ensures the thermal comfort of the passenger cabin while improving the fuel economy of the entire vehicle.




2. System Description and Modelling


The topology of a plug-in hybrid electric vehicle is shown in Figure 1. Its primary operating modes include an all-electric mode, series mode, engine-only mode, parallel mode, and regenerative braking mode. In pure electric mode, the clutch is disengaged, and the vehicle is driven solely by the P3 motor, powered by the drive battery. In series mode, the clutch is disengaged, and the engine drives the P1 motor to generate electricity, which powers the P3 motor to drive the wheels; excess electricity can be used to charge the battery. The engine-only mode is further divided into series engine-only operation and parallel engine-only operation. In these modes, the vehicle is driven solely by the engine, and the battery neither charges nor discharges. In parallel mode, the clutch engages, and the engine and P3 motor drive the vehicle together; if the engine has excess power, it can simultaneously charge the battery. In regenerative braking mode, at higher vehicle speeds or when the battery charge level is low, the motor acts as a generator to recover braking energy and charge the battery. The vehicle parameters are shown in Table 1.



The principle of the coolant circuit in the engine–passenger compartment thermal management system is shown in Figure 2. The passenger compartment thermal management system includes components such as a water pump, thermostat, fan, radiator, heater core, blower, and PTC heater. This system employs a dual-heat-source hybrid heating strategy: when the engine coolant temperature is high, the heat stored in the coolant is transferred to the passenger compartment via the heater core; when the engine coolant temperature is low, the heating demand of the passenger compartment is met jointly by the engine heater core and the PTC heater.



2.1. Power Demand Model


The power requirement Pdem of the vehicle’s powertrain is modeled as follows:


   P  dem   =    mgfcos θ  +   1 2     AC  d   ρ a   v 2  +  mgsin θ  +  δ m     dv   dt      v  



(1)







In the equation, v is the vehicle speed; θ is the road gradient; f is the rolling resistance coefficient; m is the vehicle mass; g is the acceleration due to gravity; Cd is the drag coefficient; A is the frontal area; ρa is the air density; r is the effective wheel radius; and δ is the mass factor resulting from the moments of inertia of the effective wheel and powertrain components.




2.2. Engine Model


Engine efficiency measures the engine’s ability to convert the chemical energy of fuel into mechanical output, and is expressed as follows [29]:


         η  eng   =  f  eng      ω  eng      , T    eng            m  eng   =     T  eng    ω  eng        9550 η    eng    H  lhv             



(2)







In the equation, ηeng is the engine efficiency; ωeng is the engine speed; Teng is the engine torque; meng is the fuel consumption; and Hlhv is the calorific value of engine fuel.



In the thermal model, the engine coolant temperature serves as a thermal state variable for the entire engine, and its dynamic equation is expressed as follows [30]:


     T ˙    cl   =   1   M  eng    C  eng           Q ˙    fuel   −  P e  −    Q ˙    exh   −    Q ˙    air   −    Q ˙    rad   −    Q ˙    heat      



(3)







In the equation, Meng, Ceng, and Tcl represent the engine mass, heat capacity, and coolant temperature, respectively; Qfuel is the heat released during fuel combustion; Pe is the mechanical power output of the engine; Qexh, Qair, and Qrad represent the heat transferred from the engine to the air via convection, and the heat transferred via the radiator and fan, respectively; and Qheat is the heat transferred to the passenger compartment.



The heat released by the engine during combustion is as follows:


     Q ˙    fuel   =  H lhv  ×  W f     ω  eng   ,  T  eng      , T    cl      



(4)







In the equation, Wf is the fuel factor; expressed as follows:


   W f  =  f  eng   (  ω  eng   ,  T  eng   ) ×  f   cl , map    (  T  cl   )  



(5)







In the equation, feng is engine fuel consumption and fcl,map(Tcl) denotes the correction factor that accounts for the effect of cold-start conditions on fuel consumption. This correction factor is derived from an empirical model reported in the literature [31], as shown in Figure 3.




2.3. Battery Model


The Rint model is used to describe the charging and discharging characteristics of power batteries, where the battery’s SOC is expressed as follows:


  S O C = −     U  o c   −    U  o c  2  − 4  R  int    P  b a t       2  R  int    C  b a t       



(6)







In the equation: Rint is the equivalent internal resistance; Uoc is the open-circuit voltage; C is the battery capacity; and Pbat is the total battery charge.


   P  bat   =  P   bat , m    +  P   bat , ptc     



(7)







In the equation, Pbat,m and Pbat,ptc represent the motor output power and the PTC output power, respectively.




