
INTRODUCTION
When operated, the A/C system is the largest auxiliary load on 
a vehicle. A/C loads account for more than 5% of the fuel used 
annually for light-duty vehicles in the United States [1]. A/C 
loads can have a significant impact on hybrid electric vehicle, 
plug-in hybrid electric vehicle, and electric vehicle 
performance. Hybrid electric vehicles have 22% lower fuel 
economy with the A/C on [2]. Mitsubishi reports that the range 
of the i-MiEV can be reduced by more than 45% on the Japan 
10-15 cycle when the A/C is operating [3]. The advanced 
powertrain research facility at Argonne National Laboratory has 
reported an 18% reduction in range for the Nissan Leaf 
operating on the UDDS cycle with 35°C ambient and 850 [W/
m2] solar simulator loading [4]. Increased cooling demands 
from the battery thermal management system in an electric 
vehicle may also add additional loads on the A/C system. Air 
conditioning in heavy-duty vehicles also uses significant fuel 
for both idle [5] and down-the-road operation. A flexible 
open-source analysis tool is needed to assess the A/C system 
impact on advanced vehicles. Industry has expressed a need 

for both a standalone A/C system model as well as an A/C 
model that can co-simulate with a vehicle simulator such as 
Autonomie [6].

The A/C system contains complex flow, thermodynamics, and 
heat transfer. On the refrigerant side, the flow is transient and 
both compressible and two-phase. Calculating refrigerant 
properties near the phase transitions can also be 
computationally difficult. Air flow through the condenser can 
vary widely depending on vehicle speed and condenser fan 
speed. The heat transfer in the heat exchangers is a very 
complex process mainly addressed by complex correlations 
based on measured data. These correlations sometimes 
reduce the stability of the code. The effects of humidity and 
water condensation are difficult to account for, not only in the 
model but also for the experimental data necessary to calibrate 
the code. A cabin model is also needed to provide a realistic 
load on the evaporator. The cabin model must consider all the 
major pathways of heat transfer into the cabin, including solar 
and convective loads from the environment, heat from the 
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engine compartment, and sensible and latent heat loads in the 
air stream. Realistic control methods similar to ones actually 
used in automotive A/C systems also have to be implemented. 
The cycling of the compressor can introduce quick transients 
that are sometimes difficult to handle by the numerical solver. 
The simulation model also has to be fast enough for the 
purpose of evaluating vehicle power performance and/or the 
design of A/C systems and their controls.

There are numerous challenges in developing a suitable 
automotive A/C system simulation tool. Some examples of 
previously developed non-commercial full system-level 
simulation include [7, 8, and 9]. However, to the best of our 
knowledge, none of these or other models have been 
developed in the widely used dynamic system simulation 
platform MATLAB/Simulink. Using this platform has several 
advantages. Autonomie is also built on Simulink, which 
facilitates integration of the model into Autonomie. MATLAB/
Simulink is widely used in industry, so the standalone, freely 
available version of the A/C model can be widely distributed. To 
address these needs, the authors developed a 1-D finite 
volume A/C system simulation model in the Matlab/Simulink 
environment and compared it to steady state data [10].

This “Fully-Detailed” model provided good agreement with data 
but ran 10 times slower than real time. It was clear the model 
was too slow for practical vehicle drive cycle based evaluation. 
Therefore, the need arose to develop new model versions that 
provided much faster execution speed while minimizing the 
loss in accuracy (Figure 1). Drive cycle based studies are 
especially well suited for such compromise - short transients 
are less important as long as averaged values for heat transfer 
rate and compressor power are accurately predicted over long 
periods of simulation time.

Figure 1. Three model versions to match need with accuracy and 
speed

To match an appropriate balance of speed and accuracy with 
the various A/C modeling needs, two additional complementary 
models were developed, the Quasi-Transient and the Mapped-
Component model. The user can switch between these models 
to match the model detail with the current needs of a project. 
The Quasi-Transient model runs 10 times faster and 
theoretically matches the steady state conditions of the 
Fully-Detailed model, but will lose some accuracy during 
transients. The Mapped-Component model is 100 times faster, 

but instead of detailed calculations of flow and heat transfer in 
the heat exchangers, these variables are obtained from 
multi-dimensional lookup tables.

