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Abstract

Modern heat pumps have evolved significantly in the last 50 years to provide energy efficient
cooling and heating in a broad range of conditions. However, one consequence of improved
building codes and higher energy efficiency standards is that heat pumps can struggle to
maintain comfortable levels of indoor humidity in some conditions and applications, especially
in humid climates. This paper considers modeling and control of a residential heat pump
system that can operate in several modes, including a conventional cooling mode and a reheat
mode. In the reheat mode, condensed (warm) refrigerant is passed through an indoor heat
exchanger to reheat the conditioned air. The configuration and action of feedback reduces
the evaporator temperature, resulting in an increased rate of water condensation and reduced
indoor relative humidity level. A control algorithm is proposed that coordinates the actions
of the variable speed compressor, electronically actuated expansion valves and variable speed
fans to achieve both indoor air temperature regulation and indoor humidity regulation. The
algorithm includes hybrid logic to switch among operating modes. Simulations of the multi-
mode heat pump coupled coupled with a dynamic model of a typical residential building
located in a humid climate zone demonstrate both temperature and humidity regulation.
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Modeling and Control of a Multi-Mode Heat Pump

Scott A. Bortoff, Hongtao Qiao and Christopher R. Laughman'!

Abstract— Modern heat pumps have evolved significantly in
the last 50 years to provide energy efficient cooling and heating
in a broad range of conditions. However, one consequence of
improved building codes and higher energy efficiency standards
is that heat pumps can struggle to maintain comfortable
levels of indoor humidity in some conditions and applications,
especially in humid climates. This paper considers modeling
and control of a residential heat pump system that can operate
in several modes, including a conventional cooling mode and a
reheat mode. In the reheat mode, condensed (warm) refrigerant
is passed through an indoor heat exchanger to reheat the condi-
tioned air. The configuration and action of feedback reduces the
evaporator temperature, resulting in an increased rate of water
condensation and reduced indoor relative humidity level. A
control algorithm is proposed that coordinates the actions of the
variable speed compressor, electronically actuated expansion
valves and variable speed fans to achieve both indoor air
temperature regulation and indoor humidity regulation. The
algorithm includes hybrid logic to switch among operating
modes. Simulations of the multi-mode heat pump coupled
coupled with a dynamic model of a typical residential building
located in a humid climate zone demonstrate both temperature
and humidity regulation.

I. INTRODUCTION

Heat pumps are the only viable technology for scalable
electrification of residential building heating, ventilation and
air conditioning (HVAC). A heat pump provides indoor
heating or cooling using a closed vapor compression cycle
to move heat from a lower temperature fluid to a higher tem-
perature fluid. When operating in cooling mode, a heat pump
removes both sensible heat (reducing temperature) and latent
heat through condensation (reducing absolute humidity) from
the indoor air. For at least 50 years, increasingly stringent en-
ergy efficiency standards have resulted in heat pump products
with improved energy efficiency and performance [1], largely
by the introduction of variable speed compressors and fans,
and electronically actuated expansion valves (EEVs), which
allow modern heat pumps to operate efficiently over a wide
range of operating conditions, if properly controlled. From
the control scientist’s point of view, modern heat pumps are
multivariable, interactive, hybrid (operate in multiple modes)
and nonlinear, demanding a rigorous application of model-
based control design [2], [3], [4].

Despite its evolution, a modern heat pump may provide
poor latent heat performance in some conditions and ap-
plications, resulting in unacceptably high levels of indoor
relative humidity [5]. This can occur for three reasons. First,
some heat pump manufacturers have modified their products
over the years to improve their energy efficiency ratings,

1 Authors are with Mitsubishi Electric Research Laboratories, Cambridge,
MA, USA {bortoff, giao, laughman}@merl.com

by changing heat exchanger coil geometry for example [6].
This raises the evaporating temperature and improves energy
efficiency, but reduces the latent heat capacity. Second,
building codes have evolved to call for higher amounts of
insulation and tighter construction, in order to reduce outdoor
air infiltration. This results in lower sensible heat loads on
HVAC equipment. But even tight construction can allow for
0.25 outdoor air changes per hour (ACH) by infiltration [7].
In humid climates, where outdoor relative humidity can be
100% overnight, infiltration can drive indoor humidity above
comfortable levels [5]. Third, HVAC equipment is often
oversized for the application, resulting in on-off cycling that
results in elevated indoor relative humidity levels [8].

