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Abstract: The use of fuzzy logic controllers in refrigeration and air conditioning systems, RACs, has
as main objective to maintain certain thermal and comfort conditions. In this sense, fuzzy controllers
have proven to be a viable option for use in RACs due to their ease of implementation and their
ability to integrate with other control systems and control improvements, as well as their ability to
achieve potential energy savings. In this document, we present a review of the application of fuzzy
controls in RACs based on vapor compression technology. Application information is discussed for
each type of controller, according to its application in chillers, air conditioning systems, refrigerators,
and heat pumps. In addition, this review provides detailed information on controller design, focusing
on the potential to achieve energy savings; this design discusses input and output variables, number
and type of membership functions, and inference rules. The future perspectives on the use of fuzzy
control systems applied to RACs are shown as well. In other words, the information in this document
is intended to serve as a guide for the creation of controller designs to be applied to RACs.

Keywords: control strategies; energy saving; humidity; refrigeration systems; temperature

1. Introduction

Refrigeration systems based on vapor compression are widely used in different sectors,
such as domestic, commercial, and industrial. In fact, in recent decades the demand for
these refrigeration and air conditioning systems, RACs, has increased significantly, and it
is estimated that there are around five billion systems in operation worldwide. Thus, the
refrigeration sector represents one of the main energy consumers; it is estimated that these
systems consume around 20% of the total electrical energy demanded worldwide [1].

Given the incipient deficiency of energy resources, saving the energy consumption by
RACs has become an increasingly urgent area to address. Therefore, different strategies
have been developed which have led to energy improvements; in addition to the above,
mitigation of the environmental impact due to the use of RACs. These strategies include
the use of alternative refrigerants with low greenhouse potential, GWP (Global warming
potential) [2], or the use of nano refrigerants and nano lubricants [3]; the development of
reliable profiles for RACs loads [4]; the use of new phase change materials [5]; the use
of expanders [6]; the thermal design of heat exchange equipment [7]; and the inclusion
of control systems [8], among many others. Consequently, control systems play a very
important role in the operation of RACs.

In recent years, different control strategies have been used in the field of refrigeration,
these range from the study of system behavior to the implementation of control algorithms
to improve energy efficiency, and thus, seek better-operating conditions [9]. The appearance
of new technologies, such as variable speed compressors and expansion solenoid valves,
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have allowed new control systems to be improved and implemented. The improvements
and implementation of these controllers include conventional techniques, such as ON/OFF,
the PID control (Proportional Integral Derivative), SISO type controllers (Single Input, Sin-
gle Output), and MIMO controllers (Multiple Input, Multiple Output), robust control [10],
gray box models [11], and even controllers recently applied to vapor compression systems,
such as zero gradient control [12].

The possibility of modeling the control systems has also contributed to the design
and application of controllers, thus developing strategies to achieve better operating con-
ditions and optimal behaviors in the RACs [13]. Furthermore, the optimization of these
systems [14] and the prediction of the behavior of the variables with the most interest, such
as temperature and energy consumption [15] has been achieved. Therefore, control of vapor
compression refrigeration systems plays a critical role in achieving better performance
under dynamic operating conditions.

Several studies applied to refrigeration systems have been conducted, which have
been of special interest thanks to the successful results obtained in the implementation.
Particularly within the control strategies, the control systems based on artificial intelligence
techniques (artificial neural networks (ANN), fuzzy logic, and genetic algorithms) have
shown potential in implementation for being more efficient and customizable. In this
sense, the use of neural networks focuses on the determination of predictive models of
the parameters and the performance of the systems [16]. The use of fuzzy logic in RACs
is mainly focused on the implementation with control systems, where it is intended that
the systems be more stable and energy savings are achieved, and where better results can
also be obtained when integrated with other control systems [17] through tools, such as
modeling or implementation in real systems. Additionally, the use of fuzzy controllers has
some advantages over conventional controllers. For instance, conventional controllers are
not suitable for systems under non-linear behaviors that include uncertainties, time delays,
and plant instability. Due to the multiple inputs in these systems (ambient temperature
(Tamp), relative humidity (HR), thermal load, air velocity, usage habits, etc.), it is difficult
to develop a mathematical model that can accurately describe the behavior of the system
within a wide operating range [18]. In this sense, nonlinear controllers that are based on
fuzzy logic, expert systems, and artificial neural networks, can overcome these problems
and, therefore, have shown to be a viable alternative to achieve better results in the control
of variables than conventional controllers [19].

Based on the aforementioned, the main objective of this work is to present a com-
prehensive review of the application of fuzzy logic in the design and implementation of
controllers in RACs. Detailed information about fuzzy controllers and controller design
is discussed regarding input and output variables, the number and type of membership
functions, and inference rules. Additionally, factors that can be used in the implementation
of fuzzy controllers and offer the potential of energy savings are presented.

2. Fuzzy Controller Design Applied to RACs

Logic fuzzy systems are based on the human ability to think, which has allowed
controllers to adapt better to systems by finding an approximation to their real behavior.
This has been observed mainly in those systems where their analytic functions are difficult
to obtain. These controllers, through the creation of a database of knowledge with fuzzy
linguistic expressions and rules, can make decisions about the control of a process using a
method called inference. This method simulates the human thinking process allowing us
to understand mathematically the knowledge represented in rules of the type IF-THEN to
obtain an output value from the controller. In this sense, the inference method of Mamdani
(Max-Min) is most commonly used in the design of fuzzy controls for the RACs. Another
method also used in the field of refrigeration is the Sugeno method or Takagi-Sugeno-Kang,
TSK. Figure 1 shows the typical structure of a fuzzy control system. It has four stages:
fuzzification, rule base, inference engine, and defuzzification. During the fuzzification stage,
the crisp inputs (the numeric values), by using membership functions, will determine the
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fuzzy values (p(x)) in the range from zero to one. Then, the inference engine takes the fuzzy
variables and evaluates the rules established in the rule base, and one or more fuzzy sets
representing the output fuzzy variables can be obtained. Finally, defuzzification converts
the fuzzy variables into crisp values that can be used by the actuator in a control system [20].
At this stage, it is possible to use different methods to perform this transformation from
fuzzy values to real values.
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Figure 1. General scheme of a fuzzy controller.

