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Abstract


With an increase in global warming, battery electric vehicles (BEVs), which are environmentally friendly, have been rapidly commercialized to replace conventional vehicles with internal combustion engines. Unlike traditional internal combustion engine vehicles, the powertrain system of BEVs operates with high efficiency, resulting in lower heat generation. This poses a challenge for cabin heating under low-temperature conditions. Conversely, under high-temperature conditions, the operating temperature of a high-voltage battery (HVB) is lower than the ambient air temperature, which makes cooling through ambient air challenging. To overcome these challenges, in this study, we proposed an integrated thermal management system (ITMS) based on a heat pump system capable of stable thermal management under diverse climatic conditions. Furthermore, to assess the ability of the proposed ITMS to perform thermal management under various climatic conditions, we integrated a detailed powertrain system model incorporating BEV specifications and the proposed ITMS model based on the heat pump system. The ITMS model was evaluated under high-load-driving conditions, specifically the HWFET scenario, demonstrating its capability to perform stable thermal management not only under high-temperature conditions, such as at 36 °C, but also under low-temperature conditions, such as at −10 °C, through the designated thermal management modes.
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1. Introduction


1.1. Research Background


Since the Industrial Revolution up to the present day, the automotive industry has evolved, focusing on internal combustion engine vehicles powered by fossil fuels. In recent times, regulations on internal combustion engine vehicles have gradually expanded, as greenhouse gases generated through the combustion reactions in these vehicles are increasingly recognized as a major contributor to global warming. In response to these regulations, global automotive manufacturers have accelerated their research and development efforts toward environmentally friendly vehicles that do not emit greenhouse gases [1,2,3]. Among environmentally friendly vehicles, battery electric vehicles (BEVs) have gained considerable attention, constituting approximately 6.2% of the global automotive market, because of their high energy efficiency and convenient charging accessibility [4,5]. However, the commercial adoption of BEVs is limited owing to technical issues, such as a reduced driving range during winter, which is attributed to rapid power consumption for cabin heating [6,7]. The thermal management system of BEVs is identified as the primary cause of reduced driving range.



Thermal management systems of traditional internal combustion engine vehicles can heat the cabins under low-temperature conditions based on the high operating temperature and waste heat of the internal combustion engine. Under high-temperature conditions, the cabin is cooled using an air-conditioning system. However, BEVs, which have relatively lower operating temperatures for the powertrain and higher energy efficiency, require an independent additional heat source because they cannot sufficiently supply heat for cabin heating.



In general, to achieve the cabin heating performance levels demanded by passengers, a positive temperature coefficient (PTC) heater is employed in BEVs [8,9,10,11]. PTC heaters are known for their high heat dissipation capability and rapid responsiveness, with reported efficiencies reaching approximately 90% of their input electrical energy [8]. Therefore, using only a PTC heater for cabin heating can satisfy the heating demand and ensure thermal comfort. However, because of its substantial energy consumption, relying solely on a PTC heater for cabin heating in low-temperature climates can shorten the driving range of a BEV by up to 60% [12,13,14]. For this reason, global automotive manufacturers have accelerated the research and development of heat pump systems with a coefficient of performance (COP) of >1. This is aimed at improving the heating efficiency of BEVs under low-temperature conditions and securing an enhanced driving range in terms of the amount of heat provided compared with the amount of energy consumed [15,16]. A heat pump is a heat transfer system designed to absorb heat from a low-temperature heat source and release it into a high-temperature heat source by utilizing the latent heat generated during the phase change of the refrigerant. It fundamentally consists of a compressor, condenser, expansion valve, and evaporator. The working fluid used is a refrigerant capable of evaporating at relatively low temperatures and condensing at high temperatures compared with common fluids. In a heat pump system, the refrigerant is expelled in a superheated vapor state through the compressor, which is the sole energy-consuming component of the closed system, and moves to the condenser. In the condenser, the refrigerant releases heat to the high-temperature heat source, causing it to reach a saturated liquid state and move to the expansion valve. After passing through the expansion valve, the refrigerant is subjected to a significant decrease in pressure, transitioning into a saturated liquid–vapor mixture state as it moves toward the evaporator. Subsequently, in the evaporator, the refrigerant absorbs heat from the low-temperature heat source, returns to the compressor, and determines the refrigerant flow rate within the closed system based on the pressure difference between the inlet and outlet of the compressor. This is a crucial parameter that influences heat transfer in the condenser and evaporator. The heat pump system, which moves the heat through phase changes within the closed system, always operates with a COP greater than 1 because the sum of the heat absorbed in the evaporator and the heat generated by the compressor is released to the condenser. Therefore, the COP is always greater than 1 during heating. Compared with PTC heaters with a COP less than 1, heat pump systems with a COP greater than 1 can reduce energy consumption. Thus, a heat pump system with a COP greater than 1 can minimize the reduction in the driving range for BEVs operating under low-temperature conditions by decreasing energy consumption.



However, the thermal management system of a BEV is not limited to the heating, ventilation, and air-conditioning (HVAC) systems for cabin cooling/heating. BEVs continuously generate heat not only from the high-voltage battery (HVB), which serves as energy storage during driving, but also from the power electronics (PE) module consisting of a motor and inverter. In particular, lithium-ion batteries, which are widely used in BEVs, are highly sensitive to the operating temperature. Consequently, if the operating temperature is lower than the standard temperature, energy losses occur because of a decrease in the energy capacity and an increase in the impedance [17,18]. By contrast, if the operating temperature exceeds the standard temperature, each 1 °C increase shortens the lifespan by approximately 2 months [19,20,21]. This leads to reduced charge/discharge efficiency, increased material loss, and accelerated electrolyte movement and poses the risk of fire and explosion owing to thermal runaway. Although the PE module is less temperature-sensitive than the HVB, operating outside the temperature range can lead to component damage, abnormal operation, and power loss [22,23].