Fig. 1 shows the result of a simulation that illustrates
this behavior. The system includes a heat pump operating
in cooling mode in which the indoor unit is of the forced-air
type commonly used in North America (NA). The heat pump
was modeled in the Modelica language (described in more
detail in Section III) and was coupled to a model of a house
constructed to meet modern building codes for Houston
TX, US (representing a very humid climate zone) and used
typical meteorological year (TMY) weather data for Houston
[9], [10]. The simulation began at midnight following a
hot summer day, and ran for 27h, including overnight, the
following (hot) day, and a second night. Initially the building
constructions and indoor air were 30°C and 40% relative
humidity. The heat pump pulled down the air temperature to
the 22°C set point within an hour. Soon after, the compressor
speed, driven by feedback, dropped to its minimum speed
limit, and then the system cycled on and off for the remainder
of the night because of the low sensible heat load. As a
result, the latent heat capacity of the indoor heat exchanger
was relatively low, and the indoor relative humidity increased
overnight, until it reached 80%. Once the sun rose the next
day, the compressor speed increased due to the increased
sensible heat load, again as the result of feedback, and the
relative humidity dropped, but it peaked above 80% the
second night. Although this particular simulation represents
an extreme condition, high indoor relative humidity in humid
climate zones, especially overnight, is a very real problem.
We note that heat pump cycling, and in particular the
behavior when both the compressor and fans are stopped
and restarted, is captured, enabled by our use of Modelica
[11], [12], [13].

In this paper we consider the multi-mode heat pump
diagrammed in Fig. 2, which incorporates a reheat coil
in the indoor air handler. This system runs in either a
conventional cooling mode, in which the indoor reheat coil is
bypassed, or a reheat mode, in which the reheat coil receives
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Fig. 1. Heat pump simulation, showing cooling mode operation overnight

in humid climate, with zone temperature (top), zone humidity (second),
compressor speed (third) and indoor and outdoor fan speeds (bottom two).

condensed, warm refrigerant from the outdoor coil, which
adds sensible heat to the conditioned airstream. This affects
the thermodynamics to reduce the evaporator temperature,
which condenses more water, resulting in a reduction in
indoor relative humidity.

We propose a controller for this system that includes
compensated feedback loops for the compressor, the two
EEVs and both the indoor and outdoor fan speeds, designed
to regulate both the indoor air temperature and the indoor rel-
ative humidity to set points. In addition, logic for switching
among cooling, reheat and off modes of operation is defined.
The coordinated control algorithm of the indoor and outdoor
fan speeds in reheat mode, together with the mode switching
logic, are the primary contributions of this paper.

Simultaneous control of temperature and humidity using
compressor and indoor fan speeds for a conventional heat
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Fig. 2.  Multi-mode heat pump system.

pump was first addressed using physics-based models and
experiment in [14], later analyzed in [15], and is by now
well known and widely practiced in industry. Our results are
similar in nature but use more modern modeling technology
(Modelica) and methods of robust multivariable control,
introduce the reheating coil, and include hybrid switching
logic. Related results include an on-off control algorithm
for simultaneous temperature and humidity control [16].
Condenser reheat intended for simultaneous temperature and
humidity control is also well known and widely practiced
[17], [18] but results for robust feedback to automate oper-
ation is lacking in the literature. The relatively recent [6]
surveys temperature and humidity control equipment and
control methodologies.

This paper is organized as follows. In Section II, we de-
scribe the proposed system in more detail, and system-level
dynamic models of the system and building are described in
Section III. In Section IV we describe the control strategy
and its realization in the Modelica modeling language. Simu-
lation results are presented in Section V, showing regulation
of both room temperature and relative humidity, and also the
mode switching behavior. Some conclusions on the subjects
of heat pumps, object oriented modeling are offered in
Section VI.