2.4. Passenger Cabin Model


To describe the thermal load requirements of the passenger compartment at different stages during a vehicle’s cold start, the passenger compartment thermal model is expressed as follows:


       C   air , cab       T ˙    cab   =    Q ˙     in , cab    −    Q ˙     wall , cab         C   wall , cab       T ˙    wall   =    Q ˙    sun   +    Q ˙     sun , cab    −    Q ˙     wall , env         



(8)







In the equation, Cair,cab and Cwall,cab represent the heat capacities of the cabin air and the cabin wall, respectively; Tcab and Twall represent the temperatures of the cabin air and the cabin wall, respectively; Qwall,cab is the convective heat transfer between the cabin air and the cabin wall; Qsun,cab is the solar radiation heat transferred to the cabin; Qwall,env represents the convective heat transfer between the cabin wall and the external environment; Qin,cab represents the convective heat transfer from the air at the air supply outlet to the cabin air.


     Q ˙     in , cab    =    Q ˙    heat   +    Q ˙    load   −    Q ˙     air , env     



(9)







In the equation, Qload is the heat transferred from the PTC heater to the cabin air and Qair,env is the heat exchange between the cabin air and the outside fresh air in the ventilation system.


     Q ˙     wall , cab    =  h   wall , cab     S   wall , cab       T  cab   −  T  wall      



(10)







In the equation, hwall,cab and Swall,cab represent the heat transfer coefficient and heat exchange area between the cabin air and the cabin wall, respectively.


     Q ˙     sun , cab    =  σ w   I s   S w   



(11)







In the equation, σw is the absorption coefficient of the passenger compartment, which depends on the color of the object in question; Is is the radiant power per unit area; and Sw is the area of the compartment exposed to solar radiation.


     Q ˙     wall , env    =  h   wall , env     S   wall , env       T  wall   −  T  env      



(12)







In the equation, hwall,env and Swall,env represent the total heat transfer coefficient and heat exchange area between the crew compartment and the external environment, respectively, and Tenv is the external air temperature.



The thermal load requirements for the crew compartment are described as follows:


     Q ˙    cab   =    Q ˙    sun   +    Q ˙    heat   +    Q ˙    load   −    Q ˙     in , cab    − (  C   air , cab    +  C   wall , cab    )     Δ T     t c      



(13)






   Δ T  =  T  cab   −  T   cab , set     



(14)







In the equation, Tcab,set is the desired passenger compartment air temperature that meets comfort requirements. The nomenclature of all symbols is summarized in Table 2.





3. Analysis of Energy Consumption Characteristics


3.1. Energy Flow Analysis


As a vehicle system that integrates multiple energy sources, if a PHEV remains in pure electric mode for an extended period in a low-temperature environment, the engine’s lack of continuous operation will prevent the waste heat recovery system from fully contributing to the vehicle’s thermal management. Under these conditions, the thermal energy required for passenger compartment heating relies more heavily on battery power, causing the battery’s state of charge (SOC) to decline more rapidly. This, in turn, triggers the engine to start earlier or more frequently during the charge maintenance phase to replenish the battery, thereby affecting the vehicle’s energy allocation strategy under combined driving conditions. Consequently, actual fuel consumption increases, and the vehicle’s overall energy efficiency performance over its entire lifecycle is reduced.



The equivalent consumption minimization strategy (ECMS) has garnered significant attention in both theoretical and engineering practice. It introduces an equivalent factor (EF) to equate electrical energy consumption with corresponding fuel consumption and uses real-time optimization to determine the optimal engine and motor torques that result in the lowest total equivalent fuel consumption. The magnitude of the equivalent factor reflects the priority given to engine operation. A larger equivalent factor implies a stricter “penalty” for using electrical energy, causing the engine to participate more in operation; conversely, a smaller factor implies a greater “penalty” for engine fuel consumption, leading the PHEV to operate more frequently in pure electric mode. Therefore, by adjusting the EF parameter in the ECMS, a correlation can be established between different engine start–stop frequencies and the vehicle’s energy consumption characteristics, thereby providing a theoretical basis for optimizing the vehicle’s adaptive energy management strategy. Based on these considerations, this paper investigates the energy consumption differences resulting from varying engine start–stop frequencies under low-temperature conditions, considering passenger compartment thermal load requirements, using the ECMS strategy. The energy consumption components of the engine and power battery are shown in Figure 4.



Figure 5 presents the energy consumption distribution of the engine and battery under WLTC conditions at −20 °C when using different equivalent factors. High and low equivalent factors were selected to compare the vehicle’s energy consumption when the PHEV operates primarily in pure electric mode versus when the engine starts and stops frequently. As shown in the figure, when a low equivalence factor is used, the proportion of total energy consumption accounted for by the PHEV’s overall drive energy is 39.25%, of which 5.75 kWh comes from battery energy consumption. At the same time, the low engine engagement frequency and small load result in very limited waste heat recovery. Therefore, the thermal demand of the passenger compartment is primarily met by PTC heaters, which account for as much as 10.80% of total energy consumption.



