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Feedback Structures for Vapor Compression Cycle Systems

Michael C. Keir, Andrew G. Alleyne,
Department of Mechanical Science and Engineering
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Abstract - This paper explores the controllability and
interconnectedness of input-output relationships in vapor
compression cycles. The magnitude of physical coupling
between different outputs used in the feedback loop are
examined. It is shown that an alternative to the conventional
feedback configuration found in the literature has distinct
benefits that allow for improved system regulation using
simple classical control techniques. A relative gain array
analysis technique is shown to be an effective method for
identifying proper feedback configurations that maximize
the controllability of vapor compression systems.

[. INTRODUCTION

he goal of any air conditioning or refrigeration

application is to efficiently move energy from one
location to another. The amount of energy that must be
moved varies considerably and depends on the desired
temperature of the cooled space, the ambient conditions,
and the level of internal heat generation within the cooled
space. Capacity control methods allow these systems to
meet varying cooling loads, and include such strategies as
simple on/off control, compressor cylinder unloading, and
variable speed compressor control. A summary of
theoretical and experimental studies to determine the best
capacity control method was conducted by Qureshi and
Tassou in 1996 [1]. They found that both theoretical and
experimental analyses demonstrated that variable speed
compressor control provided the greatest flexibility to
match heat loads, resulting in the best overall system
efficiency. In many of the papers they summarized, the
variable speed control strategies resulted in 20% to 40%
reductions in seasonal power consumption. However, in
order to effectively manage variable speed compressor
systems it is critical that the control architecture is
properly designed. In particular, the coordination of the
compressor speed with other mass flow control devices is
very important.

It should be noted that this work focuses on the control
of the vapor compression cycle (VCC) itself; that is, the
working of the refrigerant about some cycle such as
shown in Figure 1. This cycle depicts the energy
exchange done on a refrigerant fluid as it is compressed
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and expanded.
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Figure 1 - A standard VCC Pressure-enthalpy (P-h) diagram

This cycle forms the basis for energy transfer and, in
effect, becomes a critical inner loop to other higher level
planning algorithms focused on overall outer loop control
and optimization for enclosed environments such as [2].
In general, VCC systems are controlled to maximize the
energy efficiency of the system while ensuring the fluid
entering the compressor is in the vapor phase [3]. If liquid
enters the compressor it can cause a variety of system
problems, including decreased efficiency, disruptions to
oil circulation, and physical damage to compressor
components. To prevent liquid from entering the
compressor, vapor compression systems are designed to
operate with a certain degree of superheat, defined as the
temperature the exiting refrigerant is above the saturation
temperature at the evaporator outlet. A block diagram of a
standard variable speed capacity control configuration
commonly found in the air-conditioning and refrigeration
industry is presented in Fig. 2. This is a schematic of the
experimental system described in Section II. The reader
should note the existence of an electronic expansion valve
(EEV) as a second controllable mass flow device in
Figure 2.
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Figure 2 - A standard control approach for vapor compression systems
To control the cooling capacity provided by the

evaporator it is common to use the evaporator
temperature in any type of feedback controller. In this



work however, we exercise the freedom of substituting a
mean evaporator pressure as a substitute for evaporator
wall temperature. The motivation for this is that the two
quantities can be closely correlated and the speed of
response of evaporator refrigerant pressure is much faster
than that of an evaporator wall temperature. This
effectively increases the bandwidth of the output sensor.

The combination of the desire to match external heat
loads (capacity control) with the internal refrigerant phase
limitations (superheat regulation) necessary for system
efficiency requires that the control system simultaneously
meet multiple control objectives. The controllers G(s)
and Gy(s) in Fig. 2 are usually basic SISO algorithms
designed independently [6]. Since the dynamics of the
system are inherently coupled, it is critical to find
appropriate system signals that can be used in a
multivariable manner to effectively manage the system.
This paper provides a detailed discussion of standard and
alternative controller feedback configurations in order to
develop a simple control framework that achieves high
performance while retaining a degree of simplicity that
makes the method practical in many industrial
applications.

