®

Check for
updates

Implementation of Simple Artificial Intelligence in the
Internet of Things for Energy Saving of Air Conditioner

Husein Husein'®), Maman Budiman?E, and Mitra Djamal?®)

! Halu Oleo University, Kendari, Indonesia
2 Bandung Institute of Technology (ITB), Bandung, Indonesia
husein@uho.ac.id

Abstract. In designing an AC control system, the designer usually faces two
conflicting problems: convenient and saving problem. Sometimes the occupants
of the room want to be cooler but it does not meet the standard of comfort. The
consequence of setting a very low temperature will force the air conditioner to
consume a significant amount of energy. This study proposes an efficient and
comfortable AC control system in accordance with the comfort standards
published by the American Society of Heating Refrigeration Air Conditioning
Engineers (ASHRAE). To achieve savings, this system was developed using a
hysteresis method guided by Fuzzy Logic to find the temperature and humidity
points of the room that match the comfort standard IoT-based real-time. Finally,
this system can save 30% AC energy consumption and achieve ASHRAE
standard comfort.

Keywords: Air conditioner, Fuzzy Logic, Internet of Things.

1 Introduction

1.1  Background

The existing AC paradigm is optimizing the temperature even though the comfort of
the room is not solely determined by temperature but a combination of temperature and
humidity. The environmental thermal conditions for human dwelling refer to the
American National Standards published by ASHRAE which define the range of indoor
environmental conditions to achieve acceptable thermal comfort for building
occupants. The standard was first published in 1966, and since 2004 it has been updated
every three to six years. The latest version of the standard was published in 2017. The
purpose of this standard is to determine the combination of indoor thermal
environmental factors and personal factors that will result in a thermal environmental
condition that is acceptable to most occupants of the space. Comfort in this study refers
to the ASHRAE version of the comfort standard. The AC control paradigm in this study
is to optimize AC energy consumption and add adaptive capabilities by conducting big
data analysis to maintain the comfort specified by ASHRAE.
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This research will be described in 5 parts, i.e.: The Introduction explains the back-
ground of this research on how AC comfort and savings can be achieved. Meanwhile,
the physical concept of comfort and savings is described in the materials and methods
section. The research steps are outlined in the experimental design. The experimental
results are described in detail in results and discussion and finally the conclusions and
future research.

2 Materials and Methods

2.1 ASHRAE Standard Comfort

The ASHRAE standard curve shows the comfort temperature in each humidity is not
at one point but it is in a certain temperature range, so temperature relaxation is the
basis for optimizing AC energy which used in this study [1 - 3]. The temperature relax-
ation model (hysteresis) proposed in this study is a control that utilizes the thermal
equilibrium properties of the room where energy consumption and room comfort are
determined by the thermal load of the room and the performance of the air conditioner
[4 - 7] The thermal equilibrium surface is defined as the initial state of indoor temper-
ature when there is no disturbance [8]. When the compressor is turned on, the room
temperature will decrease away from the thermal equilibrium surface. The effect of
thermal stress begins to be felt which is indicated by the behavior of the indoor temper-
ature which slopes before reaching the bottom point of thermal equilibrium. The indoor
temperature becomes flat due to the cold air emitted by the air conditioner is propor-
tional to the thermal pressure at the bottom point of the equilibrium. When the com-
pressor is turned OFF, the rate of temperature rises up then it is damped slowly and
increases slowly as it approaches the boundary of the thermal equilibrium surface. The
nature of the equilibrium is all effects of thermal loads are aggregated in one coefficient
symbolized by 4 while the parameters related to the ability of AC to lift thermal loads
are integrated in the coefficient . These two parameters were obtained by experiment-
ing with the behavior of room temperature when the AC compressor was turned ON
and OFF. In this study, room comfort and energy consumption in air conditioners is
done by controlling the compressor because the compressor is the largest component in
consuming energy. Compressor control is carried out using temperature relaxation. Its
ON/OFF duty cycle is guided by a control algorithm embedded in the IoT platform.
The task of the control algorithm will be to set the right duty cycle so that the indoor
temperature matches the set-point temperature. The AC energy consumption is derived
from a sample of the temperature curve when ON/OFF occurs on the compressor. The
room temperature will decrease if the compressor is turned ON as the curve shown in
Figure 1. The temperature curve as a function of time can be approximated by
Bl