Figure 6 and Figure 7 compare the response curves of relevant PHEV components under a −20 °C operating condition when different equivalent factor strategies are applied. As shown in Figure 6a, when the equivalent factor is small, the engine coolant temperature rises extremely slowly, remaining below 60 °C throughout the entire test cycle. This is far below the engine’s optimal operating temperature range and the threshold for effective waste heat recovery, resulting in limited engine waste heat power available for cabin heating. The heating power allocation curve in Figure 6b clearly shows that over 85% of the passenger compartment’s heat load is borne by the PTC electric heater, with PTC energy consumption reaching 10.80% of total battery energy consumption, while the contribution of engine waste heat to heating is less than 15%. This indicates that, although the low equivalent factor strategy reduces fuel consumption, electrical energy consumption increases significantly due to heavy reliance on PTC heating. Furthermore, because the engine operates in a “cool-down” state for extended periods, its combustion efficiency decreases and friction losses increase, leading to a significant rise in instantaneous fuel consumption rates. As shown in Figure 6c and Figure 7c, although the total engine operating time is short, the instantaneous fuel consumption rate during operation is approximately 12–18% higher than that of the high-equivalent-factor strategy. A reasonable energy management strategy is needed to mitigate the increase in fuel consumption caused by the engine running cold due to infrequent starts.



In contrast to the low-equivalent-factor strategy, the high-equivalent-factor strategy increases the engine’s engagement to enable it to reach its high-equivalent operating temperature range earlier, thereby significantly improving the vehicle’s overall energy flow, particularly in terms of waste heat recovery and thermal management energy consumption. As shown in Figure 7a, under the same −20 °C ambient temperature and WLTC conditions, when using the high-equivalent-factor strategy, the engine coolant temperature exceeds 70 °C within approximately 200 s after the cycle begins and subsequently stabilizes in the high-equivalent temperature range of 80–90 °C. As the engine’s coolant temperature exceeds the 60 °C threshold for waste heat utilization, the thermal management system can transfer engine waste heat to the passenger compartment circuit via the heater core. The engine waste heat contributes 1.12 kWh toward heating demand and the energy consumption share of the PTC heater drops sharply to 0.87%, as shown in Figure 7b. As the engine operates within the high-efficiency temperature range, real-time optimization via the ECMS reduces cold-start fuel consumption and creates conditions for the passenger compartment to utilize engine waste heat.



Comparing Figure 6 and Figure 7 reveals that, when the equivalent factor is high, although total engine fuel consumption increases, overall vehicle energy efficiency is improved through the following mechanisms: the engine operates more frequently within the high-efficiency temperature range and the average effective fuel consumption rate is better than that under low-temperature, low-load conditions and waste heat recovery replaces high-value electrical energy consumption, significantly reducing the battery load caused by the PTC heater. Although heat loss under this strategy increases, accounting for approximately 20.78% of engine energy consumption, this is an inevitable result of high-load engine operation and the need for high-temperature coolant cooling. Compared with the combination of “inefficient fuel consumption and high PTC power consumption” in the low-equivalent-factor strategy, the system’s overall energy utilization efficiency is still significantly improved.