II. SYSTEM DESCRIPTION

The multi-mode heat pump diagrammed in Fig. 2 consists
of a conventional outdoor unit connected by pipes to a
modified indoor air handler unit. The outdoor unit consists
of a variable speed compressor, which includes a suction
muffler, an outdoor coil, which is a condensing tube-fin heat



TABLE I
CONTROL INPUTS, MEASURED OUTPUTS & DISTURBANCES.

Name | Description
OFS Outdoor fan speed (RPM)
IFS Indoor fan speed (RPM)
CF Compressor frequency (Hz)
EEV 1 | Outdoor electronic expansion valve (counts)
EEV 2 | Indoor electronic expansion valve (counts)
Reheat | Reheat valve (boolean)
Bypass | Bypass valve (boolean)
Ty Measured indoor air temperature (°C)
br Measured indoor air relative humidity (%)
Ta Measured outdoor air temperature (°C)
Tq Measured compressor discharge temperature (°C)
Te Measured evaporator temperature (°C)
Ts Measured suction port temperature (°C)
Qs Sensible indoor heat load disturbance (W)
Q; Latent indoor heat load disturbance (W)

exchanger (HEX) with a variable speed fan, and electronic
expansion valve EEV 1. The indoor air handler unit includes
an indoor coil, which is an evaporating tube-fin HEX with
a variable speed fan, commonly called an A-coil because of
its shape, the reheat coil, located downstream (air-wise) of
the A-coil, and a pair of on/off valves to change its mode of
operation. In conventional cooling mode, the bypass valve is
opened, the reheat valve closed, and the reheat coil is not
included in the cycle. In reheat mode, the reheat valve is
opened, the bypass valve is closed, and the reheat coil is
included in the cycle.

The cycle operates as follows. Refrigerant vapor is com-
pressed by the compressor, raising its pressure and tempera-
ture. It flows into the outdoor coil, where it fully condenses
into liquid, releasing heat to the outdoor air. In cooling
mode, the outdoor expansion valve, EEV 1, is used as the
expansion device. As the refrigerant passes through EEV
1, its pressure and temperature drop and it becomes cold,
two-phase fluid, which passes through pipe 1, the bypass
valve, pipe 2 and into the A-coil, where it entirely evaporates,
absorbing heat from the indoor air stream. The low pressure
vapor is returned to the compressor via pipe 3, closing the
cycle.

In reheat mode, the outdoor EEV 1 is opened to its
maximum value, so that the its pressure (and temperature)
drop is minimized. After partial expansion, the still warm
refrigerant passes through pipe 1, the reheat valve and into
the reheat coil, where it heats the conditioned indoor air
stream. It then passes through expansion valve EEV 2, which
is used as the primary expansion device. As the refrigerant
passes through EEV 2, its pressure and temperature drop and
it becomes cold two-phase fluid, which passes through pipe
2 and into the A-coil, where it entirely evaporates, absorbing
heat from the indoor air stream. The low pressure vapor is
returned to the compressor via pipe 3, closing the cycle.
Several check valves prevent undesired refrigerant back flow,
and a set of additional pipes and valves, not shown, allow the
flow of refrigerant to be reversed for heating mode, which
is beyond the scope of the paper.

The purpose of reheat mode is to provide an increased
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Fig. 3. Operating envelope in disturbance space for a range of CF, IFS
& OFS with cooling mode (right) and reheat mode (left), at T, = 22°C
and ¢, = 50%. The two regions lack overlap for clarity. In practice, the
reheat coil is sized (smaller) to ensure overlap so that no load combination
lies outside a controllable region.

latent heat capacity relative to cooling mode, in order to
remove excess humidity from the indoor air. This is achieved
in two ways. First, when the reheat mode is operational,
the refrigerant in the reheat coil is cooled by the airstream
coming off the A-coil, which is approximately 10 — 15°C
and usually colder than the outdoor air. This results in a
colder liquid refrigerant entering EEV 2, and therefore colder
two-phase refrigerant entering the A-coil, which therefore
condenses more water. Second, because the reheat coil adds
sensible heat to the conditioned air, the feedback controller
(described in Section IV) increases the compressor speed as
the result of integral action, in order to regulate the indoor
air temperature to its set point. As a result, the A-coil cools
and condenses more water. Both of these effects combine to
reduce the temperature of the A-coil, and therefore increase
the amount of latent heat removed from the indoor air.

