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Abstract

Modern heat pumps operate over increasingly wide ranges of temperatures, heat loads, com-
pressor and fan speeds, making robustness of feedback controllers an increasingly critical
issue. This paper presents results of a model-based analysis of process gain variation, and
identifies a relatively simple approach for scheduling compensator gains for a conventional
heat pump feedback architecture. The approach is effective at addressing process gain vari-
ation caused by widely ranging values of compressor and fan speeds. To address potential
loss of feedback control robustness caused by plant uncertainty that is unmeasured, typically
due to heat pump installation and application variability, the theory of unfalsified control is
studied. An unfalsified control algorithm is designed for one feedback loop that is particu-
larly susceptible to unmeasured plant uncertainty, and shown to be functional in a nonlinear
simulation. Several potential issues associated with maturing unfalsified control theory into
a practical technology for application to production heat pumps are discussed.
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Robust Unfalsified Control of a Heat Pump

Scott A. Bortoff 'and Kosei Tsuji?

Abstract—Modern heat pumps operate over increasingly
wide ranges of temperatures, heat loads, compressor and
fan speeds, making robustness of feedback controllers an
increasingly critical issue. This paper presents results of a
model-based analysis of process gain variation, and identifies a
relatively simple approach for scheduling compensator gains
for a conventional heat pump feedback architecture. The
approach is effective at addressing process gain variation caused
by widely ranging values of compressor and fan speeds. To
address potential loss of feedback control robustness caused by
plant uncertainty that is unmeasured, typically due to heat
pump installation and application variability, the theory of
unfalsified control is studied. An unfalsified control algorithm is
designed for one feedback loop that is particularly susceptible
to unmeasured plant uncertainty, and shown to be functional in
a nonlinear simulation. Several potential issues associated with
maturing unfalsified control theory into a practical technology
for application to production heat pumps are discussed.

I. INTRODUCTION

Modern heat pumps are engineered to provide energy effi-
cient cooling and/or heating over a broad range of conditions,
through the use of variable speed compressors, variable speed
fans, electronically actuated expansion valves, and a set of
discrete switches and on/off valves. A heat pump control
system operates these continuous and discrete actuators to
select a mode of operation, to regulate one or more space
temperatures (and possibly one or more humidities), and to
enforce a set of process variable constraints, all in an energy
efficient and comfortable manner.

Because the inputs interact, the control problem is mul-
tivariable. Furthermore, modern heat pumps operate over
an increasingly large operating envelope over which the
dynamics change, making the control problem nonlinear. For
example, in a residential building application, this multi-
dimensional envelope may be characterized by a range of
indoor and outdoor temperatures, a range of sensible and
latent heat loads, and a range of compressor frequencies and
fan speeds. Finally, heat pumps operate in a large diversity
of applications, which introduces significant plant uncer-
tainty into the control problem. Even though the equipment
is precisely manufactured in a factory, the installed plant
(from a control perspective) varies from one application
to another, due to varying pipe lengths and geometries,
varying refrigerant charge, and dynamic coupling with the
dynamics associated with each particular application, which
might range from residential buildings to computer server
rooms. As such, perhaps the most important (yet overlooked)
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control system requirement is that it must provide robust
performance over a large operating envelope, for a diverse
range of applications.

At the same time, any control solution must be sim-
ple. The architecture must be understood and trusted by
engineering staff with diverse technical expertise. Start-up,
shut-down sequences must simple, robust and testable. The
solution must be robust with respect to actuation limits,
and sensor and actuator failures. In particular, rules for
parameter tuning must be clear and robust, and the number
of tunable parameters must be minimized. A controller that
might provide superior performance in some applications but
requires expert tuning will not be accepted into production.

This paper is an attempt to address partially the robustness
challenges associated with heat pump control with two tried
and true methods: Gain scheduling [1] and unfalsified control
[2], [3], [4]. Starting from an existing baseline control system
architecture, we make use of a physics-based model of
a particular heat pump coupled to a residential house to
study how process gains change as a function of operating
condition, and find that much of the variability can be
compensated using a simple logarithmic gain schedule. This
addresses the nonlinearity caused by and associated with
many of the internal process variables with a simple schedule
that depends on only one parameter. However, this cannot
address plant variation caused by application diversity, much
of which is not directly measured. For this we introduce an
unfalsified compensator for one of the feedback loops, and
show how it is effective in removing candidate compensators
that fail to satisfy a given performance requirement.