3.2. Vehicle Energy Consumption Analysis


Figure 8a–c analyze the effects of different equivalent factors and ambient temperatures on PTC energy consumption, battery power consumption, and engine fuel consumption, while ensuring that the thermal requirements of the passenger compartment are met. The study covers four typical low-temperature environments―20 °C, −10 °C, 0 °C, and 10 °C―as well as cyclic operating conditions with equivalent factors ranging from 2.5 to 4.5. Ambient temperature determines the thermal demand of the passenger compartment. As ambient temperature drops from 10 °C to −20 °C, the temperature difference required to maintain thermal comfort in the passenger compartment widens, and the required heating power increases non-linearly. As the core control parameter regulating the balance between fuel and electric power usage, an increase in the equivalent factor raises the engine’s operating load. Utilizing engine waste heat for heating results in an inverse relationship where fuel consumption rises while PTC power consumption decreases. As the equivalent factor is adjusted from low to high, the heating mode undergoes a phased evolution: In the low equivalent factor range, the system enters a PTC-dominated phase. Low engine operating intensity results in waste heat contributing less than 30%, so heating relies almost entirely on the PTC, resulting in extremely high electricity consumption but the lowest fuel consumption. As the equivalence factor rises to a moderate level, the system transitions to a hybrid heating phase. Increased engine load boosts waste heat output, with PTC and waste heat each bearing 40–60% of the heating load, creating a complementary energy balance; when the equivalence factor enters the optimal range, the system achieves a waste heat-dominated phase, with engine waste heat contributing over 70%, with the PTC serving only as an instantaneous supplement. Electricity consumption drops to an extremely low level, and overall energy consumption reaches its optimum. Furthermore, the equivalent factor threshold required to achieve this stage decreases significantly as ambient temperature rises. If the equivalent factor continues to rise to excessively high values, the system enters an over-exhaust heat phase, forcing the engine to operate at high loads for extended periods to maximize exhaust heat utilization. Fuel consumption surges sharply, causing overall energy consumption to rebound significantly. Total energy consumption follows a trend of first decreasing and then increasing with changes in the equivalent factor, with the lowest point typically corresponding to the waste heat-dominated heating phase. It is worth noting that the equivalent factor required to achieve this optimal state is not a fixed value but varies with changes in the passenger compartment’s thermal demand. This implies that the energy management strategy should dynamically adjust the equivalent factor based on changes in the passenger compartment’s thermal demand, maintaining it at a level where waste heat can largely cover heating requirements. This approach avoids excessive power consumption by the PTC heater while also preventing the engine from entering an inefficient, high-fuel-consumption range in pursuit of waste heat, ultimately achieving optimal overall vehicle energy consumption.





4. Design of Adaptive Energy Management Strategy


Based on the above analysis, it is evident that in low-temperature environments, traditional fixed equivalent factor (EF) strategies struggle to balance the trade-off between powertrain energy consumption and passenger compartment heating requirements: a low EF strategy results in the engine to engage less frequently and results in insufficient waste heat, necessitating reliance on energy-intensive PTC heating and increasing electrical power consumption; while a high EF strategy can provide ample waste heat, it may cause the engine to operate under unnecessarily high loads, increasing fuel consumption and failing to dynamically respond to changes in thermal demand.



Therefore, this paper proposes an adaptive strategy for minimizing equivalent fuel consumption that takes passenger compartment thermal demands into account. Its core design concept is to use dynamic passenger compartment thermal demands and available engine waste heat capacity as state feedback to adjust the equivalent factor in real time, thereby simultaneously optimizing fuel economy and thermal management efficiency in power distribution. The designed vehicle drive process is based on an adaptive ECMS energy management strategy, whose basic principle is shown in Figure 9. This strategy aims to achieve coordination on two levels: at the power demand level, it optimizes the distribution of drive power between the engine and the electric motor based on the battery’s state of charge (SOC) and driving requirements; at the cabin thermal demand level, it dynamically adjusts the engine’s operating state based on cabin thermal demand and engine thermal status to improve waste heat recovery efficiency and reduce PTC power consumption.



The fuel economy of plug-in hybrid electric vehicles (PHEVs) encompasses not only engine fuel consumption but also battery energy consumption. The ECMS introduces an equivalent factor to equate battery energy consumption with the corresponding fuel consumption. It solves the optimal control by real-time optimization of an objective function that includes both engine fuel consumption and equivalent fuel consumption. The objective function is as follows:


  J =    ∫   t 0     t f        c  fuel      m ˙    fuel    ( t )  + s    c e   P  bat    ( t )    3600           dt   



(15)




where s is the equivalent conversion factor; cfuel and ce are the unit costs of fuel and electricity, respectively; and mfuel is fuel consumption.



The effectiveness of ECMS optimization depends on the value of the equivalent factor. To achieve tracking of the target SOC trajectory and optimal allocation of torque between the engine and electric motor, adjusting the equivalent factor based on the deviation between the reference SOC and actual SOC as feedback compensation has certain limitations. This SOC-deviation-based adjustment method essentially focuses only on battery charge balance and does not consider the impact of dynamic changes in passenger compartment heating demand on energy flow distribution. As clearly pointed out in the analysis in Section 3.2, there is a complementary relationship between the power utilized from engine waste heat and PTC power consumption. This means that when the engine can provide sufficient waste heat, PTC power consumption will naturally decrease, and battery power consumption will consequently decrease as well. Therefore, using only the SOC deviation as the basis for adjusting the equivalent factor fails to consider the potential benefits of waste heat utilization in advance during engine operation decision-making.