This paper will briefly summarize the original Fully-Detailed 
model; for more detail, see reference [10]. The Quasi-Transient 
and Mapped-Component models will then be described in 
detail. The results from all three models are then compared to 
steady state measured data from a light-duty A/C system. 
Finally, drive cycle averaged system variables from the three 
models will be compared.

APPROACH
The new faster Quasi-Transient and the Mapped-Component 
models were developed from the original Fully-Detailed model. 
The Quasi-Transient model runs 10 times faster and 
theoretically matches the steady state conditions of the 
Fully-Detailed model, but will lose some accuracy during 
transients. The Mapped-Component model is 100 times faster 
than the Fully-Detailed model, but instead of detailed 
calculations of flow and heat transfer in the heat exchangers, 
these variables are obtained with the help of multi-dimensional 
lookup tables. The lookup tables used in the Mapped-
Component models are created with the evaporator and 
condenser sub-models of the Quasi-Transient model.

Both the Quasi-Transient and the Mapped-Component models 
incorporate as much of the original Fully-Detailed model as 
possible. All the descriptions for the cabin, thermostatic 
expansion valve, and compressor sub-models as well as the 
described controls algorithm for the Fully-Detailed model apply 
to these model versions. The heat exchanger structure of the 
models is also identical between the Fully-Detailed and the 
Quasi-Transient models. The only difference between the 
Quasi-Transient and the Fully-Detailed models is that they use 
different Simulink S-functions (user-defined code) for the 
zero-dimensional (0-D) volume and one-dimensional (1-D) pipe 
blocks. In the 1-D pipe simulation blocks, the air-side and the 
wall temperature calculations are identical for the Fully-
Detailed and Quasi-Transient version. The Mapped-
Component model differs from the Quasi-Transient model only 
in the condenser and the evaporator sub-models where simple 
multi-dimensional lookup functions are used in place of the 
detailed heat exchanger models composed of 0-D volume and 
1-D pipe simulation blocks.

Fully-Detailed Model Summary
The Fully-Detailed model places an emphasis on predicting 
transient processes accurately. The model has to be robust for 
fast transients such as compressor cycling, has to accurately 
predict refrigerant redistribution after shutdown and after 
startup, and has to conserve mass accurately during 
simulations of long test cycles. The more complex and 
accurate model was also developed first to serve as a 
benchmark for understanding the error induced through 
simplifying assumptions that enable faster models.
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A finite volume formulation for calculating the refrigerant flow 
was chosen because it is well suited for accurate conservation 
of mass, momentum, and energy. This accuracy is necessary 
for predicting quick transient processes correctly.

The A/C model consists of two main sub-models, the cooling 
circuit model and the cabin model. In the cooling circuit model, 
the larger volumes containing refrigerant (e.g., the 
accumulator, the receiver/dryer, and the headers of the heat 
exchangers) are modeled with the 0-D volume simulation 
block. The refrigerant pipes and the tubes (flat tubes, round 
tubes, or plates) of the heat exchangers are modeled with 
various versions of the 1-D pipe simulation block. The 
refrigerant-side circuit is built up as a network of these 1-D pipe 
blocks connected to each other with 0-D volume blocks.

In the 0-D volume block, the control volume equations for 
conservation of mass and internal energy are solved [11]. 
Because internal energy and mass are the state variables for 
the simulation, all other refrigerant properties are looked up 
from two-dimensional tables based on specific internal energy 
and density.

In the 1-D pipe simulation blocks, on the refrigerant side, 
equations for conservation of mass, momentum, and energy 
are solved through a finite volume method. As with the 0-D 
volume block, all refrigerant properties are obtained from 
two-dimensional tables based on specific internal energy and 
density in each finite volume (also called segments). From the 
applied finite volume method in the 1-D pipe simulation block, it 
is inherent that the refrigerant flow can take place in both 
directions. The solution method marches only in time and not in 
space. The evaluation of heat transfer between the pipe wall 
and the refrigerant is through local heat transfer coefficient 
correlations.

