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Abstract: Maintaining adequate temperatures for preserving food in a domestic refrigerator is a task
that is affected by several factors, including the daily use of the appliance. In this sense, this work
presents the development of a novel control system based on fuzzy logic that considers usage habits
such as the amount of food entering the refrigerator and the frequency of opening doors. Thus, the
control comprises input variables corresponding to the internal temperatures of both compartments,
the thermal load entered, and the refrigerator door-opening signal. By simulating the usage habits
of a refrigerator with a variable-speed compressor, the control performance was evaluated. The
results showed that implementing fuzzy control using usage habits was robust enough to maintain
adequate thermal conditions within the compartments and a lower thermal fluctuation concerning
the reference control of the refrigerator (factory control). In terms of energy, the fuzzy control resulted
in an energy saving of 3.20% with the refrigerator empty (without thermal load) compared to the
reference control. On the other hand, the individual integration of the thermal load in the fuzzy
control resulted in 2.08% energy savings and 5.45% for the integration of the thermal load compared
to the reference control. Finally, considering the combination of usage habits, the fuzzy control
presented a higher energy consumption than the reference control, around 9.7%. In this case, the
fuzzy control maintained more favorable thermal conditions in both compartments, whereas the
reference control presented a warmer thermal condition in the freezer.

Keywords: domestic refrigerator; energy; intelligent control; temperature; usage habits

1. Introduction

Based on vapor compression technology, domestic refrigerators contribute substan-
tially to energy consumption within homes. In recent years, it has been estimated that
4% of the electrical energy demanded worldwide is due to the number of refrigerators in
use [1]. In Mexico, approximately 90% of homes have at least one refrigerator, representing
more than 31 million refrigerators in use [2] and causing 29% of electricity consumption in
the residential sector [3].

The energy consumption of domestic refrigerators is susceptible to several factors,
including the design of their components and assembly, ambient temperature and humidity,
and actual use conditions, among others. In this context, Faghihi et al. [4] analyzed the
flexible design of some of the components of the vapor compression cycle, for which they
achieved improvements in the coefficient of performance (COP) from 10% to 25%, thus
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reducing the refrigerator’s energy consumption. Gardenghi et al. [5] extensively evalu-
ated the effect of ambient temperature on various parameters related to the refrigerator’s
performance, highlighting among their results an increase in energy consumption of up
to 190% when the refrigerator goes from an ambient temperature of 25 °C to 43 °C. A
similar increase was found by Geppert and Stamminger [6], where their results indicated
an increase of up to 200% in energy consumption due to the effect of extreme ambient
temperature conditions. These included the internal temperature of the compartment and
the amount of food, representing the actual conditions of use of the refrigerator. Thus, usage
habits also play a vital role in the energy and thermal operation of the refrigerator. Among
these habits are the thermal load (amount of food), frequency of opening doors, position
of the thermostat, fouling of the condenser, and obstruction of airflow, among others [7].
In this sense, Saidur et al. [8] experimentally evaluated the effect of opening refrigerator
doors. The opening was conducted for 12 s, increasing in energy consumption between
9 and 12.4 Wh depending on the refrigerator model evaluated. Hasanuzzaman et al. [9]
analyzed the effect of various usage habits on the energy performance of a refrigerator;
among these, opening the doors was the most critical case, causing increases in energy
consumption of up to 40%. Khan et al. [10] conducted a similar study, experimentally
determining that, depending on the thermal load, increases in energy consumption of up
to 50% are obtained. The refrigerator under study also consumed 30% more energy due to
opening doors. Furthermore, the duration of door opening increased energy consumption
from 3% to 20%. Belman-Flores et al. [11] analyzed the influence of ambient temperature
and thermal load. For the thermal load from 0 kg to 34 kg, there was an increase in the total
energy consumption of 3.2 kWh. In the case of variation in ambient temperature, a rise
of 73 Wh/day per °C was observed. Thus, energy consumption is a crucial issue of great
interest worldwide, emphasizing the optimization of energy resources and the mitigation
of global CO, emissions.

In domestic refrigeration, various strategies have been proposed to improve the ap-
pliance’s performance and, therefore, reduce energy consumption [12,13]. In recent years,
techniques related to artificial intelligence have allowed advances in modeling, optimiza-
tion, and control methods, thereby improving the efficiency of refrigeration systems [14].
Control plays a primary role in the operation of the refrigeration system, both to maintain
operating conditions and to reduce energy consumption. Various novel control methods
have been implemented in refrigeration systems, allowing the controller to perform more
robustly [15-18]. Among the control strategies, control systems based on fuzzy logic present
attractive advantages over conventional controls, thus achieving energy improvements,
robustness, and rapid response under dynamic operating conditions [19]. Another essential
characteristic of fuzzy controllers is the ability to describe the system’s actual behavior
more accurately for the different inputs that can occur in refrigeration systems, such as
ambient temperature, thermal load, and airflow. Thus, nonlinear controllers based on
fuzzy logic have proven to be an alternative to conventional controllers for better con-
trol of variables [20]. Additionally, fuzzy controllers easily integrate with other types of
controllers. In general terms, fuzzy control applied to refrigeration systems focuses on
the accurate simulation of the system, with temperature and humidity being the most
commonly used variables in the controller. Consequently, variables such as duty cycle,
compressor frequency, expansion valve opening, and refrigerant flow, among others, are
manipulated.