Generally speaking, the fuzzy control applied to the RACs focuses on the control
of temperature and humidity. Consequently, variables, such as the duty cycle, the elec-
tric frequency of the compressor, the opening of the expansion valve, and the flux of the
refrigerant are manipulated. Because of the similarity between the controlled variables (tem-
perature and humidity) and the manipulated variables (operating duration or compressor
frequency), the design of controllers for the RACs shares some characteristics indepen-
dently of the system to which it is applied. The first element corresponds to the design of
the membership functions for the input and output variables of the fuzzy system. Figure 2
shows the fuzzy sets most used for the RACs, these present a combination of triangular
and Gaussian functions. In these sets, two of the functions are placed at the ends and they
correspond to trapezoidal functions (Figure 2a) or Gaussian functions (Figure 2b). In the
study of the RACs, the triangular function is most commonly used around 70% of the pub-
lished research papers present controllers using a combination of triangular functions. This
is because a triangle or a trapezius often provides an adequate representation of the expert
knowledge, and at the same time, these two shapes simplify significantly the computation
process [21] and they can additionally improve the dynamics of the system [22]. How-
ever, Islam and Hossain [23] showed that the use of triangular or trapezoidal membership
functions affects the performance of the controller and, in particular, for air conditioning
systems, trapezoidal functions are the most suitable.

The set of the membership functions may depend directly on the variable or the error.
With low frequency, sets of fuzzy functions in which the domain depends directly on the
variable are presented. In these cases, the domain of the set of membership functions (or
universe) includes all possible values that the variable can take. In most cases, there are
sets in which the membership functions depend on the error, the derivative of the error,
or the integral of the error. Therefore, the range of the set of functions exhibits negative
and positive values. The range of the values that the universe can take is very diverse and
depends on the range of the measurement of the variables that are taken into consideration
for the design of each controller.
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Figure 2. Membership function sets for the input and output variables. (a) trapezoidal functions;
(b) Gaussian functions.

Additionally, it is very common in the design of a controller that the names of the
linguistic variables are similar to the names of the membership functions. For instance,
if the function is centered around zero, the name would be Z. On the other hand, if the
function is positive, the name would be P. When the function is negative, the name could
be N. In the same sense, it is customary to use the modifiers “very” (V), “medium” (M),
“low” (L), etc. To establish some of the linguistic terms, such as “very positive” (VP) or
“slightly low negative” (SLN), it is necessary to assign these names based on the number of
functions in the controller. Table 1 shows a summary of the description of the linguistics
variables most frequently used in the design of fuzzy logic controllers for the input and
output variables.

Table 1. Linguistic variables frequently used in RACs.

Inputs Outputs
Variable Linguistic Term Description Variable Linguistic Term Description
VHP Very high positive VHS Very high speed
MP Medium positive MED Medium
LP Low positive SLH Slightly high
Temperature zZ Zero VH Very high
SHN Slightly high negative NM Normal
HN High negative Compressor speed, SLL Slightly low
VHN Very high negative airspeed, fan speed, VLS Very low speed
H High OPem“gf Pé%r\c/e“tage SLS Slightly low speed
VL Very low © LS Low speed
1 SH Slightly high MS Medium speed
Humidity M Medium SHS Slightly high speed
L Low VLS Very low speed
SH Slightly high OFF Off

The output variables in the fuzzy logic controllers in the RACs correspond to variables
of the actuators. For instance, temperature control is performed by modifying mainly the
speed of the compressor, the duty cycle of the compressor, and the opening of the expansion
valves. For humidity control, it is regulated by modifying the speed of the fans or opening
the gates. The fuzzy sets for the input and output variables generally coincide in quantity
and shape. For the RACs, systems with five membership functions for the input and the
output are generally designed. However, Almasani et al. [24] presented a set of membership
functions with different quantities and shapes for the input and output variables, showing
that it is not necessary to use the same type and number of functions to attain satisfactory
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results in temperature control. Additionally, Islam et al. [25] demonstrated that according
to the defuzzification method, the behavior of the output variables is affected and values
with considerable differences are obtained that directly affect the behavior of the system.

Fuzzy Logic Integrated with Other Control Systems for RACs

One of the advantages of fuzzy logic is its ease of integration with other controllers;
this integration has shown an improvement in the regulation of process variables. One of
the most common integrations in RACs is with Proportional Integral Derivate, PID, con-
trollers. Figure 3 shows the general diagram of a fuzzy PID controller. This diagram shows
the most frequent application in RACs, where fuzzy control supervises the adjustment
of the constants kp, ki, and kd of the PID control, generating self-adjusting controls or
adaptive controllers. There are also alternatives in the application of PID fuzzy controllers.
For example, determining one or two PID control constants kp and ki or kp or kd [24],
application of cascade controls [25]. There is also the possibility that fuzzy control regulates
the output of the PID controller [26].

Fuzzy controller

Rules
evaluation

PID

Defuzzification;
controller

1
Set Point
; Outputs
PID-Fuzzy __ Actuators &
— > controller

Figure 3. General scheme of a PID-fuzzy controller.

3. Fuzzy Driver Applications on RACs

The use of fuzzy logic in the design of controllers for RACs is mainly focused on the
actual modeling or simulation of the system. As it was previously mentioned, the variables
most used in a control system for RACs are the temperature and relative humidity; therefore,
in the following subsections, the main studies in this engineering field are discussed. These
studies show the scope of fuzzy logic applied to chillers, air conditioning systems, domestic
refrigerators, and heat pumps.

3.1. Fuzzy Control in Chillers and Cold Rooms

Chillers are one of the RACs in which the fuzzy logic control systems have been
applied with interesting results. For instance, the integration with other control strategies
allows to improve the operating conditions and obtain energy savings. In this sense,
Barelli et al. [26] found that it was possible to improve energy efficiency by 1% and have
more stable thermal conditions through diffuse PD + I control, regulating the frequency
and acceleration of the compressor. Silva et al. [27] implemented a fuzzy PID controller
and a fuzzy PI controller and found that the fuzzy PID controller was better adapted to the
cooling system by presenting better performance, responding to fluctuations in the thermal
load, and reducing the error by 43% in the set point.

