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Abstract

Multiple evaporator vapor compression cycles become
relevant for thermal systems in electric vehicles since
batteries and other electric components demand cool-
ing for a secure operation. In difference to most other
applications with parallel evaporators cooling demands
and temperature levels vary between the different sec-
ondary fluids. This leads to a more complex system be-
havior that needs to be described for optimality and con-
trol analysis. In this paper a dynamic model for an auto-
motive air conditioning cycle with an additional evapo-
rator for battery cooling is developed and validated. A
battery model library for calculating temperatures and
waste heat flows of battery cells and modules is pre-
sented. Multi-evaporator effects and their consequences
are discussed. Reasonable actuating and control vari-
ables are chosen and a discussion regarding possible con-
trol schemes is given.

Keywords: Multi-Evaporator Cycle, Parallel Evapora-
tors, Vapor Compression Cycle, Electric Vehicle, Rela-
tive Gain Array

1 Introduction

Battery electric vehicles (BEV) or plug-in hybrid electric
vehicles (PHEV) require a more complex thermal system
and vapor compression cycle than conventional vehicles.
In many cases heat needs to be gained, respectively led
away, at more than one spot. One important spot is the
battery that needs to be in a reasonable and safe tempera-
ture zone. Depending on the ambient conditions the heat
gathered at the battery or the power electronics can be
used for operating a heat pump.

For maximum lifetime battery temperatures should lie
between 15°C and 35°C and show small temperature
gradients over battery cells and modules (Pesaran et al.,
2013). Maintaining these temperatures leads to the ne-
cessity of active battery cooling. The most common way
of active cooling are cooling plates under or between bat-
tery cells. These plates are flown through with a cooling
liquid like a water-glycol-mixture but can also be used to

directly evaporate a refrigerant. Based on a typical air-
conditioning unit that owns an evaporator for air cooling
a second evaporator is needed to cool battery and possi-
bly power electronics, too.

A heat pump might be necessary for heating the cabin
at low temperatures. In conventional vehicles heat from
the engine’s exhaust is used for heating. In BEV's the bat-
tery is the only source of energy which is, due to energy
densities of current batteries, small compared to conven-
tional vehicles. A regular electric heater would heavily
shorten the vehicle’s range. Therefore switchable vapor
compression cycles that can function as air condition-
ing or heat pump have been designed (Ahn et al., 2015).
When operating as heat pump the cycle might gain heat
from the ambient but also, if available, from battery, elec-
tric motor or power electronics. In this case a second
evaporator is also necessary.

Multiple evaporator vapor compression cycles are
known in different applications. In supermarket refrig-
eration cycles a high number of evaporators are con-
nected in parallel so that every cabinet can be cooled in-
dependently. Mostly thermostatic expansion valves are
used to regulate the fluid flow in every cabinet. Further-
more there are systems with more than one compressor
unit to create two pressure levels for refrigerators and
freeze cabinets. These two pressure levels are connected
in parallel as well (Titze et al., 2013). Another multi-
evaporator application are HVAC systems in buildings.
Especially in commercial buildings so called variable re-
frigerant flow systems are increasingly used with multi-
ple evaporators for locally distributed cooling zones (EI-
liott et al., 2011). Usually parallel evaporators are used
in these applications. Vapor Compression Cycles with
serial connected evaporators exist in fewer applications,
e.g. in simple fridge freezers.

In contrast to the described systems the operation of
vapor compression cycles in vehicles is a lot more tran-
sient. Furthermore the temperatures of the different sec-
ondary fluids can be apart whereas temperatures in su-
permarket cabinets, respectively cooling zones in build-
ings, share a nearly identical temperature. Since the ther-
mal system needs to be as compact as possible, only one
pressure level for both evaporators is practicable (see fig-
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ure 1). This makes the optimal operating point less ev-
ident and leads to advanced control schemes. Model-
ing approaches for automotive air conditioning cycles in
Modelica with particular attention to evaporators have
been published by Limperich et al. (Limperich et al.,
2005).

For a better understanding and for fast controller
design a simulation model for an automotive multi-
evaporator system is developed in this paper. It is con-
centrated on battery and cabin cooling instead of heat
pump operation in electric vehicles. Measurement data
obtained from a test bench is used for validation of the
model and the system is analyzed for a suitable controller
design. Fundamental effects and interdependencies of
the evaporators are shown. Gained knowledge is then
used to control the multi-evaporator system under condi-
tions of a transient real-life driving cycle.