The literature shows various investigations on developing and implementing fuzzy
controls in refrigeration, air conditioning, and heat pump systems [21-23]. However,
the implementation of fuzzy control in domestic refrigerators is still limited; among the
pioneering works is that of Bung-Joon et al. [24], who developed a controller based on
fuzzy logic and neural networks to reduce variations in the internal temperature of the
refrigerator, thereby achieving excellent thermal stability. Mraz [25] designed a control
system by varying the compressor duty cycle to maintain the temperature of the fresh
food compartment. Implementing fuzzy control decreased energy consumption by 3%,
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representing a viable alternative to thermostatic control. Rashid and Islam [26] proposed
the transition from analog to digital control using a fuzzy control developed for the internal
temperature of a refrigerator with a variable-speed compressor. Azam and Mousavi [27]
developed and implemented fuzzy control for temperature and humidity in a refrigerator.
The authors concluded that the refrigerator exhibited a lower fluctuation in the internal
temperature of the compartment, thereby achieving savings in operating costs. Arfaoui
et al. [28] proposed an alternative strategy to control the evaporator wall temperature and,
consequently, the cavity interior temperature. Using fuzzy control and a combination of
genetic algorithms, they compared the operation with a conventional Proportional Integral
Derivative (PID) control. The results indicated that the set point temperature was reached
quickly, reducing the energy consumption by 0.3957 kWh.

Recently, the actual conditions of use in the thermal and energy operations of the
refrigerator have been integrated into the development of fuzzy control. For example,
Belman-Flores et al. [29] modified a refrigerator by installing a variable-speed compressor.
They proposed a control based on fuzzy logic in which the status of the fresh food compart-
ment door was incorporated. According to the frequency and duration of the doors, the
control maintained the interior temperature by varying the compressor’s speed, thereby
reducing the energy consumed by 3%. Kapici et al. [30] developed a robust intelligent
control system using machine learning and fuzzy logic. The control also considers the
opening condition of the fresh food compartment door. The performance of the control was
evaluated at three different ambient temperatures. The control regulated the maximum
speed of the compressor according to the set-point temperature inside the fresh food com-
partment. Their results showed energy gains between 2.5% and 4.5% while maintaining
interior temperatures. Rodriguez-Valderrama et al. [31] implemented a fuzzy control in
a conventional refrigerator, including the thermal load (food) as an input variable to the
controller. The variable to be regulated was the rotation speed of the fan attached to the
evaporator and the airflow toward the fresh food compartment. The control maintained
the thermal condition inside the refrigerator, achieving energy savings of 1.7% without
loading food and 9.53% with packing food.

The thermal condition directly influences food preservation in the compartments
of a domestic refrigerator, representing a specific energy consumption. In addition to
the above, the consumer plays a crucial role in the operation of the refrigerator. Thus,
this work proposes the development of a novel control system for a refrigerator with a
variable-speed compressor, implementing fuzzy logic as a decision-making device, allowing
adequate thermal conditions to be maintained in both refrigerator compartments. As a
contribution, the controller integrates the frequency of door opening and thermal load (food)
as usage habits, either individually or in combination. Therefore, this study aims to reduce
energy consumption by incorporating usage habits, modifying the airflow between both
compartments, fan rotation speed coupled to the evaporator, and compressor frequency.
Various comparative tests are conducted to evaluate the performance of the fuzzy control
with the reference control (factory control), for which the thermal conditions of both
compartments and the refrigerator’s energy consumption are analyzed.

2. Experimental Facility

The experimental test bench for this study is shown in Figure 1, which is formed by a
domestic refrigerator that operates with a variable-speed compressor, a data acquisition
system for recording and measuring temperature, a system for measuring energy consump-
tion, and the fuzzy control proposed in this study. Additionally, the pneumatic system built
to simulate the opening of refrigerator doors is shown.

The refrigerator is of the bottom-mount type with a volumetric capacity of 0.76 m?;
its dimensions are 1.74 m x 0.833 m x 0.748 m (height x width x depth), and its mass
is 106 kg. It has an automatic defrost system with a 280 W resistance, uses a three-phase
variable frequency compressor operable between 60 and 255 Hz, and a nominal voltage
of 240 V. The refrigerator has an internal control display on the back of the fresh food



Clean Technol. 2024, 6

531

compartment doors, on which the temperature level for both compartments is adjusted and
indicated. The adjustable temperature range is 1 to 7 °C for the fresh food compartment
and —21 to —15 °C for the freezer compartment.

A habit of use was evaluated in this work to open the refrigerator doors. A mechanism
was built consisting of a 3-piston pneumatic system, an air compressor, three pneumatic
control valves, and an opening control. The mechanism is designed to open the three
refrigerator doors independently. In Figure 1, two pistons are attached to the top of the
fresh food compartment doors, while the other is attached to the freezer door. Three
solenoid-type valves that operate with an alternating current were coupled to control these
pistons. Two of these are monostable and change position while maintaining an activation
current. These valves are connected to the pistons on the fresh food compartment doors. A
bistable valve that changes position is attached to the freezer using an electrical pulse.

Internal
| temperature
| measurement

Energy
measurement

Pneumatic piston

(a) Front view (b) Rear view

Figure 1. Experimental test bench.

Instrumentation and Measurements

Figure 2 shows a representative diagram of the experimental bench, indicating the
data acquisition system, temperature control system, electrical energy measurement system,
and location points of the temperature sensors inside the refrigerator.

