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Abstract

Indoor air quality in pharmaceutical industry plays a vital role in the production and storing of medicine. Stable indoor environment in-
cluding favorable temperature, humidity, air flow and number of microorganisms requires consistent monitoring. This paper aimed to
develop a fuzzy logic-based intelligent ventilation system to control the indoor air quality in pharmaceutical sites. Specifically, in the
proposed fuzzy inference system, the ventilation system can control the air flow and quality in accordance with the indoor temperature,
humidity, air flow and microorganisms in the air. The MATLAB® fuzzy logic toolbox was used to simulate the performance of the fuzzy
inference system. The results show that the efficiency of the system can be improved by manipulating the input-output parameters ac-
cording to the user’s demands. Compared with conventional heating, ventilation and air-conditioning (HVAC) systems, the proposed
ventilation system has the additional feature of the existence of microorganisms, which is a crucial criterion of indoor air quality in

pharmaceutical laboratories.

Keywords: Fuzzy Inference System; Air-Conditioning; Pharmaceutical Laboratories; Smart Ventilation.

1. Introduction

The ventilation system plays an important role in the pharma-
ceutical industry. Without a ventilation system, the quality of
medicines may degrade due to fluctuations in the number of
microorganisms and an increase in the temperature of the indoor
environment. The purpose of a ventilation system in the phar-
maceutical industry is to provide a sufficient flow of clean air.
The system should be able to fulfil the temperature and humidity
requirements of a clean room [1]. The air quality depends on the
surrounding temperature, air humidity, dust conditions, and
microorganism, among other factors. A previous study [2] in-
vestigated four pharmaceutical laboratories in Malaysia and
compared their air qualities with the American Society of Re-
frigerating Engineers (ANSI/ASHRAE) standard [3], and the
findings revealed that at least two laboratories could not main-
tain the recommended air quality.

However, the room temperature and air humidity cannot be easi-
ly modelled mathematically. Therefore, the complicated effects
of input variables, such as temperature, air humidity, and micro-
organisms, can be predicted by artificial intelligence (Al) to
make an immediate decision regarding the output variables, such
as fan speed, operation mode and air conditioning, based on
some setting rules. For example, two previous studies [4], [5]
proposed fuzzy logic-based improved ventilation systems for
patient monitoring during surgical operation, and since then,
fuzzy logic-based systems have been used in various medical
applications. A previous investigation [5] showed that the use of
a fuzzy logic-based ventilation system during general anaesthe-

sia is safe for patients with different ages and diseases and un-
dergoing diverse surgical procedures. Additionally, a previous
study [4] investigated the use of fuzzy logic-based patient moni-
toring and alarming systems by anaesthesiologists during highly
invasive surgical procedures. In this sequel, [6], [7] also investi-
gated fuzzy logic-based controller design for the weaning pro-
cess for ventilated patients.

A proper heating, ventilation and air conditioning (HVAC) sys-
tem is a critical part of pharmaceutical cleanroom design [8].
Although various design guidelines and standards are available,
there are no clear-cut guidelines for many crucial HVAC design
parameters, particularly air changes per hour for a specific class
of cleanrooms. The Food and Drug Administration (FDA)
guidelines only specify a minimum of twenty air changes per
hour for controlled areas but do not provide any specifics. A
published article [9] discusses a method for the optimal selection
and management of HVAC systems in new and existing build-
ings. The method utilizes a combination of two analysis tools,
multi-criteria decision-making and building simulation, for a
holistic assessment of HVAC systems. The method of entransy
analysis for optimizing heat-transfer processes was previously
used [10] for cooling and heating, and it has been shown that the
entransy dissipation principle and the minimum thermal re-
sistance principle are suitable for analysing the heat transfer
process in an HVAC system.