Ton(€) = Tyou + de” """ Eonc (1)
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Fig. 1. Screenshot of room temperature when compressor is switched ON

tONC is the time constant when TON(f) = TLow. Furthermore, the duration of time
required by the compressor to lower the interior temperature until it reaches the lower
limit temperature level (7Low) can be formulated by

. t
i = (—Bk,n(ln(@))ﬂ)” N

30
29
28 . T upp
27

226

= 25

@]

=24 A
23
22
21
20

200 400 600 800
t (second)

(e

Fig. 2. Screenshot of room temperature when compressor is switched OFF

The temperature curve as a function of time in Figure 2 can be approximated by

—An( )

t
Torr(t) = Tpow + A(1 —e " torct) 3)

tOFC is the time constant when TOFF(t) = Tupp. The duration of the compressor OFF
time that causes the room temperature to rise gradually until it reaches the upper Tupp
limit can be defined by



98 H. Husein et al.

in—OFF _ torc
n B <—A[ln(l—(7TOFF(2_TL°W)]_1>+1 @

In (4) above shows that if TLow is set further away from the surface of the thermal
equilibrium of the room, the duration of the compressor OFF time will be shorter as a
result, the air conditioner will consume more energy. If we look at Figure II, when the
temperature gets lower, the value of 4 gets bigger causing the value of the OFF time in
(4) to get smaller. This shows that if the temperature is getting lower due to the AC
being turned on, the thermal potential of the room temperature is getting bigger to get
to the surface of thermal equilibrium. One duty cycle may not be the same as another
duty cycle depending on the six parameters in the duty cycle equations (2) and (4).
Furthermore, the energy consumption of the AC consisting of several cycles during
which the AC is turned on can be formulated by

Ecycien) = Zm=0(Eon ko0 + Eongn + Eorrn) (%)
Where;
D tonc
Eono = Pon, = (6)
A N 0(—Bk,o(ln(—T0N(tA);TL°W)) 1>+1

D tonc
Eonkn = Xn=1Ponk = (7N
Nodem LT oNkn <—Bk_n(ln(T0N(t)A_TLow)) 1>+1

—_yn p torc
Eorrn = Xn=1Porrn (_A[ln(l_(TOFF(LZ—TLOW)]_1>+1 (8)

Energy consumption in this study can be modeled with the pattern shown in Figure 3.
When the AC compressor is turned ON, the indoor temperature will decrease with a
slope value of S. The f coefficient is the value of the AC performance coefficient (u)
minus the value of the building’s thermal transfer coefficient and the heat capacity con-
tained by the elements and the walls of the room (4). When the compressor is OFF, the
room temperature change index value is only determined by the thermal transfer coef-
ficient of the building and the heat capacity contained by the elements and the walls of
the room (4). The room temperature function describing several ON/OFF cycles can be
derived from (7) and (8) to

~Bion (s

toNe)§ + (T + A(L — e ¢

t
T(t) = (T,p, + Ae torrc?)1—6  (9)

Delta Dirac () indicates compressor ON/OFF control. The value of ¢ is equal to 1 if
the compressor is ON. On the other hand, will be 0 if the compressor is turned OFF.
The first right term in (9) will run if the compressor is ON, while the second right term
will be zero. However, if the compressor is turned OFF, the opposite condition will
happen.
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Fig. 3. Temperature relaxation model on AC energy control

Figure 3 shows that Tupp = T's + 1/2A and TLow = Ts — 1/2A which if substituted in (7)
and (8) will give AC energy consumption which is affected by the temperature set-point
indicated by

D tonc
Eonjgn = Yn=1 Pon kn TON(I:;_TLOW =1 (10)
<_ﬁk'n(ln(2(Ts_Tupp—A))) >+1

D torc
Eorrn = Xn=1Porrn TorrO-TLow\| - (11)
(_A[ln<1_2(Ts_Tupp—A))] >+1

A and f are parameters that depend on indoor and outdoor environmental conditions.
These two parameters become obstacles in determining the duty cycle of the compres-
sor. To overcome these obstacles, the fuzzy hysteresis algorithm is the main strategy
method for controlling AC energy consumption and room temperature. Controlling AC
energy consumption and room comfort through a hysteresis approach is to trap the in-
door temperature to keep it fluctuating around the set point temperature which is set
from the parameters Ts and A contained in (10) and (11). The variation of these two
parameters will be tested how much their contribution to AC energy savings and the
achievement of room comfort refers to the ASHRAE standard. .

