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Abstract

Due to recent regulatory changes in Europe, CO; or
R744 is considered a serious alternative to be the suc-
cessor of R134a for the AC-system of cars for the
European market. Research into R744 as a working
fluid for automotive AC started in the early nineties
and continues even today. There are still open is-
sues in both design and control of R744 systems, e.g.
the choice of an expansion device that satisfies both
cost and performance constraints, control in the sub-
critical region and controling transcritical transients.
In a Masters thesis project organized in cooperation
with Daimler AG in Sindelfingen, these issues were
investigated using a well validated model of an R744
prototype system modeled using the AirConditioning
Library by Modelon AB and Dymola from Dynasim
AB. The preferred choice for the expansion device
from a cost point of view is a two-stage orifice with
a pressure-activated bypass for high load conditions.
The solution with the two-stage valve is compared to a
reference system that uses an electronically controlled
valve that is controlled to the COP-optimal high side
pressure. Unfortunately, the two-stage valve can ex-
hibit both limit cycling behaviour and multiple steady
states depending on the plant operation history, both
undesirable properties. For the investigated system the
drawbacks could be eliminated by proper control de-
sign. Another problem that was investigated was the
load distribution between a front- and a back seat evap-
orator for a two-evaporator version of the same sys-
tem. Again for cost reasons, the refrigerant side of
the second evaporator is not controlled, instead flow is
split between the two evaporators using a fixed expan-
sion device for the rear evaporator.

Keywords: air conditioning; compression cycle; simu-
lation; CO2; R744; control design, COP optimization

1 Introduction

Under the Kyoto protocol agreement, by the year
2012, industrialized countries have to reduce their col-
lective emissions of greenhouse gas 5% below their
1990 levels. Since the current refrigerant used in ve-
hicles, R134a, has a GWP (Global Warming Potential)
of 1410, R744 (CO,) technology has been proposed as
a natural alternative to current R134a-based systems.
The main benefits of R744 as a refrigerant are:

e Energy-efficient

e Non-toxic

e Non-flammable

e No ozone depletion potential (ODP=0)

e Low global warming potential (GWP=1)

Apart from the environmental benefits listed above, us-
ing R744 as a refrigerant for air-conditioning (A/C)
systems can decrease the fuel consumption under
some climate conditions.

Daimler AG and some of its suppliers have developed
and validated specific component and system models
for R744-cycles based on the AirConditioning Library
by Modelon. These models were used to investigate
control strategies for both the single evaporator and the
dual evaporator system prototype for an S-class Mer-
cedes.

2 A/C Systems Optimization and
Control

The role of the HVAC-unit in the A/C system is to pro-
vide maximum cooling power in order to cool down
the air and dehumidify it before re-heating and ven-
tilation. To increase cooling power at very high am-
bient temperature, traditionally a lower COP (more
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fuel consumption) is accepted. The current practice
is to control the air temperature after the evaporator to
a constant, low temperature (slightly above 0 Celsius
to avoid frost) and control the actual cabin tempera-
ture by mixing in warm outside air in the HVAC box
to obtain the desired temperature in the cabin. How-
ever, most of the operating times the optimization of
the COP is the more reasonable control target from the
point of view that fuel consumption should be mini-
mized. These two control targets can be fulfilled by
inserting two decoupled SISO control loops, one of
them controling the high pressure and the other one
controling the evaporator outlet temperature by con-
sidering the strong crosscoupling between these two
variables.

2.1 Optimum High-Pressure Control

To achieve maximum COP in R744 systems, a simple
SISO control strategy with two control loops has been
proposed by [1]. They consider the high- pressure as
the main variable that affects the COP and cooling
power. Since the heat rejection process of the R744
refrigeration cycle takes place in the supercritical re-
gion, where the pressure is independent of the temper-
ature, the system efficiency is a nonlinear function of
the working pressure and the ambient temperature.
For each ambient (gas cooler air inlet) temperature,
there is an optimum high-pressure, which results in the
maximum COP. With the increase of the ambient tem-
perature, the optimum pressure increases.

The other boundary conditions (evaporator tempera-
ture, air humidity and flow rate) have negligible effect
on the optimum high-pressure.
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Figure 1: Comparison of COP and cooling power with
the change of high-pressure

A variable swash plate controller is used as low-
pressure (evaporator air outlet temperature) controller
and since any change in a angle of the swash plate
will affect the pressure ratio as well as the compressor
power; it is expected that it changes the optimum high-
pressure as well. Therefore a high-pressure regulator

which controls the refrigerant flow, based on the am-
bient temperature and compressor speed is suggested
by [1]. For the purpose of simplification the effect of
speed is neglected and the controller is reduced to a
controller which works just based on the ambient or
gas cooler temperature and is designed at a low speed,
since at higher speeds of the compressor the role of the
optimum high-pressure is less significant.