Authors in [11] discussed several technologies for genetic anal-
ysis that have been used to rapidly detect microbial contamina-
tion, to provide a more accurate identification of microorgan-
isms, to understand the microbial diversity in cleanroom envi-
ronments and to optimize pharmaceutical processes. The sus-
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tainability conditions of pharmaceutical companies were previ-
ously investigated considering the annual reports of eleven
pharmaceutical companies [12]. Some researchers [13] investi-
gated the use of a multi-criteria analysis for the design of a
HVAC system. When designing the system’s economics, energy
and environment, the user’s satisfaction was considered. An
auto-tuning receding-horizon optimization method was previ-
ously proposed [14] to synthesize a proportional-integral-
derivative (PID)-type controller for air-handling units (AHUSs).
This algorithm comprises two levels of control: the lower level
uses a conventional PID controller to obtain an acceptable, but
not necessarily optimal, performance, and the higher level pro-
vides optimal low-level controller parameters through minimiza-
tion of the generalized predictive control criterion.

A fuzzy logic-based system has been developed for the mainte-
nance of the appropriate indoor air conditions [15]. In the study,
the basic parameters of air conditioning and the oxygen level
were considered as inputs for the fuzzy inference system. In
addition, [16], [21], [22] investigated fuzzy logic controller de-
sign for other intelligent manufacturing technology. Different
types of contamination and health hazards in pharmaceutical
industries have been investigated in previous studies [17-20].
The microbial risk to aseptically manufactured products in
pharmaceutical cleanrooms can be assessed using fundamental
equations that model the dispersion, transfer and deposition of
microbial contamination [17]. This assessment can be performed
in two stages: the first stage assesses the transfer of contamina-
tion from all the sources within the cleanroom suite, and the
second stage assesses both air and surface contact contamination
within critical production areas. A previous study [18] investi-
gated a cleanroom contamination control system and showed
that both the route underlying the transfer of contaminants and
the source of contamination should be properly addressed in
pharmaceutical cleanrooms. In addition, the assessment of mi-
crobial risk in pharmaceutical cleanrooms has been previously
investigated [19].

In this study, a fuzzy logic controller was used with a set of
range and membership functions for each input and output vari-
able. The set of rules was fixed after observing the changes in
the surface viewer. The effect of changes in the input variables
on the output variables was elaborately discussed. The
MATLAB® fuzzy logic toolbox was used to simulate the infer-
ence system

2. Study design

2.1. System configuration

Figure 1 shows a simple block diagram of a fuzzy logic control-
ler. Four input variables with specific membership functions are
required for fuzzification, and these include temperature, humid-
ity, microorganisms and air movement. If-then rules are used to
define the fuzzy rules and thereby set a rule base for decision-
making logic. In fuzzification, the centroid method is used to
obtain various outputs, including the fan speed, air conditioning
and mode.

Fuzzy Interface
System

Membership Function

Fig. 1: Block Diagram of the Fuzzy Logic Controller.

The first step in the fuzzy inference process is fuzzification,
which consists of the transformation of crisp inputs into mem-
bership values regarding the linguistic terms in all fuzzy sets.
The membership values obtained from the transformation from
crisp inputs are called fuzzy inputs and are needed for the next
step of the fuzzy inference process. A set of fuzzy rules for deci-
sion making are built in the second step. A decision is then made
for a given input, and if-then rules explain why a decision is
made for a given input. The if-then rules are given data during
the IF part of process and are executed during the THEN part of
the process. Defuzzification is the last step of the fuzzy infer-
ence process and consists of the transformation of fuzzy outputs,
which are membership values regarding the linguistic terms, into
crisp outputs. Numerous methods for defuzzification, including
centroid, bisector, and mean maximum value, have been devel-
oped. The defuzzification method used in this study is the cen-
troid method, which is used to define the centroids of sets. Fig-
ure 2 shows the settings of the fuzzy inference system.

‘ FIS Marme: ‘entilation-System FIS Type: mamcdani
And method il - || Current Variable
Name
Crr method o -
Implication min = Trpe
Range
Angregation max =
Defuzzification certroid - Help ‘ Clozs ‘ ‘

Fig. 2: Settings of the Fuzzy Inference System.
2.2. System parameters and fuzzy rules

The parameters of the system, including the linguistic variables
and the input and output terms, are defined in Tables 1 and 2,
respectively. The principal step of the fuzzification process is
the definition of the fuzzy sets in the input and output variables.
The possible domain interval of both the inputs and outputs are
divided into several regions such that they overlap or do not
overlap with each other. The length of the region may differ for
each variable, and one membership function is assigned to each
region. To control the system, we divided the input ‘tempera-
ture’ into cold, warm and hot values based on the indoor envi-
ronment and are within the range of -10 to +10 °C. Any value
above this range will be assumed to equal infinity. In a similar
manner, we divided the input ‘humidity into dry, moderate and
humid values in the range of 5 to 85%.