2.2 Internet of Things

The best tool in AC performance investigation and engineering is the Internet of things
(IoT). The standard IoT infrastructure model has been described in four major groups
i.e. The sense and control group is to measure the physical parameters of their environ-
ment and act as controllers. The device can consist of sensors, actuators, embedded
controllers or certain objects and edge gateways [9 - 11]. Basic examples of these ob-
jects include thermostats and heating, ventilation and air conditioning (HVAC) moni-
toring and control systems [12 - 14]. Furthermore, visualize and response groups is to
display information to the user (user interface). The devices are usually PCs,
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smartphones, and laptops. The user interface is in the form of a web interface and ap-
plications that are embedded in android. Big-data group is to get information in making
decision. Intelligent and analysis as a rule engine to process data from various sensors
(big-data) as well as meaning data to extract analytical knowledge and its conse-
quences. The output of this group is a decision in the form of control parameter values.
The communication protocols for the interaction of the three groups above use the mes-
saging queuing telemetry transport (MQTT) [15 - 18] and Hypertext Transfer Protocol
(HTTP) request [19]. This study refers to[7, 20, 5] who have combined physics con-
cepts with the internet of things for energy conservation in AC. They also has developed
AC control using fuzzy logic and PID in an intelligent AC system. The three studies
above still need to be developed for specific targets, so this research is presented for
convenience purposes set by ASHRAE standards.

3 Experimental Design

3.1 Designing of Point Control of Internal AC

The type of air conditioner used in this study is split AC. In general, split air condition-
ers have a micro-controller equipped with four sensors as input variables for the control
algorithm, the output of which is two drivers that will control the three components of
the air conditioner consisting of a compressor, condenser, and evaporator.
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Fig. 4. AC control point internal line

The four sensors consist of a temperature sensor, a freeze sensor, an evaporator fan
motor speed sensor and an infrared sensor. The paths and points that will be controlled
to save AC energy can be seen in Figure 4. It shows the placement of additional hard-
ware such as kWh meter, indoor/outdoor temperature sensor and compressor control
actuator. The indoor temperature sensor must be placed in a room that can represent the
actual room temperature. Meanwhile, the additional hardware for compressor control
is connected in series with the control of the main compressor of the indoor unit. This
means that the compressor works under the influence of both indoor and outdoor tem-
perature. This split AC operational logic is designed to be AND logic. This means that
the ON decision will occur if the additional control of the compressor and the main
control of the compressor in the AC indoor unit are both in the HIGH state. When the
outside temperature is higher than the set-point temperature and the indoor temperature
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is far below the set-point, the main control of the compressor in the indoor air condi-
tioner unit will be standby in the ON state while ON/OFF with a certain duty cycle will
be carried out by additional control. On the other hand, when the outside temperature
is low and the inside temperature is higher than the normal temperature (warm), then
the additional control of the compressor will standby in the ON state while ON/OFF
with the AC’s default duty cycle will be carried out by the main compressor control on
the indoor AC unit as shown in Figure IV above. Additional compressor control will
be guided by intelligence on the IoT platform embedded control algorithm. The IoT
system built in this study follows a standard pattern that is realized in controlling AC
energy consumption and room comfort as shown in Figure 5.
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Fig. 5. Architecture of IoT for experiment in AC

Figure 5 explains the simple [oT implementation system in this study consists of several
parts with the following details: four sensor and actuator nodes, AC, Cloud, Middle-
ware and Cloud server. All components in this IoT system will be explained in detail
in appendix B starting from the Kwh meter, sensor and actuator circuit as well as the
intelligent embedded in the node-red.

3.2  Designing of Hysteresis Control Algorithm

The hysteresis approach to control the compressor is based on the temperature relaxa-
tion model in Figure 3 using equations (10) and (11) wherein, energy consumption can
be guided through the variables Ts and A. The two variables will give the upper limit
temperature (Tupp) and the lower limit temperature (Tlow). When the indoor tempera-
ture is included in the logic function, the output of the logic will give the compressor
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ON and OFF commands. The hysteresis model for controlling the compressor duty cy-
cle can be done by adjusting the combination of Ts and values of A. This hysteresis
algorithm will be embedded in the function node in node-red. Data from sensors and
from set-points will be subscribed by the MQTT node then each data will be parsed and
displayed on the dashboard. The temperature set-point data for the lower and upper
limits will always be stored in the setting memory. Then when the indoor temperature
data enters, it is executed directly by the logic function. If the indoor temperature is
greater than or equal to the upper limit temperature set-point, the function will issue an
ON command, if the indoor temperature is less than or equal to the lower limit temper-
ature set-point then the function will issue an OFF command. The ON and OFF com-
mands will be published by the MQTT Node with a unique topic so that it can be sub-
scribed by the compressor control actuator node. For more details, it can be seen from
the program flowchart as shown in Figure 6. Variation of A and Ts values in the hyste-
resis algorithm will be guided by fuzzy logic to follow the ASHRAE standard embed-
ded in the intelligent control system.