The temperature acquisition, storage, and temperature control systems allow the
implementation of the fuzzy control proposed in this work, with which specific mechanisms
or operating conditions are manipulated to ensure that the refrigerator maintains adequate
thermal conditions and, in turn, achieves energy savings. The temperature data acquisition
system is responsible for measuring and storing the thermal condition of the refrigerator via
the average temperature of each compartment. For the above, DS18B20 digital temperature
sensors are used in plastic containers with a 50% water-glycol mixture by volume. These
sensors are inside the fresh food compartment (T; to T¢). For the freezer, the sensors are
located inside wooden blocks (T7 and Tg). The measured signals from these sensors are sent
to a measurement and storage system based on an Arduino microcontroller. In this way;,
the average temperature determines the thermal condition of each compartment every 10 s.
Thus, the thermal condition of the fresh food compartment is defined by the average of the
temperatures from T; to Tg (Tgr), and in the freezer by the average of T; and Ts (Tgz).
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Figure 2. A representative diagram of the integrated systems on the experimental test bench.

The refrigerator comes with technology installed from the factory that allows the
airflow to the compartments to be wholly regulated using a system made up of a direct
current fan coupled to the evaporator and a gate that limits the airflow, in addition to
frequency regulation (speed) of the compressor with an inverter. It is worth mentioning
that frequency regulation using Arduino is not possible; therefore, in this study, a frequency
inverter was adapted to control the compressor’s speed through the Arduino microcon-
troller. The temperature control system module proposed in this work measures in real
time the temperature signals of both compartments (Tpp and Tgz), the opening signal of the
fresh food compartment doors (Dgp) and the freezer door (Drz), and the amount of thermal
load entered into each compartment (Lpp and Lgz). At the same time, the proposed module
determines the compressor operating frequency signal, which is sent to regulate the fan’s
speed coupled to the evaporator and the gate opening signal. It is worth mentioning that
the control card that comes with the refrigerator from the factory is used to take the signals
from the temperature sensors (NTC thermistors) that the refrigerator has built-in, as well
as the supply voltage for the damper and the fans.

The energy measurement system measures and stores the electrical energy consumed
by the refrigerator every 10 s using the classic equations for measuring electrical power.
The microcontroller is based on Arduino, with an ACS712 invasive hall effect current sensor
that has a measurement capacity of up to 30 A. A ZMPT101B voltage sensor that transforms
the amplitude of the 110 V main voltage to a wave with an amplitude between 0 and
5 V. Electrical power is calculated by measuring voltage and current for 200 ms using the
IEC61000-4-7 standard [32], where a measured power factor of 0.83 was used. For practical
purposes and a more adequate comparison of the different tests, we decided to turn off the
defrost resistance control in this study. Table 1 shows the uncertainties of the sensors used
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in the refrigerator instrumentation. Regarding power measurement, there is a maximum
relative error of 1.2% associated with energy consumption estimation.

Table 1. Uncertainty of the sensors used.

Sensor
DS18B20 NTC Thermistors ACS712 ZMPT101B
(Maxim) (Vishay) (WWZMDiB) (ZM)
Accuracy +0.5°C +0.2°C 1.5% 0.2%
Measurement range ~ —55°C a 125 °C —50°Ca 150 °C 0to30 A 0 to 1000 V

The implementation of fuzzy control considers the modification of the operating
frequency of the compressor through the inverter card with a Pulse Width Modulation
(PWM) signal at 50% of the pulse width with a different frequency via Arduino. It has a
stepper motor that allows you to regulate the angular position of the damper to control the
airflow. A high-frequency pulse generator modifies the fan’s speed and is coupled to the
evaporator, which receives a PWM signal through an Arduino microcontroller.

3. Fuzzy Controller

Figure 3 shows the block diagram of the fuzzy control proposed in this work. The
control is made up of six input variables: the internal temperatures of both compartments
(Trr, Trz), the entered thermal load (Lgg, Lrz), and the refrigerator door opening signal (Dgp,
Dgz). Initially, the set points Trgsp and Trzgp are established, which indicate the values
of the desired temperature in both compartments and are the points of comparison with
the values measured using the thermistors. The six variables are transformed into 14 fuzzy
variables within the fuzzy control block via fuzzification and the proposed membership
functions. Then, the evaluation of the operating rules was conducted, for which 144 were
presented and explained later. Finally, in defuzzification, signals are obtained for the
fan’s speed coupled to the evaporator, the opening of the gate that allows airflow, and the
compressor’s frequency. The gate opening signal is sent directly to it, the fan speed signal
is sent to the frequency generator module, and the compressor frequency signal is sent to
the inverter.

Figure 4 illustrates the proposed fuzzy sets for the membership functions of the six
control input variables. For example, for the temperatures of the fresh food compartment,
sets of three membership functions were designed to correspond to Coldpr, Normalgg,
and Hotgg, and for the freezer, Coldgz, Normalgz, and Hotgz. Note that the two sets are
similar; they differ only in the central value for the Normal function and at the maximum
of the Hot function. Both sets were designed so that the control adapts to the desired
thermal conditions in both compartments. For this reason, the Cold function of both sets
has its maximum value in the set point (SP) value, thus determining that temperatures
lower than the set point have a membership of 1 and are defined as cold temperatures
in both compartments. From this value (SP), the Cold function decreases its membership
until it reaches the midpoint of the Normal function. The Normal function focuses on a
value of 2 °C for the fresh food compartment assembly and 3 °C for the freezer assembly,
decreasing its membership (1(x)) as the temperature increases or decreases. The Hot
function membership constantly increases by up to 4 °C for the fresh food compartment
assembly and 6 °C for the freezer assembly. Trapezoidal functions for door opening
represent the time (in seconds) the door is opened. For example, the Opgz function
increases your membership from 0 to 15 s for the freezer and from 0 to 30 s for the fresh
food compartment Oppp. This time for both compartments represents the minimum
time required for the fan speed, damper opening, and compressor frequency to react
appropriately to the door opening. The function Clggpz of both compartments represents
the complement function (1 — pop) of the function Opggrz.
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ColdFF NormalFF