Fig. 3 diagrams the operating envelope in both cooling and
reheat modes for a particular heat pump in the disturbance
space (Qs, @;). In each region, there exist values of CF, IFS
and OFS to reject constant values of Qs and (; with zero
steady-state error, for 7. = 22°C and ¢, = 50%. This plot
shows the limitations of cooling-only mode (the right region),
which does not cover low levels of (), and also the region
for which reheat mode is useful.

III. SYSTEM MODELING

Several dynamic models of the multi-mode heat pump
coupled to various building models were constructed in
the Modelica modeling language [12], [19] for purposes
of developing control algorithms and evaluating closed-
loop system performance in representative buildings and
climates. Modelica has three features that make it unique
and indispensable for model-based design of such a complex
multi-physical system.

1) It is a declarative, acausal, equation-based language

with a hybrid differential algebraic model of compu-



tation. Equations representing heat transfer, fluid me-
chanics, thermodynamics and control are transcribed
through declarations and mathematical statements. In
particular, causality among variables need not be pre-
sumed by the modeler (as is the case with a signal-
flow language such as Matlab Simulink) but rather is
computed by the modeling tool during a simulation.
This means that the direction of fluid flow in the
components and the cycle is not assumed a priori by
the modeler, but is computed by the model at simula-
tion time. Fluid flow direction can change dynamically
during a simulation, or go to zero. For example, fluid
direction can change when the compressor is turned
off, when a fan is turned off, or when valves are opened
or closed to change operating mode. A single hybrid
model of the cycle was therefore constructed that
represents the complete, hybrid thermofluid behavior,
so that the system could be simulated as it transitioned
among cooling, reheat and off states.

2) Modelica is component-oriented, with object-oriented
features for organization. This makes it possible to
organize models and model libraries and reuse code.

3) Modelica is open-source with an active and enthusi-
astic user community. Commercial and open-source
libraries, such as the Buildings library [9], represent
dozens of person-years of modeling effort.

The dynamic models were organized by components,
with a set of declared differential and algebraic equations
for each component. The components were connected to-
gether to equate potential, flow and stream variables at each
component boundary, resulting in a large set of nonlinear
differential-algebraic equations. The Dymola tool then com-
piled these equations into a form suitable for time-domain
simulation.

The variable-speed compressor was modeled with a set
of coupled, nonlinear algebraic equations that relate the
compressor speed, refrigerant mass flow rate, inlet and
outlet pressures, enthalpies and densities, respectively, to one
another. The electric expansion valves were modeled con-
ventionally as i = C\y\/pin Ap, where 1 is the refrigerant
mass flow rate, p;,, is the refrigerant inlet density, Ap is the
pressure drop across the valve, and C,, depends on the valve
opening command and was fit to laboratory data.

Three-dimensional, finite volume models of heat and fluid
flow were used for the HEXs. Each was divided into a num-
ber of segments, one per tube, and each segment was divided
into three sections: The refrigerant stream, the finned walls,
and the air stream. The refrigerant stream was described by
a one-dimensional flow with fluid properties varying only in
the direction of flow. Conservation of mass, momentum and
energy for each segment was modeled as [20], [21]
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where p is the density, A is the cross-sectional area of the
flow, v is the velocity, P is the pressure, Iy is the frictional
pressure drop, u is the specific internal energy, h is the
specific enthalpy, and @ is the heat flow rate into or out
of the fluid. For the air stream, the energy balance equation

: a1,

MaCp,a TyAy = Qq (AO,t + nﬁnAO,ﬁn) (Tw - Ta) (4)
was used, where , is the airflow, T}, is the air temperature,
T, is the wall temperature, ¢, , is a heat capacity. Finally,
the energy balance equation for tube and fin heat conduction
was