3.3  Design Fuzzy Role ASHRAE Standard of Hysteresis Control Algorithm

The hysteresis model for controlling the compressor duty cycle can be done by adjust-
ing the combination of Ts and values of A. This hysteresis algorithm will be embedded
in the function node in node-red. Data from sensors and from set-points will be sub-
scribed by the MQTT node then each data will be parsed and displayed on the dash-
board. The temperature set-point data for the lower and upper limits will always be
stored in the setting memory. Then when the indoor temperature data enters, it is exe-
cuted directly by the logic function. If the indoor temperature is greater than or equal
to the upper limit temperature set-point, the function will issue an ON command, if the
indoor temperature is less than or equal to the lower limit temperature set-point then
the function will issue an OFF command. The ON and OFF commands will be pub-
lished by the MQTT Node with a unique topic so that it can be subscribed by the com-
pressor control actuator node. For more details, it can be seen from the program
flowchart as shown in Figure 6. Variation of A and Ts values in the hysteresis algorithm
will be guided by fuzzy logic to follow the ASHRAE standard embedded in the intelli-
gent control system.
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The development of the standard ASHRAE hysteresis algorithm can be done based on
the characteristics of the ASHRAE curve. These characteristics become the set-point
range and indoor temperature fluctuations.
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Fig. 7. ASHRAE standard occupant comfort curve (source: ASHRAE 55 Comfort conditions)

Furthermore, the ASHRAE standard comfort curve is made in the form of a Fuzzy
Logic rule that will fuzify indoor humidity whose output is a set-point value and room
temperature fluctuations that span the ASHRAE standard comfort area. The comfort
curve of the ASHRAE version above can be made in the form of a rule engine hysteresis
Table 1. It should be noted that the comfort in the ASHRAE curve refers to summer
because this research was conducted in Indonesia, which has a summer season through-
out the year. From the ASHRAE curve, we are given a comfortable temperature range
(Tlow -Tupp) for each humidity level. Humidity of 75% to 100% and from 0% to 19%
does not fall within them comfort area. However, because the purpose of this study is
to optimize energy, fuzzy rules for boundaries that are not included in the area are made
special rules that are the same as humidity which is closer to the limit of numbers that
fall within the comfort range. Thus, we can consider that if we take a small value of the
temperature relaxation will increase the compressor ON/OFF frequency so that it is not
good for the air conditioner. On the other hand, the given value of A should not be too
large for convenience reasons. The ASHRAE standard is formed as in Table I. Table I
is the result of a modification of appendix Table A1 where table Al is a conversion of
the numbers from the comfort ASHRAE curve in the summer season. Because this
research was conducted in Indonesia, where the average weather throughout the year is
similar to the summer season on the European continent. The Table became rule base
that will be given to the hysteresis algorithm control of AC compressor.
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Table 1. Fuzzy rule hysteresis which refers to ASHRAE standard.

Humidity (%) Tupp(°C) Tlow(°C) A(°C) Ts(°C)
100 235 22.75 0.5 23
95 235 22.75 0.5 23
90 235 22.75 0.5 23
85 235 22.75 0.5 23
80 235 22.75 0.5 23
75 235 22.75 0.5 23
70 235 22.75 0.5 23
65 24 23 1 23.5
60 24 23 1 23.5
55 24 23 1 23.5
50 24 23 1 23.5
45 24 23 1 23.5
40 24 23 1 23.5
35 24 23 1 23.5
30 24.5 23.5 1 24
25 24.5 23.5 1 24
20 24.5 23.5 1 24
15 24.5 23.5 1 24
10 24.5 23.5 1 24

The standard ASHRAE hysteresis algorithm is designed as the usual hysteresis algo-
rithm but it was developed where the set-point (Ts) and temperature fluctuation (A) are
guided by additional fuzzy rules derived from the ASHRAE version of the comfort
curve shown in Figure 8. The algorithm will be embedded in the cloud as an intelligent
control system to guide the operation of the AC system with the following pattern

T.H Sensor
[
Set point Value 7 Tupp=Ts +1/24™, Outdoor Temperature
! Tlow =Ts -1/2A Indoor unit of AC and Humidity

Rule Base [ If (Tupp<Tindoor) | Duty Cycle

. . {Msg. payload = ON} | Compressor

IE..Then... ]\, Eloe if (Tlow>Tindoor)/
If..Then... | {Msg. payload = OFF}, ON  OFF
1f... Then...