On the other hand, the structure of the set of membership functions for the thermal
load in both refrigerator compartments is formed by two trapezoidal membership functions,
Frprz, and Epgrz. The functions show the load level contained in each compartment. The
Lpr function is defined for loads less than 40 kg in the fresh food compartment, while the
Lgz function is defined for loads less than 15 kg in the freezer.

3.1. Fuzzification

Figure 5 shows the fuzzification process (according to Figure 3) for the temperature of
the compartments, the opening of the doors, and the thermal load. Considering that fuzzi-
fication transforms the input variables into fuzzy variables, a temperature value Trr =2 °C
(indicated by arrow) becomes three fuzzy variables, pcoiarr(X) = 0.0, iNormalpr(X) = 1.0,
and pyeipp(x) = 0.0, these values correspond to the cut with each of the membership
functions of the set, which can be best exemplified by the temperature of the freezer.
For a freezer temperature of Tpz = 2 °C (indicated by arrow) becomes three fuzzy vari-
ables, pcoqrz (x) = 0.33, tnormalpz (¥) = 0.67, and pyor7 (x) = 0.0. Similar to what was
explained above, the fuzzy variables for door opening and thermal load can be defined.
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Figure 5. Fuzzification of input variables.

3.2. Rules

The main contribution of this study is integrating usage habits as inputs to the control;
in this case, the thermal load and the opening of doors are integrated. The set of rules is
mainly responsible for the operation of the refrigerator. Thus, the structure was designed
based on usage habits so that the fan speed, gate opening, and compressor frequency main-
tained adequate thermal conditions in both compartments. Furthermore, this combination
of operating conditions is responsible for managing the refrigerator’s energy consumption.
In this sense, 144 rules were proposed for integrating usage habits into the control. The
number of rules depends on the number of inputs to the controller and the number of
linguistic terms or membership functions for each input.

Table 2 exemplifies part of the structure of the proposed rules for temperature control,
showing the abbreviated linguistic terms of the membership functions, as well as the
antecedent and consequent. For compartment temperatures, Hot (Hot), Md (Medium), and
Fr (Cold) are defined. To open the doors in the compartments, Op (Open) and CI (Closed)
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are used. Regarding the thermal load that is entered into the refrigerator, E (without load)
and F (with load). As a consequence, for opening the gate, Op (Open), Md (Middle), and Cl
(Closed); for the fan speed, Fa (Fast), Md (Middle), and Sl (slow); and for the compressor
frequency, Hg (High), Md (Middle), and Lo (low) are defined. The information in Table 2
reads as follows: for example, rule 139 has as background that IF the temperatures in both
compartments Tgp and Tryz are Fr, gate Dgp is Op and gate Dgz is Cl, and the load Lp is F,
and in the freezer Lyy is E, THEN, the damper should be Cl, the fan speed will have to be
Sl and the compressor should run at a frequency of Lo.

Table 2. Set of rules for the proposed fuzzy control.

Antecedent Consequent
Rules Trr Tgz Dgr Dgz Lgr Lgz Gate Opening Fan Speed Compressor Frequency
1 Hot Hot Cl Cl E E Op Fa Hg
2 Hot Hot Cl Cl E F Op Fa Hg
3 Hot Hot Cl Cl F E Op Fa Hg
4 Hot Hot Cl Cl F F Op Fa Hg
5 Hot Hot Cl Op E E Op Md Md
6 Hot Hot Cl Op E F Op Md Md
63 Md Md Op Op F E Md Sl Md
64 Md Md Op Op F F Md S1 Md
65 Md Md Cl Cl E E Md Fa Md
66 Md Md Cl Cl E F Md Fa Md
67 Md Md Cl Cl F E Md Fa Md
68 Md Md Cl Cl F F Md Fa Md
69 Md Md Cl Op E E Md S1 Lo
70 Md Md Cl Op E F Md S1 Lo
139 Fr Fr Op Cl F E Cl Sl Lo
140 Fr Fr Op Cl F F Cl S1 Lo
141 Fr Fr Op Op E E Cl Sl Lo
142 Fr Fr Op Op E F Cl Sl Lo
143 Fr Fr Op Op F E Cl S1 Lo
144 Fr Fr Op Op F F Cl Sl Lo

Regarding the fuzzy sets for the output variables (fan speed, gate opening, and
compressor frequency), three triangular functions are proposed, as shown in Figure 6. This
type of function is used to ensure that the value of the signal sent to the actuators does not
exceed their operating limits. For the fan speed, the Slow, Middle, and Fast membership
function sets represent the percentage value of the width of the PWM pulse that is sent
from the Arduino to the frequency generator coupled to the fan and that regulates its speed.
For example, the Slow function centered at 45% shows that the fan is at a minimum speed.
The Middle function, centered at 60%, corresponds to the average speed, while the Fast
function, centered at 90%, shows the maximum speed. The set of functions for opening
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the door is defined as Open, Middle, and Closed; thus, the Open function centered at 90°
shows the complete opening of the door, allowing maximum airflow to the fresh food
compartment. Otherwise, the Closed function centers at 0°, limiting the airflow between
the compartments. In the case of compressor frequency, the High, Medium, and Low
functions represent the levels of the compressor operating frequency. The Low function
is centered at 60 Hz and shows the minimum value of the inverter’s operating frequency.
The Middle function represents the average compressor frequency, while the High function
shows the maximum operating frequency of the inverter.