Consequently, to ensure the stable operation of BEVs in various operating environments while minimizing the reduction in the driving range, an integrated thermal management system (ITMS) capable of simultaneously managing cabin heating/cooling, HVAC system, and thermal control for the HVB and PE modules is required. Furthermore, to evaluate the ITMS designed to comprehensively manage the thermal load of a BEV, it is essential to develop a sophisticated evaluation model. This model should be based on the driving conditions and load profiles of the BEV to assess the capability of the system for integrated thermal management.




1.2. Research Survey


Researchers worldwide have conducted several studies to develop and enhance the ITMS for BEVs operating under diverse conditions. Sun et al. developed a heat-pump-based thermal management system model that optimizes the efficiency of the heat management system by intricately considering the shape of the cabin [24]. The researchers integrated the cabin and the heat pump system and analyzed the cooling/heating performance of the cabin through the heat pump system. However, this has the limitation that the thermal load imposed on the heat pump system is limited to the cabin and the thermal load of the powertrain system generated during vehicle driving is not considered. In contrast, Miri et al. performed detailed modeling of the powertrain system for electric vehicles [25]. The powertrain system model predicts the possible driving distance by predicting the energy load applied to the powertrain system as the vehicle drives at a speed profile based on detailed specifications of the vehicle’s chassis, motor, tires, brakes, etc. These models have the advantage of being able to predict in detail the load applied to the powertrain system when the vehicle is driven. However, there is a limitation in that it does not take into account the change in energy consumption according to the operating temperature of the battery and motor and the energy consumption due to operating the thermal management system. Although they account for a significant portion of the energy consumption of electric vehicles, they are not considered, making it difficult to accurately predict the driving range of electric vehicles. In Harihara et al., to predict the mileage of a BEV, a model that can predict energy load by applying powertrain specifications and an algorithm that can predict the load of the HVAC system by performing thermal management of the cabin are integrated to reduce energy consumption due to vehicle driving [26]. We developed an integrated predictive model. These integrated models can predict energy consumption for electric vehicles in more detail than considering only the load on the powertrain system as the vehicle is driven or the load as the cabin is heated or cooled. However, actual electric vehicles also require thermal management of the battery and motor, and additional energy consumption is required to perform thermal management. Therefore, the model presented in this study also needs to be improved. Singirikonda et al. developed an integrated system model for BEVs by predicting the thermal load of the powertrain system as the vehicle tracks the driving cycle and integrating it with an ITMS that integrates the HVAC flow path and the flow path for cooling electric components [27]. The model was able to demonstrate the ability to perform thermal management for electrical components and cabins under various outdoor temperature conditions, such as −10 to 40 °C. However, since this model does not have a heat pump system, it has the limitation of using high energy in the PTC heater in low-temperature climate conditions to meet the heating capacity for cabin heating. In summary, the current energy consumption for BEVs largely consists of two systems: the powertrain system for driving the vehicle and the ITMS for thermal management of the electrical components and cabin. However, there is a lack of models that integrate both, and a BEV integrated system model that reflects the detailed specifications of the ITMS system and powertrain system using a high-efficiency heat pump method is lacking.




1.3. Motivation and Novelty


The model developed in this study is a BEV integrated system model that integrates the powertrain system and heat-pump-based ITMS considering the detailed specifications of the BEV. The powertrain system predicts the thermal load as the vehicle tracks its driving cycle, taking into account detailed specifications and operating temperature of the battery, PE module, vehicle chassis, tires, and brakes. ITMS is a model that integrates the HVAC loop, HVB thermal management loop, and PE module thermal management loop and is designed to perform stable thermal management for the thermal load generated as the vehicle is driven in various climate conditions. The configured HVAC loop operates as a heat pump system with R1234yf used as the working fluid. Although conventional vehicles commonly use nontoxic, noncorrosive, and nonflammable R134a, which belongs to the hydrofluorocarbon family, its high global warming potential (GWP) of 1430 has led to its designation as a restricted substance under the Mobile Air Conditioning Directive introduced by the EU [28]. Therefore, a commonly used working fluid, namely, R1234yf of the hydrofluoro olefin series, with a GWP of 4 and an operating pressure similar to that of R134a, was selected as the working fluid for the HVAC loop in this study [29]. The HVAC loop, based on the principles of the Clausius–Clapeyron, Peng–Robinson, and Hankinson–Thomson equations, controls the pressure of the working refrigerant R1234yf to change the evaporating and condensing points. In addition, the ITMS proposed in this study performs cooling to HVB using HVAC flow paths through which refrigerant flows, considering that the air temperature is relatively higher than the operating temperature of HVB under high-temperature climatic conditions. By contrast, under low-temperature conditions, where the atmospheric air is sufficiently cool for effective cooling, conventional methods often utilize atmospheric air for cooling. However, considering the increased load for cabin heating under low-temperature conditions, the proposed system uses a heat pump to absorb the heat generated in the HVB and PE modules for cabin heating. The HVB and PE module thermal management loops are circuits designed to actively control the operating temperatures of the HVB and PE modules by utilizing a chiller and a radiator. These circuits use a mixed coolant (ratio of water to ethylene glycol = 50:50) as the working fluid, which has been reported to achieve stable and efficient cooling performance under various climatic conditions [29,30].



As a result, in this study, we developed an ITMS model based on the BEV’s powertrain system and a directly designed heat pump and then applied integrated control logic to realize integration of the entire BEV, which is generated as the BEV runs in various climate environments. It demonstrates the ability to perform stable integrated thermal management in response to changes in thermal load.