To address this shortcoming, this paper introduces the dynamic difference between passenger compartment heating demand and engine waste heat supply as a feedforward compensation term, in addition to SOC feedback control. Specifically, when the available engine waste heat power is less than the real-time thermal demand of the passenger compartment, the system remains in the “hybrid heating” phase, with a high degree of reliance on the PTC. At this point, the equivalent factor is further increased based on the SOC feedback value, and the heating gap is filled by increasing engine engagement; the increment is proportional to the thermal demand deficit. Conversely, when waste heat supply is sufficient or even excessive, the equivalent factor is moderately reduced to prevent excessive engine operation. The core of this control mechanism lies in translating the identified thermo-electric coupling patterns into control decisions. By calculating the heat demand deficit in real time, the optimization strategy adjusts the equivalent factor adaptively, ensuring thermal comfort in the passenger compartment while simultaneously meeting power requirements.



The adaptive law of the equivalent factor is described as follows:


  s  t  =  s 0  +  K p  ×  e  soc    ( t )  +  K i  ×    ∫ 0 t    e  soc       τ   d τ   



(16)






   e  soc    t  =     SOC   ref    t  − SOC  t    + α ×       Q  req    t  −  Q   eng _ waste     t     Q  req    t        



(17)







In the equation, s0 is the equivalence factor, Kp and Ki are PI parameters, SOCref is the reference state of charge, Qreq is the thermal power demand of the crew compartment, and Qeng_waste is the usable waste heat power from the engine.



The constraints are as follows:


      s o  c  m i n   ≤ s o c ≤ s o  c  max        ω  e n g _ m i n   ≤  ω  e n g   ≤  ω  e n g _ m a x        T  e n g _ m i n   ≤  T  e n g   ≤  T  e n g _ m a x        ω  m _ m i n   ≤  ω m  ≤  ω  m _ m a x        T  m _ m i n   ≤  T m  ≤  T  m _ m a x        



(18)







Tm and ωm represent the torque and rotational speed of the driving motor, respectively.



The initial equivalent factor s0 is a benchmark value obtained through offline optimization calculation under the standard WLTC driving condition without considering the thermal requirements of the passenger cabin. This value does not take into account the low-temperature environment and is only used to provide a stable and universal initial starting point for the adaptive strategy; during the real-time operation of the strategy, it will be dynamically adjusted based on the cabin thermal requirements and the deviation between the battery SOC to adapt to the low-temperature heating condition.



Among these, α is the feedforward compensation coefficient for the thermal demand of the cabin, and its physical meaning is the contribution weight of the crew cabin’s thermal demand to the increment of the equivalent factor. The value of α directly affects the energy consumption allocation between engine residual heat utilization and PTC electric heating and thereby determines the overall energy consumption of the entire vehicle. As shown in Figure 10, the sensitivity analysis of the heating energy consumption allocation results under different values reveals that as the compensation coefficient increases, the PTC energy consumption continuously decreases, while the engine residual heat utilization increases accordingly. Moreover, the sum of the two remains basically constant. The compensation coefficient only changes the source allocation of the heating heat, but does not affect the total thermal demand of the crew cabin. Specifically, when the compensation coefficient is below 0.3, the reduction in PTC energy consumption is very small, and the feedforward compensation has almost no effect. The system mainly relies on electric heating. When the compensation coefficient rises to the range of 0.4 to 0.65, the PTC energy consumption drops by approximately 70% rapidly, and the residual heat substitution efficiency significantly improves. This is the sensitive area of compensation coefficient adjustment. However, when the compensation coefficient exceeds 0.7, the heating allocation tends to be saturated. Further increasing the compensation coefficient will only increase the engine load, will provide little help to the vehicle’s energy conservation, and may even cause the overall fuel consumption to rise. Therefore, the value of the compensation coefficient should be between 0.4 and 0.6. This value can effectively utilize the residual heat while avoiding excessive intervention of the engine.




5. Results


5.1. Analysis of Simulation Results


To verify the performance of the energy management strategy proposed in this paper, the WLTC cycle was selected as the test condition. Under low-temperature conditions of −20 °C, with an initial battery SOC of 0.8, a comparative analysis was conducted between the control strategy shown in Equation (17) and a baseline energy management strategy that does not account for passenger compartment heating demands.



Figure 11 illustrates, through three metrics―engine coolant temperature, energy allocation for passenger compartment heating, and cumulative energy consumption―how the proposed adaptive energy management strategy proactively increases the equivalent factor to rapidly meet passenger compartment heating demands. This triggers the engine to start earlier, enabling it to provide power while simultaneously utilizing its exhaust heat to heat the passenger compartment, thereby reducing the output power of the PTC heater. In contrast, under the baseline strategy, when the coolant temperature has not reached the threshold, the engine’s waste heat is insufficient to meet the full heating demand. The PTC heater is activated to compensate for the power deficit, consuming a significant amount of energy to ensure thermal comfort in the passenger compartment.



