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ABSTRACT A huge body of research is concentrated on developing advance load control strategies for
reducing energy consumption and ensuring smooth operation of power system. Air conditioning loads are
considered major energy consuming electrical loads in residential and business buildings, and that may
cause significant rise in energy consumption. This paper presents an implementation of fuzzy controller
with different number and shapes of membership functions for smoothing energy consumption of an air
conditioning loadwhile dealingwith thermal disturbances. Simulations are conducted inMATLABSimulink
and the results demonstrate that the fuzzy controller with triangular membership function gives the desired
performance with an error of less than 1% and saves 25% energy consumption. The obtained results are
found effective in terms of smoothing energy consumption pattern of an air conditioning load without
compromising consumer’ s comfort. Performance of the designed controller is also compared with different
controllers including self-tuning adaptive fuzzy controller, linear quadratic regulator (LQR) and nonlinear
controllers. The presented fuzzy controller stands-out in terms of desired performance, simplicity and
implementation.

INDEX TERMS Fuzzy controller, air conditioning load, energy consumption, temperature control.

NOMENCLATURE
T3 Room temperature
W3 Room humidity ratio
T2 Temperature of supply air
Ws Supply air humidity ratio
To Outdoor air temperature
Wo Humidity ratio of outdoor air
Vhe Heat-exchanger volume
Cp Air specific heat
Qo Sensible heat load
Vs Thermal space volume
f Cubic feet per minute

gpm Gallons per minute
hw Liquid water enthalpy
hfg Water vapor enthalpy
ρ Air mass density

MFs Membership functions
HVAC Heating, ventilation and air conditioning
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I. INTRODUCTION
Fundamental objective of power system operation is to ensure
reliability through maintaining a rigorous balance between
generation and demand [1], [2]. A system operator (SO)
is responsible to supply the load demand through genera-
tion scheduling. However, sometimes, this technique causes
uncertainties in power generation and the operation may
become expensive with increased cost of power generation.
In the literature, numerous techniques are presented to reduce
power consumption [3]–[9] of major electrical loads. In the
recent years, control of electrical loads for demand side
management (DSM) has gained more attention due to pen-
etration of intermittent renewable power generation sources.
Demand-side management (DSM) is a technique for manag-
ing a customer’ s load either by peak and off-peak pricing
factor or through direct control of electrical loads, called as
direct load control (DLC) [10]–[14]. DSM is widely used
for load management to ensure reliable operation of power
system, reduced spinning reserves and smooth response to
load changes.
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Air conditioning loads are one of the major electrical
energy consuming devices and are considered as the most
suitable appliances for DLC implementation. Importantly,
in a domestic load profile, air conditioning loads are quite
dominant over the overall shape or pattern of the electrical
load curve [15], [16]. Thus, controlling air conditioning loads
can help in an effective normalization of the aggregated load
profile of a residential or commercial building. American
Society of Heating, Refrigerating andAir-Conditioning Engi-
neers (ASHRAE), defines air conditioning loads to exhibit
four characteristics including control of air temperature, air
humidity, air quality and air circulation. Former two are
considered of prime importance from the user’ s perspective.
It implies that, an air conditioning load must meet the desired
level of above-mentioned characteristics [17].

Various researchers have attempted to develop direct load
control (DLC) for improving energy consumption of major
energy consuming loads such as air conditioners and HVAC
etc. In this regard, there are many control methods reported
in the literature including proportional−integral−derivative
(PID), proportional−integral (PI), proportional−derivative
(PD), adaptive, linear quadratic regulator (LQR) controller,
nonlinear or fuzzy controllers [18]–[24]. In nonlinear feed-
back controller, a nonlinear mathematical model is linearized
first, then a feedback controller is designed for that linearized
model. An estimator is implemented to estimate the thermal
noises. A noise rejection controller is then designed to reject
these thermal noises, which impacts the performance of an
air conditioning load [22], [23]. Complex mathematical cal-
culations are involved in the design process of a nonlinear
feedback controller. This controlling method is expensive
due to controller, estimator and noise rejection feature. The
controller achieves the desired values without considering
human thermal comfort, which is one of the major disadvan-
tage of a nonlinear feedback controller [22], [23]. In a linear
quadratic regulator (LQR), complex mathematical model is
designed first to implement LQR on an air conditioning
load. An important and difficult problem while designing this
controller is the pole placement. However, human comfort is
not considered in that controller [21]. In adaptive controllers,
gain factors and different parameters are updated again and
again to get optimized solution for the problem [24]. These
controllers require more time to achieve the desire results
in terms of room temperature and humidity but sometimes
human thermal comfort gets disturbed due to requirement of
an ambitious performance from controller. Thus, there is a
room for developing a controller with the capability to opti-
mize load management without compromising human com-
fort. Many authors suggested that fuzzy logic based controller
may be more effective to control power consumption of a
load in a desired manner i.e. energy consumption is improved
without compromising the consumer’ s comfort [25]–[27].

A fuzzy logic system (FLS) is described as a nonlinear
representation of an input value sets to a scalar output val-
ues. It works on IF-THEN or IF-OR rules [28] by imitating
the ways of making decisions by human, involving all the

intermediate possibilities between digital values 0 and 1 (Yes
or No) [29]. Fuzzifier takes the crisp inputs. Inference engine
generates inference based on fuzzy rules and then defuzzifier
converts back that inference to crisp output [30]. A typical
fuzzy logic system is shown in fig. 1. FLS predicts approxi-
mate results by converting linguistics rules based on expert’
s choice when the data is vague. No mathematical model is
required to implement FLS and it may be implemented easily.

FIGURE 1. Fuzzy logic system (FLS) block diagram.

In the literature, many authors have proposed fuzzy con-
troller technique for an air conditioning load. Majority of
the proposed techniques are based on only fuzzy rule for-
mation [31]–[44]. Generally, fuzzy controllers are imple-
mented without considering external parameters and thermal
noises affecting the performance of an air conditioning
load [38]–[40]. As far as power consumption is con-
cerned, most of the papers are based on implementation of
fuzzy controller only. In a few papers, energy consump-
tion is calculated using mathematical equation or measured
after practical implementation with limited features of their
controller [36], [45]–[47].

Objective of this paper is to design a fuzzy logic con-
troller (FLC) and implement it on a mathematical model of
an individual air conditioning load. The designed fuzzy con-
troller effectively deals with the load consisting of indoor and
outdoor parameters in the presence of thermal disturbance,
which has not been reported in the literature. Fuzzy rules
are based on user’s choice and comfort. FLC is implemented
with different number and shapes of membership functions
(MFs). Performance of the controller is compared with other
techniques including nonlinear, optimal, self tuning fuzzy
controllers etc. Simulation results show that presented fuzzy
controller with five triangularMFs achieves the required ther-
mal conditions with an error of less than 1% and saves 25%
of total energy consumption without compromising human
comfort.

Key contributions of this research paper are as follows:

1) Most of the work presented in the past is based only on
fuzzy rule formation. In this paper, fuzzy controller is
implemented on an air conditioning load while consid-
ering indoor as well as outdoor thermal conditions.

2) The developed controller achieves the desired
temperature and humidity ratio simultaneously without
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TABLE 1. Literature review with identification of research gaps.

disturbing human comfort and without disturbance
rejection controller.

3) The presented controller exhibits error of
approximately less than 1% in achieving the desired
temperature and 6% in the humidity ratio.

4) The designed fuzzy controller is implemented using a
number of MFs with their different shapes.

5) To ensure effectiveness of the developed controller,
energy consumption is computed for different cases.

6) This paper carries a rigorous comparison of the
developed controller with self-tuning adaptive fuzzy
controller, linear quadratic controller, and nonlinear
controllers.

7) Implementation of the developed fuzzy controller
exhibits 25% energy saving of the air conditioning load.

The paper is organized as follows; introduction is given
in section-I. Section-II consists of literature review. Math-
ematical model of an air conditioning load is explained
in section-III. In section-IV, methodology is proposed.
Section-V contains simulation results. Results are discussed
and analyzed in section-VI and the paper is concluded
in section-VII.

II. LITERATURE REVIEW
The literature review is divided into two subsections; first
section consists of fuzzy controller implemented separately

and second sub-section consists of fuzzy controller inte-
grated with other techniques. Literature review with identi-
fied research gaps is presented in Table-1.

A. FUZZY LOGIC CONTROLLERS
Traditional air conditioning loads work on constant speed
thus they have limited choices in controlling room tem-
perature without disturbing human thermal comfort. Fuzzy
rules based models are explained in [31]–[35], [48]–[52] to
control air conditioning loads at variable speed for saving
energy. A new technique of load scheduling and curtailment
is proposed in [53]. Load scheduling is applied to daily used
loads while load curtailment is implemented on seasonal
load i.e air conditioning systems, using fuzzy logic. Fanger’s
model and predictive mean vote are used in [54] to design
air conditioning load to control temperature through fuzzy
rules.