The remainder of this paper is organized as follows.
Section II describes the experimental system used for the
analysis presented in this paper. Section III provides a
discussion of the traditional feedback configuration found
in the literature. Section IV explores the open loop plant
dynamics and coupling within vapor compression
systems. Section V presents an example of the use of two
feedback configurations on an experimental system.
Finally, Section VI concludes by highlighting the benefit
of the alternative controller configuration.

II. EXPERIMENTAL SYSTEM DESCRIPTION

Figure 3 - The experimental test stand located at the University of
Illinois at Urbana-Champaign

The results presented in this section were taken from a
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small experimental test stand at the University of Illinois
at Urbana-Champaign. The test stand has the potential to
mimic the behavior of a variety of vapor compression
system configurations. The experimental system has a
semi-hermetic  reciprocating compressor, a single
condenser, an array of expansion devices, two
evaporators and an internal heat exchanger. The system
contains sufficient bypasses and valves to allow the
system to be configured in a single or dual evaporator
format with the choice of a thermal expansion valve
(TXV), orifice tube, automatic expansion valve, or an
electronic expansion valve (EEV) regulating the mass
flow of the system.

The system has five controllable inputs available, if
needed, for any type of feedback algorithm; compressor
speed, EEV valve opening, both evaporator fan speeds,
and the condenser fan speed. The system is fully
instrumented with 6 pressure gauges, 2 mass flow meters,
and 24 thermocouples. A complete description of the
system can be found in [3]. For the experimental results
presented in this paper the system was placed in a single
evaporator configuration that bypassed the internal heat
exchanger. The EEV was used as the expansion device
for improved controllability. A block diagram of the
configuration used for the experimental results was
presented in Fig. 2. A picture of the actual experimental
system is presented in Fig. 3.

III. CLASSICAL VARIABLE SPEED CONTROL

From the point of view of the refrigerant cycle, the two
control goals of a VCC system are to prevent liquid
ingestion in the compressor (superheat regulation) and to
match the heat load of the cooled space. Recently, the
development of low order dynamic models of vapor
compression systems has enabled the application of
advanced control techniques [3,4]. As an example, a
model developed in [4] provides a system model with the
state space form given in Eq. 1, with the states, inputs and
outputs listed in Eqgs. 2-4. Where /, is the length of the
two phase section in the evaporator, P, is the evaporator
pressure, T, is the wall temperature in the evaporator, P,
is the condenser pressure, 7,. is the condenser wall
temperature, . is the compressor speed, a, is the valve
opening, 7, is the saturation temperature in the
evaporator, and SH is the superheat at the evaporator exit.

X =Ax+Bu y =Cx+Du (1)
x=[,. B T. P L] (2)
u=[w, q] (3)
y=[1, sH] (4)

Clearly, even with this relatively simple model, the
number of sensors required to use standard state feedback
control approaches is unacceptably high. In [4] the system
superheat and evaporator saturation temperature were



used as the measured outputs supplied to an optimal
observer to estimate the system state (LQG). Numerous
other control schemes have been developed with
superheat and evaporation temperature (or pressure) as
the feedback signals [3,4,5,6]. These references
frequently noted the difficulty of controlling the two
outputs with a decentralized controller configuration
(individual SISO control loops) due to the physical
coupling between superheat and evaporation temperature.