The remainder of this paper is organized as follows: in Section 2, we introduce a powertrain model capable of deriving the thermal load due to driving based on the detailed specifications of the components in the BEV powertrain system, including the HVB, PE module, and vehicle body. Subsequently, we provide an overview of the heat-pump-system-based HVAC circuit, the HVB cooling circuit for the thermal management of the HVB, the PE module cooling circuit for the thermal management of the PE module, and an ITMS model combining these circuits. In Section 3, we describe the evaluation of the characteristics of the thermal management system in response to BEV operation under various climatic conditions and driving cycles. We assessed the adaptability of the ITMS to respond actively to different scenarios. Finally, in Section 4, we summarize and discuss the results of the ITMS evaluation.





2. Simulations Methods


2.1. Powertrain System Model


The ITMS of a BEV is a comprehensive system designed to manage not only cabin heating and cooling but also the operating temperatures of powertrain components. Therefore, to evaluate the ITMS model, a powertrain system model is required to calculate the thermal load on powertrain components as the vehicle operates and applies heating/cooling effects. In this study, we configured a powertrain system model, which is shown in Figure 1. The constructed powertrain system is broadly divided into Matlab/Simulink®-based models for the HVB and vehicle control unit (VCU); and Matlab SimscapeTM-based models for the PE, reducer, DC/DC converter, low-voltage battery (LVB), electrical loads, and vehicle dynamics. During operation, the electrical energy stored in the HVB is supplied to two locations the inverter and DC/DC converter in the form of DC electrical energy through the VCU. Subsequently, the electrical energy supplied to the inverter is converted into a 3-phase AC form and supplied to the permanent magnet synchronous motor (PMSM), and a rotational force is generated by creating a rotating magnetic field. The torque and rotational force generated by the PMSM are then reduced by a reducer to drive the wheels. Additionally, the electrical energy reduced through the DC/DC converter charges the LVB and supplies power to the headlamps, wipers, and thermal management system.



2.1.1. High-Voltage Battery Model


The HVB model consists of an HVB pack that stores electrical energy for the vehicle operation. To manage changes in specifications and configurations flexibly, mathematical modeling was performed based on a 2-RC equivalent circuit, as shown in Figure 2 [31]. Detailed specifications of the HVB model are listed in Table 1.



The modeling of the HVB was based on cell data collected from charge/discharge experiments conducted under conditions where the outside temperature was 25 °C and the cell operating temperatures were maintained at 20, 30, and 40 °C. The experiments involved charging at a 0.02 C-rate with a cut-off voltage of 4.2 V and discharging until the cell voltage reached the minimum cut-off voltage limit of 2.5 V. From these experiments, the resistance and time constant with respect to the state of charge (SOC) of the cell were determined, and the data were applied to the model through curve fitting. Therefore, the overall voltage of the HVB model was calculated as follows:


    V   H V B   =   V   O C V       S O C   H V B     −   I   H V B   (   R   i   +   R   c t   ( 1 −   e   − t /   T   c t     ) +   R   d i f f   ( 1 −   e   − t /   T   d i f f     ) )  



(1)




where I is defined as a positive value during discharging and a negative value during charging. The SOC of the HVB was calculated by integrating the current; the Peukert effect was applied to account for the capacity variation with the charge/discharge current [32,33]. Therefore, the SOC of the HVB was calculated as follows:


    S O C   H V B   =   S O C   i n i t i a l   −    ∫    I     K   1       d t   A H ·   K   2      



(2)







The charge transfer and diffusion time constants of the battery are calculated as follows:


    T   c t   =   R   c t     C   d l    



(3)






    T   d i f f   =   R   d i f f     C   d i f f    



(4)







The total heat generation of the battery was calculated using Bernadi’s heat generation model [34,35,36]. This model is used to calculate the sum of irreversible heat generation owing to ohmic losses and reversible heat generation owing to entropy changes during the reaction. Therefore, the heat generated by the battery was calculated as follows:


    Q   H V B   =   I   2     R   t o t a l   + I   T   H V B     d   V   o c v     d t    



(5)






    Q   i r r   =   I   2     R   t o t a l    



(6)






    Q   r e v   = I T   d   V   o c v     d t    



(7)







The temperature of the battery was calculated considering the heat generated within the battery, heat transfer through convection with air, and heat transfer through conduction with the cooling water. Therefore, the battery temperature was calculated as follows:


    T   H V B   =  ∫      Q   h g   −   Q   c o n v   −   Q   c o n d       m   H V B     C   p , H V B       d t  



(8)








2.1.2. Power Electronics Module Model


The PE module model was configured as a system-level model integrating the PMSM and inverter to reduce the simulation load. The specifications of the PMSM were modeled to have a maximum output of 125 kW and generate a maximum torque of 350 Nm, as shown in Figure 3. The PE module model receives voltage and current inputs from the HVB based on the target torque specified by the VCU. Subsequently, the motor rotates to generate torque and angular velocity, and the thermal load generated through the energy conversion process is managed by the thermal management system.




2.1.3. Reducer Model


The torque and rotational power generated by the PMSM are transmitted to the reducer. The reducer consists of a base gear connected to the PMSM and a follower gear connected to the drive shaft. The torque and angular velocity transmitted to the axle are determined using the set gear ratio. In this study, the gear ratio of the reducer was set to 7 and applied as follows:


    g   F B   =     r   F       r   B     =     N   F       N   B      



(9)







The torque of the follower gear transmitted to the drive shaft through the reducer was calculated as follows:


    τ   F   =   τ   l o s s   −   g   F B     τ   B    



(10)








2.1.4. Vehicle Dynamic Model


The power transmitted through the reducer was inputted into the vehicle dynamic model. The specifications of the vehicle dynamic model are listed in Table 2. It represents the dynamic characteristics of a vehicle based on various resistances, including the power generated at the drive shaft centered on the center of gravity, towing force using the diameter of the tires, braking force through brakes, and various driving resistances, such as rolling resistance, gradient resistance, inertia resistance, and aerodynamic resistance. Using these inputs, the calculated total force acting on the vehicle is the driving force of the vehicle. Therefore, the total driving force was calculated as follows:


