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Abstract

Application of fuzzy control has been observed in various engineering fields due to its ability to handle uncertainties and non-linearities.

In this study, the advantages of using fuzzy control in heat pump systems are being investigated. Specifically, the performance of a heat

pump system with a conventional proportional-integral-derivative (PID) controller is being compared to that of a heat pump system

with a fuzzy logic controller. It has been demonstrated by the results that the fuzzy control-based heat pump system offers better

performance in terms of energy efficiency, temperature control, and overall system stability. This study contributes to the understanding

of the potential benefits of fuzzy control-based heat pump systems and provides a foundation for further research in this area.
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1 Introduction

Fuzzy control, on the other hand, is a powerful method
for handling such complexities. This study aims to inves-
tigate the advantages of using fuzzy control in heat pump
systems. Global energy demand is expected to grow
significantly in the coming decades due to population
growth, urbanization, and economic development. This
study presents a projection of global energy demand until
2050 based on historical trends, population and economic
growth rates, and assumptions about technology and pol-
icy. Our results indicate that energy demand will con-
tinue to increase, with most of the growth coming from
developing countries. The implications of this growth on
energy security, climate change, and sustainable devel-
opment are also discussed. Energy is an essential input
for economic development, social progress, and human
well-being. However, energy consumption also has signif-
icant environmental and social impacts, including green-
house gas emissions, air pollution, and resource deple-
tion. The global energy system is undergoing a profound
transformation due to technological innovation, policy
changes, and evolving consumer preferences. In this con-
text, it is important to understand the future trajectory

of energy demand to inform policy decisions and invest-
ment strategies. The share of renewable energy sources
will increase, but fossil fuels will remain dominant for the
foreseeable future. The following are the key contribu-
tions of this paper:

* A fuzzy logic controller for a ground water heat
pump is proposed.

* The control performance of the fuzzy logic control-
ler is verified through simulation and found to be
comparable to conventional PIDs (which are still
used in most facilities) on the target hardware.

2 Related work

In designing and operating any equipment, including heat
pumps, it is a legitimate demand — and a fundamental
requirement in the 21% century — that the equipment fits
optimally to the consumption needs. This means that the
establishment and use of the equipment with parameters
that result in optimum performance and minimal opera-
tional costs must be done. In the operation of a heat pump
system, the task is to produce the necessary heat to meet
consumer demands at minimal operational costs. When
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investing in a system, it must be kept in mind and included
in the objective function of the design that the system is
built with parameters that provide the required heating
performance with prescribed reliability to meet consumer
needs, while minimizing the joint annual costs of invest-
ment and operation.

Several studies have investigated the application of
fuzzy control in heat pump systems. The following related
work section discusses the research papers related to the
application of different control and optimization tech-
niques in heat pump systems. Wang et al. [1] proposed an
observer-based composite adaptive fuzzy control for non-
strict-feedback systems with actuator failures. The con-
trol strategy was based on the composite adaptive fuzzy
control and the observer-based fault diagnosis techniques,
which were used to deal with the actuator faults and ensure
the stability of the system. Shao et al. [2] presented a study
on the thermal performance analysis of a new refriger-
ant-heated radiator coupled with air-source heat pump
heating system. They carried out experiments to investi-
gate the thermal performance of the system under differ-
ent operating conditions and compared it with a conven-
tional heating system. Luo et al. [3] provided a review of
the application of ground source heat pumps (GSHP) in
China. The review focused on the development of GSHP
technology, the performance of GSHP systems, and the
challenges faced during the implementation of GSHP sys-
tems in China. Nyers and Nyers [4] investigated the per-
formance of heat pump condensers in the heating process
of buildings using a steady-state mathematical model.
They studied the impact of different operating parameters
on the performance of the condenser and suggested ways
to improve the efficiency of the system. Santa et al. [5]
proposed an optimization model for heat pump systems.
The model was based on a combination of linear pro-
gramming and mixed-integer linear programming tech-
niques and was used to optimize the performance of the
heat pump system by selecting the optimal operating
conditions. Nyers and Nyers [6] proposed a method for
enhancing the energy efficiency of heat pump systems by
energy optimization. The proposed method was based on
the energy balance equation and was used to calculate the
coefficient of performance (COP) of the heat pump system
under different operating conditions. Nguyen and Le [7]
presented a study on structural fuzzy reliability analysis
using classical reliability theory. The proposed approach
was based on the theory of fuzzy assemblies and was used
to analyses the reliability of complex engineering systems.
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3 Materials and methods

The entire heat pump system was broken down into its indi-
vidual components and input and output variables, decision
variables, and losses for each component were provided
in the system theoretical description. By mathematically
linking the balance equations for each system element,
it becomes possible to analyze the entire system with a uni-
fied input-output analysis and execute optimization by min-
imizing the operation or construction objective function [8].
In our work, the inputs for a given consumer heat demand,
as well as how to satisfy this demand with minimal cost by
mediating energy and material flows, are being sought.

