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Abstract

Air-conditioning as a technical solution to protect inhabitants from excessive heat exposure
creates the challenge of expanding indoor health effects. While air-conditioning has mostly
been applied as an improvement to living conditions, health and environmental problems
associated with its use frequently occurs. Therefore, this paper challenges and extends
existing knowledge on sustainability related to the smart air-conditioning systems. The
decrease of CO; level in building requires an intelligent control system because energy
utilisation has been legitimately connected with wellbeing and eventually to operational
expenses. A building’s indoor environmental essential factors of comfort are IAQ, visual and
thermal. Through an appropriate structured controller, the performance of indoor control
system can be altogether improved. It merits creating innovative control techniques to
optimise the indoor environment quality for air-conditioning system. The newly proposed
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backpropagation neural network was optimised using Matlab to control the CO, level
appropriately while carefully taking into account the performance of system controllers such
as the stability, adaptability, speed response and overshoot. The controller of indoor
environment was designed, and the proportional-integral-derivative control was utilised as a
result of its suitability. The smart controllers were designed to regulate the parameters
automatically to ensure the optimised control output. The indoor CO, possesses an
appropriate time constant and settling time of 2.1s and 27.3s, respectively. Therefore, utilising
smart control techniques to exterminate various indoor health effects is expected to produce
sustainable living conditions.

Keywords: Sustainability, Air-conditioning, Indoor air quality, CO, Neural networks,
Proportional-integral-derivative, Backpropagation

1. Introduction

Sustainability was primarily characterised more than 30 years ago and is broadly
acknowledged as a significant conceptual framework inside which to situate municipal
development and policy. According to Oye et al., (2020a), the basic influence between the
related parts of sustainability is subsequently varied amid the understanding of idea which
has prompted an assortment of municipal structures being depicted as sustainable. As
material utilisation and energy nodes, urban areas are causally connected to quickening
worldwide natural deterioration and are not sustainable through themselves. Simultaneously,
urban areas and their occupants can undertake a significant work in accomplishing worldwide
sustainability (Wilhite, 2009; Campbell, 2013; Oye et al., 2020b). The scholarly investigation
of sustainable development currently holds an assortment of points of view and
methodologies. It incorporates various practices and policies based on common agrarian
utopianism in the direction of capital-intensive large-scale client market growth. The
well-being of human is at the focal point of investigation when considering the utilisation of
air-conditionings (Kjellstrom et al., 2009; Aftab et al., 2013; Lenzer et al., 2020).

Research studies suggested that air-conditioning has been utilised in numerous places of the
world (Mauthner and Weiss, 2014; Oye et al., 2020c). The reason for most systems is to give a
satisfactory IAQ and thermal comfort for inhabitants. In like manner, with the development of
way of life, inhabitants require increasingly healthy and pleasant indoor environment. In any
case, individuals devote 80% — 90% of their time indoors, and indoor environment has
significant impact on work proficiency and human wellbeing. The components influencing
indoor environment for the most part consist of gaseous pollutants, biological pollutants,
particle pollutants, ventilation, air movement, air exchange rate, humidity and temperature
(Leung, 2015; Oye et al., 2021). Research studies by Yu et al., (2008), Leung (2015), and Oye
et al., (2021) also found that there is an expansion in commonness of SBS somewhere in the
range of 30% — 200% in the structures with air-conditioning when weighed with normal
ventilation systems.

One of the results of the overall power disaster in 1970s is the open acknowledgment of the
significance of energy saving. The structures worked from that point forward are
progressively airtight and utilise a lot of protection materials to limit the loss of energy via

2 http://emsd.macrothink.org



ISSN 2164-7682

\ Mac rOth i “k Environmental Management and Sustainable Development
- ™
A Institute 2022, Vol. 11, No. 1

the structure covering. According to Oye et al., (2021), external air is decreased in
air-conditioning to lessen the power utilisation. In the interim, engineered materials and
compound items such as decorating and building materials have broadly been utilised indoors.
The existence of various manufactured synthetic concoctions and intermingling of low
ventilation rates results in raised groupings of VOCs (formaldehyde, toluene and benzene),
indoor molecule contaminations, CO and CO, emissions. This is regarded to be a noteworthy
contributing element to compound excessive cantankerousness (Wang et al., 2004a; Yu et al.,
2008; Montero-Montoya et al., 2018; Oye et al., 2021). It is indoor toxins that lead to poor
IAQ. Moreover, a number of studies accept that IAQ might be the most significant and
moderately ignored environmental issue within recent period (Gao et al., 2012; Tham, 2016;
Beama, 2016; WHO, 2018).

As air-conditioning have been generally utilised for healthier thermal comfort in buildings, the
issues triggered via poor 1AQ happens regularly. IAQ is not an idea that can be effectively
characterised, since the awareness of air in an indoor environment is a measure related with
different parameters like inhabitant comfort and health. Besides, poor IAQ is positioned as one
of the uppermost five environmental dangers to inhabitant wellbeing by the United States
Environmental Protection Agency (USEPA) grounded upon comparative risk field studies
(Kabrein, 2017; EPA, 2018). Hitherto, subjection to indoor air contaminations is accepted to
have expanded because of an assortment of variables, including the development of firmly
fixed structures, decrease of ventilation rates for saving energy, and the utilisation of
manufactured structure materials and decorations just as synthetically defined individual
upkeep items, family unit cleaners and pesticides.