Structure of the Paper

In section 2 a model of an automotive air conditioning
system with parallel evaporators for cabin and battery
cooling is described. In section 3 follows a description
of an electric-thermal model of a lithium-ion battery for
calculating temperatures and heat flows of cells and mod-
ules. An overview of a test bench containing three plate
heat exchangers is given in section 4. All secondary flu-
ids in this system are liquids since measurement data can
be obtained easily and fast for this configuration. Sec-
tion 5 shows the interaction of actuating and control vari-
ables as superheats or cooling capacities. Moreover the
parallel evaporator model is validated with measurement
data. Section 6 analyzes the interdependencies of actuat-
ing and control variables. With the help of relative gain
arrays (RGA) possible controller schemes are discussed.
In section 7 simulation results for the parallel evaporator
system are shown. Section 8 summarizes the paper and
proposes possibilities for future work.

2 Automotive Air Conditioning Sys-
tem with Additional Evaporator
for Battery Cooling

In the following a dynamic model of a parallel evaporator
vapor compression cycle for electric vehicles including
battery cooling is described, see figure 1. A description
of the implied control scheme is given in section 6. The
system has two parallel paths on the low pressure side
and consists of a compressor, three heat exchangers, two
electronic expansion valves (EXV) and a receiver. As
refrigerant R134a is used. The compressor is a variable
speed scroll compressor. The receiver is located on the
high pressure level behind the condenser so that there is
zero subcooling in mostly all operating points since the
receiver separates gas from the liquid. This does not lead

to the most efficient behavior because small degrees of
subcooling normally have a positive impact on the coef-
ficient of performance (COP). The condenser is a multi
port extruded tube (MPET) heat exchanger, situated at
the vehicle’s front end. Ambient air is used as the con-
denser’s secondary fluid, leading the heat out of the cy-
cle. In modern cars often condensers with an integrated
receiver and an additional subcooling zone are used for
optimal COPs. Behind the receiver the refrigerant path
is divided and leads to an EXV each. In the first path
there is located one MPET heat exchanger for cooling
the cabin air. In the parallel path a plate heat exchanger
is used for cooling the battery. Due to evaporating tem-
peratures falling occasionally under 0°C a 50/50 mixture
of water and glycol flows through the secondary path of
this evaporator. Nearly all model approaches are based
on the model library TIL (see Richter (2008)). Physi-
cal properties are calculated with T/ILMedia (see Schulze

(2013)).
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Figure 1. Vapor Compression Cycle for a Battery Electric Ve-
hicle including Battery Cooling

The compressor is modelled dynamically with a loss-
based approach, including leakage and friction losses
(Schedel et al., 2013). The model is fitted to the com-
pressor found in the test bench described in section 5.
The EXV model is based on Bernoulli’s principle and is
therefore a static model. For modelling the heat exchang-
ers a finite volume approach with a variable number of
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volumes is used. One volume is described by three cells
for refrigerant, liquid and wall material. The liquid and
air cells contain transient balances for mass and energy,
the refrigerant cell additionally owns a momentum bal-
ance. The pressure time derivative is constant over all
refrigerant cells of one pressure level. This can be inter-
preted as a neglection of sonic effects which is appropri-
ate for systems that are not characterized by fast dynam-
ics (Griber et al., 2010). The receiver model owns one
volume with a transient mass and energy balance and has
a varying filling level.

The valve openings Agxv,1, Aexv,2 and the compressor
speed n are actuating variables of the primary (refriger-
ation) cycle. Typical control variables would be the two
superheats T, ;, the first evaporator’s air outflow temper-
ature Tg;, and the battery temperature 7. Alternatively
the cooling capacities Q; of both evaporators could be
used. Referring to section 6 it becomes apparent that in
difference to a standard refrigeration cycle the numbers
of actuating variables and control variables of the pri-
mary cycle are not equal.

3 Battery Model

To integrally describe thermal systems of electric vehi-
cles as the one discussed in this paper, the behavior of the
battery needs to be represented. Important approaches
and equations are published in the Modelica Energy Stor-
age Library (Einhorn et al., 2011). For a good suitability
and usability regarding automotive systems an electric-
thermal battery model library has been developed. The
library is designed as an add-on to the component library
TIL and provides models for battery cells, modules and
systems. It is focused on describing temperatures, waste
heats and cooling approaches.