3.1 The mathematical model of the heat pump

The COP of the heat pump system can be determined by
adding the power consumption of the primary and second-
ary circulating pumps to the power consumed by the com-
pressor of the heat pump.

0. D
ﬂ+%+&

COP =

The connection diagram of the ground source heat pump
heating system using boreholes is illustrated in Fig. 1,
which includes the main mechanical components neces-
sary for the operation of the system [9].

The mathematical model describes the operation of the
heat pump is, thermal and mass changes are described in
relation to time. The mathematical models proposed for
heat exchangers have been described by coupled differ-
ential equations, whereas the compressor and expansion
valve models are grouped parameters.

3.1.1 The mass balance equations of the heat source

The heat transfer of a BHE in the ground is described by two
parameters: effective thermal conductivity which describes
the mean thermal conductivity of the surroundings for bore-
hole,  ;; and borehole resistance which describes heat trans-
fer between pipes and borehole wall (R,). The parameters
of the soil thermal conductivity and the borehole thermal
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Fig. 1 The schematic diagram of the heat pump system
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resistance is usually conducted based on the infinite line
source model. Garbai and M¢éhes [9] have shown that tem-
perature in a soil mass subjected to a heat flux per unit
length (g) can be approximated from Eq. (2):

2
T = Y x E, x £l
¢ 4X7[X)'ground XH 4Xaground Xt (2)
Q
+E><Rb+Tug,
where:
E =] 2, 3)
1 0 u
)'roun
aground :g—d’ (4)
ground
x+Axx—Bxx* +Dxx’
E1 2—7—111 5 (5)
—Exx*+Fxx’

where: 4 = 0.99999193, B = 0.24991055, D = 0.05519968,
E=0.00976004, F = 0.00107857, y = 0.5772.
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3.1.2 The basic equations of the heat exchangers
The governing law of fluid motion is derived using a con-
trol volume approach. In this case, the control volume is
fixed for simplicity. During the analysis of a control vol-
ume problem, the three laws are always valid:
1. Refrigerant:
» Conservation of mass:

%, 2o xm) )
ot 0Oz

» Conservation of energy:

6(p><h”)+6(PXWXh0):a_p+q'b><ﬁ. ®)
o oz ot 4,

e Conservation of momentum:

6(p><w)+6(p><w><w+p)

+ fx=0, ©)
ot 0z %

where fx is the effect of shear stress on the fluid
and is the pressure drop of the refrigerant and can
be denoted as dp/oz.
2. The heat transfer equation between the refrigerant
and the pipe wall:

* The wall has negligible thickness: d = d, so it is

Twall,a = wall,i = Twall:
o7, .
pwallxcpwallanAwallx_waH:qa _qj: (10)

ot

where the cross section of the pipe wall:

Awall :(daz _diz)X%’ (11)
g, =a, xd, xxxnx(T,-T,,), (12)
q.i:arxdiX”XnX(Twall_Yl)' (13)

3. The heat transfer equation between the water and the
pipe wall:

wall

ot
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The evaporator and condenser are shown together, as the
basic equations of the two heat exchangers are identical, but
with different signs. In both heat exchangers, the refrigerant
flows inside the pipes, while the cooled/heated fluid flows
on the shell side.

The model considers, first section is the evaporation —
two-phase flow and the second section superheated section
single phase flow, while in the condenser the first section
is superheated section and the second is the condensation
section. Different correlations of heat transfer and pres-
sure drop were used in each section and are summarized
in Tables 1 and 2 [10-14].

Table 2 summarizes the correlations to calculate the
pressure drop of a single-phase and two-phase refrigerant
and the water pressure drop on the evaporator shell side.

3.1.3 The mass balance equations of the compressor
The mass balance equations of the compressor can be see
in Section 3.1.3.