~N :>ﬂ

X

= If...Then.. Defuzzification Outdoor unit of AC ¥ !
. 'y f

g ‘ S TN . - Indoor
Pussifeatisn Implementation of Linguistic Temperature || Humidity
Control Strategy T

Fig. 8. Hysteresis mechanism of action according to ASHRAE standard comfort
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Figure 8 shows that the room humidity sensor will publish humidity data and be sub-
scribed by the Fuzification function, then the humidity value will enter the rule base
which contains the rules in table I. The output from the rule base is in the form of Ts and A
values. These two values, together with the indoor temperature, are entered into a logic
function whose output is an ON and OFF decision. The decision will be published and
subscribed by the outdoor AC unit to turn on and turn off the compressor as a source of
room temperature activation

4 Results and Discussion

4.1 Effect of Outdoor Temperature Towards Energy Consumption

Hysteresis compressor control is referred to in equations (10) to (11) where changes in
the set-point temperature (TS) value with the desired fluctuating temperature (A) will
have a different impact on AC energy consumption. The additional control of the com-
pressor is to vary the range of set-point temperature values (TS) with a fluctuating value
of A. The first profile of the contribution of this hysteresis control algorithm can be seen
in the AC energy consumption curve that applies the values (A = 0.4 and TS = 23,8).
This experiment shows that the AC energy consumption is not only determined by
changes in the limit value (A) but is highly dependent on the outside temperature which
is difficult to control it. The value of the thermal transfer coefficient (1) and the value
(A) has given a change in the energy efficiency of the air conditioner. This corresponds
to (10) to (11) above. The coefficient 4 describes the amount of heat entering the room.
In this study, the value of 1 was contributed more by the outside temperature. This can
be seen clearly the behavior of AC energy consumption which is influenced by outside
temperature in Figure 9.
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Fig. 9. Performance of AC energy consumption due to the influence of outside temperature

The Figure 9 shows the compressor ON pulse width decreases significantly as the out-
side temperature decreases while the indoor temperature remains at a given set-point
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Ts and fluctuates A. To see the effect of outside temperature which is represented by
the value of 4 in equations 10 and 11, it is shown in Figure 10. The curve shows that if
the outdoor temperature increases by 1°C, the control algorithm will increase the time
of compressor ON by 15.27%, meaning that the higher the outside temperature, the AC
energy consumption will also increase.
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Fig. 10. Effect of outdoor temperature on duty cycle

4.2  Effect of Ts and A on AC Energy Consumption on Hysteresis

This experiment was conducted to see the effect of changing the set-point on the Duty
Cycle value at a fixed value of A.
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Fig. 11. Duty Cycle Profile at different Set point Ts and A

The first cycle was carried out by setting A = 0.5 at an outside temperature of 34,51°C.
Set-point value ranges from 23°C to 24,51°C with 0.5 steps. Duty cycle at different set-
points from the results of this experiment can be seen in Figure 11. It shows that at the
setting A = 0.5, the maximum value of Duty Cycle is 56.3% at set-point 23 °C and the
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minimum at set-point 24.50C is 50%. Savings in this setting are at least 43.7% and have
the opportunity to reach 50% at a set-point of 24.5 °C even though the outside temper-
ature is so high. Every 10C increase in set-point will reduce energy consumption by
4.64%. This value is superior to the decrease in consumption from the AC’s own set-
point control which only reaches 2%. Furthermore, the second cycle is carried out by
setting the value A = 1 at an outside temperature of 34 °C. Variation range of set-point
values from 23 °C to 24.5 °C with 0.5 steps. The profile of Duty Cycle values at differ-
ent set-points at setting A = 1. The maximum Duty Cycle value is 52% at set-point 23
C and minimum Duty Cycle is 43.6% at set-point 24.5°C. Savings in this setting are at
least 48% and it has the opportunity to reach 56.4% at a set-point 24.5 °C even though
the outside temperature is also so high. Every 1°C increase of the set-point will reduce
energy consumption by 5.54%. This value is superior to decrease consumption from
the default set-point control of the AC which only reached 2% and the decrease in con-
sumption at the setting A = 0.5 which reached 4.64%. The third cycle is carried out by
setting the value A = 1.5 at an outside temperature of 33,4°C. Variation range of set-
point values from 23 °C to 24.5 °C with 0.5 steps. The profile of Duty Cycle values at
different set-points at setting A = 1,5 shows the maximum Duty Cycle value is 56,52 %
at set-point 23 °C and minimum Duty Cycle is 37,5 % at set-point 24.5 °C. Savings in
this setting are at least 43% and it has the opportunity to reach 62,5 % at a set-point
24.5 °C even though the outside temperature is also so high. Every 1°C increase of the
set-point will reduce energy consumption by 12,6%. This value is superior to decrease
consumption from the default set-point control of the AC which only reached 4,64%
and the decrease in consumption at the setting A = 1 which reached 5.54%.