There are various sorts of indoor toxins, for example, indoor particulate matters, CO,, VOCs
(Tang et al., 2015, Hamanaka and Mutlu, 2018; Oye et al., 2021). As presented in Table 1, the
poor IAQ may trigger a few kinds of health effects such as fatigue, headache chest pain etc.
Other serious issue that can trigger poor 1AQ is the scent or odour problem that causes
numerous effects on human body, for example, mental distraction, efficiency decrease, and so
forth as exhibited in Table 2. Subsequently, it is essential to control and monitor 1AQ for
improving profitability, comfort individuals' health in the built environment. As indicated by
previous investigations, ways to deal with and improve 1AQ in building can be as per the
following (Wolkoff, 2013; Kukadia and Upton, 2019; USEPA, 2020):

¢ Individual contact estimations, for example nitrogen dioxide as intermediary for
introduction to traffic contaminations/combustion

e Black carbon particles: a potential intermediary for ignition particles to assess
wellbeing dangers.

e UFP (on-line): size-dispersion and number. Elemental carbon analysis and transition
metal.

e High volume inspecting; responsive oxygen species (ROS), for example antioxidant
depletion and OH radicals.

e Sampling of prone species, for example auxiliary ozonides.
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Table 1. Indoor pollutants and their impacts on human health

Indoor Reference Causes Health effects
Pollutants
Particulate | Brook et al., | Outdoor environment, cooking, | Premature death in
matters (2010); combustion activities (burning of | people with heart or lung
Hamanaka and | candles, use of fireplaces, heaters, | disease, nonfatal heart
Mutlu, (2018); | stoves, fireplaces and chimneys, | attacks, irregular
USEPA (2020). | cigarette smoking), cleaning | heartbeat, = aggravated
activities. asthma, decreased lung
function, increased
respiratory symptoms.
VOCs Weschler  and | Paints, stains, varnishes, solvents, | - Eye, nose and throat
Nazaro, (2012: | pesticides, adhesives, wood | irritation
2014); Tang et | preservatives, waxes, polishes, | - Headaches, loss of
al., (2015); Oye | cleansers, lubricants, sealants, | coordination and nausea
et al., (2020b); | dyes, air fresheners, fuels, | - Damage to liver, kidney
USEPA (2020) | plastics, copy machines, printers, | and  central  nervous
tobacco  products, perfumes, | system
dry-cleaned clothing, building | - Some organics can
materials and furnishings. cause cancer
CO; Wolkoff (2013); | Cooking stoves; tobacco | Fatigue, chest pain,
Liu et al., | smoking; fireplaces; generators | impaired vision, reduced
(2014); USEPA | and other gasoline powered | brain function, death.
(2020) equipment; outdoor air.
Table 2. The effects of odour
Irritation Type | References Symptoms
Mental Atari et al., (2009); Capelli et al., (2019) Sleeping difficulties
Mental Hoenen et al., (2017); Kontaris et al., (2020) Tension, Anger
Mental Capelli et al. (2019); Tatiana and Philomena, (2021) | Depressions
Mental Oltra and Sala (2014); Wolkoff (2018) Confusion
Mental Oltra and Sala (2014); Girard et al., (2016) Tiredness
Gastric Capelli et al., (2019); Spence (2020); Nausea
Tatiana and Philomena, (2021)
Gastric Omanga et al., (2014); Steinemann (2017) Diarrhoea
Head Atari et al., (2009); Kim et al., (2019) Headache
Skin Atari et al., (2009); Wolkoff and Nielsen, (2017) Skin rashes
Respiratory Atari et al., (2009); Guo et al., (2016) Cough
Throat Blanes-Vidal et al., (2014); Wolkoff (2018) Irritation in throat
Eyes Wolkoff, (2013; 2018) Irritation in eyes
Nose Blanes-Vidal et al., (2014); Wolkoff (2018); Irritation in nose
Capelli et al., (2019)
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Moreover, research studies reveal that a testing model of IAQ was established in the building
setting and grounded upon the European Standard CEN 1752 to decide the outdoor airflow
percentage and to confirm the IAQ in housings (Settimo et al., 2020; EC, 2020). Outcomes
demonstrate that the climate in rooms influences the wellbeing and the strength of the
inhabitants in the meantime. Also, it is exhorted that the architects for structuring and
working of air-conditioning should safeguard the wellbeing parameters at the ideal qualities
for healthier working and control execution. For the reason to control and operate
air-conditioning with the end goal of sustainability, in relation to improve IAQ -
investigations on sustainable approaches for smart control advancements is required.

Subsequently, studies uncover that there are various kinds of indoor air poisons; however, it
IS an intricate issue to screen every one of them (EPA, 2018; Manisalidis et al., 2020; Oye et
al., 2020). Indoor CO, concentration analysis and estimation may be valuable for
comprehending ventilation and IAQ adequacy (Persily and de-Jonge, 2017; Teleszewski et al.,
2019; EC, 2020). Albeit CO, near 10,000 ppm is adequate to fit individuals without any
wellbeing impact, the CO, level ought to be 650 ppm or held underneath 1,000 ppm over the
encompassing level for the purpose of counteracting any gathering of related human odour
(ASHRAE Standards 62.1, 2019). Moreover, Table 3 present the damage on human body
triggered via high CO, concentration.

Table 3. The concentration effects of CO,.

CO; References Health impacts
concentration
[ppm]
500 Kajtad' and Herczeg, (2012); | Increased heart rate, change in heart
MacNaughton et al., (2016); | rate variability, increased blood
Vehvilanen et al., (2016); Zhang et | pressure, increased peripheral blood
al. (2017) circulation
1000 Ezraty et al., (2011); | Level associated with respiratory
Carreiro-Martins et al., (2014); | diseases, headache, fatigue, difficulty
Ferreira and Cardoso (2014); Allen | concentrating in classrooms.
et al., (2016); Carreiro-Martins et | Oxidative stress and damage to DNA in
al., 2016; Zhang et al., (2017) bacteria  (implications for cancer
diseases in humans)
10,000 Hazardous Substances Data Bank, | Cognitive  impairment,  increased
(2015); American Conference of | diastolic blood pressure, increased
Governmental Industrial | respiratory rate, respiratory acidosis,
Hygienists, (2017); Tu et al., | metabolic stress (decreased blood
(2020) calcium or urine  phosphorus),
increased brain blood flow, increased
minute ventilation
30,000 National Institute for Occupational | Headache, pulse, dizziness, decreased
Safety and Health, (2014); | exercise tolerance in workers when
American Conference of | breathing against inspiratory and
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Governmental Industrial | expiratory resistance
Hygienists, (2017)
50,000 National Institute for Occupational | Dizziness,  headache,  confusion,

Safety and Health, (2014); | dyspnea.
Hazardous Substances Data Bank, | May cause death
(2015); American Conference of

Governmental Industrial
Hygienists, (2017)
80,000 — | National Institute for Occupational | Severe headache, dizziness, confusion,
100,000 Safety and Health, (2014); | dyspnea, sweating, dim vision,
Hazardous Substances Data Bank, | hypertension, and loss of
(2015); American Conference of | consciousness.
Governmental Industrial | Unexpected death

Hyqgienists, (2017)

ASHRAE stipulated the 1AQ standard 62.1, and it reports that: “for comfort, there may be
acceptable 1AQ if not more than 50% of the occupants can detect any odour and not more
than 20% feel discomfort, and not more than ten percent suffer from mucosal irritation, and
not more than five percent experience annoyance, for less than 2% of the time” (ASHRAE
Standards 62.1, 2019). In essence, to be able to successfully impact most of these issues,
sustainable approaches associated with smart control strategies are required to operate
air-conditioning, in relation to optimise occupant comfort and significantly saving energy —
combatting global warming and climate change in built environment.