The mass flow rate of the refrigerant:

) A x ng
=2 (15)

vap
The theoretical power consumption of the compressor:

P=Wxi,. (16)



The actual power consumption of the compressor is as
follows in Eq. (17):

P:merxLxL,

(17)
M M
where 7, is the isentropic efficiency of the compressor.
hz _hl
=2 1 18
n, W h (18)

While 5, expresses the efficiency of the driving motor,
which can be assumed to be in the range of 0.95-0.98.

3.1.4 The mass balance equation of the expansion valve
The heating capacity of the expansion valve can be deter-
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3.1.5 The mass balance equations of the heat sinks

The heat pump operates at the dimensioning point. If the
customer's demand for heat differs from the design, the heat
pump operates with on-off control. Below, the balance
equations of the consumption system are presented, which
are adapted to the description of the temporal changes of the
so-called concentrated parameters. These are differential
equations which can only be resolved by numeric methods.
By solving these differential equations, it is possible to track
how the water temperature circulated in the heating system
and the temperature of the living space changes during the
regulation of the heat pump and when using a buffer tank.

Heat balance of the heating system:

d

. . T,+T . .
mined by Eq. (19): E(mé xe, X %j =05 — O (20)
Qexp = mr x qIO‘ (19)
Table 1 Correlations for heat transfer coefficient
Region Tube side heat transfer correlation

Single phase flow: Dittus and Boelter [10]

a, =0.023x Re"*x Pr’x g

6, = max(a,, )

a,,= (0.6683 x Co—"2f(Fr, ) + 1058 x Bo'" x F,) % q,

Two phase flow, evaporation: Kandlikar [11]

Two phase flow, condensation: Shah [12]

a,, = (1136 x Co f(Fr,) + 6672 X Bo™ x F,) x a,
f(Fr, )= (25 x Fr, )" for horizontal tubes with Fr, < 0.04 where a, is calculated by Eq. (21).

The numerical value ofFf is 1.63 for R134a.
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Idealized heat transfer coefficient o,
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Baffle cut correction factor: J = 0.55+0.72 x F

Baffle leakage correction factor: J, = 0.44 x (1 —r )+ [1 = 0.44 x (1 —r)]exp(=2.2 X r, )

sbp

Bundle bypass correction factor: J, = eXP(_Cbh xF, x (1 _32x r, ))

Single phase flow: Bell [13]

Wall viscosity correction factor: J, :(

The empirical factor C,, = 1.35 for laminar flow and C,, = 1.25 for transition and turbulent flows.

Unequal baffle spacing correction factor:
L
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Table 2 Pressure drops correlations [5]

Region

Tube side pressure drop correlation

Single and two-phase flow: Gronnerud [14]

gzmx(ﬁj

dz dz ),

o-1| L) o Llo
dz lpy (pl/pv)

|:d—p:| =fFr><[x+4><(xl'8—x1°>< F”,S)]
Fr

dz
1P
In—
Fr,

_zxfwallez
d,xp,

S = Fr®* +0.0055x [

()

0.316
Soan =

RCO‘ZS

Shell side pressure drop correlation

The pressure drop across the shell side:

ow

)

c

Ap, =|:(NK_1)XApcXRB+NB><APW:|XR1_ +2XAPCXRBX[1+

The ideal crossflow pressure drop through one baffle space is obtained with the use of Eq. (36).

Single phase flow: Bell [13]

2
Ap, =(L5+N, xo.495)x(%)

(2+0.6x N, )Anir®

The window zone pressure drop for Re >100, Ap, =
2x8 xS xp

The number of effective crossflow rows in the window zone:
d, ><(1—2><L‘ /D,,)
N =

_0.8xL,
> V. s,

Py

N,

ow

The window flow is obtained with the use of Eq. (38)

2
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Heat transfer delivered by heating system: e = % (24)
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Taking the coefficients (a,, — a,,) into account with the
correct sign, the equations have the following form can

also be written in [15]:

d
ETave :allXTave_'_alzxn—’_alp (27)
ETI; =a, XT,, +a,, xT, +ay. (28)
Initial condition now 7 = 0:
T;eO + T;VO _
T;ve - 7:zve,O - T’ 7-;7 - 7;70’ (29)

T, =T,, = const.

The solution can be obtained using the finite difference
method in such a way that to substitute the initial values
into the Eq. (27), thus obtaining a new value, with which
the Eq. (28) is calculated.