Figure 12 shows the trends in the equivalent factor for the baseline strategy and the optimized strategy under WLTC conditions. During the initial operating phase, to quickly meet the cabin heating demand, the optimized strategy proactively increases the equivalent factor, prompting the engine to start earlier. When residual heat is sufficient, the equivalent factor decreases accordingly, and the system subsequently enters a stable, coordinated operating phase.



Figure 13 shows a comparison of the SOC curves for the optimized strategy and the baseline strategy. The SOC curve for the optimized strategy remains generally above that of the baseline curve, primarily due to the engine’s early engagement and subsequent dynamic compensation mechanism. During subsequent operation, if the coolant temperature drops, the equivalent factor increases again to prompt the engine to work harder, thereby slowing the decline in battery SOC and improving the utilization of residual heat in the engine coolant.



Figure 14 compares the distributions of engine operating efficiency. In the coupling relationship between temperature and the correction coefficient, the optimized strategy effectively raises coolant temperature through early engine engagement, thereby mitigating the adverse effects of low-temperature environments on engine efficiency. As shown in the comparison in Figure 11e,f, this effect is particularly evident in the comparison of cumulative fuel consumption: the increase in fuel consumption caused by low temperatures under the optimized strategy is only 11.86 g, whereas it is 29 g under the baseline strategy reduction of approximately 59%. These figures clearly demonstrate the optimized strategy’s significant improvement in engine performance.



When different energy management strategies are adopted, energy consumption is as shown in Table 3. By engaging the engine early to capture residual heat, the battery received additional charging during driving, resulting in a final SOC (71.13%) higher than that of the baseline strategy (69.62%). Although the increased engine operation led to a measured fuel consumption increase of 32.4 g, after comprehensive conversion incorporating electric power consumption, the equivalent energy consumption decreased by 4.6%. Overall, the method proposed in this paper enables the vehicle to achieve superior equivalent fuel economy and passenger compartment thermal comfort. The extent of improvement in equivalent fuel economy under different operating conditions is shown in Table 4.



Regarding the relationship between the degree of improvement and the characteristics of the driving cycle, we first extracted characteristic parameters such as average vehicle speed, average acceleration, and idling ratio from each driving cycle, and compared them with the improvement extent, as shown in Table 5.



In view of the phenomenon that the degree of equivalent fuel economy improvement varies under different driving cycles, we extracted the key characteristic parameters of each cycle and conducted a correlation analysis with the improvement extent. The results show that the improvement extent is positively correlated with the proportion of low-speed time―the CLTC has the highest proportion of low-speed time, and the engine can maintain a warm-up state continuously, with high waste heat utilization rate, so the improvement is the most significant. The UDDS has a relatively high proportion of low-speed time, but its frequent complete stops lead to engine cooling during intervals and some waste heat loss, resulting in a relatively lower improvement extent. The improvement extent is negatively correlated with the average acceleration―the CLTC has the smallest average acceleration, with small transient disturbances and stable thermal state, so the improvement is the greatest. The UDDS and NEDC have higher average acceleration, and the improvement is smaller. The idle ratio has a dual impact on the fuel economy of the entire vehicle. An appropriate idle ratio is conducive to maintaining the warm-up state of the engine without additional fuel consumption, but an excessive proportion of urban driving segments will reduce the opportunities for low-speed waste heat utilization, as shown in Figure 15.



The quantitative comparison of steady-state temperature deviations is presented in Table 6. In terms of steady-state temperature deviation, the optimized strategy maintained a steady-state temperature of 21.8 ± 0.6 °C, while the baseline strategy was 21.5 ± 1.2 °C. Both met the comfort requirements (with a deviation of ≤1.5 °C), and the fluctuation of the optimized strategy was smaller.




5.2. Analysis of Hardware-in-the-Loop Test Results


To verify the effectiveness of the strategy adopted in this paper, the optimized strategy was programmed into the controller for hardware-in-the-loop (HIL) testing. The HIL test platform is shown in Figure 16. During the testing process, the controlled object model and the control algorithm model were compiled and downloaded to the NI real-time simulator and the HCU, respectively. The vehicle controller (HCU) and the NI real-time simulator were connected via a CAN communication board, and the signal ports between them were configured through the host computer. This allowed the HCU to properly receive real-time status signals from the vehicle model in the NI simulator and allowed the vehicle model to properly receive control commands issued by the HCU. The HCU controller acquires the state signals from the controlled object model, performs analysis and calculations, and then outputs control commands to the test object, thereby forming a closed-loop hardware-in-the-loop simulation.