Fan speed Gate opening
1 [ T PRI
_ — Slow _ — Open
z — Middle 3 — Middle
— Fast — Closed

0 ¥ ¥ g t } 1 T

30 45 60 75 90 0 0° 45° 90°

Pulse width [%]

Compressor frequency

1
_ — High
g — Middle
—Low

0 t + ¥ + ; }
30 50 70 90 110 140 160
Frequency[Hz]

Figure 6. Membership functions for the output variables.

3.3. Defuzzification

In the last stage of the controller (see Figure 3), scaling of the functions is used to
obtain the output variables. Thus, Figure 7 shows the defuzzification process consisting of
two parts. In the first part, new sets of membership functions based on fuzzy sets for the
output variables are obtained. These sets correspond to the sets of output variables scaled
by factors. The scale factor is obtained from the rule evaluation stage. The temperature
condition, door opening, and thermal load cause a set of 16 rules to condition the operation
of the refrigerator, of which the maximum fuzzy value is selected to scale each set of output
variables. For example, for fan speed, the Slow set is scaled by a factor of 0.5, and the
Middle and Fast functions by a factor of 0.17.

Similarly, the scaling process is performed using all fuzzy set functions for frequency
and gate aperture. As a result, a new set of membership functions was obtained. The
second part of defuzzification involves performing the union of the set of membership
functions (aggregation) and finding the centroid of this new function. The value indicated
in Figure 7 by the vertical arrow is the value sent to the actuators.
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The implementation of fuzzy control in the domestic refrigerator is divided into four
tests: the first allows the evaluation of the initial behavior of the control without including
the usage habits (simple fuzzy control); the second considers the habit of opening doors
in both compartments; the next evaluates the habit of using thermal load; and the last
considers the combination of the two mentioned habits. An initial reference test (refrigerator
configuration from the factory) was also performed. The initial test indicates the reference
state of the controllers. For this test, 24 h are set up from the start of the refrigerator at room
temperature until thermal stability is reached and maintained within both compartments.
For all tests, the following conditions were defined:

e  The ambient temperature of the space where the tests were conducted was not kept
constant to maintain a similar environment in terms of the conditions of actual use of
the refrigerator.

e  For the fresh food compartment, a set point of 4 °C and a fixed point of —18 °C
for the freezer were designated. This follows the configuration established in the
NOM-ENER-015-2018 standard [33] for refrigerators, in which the user can modify
the internal temperature of the compartments.

All tests started at the same room temperature.

The defrost resistance was disabled for practical and comparative purposes in each test.
For data reliability purposes, each test was repeated three times, so the results shown
in Section 5 correspond to the average of the tests.

4.1. Door Opening

Figure 8 shows the three-door opening periods within a 24 h test period. The average
temperature behavior is also shown (see Figure 2, T; to Tg) in the fresh food compartment.
The first opening time is at 6:30 a.m., the second at 12:00 p.m., and the third at 6:00 p.m.
In each period, 12 openings were made, of which nine correspond to the opening of the
fresh food compartment and three to the freezer. Three minutes were defined between each
door opening, where each opening lasted between 8 and 40 s randomly. The total time the
refrigerator doors were kept open was 12.3 min daily. The refrigerator was kept empty
during the door-opening test (without a thermal load).
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Figure 8. Door-opening hours.

4.2. Thermal Load

The thermal load simulation test, as a habit of use, lasted 90 h. Each test began with
the refrigerator empty and the compartments thermally stable. The load was introduced
gradually until a high thermal load condition was reached. The thermal load was only
increased in the fresh food compartment, so the thermal load of the freezer remained
constant at 9 kg throughout the test. The thermal load for the fresh food compartment
was simulated with 0.5, 1, and 1.5 kg water containers at room temperature. In the
freezer, the load was simulated with sawdust blocks frozen at —18 °C with dimensions of
12.7 x 10.1 x 3.8 cm and a density of 560 kg/m3.

The proposed configurations for introducing loads into the refrigerator are shown in
Figure 9. The time at which the thermal load is introduced into the refrigerator is observed
in Figure 9a. This also illustrates the behavior of the average temperature of the fresh
food compartment throughout the test, reaching an average stability of 2.5 °C. Figure 9b
shows the configuration of the thermal loads as they were accommodated during each
entry. The loading process begins with the entry of 12 kg into the fresh food compartment,
which represents a low load. Meanwhile, the freezer load is adjusted to 9 kg. 24 h after
entering the low load, when the refrigerator reaches thermal stability again, a load of 18 kg
is entered to have a total thermal load of 30 kg (average thermal load). 30 h after entering
the medium thermal load, when the refrigerator again reaches thermal stability, another
15 kg are entered to have a fresh food compartment with a high thermal load condition of
45 kg.

Day 3 . Day 4

Day 1 Day 2

(a) Time of entry of the thermal load.

