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Abstract

:

This paper expands upon the state of the art in nonlinear modeling of automotive air conditioning systems. Prior models considered only the effects of the refrigerant compressor and the condenser fan. There are two new aspects included here. First, we create a mathematical model for front-end underhood airflow, considering vehicle speed, condenser fan rotational speed, and active grille shutter position. In addition, we present a new model for the power consumption of the vehicle associated with aerodynamic drag caused by underhood flow, as well as a fan power model which accounts not only for changes in rotational speed but also changes in flow rate. The models developed in this paper are coded in MATLAB/Simulink and assessed for various vehicle driving conditions against a higher-fidelity vehicle energy management model, showing good agreement. By including the active grille shutters as a controllable actuator and the impact of underhood flow on vehicle drag and fan power consumption, control schemes can be developed to holistically target reduced energy consumption for the air conditioning system and, thus, improve the overall vehicle energy efficiency.
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1. Introduction


Automotive air conditioning (A/C) systems are often modeled mathematically to demonstrate the performance and behavior of their components as the system attempts to cool the vehicle’s cabin. State-of-the-art models for A/C systems consider the compressor and condenser fan as controllable actuators to maintain cabin comfort. In work published to date, consideration of the active grill shutters (AGS) as a controllable actuator is not present [1,2,3]. The AGS impacts the cooling performance of the A/C system, as it provides an additional mechanism to control airflow through the condenser at a given vehicle speed in addition to the fan rotational speed [4,5]. The amount of underhood flow also affects vehicle drag, which can be accounted for via the power consumption of the A/C system [6,7]. Many mathematical models of A/C systems are developed with the intention of control implementation, with the reduction in energy consumption considered a primary objective [8]. Most models used by controllers in academic literature only consider the compressor and condenser fan as controllable actuators since those have a high power consumption [9,10]. The model presented in this paper builds upon the state of the art by introducing the AGS as a controllable actuator to regulate the front-end airflow, and considers the underhood vehicle airflow drag effects on the power consumption of the vehicle. This paper thus presents a holistic model for the automotive A/C system power consumption.



The novelty of this work is in extending an A/C system model’s completeness by considering front-end airflow cooling effects and power consumption comprising of:




	
Improving the completeness of the vehicle A/C nonlinear model by adding the impact of the AGS on the determination of the underhood airflow;



	
Developing a holistic model for the A/C system power consumption by considering underhood aerodynamic drag effects;



	
Creating a fan power consumption model that captures the impact of changing rotational speed and volumetric airflow rate.








It must be emphasized that the contribution of this paper is less about the specific NL model developed, which is, of course, only applicable to one particular vehicle. Instead, the approach outlined is the contribution, as this could be applied to any vehicle, regardless of whether the source of reference data is a vehicle energy management (VEM) model or experimental measurements made on-vehicle.



The remaining sections of this paper are organized as follows. Section 2 outlines the details of the system being modeled, the underlying mathematical model used to develop the extended model formulated in this work, and the new advancements to previous modeling work described in the literature [11]. Section 3 includes the validation of the nonlinear (NL) model with the higher-fidelity VEM model, an analysis of the holistic power consumption model, a demonstration of the nonlinear model’s ability to react to imposed step inputs, and a discussion of the results.



In this paper, several models are referenced throughout. In order to maintain clarity and consistency, a short summary and comparison of the two models are introduced in Table 1. The NL model is created by extending the modeling work carried out in [11], namely by creating curve fit approximations for refrigerant properties, developing models for compressor, fan, and drag power consumption, introducing tuning parameters to account for Nusselt number modeling uncertainty, and developing a model for the underhood airflow calculation based on the fan speed, AGS position, and vehicle speed, which is detailed in Section 3. In this paper, the NL model is implemented in Simulink. The VEM model in this paper is a high-fidelity model developed by the industrial partner for the purpose of simulating a virtual vehicle for various driving conditions. In this paper, the NL and VEM models are both simulated for the same driving conditions, discussed in Section 3. The results are compared to observe how well the NL model matches the behavior of the VEM model.




2. Materials and Methods


2.1. Description of A/C System Model


Figure 1 depicts a simplified block diagram of the A/C system, showcasing the connection of components, the flow of air and refrigerant, and the mathematical variables discussed in the underlying mathematical model of the system in Section 2.4.