Fuzzy controller is used in micro-controllers to compare
and validate results with simulation results in [36], [37], [45].
Islam et al. [38] designs a controller in which fuzzy rules are
implemented on the very-large-scale integration (VLSI) chip
using very high speed integrated circuit hardware description
language (VHDL) from electronic design automation (EDA)
tool to obtain desired temperature and humidity. [39] pro-
poses a fuzzy controller to control the compressor and fan.
Cooling and heating valves are controlled through fuzzy
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controller whose inputs are temperature and humidity [40],
[41], [58]. A new concept of using two fuzzy logic con-
trollers is explained in [42]. In this technique, output of
first fuzzifier serves as an input to second fuzzifier for
controlling fan speed. The proposed controllers reduce the
use of remote control and human endeavor. In [43], [44], [56],
indoor as well as outdoor climate conditions have been con-
sidered for implementing fuzzy logic controller to maintain
required room thermal conditions. In [55], interfacing devices
are utilized to process data collected from sensors and to
transfer this data to experimental setup. Two different meth-
ods of defuzzification are discussed [57] for air-conditioning
systems. Heating, ventilation, and air conditioning (HVAC)
model is proposed in [46] where microprocessor is used for
interfacing fuzzy controller to obtain desired temperature and
humidity. A fuzzy model is discussed to control temperature
and humidity in different rooms of building [59], [60].

A multivariable optimization technique is introduced
in [61], inwhich, a slide switch is used to select weighting fac-
tors for cost and comfort criteria which optimize the operation
of heating and ventilation controller. Fuzzy rules are defined
in [62], [63], to maintain indoor air quality and thermal
comfort in operating rooms according to set standards.

An old fuzzy controller is simplified with predictive
mean vote to regulate the controller which in result saves
6% energy [64]. Exhaust, cooler and ventilator fan speed
are controlled through fuzzy using MATLAB Simulink [65].
Ventilation is also controlled while maintaining room tem-
perature and humidity [66]–[68]. Fuzzy controller is imple-
mented in pharmaceutical industry to control indoor thermal
conditions with an additional feature of controlling microor-
ganism in air [69]. Air conditioning load is tested in [70] with
and without fuzzy logic controller. A comparison between
ON/OFF and fuzzy controller shows the superiority of fuzzy
controller in terms of performance [71]. Wang et al. [72]
proves that fuzzy is 1.3 times more effective than traditional
controller in controlling speed of fan and compressor.

B. FUZZY INTEGRATED WITH OTHER TECHNIQUES
In [18], a practical expert fuzzy based controller is merged
with proportional−derivative (PD) controller. A multiple
model predictive controller has been designed through
fuzzy logic in [73] while considering energy efficiency fac-
tor. Fuzzy logic integrates with proportional−integral (PI)
controller to maintain room temperature in [47], [74].
Control area network is implemented to control vehicle air
conditioning load using fuzzy rules [75]. A fuzzy genetic
algorithm is presented in [76] which improves large time
requirements and accuracy. A fuzzy controller is sug-
gested [77], which is implemented on experimental setup and
results are compared with simulation results. Similarly, a self-
tuned fuzzy control algorithm is explained in [78]. A fuzzy
proportional−integral−derivative (PID) controller is applied
through internet-of-things (IOTs) to control temperature [79],
[80]. IOTs when used with fuzzy controller produce better
results than working alone. A predictive mamdani control

strategy integrated with fuzzy linearization model is imple-
mented on HVAC and its performance is compared with
traditional controllers [81].

Fuzzy neural network is suggested in [82]–[84]. Fuzzy
logic controller produces more accurate results when used
with adaptive controller [85]–[89]. Fuzzy logic is integrated
with other traditional controllers like PD, PI, PID, adaptive
and optimal controllers explained in [19], [20], [90]–[92].
Results are compared with each other and it is proved that
fuzzy works better than other traditional controllers.

III. SYSTEM MODEL
A mathematical model of an air conditioning load is given
below [21]–[23] in the form of differential equations

T3̇ =
f
Vs

(T2 − T3)−
hfgf
CpVs

(Ws −W3)

+
1

0.25CpVs
(Qo − hfgMo) (1)

W3̇ =
f
Vs

(Ws −W3)+
Mo
ρVs

(2)

T2̇ =
f
Vhe

(T3 − T2)+
0.25f
Vhe

(To − T3)

−
fhw
CpVhe

((0.25Wo + 0.75W3)−Ws))

− 6000
gpm
ρCpVhe

(3)

Eqs. 1-3 represent room temperature, room humidity ratio
and air supply temperature, respectively.Qo andMo represent
thermal loads called as sensible heat load and moisture load,
respectively. The thermal loads are disturbances, that are
affecting room thermal conditions through sun light falling
on window panes, heat emitting from the persons in the room
or when door is opened for people entering or leaving the
room. F and gpm, volumetric flow rate of air and chilled water
flow rate, respectively, are controlling inputs. In this model,
outdoor temperature and humidity ratio are also considered,
To and Wo, respectively.

Equations are converted in state space format for control
purposes. Let,
u1 = cfm = f; u2 = gpm;
x1 = Room Temperature = T3;
x2 = Room Humidity ratio = W3;
x3 = Supply air temperature = T2
y1 = T3; y2 = W3
and by defining parameters,

α1 =
1
Vs
; α2 =

hfg
CpVs
; α3 =

1
ρCpVs

; α4 =
1
ρVs

β1 =
1
Vhe
; β2 =

1
ρCpVhe

; β3 =
hw

CpVhe

the new equations take the form,

x1̇ = u1α160(x3 − x1)− u1α260(Ws − x2)

+α3(Qo − hfgMo) (4)
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x2̇ = u1α160(Ws − x2)+ α4Mo (5)

x3̇ = u1β160(x1 − x3)+ u1β115(To − x1)

− u1β360((0.25Wo + 0.75x2)−Ws)

− 6000u2β2 (6)

IV. PROPOSED METHODOLOGY
A mathematical model of an air conditioning load eqs. 4-6
is explained in previous section. All internal and external
parameters are used in model of the system. Data used for
implementing the model is taken from previous literature.
Fuzzy rules are formed on the basis of user’s choice of ther-
mal comfort with temperature and humidity error as inputs.

e1 = T3 − T3,req
e2 = W3 −W3,req

There are two controlling inputs, air flow rate f and flow
rate of chilled water gpm. Room temperature and humidity
are the outputs of the air conditioning load while power
is considered at output to analyze its behavior when sys-
tems dynamics change. MATLAB Fuzzy Logic Toolbox is
used to form fuzzy rules and Simulink is used to implement
the presented controller. The proposed scheme is shown in
the fig. 2.

FIGURE 2. Block diagram of proposed methodology.

First mathematical model of the load is implemented in
Simulink. Then, fuzzy controller is implemented with three
triangular MFs, with increased number of triangular MFs,
pi-shaped MFs and gaussian MFs on the load. Fuzzy con-
troller is implemented on the load with some initial and
desired conditions. Thermal and humidity loads are used in
simulation to test performance of the controller designed.
The thermal loads, moisture and sensible heat load, are taken
in the form of sinusoidal curve to observe their effect on
the system dynamics. The reason for choosing sine wave
instead of constant is to imagine room thermal conditions in
real scenario where thermal loads are continuously changing.
Centroid method of defuzzification is used for each fuzzy
controller.

V. SIMULATIONS
Fuzzy logic controller is implemented using the data
given in Table-2 [22]. This section is comprised of two

TABLE 2. Numerical values and equilibrium conditions.

sub-sections; first sub-section consists of simulations for con-
troller and the results for energy consumption are given in the
next sub-section.

A. SIMULATIONS FOR CONTROLLER
To implement fuzzy controller, rules are designed based on
user’s own thermal comfort. Controller is implemented for
different cases as follows;

1) Case-I: Fuzzy controller with three membership func-
tions

2) Case-II: Fuzzy controller with increased number of
membership functions

3) Case-III: Fuzzy controller with different shapes of
membership functions

The numerical values of various parameters with initial and
final conditions for different seasons (summer and winter) are
given below in Table- 2, Table-3 and Table-4, respectively.

TABLE 3. Initial and required values for summer season.

TABLE 4. Initial and required values for winter season.