On the other hand, comparative studies have shown that fuzzy control allows for the
obtaining of better results compared to conventional controllers. In this sense, Ekren and
Kiictika [28] carried out a comparative study between thermostatic control and diffuse
control for a chiller that works with a variable-speed compressor and an expansion solenoid
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valve, and found that the diffuse controller reduced energy consumption by 17%. In a later
study, a fuzzy control, a PID control, and a neural network control were compared; the
results indicate that fuzzy control can reduce energy consumption by 1.4% compared to
PID control, while fuzzy control consumes 6.6% more than neural network control [29].
Yang et al. [30] proposed a self-adjusting fuzzy controller to improve the performance
of cooling systems; in addition, they compared a PID control and fuzzy control. They
determined that the self-adjusting fuzzy controller improves thermal performance by
reducing thermal inertia compared to the other controllers tested. These studies show the
advantages that fuzzy controllers offer compared to PID controllers, mainly more stable
temperature control is allowed so that reductions in power consumption can be achieved.
Additionally, the integration of fuzzy logic and fuzzy PID controllers allows for better
results than implementing each controller.

Aprea et al. [31] presented a fuzzy control algorithm for the temperature of a cold room;
they regulated the speed of the compressor to evaluate energy savings. In addition, they
evaluated two working fluids, R407C and R507, as substitutes for the R22 refrigerant. The
authors found that diffuse control showed 13% energy savings compared to conventional
thermostatic control using R407C refrigerant. Becker et al. [32] relied on the coupling of
temperature and humidity for the development of the fuzzy controller, concluding that the
fuzzy controller had a suitable design for the dynamic behavior of the process. Spiteri et al. [33]
found the fuzzy controller as a simple solution for the overheating regulation problem of
an industrial refrigeration plant. They regulated the opening of the expansion valve and
determined that the controller had the flexibility to implement subjective solutions, as well as
being a practical and cost-effective alternative to conventional control methods.

Fuzzy control strategies have been shown to improve the conditions in the control
of variables [25,31] and on some occasions, it has even been possible to reduce energy
consumption [27,30]. To achieve these energy savings, several factors intervene, such as
the number of controlled variables, the type of actuators, and considerations in the design
of the controllers. In this sense, Spiteri et al. [33] found that multivariate control is more
efficient in controlling temperature, but less efficient in energy consumption, compared to
one-variable control. Therefore, control strategies attempt to find a balance between being
able to meet control objectives and achieving energy savings.

3.2. Fuzzy Control in Air Conditioning Systems

The application of fuzzy logic to air conditioning systems based on vapor compression
has been extensively studied to control temperature and humidity. This has resulted in better
comfort conditions. Research in this area involves the design and modeling of the controller.
Likewise, research also includes the implementation of these models in experimental benches
or in systems that operate under real operating conditions, including rooms, houses, build-
ings, etc. In this sense, Lea et al. [34] studied the regulation of compressor speed and fan speed
according to the areas that required airflow. The data collected and analyzed showed that the
temperature values remained at adequate levels in all areas. Tobi and Hanafusa [35] found
a more efficient and economical way to maintain adequate conditions in a room compared
to other techniques. In general, fuzzy controllers applied to Heating, Ventilation, and Air
Conditioning (HVAC) systems are multivariable controllers of temperature and humidity, and
it has been shown that this characteristic allows better control over the behavior of the system
variables, thus achieving more efficient and stable systems.

Ying-Guo et al. [36] presented a fuzzy adaptive control and compared it with a PID
control. The authors concluded that fuzzy logic-based control was the most stable and
improved overall system performance. Al-Aifan et al. [37] developed three fuzzy control
systems that worked together in an air conditioning system combined with a variable
volume of refrigerant. Simultaneous fuzzy logic control was found to reduce power
consumption and to be more effective in satisfying cooling conditions compared to a PID
control. Li et al. [38] implemented a proportional-derived control system with fuzzy logic.
The system worked with two independent control loops, one for temperature control and
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one for humidity in an air conditioning system. As a result of this specific implementation,
it was concluded that the simultaneous temperature and humidity controller provided an
accurate response from the control system. In a later study, Li et al. [39] integrated neural
networks as a complement to the fuzzy controller and found that the combination of neural
networks and fuzzy control offered better performance and simultaneous control with
great precision.

Xiaoqing [40] improved the performance of HVAC systems through the use of a self-
tuning neuro diffuse temperature and humidity controller. The analysis was performed
in those systems that are affected by the variation of the supply airflow rate and relative
humidity. The author found that the fuzzy controller responded correctly to disturbances
because the self-tuning ability ensured that the controller always worked in optimal con-
ditions. Chu et al. [41] developed a control system for a fan coil unit of an HVAC system.
In this sense, they proposed a function for predicting the thermal load based on thermal
comfort, and the system was able to control humidity and temperature. Consequently,
this strategy controlled thermal comfort achieving energy savings with variations of less
than 2% in temperature and a daily energy saving of 36%. Islam et al. [42] presented an
algorithm for temperature and humidity control in industrial air conditioning systems. In
their study, the control parameters were adjusted by the cooling valve, the heating valve,
and the humidification valve. It was concluded that their design showed lower energy
consumption and therefore a great efficiency. Garcia Arenas [43] considered the variation
in temperature and relative humidity of the environment throughout the year to model the
control of comfort in a room.