This paper is organized as follows. In Section II we
describe the particular heat pump, its model, and a base-
line control architecture. In Section III we present results
that show process gain varies logarithmically as a function
of measured variables, suggesting a simple gain schedule
solution. In Section IV we present the unfalsified control
compensation, with simulation results. Some conclusions are
drawn in Section V.

II. SYSTEM DESCRIPTION & MODEL

The heat pump diagrammed in Fig. 1 consists of a
conventional outdoor unit connected by pipes to an indoor
air handler unit. The outdoor unit includes a variable speed
compressor, an outdoor coil, which is a condensing tube-
fin heat exchanger (HEX) with a variable speed fan, and
electronic expansion valve (EEV). The indoor air handler
unit includes an indoor coil, which is an evaporating tube-
fin HEX with a variable speed fan. In cooling mode the
cycle operates as follows. The compressor compresses the



TABLE I
CONTROL INPUTS, DISTURBANCES & MEASURED OUTPUTS.

Name | Description

OFS Outdoor fan speed (RPM)
IFS Indoor fan speed (RPM)
CF Compressor frequency (Hz)

EEV Electronic expansion valve (counts)
Qs Sensible indoor heat load disturbance (W)
Q Latent indoor heat load disturbance (W)
Ta Measured outdoor air temperature (°C)
T Measured indoor air temperature (°C)
br Measured indoor air relative humidity (%)
Ta Measured compressor discharge temperature (°C)
Te Measured condensing temperature (°C)
Te Measured evaporator temperature (°C)
Ts Measured suction port temperature (°C)
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Fig. 1. System diagram.

refrigerant vapor, raising its pressure and temperature, which
flows into the outdoor coil, where it condenses into liquid,
releasing heat to the outdoor air. The liquid refrigerant enters
the EEV which is the expansion device. The EEV orfice
size is controlled via a stepper motor, measured in counts.
As the refrigerant passes through the EEV, its pressure
and temperature drop and it becomes cold, two-phase fluid,
which passes through pipe 1, and into the indoor coil, where
it entirely evaporates, absorbing heat from the indoor air
stream. The low pressure vapor is returned to the compressor
via pipe 2, closing the cycle. Heating mode is achieved
with a valve which reverses the flow direction, but the basic
operation is the same.

A dynamic model of the heat pump was constructed in
the Modelica modeling language [5], [6] for purposes of
developing control algorithms and evaluating closed-loop
system performance in representative buildings and climates.
A complete description of the model is beyond our scope,
and we refer the reader to [7] and the references. The heat
pump system model was coupled to both an adiabatic single-
volume room model for understanding the basic dynam-
ics, and a two-zone building model representing a typical
residential construction [8], using the Modelica Buildings
Library [9].

The plant has four control inputs: the compressor speed
(CF), the electronic expansion valve counts (EEV), and the
indoor and outdoor fan speeds (IFS and OFS). The indoor fan
provides ventilation and its speed may be used to regulate
zone humidity in some applications, but this is neglected
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Fig. 2.

Baseline control architecture for heat pump control.

in this paper. (It is usually controlled by the indoor unit,
whereas CF, EEV and OFS are controlled by the outdoor
unit.) The plant model has three disturbance inputs: the
ambient (outdoor) temperature (7,), a sensible heat load
Qs and a latent heat load @;. If the model is coupled to
a building model, additional sensible and latent loads come
from the building constructions, weather and air infiltration.
If it is coupled to the adiabatic room model, 7,, Qs and
@, are the only disturbances. The plant has seven measured
outputs: the room temperature and humidity 7., and ¢,,
respectively, the compressor discharge temperature 7Ty, the
condensing temperature 7, the evaporating temperature 7,
the compressor suction temperature 75, and the outdoor air
temperature 7, summarized in Table L.