2. Utilisation of Neural Network

According to Liang and Du (2005), Marvuglia et al., (2014), NN controllers are broadly
utilised for temperature and thermal comfort regulator of heating systems (hydronic) —
recognisable proof model of the plant is not obligatory. The NN is deliberated in this section
and the air-conditioning control application instance is provided. Artificial Neural Networks
(ANNS) is otherwise called NNs — they process information with their strategy simulated
through investigations of the capacity of human cerebrum to gain perceptions and to sum-up
in the contemplation (Liang and Du, 2005; Colom et al., 2010; Moyo, 2014).

Dependent on the relating information, NNs can be prepared to learn subjective nonlinear
connections. For the set of rules control have been utilised in numerous areas, such as control,
discourse handling, design acknowledgment, biomedical designing and so forth. Its benefits
additionally depicted consideration of specialists with enthusiasm of control and
air-conditioning — ANNSs have been practiced with air-conditioning issues. Control techniques
structured is dependent upon the ANN set of rules that is utilised for monitoring and
simulating present-day heating system suburb and brought about exceptional execution. In
the event that these models are prepared with legitimate information; they have great
precision, respond fast, information driven and versatile. A number of investigations such as
decision-making sustenance for system/plant preservation, training of system/plant
machinists, imminent fault, prediction expectation of deprivation, and so forth can be
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analysed, controlled, monitored and simulated through ANNSs (De et al., 2007; Dalipi et al.,
2016).

For developed thermal control of system/plant, ANNs have been practised progressively.
ANNSs use transfer functions and connectivity amongst output, input and hidden neurons,
undifferentiated from the learning procedure of human cerebrum and has been effectively
utilised to systems with uncertain elements or non-direct systems. Specifically, ANNs models
are not quite the same as numerical models, for example PID controllers have flexibility via a
process of self-tuning. This trademark makes ANNSs have the option to precisely settle on
choices despite the fact that there is no external skilled involvement when bizarre annoyances,
aggravations, as well as fluctuations in structure foundation conditions happen (Moon and
Kim, 2010; Sibo et al., 2013). The control system of ANNs has been demonstrated to have
focal points in thermal control as far as the exact control of thermal with diminished
overcooling, overheating and enhanced energy productivity (Morel et al., 2001; Marvuglia et
al., 2014). Research study by Kalogirou (2006) earlier suggested that heating systems stop
and start times were resolved by utilising artificial NNs models.

Devabhaktuni et al., (2001), Ding et al., (2004) and Chakraborty (2012) uncovered that NN
were originally prepared to model electrical conduct of active and passive circuits/segments.
The NNs that are prepared is regularly alluded to as neural models or principally NN models,
would then be able to be utilised in design and high-level simulation, giving quick responses
to the assignment they have erudite. Modelling techniques and traditional control with
significant impediment like observational models, whose precision and range may be
restricted or analytical techniques, that may be hard to get for innovative gadgets may be
substituted via NNs for better execution or numerical modelling strategies that might be
costly through computation. NNs have been utilised in synthesis, measurements, inverse
modelling, impedance matching and also, for an extensive collection of air-conditioning
applications (Scotton 2012; Ahmad et al., 2016). As a result of this rising technology, a
number of researchers and engineers of air-conditioning have started captivating serious
awareness in this domain.

Also, basic issues of NNs are presented and famously utilised NN multilayer perception is
depicted in the following subsection. Air-conditioning application samples outlining the NN
utilisation procedures to modelling of component and optimisation of circuit are exhibited.

2.1 Typical Neural Network Structure

There are two sorts of fundamental parts of a NN structure and to be specific: the
interconnections between them and processing components. The associations between the
neurons are known as connections or neurotransmitters and the processing components are
called neurons. Each connection has a comparing parameter weight related with it.

Neurons that get boosts from different neurons with improvements outputs meant for
different neurons in the network are identified as hidden neurons. Every neuron gets
improvement on different neurons associated with it — they form the data and the output.
Improvement neurons on the external network are termed input neurons, even though neurons
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that the outputs are remotely utilised are termed output neurons. NN structures that is
distinctive may be built by utilising various kinds of neurons and by associating them in an
unexpected way.

Multilayer perception is a prominently utilised NN structure. The neurons are assembled into
layers in the NN multilayer perception. Respectively, the last and first layers are termed
output and input layers. Also, hidden layers are termed the remaining layers. Commonly, NN
multilayer perception comprises of an output, input and single or further hidden layer. For
instance, NN multilayer perception with an output, input and single hidden layer is alluded to
as multilayer perception three-layer as appeared in Figure 1.

Figure 1. The NN structure (Kamar et al., 2013)

For inl(l)signifies the outside input and y; is output of [th neuron of output layer. Also,

inl@ signifies the ith outside input and Oi(i) is the output of ith hidden layer neuron. x;

is the input and Oj(j) is output of jth input layer neuron. wy; is the connection weight

amongst ith hidden layer neuron and the lth (i =[1,2,3.....,N;]) output layer neuron.
w;; is connection weight amongst jth (j = [1,2,3.....,N;]) input layer neuron and the ith
(i=1[123....,N;]) hidden layer neuron. Neurons number in the input layer is N;, output
layer is N;, and hidden layer is N;.
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Every neuron in the network multilayer perception forms the inputs established from different
neurons. The procedure is completed via a capacity in the neuron termed the activation
function and the prepared data turns into the neuron output. For instance, each neuron gets
upgrades in the hidden layer from input layer neurons. For ith hidden layer neuron forms
the data in two stages.