In the library battery systems can be discretized down
to cell level. Cells can be connected in series or
parallel. Each discretization element owns a state of
charge (SOC), an electric equivalent circuit, a dynamic
energy balance and calculates arising heat flows. The
state of charge is coupled with the open circuit voltage.
The equivalent circuit can be switched between a model
with a single ohmic resistance and an impedance based
model. Heat results from different processes inside the
battery cells. Losses can be divided in irreversible and
reversible heat flows:

Qirr = —I°R; (1)

Qrev = TASL (2)

nF
The irreversible heat is dependent from the electric cur-
rent, that is defined by the power demand of the motor
and from the impedance which itself is dependent from
cell temperature and SOC. The reversible heat is de-
pendent from entropy differences that occur at the elec-
trodes, e.g. because of lithium intercalations in lithium-

ion cells. The equation is only exact for isothermal pro-
cesses but may also be used when temperature changes.
AS is the molar entropy change while n represents the
number of electrons per reaction and F' the Faraday con-
stant. These differences are cell dependent and are func-
tions of the SOC. This approach is described extensively
by Viswanathan et al. (Viswanathan et al., 2009). They
have also published data for various cell types in the
same paper.

The model used in the automotive system described
in the previous section is adapted to a battery system in
a BEV with 300 prismatic lithium-ion cells. The mod-
ules are chilled by cooling plates underneath and contain
twelve cells each, at which each three cells are connected
in parallel. Water-glycol is used as cooling liquid.

4 Test Bench

The test bench contains a refrigeration cycle similar to
the one described in section 2. It is dimensioned to fit
an automotive air conditioning and cooling application.
One diffference is that all three heat exchangers are plate
heat exchangers receiving and giving off heat by sec-
ondary loop cycles filled with water (condenser) or re-
spectively water-glycol mixture (evaporators) as shown
in figure 2. This originates from easier and more accu-
rate measuring when handling liquids instead of gases.
Both evaporators have same dimension and are of the
same type. Another difference to the system model is
that a battery is not included since it is focused on the
multiple evaporator behavior. Anyway the inflow liquid
temperatures of the evaporators 7j;, 1 and 7j;,> can be
manipulated by electric heaters. Furthermore the mass
flow rates rir;y,1 and iy, > are controlled as well.

The scroll compressor works with direct current and
variable speed. The EXV is driven by a stepper motor
with constant adjusting speed. At various positions tem-
peratures and pressures are measured. The refrigerant
mass flow rate is measured behind the compressor in the
pure gas zone. The primary cycle of the test bench is
pictured in figure 3.

All temperatures are measured with thermocouples.
The liquid mass flow rates are measured with magnetic
flow meters while the refrigerant mass flow rate behind
the compressor is measured by coriolis principle. This
means that the cooling capacitiy measuring of the evapo-
rators are based on the liquid side when both evaporators
are in use. The quality of stationary measurements can
be controlled with the help of results that are gathered by
only one evaporator operating. In this case one cooling
capacity can be obtained based on the refrigerant side us-
ing the more accurate coriolis flow meter and compared
to the measurements based on the liquid side.
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Figure 2. Parallel Evaporator Cycle with Liquids in the Sec-
ondary Cycles Existing in the Test Bench

Figure 3. Test Bench with Compressor, Receiver, Both Evap-
orators, Condenser and Expansion Valves

S Interdependencies and Validation

In this section interdependencies of the two evaporators
and the reaction of control variables to actuator changes
are shown to visualize multiple evaporator system ef-
fects. This is accompanied by a comparison between
simulation and measurement results. Simulation results
are provided by a model of the test bench that uses the
same modeling principles as the overall system model
described in section 2.

Since both evaporators in the test bench are equal the
cycle will behave like a vapor compression cycle with
only one evaporator if all boundary conditions and the
valve openings are equal. Hence, in the following one
evaporator boundary condition or one valve actuator dif-
fers from the other and stationary results are compared.
All control loops are open in these experiments.
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Figure 4. Superheats and Cooling Capacities of both Evapora-
tors Depending on Compressor Speed at Different Valve Open-
ings