   ∑    F   x   =   F   d r i v e   −   F   b r a k e   −   F   r e s i s t      



(11)






    F   d r i v e   =     τ   a x l e       r   t i r e      



(12)






    F   b r a k e   =   F   B   t a n h       ω   a x l e       ω   1        



(13)






    F   r e s i s t   =     F   t i r e   c o s θ +   F   a i r       tanh  ⁡        v   x       v   1         + m g s i n  



(14)







This driving force determines the speed of the vehicle, and the calculated vehicle speed is integrated to track real-time position changes of the vehicle over time. Consequently, the vehicle speed was calculated as follows:


    v   v e h i c l e   =  ∫     ∑    F   x     /   m   v e h i c l e       d t  



(15)








2.1.5. DC/DC Converter, Low-Voltage Battery, and Electrical Loads Model


To ensure smooth operation of an actual vehicle, low-voltage auxiliary devices, such as wipers, headlights, and thermal management systems, are required. However, if low-voltage auxiliary devices receive high-voltage electrical energy discharged from the HVB, it may lead to circuit damage by exceeding the maximum rated voltage of the components, potentially resulting in a fire. Therefore, in the powertrain system model developed in this study, the components were configured to convert high-voltage electrical energy discharged from the HVB into low-voltage electrical energy using a DC/DC converter. Additionally, a 60 AH LVB was included to store the converted electrical energy and supply stable electrical energy to low-voltage load devices. Models for low-voltage load devices, referred to as electrical loads, were incorporated into the system. The voltage and current outputs from the DC/DC converter, which reduce the high-voltage electrical energy inputted from the HVB, were calculated as follows:


    V   o u t , D C   =   V   i n , D C   D u t y   C y c l e  



(16)






    I   o u t , D C   =   I   i n , D C   / D u t y   C y c l e  



(17)









2.2. Integrated Thermal Management System Model


The proposed heat-pump-based ITMS for managing the operating temperatures of the HVB and PE modules as well as for cabin heating and cooling is depicted in Figure 4. The highlighted orange lines represent the HVAC circuit, green lines correspond to the thermal management circuit for the HVB, and purple lines indicate the thermal management circuit for the PE module.



The proposed ITMS was designed to operate in 15 thermal management modes, as summarized in Table 3, to effectively adapt to various climatic conditions. In this study, we focused on introducing modes 3, 5, 8, and 11. The thermal management modes were selected based on a rule-based logic, as illustrated in Figure 5, which considers the input temperatures from the cabin and HVB. The input temperatures are processed using relays to output binary values (1 or 0). The output of the XOR logic gate determines the selected thermal management mode, and the ITMS controls each component configured in the system according to the specified sample time.



The third and fifth thermal management modes, which operate as shown in Figure 6, are designed to address high-temperature climatic conditions under which the vehicle operates in situations that exceed the set temperature of the interior and the operating temperature of the HVB. Specifically, the third thermal management mode operates under conditions in which the operating temperature of the HVB is either below or at the minimum allowable operating temperature and below the maximum allowable operating temperature. When the ITMS operates in the third thermal management mode, the hot and high-pressure refrigerant discharged from the compressor passes through the radiator in the HVAC circuit and undergoes condensation. The condensed refrigerant then passes through electronic expansion valve (EEV) #1 at the cabin evaporator inlet, reaches a low-temperature and low-pressure state, cools the air transferred from the evaporator to the cabin, and returns to the compressor. Thus, the third thermal management mode primarily aims to provide cooling to cabins. By contrast, the fifth thermal management mode operates under conditions in which the operating temperature of the HVB reaches the maximum allowable operating temperature and is higher than the minimum allowable operating temperature. When the ITMS operates in the fifth thermal management mode, the hot and high-pressure refrigerant discharged from the compressor passes through the radiator in the HVAC circuit and undergoes condensation. The condensed refrigerant is then split into two paths: one for cabin cooling through EEV #1 and the other for HVB cooling through EEV #2. The refrigerant passing through EEV #2 returns to the compressor after cooling the cooling water on the HVB side through chiller #1. Therefore, the fifth thermal management mode performs cabin and HVB cooling.



The 8th and 11th thermal management modes are designed to perform thermal management, as shown in Figure 7, when the vehicle is driven under conditions in which the indoor set and HVB operating temperatures are below the normal range. The eighth thermal management mode is operated when the operating temperature of the HVB is either below the maximum allowable operating temperature or at the minimum allowable operating temperature and under conditions lower than the maximum allowable operating temperature. When the ITMS operates in the eighth thermal management mode, the high-temperature and high-pressure refrigerant discharged from the compressor undergoes condensation by releasing heat into the air, which is transferred to the cabin through the cabin-side condenser. The condensed refrigerant then passes through EEV #3, installed at the entrance of the HVAC-side radiator, reaching a low-temperature and low-pressure state. After absorbing heat from the outdoor air in the HVAC-side radiator, the refrigerant returns to the compressor. In summary, the eighth thermal management mode utilizes outdoor air as a heat source to provide cabin heating. Conversely, the 11th thermal management mode operates when the operating temperature of the HVB reaches the maximum allowable operating temperature and under conditions higher than the minimum allowable operating temperature. When the ITMS is operated in the 11th thermal management mode, the high-temperature and high-pressure refrigerant discharged from the compressor undergoes condensation by releasing heat to the air that is transferred to the cabin through the cabin-side condenser. After absorbing heat from the outdoor air in the HVAC-side radiator and waste heat from the HVB and PE through chillers #1 and #2, respectively, the refrigerant returns to the compressor. In summary, the 11th thermal management mode utilizes both outdoor air and waste heat from both the HVB and PE as heat sources for cabin heating.