Figure 9. Cont.
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(b) Configuration of thermal load in both compartments.

Figure 9. Proposal for the entry and configuration of the thermal load into the refrigerator.

4.3. Combination of Usage Habits

The combined habit test consists of opening doors and simultaneously entering and
discharging the thermal load. Figure 10 shows the opening times, entry and withdrawal
points of the thermal load, and average temperature of the fresh food compartment during
the test. The test lasts 70 h, in which a maximum load is entered into the refrigerator (45 kg
in the fresh food compartment and 9 kg in the freezer) during the first day, maintaining the
opening times with the same methodology described in the previous subsection. During the
second and third days, the thermal load is removed from both refrigerator compartments
during the opening hours. The load removed at the end of each test day was 6.5 kg for the
fresh food compartment and 2 kg for the freezer. The 6.5 kg were released in the following
way: 1.5 kg in the first opening hour, 2.5 kg in the second opening hour, and 2.5 kg in the
third opening hour. For the freezer, 0.5 kg was removed at the first opening time, 1 kg at
the second opening time, and 0.5 kg at the third opening time.
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5. Results and Discussion

To specify equivalent conditions between the fuzzy controls and the one that comes
with the refrigerator from the factory, it is established that the fuzzy control reaches the same
thermal conditions in both compartments as the factory control. Therefore, a temperature
of 4 °C is assigned for the fresh food compartment and —18 °C for the freezer. Note that
this refrigerator can set independent temperatures in both compartments. Thus, Figure 11
shows the average temperature of both compartments; the blue and green lines represent
the behavior of the refrigerator using the fuzzy control, while the red and yellow lines
correspond to the factory control. These behaviors were observed for 24 h at the beginning
of the test, in which the refrigerator was at an ambient temperature of approximately
25 °C until a prolonged period of thermal stability in both compartments. During the
temperature drop period (first 10 h), it was observed that the temperature behavior in the
fresh food compartment was remarkably similar for both controls. Regarding behavior in
the freezer, it was notable that the reference control acts more quickly, achieving a lower
temperature during the first 7 h. Although the fuzzy control in these first hours presents
slightly higher temperatures, the difference after the next 5 h is practically null. The fuzzy
control stabilizes the temperature in the fresh food compartment at approximately 1.30 °C,
while the reference control maintains it at 1.37 °C. The above allows us to demonstrate from
a thermal point of view that fuzzy control responds adequately to the reference control and
is a technically viable option.
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Figure 11. Temperatures in both refrigerator compartments in the initial test between controls.
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On the other hand, the energy consumption due to the initial implementation of fuzzy
control and reference control is shown in Figure 12; a similar trend is observed between
both controllers. After the first start (around two and a half hours), a gradual increase
is observed that corresponds to the ON/OFF cycles of the compressor. During the first
start of the compressor, there is a notable difference in the total energy consumed. The
reference control shows a linear increase and higher energy consumption. Meanwhile, the
fuzzy control causes lower energy consumption, leading to a behavior that is not entirely
linear, which is caused by the constant regulation of the compressor speed. At the end of
the initial test, the refrigerator consumes 1055.52 Wh with the reference controller (factory)
and 1021.75 Wh with the fuzzy controller. Therefore, the fuzzy controller reduces energy
consumption by 3.20%, thus demonstrating the feasibility of constantly regulating the
compressor speed. In this way, a starting point is established between both controllers,
with similar thermal and energy conditions.

1.2
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0.8

0.6 1

T T T
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Time [h]
Figure 12. Energy consumption in the initial test between the controllers.

5.1. Implementation of Opening Doors as a Habit of Use

In this study, two configurations of the fuzzy control were evaluated for comparison.
A configuration in which the control actions depend only on the internal temperature of
the compartments (fuzzy control) and a configuration in which the control actions depend
on the internal temperature of the refrigerator compartments and the evaluated use habit
(fuzzy control with habit). Figure 13 illustrates the thermal behavior of the refrigerator
with the implementation of the door-opening habit. Here, the average temperature in both
refrigerator compartments is represented for the reference control (from the factory), the
fuzzy control, and the fuzzy control with habit. The above is for a test time of 24 h, about the
hours of the day. The figure shows three conditions in which the temperature increases due
to heat transfer between the environment and the thermal condition of the compartment at
each opening time. The first opening time is at 6:30 a.m., the second at 12:00 p.m., and the
third at 6:00 p.m. After the temperature increases, it decreases until it reaches the thermal
stability condition again before the start of the following opening hours.
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Figure 13. Average temperature in the refrigerator for controllers with door opening integration.

From the first opening time and the following, it is observed that the reference control
(red and yellow lines) causes a higher temperature in the fresh food compartment. For
example, this control’s maximum temperature returns are 4 °C, 6.07 °C, and 6.13 °C after
the first, second, and third opening times, respectively. For the fuzzy control (blue and
green lines), the maximum temperatures are 3.57 °C, 4.65 °C, and 5 °C, while for the fuzzy
control with habit (black and purple lines), the maximum temperatures are 3.26 °C, 3.87 °C,
and 4.52 °C. The above shows that the rules proposed for fuzzy control, including the habit
of use in which the airflow and the internal fan speed are regulated, allow the fresh food
compartment to not present a considerable temperature increase after each door opening.
This can improve the food’s quality, avoiding drastic changes in its thermal condition.