Every of the input is mainly reproduced through the equivalent parameter weight and the
®

outputs are supplementary to yield a sum weight in;~ specified as:

in” = ¥4 w; 0 (1)

The sum weight subsequently in equation 1 is utilised to dynamic the function of neuron’s

activation to yield the ultimate neuron output Oi(i) given as:

0 = f(in) )

This yield can thus, convert upgrade to output layer neurons. The greatest generally utilised
activation function hidden neuron is termed sigmoid function since it is a function that is
smooth switch and persistently differentiable, monotonic, continuous and bounded.
Additional hyperbolic-tangent circular and arc-tangent function, and so on. It may be utilised
as the function of actuation; however, activation function hidden neuron that is termed
sigmoid function is specified as:

1
(1+e™X)

f&) = 3)

2.2 Suitable Network Size

Hidden neurons of appropriate number are expected to guarantee the NN to be a precise
model to become familiar with the focused-on issue. Hidden neurons number relies on the
level of nonlinearity of f and the output y and input x dimensionality. Additional neurons
are required for the exceptionally nonlinear systems and components even though less are
required for items that are smoother. Besides, the all-inclusive estimate hypothesis does not
indicate concerning what ought to be the multilayer perception network size. The exact
hidden layers neurons and number of them mandatory for a specified task-based modelling
stays an open inquiry since trial-and-error method can be applied to decide hidden neuron
numbers. Adaptable procedures which include/erase neurons all through the training period
may be utilised to decide suitable neurons number (Devabhaktuni et al., 2001; Alvarez and
Salzmann, 2016). Progressive data level in the first modelling issue may stay replicated
through multilayer perception layer numbers. As a consequence, applications of
air-conditioning generally necessitate a couple of multilayer perceptions hidden layers (such
as multilayer perceptions that involve three-or four-layer) (Bonala, 2009).
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2.3 Techniques of Neuro-Fuzzy

According to Bosque et al. (2014), systems of neuro-fuzzy allude to the systems where the
methods of NN were utilised in fuzzy innovation. The hybrid system like ANFIS (Adaptive
Neuro-Fuzzy Inference System) have earlier been utilised for control and forecast of artificial
lighting in structures, ensuing diversities of normal lighting (Kurian et al., 2005; Popoola,
2016). Prescient control technique that is well-planned, joined with structure modelling,
operators' conduct, and the forecast of climate parameters may keep-up the indoor conditions
in an ultimate comfort level and also accomplish energy savings. Neural controller that is
prepared with the expectational abilities of NNs may be adjusted to solar buildings and the
hydronic systems of heating control (Argiriou et al., 2004; Ghadi et al., 2014).

Research study by Argiriou et al., (2004) created and tried a controller for adaptive NN for
single zone control of hydronic systems heating. The controller outputs and inputs are
parameters connected with set point temperature and device heating. Besides, this control
neglects to exhibit phenomenal execution of control as no anticipating of any indoor
conditions or climate parameters is engaged with the control procedure. In like manner,
Hassan and Kothapalli (2010) suggested a controller of fuzzy-PI that modifies NN. However,
it ignores to provide a remarkable development. Notwithstanding, study by Rami and
Al-Jarrah and (2013) present control algorithms of an air-conditioning that joins predictive
control, fuzzy systems and NNs. This scheme incorporated the climate parameters forecast
and inhabitants’ number that expectations are then examined to evaluate the performance of
building to accomplish energy saving and ensure comfort that is acceptable. For this shows
that control execution improvement can be accomplished through joining the benefits of
advanced and conventional control strategies.

2.4 Optimisation Technique

For minimisation of an error (or objective) function as indicated by Ari et al., (2005), the
optimisation procedure of the gradient regulates direction search. This method can be utilised
for energy consumption minimisation in circulated environmental systems control whereas
sustain a top inhabitant level of comfort. The most broadly utilised subordinate free
procedures are namely, downhill simplex method, random search, simulated annealing and
GAs. GAs are search-adaptive and algorithm optimisations that work through impersonating
normal genetic standards (Jaen-Cuellar et al., 2013). For the algorithms are not quite the same
as techniques of optimisation and customary search utilised in project engineering matters.
Major thoughts are obtained on genetics and are artificially utilised to build algorithms search
that are vigorous and necessitate negligible issue correlated data. Besides, study by Alcala et
al., (2003) earlier analysed the utilisation of natural gas to progress FLC that is smartly tuned
for air-conditioning, with the end goal of indoor comfort and energy performance
enhancement. Moreover, Mossolly et al., (2009) proposed a system with GAs for
air-conditioning on-line control to brand the controller of the air-conditioning as a control
system that is self-learning.
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Figure 2. Utilising GA and fuzzy controller (Altinten et al., 2006)

d=disturbance; e=error; r=measurement value; u=controller output; x=process output; sp=set
point.

Research study by Altinten et al. (2006) anticipated a structured fuzzy control utilising GA as
offered in Figure 2 for the control of temperature. The function fitness for GA is selected as
absolute integral value error and used to characterise the function of fuzzy membership as
specified in Figure 3 and Figure 4, respectively. Through utilising parameters of fuzzy
indicated at steady temperatures, the fuzzy controller efficiency with GA is inspected through
experiment and simulation. It is seen in Figure 5 that GA can efficiently tune the fuzzy
controller for various circumstances and for temperature control.
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Figure 3. Change in error fuzzy membership functions for temperature (Altinten et al., 2006)
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Figure 4. Change in error fuzzy membership functions for heat (Altinten et al., 2006)
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Figure 5. Fuzzy genetic control of temperature (Altinten et al. 2006)

As indicated by these investigations, the propelled algorithm control can accomplish
substantial energy saving contrasted with systems of the traditional control; albeit energy
saving and 1AQ level relies upon the technology control and likewise, building qualities,
climate conditions and preferences of the user. For energy saving and built environment
control, the illustration and discussion exhibit that smart control systems have been utilised
(Oye et al., 2020d). Nevertheless, existing control approaches for air-conditioning can be
synopsised in Table 4 below:

Table 4. The existing control approaches.