1) SIMULATIONS FOR FUZZY CONTROLLER WITH THREE
TRIANGULAR MFs
In this case, only three triangular MFs are used for input
and output. Two inputs are temperature and humidity ratio
errors. Nine fuzzy rules are designed given in Table-5. Fuzzy
controller is implemented for summer condition with same
parameters given in Table-2 and Table-3. Membership func-
tions are divided into following;

Negative = N,
Zero = Z
Positive = P
Membership functions for temperature error and humidity

ratio error are given in figures below in fig. 3 and fig. 4
respectively.
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TABLE 5. Fuzzy rules with three MFs.

FIGURE 3. Three MFs for temperature error.

FIGURE 4. Three MFs for humidity ratio error.

The required room temperature and humidity ratio are
22oC and 0.01 lblb , respectively. The room temperature
achieved through this controller illustrated in fig. 5 and
it depicts that the controller achieves 27.6oC temperature.
Humidity ratio obtained is shown in fig. 6 and it depicts that
controller achieves 0.00885 lblb humidity ratio. The controller
shows huge deviation from the required values showing 25%
error in achieving required temperature and 11% humidity
ratio. It is seen that the performance of controller in this case
is slow.

2) SIMULATIONS FOR FUZZY CONTROLLER WITH
INCREASED NUMBER OF TRIANGULAR MFs
For this case, fuzzy rules are given in Table-6. Membership
functions are divided as

Positive big = PB
Positive = P
Positive small = PS
Zero = Z
Negative = N
Negative big = NB

FIGURE 5. Room temperature response in summer with three MFs.

FIGURE 6. Room humidity ratio response in summer with three MFs.

Triangular membership function is used for fuzzification
and centroid method of defuzzification is used by trial and
error method. Membership functions for both are given
in fig. 7 and fig. 8.

FIGURE 7. Membership functions for temperature error for case-II.

FIGURE 8. Membership functions for humidity error for case-II.

3-D graphs for cfm and gpm are shown in fig. 9a and
fig. 9b, respectively. Fan speed is compared with temperature
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FIGURE 9. 3D fuzzy graphs for case-II.

TABLE 6. Fuzzy rules for controller with increased number of MFs.

and humidity error, shown in fig. 9a which depicts that when
temperature and humidity ratio errors are small, then there is
a small change in fan speed. In summer, when temperature
error is large, an air conditioning load uses maximum poten-
tial to maintain desired temperature that is why air speed and
chilled water flow rate are high. In winter, when temperature
error is large negative NL, the heating capability increases

to maintain room temperature at desired values. Similarly,
when both errors are positive big, there is an increase in gpm
as shown in fig. 9b. At very low negative errors, the speed
of both air flow and gpm are low. Controller acts for two
seasons, summer and winter. In summer, the required room
temperature and humidity ratio are 71.6oF(22oC) and 0.01 lblb ,
respectively, as shown in Table-3. Response of controller in
maintaining room temperature and humidity ratio are shown
in fig. 10 and 11. It is observed from the obtained results that
controller achieves room temperature of 22.2o and humidity
ratio of 0.0094 lblb . It is observed that fuzzy controller in this
case maintains room thermal conditions close to required
conditions.

FIGURE 10. Room temperature response in summer for controller with
increased number of MFs.

For winter conditions, heater fan turns ON to maintain
room temperature. The required room temperature is 27oC
and the humidity ratio is 0.009 lblb given in Table-4. It may be
observed that the controller tracks the desired values in a suit-
able manner as depicted in fig. 12 and fig. 13 i.e. controller is
capable to obtain 27.1oC temperature and 0.0091 lblb humidity
ratio. It is evident that the percentage error between desired
and achieved temperature and humidity ratio is less than 1%
and 6% respectively.
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FIGURE 11. Room humidity ratio response in summer for controller with
increased number of MFs.

FIGURE 12. Room temperature response in winter for controller with
increased number of MFs.

FIGURE 13. Room humidity ratio response in winter for controller with
increased number of MFs.

3) SIMULATIONS FOR FUZZY CONTROLLER
WITH DIFFERENT MFs
Triangular MFs are used in previous two cases. In this case,
different shapes of membership functions are used to test the
performance of fuzzy controller. Fuzzy controller is imple-
mented with gaussian and pi-shaped membership functions.
Rules and parameters are kept same as that of in case-II
i.e. controller with increased number of MFs. Five MFs are
chosen for temperature error and for humidity ratio error six
MFs are used. The required room temperature and humidity
ratio in summer season are 22oC and 0.01 lblb .
At first, fuzzy controller is implemented using pi-shaped

MF. Simulation results show that the design controller does
not achieve desired results. Controller achieves 27.6oC tem-
perature and 0.008875 lblb humidity ratio as shown in fig. 14
and fig. 15. Then, fuzzy controller is implemented with

gaussian shaped membership function. It is observed that the
controller becomes able to achieve 23.475oC temperature and
0.008875 lblb humidity ratio, illustrated in fig. 14 and fig. 15,
respectively.

FIGURE 14. Room temperature response for different shapes of MFs.

FIGURE 15. Room humidity ratio response for different shapes of MFs.

B. CALCULATIONS FOR ENERGY CONSUMPTION
Energy consumption is calculated for air conditioning load
to observe the effect of controller on the load. In case-I and
case-III, the controller does not achieve required results.
However, in case-II, controller having five MFs for temper-
ature error and six MFs for humidity ratio, achieves desired
thermal conditions.

In the case-II, the controller achieves the required temper-
ature in 6 minutes. The total time for the system to remain
OFF is 20%.

Following are the air conditioning system’s parameters
which are used to calculate energy consumption;

Capacity = 340650.78Btuhr
Energy efficiency ratio EER = 11.4
Operating time in a year = 1500hrs
From the eq. 7 below, energy consumed by a conventional

system is

Annual Energy =
Capacity ∗ Operating Time

EER
(7)

The annual energy consumed by conventional load is
4482kWh. The air conditioning load operates for 80% of
the total time. The total operating hours of air-conditioning
system is 80

100*1500 = 1200hrs. Upon implementation of the
proposed controller annual energy of the air conditioning load
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is found to be 3585kWh which is 25% less than that of the
consumption without controller’s action.

Fig. 16 and fig. 17 are 2-D graphs generated from
MATLAB Fuzzy Logic Toolbox after fuzzy rule formation.
Power consumption is computed with change in room tem-
perature and humidity ratio errors, respectively. In fig. 16,
for a very small change in room temperature error, there
is a small change in power consumption. When tempera-
ture error increases, power consumption starts increasing
until consumption becomes constant.When temperature error
increases, power consumption does also increase because of
increased air flow rate and liquid flow rate to obtain the
desired thermal conditions. Thus, the air conditioning load
uses its maximum potential to maintain the desired room
temperature conditions. In fact, there is an error point where
energy consumption becomes constant. Similarly, in fig. 17,
there is a small change in power consumption, when humidity
ratio error is small. After increase in humidity ratio error upto
a certain point, power consumption also increases. Eventually
power consumption becomes constant even if humidity ratio
error keeps increasing.

FIGURE 16. Power kW consumed with change in temperature error for
controller with increased number of MFs (Case-II).

Annual energy consumption in case-I and case-III is the
same as without implementation of the controller on the air
conditioning load. This is due to the fact that the controller,
in both cases, uses its maximum potential to achieve desired
results but could not achieve required thermal conditions.
In other words, the controller keeps on consuming energy
while achieving desired thermal conditions. A comparison
of energy consumption between different cases is given
in fig. 18.

VI. DISCUSSION AND ANALYSIS
There have been many techniques reported in the literature
to control air conditioning loads in order to save energy
consumption, while maintaining indoor thermal comfort for
the consumers. Conventional controllers are easy to use and

FIGURE 17. Power kW consumed with change in humidity error for
controller with increased number of MFs (Case-II).

are low-priced but in the long run, they require maintenance
which makes them expensive. In this paper, a fuzzy control
scheme is presented which maintains indoor thermal condi-
tions while tackling the thermal disturbance. Fuzzy rules are
based on human’ s choice of comfort.

From the presented results as shown in fig. 5 and fig. 6,
it is noticed that the controller remains unable to achieve the
desired performance when implemented with three triangular
membership functions. There is an error of 25.45% in achiev-
ing temperature and 11.5% in humidity ratio. However, with
increased number of triangular MFs, controller becomes able
to maintain the desired results with an error of approximately
less than 1% in the temperature and 6% in humidity ratio.
Upon implementation of the developed controller, energy
consumption is reduced by 25%. The controller’ s perfor-
mance is tested for different shapes of MFs. First, controller
is implemented with pi-shaped MFs and simulation results
show that controller gives 25.45% error in temperature and
11.25% error in humidity ratio. However, controller with
gaussian MFs performs better than that of controller with
pi-shaped MFs. Controller with gaussian MFs gives an error
of 6.7% error in temperature and 11.25% in humidity ratio.
A detailed comparison of the fuzzy controller for the consid-
ered cases is given in Table-7 and Table-8.