Tw
—, — 4r a 5
i ta %)

qr = arA (Tr - T’w) (6)

- Ta,out)) 9 (7)

where M; is the tube wall mass, My, is the fin mass, ¢,
is the heat flux from the refrigerant, g, is the heat flux to
the air, T, is the tube wall temperature, Tj, ;,, is the inlet
air temperature, and T, o, is the outlet air temperature.
This model allows for complex tube circuiting and also for
split refrigerant flow. The balance equations were augmented
with a set of empirical closure relations describing the
single- and two-phase heat transfer coefficients and frictional
pressure drops for the fluid on both the refrigerant and air
sides. These equations were discretized using the Reynolds
transport theorem using a staggered-grid approach along their
respective flow directions, and transcribed into Modelica.

The heat pump system model was coupled to both an
adiabatic single-volume room model for understanding the
basic dynamics, and a two-zone building model representing
a typical residential construction in Houston TX, USA [10],
based on the Modelica Buildings Library [9], for more
realistic performance evaluation. This model captures con-
vective, conductive and radiative heat transfer to and from
the environment, along with air transport within the building,
air infiltration from outside, and TMY weather.

d
(Mt Cp,t + Mﬁncp,ﬁn)

Ga = Mg (Cp,q(Ta,in

IV. CONTROL STRATEGY

The proposed control algorithm is comprised of three
parts: 1) A conventional inner loop controls the compressor
frequency CF and the expansion devices EEV 1 and EEV 2;
2) A novel outer loop controls the indoor fan speed IFS and
outdoor fan speed OFS; and 3) boolean logic for switching
among cooling, reheat and off modes. The objective is to
regulate both the indoor temperature 7;. and relative humidity
¢, to set-points T). and ¢,., respectively, with zero steady-
state error for constant values of heat load disturbances, if
possible. (Because all actuators have limits and the heat
pump is limited in its capacity, some set-points may not
be feasible.) Closed-loop stability with some robustness
margin is obviously required. Further, both set points must
be reached simultaneously. This adjective is used frequently
in the literature to mean that both 7). and ¢, are regulated
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cooling mode.

in a multivariable sense. Herein “simultaneous” means more
than that. It means that the two set points are achieved at the
same point in time, and in particular an overcooled condition
in which T, < T, and ¢, > Q_ST must be avoided because the
equipment will shut off without reducing the indoor humidity
to its set point.

The inner loop diagrammed in Fig. 4 is conventional [22].
The two feedback loops drive 7} to its set point 7, and
the compressor discharge temperature 7y to a scheduled
reference value, which indirectly regulates the evaporator
super-heat Ty — T, to a small positive value. Additional
selector logic is used to enforce process variable constraints
but is omitted for simplicity. In cooling mode, the outdoor
EEV 1 is used (and EEV 2 is not part of the refrigerant
cycle), while in reheat mode, EEV 1 is set to its maximum
value and EEV 2 is used to close the loop.

In both modes, an outer feedback loop is used to drive ¢,
to a the set point ¢, using IFS and OFS, and is derived by
referring to Figs. 5 and 6. The Modelica model described
in Section III was linearized about a set of steady-state
operating points, and reduced-order models were computed
from IFS, OFS and CF to T, and ¢,. Fig. 5 shows a typical
step response from CF and IFS to 7,. and ¢,, in both
cooling and reheat modes. The function from CF to 7, is
approximately first order, as is the function from IFS to ¢,., as
expected. However, in cooling mode, the function from CF to
¢, 1s in fact non-minimum phase, with a negative steady-state
gain. This is a consequence of the low latent heat capacity
of the system and psychometrics: As air is cooled, it can
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hold less water vapor, so the relative humidity can actually
increase even though the absolute humidity is reduced. In
the short time scale, ¢, is initially reduced by the colder
coil condensing more water, but as the room temperature
is more slowly reduced, ¢, increases. Therefore, CF (and
LEV) is paired to regulate 7). (and 7y), as in Fig. 4, while
IFS is used to regulate ¢, in cooling mode. The relative gain
array (RGA) for the plant (CF, IFS, LEV) — (T}, ¢,, Ty)
in cooling mode for a typical operating condition is

123 012 -0.35
RCA = | —0.03 090 0.13 (8)
~0.20 —0.01 1.21

makes clear the correct pairing and the small amount of two-
way interaction we should expect [23]. Swapping these is
poor control engineering practice, as observed in [14]. (Note
that OFS is not effective in regulating either 7, or ¢, in
cooling mode, and is controlled for other purposes.)