2.2.1. Compressor Model


The compressor model was designed to generate refrigerant flow in the refrigerant loop by rapidly rotating the refrigerant by utilizing the created pressure difference. The outlet mass flow rate of the compressor was calculated by considering the rotation speed, density of the refrigerant, compression ratio, and volumetric efficiency as follows:


      m  ˙    o u t   =   N   60     ρ   r e f     V   D     η   v    



(18)







The flow work was calculated by applying the polytropic index, which reflects irreversibility, as shown below:


      W  ˙    f l o w   =   N   60     P   i n   V     n   n − 1               P   o u t       P   i n           n − 1   n     − 1    



(19)







The power consumed by the compressor was calculated by applying isentropic efficiency as follows:


      W  ˙    c o m p   =     W  ˙    f l o w     / η   k    



(20)








2.2.2. Electric Expansion Valve Model


The EEV model was designed to regulate the pressure and temperature of the fluid passing through it by adjusting the area according to the specified expansion ratio. As the pressure and temperature decrease rapidly, a state capable of absorbing a significant amount of heat is created as the fluid passes through the heat exchanger. It also acts as a device to block the fluid flow. The pressure and temperature corresponding to the specified expansion ratio were decreased and discharged as follows:


    T   e e v , o u t   =   T   e e v , i n     z   X   T      



(21)






    P   e e v , o u t   =   P   e e v , i n     z   X   P      



(22)








2.2.3. Water Pump Model


The water pump model was designed to generate a coolant flow in the coolant loop by rapidly rotating the coolant and creating a pressure difference. The model was constructed using curve-fitting experimental data for the flow rate, power consumption, and efficiency based on the rotation speed of the water pump and the inlet/outlet pressure difference. The representative output of the pump model, that is, the mass flow rate, was calculated as follows:


      m  ˙    w p   =  a b s     1   0.0002983     99.74 ×         R P M   w p     3500       2   −   ∆ P   w p          0.016617    



(23)








2.2.4. Chiller Model


A chiller effectively recovers waste heat from the cooling water, which cools various field components and cooling water. Therefore, the chiller model was based on a plate heat exchanger with a small volume and a large heat transfer area, allowing effective heat exchange when the refrigerant and cooling water pass through. It was modeled based on a plate heat exchanger with low pressure loss. The plate heat exchanger model was designed to derive the exit temperature and heat transfer rate of each fluid through heat exchange between the passing fluids; therefore, the ε-NTU method was used. The heat transfer effectiveness was calculated by considering the shape of the heat exchanger, such as channels and fins, as follows:


    ε   p l a t e   =   1 − e x p   − N T U   1 − c       1 − c   e x p   − N T U   1 − c        



(24)






  c =     C   m i n       C   m a x      



(25)






  N T U =   1     C   m i n   R    



(26)







Using the calculated heat transfer effectiveness, the heat transfer rate was calculated as follows:


      Q  ˙    p l a t e   = ε     Q  ˙    m a x , p l a t e    



(27)






      Q  ˙    m a x , p l a t e   =     C   m i n        T  r e f , i n   −   T   c o o l , i n        



(28)







As a result, the exit temperature of the fluid was calculated as follows:


    T   r e f , o u t   =   T   r e f , i n   −       Q  ˙    p l a t e       C   r e f      



(29)






    T   c o o l , o u t   =   T   c o o l , i n   +       Q  ˙    p l a t e       C   c o o l      



(30)








2.2.5. Radiator, Condenser, and Evaporator Model


The radiator, condenser, and evaporator should effectively induce cooling or heating of the refrigerant or cabin through heat exchange between the gaseous air and the refrigerant. Therefore, in this study, the operating fluid was modeled based on a louvered fin heat exchanger that efficiently exchanges heat with a large heat transfer area in a small volume and less pressure loss during heat exchange with air. The louvered fin heat exchanger model was designed to derive the exit temperatures and heat transfer rates of each fluid through heat exchange between the passing fluids. The ε-NTU method was employed, considering the shape information of tubes, fins, and louvers in the model. However, owing to the shape differences from the previously described plate heat exchanger, the heat transfer effectiveness was calculated as follows:


    ε   l o u v e r   = 1 − e x p       N T U   0.22     c       exp  ⁡    − c     N T U   0.78       − 1      



(31)







Using the calculated heat transfer effectiveness, the heat transfer rate was calculated as follows:


      Q  ˙    l o u v e r   = ε       Q  ˙    m a x , l o u v e r    



(32)






      Q  ˙    m a x , l o u v e r   =     C   m i n        T   r e f , i n    −   T   c o o l , i n        



(33)







As a result, the exit temperature of the fluid was calculated as follows:


    T   c o o l , o u t   =   T   c o o l , i n   −       Q  ˙    l o u v e r       C   c o o l      



(34)






    T   a i r , o u t   =   T   a i r , i n   +       Q  ˙    l o u v e r       C   a i r      



(35)








2.2.6. Positive Temperature Coefficient Heater


The PTC heater model was designed to rapidly heat the passing fluid. The consumed power and characteristics of the PTC heater were calculated by converting the losses generated by supplying power to the resistive element into thermal energy based on thermal efficiency. This determines the amount of heat supplied to the operating fluid.


      Q  ˙    p t c   = c m d ×     W  ˙    p t c , m a x   ×   η   p t c    



(36)






      Q  ˙    p t c , d y n a m i c   =     Q  ˙    p t c       1   τ + 1      



(37)




where   c m d   represents the on/off signal of the PTC heater and       W  ˙    p t c , m a x     is the maximum power consumption of the PTC heater. The fluid temperature, calculated based on the generated heat, was determined as follows:


    T   o u t , p t c   =       Q  ˙    p t c         m  ˙    p t c     C   p       + T   p t c , i n    



(38)








2.2.7. Ram Air and Radiator Fan Model


Cooling a vehicle using the air flowing through the front of the vehicle during operation is effective in reducing the weight and unnecessary energy consumption compared with liquid cooling. In this study, the ram air and radiator fan models were constructed to cool the vehicle in the following order: HVAC, low-temperature (LT), and high-temperature (HT) radiators using air flowing in from the front of the vehicle.