Using the WLTC cycle and an ambient temperature of −20 °C as the test conditions, Figure 17 shows the torque of the engine and electric motor. For example, as shown in Figure 17a, there are slight differences in engine torque between the simulation and HIL test around the 700 s and 1200 s time points. The simulation and HIL results match well, with only minor discrepancies, which are primarily caused by DBC encoding, and slight differences in discretization step sizes. These factors are inherent engineering issues in real-time controller testing and are not the focus of this study. This paper focuses on the design of the adaptive ECMS algorithm and its energy-saving effect, rather than the robustness of the control system to non-ideal signals. The proposed strategy is an online real-time optimization method. The purpose of the HIL test is to verify its real-time computational feasibility and closed-loop performance under real hardware constraints, rather than precisely replicating the offline simulation trajectory. Despite the signal delay and quantization errors, the HIL results consistently demonstrate the improvement in fuel economy, confirming the effectiveness of the proposed optimization logic in the actual environment. Overall, the HIL test results are in close alignment with the offline simulation results, demonstrating excellent consistency. After comprehensive conversion incorporating power consumption, the full-vehicle equivalent energy consumption under HIL testing was found to be 4.6% lower than the simulation results. The final SOC and engine fuel consumption under HIL testing for different operating conditions are shown in Table 7.





6. Conclusions


(1) This paper establishes a coupled model integrating the powertrain system with the passenger compartment thermal management system. It analyzes the impact of different equivalent factors on energy flow distribution and reveals the underlying mechanism by which, in low-temperature environments, equivalent factors alter the engine’s thermal state and thereby reshape the energy allocation between the PTC and waste heat heating. Based on this, the paper elucidates the optimization potential for improving engine thermal efficiency and reducing PTC power consumption.



(2) The proposed adaptive strategy for minimizing equivalent fuel consumption, which accounts for passenger compartment heating demands, uses real-time passenger compartment heating demand and engine waste heat power as state feedback variables to dynamically adjust the equivalent factor and coordinate power allocation. During periods of insufficient waste heat, the strategy actively prompts the engine to engage earlier, enabling it to rapidly enter the high-efficiency operating temperature range, thereby improving waste heat utilization while ensuring passenger thermal comfort.



(3) A hardware-in-the-loop testing platform was established to evaluate the strategy. The results verified that, when compared with the baseline strategy, the optimized strategy reduced PTC energy consumption by 0.47 kWh and decreased the additional fuel consumption caused by engine low-temperature efficiency losses by approximately 59%. Vehicle-level equivalent fuel economy improved by 4.6%, and energy efficiency gains of 2.48% to 5.25% were achieved under NEDC, UDDS, and CLTC driving cycles, demonstrating that the proposed strategy exhibits excellent adaptability to various operating conditions.



This study directly reduces fossil fuel consumption and carbon dioxide emissions by improving the energy utilization efficiency of plug-in hybrid electric vehicles (PHEVs) in low-temperature environments, thereby contributing to the realization of the Paris Agreement and China’s “dual carbon” goals. Specifically, the optimized strategy reduces the over-reliance of cabin heating on battery electrical energy, alleviating the carbon emission pressure on the power grid side. Meanwhile, by improving engine waste heat recovery efficiency, it avoids additional fuel combustion and the associated emissions that would otherwise be required for heat generation. This technical approach is applicable to various standard driving cycles, exhibits strong potential for widespread adoption, provides a theoretical basis for the low-carbon design of new energy vehicles in cold regions, and supports the transformation of the transportation sector toward a sustainable energy system.



However, the above research still has certain limitations. Firstly, this study was only verified on simulation and hardware-in-the-loop platforms. In the future, we will consider hardware constraints such as sensor noise, communication delay, and dynamic response of the powertrain in actual driving scenarios. Secondly, the current energy management strategy in this paper does not incorporate the battery’s thermal state and BMS current-limiting constraints into the adjustment strategy of the equivalent factor. Regarding the problem of BMS current-limiting caused by the increase in battery temperature after summer high-temperature or intense driving, in the future, we will establish a battery electrochemical-thermal coupling model, taking the battery temperature and charging/discharging current limits as additional state constraints and equivalent factor penalty terms, and analyze the impact of reduced charging/discharging power in this scenario on the power distribution of the entire vehicle, SOC maintenance, and system stability.
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Figure 1. Configuration of the PHEV. 
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Figure 2. Schematic of a PHEV’s thermal and power loops for heating scenario. 
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Figure 3. Correction factor on fuel consumption reflecting the coolant temperature sensitivity. 
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Figure 4. Schematic diagram of the energy consumption component. 
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Figure 5. Energy consumption distribution of a PHEV with different equivalent factors: (a) low equivalent factor and (b) high equivalent factor. 
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Figure 6. Curve of parameter changes for the low equivalent factor mixed heating system: (a) cabin and engine coolant temperature, (b) power allocation for cabin heating, and (c) instantaneous fuel consumption rate. 
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Figure 7. Curve of parameter changes for the high equivalent factor mixed heating system: (a) cabin and engine coolant temperature, (b) power allocation for cabin heating, and (c) instantaneous fuel consumption rate. 
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Figure 8. Energy consumption under different operating conditions: (a) PTC energy consumption, (b) battery energy consumption, and (c) engine fuel consumption. 
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Figure 9. Energy management principal diagram based on adaptive ECMS. 
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Figure 10. Sensitivity analysis of the feedforward compensation coefficient. 
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Figure 11. Comparison of simulation results: (a) baseline strategy for cabin heating power allocation, (b) optimization strategy for cabin heating power allocation, (c) correction factors for engine coolant temperature and fuel consumption in the baseline strategy, (d) correction factors for engine coolant temperature and fuel consumption in the optimization strategy, (e) cumulative fuel consumption for the baseline strategy, and (f) cumulative fuel consumption for the optimization strategy. 
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Figure 12. Comparison of equivalent factors. 
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Figure 13. Comparison of SOC. 
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Figure 14. Comparison of engine operating efficiency. 
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Figure 15. Correlation heat map of characteristic parameters of cyclic operating conditions. 
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Figure 16. Hardware-in-the-loop experimental platform architecture. 
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Figure 17. Comparison of hardware-in-the-loop test results and simulation results: (a) engine torque, (b) motor torque, and (c) SOC. 
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Table 1. PHEV-related parameters.
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System Components