The feedback configuration used in [3,4,5,6] is not the
only possible approach. We consider two primary
controllable inputs for a variable speed vapor
compression systems; the compressor speed and the valve
opening. While controllable fan speeds to regular air
mass flow rate are also inputs in certain cases, we do not
consider them here as inputs. This is due to the fact that
in some cases, e.g. automotive systems, the condenser
airflow rate is a function of vehicle speed and acts almost
as a disturbance to the feedback loop. In all cases the
superheat of the system must be regulated, but here the
pressure of the evaporator is selected as a regulated
system output because of its relationship to the saturation
temperature which is subsequently related to system
cooling capacity. There are a variety of other signals that
exhibit the proper characteristics to be effectively used to
modulate the cooling capacity of the system and some of
those not presented here are explored in [6].
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Fig. 4 - Open loop superheat response to a series of valve and
compressor steps

The basic dynamic response of a vapor compression
system can be identified using a simple time domain
system identification procedure. Initially the output
responses to valve steps, compressor steps and pseudo-
random binary combinations of compressor and valve
steps around a nominal operating condition of 1500 RPM
were collected. Figures 4 and 5 depict the response of the
system superheat and evaporator pressure with the input
signals overlaid on the response. For compactness of
comparison, both the input (right axis) and the output (left
axis) are given on the same plot. The stepwise data
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without noise would be the input signals. Figures 4 and 5
demonstrate that both valve and compressor steps have a
significant impact on the response of superheat and
evaporator pressure, implying a strong internal coupling
between the responses of the two outputs. The internal
coupling indicates that the system will be difficult to
control, and to achieve high performance system
regulation advanced multivariable control techniques are
required [3,4].
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Fig. 5 - Open loop evaporator pressure response to a series of valve and
compressor steps
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Open Loop Pressure Differential Response
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Fig 6 - Open loop pressure differential response to a series of valve and
compressor steps

An alternative to applying advanced multivariable
control techniques is to explore the use of another signal
in the feedback path that is not as highly coupled to the
superheat of the system. One signal that exhibits all of the
right characteristics is the pressure differential across the
refrigerant system loop: AP = Pcongenser = Pevaporator: AN
increase in the operating pressure differential, when the
superheat of the system remains constant, is caused by an
increase in compressor speed that results in a higher mass
flow rate of refrigerant through the system. Therefore,
pressure differential (or difference in saturation
temperatures) across the vapor compression system would



serve as a good indicator of system capacity, providing an
alternative signal to use in the feedback path. Figure 6
depicts the time domain AP response of the vapor
compression system to the valve and compressor steps.
From Fig. 6, it is readily apparent that the pressure
differential of the system responds much more
significantly to changes in compressor speed than valve
steps, implying a decrease in coupling for this output.

IV. AN ALTERNATIVE FEEDBACK CONFIGURATION

The benefits of using the system AP in place of a
single pressure (or saturation temperature) are explored in
the following. The proposed change to the feedback
configuration can be seen by comparing the feedback
configuration presented in Fig. 7 to that shown in Fig. 2.

Super- L
G1 (S) <-Mr I P?éiure
I i
EEV #1 S Evaporator |\\‘-\.y'<_ Gz(s) 4—_<‘>

o
Retum

Pressure
differential

il Separator

High
Pressure

Figure 7 - Alternative feedback configuration for control design

As can be seen in the figure, the compressor controller is
now driven by the pressure difference across the system.
This is intuitively natural since the compressor acts to
change the pressure difference between the evaporator
and condenser rather than acting to change one of the heat
exchanger pressures in isolation.

One metric that can be used to quantify the reduction in
coupling provided by using the system pressure
differential in place of the evaporator pressure in the
feedback path is a relative gain array (RGA) technique
originally developed by Bristol [7]. To apply the RGA
analysis, a dynamic model of the system must be
identified using the time domain data. For the purpose of
illustration, the models used here are lower order than
those described in Equations (1)-(4). Using a standard
prediction error/maximum likelihood system
identification procedure [8], a second order dynamic
model with superheat and either evaporator pressure or
pressure differential as outputs can be identified. The
identified state space [A,B,C,D] superheat/evaporator
pressure system model is given in Eq. 5.