From the obtained results, it can be concluded that fuzzy
controller with increased number of triangular MFs achieves
the desired results when compared with controller having
pi-shaped and gaussian shaped MFs. Though, it may not be
true for every scenario and system as sometimes triangular
MFs do not ensure the desired performance when compared
with other MFs.

Performance of the presented fuzzy controller is compared
with conventional techniques including LQR and feedback
nonlinear controllers. Linear quadratic regulator (LQR) is
a linear technique that provides feedback gains, which are
optimally controlled to get stable and better results from
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FIGURE 18. Comparison of annual energy consumption in different cases.

TABLE 7. Comparison of controllers in temperature control.

TABLE 8. Comparison of controllers for humidity ratio control.

the designed system. This type of control technique is capa-
ble to optimally balance error of the system and the con-
trol effort based on a cost function specified by a user.
In linear quadratic regulator (LQR), first, feedback lineariza-
tion method is implemented to linearize the mathematical
model of the air conditioning load. A LQR controller is then
designed to regulate this linearized model of load to obtain
desired set points. The objective of LQR is to design a stable
controller to minimize the cost function J given below;

J =
1
2

∫
∞

0

∫ ∞
0

l∑
i=1

Qiix2 + ρ
m∑
j=1

Rjjn2

 dt (8)

In order to implement LQR method, we need to define two
parameters: the state-cost weightedmatrix (Q) and the control
weighted matrix (R). Q and R are the positive semi-definite
state weighting matrix and positive definite control weighting
matrix, respectively and are selected to be diagonal matrices.
Thesematrices are chosen fromBryson’ s rule as given below,

Qii =
1

maximum acceptaced value of x2i
(9)

Rjj =
1

maximum acceptaced value of n2j
(10)

While, i∈ {1, 2, 3, . . . . . . , l}, j∈ {1, 2, 3, . . . . . . ,m}, x is
state vector, n is control input and ρ = ( max state error

max control input )
2.

For this controller, Q =

0.00049 0 0
0 60 0
0 0 0.00035

 and R =[
31 ∗ 10−9 0

0 2.37 ∗ 10−4

]
. Upon the simulations, the feed-

back gain is found to be K =
[
0 10.2 3
6 100 7.5

]
.

The LQR achieves infinite gain margin. The greater the
gain margin, the better will be the stability of the system.
The gain margin refers to the amount of gain, which can be
increased or decreased without making the system unstable.
Changing the values of the gain matrix beyond a certain
point will produce undesirable results. The LQR algorithm
minimizes the efforts done by the control systems engineer to
improve the performance of the controller. However, user still
needs to specify the cost function parameters, and compare
the results with the specified goals. Difficulty in finding the
right weighting factors limits the application of the LQR
based controllers. After simulations, it is seen that LQR
controller is able to obtain 23.1oC temperature and 0.0092 lblb
humidity ratio, as seen in fig. 19 and fig. 20, respectively.
After calculations, it is concluded that this controller shows
5% error in achieving temperature and 8% error in obtaining
humidity ratio.

A nonlinear controller consisting of a regulator is designed
using Lyapunov stability theory. A feedback linearization
technique is implemented first to linearize the mathemati-
cal model of an air conditioning load. An estimator is then
designed to estimate the values of unmeasurable states and
thermal disturbances. A stabilizing state feedback law is then
applied to regulate the load to obtain required thermal con-
ditions. The gain matrix is calculated under the assumptions
that the non-designed thermal loads are acting on the system.
In this controller, no disturbance rejection controller (DRC) is
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FIGURE 19. Comparison of different controllers for temperature control.

FIGURE 20. Comparison of different controllers for humidity ratio control.

designed tominimize thermal disturbance. For this controller,
G is positive definite solution, derived using Lyapunov stabil-
ity considerations. State feedback law is calculated usingG = 6.2 0 −7.9

0 0 0
−7.9 0 5593.5

 and S =
[
0 0
0 0

]
. θ , µ and ∈ are positive

scalars and their values are 1, 106, and 14, respectively. T and
W are scaling factors and are chosen as identity matrices. The
calculated state feedback law for the nonlinear controller is,

K =
[
0 8.5 0
3 5628 1.8

]
.

It is noted that changing the values of the gain matrix
beyond a certain point will produce undesirable results. Sim-
ulations results show that nonlinear controller manages to
obtain 22.88oC temperature and 0.0091 lblb humidity ratio,
as shown in fig. 19 and fig. 20, respectively. After calcula-
tions, it is observed that percentage error by this controller is
4% in temperature and 9% in humidity ratio.

In nonlinear controller with DRC, regulator is designed
using Lyapunov stability theory. An observer is imple-
mented to estimate the unmeasurable states and thermal loads
affecting the system. Thermal loads are used as constant
but unknown disturbances. Thermal disturbances cause an
increase in the room temperature and humidity ratio. A sta-
bilizing state feedback law is calculated using Lyapunov
stability considerations. The gain matrix is calculated under
the assumptions that the non-designed thermal loads are
impacting the system. Then a disturbance rejection con-
troller is designed and implemented to optimize the opera-
tion of an air conditioning load. The disturbance rejection
controller (DRC) decreases the effect of thermal loads on
the air conditioning load. In nonlinear controller with dis-
turbance rejection controller, state feedback law consists of

regulator feedback gain KR and disturbance rejection con-
troller gain KD. For this controller, G is positive definite
solution, derived using Lyapunov stability considerations. θ ,
µ and ∈ are positive scalars and their values are 1, 106,
and 14, respectively. T and W are scaling factors and are
chosen as identity matrices. State feedback law is calcu-

lated using G =

 6.2 0 −7.9
0 0 0
−7.9 0 5593.5

 and S =
[
0 0
0 0

]
. The

calculated state feedback law for nonlinear controller is,

KR =
[
0 8.5 0
3 5628 1.8

]
and for disturbance rejection controller,

KD =
[

0 0.0005
0.0001 0.0708

]
.

The gain matrices in this controller affect the performance
of the air conditioning load. It is noted that changing the
values of the gain matrix for the disturbance rejection beyond
a certain point will produce undesirable results. The results
produced by the controller with disturbance rejection are bet-
ter than that of produced by the controller without disturbance
rejection. After simulations, it is seen that controller achieves
22.3432oC temperature and 0.0094 lblb humidity ratio, as illus-
trated in fig. 19 and fig. 20, respectively. The percentage error
by this controller in achieving temperature is 1.56% and in
obtaining humidity ratio is 6%.

In order to be more comprehensive, performance of the
presented fuzzy controller is compared with self-tuning adap-
tive fuzzy controller (STAFC). An adaptive fuzzy controller
is designed using output scaling factor. As, no exact method-
ology is available for selection of scaling factors, so, trial and
error method is used here. In this work, scaling factors are
selected, which are continuously tuned as per requirement of
the fuzzy controller to obtain the required result. In this tech-
nique, controlling input is updated by multiplying controller
output with output gain Go and gain updating factor θ . The
gain updating factor is obtained through model free fuzzy
controller consisting of air conditioning load’ s inputs i.e.
temperature error and humidity ratio error. The gain updating
factor keeps on adjusting in feedback loop until the output
is obtained within the acceptable limits. The gain updating
factor is independent of any parameter and depends on current
states of air conditioning load. Therefore, self-tuning adaptive
fuzzy controller is independent of process being controlled.
At first, gain updating factor is kept constant and input gain
value is adjusted to make efficient use of the controller. The
input gains values are adjusted again and gain by trial and
error method until the best possible results are achieved.

The gain updating factor θ is 0.55 and 0.7 for room temper-
ature and humidity ratio, respectively. While output scaling
factor Go is 1.7 and 1.3 for fan speed and liquid flow rate,
respectively.

It is evident from the results that self-tuning fuzzy adaptive
controller achieves 22.14oC temperature and 0.00905lb/lb
humidity ratio, as shown in fig. 19 and fig. 20, respectively.
Calculations yield that controller exhibits 0.636% error in
temperature while for humidity ratio controller shows 9.5%
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error. Whereas the proposed fuzzy controller, in case-II,
shows 0.9% error and 6% error in achieving required tem-
perature and humidity ratio, respectively.