In reheat mode, however, both IFS and OFS are effective
controls used to regulate ¢,.. OFS becomes particularly
effective when IFS is low, meaning the gain from OFS to
¢, is sufficient for closed loop control in this condition. Fig.
6 is a plot of T} vs. ¢,, with the origin being the set point
(T, ¢,), and axes AT = T,,—T, and Ap = ¢, —¢,.. Steady-
state gains computed from the family of linearizations may
be visualized for both cooling and reheat modes. In cooling
mode, the direction from CF, indicated by the blue arrow,
shows that an increase in CF from the equilibrium condition
indicated by the green dot will cause a decrease in AT and
an increase in A¢. This is precisely the behavior described in
the Section I and above. The red arrow indicates the control
direction from CF in reheat mode, and the directions of both
fan speeds IFS and OFS in reheat mode are shown in cyan.
In reheat mode, an increase in CF causes a decrease in both
AT and A¢, driving the system toward the origin, while
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Block diagram of the fan speed controller.

an increase in either IFS or OFS, which overlap, causes a
decrease in AT but an increase in A¢.

This elementary observation suggests both a strategy to
control both fan speeds in reheat mode, and also a strategy
for defining logic to switch between cooling and reheat
modes. First, we define a coordinate transformation to better
align the control directions with the variables being con-
trolled. Let

p=al¢— AT, 9

where « > 0, and consider the coordinates (ATyy, p),
where AT, = T — Tup, and T is the indoor wet bulb
temperature, which is a function of 7, and ¢,. Constant
contours of T, and p for a« = 10 are shown in Fig. 6.
Using these coordinates improves decoupling between the
directions corresponding to CF and both IFS and OFS. In
reheat mode, the CF direction is well aligned with T’,;, but
has little affect on p, while both IFS and OFS are well aligned
with p, but have little affect upon T,;,. In cooling mode, the
CF direction is well aligned with p. More importantly, using
(ATyp, p) instead of (AT, A¢,) allows the fan speeds
to be used to prevent overcooling at high A¢,. In this
region, the use of T, allows operation for small amounts
of overcooling, where AT,. < 0 but AT,,; > 0.

Thus, in reheat mode, the fan speeds IFS and OFS control
p, by closing a feedback loop with integral action to drive
p — 0. This feedback loop will effectively reduce the
fan speeds when p < 0, avoiding the overcooled but high
humidity region. The fans are coordinated in a prioritized
manner, so that the IFS is actuated first, but if it reaches
its minimum constraint, then the OFS is used, where it is
effective. This can be achieved with the feedback controller
diagrammed in Fig. 7, which employs a conventional anti-
windup scheme. Also in reheat mode, CF regulates AT,
instead of AT, slightly modifying the controller in Fig.
4, because it is better aligned with the CF direction. This
strategy uses the fan speeds IFS and OFS to steer the
trajectory along p = 0, and the CF to drive the trajectory
through the origin in (AT, A¢) coordinates, so that both
AT and A¢ are driven to zero simultaneously.

Cooling mode is used if p > 0 to drive the system to the
p = 0 locus, and the switch between cooling and reheat
modes occurs when p = 0. However, 7, is used as the
feedback variable in cooling mode as in Fig. 4 to maintain
consistency with conventional cooling-only equipment. With
some hysteresis, this defines the simple, reliable and robust
switching logic diagrammed in Fig. 8. Cooling mode is
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used when p > 0, except for the triangular region near
the origin, which enlarges the reheat zone, and which is
included to reduce undesirable switching between reheat and
cooling modes. This strategy defines the feedback control
architecture, and gains are tuned using conventional methods
such as loop shaping or relay feedback using the Modelica
model. Stability was checked and robustness margins were
computed for a wide range of conditions.