Existing Control Approaches

Customised design Conventional control methods like PID control should be designed
according to the model of the building, and model mismatch will
produce poor control performance. Even for an adaptive controller,
such knowledge is still required at extent (De-Maity and Mudi, 2015;
Doroshenko, 2017).

Application difficulty | The fuzzy controllers’ weak points are due to the difficulty of
identifying precise membership functions and lack of adequate
methodical technique for expert knowledge transformation into the
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rule base. Besides, parameters tuning takes time. NN can automatic
the process of tuning parameters, substantially decrease the time of
development and outcomes in an improved performance.
Nevertheless, in NNs, both knowledge representation and
knowledge extraction are challenging (Gomes, 2012; Marvuglia et
al., 2014; Moyo, 2014).

Applying advantage | Operators having an expert knowledge with certain skills are

controls required which restricts the usefulness of such controllers (Behrooz
etal., 2018).

Lag-behind Existing control algorithms do not have appropriate control

air-conditioning performance and do not offer precise control for these

development air-conditioning (Behrooz et al., 2018).

technologies

In the Table 5 below, technology control improvement is required in certain domains to
address the inadequacies of the air-conditioning existing control technologies. Moreover, this
will even unfold better understanding of control systems associated with the renewable-based
smart/intelligent air-conditioning.

Table 5. Requirement of technology control improvement

Improvement of Control Technology

(i) | For better performance and more efficiency, new control approach for advanced
air-conditioning can be considered (Esfandyari et al., 2013).

(if) | For model matching and parameters tuning, model-independent control approaches for
general use which can lessen the time of development can be considered. This is
important as air-conditioning are broadly applied in buildings (Ghadi et al., 2014;
2018).

(iii) | Addition of other signals which have connection with the indoor environment quality in
the process of control to enhance the control of energy and indoor environment quality
performance (Ghadi et al., 2014; 2018).

3. Methodology
3.1 Scenario Modelling of Indoor Air Quality (CO,)

There are diverse kinds of indoor contamination within the indoor environment, and it is
unimaginable to expect to control and monitor the entire indoor pollutants. Hence, one
contaminant that is predominant, which necessitates the utmost measure of natural air to
weaken such pollutant to an adequate level is chosen in this examination as the control signal
for the control methodology. The indicator analysed is the indoor CO,. By way of controlling
indoor CO; to the ideal levels, the greater part of the other indoor air contaminations may be
kept up at adequate levels. The concentration of the indoor CO, can be specified as (Oye et
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dCicoz
Vi ar Ecoz — L.V Cicoz - (Cicoz - Cocoz) 4)

Where, Cic,,(ppm) is the indoor CO, concentration, E,, (ppm/s) is the average CO;
emanation rate of each person in the indoor environment, =(s) is the time, A(s™1) is the

CO, decay constant, V;(m?3) is the volume of the room, Cico,(ppm) is the indoor CO,

concentration, f(m®/s) is the volume flow rate of the supplied air, Coco,(ppm) is the
outdoor CO, concentration.

Taking Laplace transform of the equation 4, it can be expressed as:
Vis. Cicoz = Ecoz — A1V Cicoz - f. Cic02 + f. Cocoz (5)
Rearranging the above equation, it can be expressed as:
Vis. Cicoz + AV Cicoz + f. Cicoz = Ecoz + f. Cocoz (6)

Taking Cic,, common from left side and assuming f.C,,, = 0, the transfer function of the
indoor CO, model can be expressed as:

Cicoz _ 1/AVi+f

Eco,  Vi/AVi+f s+1 (7)
Putting Tic,, = A.Ifilf which is the system time constant, it can be expressed as:
Cic02 — Ticoz/Vi (8)

Eco, Tico, -st+1

By converting s-domain transfer function to z-domain and rearranging the transfer function, it
can be expressed by dividing the denominator and nominator as follows:

Cicoz _ 1/V; (9)
ECOZ S+1/TiC02

Since z-transform is as follows:

V4

1/s+a= r—exp(—ab) (10)
Hence, the transfer function becomes:
Cicoz (Z — 1/vyz (11)
Eco, z—exp(—=1/Tico,)

3.2 Backpropagation Neural Network PID Controller
The concentration of indoor CO, analysis and measurement may be beneficial for
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comprehending ventilation and IAQ efficiency. The 1AQ control trouble is the dimension
errors and delay of time. Nonetheless, for the goal to attain the system best performance
regarding small overshoot, interference resistance, systemic stability and response speed, a
backpropagation NN that is based upon algorithm weight update with PID controller is
anticipated.

In this section, the algorithm and structure of the backpropagation NN with PID controller is
presented. The backpropagation NN with PID performance is substantiated through computer
simulation by way of applying Matlab program as deliberated upon in the section 4.

3.2.1 Backpropagation Neural Network PID Controller Structure

In this paper, Figure 6 offers the intelligent PID controller structure which is grounded upon
the learning algorithm of backpropagation NN. For it comprises two divisions:

e Dbackpropagation NN and,
e typical PID controller

The PID controller is scrutinised to control the entity of the environment 1AQ. The
performance control is contingent upon the parameters, kp, k; and kq setting of the PID
control that can be auto tuned through backpropagation NN. The backpropagation NN utilises
algorithm of on-line training, grounded upon approach of descent gradient to update weights
of the network and guarantees that the NN which is designed can calculate the required
parameters of PID control for the PID controller. Through connecting the intelligent
backpropagation NN with the typical PID in this method, the chosen system output can be
pursued with a definite constancy.

3.2.2 Algorithm of PID Control

The gradational digital control algorithm of PID can be conveyed as:

u(k) =ulk — 1) + ky{e, (k) — ey (k — D} + kiey, (k) + kq{e, (k) — 2e, (k —
1) + e, (k — 2)} (12)

Thus, kg is term of the derivative, k; is term of the integral, k,, is term of the proportion,
u is the output of the PID controller and e,, is error of the system. This can be conveyed in
equation 13, while r is the actual system output and y is the targeted system output.

ey (k) = r(k) —y(k) (13)
3.2.3 Algorithm of Backpropagation Neural Network

Therefore, whether the NN possess enough neurons, it can estimate single hidden layer of
whichever incessant function (Ken-Ichi, 1989 and Hui et al., 2006). Hence, single hidden
layer of NN is depicted. For the anticipated strategy having four-input-three-output revealed
in Figure 7 is the backpropagation NN possessing triple layers such as the output layer, input
layer and single hidden layer. Nevertheless, the adjustment weights rule of backpropagation
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and the progressive feed algorithm is deliberated thoroughly in this section.