The 1-D pipe model simulation allows the option of multiple 
“parallel channels” on the refrigerant side and complex fin 
geometry on the external air flow side. It is assumed that the 
refrigerant flow variables inside the parallel channels are 
identical. The wall/fin temperatures in the direction of the air 
flow are assumed to be constant.

For the air flow, there are no conservative terms and the flow is 
described with purely algebraic equations. Mass flow rate, 
temperature, and the relative humidity of the incoming wet air 
for each pipe segment are input variables. The air-side heat 
transfer equations are solved for each segment of the pipe 
using the Chang local heat transfer coefficient correlations [12]. 
The effectiveness-NTU (E-NTU) method [13] is applied on 
each segment, which ensures that the exit air temperature 
does not overshoot the wall temperature. Fin efficiency 
calculations are also incorporated [13].

The effects of humidity and condensation, when present, are 
accounted for. First, the exit air temperature is calculated from 
the heat transfer rate as it would be without condensation. If 
the air temperature drop due to this heat transfer is sufficient to 

indicate condensation, then an iteration on the exit wet air 
temperature is invoked. During this iteration the heat transfer to 
the heat exchanger wall is still assumed to be the same as it 
would be without condensation. Once the exit wet air 
temperature is obtained, all other air flow properties can easily 
be calculated. This same process is applied to all the pipe 
segments, and the exit air flow conditions are obtained for each 
pipe segment.

The air-side and refrigerant-side equations can be solved on 
their own separately because the two sets of equations are not 
algebraically coupled. The pipe wall temperature, Tw, appears 
in both sets of equations, but it is a simulation state variable, 
which means its value is obtained as a result of an integration 
step, not from algebraic equations. Therefore, it is available at 
the beginning of each time step to calculate the heat transfer 
rates from the air to the pipe wall and from the pipe wall to the 
refrigerant. The pipe wall temperature couples the equations 
on the refrigerant and air sides.

It is assumed that the thermal resistance of the wall is zero. In 
other words, the inner and outer surfaces of the pipe wall are 
at the same temperature. This is typically a good approximation 
for compact heat exchangers which use thin walls.

The equation for the wall temperature comes from the 
conservation of energy, which states that the net heat flux into 
the wall segment is stored as thermal energy in the wall 
segment:

(1)

where  is the heat transfer rate from air to the wall,  is 
the heat transfer rate from the wall to the refrigerant,  is the 
heat transfer rate in the pipe wall in the refrigerant flow 
direction, Cpw is the wall material specific heat, and Δmw is the 

mass of the wall segment including all the fins. The . Δx 
term represents the imbalance in conductive heat flow rates 
from the neighboring wall segments. With this equation, the 
thermal capacity of the wall has been accounted for. This 
equation is written for each pipe segment, and the wall 
temperature is obtained for each pipe segment.

The refrigerant used in the current model is R134a. The effects 
of the lubricating oil in the refrigerant circuit have not been 
accounted for.

Heat Exchangers
Compact heat exchangers are typical in automotive A/C 
systems and have a general structure that can be described as 
a number of headers, with “passes” between these headers. 
Nearly all of the heat transfer takes place in the passes. Using 
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conventional terminology, one pass in the condenser consists 
of a number of round or flat tubes and one pass in the 
evaporator consists of a number of flat tubes or plates.

Two versions of the 1-D pipe model simulation block described 
above, with air-side heat transfer according to Chang's model 
[12], are the basic building blocks for the heat exchangers in 
the A/C system model. To model the tubes of the condenser, a 
version employing the Dittus-Boelter equation [13] is used on 
the refrigerant side along the full length of the pass, even 
across the phase boundaries. In the saturated mix region, the 
quality weighted averages of the saturated liquid and saturated 
vapor properties of the refrigerant are used. For the version 
used to model the plates of the evaporator, on the refrigerant 
side, the Chen correlation [14] is used for the two-phase region 
up to 90% quality, and the Dittus-Boelter correlation with vapor 
properties is used in the superheat region. A smooth transition 
between the two is also implemented in the 90%-100% quality 
range. The Chen correlation was selected because it was 
originally developed for boiling flow in “conventional” channels 
as defined by Kandlikar [15], but it was verified by at least two 
studies that it can be used for minichannel configurations as 
well [16, 17], demonstrating a relatively wide range of 
applicability. The evaporator plates used in the current study 
fall into the conventional channel category with a hydraulic 
diameter of 8.4 mm.