V. SIMULATION RESULTS

Two simulation results are presented in this section. Figs.
9-10 show the result of a simulation with the multi-mode
heat pump model connected to an adiabatic room model
with a constant sensible heat disturbance Qs = 1.5kW, a
constant latent heat @); = 1kW, and initial air temperature
of 35°C at 70% relative humidity. The desired set point
was 22°C at 50% relative humidity. The system started in
cooling mode, and the PI compensator drove the compressor
speed to its maximum limit within a few minutes. The
indoor air temperature was driven down while the relative
humidity increased, as p — 0. When p = 0, the system
switched to reheat mode. Note that immediately after the
switch, the evaporator temperature dropped approximately
8°C, for reasons described in Section II, which increased
the system latent heat capacity. Both indoor air temperature
and humidity were driven to their set points simultaneously
at 3.3h. Note that the indoor fan speed was modulated by
the fan speed controller to its minimum limit, at which time
the outdoor fan speed was modulated, to maintain p ~ 0
during the transient. Fig. 10 shows the transient in (AT, A¢)
coordinates. This makes clear how cooling mode drove the
system to the p = 0 locus, at which point reheat mode was
engaged. In reheat mode, the coordinated fan speed controller
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Fig. 9. Simulation of the multi-mode heat pump with an adiabatic room

model with constant Qs = 1500W and Q; = 1000W, showing T’
(top), Te (second), CF (third), IFS (fourth) and OFS (bottom). Note the Te
transient during mode transition was caused by the start-up sequence, when
the evaporator was almost starved of refrigerant, causing 7T, to go below
0°C briefly, which is a genuine risk for this system architecture.

maintained p ~ 0 while the compressor controller drove the
system through the origin.

The second simulation repeated the conditions shown in
Fig. 1, but with the multi-mode heat pump. In this simulation,
the automatic logic for transitions among cooling, reheat
and off were fully defined using Modelica’s synchronous
features [24] and the Modelica StateGraph library [25] to
realize discrete-event start-up and shut-down sequences. The
off state means that the compressor and fan speeds were
all set to zero. This state was intermediate between cooling
and reheat. The simulation shows the effectiveness of the
reheat mode in regulating indoor humidity, maintaining it
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Fig. 10.  Transient response of simulation in Fig. 9 in (AT, A¢)
coordinates.

below 55%. The indoor and outdoor fan speeds were used
to maintain p ~ 0, but in some extreme conditions during the
second night, both fans saturated at their minimum values,
so the p feedback loop opened. In these conditions it was
not possible to regulate both 7;. and ¢, to their set points
with zero error, but the error is sufficiently small and in fact
the machine was operating at its limits as best as possible.

VI. CONCLUSIONS

Replacing fossil fuel burning HVAC equipment with elec-
tric heat pumps is one of the most effective strategies to
address global warming, but innovation is needed to develop
products that operate in a wider range of conditions and
climates. In this paper we considered a multi-mode heat
pump that is capable of operating effectively in humid
climate zones by regulating both indoor temperature and
humidity. We used a hybrid system-level dynamic model of
the multi-mode heat pump realized in the Modelica modeling
language to derive, realize and simulate a simple but effective
control strategy. The control algorithm includes an inner loop
for regulating compressor frequency and expansion valves,
an outer loop for controlling fan speeds, and hybrid logic to
switch among a conventional cooling mode, a reheat mode,
and an off state. The inner loop is largely conventional,
while the fan speed control and mode switching logic is
novel. The result was enabled by the use of object-oriented
modeling and simulation, which capture the hybrid dynamics
of the equipment and its coupling to building thermofluid
dynamics.
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Fig. 11. Repeat of the simulation conditions in Fig. 1, but with the multi-

mode heat pump and proposed control. Note the absence of on-off cycling,

and the coordinated fan speeds.
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