The ram air model calculates the airflow rate, velocity, and pressure of the air entering through the front based on the vehicle speed, as follows:


      m  ˙    r a m   =     W   H V A C _ R a d i a t o r     H   H V A C _ R a d i a t o r       ρ   a i r     v   r a m    



(39)






    v   r a m   =     v   v e h i c l e     3.6    



(40)






    P   r a m   =   1   2       ρ   a i r       v   r a m     2      



(41)







The radiator fan model calculates the airflow rate, velocity, and pressure based on the shape of the fan and the rotational speed of the blades, as follows:


      m  ˙    f a n _ a i r   =   π (   r   b l a d e   2   −   r   h u b   2   )       v   f a n _ a i r       ρ   a i r    



(42)






    v   f a n _ a i r   = 2   Φ   m     2 π N   60   (   η   h u b   )  



(43)






    P   f a n _ a i r   =   1   2       ρ   a i r       v   f a n _ a i r     2      



(44)




where the flow rate coefficient, hub rate coefficient, and hub rate were calculated as follows:


    Φ   m   =     v   a i r _ i n       v   b l a d e      



(45)






    η   h u b   =   1 −     φ   h u b     2     1 +     φ   h u b     2      



(46)






    φ   h u b   =     r   h u b       r   b l a d e        



(47)








2.2.8. Cabin Model


The cabin model represents the controlled volume of the HVAC system in which the occupants are located. As depicted in Figure 8, the cabin model considers not only the heat transfer entering the cabin through the HVAC system but also the heat transfer through the cabin’s windows, doors, and roof; heat transfer from occupants; and solar radiation. Therefore, based on the shape information and heat transfer coefficients of the cabin, as presented in Table 4, resistance circuits for the windows, doors, and roofs were constructed to calculate the total thermal resistance. Subsequently, the heat transfer for each component, including windows, doors, and the roof, was calculated as follows:


    R   c a b i n , s h a p e   =   R   c o n v , 1   +   R   c o n d   +   R   c o n v , 2   =   1     h   1   A   +   L   k A   +   1     h   2   A    



(48)






      Q  ˙    c a b i n , s h a p e   =     T   c a b i n   −   T   a m b     R   +     Q  ˙    r a d    



(49)







The total heat transfer to the cabin, considering the calculated heat transfer, heat transfer through the HVAC system, and heat transfer from the occupants in a comprehensive manner, was calculated as follows:


      Q  ˙    T o t a l   =     Q  ˙    g l a s s   +     Q  ˙    d o o r s   +     Q  ˙    r o o f   +     Q  ˙    h v a c   +     Q  ˙    o c c u p a n t    



(50)







The temperature inside the cabin was calculated by considering the total heat transfer to the cabin and its volume. The real-time temperature variation was then calculated through integration, as follows:


    d   T   c a b i n     d t   =   1     ρ   a i r     C   p , a i r     V   c a b i n           Q  ˙    t o t a l      



(51)








2.2.9. HVB and PE Module Cooling Channel Model


To integrate the Matlab/SimscapeTM-based powertrain system model and Matlab/Simulink®-based thermal management system model developed in this study, the cooling channel models for the HVB and PE modules utilized both physical and mathematical blocks. The heat generated by the HVB and PE modules was modeled to be interconnected with the cooling fluid information of the thermal management system, thereby facilitating heat exchange. The cooling fluid information entered into the thermal management system model was transferred to the physical model and circulated inside the cooling case, performing heat exchange over 10 cycles. Subsequently, information on the cooling fluid passing through the cooling channel was fed back into the thermal management system model. Heat transfer between the pipes and the fluid in the cooling channel model occurs through conduction and convection, resulting in the total heat transfer being calculated as follows:


       Q  ˙    c o n d , c c     =     k   I     S   H     D       T   p i p e   −   T   f l u i d       



(52)






      Q  ˙    c o n v , c c   =   c   p         m  ˙    f l u i d         T   p i p e   −   T   f l u i d       1 − e x p   −   h   S   H       c   p         m  ˙    f l u i d            



(53)






      Q  ˙    t o t a l , c c   =     Q  ˙    c o n d , c c   +     Q  ˙    c o n v , c c    



(54)




where     k   I     is the thermal conductivity of the fluid,     S   H     is the surface area of the pipe wall,   D   is the hydraulic diameter, and   h   is the heat transfer coefficient.






3. Results and Discussion


3.1. Simulation Scenario


The evaluation of the integrated BEV system model comprising the introduced component models was divided into two cases based on climatic conditions, as presented in Table 5. Additionally, to verify the potential of load reduction by the ITMS, simulations were conducted under the assumption of vehicle operation in a high thermal load scenario, simulating the HWFET [37] driving cycle. The cabin temperature was set to 23 °C, which is commonly considered the most comfortable temperature for passengers. Additionally, as the operating temperature of HVB increases, electrochemical reactions become more active and energy efficiency improves but, if it is too high, energy consumption increases as high performance control is required. Therefore, considering this trade-off, the optimal control point was set at 32 to 38 degrees for the HVB temperature and 47 to 51 degrees for the PE module.




3.2. Results of the Powertrain System Model of the Battery Electric Vehicle


Before evaluating the proposed ITMS, it is essential to conduct a preliminary assessment of the thermal load inputted into the ITMS to ensure the reliability of the thermal load. The powertrain system model undergoes energy storage, discharge, and conversion processes between the HVB and PE modules for driving. The energy losses act as thermal loads. To generate thermal loads, the BEV tracked the speed profile, as shown in Figure 9. The maximum error owing to speed estimation was 0.05 km/h, indicating a low error rate of less than 0.0005% relative error [38,39,40]. Furthermore, the torque and rotational speeds of the PMSM and axle were generated to track the speed profile, as shown in Figure 10. Consequently, as the powertrain system model tracked the speed profile, thermal loads were generated in the HVB and PE modules, as illustrated in Figure 11.