Simulation results with comparison of performances of
different controllers are given in fig. 19 and fig. 20. It is
concluded that self-tuning adaptive fuzzy controller (STFAC)
performs better than those of other controlling techniques.
Convergence time of STFAC is slower than nonlinear
controller but it tracks the reference room temperature with
percentage error of 0.636%. Convergence time of nonlin-
ear controller with DRC is slower than that of nonlinear
controller without DRC but it shows an error of 1.56% in
achieving the desired room temperature. LQR exhibits an
error of 5% with slow convergence rate. Overall response
of the STAFC is much better; tracking its reference level
with percentage error of 0.636% in temperature. For the
humidity ratio control, STAFC tracks the required humid-
ity ratio with an error of 6% with fast convergence time.
Nonlinear controller with DRC gives better performance in
terms of achieving the desired humidity ratio with an error
of 6%with slow convergence time when compared with other
techniques but exhibits 1.56% error while achieving the room
temperature.

It is evident from the comparison given in Table-9 that
proposed fuzzy controller produces desired results while
maintaining human comfort. In terms of energy consump-
tion, fuzzy controller saves 25% annual energy when
implemented.

TABLE 9. Comparison of fuzzy controller’ s performance with other
techniques.

So it is concluded that the proposed fuzzy controller stands
simple and easy to implement as compared to nonlinear, LQR
and adaptive controller. The conventional controllers i.e. PID,
PI or optimal controllers are either are expensive or complex
in design as compared to fuzzy controller. When compared
with fuzzy controller, an adaptive fuzzy controller is difficult
to design. It is due to the fact that parameters are tuned
again and again until the best possible results are achieved.
However, fuzzy controller is easy to design and simulate due
to easy to use nature of MATLAB Fuzzy Logic Toolbox.

The proposed fuzzy controller can be implemented practi-
cally using field-programmable gate array (FPGA) or arduino
through coding. Sensors can be used to detect temperature
and humidity. Data collected through sensors are fuzzified

throughmembership functions. Fuzzy rules can be introduced
in microcontrollers using coding. The output obtained can be
converted to suitable voltage DC or AC to drive motor or any
suitable apparatus depending upon the operation and require-
ment. Hence suitable apparatus can be operated through fuzzy
logic.

In future, different controllers including fuzzy controller
can be implemented practically to draw a comparison of
performances between them.

VII. CONCLUSION
This paper has presented a fuzzy logic controller for an air
conditioning load. which is capable of reducing the effect
of thermal loads (disturbances) on the thermal space. The
developed controller is quite effective in maintaining con-
sumer’s comfort while ensuring significant energy saving.
The key contribution is to design and implement fuzzy con-
troller with different number and shapes of membership func-
tions on mathematical model of an air conditioning load.
The designed controller, with increased number of trian-
gular membership functions achieves temperature with an
error of approximately less than 1% and humidity ratio
with an error of 6% without compromising human com-
fort. The effectiveness of the applied control scheme is evi-
dent through significant reduction in energy consumption
which is 25% per annum. Results are analyzed and com-
pared with other techniques, it is concluded that fuzzy con-
troller produces better results and maintains human’s thermal
comfort.

ACKNOWLEDGMENT
This project was funded by the Deanship of Scien-
tific Research (DSR), King Abdulaziz University, Jeddah,
under grant No. (D-640-135-1441). The authors, there-
fore, gratefully acknowledge DSR technical and financial
support.

REFERENCES
[1] D. Gyalistras, M. Gwerder, F. Oldewurtle, C. N. Jones, and M. Morari,

‘‘Analysis of energy savings potentials for integrated room automation,’’
in Proc. REHVA World Congr. CLIMA, 2010, pp. 1–8.

[2] S. A. Ahmadi, I. Shames, F. Scotton, L. Huang, H. Sandberg,
K. H. Johansson, and B. Wahlberg, ‘‘Towards more efficient building
energy management systems,’’ in Proc. 7th Int. Conf. Knowl., Inf. Creativ-
ity Support Syst., Nov. 2012, pp. 118–125.

[3] L. Mi, C. Ding, J. Yang, X. Yu, J. Cong, H. Zhu, and Q. Liu,
‘‘Using goal and contrast feedback to motivate Chinese urban fami-
lies to save electricity actively—A randomized controlled field trial,’’
J. Cleaner Prod., vol. 226, pp. 443–453, Jul. 2019. [Online]. Available:
http://www.sciencedirect.com/science/article/pii/S095965261931145X

[4] C. Alalouch, S. Al-Saadi, H. AlWaer, and K. Al-Khaled, ‘‘Energy saving
potential for residential buildings in hot climates: The case of Oman,’’ Sus-
tain. Cities Soc., vol. 46, Apr. 2019, Art. no. 101442. [Online]. Available:
http://www.sciencedirect.com/science/article/pii/S2210670718313647

[5] J. Shi, ‘‘Energy saving performance evaluation and planning optimization
design of rural residential building environment,’’ Argos, vol. 36, no. 73,
pp. 1–7, 2019.

[6] T. Csoknyai, J. Legardeur, A. A. Akle, and M. Horváth, ‘‘Analy-
sis of energy consumption profiles in residential buildings and impact
assessment of a serious game on occupants’ behavior,’’ Energy Build-
ings, vol. 196, pp. 1–20, Aug. 2019. [Online]. Available: http://www.
sciencedirect.com/science/article/pii/S0378778818334790

117424 VOLUME 8, 2020



Z. A. Shah et al.: Fuzzy Logic-Based Direct Load Control Scheme for Air Conditioning Load to Reduce Energy Consumption

[7] J. Hoyo-Montaño, G. Valencia-Palomo, R. Galaz-Bustamante,
A. García-Barrientos, and D. Espejel-Blanco, ‘‘Environmental impacts of
energy saving actions in an academic building,’’ Sustainability, vol. 11,
no. 4, p. 989, Feb. 2019. [Online]. Available: https://www.mdpi.com/2071-
1050/11/4/989

[8] X. Wang, W. Feng, W. Cai, H. Ren, C. Ding, and N. Zhou, ‘‘Do
residential building energy efficiency standards reduce energy
consumption in China?—A data-driven method to validate the
actual performance of building energy efficiency standards,’’
Energy Policy, vol. 131, pp. 82–98, Aug. 2019. [Online]. Available:
http://www.sciencedirect.com/science/article/pii/S030142151930271X

[9] X. Zhang, J. Shen, T. Yang, L. Tang, L. Wang, Y. Liu, and P. Xu, ‘‘Smart
meter and in-home display for energy savings in residential buildings:
A pilot investigation in Shanghai, China,’’ Intell. Buildings Int., vol. 11,
no. 1, pp. 4–26, Jan. 2019, doi: 10.1080/17508975.2016.1213694.

[10] A. U. Mahin, F. Ahmed, S. M. I. Huq, and N.-U.-R. Chowdhury, ‘‘Role
of demand side management techniques in reducing electricity demand of
residential users,’’ Eur. J. Electr. Eng. Comput. Sci., vol. 3, no. 4, Jul. 2019.
[Online]. Available: https://ejece.org/index.php/ejece/article/view/98

[11] H. Cai, S. Shen, Q. Lin, X. Li, and H. Xiao, ‘‘Predicting the energy
consumption of residential buildings for regional electricity supply-side
and demand-side management,’’ IEEE Access, vol. 7, pp. 30386–30397,
2019.

[12] N. Qayyum, A. Amin, U. Jamil, and A. Mahmood, ‘‘Optimization tech-
niques for home energy management: A review,’’ in Proc. 2nd Int. Conf.
Comput., Math. Eng. Technol. (iCoMET), Jan. 2019, pp. 1–7.

[13] R. Khalid, N. Javaid, M. H. Rahim, S. Aslam, and A. Sher, ‘‘Fuzzy energy
management controller and scheduler for smart homes,’’ Sustain. Comput.,
Informat. Syst., vol. 21, pp. 103–118, Mar. 2019. [Online]. Available:
http://www.sciencedirect.com/science/article/pii/S2210537918302166

[14] H. O. Alwan, H. Sadeghian, and S. Abdelwahed, ‘‘Energy manage-
ment optimization and voltage evaluation for residential and commercial
areas,’’ Energies, vol. 12, no. 9, p. 1811, May 2019. [Online]. Available:
https://www.mdpi.com/1996-1073/12/9/1811

[15] L. Pérez-Lombard, J. Ortiz, and C. Pout, ‘‘A review on buildings
energy consumption information,’’ Energy Buildings, vol. 40, no. 3,
pp. 394–398, Jan. 2008. [Online]. Available: http://www.sciencedirect.
com/science/article/pii/S0378778807001016

[16] V. Chinde, K. C. Kosaraju, A. Kelkar, R. Pasumarthy, S. Sarkar, and
N. M. Singh, ‘‘Building HVAC systems control using power shaping
approach,’’ in Proc. Amer. Control Conf. (ACC), Jul. 2016, pp. 599–604.