The four main components along the A/C system’s refrigerant loop are the compressor, condenser, expansion valve, and evaporator. To develop a complete model of the A/C system, component models must capture the behavior of these four components. This paper describes such a model for implementing a controller for reducing energy consumption in future work. The controller will regulate the system to send the correct air temperature to the cabin while minimizing the power consumption of the A/C system. The heat exchanger (HEX) pressures are the minimum quantities needed to fully describe the behavior of this system and are chosen as the state variables. The model thus is formed as:


     p ˙  c  =  f 1   (   p c  ,  π c  , N , X ,   m ˙   r e f   ,  T  a i r , i n , c   ,  h  i n   , v  )       p ˙  e  =  f 2   (   p c  ,  p e  ,  π c  ,   m ˙   r e f   ,  Q e  ,  T  a i r , i n , e    )    



(1)




where    p c    and    p e    are the refrigerant pressures in the condenser and evaporator,    π c    is the compressor clutch engagement (on/off),  N  is the rotational speed of the condenser fan,  X  is the open-fraction of the AGS,     m ˙   r e f     is the refrigerant mass flow rate,    Q e    is the volume flow rate of the air from the blower fan,    T  a i r , i n , c     and    T  a i r , i n , e     are the inlet air temperatures to the condenser and evaporator,    h  i n     is the inlet enthalpy to the condenser, and  v  is the vehicle speed. Models for    f 1    and    f 2    based on the behavior of the refrigerant are described in Section 2.4. Since the intended usage of the model is within a control scheme to reach the target cabin temperature with minimum energy consumption, we also develop models of the energy consumption of the overall A/C system, including additional drag due to underhood flow, in Section 2.7. The inclusion of the impact of the AGS on underhood airflow and of the increase in power consumption associated with drag caused by that underhood flow are the key advancements over the state of the art presented in this paper.




2.2. Reference System


The ultimate intended use of the NL model is within control frameworks that require an analytical plant model. However, the application to control is outside the scope of this paper. The VEM model has been developed and validated by the industrial partner using experimental data gathered from testing on the real physical vehicle. The industrial partner’s VEM model has been developed under best practices from the literature [13,14]. In this paper, the VEM model acts as a substitute for an actual physical vehicle for controller development; the output from the VEM model is treated as the output from the physical vehicle. Thus, the nonlinear models in this paper are validated against the VEM model. Recall that the focus is on the approach, which is general, rather than the specifics of the VEM and NL models, which are specific to a particular vehicle. The reference system could just as easily be measured data from a vehicle; this would have no impact on the development, tuning, and assessment of the NL model.




2.3. Compressor


The VEM model includes a model of the A/C compressor. The VEM model uses the current baseline production controls to determine the compressor displacement, then provides a mass flow rate and outlet enthalpy value at each time step throughout the drive cycle. Since the NL model is meant to be used as a plant model within a control scheme, it is not necessary to model the compressor since the outputs are directly available from the plant (physical vehicle or VEM model representation).




2.4. Heat Exchangers


The two HEXs in the A/C system are the condenser and evaporator, where the refrigerant undergoes phase changes between liquid and vapor states. The mathematical models of these two HEXs must capture this change in thermodynamic state. The underlying HEX mathematical equations were derived from first principles and provided by the industrial partner based on work described in [11]. The work in [11] provides a simplified method to obtain a mathematical model for the HEX pressure by assuming a two-phase flow (liquid and gaseous) and approximating the thermodynamic states at the inlet and outlet of each HEX by relating it to the saturated liquid and vapor conditions. At the condenser outlet, the refrigerant is a saturated liquid. At the evaporator inlet, the refrigerant is assumed to have the same enthalpy as the refrigerant at the condenser outlet. The pressure at the inlet and outlet of the evaporator are equal, with a 10 °C superheat at the evaporator outlet maintained by the expansion valve. This will be further discussed in Section 2.5. The full derivation of the nonlinear pressure equations is available in [11], which results in the final forms:


     p ˙  c  =    [   Q c   ρ a   c  p , a i r    (   T  a i r , i n   −  T  a i r , o u t    )  +  π c    m ˙   r e f    (   h  i n   −  h  o u t    )   ]    V  [   (  1 −  γ ¯   )    ∂  (   ρ l   h l   )    ∂ p   +  γ ¯    ∂  (   ρ g   h g   )    ∂ p   +  (   ρ g   h g  −  ρ l   h l   )    ∂  γ ¯    ∂ p   − 1 +    m H   c H   V   (    ∂  T  w a l l     ∂ p    )   ]         p ˙  e  =    [   Q e   ρ a   c  p , a i r    (   T  a i r , i n   −  T  a i r , o u t    )  +  π c    m ˙   r e f    (   h  i n   −  h  o u t    )   ]    V  [   (  1 −  γ ¯   )    ∂  (   ρ l   h l   )    ∂ p   +  γ ¯    ∂  (   ρ g   h g   )    ∂ p   +  (   ρ g   h g  −  ρ l   h l   )    ∂  γ ¯    ∂ p   − 1 +    m H   c H   V   (    ∂  T  w a l l     ∂ p    )   ]      