4.3 ASHRAE Standard Hysteresis Control Algorithm Performance
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Fig. 12. Performance of the ASHRAE standard hysteresis algorithm

The performance of the ASHRAE standard hysteresis algorithm is shown in Figure 12.
Energy consumption can be seen from the value of the duty cycle. The duty cycle value
for each humidity level is clear that in almost all conditions of indoor humidity levels,
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the air conditioner achieves savings of + 50%. Thus, the ASHRAE hysteresis algorithm
can meet a fairly good efficiency. Figure 12 shows that every change in room humidity
will be followed by a change in set-point and temperature fluctuations following the
ASHRAE comfort curve. This is an indicator that this algorithm works in perfect con-
dition.

5 Conclusion and Future Work

The author has developed an [oT-based energy conservation system and its application
to AC where the three aspects of energy conservation, both monitoring, analysis, and
control intelligence can be carried out simultaneously and in real time, previously only
using simulation software. The set-point control algorithm built by AC through the be-
havior of indoor temperature and AC energy consumption under the influence of out-
door conditions is more detailed than the behavior of AC energy consumption investi-
gated by N. Wang et al. 2013 has been identified. This research has succeeded in de-
veloping a physics model that underlies the temperature relaxation algorithm through
compressor control which produces stable performance and can overcome the weak-
nesses of the original of its own AC set-point control algorithm, both in savings and in
comfortable. In terms of savings, hysteresis control can save AC energy consumption
by 50% when the AC default control algorithm cannot save it. In terms of comfort,
hysteresis control can overcome excessive cooling and is able to achieve set-point tem-
peratures. From the overall results obtained in this study are in accordance with the
concept of the theory that was built. The hysteresis algorithm built in this study has met
the standard occupant comfort according to ASHRAE with an average savings of 50%.

Abbreviations
The following abbreviations are used in this manuscript:

IoT = Internet of Things

MQTT = Messaging Queuing Telemetry Transport

HTTP = Hypertext Transfer Protocol

HVAC = Heating, Ventilation and Air Conditioning

ASHRAE = American society heating, refrigeration, air conditioner engineer

A0 = Room Temperature Characteristic

f = Temperature change index when the compressor is ON

A = Temperature change index when the compressor is OFF

1 = AC performance coefficient

TON(f) = Room temperature function when the compressor is ON

TLOw = The lower limit of room temperature is until the compressor is almost

turned OFF

l. A = Indoor temperature fluctuation limits when the compressor is turned on and
off

m. k= The value of § at The & ( th) setpoint and n ( th) cycle
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t = Time in second

Tupp = The upper limit of room temperature until the compressor is almost ON
k,n = The k ( th) setpoint and n ( th) cycle

DC = Duty Cycle

TOF F(f) = Room temperature time function when the compressor is turned OFF
Ecycle(n) = The energy consumed by the AC during n cycles

EON,k,0 = Energy consumed by the AC in the initial cycle

EON,k,n = Energy consumed by the AC in the next cycle until the nth cycle (ON)
EOFF,n = Energy consumed by the AC in the next cycle until the nth cycle (OFF)
PON,k,0 = AC Power Consumption when the compressor is ON at set-point to k
and initial cycle

PON,k,n = AC power consumption when the compressor is ON at set-point to k
and n cycles

POFF,k,n = AC power consumption when the compressor is OFF at set-point to
k and n cycles
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