To build a heat exchanger model, each pass/subpass is 
represented with a 1-D pipe model block that is connected 
using 0-D volume blocks representing each of the headers. 
Passes are split up into sub-passes when the air inflow is 
coming from two different upstream passes. To account for the 
number of plates in each pass/subpass, the refrigerant mass 
and enthalpy flow rates have to be multiplied by the number of 
plates in the pass before being routed into the 0-D volume 
blocks representing the headers. The total heat transfer rate on 
the pass/subpass is also the product of the number of plates 
and the heat transfer rate on just one plate. Therefore, in this 
approach, all the plates in a given pass are treated as identical 
in terms of their flow and heat transfer. Figure 2 shows the 
structure of the evaporator implemented in the model.

Figure 2. The “exploded view” schematic of the implemented 
evaporator

Routing the airflow is also relatively easy with the applied 
modeling method. The segment-wise exit air flow variables 
from a plate are passed as an output vector from the 1-D pipe 
simulation block representing the plate. If the air enters another 
pass in a downstream row, this vector-with proper alignment-is 
directly fed into the inlet air flow variables input port of the 
simulation block representing the plate in the downstream row. 
Alternatively, the exit air flow output vector is mixed with a 
special simulation block. This option can be used for the last 
row of the heat exchangers where the airflow from the plate is 
also exiting the whole heat exchanger.

Thermostatic Expansion Valve
The expansion device implemented in the model is an 
externally balanced thermostatic expansion valve, and 
therefore a receiver/drier is also implemented in the model. 
The bulb temperature responds to changes in the evaporator 
exit temperature with a first-order delay. The characteristic time 
of this response is an input parameter to the model.

This response is the only dynamically modeled detail. 
Otherwise, the position of the flow restriction device is 
determined from static force balance. Once the flow area 
through the flow restriction device of the valve is known, the 
refrigerant flow rate is calculated from the two-phase orifice 
flow equations, accounting for choked flow when the pressure 
drop is high enough.

Compressor
The compressor is a constant-displacement, variable-speed 
device. The rotational speed and the displacement per 
revolution (both input parameters) determine the ideal 
forwarded volume per second. Actual forwarded volume per 
second is then obtained with the application of a volumetric 
efficiency, and the refrigerant mass flow rate is the actual 
forwarded volume per second multiplied by the upstream 
density. Refrigerant upstream conditions and downstream 
pressure are input. The compression process is assumed 
adiabatic. The downstream enthalpy is calculated with the help 
of an isentropic efficiency ([18], Eq. 6-62). The compressor 
shaft power is then the rise in the enthalpy flow rate divided by 
a mechanical efficiency.

Both the volumetric and the isentropic efficiencies are functions 
of the compressor speed and the downstream-to-upstream 
pressure ratios. These tables are inputs to the model. A 
mechanical drive compressor is used with clutch cycling as 
explained in the Controls section. The compressor model can 
easily be changed to that of a variable-displacement device by 
implementing the appropriate controls.

Cabin Model
The purpose of the cabin model is to provide a reasonably 
accurate estimate of the cabin conditions that can serve as the 
boundary conditions for the cooling circuit model. The cabin air 
is represented with a zero-dimensional lump-sum air/water 
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vapor mix volume. The cabin shell and interior thermal masses 
are included. Heat transfer between the thermal masses, the 
cabin air, and the ambient air are accounted for, as well as the 
solar energy absorption by each thermal mass. The thermal 
masses and the heat transfer paths that are included in the 
model are shown in Figure 3.

Figure 3. Schematic of the cabin model

The thermal masses are shown in the rounded boxes, and the 
heat transfer paths are shown with solid arrows. All body air 
leak flow rates are lumped together and calculated as an 
adjustable constant times the pressure differential between the 
cabin and the ambient. The cabin model schematic is shown 
with the air passages for fresh and recirculated air.