[17] C. Arora, Refrigeration and Air Conditioning (McGraw-HIll Interna-
tional Editions: Mechanical Technology Series). New Delhi, India: Tata
McGraw-Hill, 2000. [Online]. Available: https://books.google.com.pk/
books?id=JyGeRoZIy80C

[18] M. Du, T. Fan, W. Su, and H. Li, ‘‘Design of a new practical expert
fuzzy controller in central air conditioning control system,’’ in Proc.
IEEE Pacific-Asia Workshop Comput. Intell. Ind. Appl., vol. 2, Dec. 2008,
pp. 431–435.

[19] S. Soyguder, M. Karakose, and H. Alli, ‘‘Design and simulation
of self-tuning PID-type fuzzy adaptive control for an expert HVAC
system,’’ Expert Syst. Appl., vol. 36, no. 3, pp. 4566–4573, Apr. 2009.
[Online]. Available: http://www.sciencedirect.com/science/article/pii/
S0957417408002200

[20] J. Wang, D. An, and C. Lou, ‘‘Application of fuzzy-PID controller in heat-
ing ventilating and air-conditioning system,’’ in Proc. Int. Conf. Mecha-
tronics Autom., Jun. 2006, pp. 2217–2222.

[21] C.-S. Kang, J.-I. Park, M. Park, and J. Baek, ‘‘Novel modeling and control
strategies for a HVAC system including carbon dioxide control,’’ Energies,
vol. 7, no. 6, pp. 3599–3617, Jun. 2014.

[22] B. Arguello-Serrano and M. Velez-Reyes, ‘‘Nonlinear control of a heating,
ventilating, and air conditioning system with thermal load estimation,’’
IEEE Trans. Control Syst. Technol., vol. 7, no. 1, pp. 56–63, Jan. 1999.

[23] B. Arguello-Serrano and M. Velez-Reyes, ‘‘Design of a nonlinear HVAC
control system with thermal load estimation,’’ in Proc. Int. Conf. Control
Appl., 1995, pp. 33–39.

[24] Z. Huaguang and L. Cai, ‘‘Decentralized nonlinear adaptive control of an
HVAC system,’’ IEEE Trans. Syst., Man, Cybern. C, Appl. Rev., vol. 32,
no. 4, pp. 493–498, Nov. 2002.

[25] J. Singh, N. Singh, and J. Sharma, ‘‘Fuzzy modeling and control of
HVAC systems—A review,’’ J. Sci. Ind. Res., vol. 65, pp. 470–476,
Jun. 2006.

[26] B. Dong, V. Prakash, F. Feng, and Z. O’Neill, ‘‘A review of
smart building sensing system for better indoor environment control,’’
Energy Buildings, vol. 199, pp. 29–46, Sep. 2019. [Online]. Available:
http://www.sciencedirect.com/science/article/pii/S0378778819309302

[27] S. B. Godithi, E. Sachdeva, V. Garg, R. Brown, C. Kohler, and R. Rawal,
‘‘A review of advances for thermal and visual comfort controls in personal
environmental control (PEC) systems,’’ Intell. Buildings Int., vol. 11, no. 2,
pp. 75–104, Apr. 2019, doi: 10.1080/17508975.2018.1543179.

[28] L. A. Zedeh, ‘‘Knowledge representation in fuzzy logic,’’ IEEE Trans.
Knowl. Data Eng., vol. 1, no. 1, pp. 89–100, Mar. 1989.

[29] L. A. Zadeh, ‘‘Commonsense knowledge representation based on fuzzy
logic,’’ Computer, vol. 16, no. 10, pp. 61–65, Oct. 1983.

[30] A. Fernandez, F. Herrera, O. Cordon, M. J. Del Jesus, and F. Marcelloni,
‘‘Evolutionary fuzzy systems for explainable artificial intelligence: Why,
when, what for, and where to?’’ IEEE Comput. Intell. Mag., vol. 14, no. 1,
pp. 69–81, Feb. 2019.

[31] A. Soleimanzadeh, ‘‘Designing fuzzy controller for air conditioning sys-
tems in order to save energy consumption and provide optimal conditions
in closed environments (indoors),’’ J. Artif. Intell. Elect. Eng., vol. 3, no. 11,
pp. 11–18, 2014.

[32] M. Hamdi and G. Lachiver, ‘‘A fuzzy control system based on the human
sensation of thermal comfort,’’ in Proc. IEEE Int. Conf. Fuzzy Syst. Proc.
IEEE World Congr. Comput. Intell., vol. 1, May 1998, pp. 487–492.

[33] V. J. Nandeshwar, G. S. Phadke, and S. Das, ‘‘Design of room cooler using
fuzzy logic control system,’’ Int. J. Comput. Appl., vol. 975, no. 3, p. 8887,
2015.

[34] M. Abbas, M. Khan, and F. Zafar, ‘‘Autonomous room air cooler using
fuzzy logic control system,’’ Int. J. Sci. Eng. Res., vol. 2, no. 5, pp. 74–81,
2011.

[35] S. Mohamed and W. Mohamed, ‘‘Developing of fuzzy logic controller for
air condition system,’’ Int. J. Comput. Appl., vol. 126, no. 15, pp. 1–8,
Sep. 2015.

[36] S. A. U. R. Omer and E. Muhammad, ‘‘Design of intelligent air condi-
tioner controller using fuzzy logic,’’ in Proc. Int. Conf. Innov. Electr. Eng.
Comput. Technol. (ICIEECT), Apr. 2017, pp. 1–5.

[37] K. B. Uplenchwar and V. Ingle, ‘‘Design of fuzzy inference system for
autonomous air conditioner,’’ Int. J. Comput. Appl., vol. 975, no. 1, p. 8887,
Oct. 2015.

[38] M. S. Islam,M. S. Z. Sarker, K. A. A. Rafi, andM. Othman, ‘‘Development
of a fuzzy logic controller algorithm for air-conditioning system,’’ in Proc.
IEEE Int. Conf. Semiconductor Electron., Nov. 2006, pp. 830–834.

[39] N. U. Ahamed, Z. B. Taha, I. B. M. Khairuddin, M. F. Rabbi,
S. A. M. M. Rahaman, and K. Sundaraj, ‘‘Fuzzy logic controller design
for intelligent air-conditioning system,’’ in Proc. 2nd Int. Conf. Control
Sci. Syst. Eng. (ICCSSE), Jul. 2016, pp. 232–236.

[40] S. Gokilaveni and P. Loganthurai, ‘‘Energy conservation possibilities in
heating ventilating air conditioning system using fuzzy logic,’’ in Proc.
IEEE 9th Int. Conf. Intell. Syst. Control (ISCO), Jan. 2015, pp. 1–6.

[41] M. Z. Sarker, C. Leng,M. Bhuyan,M. Islam, andM. Othman, ‘‘A proposed
air-conditioning system using fuzzy algorithm for industrial application,’’
in Proc. TENCON-IEEE Region 10th Conf., Nov. 2005, pp. 1–6.

[42] S. Saha, S. K. Saha, I. S. Iqbal, A. K. Kundu, M. T. H. Khan, and
S. K. Pramanik, ‘‘Designing of a air-conditioning system using fuzzy logic
with advantage of energy saving,’’ in Proc. Int. Conf. Informat., Electron.
Vis. (ICIEV), May 2014, pp. 1–6.

[43] W. Batayneh, O. Al-Araidah, and K. Bataineh, ‘‘Fuzzy logic approach
to provide safe and comfortable indoor environment,’’ Int. J. Eng., Sci.
Technol., vol. 2, no. 7, pp. 65–72, 2010.

[44] S. Dash and G. Mohanty, ‘‘Intelligent air conditioning system using fuzzy
logic,’’ Int. J. Sci. Eng. Res., vol. 3, no. 12, pp. 1–6, 2012.

[45] Z. M. Zain, N. H. Abdullah, and A. H. M. Hanafi, ‘‘Microcontroller-
based energy saving control for air–conditioning system using fuzzy logic
approaching: An overview,’’ in Proc. 4th Student Conf. Res. Develop.,
Jun. 2006, pp. 246–249.

[46] R. N. Lea, E. Dohmann, W. Prebilsky, and Y. Jani, ‘‘An HVAC fuzzy logic
zone control system and performance results,’’ in Proc. IEEE 5th Int. Fuzzy
Syst., vol. 3, Sep. 1996, pp. 2175–2180.