The use of genetic algorithms and neural networks together with fuzzy controllers has
allowed the systems to be brought closer to their optimal operating conditions, with results
superior to classic controllers, overcoming their limitations, and performing more intuitive
control actions. In this sense, Parameshwaran et al. [44] proposed a fuzzy genetic algorithm
that reduced annual energy consumption by 36%, in which compressor speed, fan speed,
and damper opening (Do) were regulated. All of these parameters were adjusted to control
temperature, air supply, and CO; concentration. Marvuglia et al. [45] predicted the internal
temperature of a building using an autoregressive neural network with external inputs.
This internal temperature served as input for the fuzzy control system that controlled
the ON/OFF of an air conditioning system. The combination of a neuro-fuzzy control
yielded adequate results because of the dynamic regulation of the ON/OFF of the air
conditioning system. Hasim et al. [46] improved the efficiency of a system based on the
variation of human comfort, as well as relative humidity and dew point. They found that
fuzzy control had great feasibility to be implemented in a real system. Kang et al. [47]
proposed the integration between a diffuse control and an ON/OFF control for a residential
building. The proposal was made to improve the operation of an ON/OFF control taking
into consideration the incident solar radiation in the building. Thus, fuzzy controllers can
be perfectly coupled to those systems where, due to physical restrictions, they limit the
variables that can be manipulated. Air conditioning systems are subject to a variety of
variable conditions, such as weather parameters or variations in operating parameters.
Therefore, fuzzy controllers perform best when a MIMO control system is considered and
the interaction between temperature and humidity is taken into account.

It is not only the use of the internal temperature of the space and the humidity as input
variables for the diffuse control allow adequate thermal and energy results. Other variables,
such as ambient temperature or refrigerant flow, among others, affect the behavior of the
system. The inclusion of these types of variables in the fuzzy controller has also allowed for
the obtaining of more efficient systems and achieving better control of the variables, mainly
while achieving system stability. In this sense, Lin and Wang [48] succeeded in improving
the evaporator superheat (SH) of using an adaptive controller and consequently improved
energy efficiency. Fakhruddin et al. [49] developed a MIMO controller for a variable speed
compressor taking into account the operating hours of the air conditioning system. The
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author found that fuzzy logic showed advantages in solving analytically complex problems,
starting from intuitive knowledge and resulting in optimal performance.

The study of air quality through CO; concentration is also considered in some stud-
ies. Between these, Almasani et al. [24] showed an expert control system for an HVAC
controlling the amount of oxygen in a room and taking into account the outside ambient
temperature. It was shown that the performance of this controller was better than the
conventional controller, as it reduced the overshoot by 2.25%, provided precise control, and
quickly adapted to diverse operating conditions. Abdo-Allah et al. [50] took into account
CO; concentration, in addition to the traditional variables for control, obtaining higher
and more stable responses than traditional control algorithms. The above shows that the
use of new types of controllers is focused not only on improving performance but also on
improving conditions to maintain environments that do not harm health.

On the other hand, the predicted mean vote, PMYV, introduced by Fanger [51], is used
to predict the thermal sensation on a standard scale based on environment variables, such as
air temperature, radiance temperature, airspeed, and relative humidity. Additionally, other
personal parameters, such as the activity level or cloth insulations were also considered.
Some authors have included this factor in the design of diffuse control systems as an
alternative for direct regulation of temperature and humidity. For instance, Dounis et al. [52]
and Dounis and Manolakis [53] tested the design of comfort-based controllers as a fuzzy
concept. In this sense, new general points of view were proposed for the design of fuzzy
controls applied to HVAC systems paying special attention to the selection of suitable rules.
Hamdi and Lachiver [54] developed a controller based on the evaluation of the level of
thermal comfort, intending to modify the operating parameters to find the optimal value
of thermal comfort and obtain a reduction in energy consumption. Calvino et al. [55]
developed an adaptive Fuzzy-PID controller trying to avoid shaping the internal and
external environments. Ciabattoni et al. [56] developed a controller to overcome the non-
linear condition in the PMV index that limits its application to the problem of heating
control in HVAC systems. With the introduction of environmental parameters external
to the system, the results showed that the proposed control technique made it possible
to avoid the use of a temperature set point for the HVAC system. Yan et al. [57] found a
simple way to improve comfort by regulating the volume of air delivered when the thermal
comfort index was included as a controlled variable. It is evident that the integration of
new factors as input variables allows the systems to be greatly improved. In this case,
the PMV index includes parameters that are little used in classic controllers and that are
more related to the daily use of HVAC systems. Note that the fuzzy controllers are better
adapted to the concept of thermal comfort, without the need for mathematical models,
which in this case would be very complex or impossible to obtain due to the subjectivity of
comfort. Therefore, fuzzy controllers represent a suitable alternative for the replacement of
conventional controllers.

Another segment of research in the application of the air conditioning system is
present in automobiles, where some research works have been performed. For instance,
Davis et al. [58] presented a fuzzy logic control system to overcome the limitations of
the linear proportional control. The system was designed using the terms described by
the driver to express comfort level. Nasution [59] experimentally evaluated the efficiency
of an air conditioning system in a car by performing a comparison of fuzzy control and
an ON/OFF control. The author determined that the fuzzy controller was able to save
39.14% and 64.35% of energy according to the setting of the thermal load, and significantly
improved the internal comfort. Khayyam et al. [60] implemented a controller for the energy
consumption of an air conditioning system for an automobile. One of the input variables
for the system was the position of the vehicle using GPS and the speed of the car to
determine the exterior conditions; they were able to reduce the energy consumption by
12%. Ibrahim et al. [61] found the balance between internal comfort and energy efficiency
by simulating fuzzy control taking into account humidity for an electric car air conditioning
system. The implementation of diffuse controllers in air conditioning systems is extensive;
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it was observed that different strategies, such as modeling and integration with classic
controllers, have gradually allowed improvements to thermal behavior and, in some cases,
energy savings have been achieved. In this same sense, integration with genetic algorithms
and neural networks are becoming increasingly utilized strategies since this integration
has been superior to other controllers.

As mentioned, the use of fuzzy controllers in air conditioning systems has been
advantageous in maintaining operating conditions and achieving energy savings, showing
advantages over traditional controllers. It has also been shown that the integration of
fuzzy controllers along with other control strategies allows improving the performance of
the systems. In addition, the inclusion of new control variables (PMV, CO, concentration,
number of people) has gradually transformed the controller’s approach to maintaining
conditions that do not affect health. These scenarios make the controllers more and more
complex, demonstrating that fuzzy logic can achieve satisfactory results, but they also make
their application increasingly complex to implement, which would limit the applicability
of this type of controller. These limitations can be overcome with the use of other strategies,
such as neural networks, which gradually allow fuzzy logic to handle secondary tasks
rather than the main control action.