3.1.6 Partial derivative of the circulation pump
effective power

The partial derivative of the effective power of the circu-
lation pump, with respect to the mass flow rate of warm
water is [6]:

OP.

e

onm

o(k, xi, )
o

p cp

(30)

- ;2
=k, x3xn1,.

3.2 Optimal operation of the heat pump system

In Section 3.2, the general system-theoretical decision
models for the operation of heat pump heating systems
have been compiled. The decision models are optimization

mr
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models that describe the mathematical relationship
between the input and output of system elements, deci-
sion variables, and the objective function that directs the
decisions [16]. The compiled model shown in Fig. 2 con-
tains decision stages. These stages illustrate the individual
components of the heating system, which are as follows:

* consumer,

» secondary circuit,

* condenser,

s compressor,

* evaporator,

* primary circuit,

» ground source.

The relationship between the individual stages is ensur-
ed by the input, output, and decision variables and the trans-
formation equations. A separate input-output white-box
model has been established to describe the operation of
the operating system, which is shown in Fig. 2.
During the optimization of the operation of existing
systems, the decision variables controlling the operation
are as follows:
* at heat source: primary - cooling fluid mass flow rate
(n'zp), flow temperature of primary fluid (Tpe),

* at the evaporator: mass flow rate of refrigerant (72),

* atthe compressor: condensation temperature (7)) and
evaporation temperature (7)),

+ atthe consumer: mass flow rate of secondary — heating
water (7 ), flow temperature of heating water (7).

In general, most designed systems include a buffer
tank whose task is to ensure intermittent operation and to
equalize the performance of the heat pump and the cur-
rent heat demand of the consumer. The heating system
is connected to this buffer tank and draws heat from it.
The heating system temperature steps roughly corre-
spond to the temperature steps used on the secondary side
of the heat pump. Most heat pumps available on the mar-
ket include a built-in control unit. This control unit mon-
itors the temperature prevailing in the buffer tank. When
the temperature of the tank reaches the set value, the heat

ms
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Fig. 2 Decision system theoretical scheme of a functioning heat pump system
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pump stops [17]. The controller contains several heating
curves, with different tank temperatures corresponding to
different external temperatures. In more complex control-
lers, the control is similar, but the controller - in a learning
manner — selects and decides which heating curve to use
for the heat pump. The system also considers the internal
temperature values sensed by the external environmental
and room thermostats.

4 Fuzzy logic-based control system of the heat pump
In Section 4, a new control option is presented for oper-
ating systems where the optimal operation of the system
is sought. In determining the optimum, the method pre-
sented examines the change in COP values corresponding
to each primary and secondary mass flow if the desired
consumer demand is less than the design. The electricity
consumption cost of the primary and secondary system
circulation is also included in the optimization objective
function [18]. The development of the method allows us
to compare the existing regulation and regulation based
on the presented method. Optimization of existing sys-
tem operation means finding the operating parameters —
depending on consumer needs — with which the operating
costs of the system are minimal. An experiment to opti-
mize the performance of a heat pump system with a fuzzy
logic controller was conducted. The fuzzy logic controller
was designed based on the Mamdani method. The perfor-
mance of the system was evaluated in terms of energy effi-
ciency, temperature control accuracy, and system stability
under varying operating conditions (see Fig. 3).

The feedforward-feedback control principle of a geo-
thermal-source heat pump system involves using both
feedforward and feedback control techniques to regulate

Fuzzy control system

the operation of the system. In this type of control sys-
tem, the feedforward control is used to predict the energy
requirements of the building based on external weather
conditions, time of day, and other factors, and then adjust
the heat pump operation accordingly. This helps to main-
tain the desired temperature inside the building while
minimizing the energy consumption of the heat pump.
The feedback control, on the other hand, uses sensors to
measure the actual temperature inside the building and
adjust the heat pump operation to maintain the desired
temperature. This helps to compensate for any discrepan-
cies between the predicted energy requirements and the
actual energy required to maintain the desired tempera-
ture. The feedforward-feedback control principle of a geo-
thermal-source heat pump system can be implemented
using a control algorithm that combines both techniques.
The algorithm typically includes the following steps:

* collect weather data and other external factors that
affect the energy requirements of the building,

» use this data to predict the energy requirements of
the building over the next few hours,

» use the predicted energy requirements to adjust the
operation of the heat pump, such as adjusting the
flow rate or temperature setpoint,

» continuously monitor the actual temperature inside
the building using sensors,

» use feedback control to adjust the heat pump opera-
tion to maintain the desired temperature.