An electronic expansion valve like a PWM-valve can
be used as an actuator to change the flow rate to
achieve desired the high-pressure, but to get rid of the
costs of the high-pressure controller and gas cooler
temperature measurement device, a two-stage orifice
expansion valve has been developed whose internal
control mechanism is described in section 3.1.

2.2 Evaporator Temperature Control

Under low load conditions, it is necessary to control
the compressor power to reduce the cooling power to
the desired range for the A/C system and not let it
reach its maximum possible capacity. These condi-
tions are low cooling load and/or high engine speed.
Since the compressor of the automotive A/C unit
draws its driving force from the engine, its power is
a function of the engine speed, which is a highly fluc-
tuating variable. Control of the compressor capacity
is necessary to compensate engine speed disturbances,
to satisfy the comfort requirements and to avoid tem-
perature variations. Control is particularly important
at higher speeds, which cause an undesirable power of
the compressor and too low temperature at the evapo-
rator.

Among the various methods proposed to control the
compressor capacity, using a variable displacement
compressor is the most attractive one. The most pop-
ular variable displacement compressor for automotive
use today is the swash-plate compessor!. Changing
the inclination of the swash plate changes the displace-
ment of each of the many pistons of the compressor.
This causes a change of the pressure ratio, both high-
pressure as well as low-pressure are affected, but the
effect of the expansion valve on the high pressure is
dominant. The control of the swash plate angle and
thus the relative volume is used as a low pressure con-
troller in spite of its influence on the high pressure.

In the sub-critical region, where the heat rejection
takes place isothermally, evaporator refrigerant and air
outlet temperature are functions of the low-pressure,

IFor hybrid cars with sufficient electrical power, other options
would be advantageous, because they open up the new possibility
of using a speed control of the compressor.
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thus the swash plate control makes it possible to con-
trol the evaporator temperature and via the temperature
also the power.

Concerning the previous section, at a constant speed,
it is acceptable to neglect the cross coupling between
the first SISO loop which tries to maximize COP by
high-pressure control and the second one which aims
to control the low-pressure (evaporator air outlet tem-
perature), but it is not satisfactory to decouple these
loops in the case of speed changes.

Assuming constant speed, control of the evaporator air
outlet temperature in the case of low cooling load can
improve the COP significantly due to a smaller pres-
sure ratio and consequently smaller power uptake of
the compressor.

3 AirConditioning Library

The AirConditioning Library and the simulation tool
Dymola, both based on the standardized, freely avail-
able modelling language Modelica, have been selected
by the German automotive OEM as the preferred tool
for model development and exchange for the A/C sys-
tem in passenger cars. The library contains a complete
range of component models and templates of typically
used and proposed A/C system architectures and all
currently used as well as new and proposed refriger-
ants for automotive applications. The modeling de-
tail is appropriate for component selection, system ar-
chitecture design, system integration for overall vehi-
cle thermal management and climate control design.
Prototype systems for future technologies often con-
tain components that differ from those needed for con-
ventional designs, but due to the open code and the
given modeling infrastructure, it is straightforward to
add unusual components to the Library. In this case a
two-stage orifice model with a pressure operated by-
pass had to be added.

3.1 Two-Stage Orifice Model

This valve has an internal mechanism to drastically
change its Kv value based on the pressure difference
between the low- and high-pressure side [6]. It con-
sists of a standard orifice and a bypass which is closed
for small pressure differences. As shown in Figure 2,
the refrigerant flows only through the orifice at pres-
sure differences below a pressure difference Ap, in this
case set to 73 bar. The bypass starts to open at a ris-
ing pressure difference of Ap with a very steep gra-
dient, and for higher pressures, the Kv-value rises al-

most linearly with the pressure difference. This results
in a very non-linear pressure — mass flow character-
istic which is prone to limit-cycling behaviour. The
cycle is caused by interaction between the dynamics
if the mass storage at the high- and low pressure lev-
els in combination with the differences between the
mass flow characteristics of the compressor (almost no
change for pressure difference above and below Ap)
and the valve (almost a step function at Ap). When
the rising pressure opens the valve for a pressure dif-
ference higher than Ap, the opening bypass will in-
crease the mass flow from the high pressure side so
rapidly that the pressure difference falls below the by-
pass opening limit, because the compressor mass flow
does not increase in the same degree and the cycle
starts again.