3.3. Fuzzy Control in Domestic Refrigerators

There is very little information in the literature regarding the application of fuzzy logic
control in domestic refrigeration systems. Among the works found, Bung-Joon et al. [62]
developed a controller model based on fuzzy logic and neural networks to improve the
performance of the internal temperature of the refrigerator. Employing the controller, it was
also possible to reduce the variation of the internal temperature. Mraz [63] concluded that
fuzzy controls can reduce energy consumption by 3% by regulating compressor duty cycles
and also represent a good alternative to replace thermostatic control. Rashid and Islam [64]
proposed a controller with Mamdani inference for the temperature in a domestic refriger-
ator with a variable speed compressor; this method was designed to make the transition
from the analog control to the digital control of the refrigerators. Azam and Mousavi [65]
developed a controller for the temperature and humidity of a refrigerator; through simula-
tion they verified that the fuzzy control saved operating costs and at the same time had
fewer fluctuations in the internal temperature. Arfaoui et al. [66] proposed an alternative
method for the fuzzy controller, combining it with genetic algorithms and comparing it
with the PID control. Using a third-order discrete-state system, they calculated the air
temperature in the refrigerator and determined that the combination of genetic algorithms
with fuzzy logic exhibited better thermal behavior and, consequently, the temperature
of the setpoint was reached quickly, thus reducing energy consumption by 0.3957 kWh.
Belman-Flores et al. [67] implemented a fuzzy controller in which, as the main contribution,
the opening of the doors of the refrigerator was considered, integrating this habit of use in
the rules of the controller. The authors concluded that the diffuse controller along with the
incorporation of the habit of using reduced energy consumption by 3% compared to the
conventional controller. Although the application and development of fuzzy controllers
for home refrigerators are sparse, ample research opportunity presents itself. For example,
integration with classic controllers or neural networks allows improvements in thermal
and energy behaviors. Additionally, the integration of the usage habits to the controllers
would allow the achievement of greater savings in energy consumption and better quality
of food products.

3.4. Fuzzy Control in Heat Pumps

Another application of controllers is presented in heat pumps, where, in the same
way as in refrigeration systems, control is mainly aimed at temperature by regulating the
speed of compressors and fans, and opening expansion valves. Concerning the above,
Choi et al. [68] presented the comparison of a PI controller, a non-optimized fuzzy controller,
and an optimized controller for the control of overheating in the compressor discharge.
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The optimization was carried out using genetic algorithms, which allowed modification
of the controller rules. Through experiments, it was determined that the fuzzy controller
presented the worst performance, but when optimizing it, it was the one that showed the
best performance of the three controllers. Tsai et al. [69] designed a cascade fuzzy PID
control strategy for the control of an air source heat pump. The controller consisted of two
control loops, one of the loops modified the speed of the compressor, and the second of
which regulated the opening of the expansion valve. The results showed that the fuzzy
cascade control provided superior performance, improved reaction time, and minimized
temperature overshoot.

Esen et al. [70] compared the use of artificial neural networks (ANN) against an
adaptive neuro-fuzzy inference system (ANFIS) for predicting the performance of a ground-
coupled heat pump. The authors obtained the best results for the cooling and heating mode
with the combination of neural networks and fuzzy logic. Later, Esen and Inalli [71] applied
the control system in a vertical ground source heat pump and found that the best results
were obtained with the ANFIS system. Adaptive fuzzy systems with neural networks
are presented as the future of expert controllers for RAC, in this case, the advantage of
being able to predict the behavior of variables and not needing a mathematical model
helps enormously since strategies can be established in advance to have better control and
achieve energy reduction. One of the limitations of fuzzy control is found in the initial
design stage, at this stage information from an expert in the system is required. In this
sense, the combination of genetic algorithms and neural networks can be a viable option
that can help improve and optimize the structure of the controller.

Lee et al. [72] presented a fuzzy logic-based compensator for the PI controller, to improve
the performance of the temperature control, concluding that the compensated controller had
superior performance and presented greater ease of implementation. S6zen et al. [73] used
the controller with fuzzy logic to predict the performance of a heat pump that worked with
mixtures of R12 and R22 refrigerants. In this study, the authors determined that fuzzy logic is
a reliable method to define the performance of the heat pump, giving differences of 1.5% in the
prediction of coefficient of performance (COP) and 1% in rational efficiency. Yang et al. [74]
obtained a more stable behavior of a heat pump, utilizing two fuzzy controllers in which
the evaporator superheating and the temperature were simultaneously regulated in a drying
process. Another application of fuzzy control in heat pumps was presented by Sahin et al. [75],
which simulated and optimized the operation of a system through a genetic algorithm and
fuzzy logic. In this case, the authors used fuzzy logic to obtain the thermodynamic properties
necessary for optimization. Within the search for alternative approaches to conventional
controllers, the implementation of fuzzy controllers in heat pumps is shown to have various
applications along with the use of different strategies. Although this new approach increases
the complexity of implementation, it is necessary not only to improve the performance of
the systems but also to help reduce maintenance costs and energy consumption caused by
conventional controllers.

Finally, to conclude the application of fuzzy controls to the RACs, Table 2 shows a
summary of several commonly used controllers. The table includes detailed information
about the design and application for each controller. Additionally, the table presents the
number of control loops as well as the input and output variables of the controller. Even
though the number of variables, the shape of the membership functions, and the number of
inference rules are independent variables of the operating conditions of the system and the
knowledge of the person designing the system, the error and the derivative of the error are
used as input variables despite the flexibility of fuzzy controllers that allow the use of the
crisp values of the variables. Additionally, was found the common use of fuzzy sets with 3
and 5 triangular membership functions and 25 inference rules. It was also found that the
most commonly used output variables are the speed or frequency of the compressor and
the speed of the fans. Although a fuzzy control has a flexible design, it was found that in
most cases it is implemented together with a PID controller or artificial neural networks. In
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these cases, fuzzy logic allows for better adjustment of controller parameters and reduces
the use of complex mathematical models, jointly improving system efficiency.