By combining both feedforward and feedback control
techniques, the geothermal-source heat pump system can
achieve high levels of energy efficiency and precise tem-
perature control, even under varying external conditions.

Compensation link <

Flow sensor <

Energy carrying fluid

Setting temp.

+ +

Fuzzification
Inference engine
Defuzzification

+ Supply water

——t

Heat pump variable
frequency compressor

:: temperature

Frequency regulator >

Temperature sensor

F

g. 3 The feedforward-feedback control principle of the geothermal-source heat pump system



4.1 Fuzzy modeling of a heat pump and its operation
modes

Fuzzy sets consist of membership functions that map ele-
ments to a membership value between 0 and 1.

1, (x): X —>[0,1] (31

Triangular functions, defined by:

0 x<a,,
2~ Pin x€(Qpn»B)
w, (x)= i _a_’“i; . (32)
a]::——ﬂ xe (Bt )
0 x>a,,.

Fuzzy logic control is a type of control system that uses
a human-like reasoning approach to make decisions [19].
In the context of ground-source heat pump systems, using
fuzzy control has several advantages, including:

» Improved efficiency: fuzzy logic control can opti-
mize the performance of ground-source heat pump
systems by adjusting system parameters in real-time
based on changes in operating conditions. This can
result in improved energy efficiency and reduced
operating costs.

* Enhanced comfort: fuzzy control can help maintain
a consistent temperature and humidity level inside
the building, improving the comfort level of the
occupants.

* Increased reliability: fuzzy logic control can help
prevent system failures by monitoring system com-
ponents and detecting any deviations from normal
operation. This can reduce maintenance costs and
prolong the lifespan of the system.

* Flexible and adaptable: Fuzzy control can easily
adapt to changes in the environment and adjust the
system, accordingly, making it suitable for a wide
range of applications.

» User-friendly: fuzzy logic control is easy to imple-
ment and user-friendly, which can make it a popu-
lar choice for homeowners and small businesses.
Table 3 shows the fuzzy control output rules for the
heat pump model.

The basic expressions of the heat pump transfer func-
tions are used in simulation as follows (Eq. (33)):

Gf (S) (33)

S e YA BIADE
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Table 3 The fuzzy control output rules
el/ulec NB NM NS V4 PS PM PB

NB PB PB PB PB PM PS

NM PB PB PM PM PS

NS PB PM PM PS 4 4 NS
z PM PS PS z NS NS NM
PS PS z z NS NM NM NB
PM z z NS NM NM NB NB
PB z NS NM NB NB NB NB

where: G (s) is the transfer function of the feed forward
compensation link, G(s) is the transfer function of the
flow interference channel, H, is the transfer functions of
flow sensor, G (s) is the transfer function of the frequency
regulator and G (s) is the transfer function of the supply
water temperature related to the operating frequency.

G,(s)=K, (34)
K is the frequency amplification factor.
H, =K, (35)

H, is the transfer functions of flow sensor and #, is the
transfer functions of temperature sensor.

Ko s
Ge(s):Ts:—Ie ¢ (36)

K, is the supply water temperature amplification factor
related to the running frequency, 7, and is a delay time.

G

f(s)

K, is the flow interference amplification factor. These

K,
= (37)
T/.s +1

transfer functions can be combined to form a complete
model of the heat pump system. The transfer functions can
then be used to simulate the system behavior and analyze the
performance of the heat pump under different conditions.
Using LabVIEW to model fuzzy logic control for ground-
source heat pump systems can make it even easier to imple-
ment and visualize the benefits of this technology [20-23].
LabVIEW allows for easy programming and data analysis,
making it a powerful tool for designing and optimizing fuzzy
control systems. Fig. 4 shows the membership functions of
the designed fuzzy controller for the heat pump system.
Membership functions in fuzzy logic control are used
to define the degree to which a variable belongs to a cer-
tain fuzzy set. In the context of a ground-source heat
pump system, the following membership functions can
be used for the relevant input and output variables [21].
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Fig. 4 Membership functions of the designed fuzzy controller for
the heat pump

The heating/cooling output variable can be divided into
five fuzzy sets: "very low", "low", "moderate", "high", and
"very high". The membership functions for each set can
be defined as:
e Very low: triangular membership function with
minimum value of 0%, maximum value of 20%,
and peak at 10%.
e Low: triangular membership function with min-
imum value of 10%, maximum value of 40%,
and peak at 25%.
* Moderate: triangular membership function with
minimum value of 30%, maximum value of 60%,
and peak at 45%.
e High: triangular membership function with min-
imum value of 50%, maximum value of 80%,
and peak at 65%.
e Very high: triangular membership function with
minimum value of 70%, maximum value of 100%,
and peak at 85%.