The parameter ‘microorganism’ was divided into ‘low’, ‘medi-
um’ and ‘high’ in the range of 0 to 5 colony-forming units
(cfus)/m®. Additionally, the input parameter ‘air movement’ was
set as ‘slow’, ‘medium’ and ‘fast’ in the range of 0 to 10 m%min,
and the output variables ‘fan speed’ and ‘cold air’ were divided
according to the speed range required into five different catego-
ries, namely ‘very slow’, ‘slow’, ‘medium’, ‘fast’ and ‘very fast’.
The minimum and maximum fan speeds were set to 0 and 1800
rpm (revolutions per minute), and the corresponding values for
cold air were 0 and 18 m3/min, respectively. In addition, another
output parameter, the ‘operation mode’, has three different sta-
tuses, specifically ‘dehumidifier’, ‘normal’ and ‘purification’. In
general, there is no standard method for selecting the proper
shape of the fuzzy sets of the control variables [18], although
trial-and-error methods are usually exercised.

Table 1: Input Parameters

Parameter Statuses Units
Temperature Cold, Warm, Hot -10to +10 °C
Humidity Dry, Moderate, Humid 5 to 85%

0to 5 cfu/m®
0 to 10 m%/min

Microorganism
Air movement

Low, Medium, High
Slow, Medium, Fast
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Table 2: Output Parameters
Parameter Statuses Units
Very slow, slow, medium, fast, very 0 to 18,00
Fan speed
fast rpm
Cold air Very slow, slow, medium, fast, very 0 go 1_8
fast m*/min
OPEEIEET Dehumidifier, Normal, Purification
mode

As shown in Figure 3(a), the input variable “TempDift” was
given three membership functions: cold, [-18 -10 -2]; warm, [-8
0 8]; and hot, [2 10 18]. Figure 3(b) presents the input variable
“Humidity” with the following three membership functions: dry,
[14 45]; moderate, [14 65]; and humid, [14 85.2]. Figure 3(c)
presents the input variable “Microorganism”, which has three
membership functions: low, [-2 -0.2 0.2 2]; medium, [0.763 2.51
4.26]; and high, [3 4.8 5.2 7]. Figure 3(d) presents the input

Input Variable

variable “AirMovement” with the following membership func-
tions: slow, [0.4 3.6]; medium, [0.5 4 6 9.5]; and fast, [6.426
9.626].

In addition, Figure 3(e) shows the output variable “AirCondi-
tion”, which has five membership functions: very slow, [-4 -0.45
1.5 7]; slow, [2 7 8.5]; medium, [6 9 12]; fast, [9.5 11 16]; and
very fast, [11.1 16.6 18.1 22.1]. Figure 3(f) presents the output
variable “FanSpeed” with five membership functions: very slow,
[-450 0 450]; slow, [0 450 900]; medium, [450 900 1350]; fast,
[900 1350 1800]; and very fast, [1350 1800 2250]. Figure 3(g)
presents the output variable “Mode” with three membership
functions: dehumidifier, [-10 -5 15 40]; normal, [5 40 60 95];
and purification, [60 85 105 110]
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Fig. 3: Input variables: (A) “Tempdiff”, (B) “Humidity”, (C) “Microorganism”, (D) and “Airmovement”. Output Variables: (E) “Aircondition”, (F)

“Fanspeed” and (G) Mode.

3. Results

Figure 4 shows the rule viewer for the fuzzy logic-based ventila-
tion system, which is used to identify the crisp output for a given
input through the fuzzy inference process. Samples of input
variables were used to identify the ventilation system. In general,
the subtropical zone of Earth has an average temperature of
25°C and a humidity of 60%. Table 3 shows the results of
changes in humidity. The actual values of Temperature, Micro-
organism and AirMovement were fixed to 27.5, 2.5 and 5, re-
spectively. The optimal temperature is 25°C, and as a result,
TempDiff equals 2.5°C. As shown in the table, the humidity has
a lower effect on controlling the air conditioning system and fan
speed but a marked effect on the mode of the system. As the
humidity increased from ‘dry’ to ‘humid’, the mode shifted to-
ward the ‘dehumidifier’ mode from the ‘normal’ mode.