_[-0.0039 -0.0057 . -0.00017 —2.2¢—6
| 0013  -0.048 1 00021 -3.3e-5 (5)
80 -8.6 0 0
C= D=
{—193 104} {o o}

u=|w, av]T y= |:})eva[mmtor SH ]T
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The identified superheat/pressure differential system
model is given in Eq. 6.

{-0.0052 -0.00016} {—0.00044 —2.2e—6}
| -0.010  -0.041 | 0.0011 -3.le-5
(6)
81 —0.16 0 0
C= D=
=57 202 0 0
uz[a)[ av]T y:[AP SH]T
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Figure 8 - Bode magnitude response of the two identified system models

The magnitude frequency response of the two identified
system models is provided in Fig. 8. The main difference
indicated in Fig. 8 is that the valve-to-AP transfer
function has a significantly lower magnitude than the
valve-t0-Peyaporator transfer function, indicating a reduction
in coupling. The RGA is a steady-state measure of closed
loop interactions for decentralized (multiple SISO loop)
control. For a non-singular square matrix, P, the relative
gain array is defined by Eq. (7), where x denotes element
by element multiplication (Schur product).

RGA(P)= A(P)=Px(P'Y
The RGA is a good indicator of [9]:

e  sensitivity to uncertainty in the input channels
e diagonal dominance
e the stability of decentralized control

(7)

Uncertainty in the input channels is indicated by
plants with large RGA elements around the crossover
frequency, making these plants fundamentally difficult to
control. A measure of the diagonal dominance of a plant,
G, is obtained by calculating the RGA-number, given in
Eq. (8).

(8)

Large RGA numbers are a clear indicator that the
closed loop performance will be poor when decentralized
control schemes are applied [9]. Figure 9 contains a plot
the RGA-number vs. frequency for both feedback

RGA — number(G(o)) = |A(G(w))- 1

sum



configurations. Clearly, the model with evaporator
pressure as an output given in (5) has a significantly
higher RGA-number at all frequencies. This indicates that
the superheat/Peyaporater model has a higher degree of

coupling between the controlled outputs.
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Figure 9 - Plot of the RGA-number vs. frequency for the two identified
system models

It is interesting to note that the RGA-number drops
towards zero at a frequency of 0.004 rad/s in the
superheat/AP model from Eq. (6). This due to the plant
becoming triangular as the system pressure differential
becomes unresponsive to changes in valve position. This
implies higher frequency valve movements will not
significantly impact the system pressure differential,
resulting in a nearly triangular plant that would be
significantly easier to control using decentralized control
approaches.

V. DECENTRALIZED PID EXAMPLE

Assume that G; and G, from Figs. 2 and 7 represent a
PID and a PI controller respectively. This is a reasonable
assumption given that the majority of industrial
controllers for these types of systems, with continuously
variable inputs, would use some type of PID algorithm to
close the loop. Using the identified models for the
superheat/evaporator pressure and superheat/pressure
differential output configurations, the PID controllers
were tuned in simulation to obtain a closed loop system
performance with a rise time of approximately 25 seconds
and a settling time less than 100 seconds to a step change
in the pressure reference. The size of the pressure
reference change was selected to require a comparable
level of change in the compressor speed (~80 RPM)
regardless of the magnitude of the pressure feedback
signal. The gains for the superheat/Peyaporator cONtroller of
Fig. 2 are given in Eq. (9).

P,=4 1,=001 D, =4 P,=22 1[,,=225(9)
The gains for the superheat/AP controller shown in Fig.

7 are given in Eq. (10).