3.3. Results of the Integrated Thermal Management System Model


3.3.1. Simulation Case 1 (Hot Climate): Using Nos. 3 and 5 Thermal Management Modes


In this section, the designed ITMS was evaluated to assess its ability to cope with high-temperature conditions using the third and fifth thermal management modes. Thermal management modes are generally switched based on the ambient, cabin, and HVB operating temperatures. However, in this section, the simulations were assumed to be conducted under high-temperature conditions. Therefore, the transition was considered based on the operating temperature of the HVB. In other words, both the third and fifth thermal management modes inherently perform cooling of the cabin, and, in the fifth mode, cooling of the HVB is performed, leading to an increased cooling load. Under high-temperature conditions, the initial operating temperature of the HVB and PE module was 36 °C, as shown in Figure 12, which was the same as the ambient temperature. Therefore, the relatively high operating temperature of the PE module can be cooled through ambient air; however, to cool the HVB, which has a lower set temperature than the ambient air, the simulation must initially operate in the fifth thermal management mode, as depicted in Figure 12. The fifth thermal management mode, as illustrated in Figure 13, cools the HVB coolant through chiller #1 and transfers the cooled coolant to the HVB cooling circuit to perform the thermal management of the HVB under high-temperature conditions. In addition, the ITMS should be capable of cooling cabins. The cabin temperature starts at the same 36 °C as the ambient temperature. For cabin cooling, as shown in Figure 14, the air flowing through the blower is cooled through the evaporator. In this process, to facilitate effective heat transfer in the evaporator, EEV #1, depicted in Figure 15, was used to expand the refrigerant. Consequently, the cabin temperature reaches the target value, as shown in Figure 16. Furthermore, to repeat the cooling cycle introduced earlier, the heat absorbed by the refrigerant in chiller #1 and the evaporator acted as a load on the HVAC system under high-temperature conditions. The heat was then discharged from the HVAC-side radiator, as illustrated in Figure 17, after being drawn into the compressor and expelled at a high temperature and pressure.




3.3.2. Simulation Case 2 (Cold Climate): Using Nos. 8 and 11 Thermal Management Modes


In this section, the designed ITMS was evaluated to assess its ability to cope with low-temperature conditions using the 8th and 11th thermal management modes. The thermal management modes are generally switched based on the ambient, cabin, and HVB operating temperatures. However, in this section, the simulations were assumed to be conducted under low-temperature conditions; therefore, the transition is considered based on the operating temperature of the HVB. In other words, both the 8th and 11th thermal management modes inherently performed cabin heating. In the 8th mode, the outdoor air is used as a heat source, whereas, in the 11th mode, outdoor air and waste heat obtained from the cooling HVB and PE are utilized as heat sources. Under low-temperature conditions, the initial operating temperatures of the HVB and PE module were −10 °C, as shown in Figure 18, which was the same as the ambient temperature. Initially, during low-temperature operation, the PE module naturally heats because its performance and durability are not significantly compromised, even at relatively low operating temperatures. However, for the HVB, as the energy capacity and efficiency significantly decrease during operation at low temperatures, as shown in Figure 18 and Figure 19, it is rapidly heated up to 25 °C using PTC heater #2. Subsequently, similar to the PE module, it naturally heats up; when it reaches the maximum allowable operating temperature, it transitions to the 11th thermal management mode. In this mode, chiller #1 was used to cool the HVB coolant, and the cooled coolant was transferred to the HVB cooling circuit to perform the thermal management of the HVB under high-temperature conditions. In addition, the ITMS should be capable of heating the cabin. The cabin temperature was −10 °C, the same as the ambient temperature. For cabin heating, as shown in Figure 20, the air flowing through the blower is heated through the condenser. Subsequently, the heat released by the refrigerant in the condenser is absorbed in the eighth thermal management mode through the outdoor air and compressor, whereas, in the 11th thermal management mode, it was absorbed through the outdoor air, compressor, and the HVB and PE modules. To facilitate the absorption process, EEV #3 was operated as shown in Figure 21, expanding the refrigerant to facilitate the smooth execution of the absorption process. Consequently, the cabin temperature reaches the set target, as illustrated in Figure 22.






4. Conclusions


In this study, a powertrain system model capable of calculating thermal loads resulting from BEV operation was developed to conduct a detailed evaluation of an ITMS based on a heat pump system. Subsequently, the developed powertrain system model and the ITMS were integrated into the simulation. Consequently, the proposed ITMS demonstrated the capability of performing integrated thermal management for the cabin, HVB, and PE module of a BEV not only under high-temperature conditions during HWFET driving but also under low-temperature conditions. The following conclusions were drawn:




	
The powertrain system of the BEV was modeled to calculate thermal loads as it tracks the HWFET driving cycle, and a precise thermal load was generated with a speed-tracking error of less than 0.0005%.



	
Through this study, the designed and modeled ITMS based on a heat pump system for BEV was able to cool the HVB using the HVAC system under high-temperature conditions with an outside air temperature of 36 °C. Additionally, under low-temperature conditions with an outside air temperature of −10 °C, it could perform cabin heating using not only the outside air as a heat source but also waste heat from the HVB and PE module components.



	
In this study, the designed and modeled heat-pump-system-based ITMS was evaluated under high-load conditions, specifically the HWFET driving cycle. It demonstrated stable thermal control for the cabin, HVB, and PE module, effectively adapting to both high-temperature conditions with an outside air temperature of 36 °C and low-temperature conditions with an outside air temperature of −10 °C.