(2)




where    Q c    is the volume flow rate of the air through the condenser,    ρ a    is the air density,    h  o u t     is the outlet refrigerant enthalpy,    T  a i r , o u t     is the outlet air temperature,    ρ l  ,  h l  ,  ρ g  ,  h g    are the densities and enthalpies for the refrigerant calculated at saturated liquid and vapor states,    c H    is the specific heat of the HEX material,    c  p , a i r     is the specific heat of air at constant pressure,   γ ¯   is the mean void fraction of the refrigerant,  V  is the volume of the HEX,    m H    is the material mass of the HEX, and    T  w a l l     is the wall temperature of the HEX. The constant values for the HEX and fluid properties are detailed in Appendix A. The derivation of polynomial models for the refrigerant thermodynamic properties is detailed in Section 2.6.



The second main aspect of this NL model is the temperature of the air leaving the evaporator, which is sent to the cabin for cooling. The air temperature depends on the temperature difference between the refrigerant temperature and air temperature passing through the evaporator, as well as the Nusselt number. A general model for the temperature of the air exiting a heat exchanger (condenser/evaporator) is given by:


    T  a i r , o u t , c   =  f 1   (   T  r e f   ,    T  a i r , i n   , N T U  )      T  a i r , o u t , e   =  f 2   (   T  r e f   ,    T  a i r , i n   , N T U  )    



(3)




where    T  r e f     is the HEX refrigerant temperature and   N T U   is the number of transfer units of the air. The final model of the air temperature in [11] is:


    T  a i r , o u t , c   =  T  r e f , c   +    (   T  a i r , i n , c   −  T  r e f , c    )     (  − N T  U c   )   (   K  c a    )        T  a i r , o u t , e   =  T  r e f , e   +    (   T  a i r , i n , e   −  T  r e f , e    )     (  − N T  U e   )   (   K  e a    )       N T U =   α  A s   [  1 −  F  f i n    (  1 −  η  F A    )   ]      m ˙  a   c  p , a i r       



(4)




where  α  is the convective heat transfer coefficient of the air,    A s    is the external surface area of the HEX,    F  f i n     is the fraction of air-to-structure surface area on the fins,    η  F A     is the air-side fin efficiency,     m ˙  a    is the mass flow rate of the air, and    K  c a     and    K  e a     act as multipliers on the Nusselt number. As stated earlier, the derivation of polynomial models for the refrigerant thermodynamic properties, such as    T  r e f , c     and    T  r e f , e    , are detailed in Section 2.6.



The industrial partner provided computational fluid dynamics (CFD) data related to the specific vehicle of interest for this project, which included airflow rate values measured at various combinations of vehicle speed, fan rotational speed, and AGS open-fraction. A multiple linear regression method was used to create a model for the condenser airflow rate function based on these data.



A second-order regression model is the simplest model order that makes sense physically. A linear model would have three terms: one each for the AGS open-fraction, fan rotational speed, and vehicle speed. When the fan speed and vehicle speed are zero, the linear AGS term will cause a nonzero flow rate to be predicted by the model, which does not make sense physically, so the model does not include a linear AGS term. Thus, a second-order model with cross terms is the simplest model able to include the effect of all three inputs affecting the airflow. The second-order model provided a good fit to the data, with an    R 2    value of 0.9981. Model orders higher than two were created and tested, but none provided a significant improvement to the goodness of fit to the data; thus, a model order of two was used.



The model takes the form:


   Q c  = 0.07722  N ^  + 0.01057 v + 4.913 ×   10   − 5    v 2  + 0.2039 X  N ^  + 0.002671 X v  



(5)




where    Q c    is the volume flow rate of the air in    m 3  / s  ,    N ^     is the normalized rotational speed of the condenser fan between zero and one,  X  is the open-fraction of the AGS between zero and one, and the vehicle speed,  v , is in   m / s  .




2.5. Expansion Valve


As mentioned previously, the thermodynamic states at the inlet and outlet of the HEXs are approximated based on the saturated liquid and vapor states. A similar assumption was introduced in [11] for modeling the expansion valve. The expansion valve regulates the refrigerant superheat temperature at the exit of the evaporator using a sensing bulb to maintain a constant superheat of 10 °C to the refrigerant at the evaporator exit. This means the refrigerant conditions at the evaporator exit can be related to the saturated conditions of the refrigerant pressure level inside the evaporator. The modeling approach used in [11] also assumes that the enthalpy at the inlet of the evaporator is equal to the enthalpy at the outlet of the condenser, meaning there is no heat loss across the expansion valve.