3.5. Energy Saving

According to the previous sections, the implementation of this type of controller has
gradually shown that it is possible to attain significant reductions in energy consumption
through the implementation of different strategies. In this sense and trying to outline the
importance of these strategies in the RACs, Table 3 shows those studies that were able to
obtain some energy savings. The table includes the results from the simulations as well
as from experimentation. Observe that most of the experimental studies present a higher
percentage of energy savings than the simulation studies. It is important to mention that it
is not always possible to attain energy savings, for instance, Schmitz et al. [76] showed that
when only one variable was controlled, the system can consume more energy than when
several variables are used. Additionally, most of the studies were able to get a reduction in
the energy consumption when the controller was integrated with other control systems,
such as PID and artificial neural networks, or when new variables were integrated into
the controller.

As discussed in the previous sections, the use of fuzzy controllers in RACs is extensive
and is shown to be a viable option for control, demonstrating that adequate thermal condi-
tions can be maintained, and energy consumption reduced. In addition to being simple
and intuitive controllers in their implementation, they have been suitable for obtaining
satisfactory results in nonlinear systems, such as RACs. Integration with other controllers
helps overcome the limitations of the fuzzy controller. Control strategies are important in
the foreseeable future when systems are required to be more efficient and consume less
energy, helping to take advantage of increasingly scarce energy resources.

3.6. Future Perspectives for the Application of Fuzzy Controllers in RACs

The application evolution of fuzzy controllers to RACs began with the individual
implementation of this type of controller. Through the years, fuzzy controllers have been
used in combination with classic controllers and advanced control systems for the imple-
mentation of real systems. These controllers are designed to maintain desired thermal
conditions, and at the same time, reduce energy consumption. Consequently, it is intended
that in the future, RACs will be more energy efficient than present systems by making
better use of energy resources. In this sense, RCAs present a field of opportunity because
they are responsible for a significant percentage of electricity consumption worldwide.
Additionally, several technological developments, such as variable speed compressors,
expansion solenoid valves, and the integration of elements that improve the interaction
between users and RACs, have allowed these systems to become more and more efficient.
The main advantage of fuzzy controllers is that they are able to incorporate a large number
of variables and rules simultaneously, and thus, decide based on a set of desired thermal
conditions and restrictions about the usage of the system. Fuzzy controllers have the ability
to adapt with other intelligent controllers, and it is expected that in the future, RACs will
anticipate its operating conditions, while maintaining adequate thermal conditions and
managing energy consumption more efficiently.
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Table 2. Fuzzy driver application in RACs.

Inf Control Inputs Inf Outputs
Authors Application Controller nference ontro nference
Method Loop Inputs Universe l\éumb'e r of Function Rules Output Universe Numb.e r of Function
unctions Functions
T E Triangular 25 Compressor Triangular
Becker et al. [32] Cold room Fuzzy Max-Min drrqr, etr.ror —1tol 5 and power —1to1l 5 and
HR erivative trapezoidal 45 Fan power trapezoidal
. . Triangular
Spiterietal, [33]  Refrigeration Fuzzy - T SH and ASH - 3 - 9 Valve 1to5 2 and
system opening .
trapezoidal
Error —10to 10 .
Barelli et al. [26] Chiller Fuzzy-PID Mamdani T o —0.005 to 5 Triangular 25 Compressor 30 to 80 5 Triangular
Error derivative 0.0025 and Gaussian frequency
Industrial error 0to13 6 . Compressor .
Aprea etal. [31] plant Fuzzy Larsen T Error derivative 0.001 to 0.013 5 Triangular 2 frequency 30 to 50 Hz 5 Triangular
Error —2.0t0 1.0 (%E(;;ngreerfcsor 30to 70
Silva et al. [27] Chiller Fuzzy- PID Mamdani T 7 Triangular 98 Concllpress}(;r 7 Triangular
Error derivative —0.5t00.5 frequency —5to5
change
Error —8to8 i !
. Previous change in 5 Triangular 25 Compressor 30 to 60 Hz 5 rla;_l%; ar
w compressor 0to 20 and Gaussian frequency .
. . frequency Gaussian
Ekren and Kiiciika Chiller Fuzzy Max-Min
[28] Error —5to5
Previous change in Triangular Valve N Triangular
SH the opening of the —20t00 5 and Gaussian 25 opening 10to 45% 5 and
electro expansion Gaussian
valve
Error —8to8 .
Ty Previous change in 5 Triangula.r 25 Compressor 30 to 60 Hz 5 Trla;l%;ular
compressor 0 to 20 and Gaussian frequency .
) ) frequency Gaussian
Ekren et al. [29] Chiller Fuzzy Max-Min
Error —5to5
P}rlekus < hanfgel:n Triangular Valve . Triangular
SH i le Opening o ,t N —20to 0 5 and Gaussian 25 opening 10 to 45% 5 and
electro expansion Gaussian
valve
Compressor
Error —2to2 frequency —5to5
Schmitz et al. [76] Chiller Fuzzy Mamdani Tse 7 Triangular 49 CI?S;%: 7 Triangular
Error derivative —0.5t00.5 frequency —3to3
change
Yang et al. [30] Cooling Fuzzy Max-Min T R —2t02 5 Gaussian 25 Valve 2t02 5 Gaussian
chamber derivative opening
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Table 2. Cont.
Inf Control Inputs Inf Outputs
Authors Application Controller nference ontro nference
Method Loop Inputs Universe Numb'e r of Function Rules Output Universe Numb.e r of Function
Functions Functions
Lin and Wang [48] Evapora.tor Fuzzy - SH Error z'md VError —2to2 18 Singleton 216 - - - Gaussian
overheating adaptative derivative
Tobi and Air . Error and Error
Hanafusa [35] conditioning Fuzzy Mamdani Tand HR derivative B - - 2 B B B B
T Temperature 23 to 26 3 Triangular and
- Error —2to2 trapezoidal Tri 1
Lea et al. [34] A1r . Fuzzy Mamdani P 1 Compressor 0t0 100 3 “a;:‘:’gl ar
conditioning Triangular frequency t idal
HR Relative humidity 0'to 100 3 and Tapezoida
trapezoidal
Error —2.94 t0 3.06 Triangular Valve _ _ _
L ) Air ~ . Error derivative —25t02.44 opening
Xiaoging [40] conditioning Neuro-Fuzzy Max-Min T Error —3.18t0 3.14 7 tra aerzlii dal 49 Fan speed _ _ _
Error derivative —2.56 t0 2.72 P P
Ai E d Triangular
Chu et al. [41] i Fuzzy Max-Min T Fror anc error —2t02 5 and 25 Fan speed - - -
conditioning derivative .
trapezoidal
Islam et al. [42] con dji:ilfming Fuzzy Max-Min T Temperature Otod0°C 5 Triangular 25 Fan speed 0 to 100% 5 Triangular
HR Relative humidity 0 to 100%
Air T Temperature 771 (t) t(;;’ 5 Temper ature ~8to8
Garcia Arenas [43] conditioning Fuzzy Mamdani ° 3 Gaussian 12 mncrease 3 Gaussian
HR Absolute humidity —51t0 35 Increased 3t03
Reference humidity 5to 13 humidity ot
Ambient 20 to 40 2 Trapezoidal
temperature
Triangular
T Error —25to 5 9 and 81 Compressor 0 to 7000 9
trapezoidal speed
Triangular
Suction pressure 600 to 700 9 and
trapezoidal
Parameshwaran Air Fuzzy Mamdani
et al. [44] conditioning ) . Triangular
Static pressure 300 to 1000 5 Tna;lg(;.llar 25 Fan speed 2500 to 3500 5 and
. trapezoidal
Airspeed 3to6 5 trapezoidal
Ambient .
Do temperature 20 to 40 2 Trapezoidal 25 ODaggfr 0t 100 5
Triangular P 8
CO; concentration 300 to 1200 5 and