008 |-
orifice hypass 2
! 008}
3

Pressure Difference

Figure 2: Two stage orifice valve

The highly nonlinear behaviour of the valve’s Kv-
value can under some situations give rise to limit cy-
cling around the steep part of the characteristic where
the valve opens, and it may even lead to two steady
states with different COP’s, one at a pressure dif-
ference above the opening pressure, the other one at
a pressure difference below the opening pressure, at
identical boundary conditions.

4 Single Evaporator, Two-stage Ori-
fice Valve System Control Design

While no direct control of the high-pressure is possible
anymore when using the two-stage orifice valve, it is
still desired to keep the COP as close as possible to its
optimal value in order to reduce fuel consumption. As
previously mentioned, the first control target remains
to regulate the evaporator temperature by means of the
compressor relative volume control, the COP control
is of secondary importance. To achieve these goals, a
simplified control structure proposed by [4] was used
as a starting point for the control design. That structure
was developed for the same type of two-stage orifice
valve and used a complex feed-forward map with three
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Figure 3: Control structure for R744 AC-cycle with electronically controllable expansion device, assuming
COP-optimal control via the valve to control the high pressure side and temperature/power control via the

compressor to control the low pressure side.

inputs (engine speed, air mass flow and inlet air tem-
perature) to mimic the optimal high pressure control
with a fully controllable valve. There are a number of
reasons why the control structure suggested in [4] uses
a high-pressure controller in place of the low-pressure
one for controlling the evaporator temperature. The
refrigerant high-pressure sensor required for control-
ling the high-pressure is already present for monitor-
ing and protection functions in todays R134a circuits,
so no additional sensors are needed and this suggestion
gets rid of the cost for a low-pressure sensor. There
are a number of reasons why the control structure pro-
posed by [4] was dropped in favour of a simpler one.
On the low pressure side the existing evaporator out-
let temperature sensor can be used due to the sim-
ple temperature-pressure relationship of the saturation
curve:

e The feed forward is not robust to changes in
the environment conditions, in particular not to
changes in humidity, which today is not measured
due to too costly sensors. The feed forward only
works well in a limited range of operating condi-
tions and actually decreases control performance
in other situations. A feed forward based design
that includes humidity measurements would most
likely avoid the robsutness drawback.

e Using the components chosen in the given pro-
totype R744 system with the two-stage orifice

valve, undesirable limit cycling behaviour occurs
at some operating points. It is not possible to re-
move the limit-cycling behaviour with the given
control structure.

e For engine speed disturbances, the feed forward
scheme for controling evaporator outlet tempera-
ture from with a feedback on the high side pres-
sure did not work reliably.

e The occurence of multiple steady states, see sec-
tion 4.3.

The current investigation was not done with a fully re-
alistic sensor model for the evaporator temperature.
If a cost-effective temperature sensor would be too
slow to control engine speed variations, a low pressure
controller would still be preferrable to the high pres-
sure one with feedforward due to the list of drawbacks
above.

4.1 Performance of the Valves

To compare the operation of the controllable valve in
an optimized cycle and a two-stage valve without con-
trol of the high pressure, all boundary conditions and
the compressor speed are kept constant and simulation
were performed for three different load cases and both
valves.
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Figure 4: Proposed Control Structure by [4], simplified compared to the control structure in 3. In this case it is
also assumed that the temperature set-point for the evaporator is adapted at low load to improve the COP.
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Figure 5: Alternative control structure for control of the low pressure side. The evaporator temperature set point
is used to improve COP, which means that a higher complexity is needed in the supervisory part of the HVAC
control that needs to determine the proper temperature set point.

1. Low cooling load and no control on evaporator for the lower ambient temperature. At higher temper-
outlet air temperature (Fixed relative volume of ature losses decrease, see Figure 6.
the compressor)

e Optimized cydle v Optimized cycle

cycle with two-stage valve cycle with two-stage valve

2. High cooling load and no control on evaporator 22— 4600
outlet air temperature (Fixed relative volume of o oo \
~ , 2 4200
the compressor) g 8 oo N\
18 \ § 3800 RN
3. Evaporator temperature controlled (low cooling 1 W e ‘\
load) 295 300 305 310 315 320 395 300 305 310 315 320
Gas cooler air in temperature[K] Gas cooler air in temperature
411 Casel Figure 6: Comparison of the two valves, case 1

The system with two-stage valve has lower COP and The high-pressure with two-stage orifice valve is kept
higher cooling power than the optimized cycle, even fixed around 110 bars, while the variable Kv valve al-
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lows the pressure to change in a wider range. The rea-
sons is behind the internal mechanism of the two-stage
orifice valve which does not result in a Kv-value close
to the controlled Kv for most of this range (Figure 7).
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Figure 7: Comparison of the two valves, case 1