For the average thermal condition of the freezer, the fuzzy control with habit keeps
the temperature slightly lower by approximately 0.21 °C concerning the fuzzy control
at each of the three opening times. Regarding the reference control, it is observed that
it manages to stabilize the compartment temperature more quickly after each opening
time, presenting an average variation of £ 0.34 °C in the stability periods. Considering
the behavior of the fuzzy controllers in the door opening test, it can be established that
both controls allow the temperature in the compartments to be better regulated, with less
variation and causing lower average temperatures. This indicates that fuzzy control with
habit may be a viable option for the thermal control of domestic refrigerators. The energy
consumption of the refrigerator for the door-opening tests is shown in Figure 14. The
trend of the different controllers is remarkably similar, identifying three stages of linear
increase at 6:30 a.m., 12:00 p.m., and 6:00 p.m., which correspond to the three opening
times during the test. Segments with stepped increments corresponding to the ON/OFF
cycles of the compressor are also observed. During most of the tests, the fuzzy controllers
maintained lower consumption compared to the reference control. At the end of the 24 h
test, the reference control consumed 1239.14 Wh, the fuzzy control consumed 1222.13 Wh,
and the fuzzy control with habit consumed 1213.32 Wh. This indicates that fuzzy control
reduces energy consumption by 1.37%, and fuzzy control with habit reduces it by 2.08%
with the reference control (from the factory). From an energy point of view, fuzzy control is
more efficient by integrating the opening of doors as a habit of use, thus demonstrating its
viability and implementation in domestic refrigeration equipment.
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Figure 14. Refrigerator energy consumption for controllers with door opening.

5.2. Implementation of Thermal Load as a Habit of Use

Figure 15 illustrates the evaluation of the controllers for the temperature of the re-
frigerator compartments over a 90 h test period. Three stages of temperature increase
corresponding to each thermal load input were identified, followed by a gradual reduction
until thermal stability was reached.
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Figure 15. Average temperature in the refrigerator for the controllers with the integration of ther-
mal load.

When the load enters the fresh food compartment, the controllers” thermal responses
show a similar trend; however, the reference control allows the temperature to increase
considerably up to a maximum of 9 °C when the low thermal load enters. At the same time,
the fuzzy controllers maintain an increase of approximately 6.8 °C. With the increase in
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the maximum thermal load in the refrigerator (55 h), the fuzzy control presents the most
significant temperature increase around 6.72 °C, while the reference control and the fuzzy
control with habit maintain a maximum of 6.4 °C. In particular, the response of the fuzzy
control with a habit for the maximum load is because, at this point, the rules and mainly the
membership function for the thermal load represent the highest value and focus on cooling
the load more quickly compared to the conditions of low and medium thermal loads.

Essential variations are observed in the average temperature of the freezer. Note that
the thermal load in this space remained constant throughout the test with a medium load
(9 kg) and behind closed doors. It is observed that the response of the reference control
is different from that presented by the fuzzy controllers; at the beginning, an increase is
observed when the thermal load is introduced, and then thermal stabilization is practically
maintained during the rest of the test. On the contrary, the fuzzy control presents the
most significant temperature increase in the three periods of thermal load variation and,
in addition, stabilizes the temperature of the freezer at a higher temperature (around
—18 °C). Note that, for both fuzzy controllers, although the thermal load was not modified
in this compartment, the thermal response was sensitive to the change in load in the fresh
food compartment. This trend in thermal behavior is a consequence of the same control
configuration, where the fuzzy control does not consider the amount of thermal load
entered into the refrigerator, and its response is slower. In contrast, fuzzy control with habit
responds to the increase in thermal load and maintains lower temperatures.

Figure 16 shows the refrigerator energy consumption for the controllers, considering
the amount of thermal load. It can be seen that the trend in energy consumption for the three
controllers is similar. However, the reference control (orange line) increases consumption
throughout the test. Note that the low thermal load causes the power consumption to
be identical for the controllers. From the entry of the average thermal load (25 h), the
difference in the energy consumption of the fuzzy control (blue line) and the fuzzy control
with habit (green line) begins to be notable concerning the reference control. From this
moment on, the fuzzy control rules for thermal loads cause more noticeable changes in
energy consumption. However, fuzzy control with habit would be expected to drive the
lowest energy consumption. The rules approach for thermal loading states that the load
must be cooled quickly, which causes the habit fuzzy control to consume slightly more
energy than the basic fuzzy control configuration.
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Figure 16. Refrigerator energy consumption for controllers with thermal load integration.
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Finally, the energy consumption for the thermal load test was higher for the refer-
ence control with a value of 4241.72 Wh, for the fuzzy control with a consumption of
4010.46 Wh, and for the fuzzy control with 3878.20 Wh. This represents a reduction in
energy consumption for fuzzy control with a habit of 5.5% and 8.6% for the reference
controller. Consequently, the fuzzy control with habit or without habit represents a signifi-
cant reduction in energy consumption for the refrigerator, demonstrating once again that
including the habit of use in the control improves the appliance’s efficiency.