Ultimately, the proposed heat-pump-system-based ITMS demonstrated the capability to actively manage the thermal conditions of both the cabin and powertrain components in response to the varied thermal loads of a BEV operating under different climate conditions. This suggests that the system can contribute to the stable and efficient operation of BEV, thereby enhancing safety during driving.
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Figure 1. Schematic of the powertrain system model. 
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Figure 2. Schematic showing the 2-RC equivalent circuit of the HVB model. 
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Figure 3. Torque–RPM performance curve of the PMSM model. 
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Figure 4. Schematic of the heat-pump-based ITMS. 
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Figure 5. Flowchart of the ITMS thermal management mode selection logic. 
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Figure 6. Schematic of the thermal management modes to respond to high-temperature climate conditions simulated in this study. 
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Figure 7. Schematic of thermal management modes to respond to low-temperature climate conditions simulated in this study. 
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Figure 8. Schematic of the cabin model. 
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Figure 9. Simulation results of vehicle speed tracking. 
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Figure 10. Simulation results of the motor and axle. 
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Figure 11. Heat generation by the HVB and PE module. 
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Figure 12. Thermal management mode according to the HVB operating temperature (hot climate). 
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Figure 13. Heat flow rates for HVB thermal management (hot climate). 
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Figure 14. Heat flow rate for cabin thermal management (hot climate). 
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Figure 15. EEV #1 command conversion according to the thermal management mode (hot climate). 
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Figure 16. Simulation results for the cabin temperature (hot climate). 
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Figure 17. Elimination of thermal loads in the HVAC system under hot climactic conditions (hot climate). 
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Figure 18. Thermal management mode according to the HVB operating temperature (cold climate). 
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Figure 19. Heat flow rates for HVB thermal management (cold climate). 
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Figure 20. Heat flow rate for cabin thermal management (cold climate). 
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Figure 21. EEV #3 command conversion according to the thermal management mode (cold climate). 
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Figure 22. Simulation results for the cabin temperature (cold climate). 
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Table 1. Specification setting parameters of the HVB model.






Table 1. Specification setting parameters of the HVB model.





	Parameters
	Value
	Unit





	1 cell capacity
	56.85
	Ah



	Number of parallel cells

per module
	2
	EA



	Number of serial cells

per module
	6
	EA



	Number of modules per pack
	30
	EA



	Number of packs
	1
	EA










 





Table 2. Vehicle specifications.






Table 2. Vehicle specifications.





	Parameters
	Value
	Unit





	Vehicle mass
	1950
	kg



	Tire rolling radius
	0.3
	m



	Front area
	2.3
	m2



	Air drag coefficient
	0.31
	-



	Gravitational acceleration
	9.81
	m/s2










 





Table 3. Operating modes of the ITMS.






Table 3. Operating modes of the ITMS.





	
Operating

Environment

	
Number

	
HVAC Circuit

	
HVB Circuit

	
PE Circuit






	
Hot climate

	
1

	
Air condition

	
Circulation

	
Circulation




	
2

	
Air condition

	
Radiator cooling

	
Circulation




	
3

	
Air condition

	
Radiator cooling

	
Radiator cooling




	
4

	
Air condition

	
Chiller cooling

	
Circulation




	
5

	
Air condition

	
Chiller cooling

	
Radiator cooling




	
6

	
Air condition

	
Circulation

	
Radiator cooling




	
7

	
-

	
Radiator cooling

	
-




	
Cold climate

	
8

	
Cabin heating

	
Circulation

	
Circulation




	
9

	
Cabin heating

(Dehumidification)

	
Circulation

	
Circulation




	
10

	
Cabin heating

	
Chiller cooling

	
Circulation




	
11

	
Cabin heating

	
Chiller cooling

	
Chiller cooling




	
12

	
Cabin heating

(Not air absorption)

	
Chiller cooling

	
Circulation




	
13

	
Cabin heating

(Not air absorption)

	
Chiller cooling

	
Chiller cooling




	
14

	
Cabin heating

(Dehumidification)

	
Circulation

(HVB heating)

	
Circulation




	

	
15

	
-

	
Circulation

(HVB heating)

	
-











 





Table 4. Shape information and heat transfer coefficients of the cabin model.






Table 4. Shape information and heat transfer coefficients of the cabin model.





	
Area

	
Parameters

	
Value

	
Unit






	
Glass

	
Convective heat transfer coefficient

	
40

	
W/m2.K




	
Thermal

conductivity

	
0.00096

	
W/m.K




	
Thickness

	
0.002

	
m




	
Heat transfer area

	
3.5

	
m2




	
Doors

	
Convective heat transfer coefficient

	
40

	
W/m2.K




	
Thermal

conductivity

	
0.00008

	
W/m.K




	
Thickness

	
0.03

	
m




	
Heat transfer area

	
4

	
m2




	
Roofs

	
Convective heat transfer coefficient

	
40

	
W/m2.K




	
Thermal

conductivity

	
0.0008

	
W/m.K




	
Thickness

	
0.02

	
m




	
Heat transfer area

	
2

	
m2




	
Cabin

	
Volume

	
3

	
m3




	
Solar radiation

	
0.9 (Hot climate)

	
W/m2




	
1.3 (Cold climate)




	
One Occupant heat source

	
70

	
W











 





Table 5. Simulation scenarios.






Table 5. Simulation scenarios.





	Simulation Conditions
	Case No. 1
	Case No. 2





	Operating environment
	Hot climate
	Cold climate



	Ambient temperature
	36 °C
	−10 °C



	Driving cycle
	HWFET
	HWFET



	Simulation time
	765 s
	765 s



	Cabin target temperature
	23 °C
	23 °C



	HVB target temperature
	27–33 °C
	27–33 °C



	PE module target temperature
	47–51 °C
	47–51 °C
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