These membership functions can be used to define the
fuzzy logic control rules and optimize the performance of
the ground-source heat pump system. Fig. 5 shows the rule
weight of the designed fuzzy controller for the heat pump.

Rule weights in fuzzy logic control are used to adjust the
degree of influence that each rule has on the system output.
The weights can be adjusted to prioritize certain rules over
others, depending on the desired system behavior [9]. In the
context of a ground-source heat pump system, the follow-
ing rule weights can be used as a starting point:

» If the temperature is cold OR the humidity is high,

THEN increase the heating output (weight = 0.6).

Fig. 5 Rule weight of the designed fuzzy controller for the heat pump

 If the temperature is moderate AND the humidity is
medium, THEN maintain the current heating/cool-
ing output (weight = 1.0).

o If the temperature is hot OR the humidity is low,
THEN decrease the heating output (weight = 0.4).

These rule weights can be adjusted based on the spe-
cific requirements of the system and the desired behav-
ior [23]. For example, if energy efficiency is a priority,
the weight for rule 2 can be increased to maintain the cur-
rent heating/cooling output for longer periods, thereby
reducing unnecessary energy consumption. Conversely,
if comfort is a higher priority, the weight for rule 1 can
be increased to ensure that the heating output is increased
quickly in response to cold temperatures or high humidity
levels. Fig. 6 shows the lookup table of the designed fuzzy
controller for the heat pump.

A lookup table is a data structure that maps input values
to corresponding output values. In the context of a ground-
source heat pump system, a lookup table can be used

i 2 Mainwi Front Panel - o X
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Fig. 6 Lookup table of the designed fuzzy controller for the heat pump



to store pre-calculated values for system performance
parameters, such as COP, based on different input val-
ues. The following lookup table can be used for a ground-
source heat pump system as can be seen in Table 4.

To use this lookup table, the system controller can look
up the COP value corresponding to the current tempera-
ture and humidity levels and use that value to adjust the
heating/cooling output. For example, if the current tem-
perature is 10 °C and the humidity level is 50%, the sys-
tem controller can look up the COP value of 3.8 from the
table and adjust the heating/cooling output accordingly.
Its important to note that the lookup table values should
be calculated based on the specific characteristics of the

Table 4 Coefficient of performance

Temperature (°C) Humidity (%) COP
-10 20 35
-10 50 32
-10 80 2.8
0 20 3.8
0 50 34
0 80 2.9
10 20 4.2
10 50 3.8
10 80 32
20 20 4.6
20 50 4.1
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ground-source heat pump system and may need to be
updated periodically to reflect changes in system perfor-
mance [22]. Fig. 7 shows the fuzzy controller block dia-
gram in LabVIEW environment.

A realized fuzzy controller block diagram for a ground-

source heat pump system has the following main elements:

» Input nodes: the input nodes receive the current tem-
perature and humidity values from the sensors.

* Fuzzy Inference System: the Fuzzy Inference Sys-
tem (FIS) uses the input values and membership
functions to determine the appropriate output values
based on the rules defined in the system.

» Lookup table: the lookup table contains pre-calcu-
lated values for the COP of the system based on dif-
ferent input values.

» MathScript node: the MathScript node uses a script
to calculate the heating/cooling output based on the
COP value and the desired temperature setpoint.

* Output node: the output node sends the heating/cool-
ing output value to the system actuator.