In figure 4 the superheats and cooling capacities of
both evaporators over compressor speed are shown. The
valve opening of EXV) is around 65% higher than the
one of EXV,. Both superheats rise with rising speed
since the low pressures falls with higher speed and the
dew line of R134a has an ascending slope at all relevant
operating points. As expected the cooling capacities rise
with rising compression power. The effect on evapora-
tor 1 seems higher than the effect on evaporator 2 for
both control variables. The overall cooling capacity does
not rise as much as one could have expected since in a
lot of applications capacity is controlled by compressor
speed. At lower speeds superheat 1 is smaller as su-
perheat 2 because of a higher mass flow rate in path 1.
Anyway it rises faster and equals superheat 2 at higher
compressor speeds. When looking at further (not dis-
played) results it can be seen that both superheats reach
a maximum that is defined by the temperatures of the in-
flowing secondary liquids minus the evaporating temper-
ature. This maximum superheat is equal for both evap-
orators since they share the same low pressure and in-
let state. Measurement and simulation results of the su-
perheats match very well with a maximum deviation of
2.9 K. Results of evaporator 2 cooling capacity match
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very well with a maximum deviation of 160 W. Results
for capacity 1 vary up to 365 W.
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Figure 5. Superheats and Cooling Capacities of both Evapora-
tors Depending on Valve Opening Agxy,3 with Constant Valve
Opening Agxy2 = 3.7-107"m?

Figure 5 also shows superheats and cooling capaci-
ties. The compressor speed and the valve opening area
Agxvo =3.7- 10~ 7m? are set constant but AEgxvy,1 1s var-
ied. At low opening areas the superheats again reach
a maximum value of the superheat. Anyway both su-
perheats drop because of a rising low pressure. At
Apxv1 =4.5- 10~ 7m? the simulated superheat 1 starts to
fall faster, the measured superheat 1 starts falling faster
at 5.0-10~7m?. Both reach zero superheat with nearly
the same opening difference. The measured values of
superheat 2 fall as well (to 3 K) while the simulations
state that values still reach maximum superheat. The
first evaporator’s cooling capacity rises with higher open-
ings of its corresponding valve. The second evaporator’s
capacity falls slightly since mass flow rates through the
second path drop. Apart from one measurement point
at Apxy) = 4.7 - 10~ 7m? which may be due to a non-
stationary operation while measuring, simulation results
of the capacities fit to measurement data very well. Sum-
marizing it can be stated that a valve opening area influ-
ences the evaporator in its own path more than the other

one and that superheats share the same trend while cool-
ing capacities go in different directions.
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Figure 6. Changing of Superheats and Cooling Capacities with
Varying Liquid inflow Temperature Tj;g in 1

The investigation shown in figure 6 deals with a
changing boundary condition, precisely the secondary
fluid inflow temperature of evaporator 1. The tempera-
ture changes from 5°C to 30°C while the temperature
of the second liquid stays constant at 15°C. Deviant
secondary fluid temperatures of more than a few Kelvins
would not be typical for building or supermarket
applications but occur in vehicles, e.g. if the cabin is
already cooled down while battery and power electronics
produce a lot of waste energy. In fact in many cases it
will be more efficient to operate the battery at temper-
atures up to 35°C, needing smaller cooling capacities,
while the cabin temperature is controlled to around
20°C. It can be seen that superheat 1 rises with rising
temperature as one could have expected. Superheat 2
drops because the low pressure level is lifted with higher
evaporating temperatures. The same behaviors are
observed for cooling capacities. The evaporator with
higher secondary fluid temperature transports more heat.
The overall heat capacity reaches a maximum at same
secondary fluid temperatures, meaning also a maximum
efficiency. Simulation results of evaporator 1 fit very
well to measurement data while the reaction to deviant
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temperatures is not optimal at evaporator 2. It needs to
be considered that small deviations of the exchanged
heat lead to high deviations in superheat. Only a small
part of the heat is used for superheating while most of it
vaporates the refrigerant.

Some of the occuring main effects can be summarized:

e The Compressor speed influences both evaporators
but has more effect on the evaporator with higher
cooling capacity. It nearly has no effect on the
lower cooling capacity.

e Changes in EXV opening areas lead both super-
heats in the same direction while cooling capacities
move in opposite directions. EXVs has a higher in-
fluence on the evaporator in its corresponding path.

e Different secondary fluid temperatures lead to dif-
ferent cooling capacities. Control variables shift
to opposite directions when one temperature is
changed.

With regard to the validation results it can be stated
that the occurring effects are represented in the paral-
lel evaporator model, also the ones that may not be
clearly self-explanatory. In further work more investiga-
tions have been done with deviant actuator variables and
boundary conditions that also lead to interesting effects.
Deviations between simulation and experiment data are
similar to the ones shown here.

6 System Analysis

The previous sections shows effects of a multi-
evaporator system that need to be analyzed systemati-
cally. With the help of the validated model the interde-
pendencies can be quantified.