2.6. Refrigerant Temperature


In this paper, to model the thermodynamic properties of the refrigerant, a linear least-squares regression method was used to fit continuous curves to discrete refrigerant property data from [15]. The range of pressure data used for the curve fitting is equal to the standard operating range of each HEX, as defined by the industrial partner. An example of one of the resulting polynomial models is:


   T  r e f , c   = 8.4 ·   10   − 9    p c 3  − 4.9 ·   10   − 5    p c 2  + 0.12  p c  − 34.9  



(6)




where    T  r e f , c     is the temperature of the refrigerant leaving the condenser and    p c    is the condenser refrigerant pressure. The full list of fitted curves is presented in Appendix A in Equations (A1)–(A4). As mentioned earlier, this modeling work is intended for controller development. In this case, these polynomial curves must retain their accuracy when linearized for linear control approaches. When conducting curve fitting to a data set, the possibility of large oscillations occurring at either side of a discrete data point increases as the order of the polynomial increases. This is called Runge’s phenomenon [16]. To ensure that this problem does not arise for this model, the first derivative was compared with the numerical first differences between data points. Using polynomial functions instead of lookup tables results in less effort during the linearization of the model to compute the derivatives. This is due to the fact that the derivatives of lookup tables may be unavailable for discrete data sets. After replacing the lookup tables with the polynomial equations, the root mean squared error (RMSE) for the system output had only a 0.1 °C increase. The RMSE definition used for this purpose is formed as:


  R M S E =       ∑   i = 1    n  p o i n t s        (   x  a c t u a l , i   −  x  m o d e l , i    )   2     n  p o i n t s        



(7)




where    x  a c t u a l , i     is the variable value from the data,    x  m o d e l , i     is the variable value from the model, and    n  p o i n t s     is the total number of data points. To assess the impact of this change, the RMSE was normalized using the range of the data set, resulting in a normalized RMSE of 0.19%.




2.7. Power Consumption


The control design that will use this model will be utilized to reduce the power consumption of the A/C system. Thus, a model of the power-consuming aspects must be defined as well, that being the compressor, condenser fan, and power consumption due to aerodynamic drag associated with the underhood airflow. The compressor’s power consumption is modeled from first principles using well-established thermodynamic and mechanical relationships from [17]. For brevity, the final form of the equation is given as:


    W ˙   c o m p   =     m ˙   r e f    (   h  o u t   −  h  i n    )     η  c o m p      



(8)




where     m ˙   r e f     is the mass flow rate of the refrigerant,    h  i n     and    h  o u t     are the enthalpies of the refrigerant at the inlet and outlet of the compressor, and    η  c o m p     is the ratio of isentropic efficiency to volumetric efficiency of the compressor.



The power consumption of the condenser fan is computed based on the underhood airflow and work done by the fan. From the Euler turbine equation, this is:


    W ˙   f a n   =  ρ a   Q c  ∆  h t   



(9)




where     W ˙   f a n     is the power consumption of the fan and   ∆  h t    is the stagnation enthalpy change across the fan. The enthalpy change across the fan is not explicitly known, but data have been provided by the industrial partner for the fan pressure rise and adiabatic efficiency. For the low-speed incompressible flow of a perfect gas, the stagnation enthalpy change can be expressed in terms of the fan pressure rise and efficiency:


  ∆  h t  =   ∆  p t     ρ a   η  f a n      



(10)




where   ∆  p t    is the pressure rise required of the fan and    η  f a n     is the fan adiabatic efficiency. Substituting this expression into Equation (9) yields the final form of the fan power equation:


    W ˙   f a n   =    ρ a   Q c  ∆  p t     ρ a   η  f a n     =    Q c  ∆  p t     η  f a n      



(11)







Recall that a model for    Q c    has been established and is given by Equation (5). Thus, analytical expressions are needed for the fan pressure rise and efficiency to complete this fan power model. The industrial partner supplied experimental data for the fan pressure rise and efficiency at various underhood airflow rates for a fan speed of 2500 rpm. A relationship between the underhood airflow rate, fan pressure rise, and efficiency can be determined from these data, but it is only valid when the fan speed is at 2500 rpm. For this model, the flow is assumed to be incompressible. We neglect the effect of Reynolds number variations on efficiency and pressure rise. To enable the scaling of the power consumption model for any fan rotational speed, the pressure rise and airflow data were nondimensionalized to convert the experimental data from dimensional pressure rises and flow rates to nondimensional pressure rise coefficients and flow coefficients. These nondimensional parameters are expressed as:


   ϕ =    U x     U m    =    (     Q c     A  f a n      )    N  r m   (    2 π   60    )       ψ =   ∆  p t     ρ a   U m 2      



(12)




where  ϕ  is the flow coefficient,  ψ  is the pressure rise coefficient,    U x    and    U m    are the axial and midspan blade speeds,    A  f a n     is the cross-sectional flow area of the fan,  N  is the rotational speed of the fan in rotations per minute, and    r m    is the midspan radius of the fan. Two polynomial equations were developed using a least-squares regression method to fit polynomial equations to the nondimensionalized experimental data, shown in Figure 2. In Figure 2, the fan efficiency has been normalized using the highest fan efficiency provided in the experimental data.