Back-propagation
algorithm

-

Neural network

—

/

b | ki |k

1

Plant

PID controller }‘i_»

u.g:“

Figure 6. Structure of backpropagation NN based on PID control

Network Input

signal
xi=r

Input layer

()

System output

Network Output
~ | response

Hidden layer Output layer
(i) (/)

Figure 7. Algorithm structure of backpropagation NN

Scenario Control-Based Feed Forward

As shown in both Figure 6 and Figure 7, the NN that is designed possesses four inputs as

conveyed below in equation 14:
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X4 r
X, u
x3(~ ) ey (14)
Xy e,C

Thus, u, e, and r are explained in equations 12 and 13 respectively, whereas e, c is the
system error changing rate e,, which is conveyed as:

eyc(k) = ey (k) —e,(k—1) (15)

In the input layer, individually neuron output is conveyed as follows:

oY = x(j) {j = 1,2,3,4} (16)

For the superscript one which is illustrated in equation 16 as (%) is specifically positioned for
input layer in the algorithm that is designed. Also, the hidden layer NN of individually neuron
input can be calculated grounded upon the input layer output. This is conveyed in equation 17
below as:

in? (k) =2t w o {i=12,..,N} (17)
For the superscript two which is illustrated in equation 17 as (%) is subsequently positioned
for hidden layer whereas, the weight linking the neurons hidden layer to the neurons input

layer is wi(jz) and neurons number within hidden layer is N. Therefore, individually neuron

output within hidden layer NN can be conveyed in equation 17 as:

0 (k) = f (in? (1)) (18)

In the hidden layer, the function of activation is f(x) and it subsequently offers the
association amongst individually output and input neuron. In any case, the function of
symmetrical sigmoid is utilised consequently as the function of activation and conveyed in
equation 19 as:

eX—e™*
eX+ex

f(x) = tanh(x) = (19)

When individually neuron output in hidden layer is designed, individually neuron input
within the output layer can be specified in the equation 20 as follows:

inP (k) = T, w02 (k) {1=123) (20)

Thus, the superscript three which is illustrated in equation 21 as (°) is positioned for the
output layer whereas, the weight linking the neurons output layer to the neurons’ hidden layer
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is wl(f). The output layer neurons number is three and the neurons outputs are the parameters

of PID. Individually neuron output within output layer is specified via the subsequent
equations below:

0 (k) = g (inf (k) (21)
0P k) =k, (22)
0P (k) = k; (23)
05 () = kg (24)

Thus, the function of activation which offers the association amongst individually neuron
output and input within output layer is g(x). The output layer yields are the k,, k; and
k4 which are the parameters of PID. In view of the fact that the values cannot to be negative,
the function of sigmoid that is non-negative is scrutinised as the function of activation within
output layer. This is specified as follows in equation 25:

ex

eX+e™X

g(x) = %(1 + tanh(x)) = (25)
Accordingly, the projected NN can automatically tune the parameters of PID, and this can
assist engineers through the means of lessening cost of time for system control process
planning. Albeit, in process control that is model-based, modelling errors occur frequently
and intensely enlarge the problem to precisely regulate the procedure. So, algorithm of
on-line training is utilised to regulate weights of the network for lessening error e, of the
system within back-propagation NN controller design.

Scenario-Based Weight Update

The error output system function in this algorithm is demarcated through the specified
equation 26 as follows:

1

Ey(k) == (r(k) = y(k))? = S €2 (26)
The model of NN training process should be implemented hitherto it can be set into usage.
This process of training is recurrent pending the training data mean-square-error extend to the
anticipated lower-limit. The process of training in the existing work is basically grounded
upon the back propagation. The back propagation elementary knowledge is to regulate the
weights of the neuron by means of utilising the algorithm of gradient descent on the function
error in the process of iteration. Usually, individually weight adjustment as of the hidden
layer in the direction of output layer can be conveyed in equation 27 as:
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dEy (k)
3)
owy;

AwS (k) = — (27)
A term of momentum is supplemented to the change of weight in the anticipated algorithm
for the reason to evade the local minima, which is typically the recognised issue connected by
the algorithm of backpropagation. This buttresses that the weight transforms the process of
iteration and is even contingent not precisely upon the existing error; however, upon hitherto
transformations. As revealed in Figure 8, individually weight adjustment as of the hidden
layer, in the direction of output layer is altered grounded upon the function of output error
system.

9Ey (k)

Awl(f)(k) = -7 + aAwl(ig) (k—1) (28)

3)
Wi

For a is the factor of momentum and 7 is the rate of learning.

v System output

kp

Input layer  Hidden layer Output layer
] (U] (0]

Figure 8. The hidden layer to output layer weight adjustment

o ) System output
&

INetwork Input !
signal_ E Network Outputf
X=r = Ko A A response
kp
xX=iu
ki
xi=e,
kd
xi=ec

Input layer  Hidden layer Output layer
(/) (] (/)

Figure 9. The hidden layer network error function
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System output

INetwork Input
signal_ —— - Network Outpud
X1=r response

kp

X2=U

xXi=ey

xi=ec

Input layer  Hidden layer Output layer
() (1) (

Figure 10. The input layer to hidden layer weight adjustment

Subsequently,
9E,(k) _ 9Ey() dy(k) _ou(k) O (k) din (k) 29)
w0y Tou) a0 (k) aintP (k) " aw P ()
o) _ 0@ (1 (30)
aw®ay !

The subsequent equations are calculated through focussing upon equation 12 and individual
neuron output within output layer:

ou(k)

60T)(k) = ey(k) - ey(k - 1) (31)
l

du(k)

W = ey(k) (32)
ou(k
%3} = e, (k) — 2e,(k — 1) + e, (k — 2) (33)

In output layer, the weight update of learning algorithm can be conveyed as:
wyi (e + 1) = wi () + dwy? (1) (34)

AwP (k) = adwP (k — 1) + 16202 (k) (35)
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6(3)

As shown in Figure 9, is the function error of hidden-layer network, which is required for

weights adjustment of the input layer, in the direction of hidden layer.