Controls
Basic electronic controls have been implemented in the model. 
Shutoff of the compressor due to downstream pressure 
passing above a high pressure limit, or upstream pressure 
passing below a low pressure limit is included. The compressor 
is also cycled on or off depending on whether the cabin 
temperature is below or above the target temperature and 
whether the evaporator-out air temperature is below or above a 
freezing limit temperature. A temperature dead-band is 
implemented for both of these control variables to reduce the 
frequency at which the cycling occurs. In addition, limits on 
how long the compressor has to stay off after each clutch-off 
cycle is also implemented. The evaporator blower speed is set 
to one of a number of selectable settings and is not adjusted 
by the controls algorithm. The cabin air recirculation rate is the 
portion of air mass flow to the evaporator that is coming from 
the cabin, the rest being made up with outside air. This rate is 
set by the controls algorithm in the 5% - 95% range based on 
whether the cabin temperature exceeds the outside 
temperature or not. Alternatively, the recirculation rate can be 
set constant over the entire simulation.

These controls are easily modified and additional control 
algorithms can be added by the user given the block simulation 
environment of Simulink

The Quasi-Transient Model
The Quasi-Transient model was created to provide an option 
for much faster model simulation speed that better facilitates 
drive cycle-based A/C system studies than the Fully-Detailed 
model. It is also useful for debugging the Fully-Detailed system 
model when a new control algorithm or modified components 
are installed. This model comes at a cost of some accuracy for 
transient process predictions. The Simulink S-functions that 
constitute the heart of the simulation model and the Simulink 
“masks” that improve user communication were created such 
that any Fully-Detailed model can very quickly be converted 
into an equivalent Quasi-Transient model or vice versa. This 
conversion is done by simply swapping out the Fully-Detailed 
model's 1-D line and 0-D volume Simulink S-functions with 
their Quasi-Transient equivalents. Some straightforward 
adjustments to the initialization files also have to be made.

For the Quasi-Transient model, some non-conservation error is 
allowed to increase the simulation speed. The approach works 
by pulling the solution towards the steady state solution that 
belongs to the boundary conditions prevailing at the current 
time step. Thereby the Quasi-Transient model approximates 
the solution that would be obtained with a hypothetical quasi-
steady model that in every time step calculates the steady 
state conditions. The Fully-Detailed model uses a finite volume 
formulation in the refrigerant lines with marching in time only 
whereas the Quasi-Transient model uses a finite volume 
method with marching in space as well as in time. When all the 
time derivatives of the flow and other variables are zero, such 
as in steady state conditions, the solutions to the equations 
incorporated in the Quasi-Transient model will closely match 
the solutions of those equations incorporated in the Fully-
Detailed model.

In the 0-D volumes, a compromise is made to the accuracy of 
the implemented conservation equations. With this treatment, 
however, it can be ensured that the volumes in the system 
model all have similar “stiffnesses” and high stiffness in the 
volumes with liquid is avoided. This allows for a larger 
simulation time step resulting in much faster model execution.

The 1-D pipe model used in the Quasi-Transient model has a 
refrigerant mass flow rate that is constant along the line and is 
also a simulation state variable. In each time step, the 
refrigerant pressure drop across the line is compared to the 
pressure drop obtained from the two attached 0-D volumes. A 
numerical method is applied to continuously adjust the 
refrigerant mass flow rate in the lines to match the pressure 
drop in the line to the pressure drop between the attached 0-D 
volumes better. The refrigerant mass flow rate responds with 
some delay, but it is tending towards the flow that would 
develop under the steady state conditions.

The cost of the approach used for the 0-D volume and 1-D pipe 
models is that the total refrigerant mass in the system is slightly 
fluctuating and the energy balance is slightly off, especially for 

Kiss et al / SAE Int. J. Passeng. Cars - Mech. Syst. / Volume 7, Issue 2 (August 2014) 743

Full document details: SAE 2014-01-0669

http://www.avadocuments.com/doc/sae-2014-01-0669
http://www.avadocuments.com/doc/sae-2014-01-0669