These two polynomials relate the pressure rise coefficient and the efficiency of the fan to the flow coefficient of the underhood airflow and are given by:


   ψ = − 0.897  ϕ 2  − 0.132 ϕ + 0.3703     η  f a n   = − 14.82  ϕ 3  + 8.20  ϕ 2  − 0.226 ϕ + 0.133   



(13)







The equations are valid for   0.0814 ≤ ϕ ≤ 0.552  . In this range, the maximum error for the pressure rise coefficient is 0.034 (13.5%), and the maximum error for the efficiency is 5.4%. The pressure rise coefficient and efficiency are found using the expressions above after nondimensionalizing the flow rate. Next, the pressure rise is calculated by dimensionalizing the pressure rise coefficient and used with the efficiency and dimensional flow rate in Equation (11) to calculate the fan power.



As an extension to the previous modeling work from [11], a model was created to evaluate the power consumption associated with additional drag on the vehicle due to underhood airflow, which is set by the vehicle speed, fan rotational speed, and AGS open-fraction. The model for this power consumption is:


  ∆   W ˙   d r a g   =  1 2   ρ a   A  f r    v 3  ∆  C d   



(14)




where    A  f r     is the frontal area of the vehicle and   ∆  C d    is the increase in drag coefficient due to additional flow through the underhood at a given vehicle speed due to the AGS being open and/or the fan being on.



To create a model for the drag coefficient, the industrial partner supplied experimental data for the drag coefficient as a function of underhood air volume flow rate at a constant vehicle speed of 67 mph. Since the data for the drag coefficient were only available for a single vehicle speed, the model for the underhood air volume flow rate in Equation (5) was normalized using the vehicle speed. The weak impact of vehicle speed on the flow rate can be observed by dividing Equation (5) by  v . A linear least-squares regression method was used to create a polynomial fit for the drag coefficient as a function of the normalized flow rate from the experimental data:


   C d  = 0.043811  (     Q c   v   )  + 0.3554  



(15)




where the RMSE is 0.000419. As mentioned earlier, the increase in the drag coefficient relative to the flow rate achieved when the AGS is closed and the fan is off is computed and used in Equation (14) to calculate the additional power required due to the increase in drag on the underhood of the vehicle.




2.8. Model Implementation


To implement the NL model in MATLAB/Simulink, drive cycle parameters and initial conditions were coded in MATLAB to create a set of input parameters to simulate the model. The drive cycle parameters include the vehicle speed profile, ambient air conditions, etc. Equations (2) and (4) are implemented in Simulink to create a model of the A/C system. A subsystem model for each HEX was created with its specific equation outlined in Equations (2) and (4), along with the HEX physical properties to fully recreate the mathematical expressions shown in Equations (2) and (4). The thermodynamic state of the refrigerant at the outlet of the condenser model is sent directly to the evaporator model to be used as inputs. The VEM model is connected in place of a compressor model, and the former sends the compressor outputs to Simulink. The MATLAB script initializes the drive cycle conditions, then executes the NL model in Simulink and records the results.




2.9. Heat Exchanger Multiplier Parameter Calibration


As mentioned, there can be significant uncertainty in modeling the convective heat transfer and Nusselt number. The Nusselt number was tuned for each HEX by adding a coefficient, denoted as    K  c a     and    K  e a     for the condenser and evaporator, respectively. A grid search method was used to find the combination of coefficient values that reduced the RMSE for the NL model output, which is the air temperature leaving the evaporator,    T  e , a i r , o u t    . This optimization yielded a minimum normalized RMSE value of 3.4%, with a    K  c a     value of 0.29 and a    K  e a     value of 0.55. The normalized RMSE was calculated by dividing the RMSE found using Equation (7) by the air temperature range. This is an improvement from the normalized RMSE of the original model in [11] (with no multipliers) of 5.4%.