Thus, 61(3) is conveyed as:

@ _ W i), (. (3)
5 = e, (k). 523 05059 (ml (k)) (36

For g(x), which is the first derivative is specified as follows:

g' ) =g)(1-gx) (37)

By way of utilising calculations that are similar and the hidden layer weight update — it is
typically calculated grounded upon algorithm of gradient descent and the function of hidden
layer error as illustrated in Figure 10. As follows, algorithm of learning can be conveyed as:

wP (k +1) = wP (k) + 4w (k) (38)
Awi(jZ) k) = aAwi(jz) (k-1 + 776i(2)0j(1) (k) (39)
52 = £ (inP (). 2, 6w (k) (40)

For f(x), which is the first derivative is specified as follows:

(1- fz(x))

flx) = (41)

Consequently, the NN weights are trained in the control process via the weights of
backpropagation rule adjustment for the reason to acquire the optimum k,, k; and kg,
which are the parameters of PID for the controller of PID. Thus, a suitable IAQ can be given
through the designed system control. The backpropagation NN algorithm control process
grounded upon PID can be synopsised in Table 6.

Table 6. Control process of backpropagation NN-PID

Backpropagation NN — PID Process
(i) | Adjust the momentum factor a despite k=1, learning rate n and

individual weight in the NN w(z)(k) and w> (k)

(ii) | Assemble data r(k) and y(k), and analyse the e, system error
(iii) | Analyse each neuron input and output and obtain the k,, k;
and k,; parameters of PID
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(iv) | Analyse the output of PID controller

(v) | Regulate individual neuron weight in the NN with the learning
algorithm of backpropagation to apprehend the parameters k,, k;
and k, of PID self-adaptive regulation

4. Results
4.1 Backpropagation Neural Network PID Control Simulation

For the purpose of attaining and sustaining the appropriate level of 1AQ (COy),
backpropagation NN which is based upon PID is designed in this paper. The anticipated
backpropagation NN which is based upon PID controller integrates the PID controller and a
NN which is, in turn, applied to the algorithm of backpropagation. The design structure was
fundamentally discussed in section 3. This controller structure comprises two key portions
which are the PID control for IAQ and backpropagation NN for adjusting the PID controller
parameters as stated by the existing conditions of the indoor environment. The IAQ can be
well-controlled grounded upon the theoretical dialogue of the algorithm of the
backpropagation NN which is based upon PID controller that possesses the subsequent
capacities:

e NNs for ideal parameters of PID regulation to guarantee rapid disturbance recovery;

e algorithm of backpropagation for weights adjustment in NN to guarantee the system
rapidly responds to change of the indoor environment;

e PID controller is appropriate for several object control as well as I1AQ.

Upon the purpose to evaluate and discuss the proposed design of indoor environment control,
the simulations are carried out in this section. Likewise, the results of the simulation are
employed to designate the performance of the controller grounded upon some indexes such as
the adaptability, stability, time constant, overshot and speed response. Subsequently, if the
projected regulator can attain the selected control of the IAQ environment obligation, then it
is grounded upon the controller’s exhibition on the indexes mentioned. Therefore, simulating
tests are applied towards conduct and the outcomes are examined to discuss the presentation
together with the anticipated control approach in IAQ regulator. The precise modelling of the
actual control object all through the simulation is the CO, concentration in an observed
indoor environment. The transfer function for the control of 1AQ is presented in section 3,
however, minor alteration is done to the theoretical transfer function in order to basically
make it further precise to the actual indoor environment. The z-transform of the s-domain
transfer function is taken in section 3. y(z) is the output which is actually the indoor CO,
and is used as the transfer function:

y(@2) = —LZ gz (42)

z—exp(=1/Tico,)

For a(z) is continuously changing time parameter and specified by a(z)=1.4(1-0.9e°%).
The principle alteration is to improve a time changing parameter characterised to the
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transformation of the CO, concentration of the indoor environment, vis-avis to the
parameters that are unpredictable and uncertain. For instance, doors opening as a result of
individuals leaving or entering the room can perhaps originate system disturbance.

4.2 Utilisation of Step Input Test

Accordingly, simulation is carried out through the step signal. Following numerous tests and
setting the superlative preliminary factor of momentum and rate of learning. The o is 0.04
and 7 is 0.28. Also, the NN weights are set in the array [-0.5, 0.5] arbitrarily. The arbitrarily
predetermined weights possibly will originate a control process that is slightly unbalanced,;
nonetheless, the algorithm of back-propagation is competent to rapidly answer indeterminate
parameters and the NN weights are basically updated in comparatively quick period of time
in order to guarantee the selected yield.

X 8.4 ' ‘ ‘ :
Y 1.04175 WA
L Y 1.00371
| /
08}
X 2.1
Y 0.640713

|

0.6

Cc02

0.4

0.2

0

0 10 20 30 40 50 60 70 80 90
time(s)

Figure 11. Response output to step input of the system

At the time zero, the step signal represented as (r(k)=1) is presented. In Figure 11, the
recommended control system output result of the simulation is offered. Also, the system
appears to possess speedy increase together with insignificant overshot as revealed in Figure
11. It demonstrates that, ts is 27.3s (settling time), 7 is 2.1s (constant time) and o is 4%
(overshot maximum percentage). The unpredictability may possibly be produced through
arbitrarily predetermined NN weight values vis-avis, not possessing substantial concerned
control process basically at the response commencement, as the curve is speedily rising.
Even though the overshot is still minute, it is fundamentally withdrawn to the set-point — 4%
in the simulation test and the process of control is taken back to the definite steady state as
revealed in the profile which is zero steady error. However, the steady error is basically zero
for the reason that, the function of control object is calculated grounded upon a perfect model
of the indoor environment. Thus, the error of the system usually occurs in actual control
procedure.
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The output response of PID controller to the input step signal is offered in Figure 12. For the
regulator calculated the yield (control command) for the system (command is conveyed to the
device and transformed the 1AQ). Therefore, in Figure 11, the results of the system output
demonstrate that the controller is competent to attain the mandatory yield in order to

guarantee a high-quality execution on control accuracy and speed.
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Figure 12. Response output to step input of PID
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Figure 13. Parameters of PID auto-regulating