5.3. Implementation of a Combination of Thermal Load and Door Opening

The results in the previous sections show that the two proposed configurations of
fuzzy control achieved adequate thermal and energy behaviors in the individual evaluation
of the proposed use habits (door opening and thermal load). In this section, the results
are presented only for the fuzzy control for combining the usage habits concerning the
reference control described in Section 4.3. The behavior of the average temperature for
the combination of usage habits is shown in Figure 17, where a time of 70 h is indicated,
corresponding to three days of testing. On the first day, the maximum load was introduced
into the refrigerator, so the figure shows a peak temperature of approximately 8 h. In the
following two days, the thermal load was removed during opening hours, represented
by the temperature peaks at 25, 31, and 37 h for the first day and at 49, 55, and 61 h for
the second day. The reference control represents the warmest thermal condition of both
refrigerator compartments (red and yellow lines). The temperature shows an increasing
trend at the end of each opening cycle. This indicates that the reference control does not
adequately regulate the temperature.
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Figure 17. Average temperature in the refrigerator for the combination of usage habits.

The energy behavior is shown in Figure 18; the energy consumption for the reference
control (orange line) is considerably lower. For this test, the reference control consumes
3035.34 Wh, and the fuzzy control with habits consumes 3331.9 Wh, representing an increase
in consumption of 9.7% for the fuzzy control. These results allow us to assume that reference
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control is more attractive from an energy viewpoint. However, the objective of controller
design (ON/OFF, PID, fuzzy, etc.) is to maintain stable variables at a desired value. In this
sense, the behavior presented by fuzzy control is adequate by retaining the requirements of
the thermal conditions for which the refrigerator was designed. Contrary to the behavior
shown by the reference controller, which does not support the same thermal conditions
as the fuzzy control, it stabilizes the temperature at higher averages, which causes the
compressor to work at lower power and, consequently, lower energy consumption.
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Figure 18. Refrigerator energy consumption for the combination of usage habits.

Table 3 compares the average temperature and energy consumption values from the
implementation of fuzzy control to the refrigerator with a variable speed compressor.
For the reference test (without thermal load or door opening), the fuzzy control presents
adequate thermal behavior for both compartments, including a slightly colder thermal
condition than the reference control. Regarding total energy consumption, an energy saving
of 3.2% is achieved using fuzzy control. For the individual case of door opening habits
and thermal load, the fuzzy control also provides quite acceptable thermal results, thus
indicating that the proposed control is viable for maintaining the thermal conditions in
both compartments. The above is also reflected in the energy savings achieved with fuzzy
control with usage habit compared to factory control, 2.08% for door opening and 5.45%
for thermal load.

Finally, the fuzzy control for the combination of habits represents a higher energy
consumption than the reference control, around 9.7%. However, the fuzzy control main-
tained the most favorable thermal conditions in both compartments, with the reference
control having a warmer thermal condition in the freezer. Thus, the development of a
fuzzy control integrating usage habits for a refrigerator with a variable-speed compressor
responds appropriately to the thermal behavior for which the refrigerator can be designed.
It individually allows for significant energy savings regarding factory control.
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Table 3. Summary of the main results of thermal and energy behavior.

Temperature in the

Pitood © Tpeimine tolben
Compartment [°C] P

Ref Reference 1.37 —18.10 1055.52
eference test Fuzzy 1.29 ~18.39 1021.75
Reference 3.57 —17.48 1239.13
Door opening Fuzzy 2.85 —17.56 1222.13
Fuzzy with habit 2.53 —17.52 1213.35
Reference 3.41 -19.21 4241.72
Thermal load Fuzzy 3.87 —16.48 3878.20
Fuzzy with habit 3.32 —18.04 4010.46
. . Reference 6.72 —14.04 3035.34
Combined habits Fuzzy with habits 6.10 16.65 3331.98

6. Conclusions

Constant technological development allows more efficient appliance design. This
has provided an opportunity to research and propose more efficient and sustainable re-
frigeration systems. In this sense, this study proposed the design and implementation of
fuzzy control in a domestic refrigerator to incorporate usage habits as a novel aspect that
helps maintain the thermal conditions in the compartments and achieve energy savings.
In a refrigerator with a variable-speed compressor, the thermal load and the frequency of
opening the doors were evaluated as usage habits. An Arduino microcontroller was used
to implement the control system, temperature measurement, and energy consumption. The
main conclusions of this study are highlighted below:

A fuzzy control was designed to integrate usage habits as inputs to the controller,
defining six input variables (internal compartment temperatures, thermal load in both
compartments and door opening) and three output variables (speed of the coupled fan). To
the evaporator, the opening of the damper for the airflow and frequency of the compressor),
for which a set of membership functions with 144 operating rules was designed.

Three tests were conducted to evaluate usage habits, door opening, amount of thermal
load, and the combination of both usage habits. From the thermal point of view, all fuzzy
control configurations allowed for maintaining thermal conditions similar to those of the
reference control (factory control).

In the energy sense, individual implementation of usage habits for fuzzy control saved
2.08% in the door opening test and 5.45% in the thermal load tests. In the case of fuzzy
control integrating the combination of usage habits, increased energy consumption by 9.7%.

Finally, fuzzy control with the individual incorporation of usage habits as a strategy
to maintain the thermal conditions of both compartments and achieve energy savings is
presented as a viable and robust option for integration into domestic refrigerators. In this
way, a preamble is proposed to design a smart refrigerator that integrates usage habits.
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Nomenclature

cor Coefficient of Performance
D Door opening

L Thermal load [kg]

NTC Negative Temperature Coefficient
T Temperature [°C]

T Average temperature [°C]

PID Proportional Integral Derivative
PWM  Pulse Width Modulation

Ref Reference control

1,...8 Thermocouple location
Subscripts

FF Fresh food compartment

Fz Freezer

SP Set-point temperature

Greek symbol

u(x) Membership value
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