3. Results and Discussion


The mathematical models outlined in Section 2 were all implemented in Simulink to assess the performance of the A/C system. The calibration data came from VEM model data for the SC03 drive cycle, a standard drive cycle used by the Environmental Protection Agency (EPA) to assess vehicle fuel economy [18]. To be clear, the NL model implemented in Simulink is not able to be simulated as a standalone model. In order to simulate the NL model, time-series profiles for the controlled inputs (   π c  ,  N ^  , X  ) and external (uncontrolled) inputs (    m ˙   r e f   ,  Q e  ,  T  a i r , i n , c   ,  T  a i r , i n , e   ,  h  i n , c   , v ,  h  o u t , e    ) must be provided to the NL model, since the NL model does not compute these on its own. Recall that the model has been implemented in this way due to its intended usage as a model of the vehicle A/C system within a control framework, where it will accept external signals from the VEM model: the aim of the paper is to develop an improved NL model which more accurately captures the plant dynamics. The comparison between the nonlinear and VEM models for the SC03 cycle is shown in Figure 3. The comparison shown in Figure 3 demonstrates that the NL model is a good approximation of the behavior of the high-fidelity VEM model designed by the industrial partner, which is treated as the benchmark system in this case. For neatness, the vehicle speed input has been presented in a normalized form:


   v ^  =  v   v  m a x      



(16)







The normalized RMSE between the VEM and NL model signals shown in Figure 3 are displayed in Table 2. The error between the two models can be explained by approximations made in the NL model, such as curve fitting for the refrigerant thermal properties and underhood airflow. It can be seen that the evaporator pressure of the NL model has more inertia when comparing the transient portions of the response. The stiffness of the evaporator pressure of the NL model can be attributed to the multiplier,    K  e a    , introduced for the Nusselt number for the convective heat transfer. As the tuning parameter increases, the average agreement with the NL and VEM models improves, but the transient behavior becomes slower. For example, when the multiplier value is increased, the NL curve is shifted upward and compressed. Future research into this modeling can improve the response by investigating other methods to account for uncertainties with convective heat transfer modeling. To further assess the NL model, it was also run for a custom drive cycle to observe the agreement with the VEM model performance. For this custom drive cycle, the condenser fan and AGS actuator inputs were varied to induce transients in the model response. For the first half of the cycle, the AGS was held fully open while the fan speed ramped from max speed to zero, then back to max speed. For the second half of the cycle, the fan speed and AGS open-fraction were varied quasi-randomly to induce more transients in the model performance. The comparison between the NL model and the VEM model for this custom drive cycle is shown in Figure 4.



The normalized RMSE and maximum errors between the VEM and NL model signals shown in Figure 4 are displayed below in Table 2 and Table 3, respectively, demonstrating the NL model’s ability to handle transients arising from the inputs. It can be observed from Figure 3 and Figure 4 that the spikes in the refrigerant mass flow rate yield the greatest local error between the NL and VEM behaviors, causing the normalized RMSE to increase.



To further assess the model’s accuracy, the VEM and NL models were simulated using a constant vehicle speed profile of 13.4 m/s subject to an imposed fan speed step input from 2500 rpm to 0 rpm. For the entire cycle, the AGS was fully open, and the clutch was engaged. The results are shown in Figure 5. The same scenario was simulated using the opposite input step, where the fan speed was imposed from 0 rpm to 2500 rpm, shown in Figure 6. The ability of the NL model to correctly capture the settling time of the VEM model when subject to a step input from one of the controlled actuators, as well as the dynamics influenced by the refrigerant mass flow rate, is demonstrated. The RMSE and maximum errors for the results in Figure 5 and Figure 6 are shown in Table 4 and Table 5, respectively.



The errors associated with the drive cycle data are larger than those from the step responses since the transients are sharper in the drive cycles.



The power consumption of the A/C system was assessed for the same driving conditions used to obtain the results displayed in Figure 3. To show how the power consumption assessment of the A/C system has been developed through this work, three comparisons are made: the power consumption of the VEM model, which only measures the compressor and fan power; and the power consumption of the NL model using the same fan power model present in the VEM model, the power consumption of the NL model using Equation (11) for the fan power, and the power consumption of the NL model using Equations (11) and (14), including the additional drag power. These comparisons are shown in Figure 7.



From Figure 7, it can be seen that the VEM and NL—Baseline models have a good agreement for the total power consumed, which comes from the compressor and fan in these cases. When the new fan power model from Equation (11) is used instead of the VEM fan power model, there is a slight increase in the total power. One of the main takeaways from this figure is that the power consumption associated with additional aerodynamic underhood drag is minimal. This means that when additional cooling is required, opening the AGS will provide extra cooling at a small cost compared to other actuators, such as the fan and compressor.