In Figure 13, the k,, k; and kq parameters of the PID auto-tuning process can be seen, and the
parameters of PID are modified via the NN all through the process of control. Also, in Figure
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11, the results of the system yield show appropriate control execution. As a result, this
illustrates that suitable parameter of PID can possibly be attained by means of utilising the
algorithm online training which is grounded upon the control structure of NN. Likewise, the
parameters of PID control value kept regulating, in order to enhance the system control
execution until it arrives a state of steadiness. The parameters demonstrate that, k, is 0.32, k;
1S 0.41 and kg is 0.14, and they remain steady when the system arrives the state of steadiness.
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The parameters of the PID are controlled grounded upon the following variables namely,
system output (u), PID controller error output (u), change of system error output (ec) and the
system error output (e). For it may be realised that solitary ec value or u value can sometimes
signify numerous parameters of PID. However, this reveals that the incorrect parameters of
the PID can be formed should basically one input is utilised to the NN. Hence, by means of
the variables possessing four inputs, the backpropagation NN algorithm design can calculate
and subsequently offer the best optimised control execution of the k,, k; and kq parameters.
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Figure 17. Parameters of PID response to the system output

26 http://emsd.macrothink.org



ISSN 2164-7682

\\ Mac rOth i “k Environmental Management and Sustainable Development
- ™
A Institute 2022, Vol. 11, No. 1

4.3 Control Execution of Backpropagation Neural Network PID

Changing model of the indoor CO, concentration simulation is performed for the reason to
appraise the control performance of backpropagation NN-PID. Therefore, dual input
reference namely, sine and step signal are utilised to the process of control. For it is revealed
by means of the simulating tests that, the method of backpropagation can offer appropriate
parameters for the controller of PID and then, the chosen system yield can be accomplished.
As a result, the recommended controller possesses appropriate execution on tuning
parameters of PID with adaptability and stability, managing with the time changing parameter,
small steady error, small overshot, settling speed and speedy rising.

In addition, the advantages brand the projected controller appropriate for regulating IAQ and
proficient to resolve the key indoor CO, control difficulties as well as disturbances, time
delay, and mismeasurement existence. For instance, further individuals unexpectedly arrive at
the indoor environment, meanwhile CO, is extremely responsive to the level of habitation.
Therefore, the projected backpropagation NN-PID control approach ascertained the suitable
control execution for IAQ environment.

5. Conclusion

Indoor environment quality has fundamentally influenced inhabitants’ wellbeing, individuals'
efficiency and comfort feelings. Thus, significant factor, for example, the was examined and
must be properly controlled for growing request of expectation for everyday comforts. In any
case, significant troubles exist as presented in the table below that basically cut-off the
control innovations development for the control of indoor environment quality.

Control Technology Restriction

(i) | Difficulty to use suitable ideal guides to pursuit for the best set point(s) and to forecast
response of the system.

(if) | Multifaceted air-conditioning control are tough to be examined.

(iii) | The delay of time

(iv) | In both IAQ and thermal comfort control, disturbances constantly occur in the process
control. For example, individuals entering the room can increase the CO, concentration
while opening door or window might create the variation of indoor temperature.

(v) | The system lag-behind response to the change of indoor environment.

(vi) | One of the main difficulties of IAQ is control signal value of mismeasurement
occurrence

(vii) | Since the control signals occasionally relies on one another, it can create the state of
unsteady performance control.

Upon the purpose to resolve these difficulties, this paper evidently designed and consolidated
the backpropagation NN-PID smart/intelligent controllers for controlling IAQ (COy). The
controller designs which incorporate the algorithms and structures control are thoroughly
examined. For it synopsises the individual controller design and hypothetically examines
their possible control benefits.
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The indoor environment control has several problems as described in the literature and
backpropagation NN based upon PID is designed in this paper to resolve the problems. The
IAQ control difficulties can be finalised as follows:

= occurrence of mismeasurement;
= delay of time;
= lag-behind system response: the change of indoor environment.

For the purpose of attaining and sustaining the appropriate level of IAQ (CO,),
backpropagation NN based upon PID is designed in this paper. The anticipated
backpropagation NN based upon PID controller integrate the PID controller and a NN which
is applied to the algorithm of back-propagation. This controller structure comprises two key
portions which are the PID control for IAQ and backpropagation NN for adjusting the PID
controller parameters as stated by the existing conditions of the indoor environment. The IAQ
can be well-controlled grounded upon the theoretical dialogue of the algorithm of the
backpropagation NN which is based upon PID controller that possesses the subsequent
capacities:

= NN for ideal parameters of PID regulation to guarantee rapid disturbance recovery;

= algorithm of backpropagation for weights adjustment in NN to guarantee the system
rapidly answer to change of the indoor environment;

= PID controller is appropriate for several object control as well as IAQ.

Accordingly, the indoor CO, concentration simulation changing model is accomplished in
this paper to designate the performance of backpropagation NN-PID control. Likewise, it is
revealed by means of simulations that the backpropagation NN method can offer appropriate
PID parameters and, in turn, enables the selected system output to be attained. As a result, the
projected controller possesses suitable control execution in terms of the adaptability, stability,
managing with the time changing parameter, small steady error, small overshot, settling speed,
speedy rising and online training of the regulator as requested. Consequently, these brand the
projected controller appropriate for IAQ control and proficient to solve the main difficulties
of indoor environment CO; as deliberated upon in section 3. Meanwhile, the deliberation of
the execution indexes demonstrated that PID controller is fundamentally appropriate for
numerous control item as well as the IAQ. Likewise, the NNs are suitable for ideal
parameters of PID controller tuning that, in turn, guarantee controller’s steadiness, whereas
back-propagation algorithm is also appropriate for weights adjustments in NN which, in turn,
guarantees that the system speedily respond to sustainable indoor environment transformation.
Therefore, there is development, steadiness and productivity of the system for sustainable
solutions to the worlds indoor health problems.
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