A good overview of design and operation of a vapor
compression cycle with a single evaporator is given by
Jensen and Skogestad (2007). They state that a simple
vapor compression cycle is optimally designed if there
is no superheating and a small degree of subcooling. To
reach zero superheating, which means an optimal heat
transfer in the evaporator, a low-pressure receiver can be
used in simple cycles. In a multiple evaporator cycle a
low-pressure receiver would ensure a secure operation of
the compressor but not lead automatically to an optimal
operation point. An overall superheat of zero does not
mean zero superheat in each of the evaporators. It will be
more likely that the outflow refrigerant of one evaporator
has a high degree of superheat while the other evapora-
tor’s outflow state lies inside the two-phase region. Both
superheats need to be controlled and the advantage of a
low-pressure receiver disappears. In automotive air con-
ditioning systems reaching a small degree of subcooling
is often done by a condenser unit with integrated receiver
and a short subcooling zone. This paper concentrates on

evaporators so that for an easier test bench setup there
is no subcooling zone behind the high-pressure tank (see
figure 2).

From an operation view the compressor work (here
speed) and the valve openings can be manipulated. The
active refrigerant mass is adjusted by the receiver. Since
both superheats need to be controlled and it is desirable
to control both cooling capacities (or the outflow tem-
peratures Tj;, 1) one actuating variable is missing to reg-
ulate all four control variables independently. In many
multi-evaporator systems, e.g. in the ones mentioned in
the introduction, the cooling capacities do not need to be
controlled seperately because the temperature setpoints
of the different secondary fluids are equal. In the case
of similar thermal load the control variables can be con-
trolled together.

One obvious way to control the cooling capacities
seperately is manipulating a secondary fluid mass flow
rate 7, (e.g. through pump speed). The mass flow
changes the effective heat transfer in the corresponding
evaporator. This leads to an optimization problem be-
tween pump work and primary cycle’s efficiency. More-
over the mass flow rates are often given by other condi-
tions. In the system analysed here manipulating the bat-
tery cooling liquid mass flow rate seems to make sense.

The described interdependencies between the control
variables demand special controller designs. Reason-
able approaches could be a decoupling control that pre-
vents change in other process variables when one vari-
able is changed or a dynamic feedforward control that
has knowledge about the physical behavior as described
in previous work (Varchmin et al., 2014). However
development of advanced control schemes is not the
main focus of this paper. Hence, Single-Input-Single-
Output (SISO) controllers are used for the automotive
system described in section 2, even if a decoupling seems
to be recommended as it is shown in the following.

| n=3000rpm | n | Apxvi | Aexva | tiuige

| |
| O1 | 038 | 056 | 0.05 | 0.01 |
| 0 | 033 | 0.04 | 0.61 | 0.02 |
| Ty, | 005 | 003 | 04 | 052 |
| Ton,1 | 024 | 036 | -0.06 | 045 |

| n=6000rpm | n | Apxv, | Aexva | iga |

| O | 0.66 | 0.14 | 0.07 | 0.12 |
| 0, | 033 | 002 | 032 | 032 |
| T, -0.12 | -0.06 | 0.81 | 0.38 |
| Ton,1 | 0.13 | 09 | -02 | 0.17 |

Table 1. Relative Gain Arrays of Two Evaporator System at
Different Compressor Speeds
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For Multi-Input-Multi-Output (MIMO) systems
steady-state interactions, e.g the ones shown in the
previous section, can be represented in relative gain
arrays (RGA). These matrices show normalized steady-
state gain information and are therefore a measure
of interactions (Grosdidier et al., 1985). In table 1
two RGAs derived by the validated model are shown.
RGAs quantify system behavior and may be used to
develop SISO (as well as MIMO) controller schemes,
i.e. to obtain reasonable pairs of actuating and control
variables (Skogestad and Postlethwaite, 2007). The
arrays are different for every operation point, only for a
linear system one array would be valid globally. Gain
scheduling could be used to adapt controller parameters
to nonlinear behavior in dependence of the current
operating point.

The displayed arrays are valid for two different com-
pressor speeds, i.e. cooling capacities, at small super-
heats. Instead of the superheat of evaporator 2 the overall
superheat in front of the compressor is chosen as a con-
trol variable. Firstly the overall superheat is most rele-
vant for a secure compressor operation and secondly the
RGAs are less coupled in this case. Optimal actuator-
control pairs for the operation points are printed in bold.
It can be seen that the system is highly nonlinear and that
actuating variables that are a good choice in one point
may be a useless choice in another. While the reactions
to changes of compressor speed n stay similar (first col-
umn) the reactions of the other actuating variables differ
a lot. E.g. the mass flow rate r1;, would be best paired
with cooling capacity Q; for n = 6000rpm (value 0.32)
bus has nearly no effect for n = 3000rpm (0.02).