trapezoidal
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Table 2. Cont.

Inf Control Inputs Inf Outputs
Authors Application Controller nference ontro nference
Method Loop Inputs Universe Numb'e r of Function Rules Output Universe Numb.e r of Function
Functions Functions
Winter temperature 9 to 27
Marvuglia et al. Air g _ Summer . Compressor _ _ _
[45] conditioning Neuro-Fuzzy T temperature 18 to 38 5 Triangular 25 speed
error —9to9
T Temperature 0to 28 i ! COISI;I’; reegsor 0 to 100 6 Tri !
Hasim and Air . riangular riangular
Shahrieel [46] conditioning Fuzzy Mamdani Error —5to5 1 and . 29 Fan speed 0 to 100 5 1 and .
polynomia! . polynomia
HR Dew point 0020 3 Operation 2t02 2
mode
Error
A Fuzzy-PD T Error derivative —2to2 Corsrgéfgsor
Lietal. [39] conditioning and - error 11 Triangular 121 - - -
Neuro-Fuzzy T4 Error derivative —2t02 Fan speed
Error derivative
y Air Fuzzy- . Error - 3 . Operation :
Kang et al. [47] conditioning ON/OFF Mamdani T Error derivative - 9 Gaussian z time 0'to 100 7 Singleton
T Temperature —15to 30 5 Healltmg Tri 1
Almasani et al Air L valve riangular
[24] ) conditionin Fuzzy Mamdani HR Humidity —15t0 30 4 Gaussian 100 Cooling valve Oto1l 3 and
8 Oxygen % Oxygen —15t0 20 4 Pump speed trapezoidal
Ambient Compressor
Tamt temperature ~100t0 100 2 speed
. Temperature 18 t0 30 3 Cor;gge"gs"r 0 to 100 3
Fakhruddin et al. Air Fuzzy Mamdani Error —1to3 Tna;lgdular o6 Fan speed 0to 100 3 Trla;ng;lar
(4] conditioning Dew point trapezoidal Opereziﬁon Oto1 2 trapezoidal
mode
HR Time of the day 0to24 Air
propagation 0t090 2
Occupants 0to 10 3 angle
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Table 2. Cont.

Inf Control Inputs Inf Outputs
Authors Application Controller nference ontro nference
Method Loop Inputs Universe Numb'e r of Function Rules Output Universe Numb.e r of Function
Functions Functions
Ambient 20 to 45 2 Trapezoidal
temperature
Supply air Triangular
T PPy —25t05 7 and 81 Compressor 0 to 7000 9
temperature t .
rapezoidal speed
. Air . Triangular
Al-Aifan et al. [37] conditioning Fuzzy Mamdani Suction pressure 600 to 700 5 and
trapezoidal
Stati 300 to 1000 Triangular and Triangular
atic pressure o riangular an and
HR Airspeed 3to6 5 trapezoidal 2 Fan speed 2500 to 3500 5 trapezoidal
Temperature 20 to 45 2 Trapezoidal
€O, con- Triangular 25 Damper 0 to 100 5
centration Static pressure 300 to 1200 5 and opening
trapezoidal
. . Ambient : Heating or :
Dounis and Air . 15to 30 Triangular . 0to21 10 Triangular
Manolakis [53] conditioning Fuzzy Max-Min T temperature 5 and 69 C{)/o{mg and
PMV —3to03 trapezoidal ave 0to 35 4 trapezoidal
opening
Triangular
Ciabattoni et al. Air . PMV —0.7t0 0.7 5 and .
[56] conditioning Fuzzy Mamdani Comfort trapezoidal 120 Fan speed Otol 5 Trapezoidal
PMV change —2to2 7 Trapezoidal
T Error —03to0.4 6 Triangular Compressor
Yan et al. [57] A1r ) Fuzzy Max-Min Error derivative —5to5 7 and 0 speed _ _ _
conditioning .
T Error —0.3t004 6 trapezoidal Fan speed
d Error derivative —5to5 7 P
Nasution [59] Alr . Fuzzy - T Error e.md .Error —2to2 3 Triangular 9 Compressor Oto5 3 Triangular
conditioning derivative speed
Triangular Ener
Temperature 0to 90 5 and consumg}t,ion 0 to 1000 5 Triangular
trapezoidal P and
Blower trapezoidal
Khayyam et al. Air Fuzzy Mamdani - CO; concentration 0 to 5000 3 Trapezoidal 28 power 200 to 700 3
[60] conditioning consumption
Humidity 0 to 100 3 Tra'pezoidal Gate opening 0 to 100% 2 Trapezoidal
Triangular Recirculation
- —5to5 3 and 0 to 100% 2

trapezoidal ar
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Table 2. Cont.