A. Baseline Control Architecture

Fig. 2 shows a baseline control architecture for the heat
pump, operating in either heating or cooling mode. Although
the plant is multivariable and interactive, the architecture is
decentralized and diagonal, with three feedback loops. The
first loop uses CF to control room temperature, using a PI
compensator. The second loop uses EEV to regulate T to a
target value that is computed by a dynamic schedule based on
CF and the ambient temperature T,. This feedback indirectly
regulates the evaporator superheat Tsy = T — T, to a small
positive value, and is described in [10]. This feedback loop
is used instead of one directly regulating Tsy because the
T, sensor is more reliable than 7, and it functions better
during the start-up sequence, when Tsy may be zero. The
third feedback loop regulates the condensing temperature 7,
to a reference value using the outdoor fan speed OFS. This
feedback loop is only active when the outdoor air temper-
ature is sufficiently low, which can reduce the condensing
temperature, causing excessive liquid refrigerant to collect in
the outdoor coil, starving the indoor coil. In most conditions
it is inactive (at a limit) and the OFS is set to a constant value,
which may depend on other variables. Each PI includes
anti-windup logic to enforce constraints on the actuators.
Additional selector logic is used to enforce constraints on
other process variables but is beyond our scope.

PI compensators were designed for each loop individually,
one at a time, at first ignoring interaction. Disk margins [12]
were computed for each loop, one at a time. For example,
Fig. 3 shows a Nyquist plot and disk margins for skew
o0 =0 and 0 = 1 for the CF — T, feedback loop, with
the other two loops open, at a nominal condition. Then the
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Fig. 3. Disk margin for CF-T}- feedback loop at design condition.

TABLE I
DISK MARGINS (a’ = 0) FOR COMBINATIONS OF ACTIVE FEEDBACK.

LEV CF OFS | Margin
Ty T Te 1.14
OFF Ty Te 1.34
Ty OFF | T. 1.44
Ta Ty OFF 1.18
OFF | T. 1.65
OFF Tr OFF 1.42
Ta OFF | OFF 1.76

coupled multivariable system was analyzed for robustness by
computing multivariable disk margins for all seven possible
loop closures. This was done because the system may operate
with any combination of feedback loops open or closed,
during start-up or shut-down, because of actuator saturation,
or simply because an output variable is at its limit. For
example, disk margin values are provided in Table II for
cooling mode at a standard design condition. (Note that in
a production controller, several additional feedback loops
may be selected by logic to enforce a number of output
constraints. Margins for all these were also computed and
verified similarly, but are omitted for space reasons.)

III. PROCESS GAIN VARIATION & GAIN SCHEDULING

To analyze the variation in plant gain across the operating
envelope, it is desirable to first parameterize the operating
envelope using appropriate, preferably directly measured
variables (to facilitate gain scheduling). Toward that end, a
simulation model was constructed in Modelica with three
feedback loops closed around the open-loop heat pump
model, as shown in Fig. 4. The integral action in the PI
feedback effectively computes steady-state values of the two
disturbances @5 and @);, which are not directly measured in
operation, given values for the measured outputs 7. and ¢,..
In addition, values of the EEV are computed by feedback
to give a desired value of superheat Tgy. This arrangement
computes steady-state values of the four control inputs and
three disturbance inputs to give a desired zone temperature
T, zone humidity ¢,., superheat Tgy, for a given ambient
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Fig. 4. Feedback control used to compute steady-state plant inputs over
operating range.

temperature T,, compressor frequency CF, and values of
indoor and outdoor fan speed IFS and OFS respectively. This
allows for parameterization of a seven dimensional operating
envelope by the seven measured variables CF, IFS, OFS, T,,
T, ¢, and Tsp. A range of values for each of these variables
was used to sample the operating envelope at a total of 840
conditions, and compute steady-state equilibrium solutions
for the heat pump model. These were then used with the
open-loop heat pump model to compute linearizations for
each condition.

Frequency responses were computed from each lineariza-
tion. Fig. 5 shows two representative plots. At the top of Fig.
5, the frequency response for the CF-T,. pair in the control
architecture from Fig. 2 is shown, parameterized by CF. Two
features are apparent. First, the low frequency gain changes
by 10x over its range from CF=20Hz to CF=120Hz. This
large range cannot be compensated effectively by a fixed gain
PI compensator. Secondly, the bandwidth is slightly wider at
higher frequency. This is minor and less important. The same
observations can be garnered from the bottom plot for the
OFS-T, pairing. In fact, it is known from experience that
both feedback loops loose margin and can become unstable
at low values of CF and OFS, respectively, because the plant
gain increases significantly at these conditions.