P,=2 1,=001 D,=4 P,=12 1,=0.385(10)

The benefits of the AP control feedback structure can
be analyzed by exploring differences between the two
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controllers that are tuned to obtain similar performance.
Figure 10 depicts a set of possible exogenous signals that
could be used to explore closed loop sensitivity, where d
is a disturbance, r is the reference, n is sensor noise, F is a
low pass filter, K is the controller, and G is the plant.
Equations (11)-(14) present the sensitivity functions
corresponding to Fig. 10. The most significant difference
between the two feedback configurations is in the
sensitivity to noise, shown in Fig. 11. It is clear that the
system with AP feedback has a much lower output
disturbance sensitivity than the system with a single
pressure (or saturation temperature) feedback. This
reduced feedback sensitivity greatly increases the closed
loop performance, particularly at lower frequencies. The
full analysis of the closed loop sensitivity functions is
presented in [6].

n
+

Fig. 10 - Potential exogenous signals that can be included in a sensitivity
analysis
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The experimental performance of the two controllers
is summarized in Figs. 12 and 13. Note that similar
operating conditions are used but the resulting magnitude
of AP is larger than Peyuporator Since it is a difference in
pressures. The reference command changes given in Figs.



12 and 13 illustrate changes given in capacity while
regulating superheat. Comparing the results in parts a)
and b) of Figs. 12 and 13, it is clear that the controller
with evaporator pressure as a controlled variable
oscillates around the pressure set point. This becomes
readily apparent when comparing the finer time scale
pressure response to a reference step, shown in part d).
The superheat/AP controller settles at the new set point in
about 25 seconds, whereas the superheat/Peyaporator
response takes approximately 40 seconds just to reach the
new set point with persistent oscillations that decay
slightly over the next 100 seconds.

The fighting that results from the coupled
superheat/Peyaporator dynamics is perhaps best illustrated by
comparing the actuator signals shown in parts e) and f) of
Figs. 12 and 13. The compressor speed and valve
actuation required by the superheat/Peyaporaror controller
oscillate considerably after the initial step, whereas the
reduced coupling of the superheat/AP feedback
configuration results in non-oscillatory actuation. In
practice, the reduced actuation should lead to less wear on
system components such as the compressor and EEV.

It should be noted that although the superheat/AP
controller obtains better regulation, part c¢) indicates that
the controller still induced small initial oscillations in
system capacity instead of cleanly transitioning to a new
set point. The use of more coordinated control strategies
enables the designer to ecliminate the oscillations in
capacity while retaining the high performance regulation
of superheat and pressure differential [6].

VI. CONCLUSIONS

As the limits of system efficiency are pressed by the
conversion of AC&R systems to continuous operation
configurations, it is imperative that the systems employ
the proper controller architecture to effectively regulate
the desired system outputs. This paper demonstrates that
an appropriate choice of feedback variables, or closed
loop structure, can have large effects on system behavior.
By system, we mean the closed loop control of the
refrigeration cycle that could be a part of an overall
energy management scheme. The (AP) framework
presented here for the first time, demonstrated 2
significant advantages. First, the system with (AP)
feedback had greatly reduced output sensitivity compared
with a more traditional feedback scheme of evaporator
pressure (or saturation temperature). Secondly, the MIMO
system input-output coupling was greatly reduced with
(AP) feedback compared with a more traditional feedback
scheme of evaporator pressure (or saturation
temperature).

The decrease in system coupling exhibited by the
superheat/AP feedback configuration vastly improves
decentralized controller performance, as demonstrated in
Section V. The decentralized controller for the
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superheat/pressure differential feedback configuration
obtained better output tracking because of the reduced
fighting between the individual control loops, producing
relatively smooth steps in system capacity without
creating oscillatory responses in system actuation.

In closing, it should be noted that the analysis
performed here to determine less coupled feedback
structures is performed for a linear system representation.
VCC systems are actually very nonlinear systems. Any
linear VCC system representation will vary greatly in its
parameters about different operating points [10].
However, linearizing the system about any operating
point and performing a local analysis will result in a
similar type of decoupling benefit to the AP approach.
The precise nature of the dynamic decoupling will be
dependent on the system parameters used in the local
linear representation but the general phenomenon should
be the same.
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Figure 12 - Performance of the superheat/Pevaporaior controller Figure 13 - Performance of the superheat/AP controller.
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