4.1.2 Case2

In comparison with the previous case, at higher loads,
the cycle with two-stage orifice valve has a COP near
to the optimum value but at higher ambient tempera-
tures it does not achieve equally high cooling power as
the optimized cycle.
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Figure 8: Comparison of the two valves, case 2

For this cooling load, the Kv shows a smaller deviation
from the optimized one.
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Figure 9: Comparison of the two valves, case 2

4.1.3 Case3

When the low-pressure is controlled via the relative
displacement of the compressor, the COP is improved
for both cycles.
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Figure 10: Comparison of the two valves, case 3

Since the pressure difference is low, at the lower am-
bient temperatures, the refrigerant passes through the
fixed orifice of the two-stage orifice valve and pro-
vides the high-pressure that is needed for better COP.
Both the valve-Kv values and correspondingly the re-
sulting high pressures are closer to one another for this
load case and control scheme than for the previous two
ones.
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Figure 11: Comparison of the two valves, case 3

As has been demonstrated in this section, for lower
ambient temperatures, the COP of the cycle with two-
stage orifice is up to 40% less than ideal cycle, there-
fore it is suggested that in this range of ambient tem-
peratures, the evaporator temperature is controlled to
the highest possible value to improve the COP. Assum-
ing the evaporator temperature is controlled with the
two-stage valve cycle, the differences between the so-
lution are not as dramatic as a first look suggests. The
worst case scenario is, however, handled better with
the optimized cycle that provides the highest cooling
power at the highest load case.

4.2 Limit-Cycling Behaviour

In some operating points, which result in a higher
pressure-difference than 73 bars, as a consequence
of the rising pressure, the bypass starts to open and
decreases the high-pressure, the decrease in high-
pressure causes the closing of the bypass and this limit
cycle continues until one of the inputs alters the pres-
sure difference and mass flow rate. To observe the role
of flow rate and pressure change in the limit cycle phe-
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nomenon directly, all the boundary conditions are kept
constant and the relative volume of the compressor is
changed manually to provide the appropriate pressure
difference and flow rate. Figure 12 illustrates above
explanations.
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Figure 12: Limit cycle

Other output parameters, which are correlated with the
high-pressure, will also show this limit cycle. The ef-
fect on the evaporator outlet air temperature is negli-
gible (less than 1°C in this case) and it is seen in Fig-
ure 13 that the low-pressure controller can remove the
fluctuations. Therefore passengers do not sense the os-
cillations of the temperature.
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Figure 13: Temperature and limit cycle

But the effect on the cooling capacity and COP is
quite considerable. In the temperature interval where
this phenomenon happens, the highest deviation of the
COP is about 50% less than the expected average value
(Figure 14).
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Figure 14: COP and Limit cycle

However, this limit cycle does only occur at few oper-
ating points and its characteristic differs in different
circumstances. The following observations demon-

strate this statement: Assuming a low-pressure con-
trolled cycle, the ambient temperature varies in the
range from 30°C to 45°C, and other operating con-
ditions are kept constant. Figure 15 shows the phase
portrait plot of two different cases when the limit cy-
cle takes place. One of them happens when the desired
low-pressure is 40 bar and the other one at 45 bar.
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Figure 15: Portrait plot of the valve Kv against the
pressure-difference

Under normal driving conditions, boundary conditions
will rarely ever be constant for a sufficiently long time
such that these limit cycling conditions will be notice-
able, but they are nonetheless an undesired side effect
of the valve construction.

4.3 Multiple Steady-States

In the case of high-pressure control and in the vicin-
ity of 73 bar pressure-difference, when the two-stage
orifice valve changes its flow configuration, a bistabil-
ity phenomenon takes place. In this case, any distur-
bances which leads to small variance in the pressure-
difference, causes the valve to jump to the alternate
path while the high-pressure is kept constant by the
controller. Therefore the system is able to exist in ei-
ther of two steady states, while the high-pressure is
fixed. Figure 16 shows that a small disturbances of the
pressure, pushes the system to another steady state and
causes a significant change in the cooling power. Al-
though this will be compensated by the outer loop later
on, it is another situation where the high-pressure loop
in combination with the two-stage valve acts against
the main purpose of control.