5 Results and discussion

Our results demonstrate that the fuzzy logic control-based
heat pump system offers better performance compared to
the PID control-based system. Specifically, the fuzzy con-
trol system achieves higher energy efficiency, with an aver-
age COP (Coefficient of Performance) of 4.2 compared to

‘
2 &

Input fuzzification|

#5511 |Membership function values
oot

pe b4 3] |[Membership functions -> e[k]

#::]|Membership functions -> (e[k]-e[k-1])/h

3D surface
Crisp input
values

=

Plot Helper (Vector) ¥

Fuzzy Rules
{ivse]]

I

FL Load Fuzzy System.vi

Input slider st 4

Input slider 2336

Data

Tab Control 2

Waveform Chart

[r—r)

Tab Control

Amplitude

[Base signal

Initial_Condition (Output)

S Duty Cycle [%] {0..100} DIFVI FIOVI . o ! =

&l 4 |@ Control gain 5y &

0000000000000 0000000000000000 . |@
Generated signal form [T —— 1]
It
[oitt.|
L k] dyk=(ykeyk_1/h; B
——

Rulebase visualization|

o
Rule weight #o51] os1] |Output value
51]
Output membership function weight

Eq]  Waveform Chart
el 1

Gain

Time Constant [time unit]  [1] INTVI

OO0 00000b000NO0000D00000000000000000000000000D0000000D00000000D000000000000000000000000

Time Step (dt) [time unit]

End Time (tmax) [time unit]

qumm delay

stop TER-{>

Fig. 7 Controller block diagram in LabVIEW environment
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3.8 for the PID control-based system. The fuzzy control
system also exhibits better temperature control accuracy,
with an average temperature deviation of 0.5 °C compared
to 1.0 °C for the PID control-based system. Moreover, the
fuzzy control system is more stable, with faster response
time and less overshoot. These results indicate that the
fuzzy control-based heat pump system is better suited for
handling the non-linearities and uncertainties present in
heat pump systems.

The parameters of a ground heat exchanger depend
on various factors such as the soil type, ground tempera-
ture, and the heating/cooling load of the building. The fol-
lowing are some of the key parameters of a ground heat
exchanger as presented in Table 5.

Although the final control requirements can be achieved
by both control methods, the control precision and stabil-
ity of the fuzzy control method are better, the transition
time is shorter, and the overshoot is smaller or almost
non-existent. Therefore, the stability of the fuzzy control
method is better suited to the needs of the control system.
See Figs. 8 and 9.

A fuzzy control method was designed for the deficiency
of the traditional ground source heat pump control system
in this paper. The simulation calculation of this fuzzy con-
troller was realized by LabVIEW. It was demonstrated by
comparing fuzzy control with PID control that the perfor-
mance of the fuzzy control is better than PID. The over-
shoot of the fuzzy control mode is much smaller than that

Table 5 Parameters of the ground heat exchanger

Value
Symbol Unit Description
Winter Summer
i 1.726 0.974 cp Dynamic viscosity
999.94 997.96 kg/m? Water density
A 4.22 4.15 kJ/kgK Specific heat
k, 0.598 0.598 Wk~ ater thermal
v conductivity
v 0.35-0.45 0.35-0.45 m/s Water velocity
" 04 03 _ Heating/cooling
exponent
Convective
h, 2105.70 2182.17 W/m?K heat transfer
coefficients
U 19.08 1908 WK Overall heat
0 transfer coefficient
R 0.0385 00385  mK/W Soil thermal
v resistance
T, 2 22 °C Input temperature
T, 1.6 1.6 °C Ground

temperature
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Fig. 8 The relationship between water temperature and time with fuzzy
control mode of the geothermal-source heat pump system
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Fig. 9 The relationship between water temperature and time with PID

control mode of the geothermal-source heat pump system

of the PID control, and the time required for the control
parameters to stabilize is also shorter than the PID con-
trol mode. The effectiveness and accuracy of the designed
fuzzy control were confirmed by experimental results.
The needs of stable temperature for hot water supply can
be better met by the fuzzy control method, which not only
saves energy but also improves comfort. This conclu-
sion can provide reference for further research of ground
source heat pump fuzzy control.

6 Conclusions

In this study, the advantages of using fuzzy control in heat
pump systems have been demonstrated. Our results indi-
cate that the fuzzy control-based heat pump system offers
better performance in terms of energy efficiency, tempera-
ture control accuracy, and system stability. These findings
have important implications for the design and operation
of heat pump systems, as they provide a foundation for the
development of more efficient and reliable control strat-
egies. Further research is needed to optimize the design
of fuzzy logic controllers for different types of heat pump
systems and to investigate the potential benefits of inte-
grating fuzzy control with other advanced control tech-
niques. Thanks to the development, an energy-efficient,
reliable air-to-water heat pump can be optimally used as



a heating and cooling system for family houses and smaller
properties. In accordance with the challenges of the age,
the necessary comfort functions for operation are also
available, with various control modes, remote monitoring,
and mobile applications. Proper integration of a heat pump
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