The RGAs do not give any information about the sys-
tem dynamics. Similar time constants complicate SISO
control and may lead to instabilities. This may be due
to two controllers having influence on the same control
variables that wind up to not desired behavior because
they disturb each other simultaneously. This problem
will be discussed in combination with advanced con-
troller designs in future work.

7 Simulation Results

System analysis leads to a control scheme for the auto-
motive system that is shown in figure 1. Four SISO Con-
trollers implemented as PI controllers are used for reach-
ing reasonable setpoints. As discussed table 1 shows
possible pairs of actuating and control variables. Values
change for different compressor speeds and so a com-
promise between the operation points needs to be found.
Speed n and opening area Agxy,1 can be chosen without
issues for Q; and T;,1 because of high values in both
matrices. It seems best to choose opening area Agxy 2
for 0> and the liquid mass flow rate 1iq,2 for the overall
superheat Ty, because of satisfying values for these pairs
in both matrices. A problem for this configuration is that

in some operating points the battery would not be able
to provide enough heat to ensure a sufficient superheat.
The secondary liquid cycle would need to be designed
for very high heat flows that do not occur very often.
Therefore the controller scheme of the lower matrice in
table 1 is chosen although the dependency between ri;,
and Q, is not very strong for slow compressor speeds.
It may be a benefit that at high battery temperatures the
compressor speed will probably lie over 3000 rpm so that
there would be a sufficient coupling again.

The model is simulated with a transient real-life driv-
ing cycle (leading from Braunschweig to Wolfsburg) as a
boundary condition (see figure 7). The ambient temper-
ature is 30°C and all components possess this tempera-
ture at the start of the simulation. The air flowing into
the cabin has a temperature of 10°C and the setpoint for
the superheats is 7K. For the battery temperature con-
troller a setpoint of 30°C is chosen whereat it is consid-
ered that this point will not be reached at all times. The
inner battery temperature has a high time constant since
the battery owns a great heat capacity and the heat needs
to be conducted through the cell until it is led away by
the liquid cycle. Only by predictive control it could be
controlled perfectly.

Results are shown in figure 7 (b)-(f). At the begin-
ning of the cycle the compressor speed is high to cool
down the air and evaporator masses (c). After about
one minute the compressor slows down to approximately
3000 rpm. The temperature of the inflowing air reaches
its setpoint of 10°C quite fast and remains at this level
for the whole cycle (d). The battery temperature rises
slowly until around 800 s (f). From that time on the driv-
ing cycle reaches higher velocitys and drive power rises.
This leads to a faster rising battery temperature. Hence,
the cooling liquid mass flow rate is set higher (b). This
shows effect at about 800 s so that the battery temper-
ature slope is eased and in the following negative. As
discussed previously the main target of battery cooling is
not reaching a certain setpoint but limiting the maximum
temperature to 35°C. Superheats stay in a secure range
except for a small peak at 50 seconds. The overall super-
heat rises between 200 and 1000 seconds (e). The EXV
in the battery cooling path reacts to this deviation (not
displayed) but can not balance perfectly since the mass
flow rate of the battery cooling liquid is also rising until
1000 seconds.

8 Conclusion

In this paper a dynamic model for an air conditioning cy-
cle with an extra evaporator for battery cooling has been
developed. A library with physical models for battery
cells and modules has been described. Multi-evaporator
effects were shown and explained. The developed cycle
model has been validated with the help of a test bench
containing plate heat exchangers. Elaborated intedepen-
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Figure 7. Simulation Results of the Automotive System due to a Driving Cycle

dencies were examplewise quantified by relative gain ar-
rays. One of the results is that in difference to a standard
vapor compression cycle only three actuating variables
of the primary cycle exist for four control variables. This
leads to an optimization problem instead of simple op-
timality conditions. Based on this analysis a SISO con-
troller scheme was derived and simulation results were
presented. With the developed model different battery
types and cooling approaches can be tested. Furthermore
advanced control schemes can be tested and a system ef-
ficiency analysis can be performed.

Future work will deal with analysis of multi-
evaporator system dynamics and the arising optimization
problem. Moreover advanced multivariable controller
designs could be developed for an optimal and secure
operation.
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