Authors Application Controller Inference Control Inputs Inference Outputs
Method Loop Rules
. Number of . . Number of .
Inputs Universe . Function Output Universe . Function
Functions Functions
Motor
Error —20 to 20 damper
Air condi- Triangular \{oltage Triangular
Ibrahim et al. tioning Fuzzy Mamdani T and HR 3 and 81 Air outlet 0to 15 3 and
Error derivative —200 to 200 . damper .
(611 trapezoidal trapezoidal
voltage
Relative humidity Otol Fan voltage
Bung-Joon et al. Domestic N Error - . Triangular and
. euro-Fuzzy Sugeno T 5 Triangular 50 - - 5 .
[62] refrigerator Error derivative ~ trapezoidal
Mraz [63] Domestic Fuzzy-ON/OFF Sugeno T - - 4 Gaussian - ON/OFF 2 Singleton
refrigerator compressor
Rashid and Domestic . Error —10to 10 . Compressor .
Islam [64] refrigerator Fuzzy Mamdani T Error derivative —5to5 3 Triangular J frequency 351050 3 Triangular
Error 0to 10 5 . Compressor .
T Error derivative —5to5 3 Triangular 15 frequency 0to 50 5 Triangular
Baleghy and Domestic . .
Mashhadi [65] refrigerator Fuzzy Mamdani Triangular
HR Error ~10t0 10 3 and 9 Fan voltage 0 to 220 3 Trapezoidal
trapezoidal 8 to P
Relative humidity 0to 100 3 Trapezoidal
Arfaoui et al. Domestic Fuzzy and genetic- _ T Error 3t03 3 Triangular and 9 Evaporator 1010 10 3 Triangular and
[66] refrigerator algorithms Error derivative ot trapezoidal temperature -Vt trapezoidal
Triangular
Belman-Flores Domestic . Temperature 3to7 3 and Compressor Triangular
etal. [67] refrigerator Fuzzy Mamdani T trapezoidal 10 frequency 0to 150 4 and
Door opening 0 to 80 2 Trapezoidal trapezoidal
. Compressor
Choi et al. [68] Heat pump Fuzzy Sugeno T Error —9to9 7 Trla;lg;lar 49 frequency - - Singleton
Error derivative —45t04.5 trapezoidal Val\'/e
opening
Esen et al. [70] Heat pump Neuro-Fuzzy Sugeno - - Oto1l 8 Triangular 7 - Oto1l 8 Triangular
. Triangular,
Esen e[\;\;d] Inalli Heat pump Neuro-Fuzzy Sugeno - - —20to 20 5 trapezoidal, - — - - -
gaussian
- X Temperature 13 to 30 3 Triangular and Compensation _ _ _
Lee etal. [72] Heat pump Fuzzy-PI Mamdani T Error lto—6 4 trapezoidal 12 factor
Temperature —4.7to 10 8 Trianeular and cor 4.101 to 7.919 Triangular
Sozenetal. [73]  Heat pump Fuzzy Max-Min - Pressure 700 to 1400 8 tra ;gazoi dal - Rational 0.5202 to 26 and
% of refrigerant 05t01.0 6 P efficiency 0.9398 trapezoidal
Yang et al. [74] Heat pump Fuzzy Mamdani T Error —6to6 - - 252 Compressor —7to7 - -

error derivative

frequency
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Table 3. Reduction in energy consumption due to the use of fuzzy control.
Authors Control Application Simulation Experimental Study Energy Saving
Barelli et al. [26] Chiller X 1%
Aprea et al. [31] Industrial plant X 13%
Ekren et al. [28] Chiller X 17%
Schmitz et al. [76] Chiller X —3.15%
: ¢ 5.27%
Chu et al. [41] Air conditioning X 35.59% daily
Parameshwaran et al. [44] Air conditioning X 36% annual
Nasution [59] Air conditioning X 39.14% to 64.35%
Khayyam et al. [60] Air conditioning X 12%
Mraz [63] Domestic X 3%
refrigerator
Arfaoui et al. [66] Domestic X 0.3957 W
refrigerator
Belman-Flores et al. [67] questlc X 3%
refrigerator

4. Conclusions

In this review, the application of the fuzzy controllers to the RACs is proposed. This
review also includes the implementation and design of these systems as well as the results
obtained from the different types of implementations. Detailed information about the
application of the fuzzy controllers in the RACs is also presented. In the same sense,
the input and output variables, the inference methods, and the different shapes for the
membership function are explained looking for possible energy savings in these systems:

e It was shown that the use of fuzzy controllers in the RACs has allowed the obtaining
of a better thermal efficiency than that of classic controllers, such as the ON/OFF
and the PID. Additionally, it is possible to improve the results when the controller is
integrated with artificial neural networks or genetic algorithms;

e  Computer simulations and experimental validation have shown that the use of fuzzy
controllers can reduce energy consumption. Furthermore, the implementation using
different control strategies, such as fuzzy-PID or the fuzzy neuro-controllers has
allowed better energy savings than using only one type of control.
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Abbreviations

Do Damper opening

HR Relative humidity, %
Mass flow rate, kg/s

SH Superheating, °C, K

T Temperature, °C, K

A Change

Subscript

amb Ambient

b Wet bulb

d Dry bulb

sc Secondary fluid

w Water
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