	
Parameters

	
Numerical Value

	
Organization






	
Vehicle

parameters

	
Tare weight

	
1880

	
kg




	
Windward area

	
2.7

	
m2




	
Air resistance coefficient

	
0.36

	




	
Wheel radius

	
0.336

	
m




	
Engine

	
Maximum engine speed

	
6000

	
rpm




	
Maximum engine torque

	
250

	
Nm




	
Drive motor

	
Maximum motor speed

	
12,000

	
rpm




	
Maximum motor torque

	
180

	
Nm




	
Generator

	
Maximum generator speed

	
5500

	
rpm




	
Maximum generator torque

	
80

	
Nm




	
Battery

	
Rated voltage

	
326

	
V




	
Rated capacity

	
50

	
Ah











 





Table 2. Nomenclature.
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	Symbol
	Description
	Symbol
	Description





	v
	Vehicle speed
	ωeng, Teng
	Engine speed and torque



	Pdem
	Total power demand
	ηeng
	Engine efficiency



	Tcab
	Cabin air temperature
	meng
	Fuel consumption



	Tcab,set
	Desired cabin temperature
	fcl,map
	Coolant-temperature correction factor



	Tenv
	Ambient temperature
	Tcl
	Engine coolant temperature



	Qreq
	Real-time cabin heating demand
	Qheat
	Heat transferred from coolant to cabin



	Qeng,waste
	Available engine waste heat power
	SOC
	State of charge



	s
	Equivalent factor
	Pbat
	Total battery power



	mfuel
	Equivalent total fuel consumption
	Pbat,ptc
	Battery power for PTC heater



	SOCref
	Reference SOC
	Kp, Ki
	PI gains for adaptive equivalent factor










 





Table 3. Comparison of strategy effects.
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	Baseline Strategy
	Optimization Strategy





	Final SOC (%)
	69.62
	71.13



	Fuel consumption (g)
	359.21
	391.6



	PTC consumption (kWh)
	0.59
	0.12










 





Table 4. Degree of equivalent fuel economy improvement under different operating conditions.
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	Driving Cycle
	Final SOC (%)
	Fuel Consumption (g)
	Degree of Improvement





	UDDS
	70.92
	402.53
	2.47%



	NEDC
	70.82
	382.47
	4.28%



	CLTC
	71.36
	385.21
	5.23%










 





Table 5. Characteristic parameters of cyclic operation conditions.
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	Driving Cycle
	Average Speed of Vehicles
	Idle Ratio
	Average Acceleration
	Degree of Improvement





	UDDS
	31.5 km/h
	18.5%
	0.51 m/s2
	2.47%



	NEDC
	33.6 km/h
	23.2%
	0.53 m/s2
	4.28%



	CLTC
	29.0 km/h
	22.1%
	0.45 m/s2
	5.23%










 





Table 6. Quantitative comparison of steady-state temperature deviations.
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	Expected Temperature
	Steady-State Temperature





	Optimized strategy
	22
	21.8 ± 0.6 °C



	Baseline strategy
	22
	21.5 ± 1.2 °C










 





Table 7. HIL comparison results under different operating conditions.
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	Driving Cycle
	Final SOC (%)
	Fuel Consumption (g)





	UDDS
	70.90
	402.23



	NEDC
	70.86
	383.62



	CLTC
	71.39
	385.34
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