Closer inspection of the low frequency gain variation
reveals that both vary logarithmically as a function of their
respective actuator value. Fig. 6 plots the inverse of the low
frequency gain versus CF (top) and OFS (bottom), showing
the measured data fits well with a straight-line model. A
linear relation between the actuator variable and the inverse
of the low frequency gain implies a linear relation between
the actuator variable and the logarithm of the low frequency
gain. This suggests a simple gain scheduled PI compensator
that depends on only one additional parameter:

t
CF(t)=o0- (kaT(t) + kl/ T.(7) dT) (D
0
where scheduling parameter o is defined as
c=(14+s-s, - (CF—-CF,)), 2)

where s is the slope of the curve fit in Fig. 6, s,, is the inverse
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for a range of steady-state values of CF (top) and OFS (bottom).

of the low frequency gain at a fixed, nominal condition, and
CF,, is the nominal condition, e.g. CF,, = 40Hz. Presuming
a nominal PI design is done at a nominal condition, s,
and CF,, k, and k; are known, so the gain schedule o
is dependent on only one additional parameter s. A similar
schedule may be expressed for the OFS-T, feedback loop.
The EEV-T, feedback loop may be compensated using a
flow model of the EEV and in a similar fashion, but details
are omitted.

An analysis of the 840 sets of data determined that most
of the process gain variation in the CF and OFS feedback
loops was due to variation in CF and OFS themselves.
Other variation is relatively small and does not adversely
affect robustness. Therefore, these PI compensators were
gain scheduled, and the multivariable disk margins described
in Section II-A were computed for all 840 conditions, with
the result being that all possible combinations of feedback
over all tested conditions provide acceptable disk margin.
The design was repeated in heating mode using a different
set of conditions but the same general process.
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Fig. 6. Linear relation between CF and the inverse of the low frequency
gain of the transfer function between CF and T’ (top), and between OFS
and the inverse of the low frequency gain of the transfer function between
OFS and T, (bottom).

IV. UNFALSIFIED CONTROL

Gain scheduling is effective to compensate process gain
variation over a heat pump operating envelope. However,
it is not effective in compensating uncertainty caused by
variations in heat pump application and installation. In a
typical heat pump installation, variation in pipe lengths and
height differences between the indoor and outdoor units can
affect the plant dynamics. Thermodynamic coupling between
the indoor unit and the building is also a cause of uncertainty.
Small versus large rooms, and coupling among rooms can
cause a large variation in plant behavior. It is not desirable
to manually tune parameters to compensate for these effects
at installation time.

Unfalsified control theory [2], [3], [4] offers a promis-
ing approach. In unfalsified control, measured plant input
and output signals u(t) and y(t), respectively, are used to
compute a cost function J(¢) for each member of a finite
set of candidate compensators. If the computed cost for a
candidate compensator exceeds a threshold, it is falsefied by
the data, meaning it cannot meet the performance criteria
if it were inserted into the feedback loop. It is eliminated
from consideration, and if it happens to be in the feedback
loop at that time, the controller switches to another candidate
that remains unfalsified. The key idea is that a candidate
compensator need not actively be in the feedback loop to be
evaluated, under mild assumption that it is invertible (such
as a PI compensator).

Fig. 7 shows a block diagram of a generic feedback loop
with mixed sensitivity performance weights W, and W,,, and
compensator candidates K;, 1 < ¢ < 7. Assume u and y are
measured and Kj; is in the feedback loop while the other
K, i # j are not. Then if each K is invertible, a fictitious
error ¢; us computed as &; = K ! % u, where * denotes
the convolution operator, and from this, a fictitious reference
7; = é; +y is computed. Then a mixed sensitivity cost such



Fig. 7. Block diagram for unfalsified control.

as
(W = ell7 + W ul7 — o7
17117 + €

Ji (Ta Y, u, t) = maXTSt

3)
is computed for each candidate compensator. If J; exceeds
a threshold J,,,, at any ¢ > 0 then compensator ¢ is
falsified, and removed from consideration. It is switched out
of the feedback loop if it is active, or removed from future
consideration if it is yet to be falsified but not in the feedback
loop. Importantly, a compensator can be evaluated without
being active in the feedback loop.

We propose this approach for the PI compensator in the
CF — T, feedback loop. The uncertainty due to installation
largely appears to be associated with this feedback loop,
since it includes the room temperature and therefore its
(uncertain) dynamics, and since this loop is also affected by
pipe length variation. The other two loop are less affected
by installation variation.

For the design, we choose mixed sensitivity weights

(s/M + wyp)
= 4
with M = 1.5, A =0.001 and w, = 0.001 and
0.1s
W) = oty ®

where wy, is selected to be near the desired bandwidth, A is
selected to give a tight fit, reducing peaks in the sensitivity
function, and the form of W, is chosen to avoid penalty
on steady state values of v = CF that occur in disturbance
rejection.