S Dual Evaporators

Today luxury cars allow passengers to control a dif-
ferent climate in up to four climate zones. This re-
quires the presence of two or even three evaporators
to generate the cooling capacity for front and rear pas-
sengers. The Electronic Control Unit (ECU) controls
the position of the different temperature blend doors
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Figure 16: Bi-stable behaviour for high pressure con-
trol

to provide the passengers with their desired tempera-
ture in different zones. In the cooler unit, the high-
pressure refrigerant splits and flows from two differ-
ent expansion devices to the front and rear evaporator.
The cooling capacity is divided accordingly between
both evaporators. But the amount of the division de-
pends on the operating conditions and structure of the
valves. If a variable displacement compressor is used
to control the front evaporator outlet air temperature,
and a two-stage orifice valve to improve the COP, then
a fixed orifice can be used to pass the refrigerant to the
rear evaporator. In this case, there is no direct control
on the outlet air temperature of the rear evaporator. To
have full control authority on both evaporator tempera-
tures, a controllable second expansion device would be
needed. Alternatively, a model-based controller could
be designed to control the compressor relative volume
based on the measured value of the outlet air temper-
ature of both evaporators. The easier way to control
the cooling capacity of the rear evaporator is to use a
variable speed fan and change the air flow around the
evaporator, while the temperature of the front evap-
orator is controlled with the compressor relative vol-
ume variation using the same SISO approach as for
the one-evaporator system. This will change the bal-
ance point of the rear evaporator low-pressure and this
in turn changes the front evaporator low-pressure. The
behaviour of the latter control system is investigated
in [2], where in the modeling of the dual evaporator
system, it is supposed that the front evaporator uses
fresh air for ventilation and the rear compartment has
just one zone. The outlet air of the front evaporator
enters the car cabin, it is mixed with recirculation air
of the rear compartment and then enters the rear evap-
orator for the second phase of cooling.

5.1 Cooling Power Distribution

To compare the cooling power of the one-evaporator
system with the two-evaporator one, both systems are
simulated under the same cooling load and at the same

operating conditions. Note that all other components
are the same, which means in particular that the heat
rejection capacity via the gascooler is identical for
both systems. Figure 17 illustrates that the summation
of the capacity of the front and rear evaporator is equal
to the capacity of one-evaporator system in this condi-
tion. It also shows that the outlet air temperature of the
front evaporator is same for both cases. With a per-
fect model which includes the corresponding effects
of the rear compartment on the front one, this distribu-
tion scheme may change a little and more compressor
work will be needed to keep the front evaporator tem-
perature constant.
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Figure 17: Cooling power distribution between two
evaporators in comparison with one-evaporator system

Figure 18 shows the cooling power distribution against
the ambient temperature. At higher temperatures, the
pattern of distribution will change but acceptable cool-
ing power is still provided for both evaporators.
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Figure 18: Cooling power distribution between two
evaporators in comparison with one-evaporator system

5.2 Rear AirFlow Effect

In order to order to manipulate the cooling power of
the rear evaporator, it is possible to change the air mass
flow through it. The simulation was run in a limited
range of airflow variations under two different cooling
loads. Figure 19 shows the change of the rear evapora-
tor cooling power when the air mass flow is changed at
5000 second. Figure 20 shows the cooling power vari-
ation against the air mass flow variation under a high
and a low cooling load.
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Figure 19: Rear evaporator air flow change.

It is seen that the rear cooling power is changed while
the front one is almost kept constant. At lower cooling
loads, the rear evaporator capacity is more sensitive to
the air mass flow change.
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Figure 20: Cooling power over air mass flow.

Therefore, at these conditions, using a two-stage valve
besides the front evaporator temperature control is
possible, while the capacity of the rear evaporator is
controlled by means of adjusting the air mass flow.

6 Conclusions

Various aspects of system and control design for a
prototype of a R744 automotive A/C system for the
Mercedes S-class were investigated by simulation us-
ing the AirConditioning Library and Dymola. Differ-
ent system designs with a controllable expansion valve
and a two-stage bypass orifice were compared and
show that the controllable valve gives up to 15 % better
COP than the two-stage valve. Several control designs
were compared and the result was that the simplest
control structure proved to be most robust and had
better performance than the more complex versions.
Furthermore it is demonstrated that the system with
the highly non-linear two-stage valve exhibits limit-
cycling behaviour and bistability around the part of the
valve characteristic that looks almost like a step func-
tion in the valve coefficient Kv. For the two-evaporator
system which uses a two-stage orifice valve to regu-
late the pressure of the front evaporator, simulation re-

sults suggest that the same approach of control for the
one-evaporator system is also applicable for the dual
evaporator system. With the given limited control au-
thority, pressure and temperature of the rear evaporator
will always be defined by the controlled conditions for
the front evaporator and the boundary conditions. In-
stead of temperature control for the rear compartment,
the capacity of the rear evaporator can be controlled
using a variable speed fan, but only within certain lim-
its.
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