The energy consumptions computed in each model are compared in Table 6. When the new fan power model in Equation (11) is added to the NL model, the total energy consumption is increased from 1284.2 kJ to 1336.6 kJ. This demonstrates that the baseline fan power model underpredicted the fan power consumption. The additional power consumed due to aerodynamic drag only slightly increases the total energy consumption computed, increasing it from 1336.6 kJ to 1353.2 kJ. Since the additional energy consumed due to the opening of the AGS is small, the addition of the AGS as a controllable actuator provides a valuable tradeoff to save energy elsewhere in the A/C system. When the AGS open-fraction increases, the flow entering the condenser increases, providing additional cooling to the system. When this happens, the compressor cooling effort can be reduced, saving on the energy usage of the compressor.



To gain insight into the individual contributions each component has on the total power consumption in the NL model, the compressor, condenser fan, and additional drag power are presented individually in Figure 8.



The compressor power consumption is driven by the mass flow rate of the refrigerant, which has a very strong impact on the compressor power, as can be seen. The impact of the volumetric airflow rate on the fan and additional drag power can also be seen. For the SC03 cycle shown in Figure 8, the fan speed and AGS positions are at their maximum physical values of 2500 rpm and fully open, respectively. Thus, any changes in the front-end airflow are caused by the vehicle speed, meaning the variations in the fan power and additional drag power observed in the figure are due to the change in vehicle speed.



Figure 9 depicts the combinations of AGS position and fan speed inputs to maintain a constant underhood flow rate of 450 cfm and the power consumption associated with the fan and drag. In this driving condition, the power consumed by the fan is clearly much greater than the power consumed due to additional underhood drag. The same analysis was conducted for conditions where the drag power was more significant, specifically when the vehicle speed was much higher. The same findings were observed for these scenarios, where the fan power dominates the additional drag power. Figure 9 demonstrates that the same underhood airflow rate can be achieved using various combinations of AGS and fan inputs, but the power consumed is not constant. By opening the AGS, allowing more air to flow through the vehicle’s front end, the fan can reduce its rotational speed to achieve the same cooling flow but at reduced power consumption. This will be useful for control implementation where cooling performance and power consumption reduction are of interest.




4. Conclusions


In this paper, we have considered the AGS as a controllable actuator to regulate the underhood airflow and power consumption due to the underhood drag. The modeling work described in [11] was extended by developing a model for the airflow through the vehicle’s front end to allow the AGS actuation to be considered in the model. Models were created for the refrigerant thermodynamic properties, as well as the power consumption of the compressor, condenser fan, and underhood aerodynamic drag. The NL model was tuned to improve the agreement with various driving conditions, including the SC03 drive cycle and a custom drive cycle with strong transients in the controlled inputs. The NL model was validated against the behavior of a high-fidelity VEM model. The results showed that the overall performance of the system improved by reducing the error for the condenser pressure, evaporator pressure, and evaporator air temperature by 32.8%, 2.1%, and 2.6%, respectively. It was found that the power consumption associated with additional drag on the vehicle due to underhood airflow is a very small contribution to the overall power consumed by the A/C system, only 1.2% for the SC03 cycle. This means that considering the AGS as a controllable actuator can be useful in terms of reducing overall power consumption. By opening the AGS, additional cooling occurs due to the allowance of increased airflow through the vehicle’s front end, but only at a small power consumption cost. The cooling provided by the AGS airflow can reduce the cooling load on other actuators, such as the fan. The outcomes of this work will be used in a controller design in future work where the compressor clutch, fan rotational speed, and AGS open-fraction will be controlled to reduce the overall energy consumption of the A/C system.
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Table A1. System property values and units.






Table A1. System property values and units.





	System Model Property
	Numeric Value
	Units





	    c  p , a i r     
	1.005
	   kJ / kgK   



	    ρ a    
	1.204
	   kg /  m 3    



	  V  
	0.00018
	    m 3    



	    m H    
	1.505
	   kg   



	    c H    
	0.910
	   kJ / kgK   



	    A s    
	3.022
	    m 2    



	    F  f i n     
	0.898
	   u n i t l e s s   



	    η  F A     
	0.974
	   u n i t l e s s   



	    A  f a n     
	0.1
	    m 2    



	    r m    
	0.0971
	  m  



	    A  f r     
	2.592
	    m 2    



	    c  p , a i r     
	1.005
	   kJ / kgK   








The curve fits created for the refrigerant thermodynamic properties are in Section 2.6:


   T  r e f , c   = 2.06 ×   10   − 8    p c 3  − 6.04 ×   10   − 5    p c 2  + 0.109  p c  − 27.7  



(A1)






   T  r e f , e   = 2.25 ×   10   − 7    p e 3  − 3.07 ×   10   − 4    p e 2  + 0.235  p e  − 39.9  



(A2)






   h  o u t , c   =  h  , e   = 2.39 ×   10   − 8    p c 3  − 7.04 ×   10   − 5    p c 2  + 0.139  p c  + 163  



(A3)






   h  o u t , e   = 1.59 ×   10   − 7    p e 3  − 2.20 ×   10   − 4    p e 2  + 0.166  p e  + 338  



(A4)
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Figure 1. A/C system diagram. 