[47] A. Preglej, J. Rehrl, D. Schwingshackl, I. Steiner, M. Horn, and I. Škrjanc,
‘‘Energy-efficient fuzzy model-based multivariable predictive control of
a HVAC system,’’ Energy Buildings, vol. 82, pp. 520–533, Oct. 2014.
[Online]. Available: http://www.sciencedirect.com/science/article/pii/
S0378778814005805

VOLUME 8, 2020 117425

http://dx.doi.org/10.1080/17508975.2016.1213694
http://dx.doi.org/10.1080/17508975.2018.1543179


Z. A. Shah et al.: Fuzzy Logic-Based Direct Load Control Scheme for Air Conditioning Load to Reduce Energy Consumption

[48] J. Menyhárt and F. Kalmár, ‘‘Investigation of thermal comfort responses
with fuzzy logic,’’ Energies, vol. 12, no. 9, p. 1792, May 2019. [Online].
Available: https://www.mdpi.com/1996-1073/12/9/1792

[49] X. Li, T. Zhao, P. Fan, and J. Zhang, ‘‘Rule-based fuzzy control method for
static pressure reset using improved Mamdani model in VAV systems,’’
J. Building Eng., vol. 22, pp. 192–199, Mar. 2019. [Online]. Available:
http://www.sciencedirect.com/science/article/pii/S2352710218311252

[50] P. Ravi Babu and D. V. P. Sree, ‘‘Mathematical modelling and fuzzy logic
applied to a milk industry through DSM,’’ in Proc. World Congr. Eng.
Comput. Sci. (WCECS), San Francisco, CA, USA, vol. 2187, 2010.

[51] S. S. Ahmed, M. S. Majid, H. Novia, and H. A. Rahman, ‘‘Fuzzy
logic based energy saving technique for a central air conditioning sys-
tem,’’ Energy, vol. 32, no. 7, pp. 1222–1234, 2007. [Online]. Available:
http://www.sciencedirect.com/science/article/pii/S0360544206002222

[52] M. Arima, E. H. Hara, and J. D. Katzberg, ‘‘A fuzzy logic and rough sets
controller for HVAC systems,’’ in Proc. IEEE WESCANEX. Commun.,
Power, Comput. Conf., vol. 1, May 1995, pp. 133–138.

[53] S. Javaid, N. Javaid, S. Iqbal, S. Aslam, and M. H. Rahim, ‘‘Optimiz-
ing energy consumption of air-conditioning systems with the fuzzy logic
controllers in residential buildings: Optimizing energy consumption of air-
conditioning systems in residential buildings,’’ in Proc. Int. Conf. Comput.,
Math. Eng. Technol. (iCoMET), Mar. 2018, pp. 1–9.

[54] K. K. Kee, A. E. Robin, and W. K. Pao, ‘‘Design and development
of fanger model and fuzzy logic based controller for air conditioners,’’
e-Bangi, vol. 16, no. 3, pp. 1–19, 2019.

[55] H. Nasution, H. Jamaluddin, and J. M. Syeriff, ‘‘Energy analysis for
air conditioning system using fuzzy logic controller,’’ TELKOMNIKA
(Telecommun. Comput. Electron. Control), vol. 9, no. 1, p. 139, Apr. 2011.

[56] T.-M. Wang, P.-C. Lin, H.-L. Chan, J.-C. Liao, T.-W. Sun, and T.-Y. Wu,
‘‘Energy saving of air condition using fuzzy control system over ZigBee
temperature sensor,’’ in Proc. IEEE 24th Int. Conf. Adv. Inf. Netw. Appl.
Workshops, Apr. 2010, pp. 1005–1010.

[57] S. Koçak and L. Pokorádi, ‘‘Comparison of defuzzification methods in
the case of air conditioning systems,’’Muszaki Tudományos Közlemények,
vol. 9, no. 1, pp. 115–118, 2018.

[58] T. Tobi and T. Hanafusa, ‘‘A practical application of fuzzy control for
an air-conditioning system,’’ Int. J. Approx. Reasoning, vol. 5, no. 3,
pp. 331–348, May 1991. [Online]. Available: http://www.sciencedirect.
com/science/article/pii/0888613X9190016F

[59] S. F. Rezeka, A.-H. Attia, and A. M. Saleh, ‘‘Management of air-
conditioning systems in residential buildings by using fuzzy logic,’’
Alexandria Eng. J., vol. 54, no. 2, pp. 91–98, Jun. 2015. [Online].
Available: http://www.sciencedirect.com/science/article/pii/S1110016815
000289

[60] A.-H. Attia, S. F. Rezeka, and A. M. Saleh, ‘‘Fuzzy logic con-
trol of air-conditioning system in residential buildings,’’ Alexandria
Eng. J., vol. 54, no. 3, pp. 395–403, Sep. 2015. [Online]. Available:
http://www.sciencedirect.com/science/article/pii/S111001681500040X

[61] H.-B. Kuntze and T. Bernard, ‘‘A new fuzzy-based supervisory control con-
cept for the demand-responsive optimization of HVAC control systems,’’
inProc. 37th IEEEConf. Decis. Control, vol. 4, Dec. 1998, pp. 4258–4263.

[62] C.-H. Wu, L.-S. Ma, C.-H. Chen, and Y.-W. Liu, ‘‘A design of fuzzy
controller for conforming to the regulations of indoor air quality and
thermal comfort,’’ in Proc. 4th Annu. IEEE Int. Conf. Cyber Technol.
Autom., Control Intell., Jun. 2014, pp. 383–388.

[63] I. Saritas, N. Etik, N. Allahverdi, and I. Sert, ‘‘Fuzzy expert system design
for operating room air-condition control systems,’’ Expert Syst. Appl.,
vols. 9753–9758, p. 23, Aug. 2009.

[64] H. Yan, Y. Pan, Z. Li, and S. Deng, ‘‘Further development of a thermal com-
fort based fuzzy logic controller for a direct expansion air conditioning sys-
tem,’’ Appl. Energy, vol. 219, pp. 312–324, Jun. 2018. [Online]. Available:
http://www.sciencedirect.com/science/article/pii/S030626191830374X

[65] N. Elias, N. M. Yahya, and E. H. Sing, ‘‘Numerical analysis of fuzzy logic
temperature and humidity control system in pharmaceutical warehouse
using MATLAB fuzzy toolbox,’’ in Intelligent Manufacturing & Mecha-
tronics. Singapore: Springer, 2018, pp. 623–629.

[66] R. Begum and S. V. Halse, ‘‘Implementation of fuzzy logic room air
condition control using LabVIEW lab,’’ J. Comput. Math. Sci., vol. 9, no. 9,
pp. 1111–1123, Sep. 2018.

[67] P.-H. Chen, J.-H. Lai, and C.-T. Lin, ‘‘Application of fuzzy control to
a road tunnel ventilation system,’’ Fuzzy Sets Syst., vol. 100, nos. 1–3,
pp. 9–28, Nov. 1998. [Online]. Available: http://www.sciencedirect.com/
science/article/pii/S0165011497002091

[68] M. Eftekhari, L. Marjanovic, and P. Angelov, ‘‘Design and performance
of a rule-based controller in a naturally ventilated room,’’ Comput. Ind.,
vol. 51, no. 3, pp. 299–326, Aug. 2003.

[69] S. Rahman, M. Rabbi, O. Altwijri, M. Alqahtani, T. Sikandar,
I. I. Abdelaziz, M. A. Ali, and K. Sundaraj, ‘‘Fuzzy logic-based improved
ventilation system for the pharmaceutical industry,’’ Int. J. Eng. Technol.,
vol. 7, no. 2, pp. 640–645, 2018.

[70] Y. Yau and C. Chang, ‘‘Performance analysis on an air-conditioning system
installed with and without a fuzzy logic thermostat in an office build-
ing,’’ Proc. Inst. Mech. Eng., Part A, J. Power Energy, vol. 232, no. 8,
pp. 1079–1092, Dec. 2018, doi: 10.1177/0957650918762022.

[71] C. Anastasiadi and A. I. Dounis, ‘‘Co-simulation of fuzzy control in
buildings and the HVAC system using BCVTB,’’ Adv. Building Energy
Res., vol. 12, no. 2, pp. 195–216, Jul. 2018.

[72] T.-M. Wang, I.-J. Liao, J.-C. Liao, T.-W. Suen, and W.-T. Lee, ‘‘An intelli-
gent fuzzy controller for air-condition with zigbee sensors,’’ Int. J. Smart
Sens. Intell. Syst., vol. 2, no. 4, pp. 636–652, 2009.

[73] M. He, W. Cai, and S. Li, ‘‘Multiple fuzzy model-based temperature
predictive control for HVAC systems,’’ Inf. Sci., vol. 169, nos. 1–2,
pp. 155–174, Jan. 2005. [Online]. Available: http://www.sciencedirect.
com/science/article/pii/S0020025504000374

[74] S. Yordanova, D. Merazchiev, and L. Jain, ‘‘A two-variable fuzzy control
design with application to an air-conditioning system,’’ IEEE Trans. Fuzzy
Syst., vol. 23, no. 2, pp. 474–481, Apr. 2015.