It is straightforward to use the nominal transfer function
from CF to 7, from our model and compute the H,
mixed sensitivity controller for (4) and (5) using the Matlab
mixsyn command, giving a cost v = 1.3. Then we can
compute PI gains that closely approximate this controller,
using a formal model reduction or just by inspection of the
magnitude plot, shown in Fig. 8. From this we can compute
a set of seven PI controllers, with gains ranging from (1/8)x
to 8x this nominal PI compensator, spaced logarithmically.
Frequency responses of the set are shown in Fig. 8, while
closed-loop step responses for each compensator are shown
in Fig. 9. This shows a span of responses ranging from

log [K|

1 0-2 L L L L
108 10® 107 102 10° 102
log(w)

Fig. 8. Frequency response magnitude for a set of seven PI candidate com-
pensators, and the compensator that minimizes the Ho, mixed sensitivity
problem for the CF - T;. feedback loop.
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Fig. 9. Closed loop step responses for the set of candidate PI compensators,
ranging from high gain and highly oscillatory (PI 1) to low gain and sluggish
(PL 7).

oscillatory and nearly unstable to sluggish, with both limits
being unacceptable for the nominal case. (However, they
may be acceptable in some installations where the plant is
different.)

Fig. 10 shows a step response (2°C step down) of the
full unfalsified control feedback with the nonlinear Modelica
model, including the gain schedules described in Section III,
and with nominal PI gains designed using conventional SISO
loopshaping techniques. A simple logic is realized to select
from unfalsified control candidates: The simulation starts
with the highest gain PI (¢ = 7), and almost immediately
falsifies ¢ = 7 and ¢ = 6 because of the high initial cost, due
largely to the large value of CF. The logic simply switches
to the largest ¢ still unfalsified. After some time, the 3 low-
gain sluggish compensators are falsified, leaving 2 unfalsified
compensators ¢ = 4,5, which are nearly optimal. For this
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simulation, 0 = 1, ¢ = 1, and J,,,4. = 10.

It is interesting to study the cost functions in Fig. 10.
Those PIs with high gain are quickly falsified, which is
important because these could cause poor performance or
instability. The sluggish compensators are eliminated after
more time. The best compensators are those that balance
both the fast and slow, and this may suggest potentially new
criteria for judging performance.

The simulation shows that the unfalsified concept is func-
tional and will eliminate from consideration those controllers
who fail to meet the defined performance function. What
still remains is a more thorough analysis for a range of plant
models that may be constructed by varying those aspects
that can be modeled, such as room size and pipe length. The
effect of disturbances also requires some additional research.

V. CONCLUSIONS

This paper presented a model-based analysis of process
gain variability for a residential heat pump application, and
identified a relatively simple approach to gain scheduling
the main feedback loops in a conventional control architec-
ture, requiring only one additional parameter to be tuned.
It also investigated the application of unfalsified control
as a potential means to compensate uncertainty associated
with variations associated with heat pump installation and

application. Both these methods show promise but several
questions and challenges remain before these find their way
into production.

For the gain scheduled result, it would be interesting to
analyze rigorously the physical cause(s) of the logarithmic
relation. It seems natural that a linearized plant input, be
it CF or OFS or IFS, might be scaled by the value itself,
as a kind of percentage normalization. The compressor in
this application is a positive displacement type (rotary or
scroll) which moves a mass of refrigerant in linear proportion
to its speed if boundary conditions are constant, but this
is complicated by the coupling with varying pressure and
enthalpy at the inlet and outlet.

Unfalsified control is a promising technology because
candidate compensators can be evaluated based only on
measured data. With the development of remote performance
monitoring systems, plant input and output data is increas-
ingly accessible, and may be used on-line or off-line to eval-
uate new compensators. This is potentially valuable for an
engineering function, since the performance of heat pumps
has historically been invisible after they leave the factory.
On the other hand, there are potential barriers to deploying
this into product. The cost function and falsification criteria
appears simple, but they contain several parameters that need
to be tuned. Automating compensator falsification is risky
because it is sensitive to the performance weights, the values
of o0 and ¢, and a value for J,,,,. Robust tuning rules
need to be established, and issues such as disturbances, time
windows and initial conditions all need further investigation.
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