Figure 1. A/C system diagram.
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Figure 2. Pressure rise coefficient and normalized fan efficiency data with polynomial fits. 
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Figure 3. VEM and NL pressure and temperature comparison for SC03 cycle. 
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Figure 4. VEM and NL pressure and temperature comparison for custom drive cycle. 
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Figure 5. VEM and NL model comparison for fan speed step input—2500 rpm to 0 rpm. 
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Figure 6. VEM and NL model comparison for fan speed step input—0 rpm to 2500 rpm. 
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Figure 7. Total power consumption comparison for the SC03 drive cycle. 
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Figure 8. Compressor, condenser fan, and drag power consumption of NL model for SC03 cycle. 
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Figure 9. AGS position, fan speed, and power for 450 cfm airflow at 13.4 m/s vehicle speed. 
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Table 1. Model summary and comparison.






Table 1. Model summary and comparison.





	Model Name
	VEM
	NL





	Brief Model Description
	High-fidelity vehicle dynamics model created using Gamma Technologies (GT) Suite [12] representing the real physical vehicle.
	Nonlinear model implemented in Simulink based on Equations (2) and (4).



	Pros
	Holistic model of the entire vehicle, including all subsystems such as powertrain, A/C, cabin, electrical, etc.
	Can accurately capture trends.



	Cons
	High computational cost and slow runtime due to model complexity.
	Unable to run as a standalone model since it requires inputs in the form of time-series data from VEM model output.
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Table 2. Normalized RMSE between VEM and NL models for SC03 and custom cycles.






Table 2. Normalized RMSE between VEM and NL models for SC03 and custom cycles.





	Parameter
	     p c    [ kPa ]    
	     p e    [ kPa ]    
	     T  e a o     [ C ]    





	SC03 Cycle Normalized RMSE
	4.4%
	7.2%
	3.8%



	Custom Cycle Normalized RMSE
	6.5%
	7.8%
	4.6%
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Table 3. Maximum error between VEM and NL models for SC03 and custom cycles.






Table 3. Maximum error between VEM and NL models for SC03 and custom cycles.





	Parameter
	     p c    [ kPa ]    
	     p e    [ kPa ]    
	     T  e a o     [ C ]    





	SC03 Cycle Maximum Error
	354.3
	209.8
	5.3



	Custom Cycle Maximum Error
	205.9
	286.5
	10.3
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Table 4. RMSE between VEM and NL models for fan step input simulations.
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	Parameter
	     p c    [ kPa ]    
	     p e    [ kPa ]    
	     T  e a o     [ C ]    





	RMSE for Negative Fan Step Input
	1.4%
	1.3%
	2.2%



	RMSE for Positive Fan Step Input
	3.1%
	1.0%
	1.1%
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Table 5. Maximum error between VEM and NL models for fan step input simulations.






Table 5. Maximum error between VEM and NL models for fan step input simulations.





	Parameter
	     p c    [ kPa ]    
	     p e    [ kPa ]    
	     T  e a o     [ C ]    





	Max Error for Negative Fan Step Input
	43.7
	53.0
	5.6



	Max Error for Positive Fan Step Input
	370.1
	47.9
	2.5
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Table 6. Energy consumption comparison for SC03 cycle.






Table 6. Energy consumption comparison for SC03 cycle.





	Model Name
	VEM
	NL—Baseline
	NL—New Fan Power Model
	NL—New Fan and Drag Power Models





	Compressor Energy [kJ]
	  1.11 ×   10  3   

(86.1%)
	  1.10 ×   10  3   

(86.1%)
	  1.10 ×   10  3   

(82.7%)
	  1.10 ×   10  3   

(81.7%)



	Fan Energy [kJ]
	179

(13.9%)
	179

(13.9%)
	231

(17.3%)
	231

(17.1%)



	Drag Energy [kJ]
	N/A
	N/A
	N/A
	16.7

(1.2%)



	Total Energy [kJ]
	   1.29 ×   10  3    
	   1.28 ×   10  3    
	   1.34 ×   10  3    
	   1.35 ×   10  3    



	Percentage Change [%]
	N/A
	−0.200
	3.87
	5.16
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