[75] U. Pawar, S. G. Bhirud, and S. R. Kolhe, ‘‘Analysing the effect of
temperature and humidity on AC compressor speed using fuzzy control
over can communication,’’ in Proc. Analysing Effect Temp. Humidity AC
Compressor Speed Using Fuzzy Control Over CAN Commun., Feb. 2019,
pp. 1142–1149.

[76] R. Alcalá, J. M. Benítez, J. Casillas, O. Cordón, and R. Pérez, ‘‘Fuzzy
control of HVAC systems optimized by genetic algorithms,’’ Appl. Intell.,
vol. 18, no. 2, pp. 155–177, Mar. 2003, doi: 10.1023/A:1021986309149.

[77] D. Kolokotsa, G. Saridakis, A. Pouliezos, and G. S. Stavrakakis,
‘‘Design and installation of an advanced EIB fuzzy indoor com-
fort controller using MATLAB,’’ Energy Buildings, vol. 38, no. 9,
pp. 1084–1092, Sep. 2006. [Online]. Available: http://www.sciencedirect.
com/science/article/pii/S0378778806000168

[78] C. Wu, Z. Xingxi, and D. Shiming, ‘‘Development of control
method and dynamic model for multi-evaporator air conditioners
(MEAC),’’ Energy Convers. Manage., vol. 46, no. 3, pp. 451–465,
Feb. 2005. [Online]. Available: http://www.sciencedirect.com/science/
article/pii/S0196890404000834

[79] M. Budiman and M. Djamal, ‘‘Duty cycle control on compressor of split
air conditioners using Internet of Things embedded in fuzzy-PID,’’ Int.
J. Electr. Eng. Informat., vol. 11, no. 1, pp. 112–124, Mar. 2019.

[80] D. Meana-Llorián, C. G. García, B. C. P. G-Bustelo, J. M. C. Lovelle,
and N. Garcia-Fernandez, ‘‘IoFClime: The fuzzy logic and the Inter-
net of Things to control indoor temperature regarding the out-
door ambient conditions,’’ Future Gener. Comput. Syst., vol. 76,
pp. 275–284, Nov. 2017. [Online]. Available: http://www.sciencedirect.
com/science/article/pii/S0167739X16306598

[81] J. Lei, L. Hongli, and W. Cai, ‘‘Model predictive control based on fuzzy
linearizatio technique for HVAC systems temperature control,’’ in Proc.
1ST IEEE Conf. Ind. Electron. Appl., May 2006, pp. 1–5.

[82] Z. Qu, C. Xu, K. Ma, and Z. Jiao, ‘‘Fuzzy neural network control
of thermostatically controlled loads for demand-side frequency regula-
tion,’’ Energies, vol. 12, no. 13, p. 2463, Jun. 2019. [Online]. Available:
https://www.mdpi.com/1996-1073/12/13/2463

[83] M. Fayaz, I. Ullah, and D. Kim, ‘‘An optimized fuzzy logic control model
based on a strategy for the learning of membership functions in an indoor
environment,’’ Electronics, vol. 8, no. 2, p. 132, Jan. 2019. [Online]. Avail-
able: https://www.mdpi.com/2079-9292/8/2/132

[84] Z. Li, X. Xu, S. Deng, and D. Pan, ‘‘A novel neural network aided
fuzzy logic controller for a variable speed (VS) direct expansion
(DX) air conditioning (A/C) system,’’ Appl. Thermal Eng., vol. 78,
pp. 9–23, Mar. 2015. [Online]. Available: http://www.sciencedirect.
com/science/article/pii/S1359431114011594

[85] P. Bermejo, L. Redondo, L. de la Ossa, D. Rodríguez, J. Flores, C. Urea,
J. A. Gámez, and J. M. Puerta, ‘‘Design and simulation of a thermal
comfort adaptive system based on fuzzy logic and on-line learning,’’
Energy Buildings, vol. 49, pp. 367–379, Jun. 2012. [Online]. Available:
http://www.sciencedirect.com/science/article/pii/S0378778812001247

117426 VOLUME 8, 2020

http://dx.doi.org/10.1177/0957650918762022
http://dx.doi.org/10.1023/A:1021986309149


Z. A. Shah et al.: Fuzzy Logic-Based Direct Load Control Scheme for Air Conditioning Load to Reduce Energy Consumption

[86] R. L. Navale and R. M. Nelson, ‘‘Use of genetic algorithms and evo-
lutionary strategies to develop an adaptive fuzzy logic controller for a
cooling coil–comparison of the AFLC with a standard PID controller,’’
Energy Buildings, vol. 45, pp. 169–180, Feb. 2012. [Online]. Available:
http://www.sciencedirect.com/science/article/pii/S0378778811005214

[87] F. Calvino, M. La Gennusa, G. Rizzo, and G. Scaccianoce, ‘‘The control
of indoor thermal comfort conditions: Introducing a fuzzy adaptive
controller,’’ Energy Buildings, vol. 36, no. 2, pp. 97–102, Feb. 2004.
[Online]. Available: http://www.sciencedirect.com/science/article/pii/
S0378778803001312

[88] X. Gu, H. Li, L. Zhao, and H. Wang, ‘‘Adaptive PID control of indoor air
quality for an air-conditioned room,’’ in Proc. Int. Conf. Intell. Comput.
Technol. Autom. (ICICTA), vol. 1, Oct. 2008, pp. 289–293.

[89] P. Lanfang,W.Wanliang, andW.Qidi, ‘‘Application of adaptive fuzzy logic
system to model for greenhouse climate,’’ in Proc. 3rd World Congr. Intell.
Control Autom., vol. 3, Jun. 2000, pp. 1687–1691.

[90] D. Kolokotsa, G. S. Stavrakakis, K. Kalaitzakis, D. Tsiavos, and
E. Antonidakis, ‘‘Advanced fuzzy logic controllers design and evalu-
ation for buildings’ occupants thermal–visual comfort and indoor air
quality satisfaction,’’ Energy Buildings, vol. 33, no. 6, pp. 531–543,
Jul. 2001. [Online]. Available: http://www.sciencedirect.com/science/
article/pii/S0378778800000980

[91] J. Wang, S. B. Geng, X. Han, and H. Zhang, ‘‘Dynamic behavior of air
condition system and temperature control analysis,’’ in Renewable Energy
and Power Technology II (Applied Mechanics and Materials), vol. 672.
Stafa-Zurich, Switzerland: Trans Tech, 2014, pp. 1670–1675.

[92] D. Kolokotsa, ‘‘Comparison of the performance of fuzzy controllers for
the management of the indoor environment,’’ Building Environ., vol. 38,
no. 12, pp. 1439–1450, Dec. 2003. [Online]. Available: http://www.
sciencedirect.com/science/article/pii/S0360132303001306

ZEESHAN ALI SHAH received the bachelor’s
degree in electrical engineering with specializa-
tion in power systems, in 2017. He is currently
pursuing the M.S. degree in electrical engineering
from the College of E&ME, National University
of Sciences and Technology (NUST), Islamabad,
Pakistan, with specialization in power and control
systems. His research interests include power engi-
neering and control systems.

HATEM F. SINDI (Member, IEEE) received
the B.Sc. degree in electrical engineering from
King Abdulaziz University, Jeddah, Saudi Arabia,
in 2007, and the M.Sc. and Ph.D. degrees in elec-
trical engineering from the University ofWaterloo,
Waterloo, ON, Canada, in 2013 and 2018, respec-
tively. He is currently an Assistant Professor with
the Department of Electrical and Computer Engi-
neering, King Abdulaziz University. His research
interests include smart grid, renewable DG, distri-

bution system planning, electric vehicles, storage systems, and bulk power
system reliability.

AZHAR UL-HAQ received the Ph.D. degree from
the University of L’ Aquila, Italy, and the Univer-
sity of Waterloo, Canada, in 2016. He is currently
working as an Assistant Professor with NUST,
Islamabad, Pakistan. He is author of various jour-
nal and conference papers. His research interests
include power systems and operation. He was a
recipient of several research and travel grants from
HEC, Pakistan.

MIAN ASHFAQ ALI received the bachelor’s
degree in mechanical engineering from Pakistan,
in 2006, and the master’s degree in mechanical
engineering and the Ph.D. degree in mechatron-
ics engineering from Hanyang University, South
Korea, in 2009 and 2015, respectively. He is cur-
rently working as an Assistant Professor with
NUST, Islamabad, Pakistan. He is author of var-
ious journal papers and patents. His research
interests include automotive engineering and the
Internet of Things.

VOLUME 8, 2020 117427