Figure 6(a) shows the effect of the temperature difference and
the humidity on air conditioning. The results show that an in-
crease in the temperature difference will increase the air condi-
tioning flow rate. In addition, the humidity only yields tempera-
ture-induced effects on the air conditioning at values lower than
40%: an increase in the temperature difference causes an un-
steady increase in the air conditioning flow rate.

Figure 6(b) shows the effect of the temperature difference and
microorganisms on air conditioning. Specifically, an increase in
the temperature difference increases the air conditioning flow
rate, and microorganisms increase the air conditioning flow rate
when the temperature differences are not in the ranges of [-1 1]
and [5 10]. At the range [-1 1], a constant air conditioning flow
rate was obtained, and at [5 10], an increase in microorganisms
decreases the air conditioning.

Figure 6(c) shows the effect of the temperature difference and
the humidity on the fan speed. The graph shows that the rela-
tionship between the humidity and the temperature difference on
the fan speed is very similar to that between the humidity and
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temperature difference on air conditioning. Figure 6(d) shows
the effect of microorganisms and humidity on fan speed, and
Figure 6(e) illustrates the effect of microorganisms and humidity
on mode. As shown in the graph, the relationship between mi-
croorganisms and humidity on mode was inconsistent. At hu-
midity values less than 60% and microorganism values less than
3, a constant mode value of 50 was obtained. In contrast, at a
microorganism value in the range of [3 to 4], the mode exhibited
a decrease, and at a humidity level higher than 60%, the value of
mode presented a marked decrease except when the microorgan-
ism value was greater than 3.5.

Table 4 shows the results of changes in the actual temperature.
The humidity was 60%, the value of the variable Microorganism
was 2.5, and the value for the variable AirMovement equalled 5.
The optimal temperature was 25°C; as a result, the TempDiff
depended on the actual temperature. As demonstrated in the
table, the difference in temperature has a lower effect on con-
trolling the mode of the system but a marked effect on the air
conditioning and fan speed. If the temperature difference corre-
sponded to the ‘warm’ membership function, the air condition-
ing and fan speed were assigned to the ‘medium’ membership
function, and as the temperature difference increases from
‘warm’ to ‘hot’, the air conditioning and the fan speed increase
to ‘very fast’.

4. Discussion

The use of a ventilation system in the pharmaceutical industry is
required for maintaining the environment as close as possible to
the ideal environment for the production and storage of the tar-
get medicine. Fuzzy logic is one of the methods that can control
the ventilation machine based on the temperature difference
between actual and ideal, the humidity, the existing microorgan-
isms and air movement. The ventilation system then controls the
air conditioning, fan speed and ventilation mode to maintain the
environment at a suitable condition. The surface viewer is used
to display the relationship of an output variable with one or two
input variables through 2D and 3D surface plots.

Figure 5 shows the relationship between an input variable and
an output variable. In particular, Figure 5(a) shows the effect of
the temperature difference on air conditioning and demonstrates
that an increase in the temperature difference will increase the
air conditioning flow rate and that various ranges of temperature

TempbDitt =0 Hurmnidity = 45 Microorganism = 2.5

Airbdowvement = S

differences, specifically [-10 to -8.5], [-1.5 to 1.5] and [8.5 to
10], result in a constant air conditioning flow rate. Figure 5(b)
shows the effect of the temperature difference on the fan speed,
and the relationship between the fan speed and temperature dif-
ference is very similar to that between the air conditioning flow
rate and the temperature difference. Figure 5(c) illustrates the
effect of air movement on fan speed, demonstrating that an in-
crease in the air movement will decrease the fan speed, although
the rate at which the speed is reduces is not constant. The effect
of the temperature difference on mode is shown in Figure 5(d),
which illustrates that an increase in the temperature difference
will yield first an increase and then a decrease in the modes. As
shown in Figure 5(e), the analysis of the effect of humidity on
mode reveals that an increase in the humidity will decrease the
value of mode. At a humidity higher than 80%, the mode value
decreases linearly. Figure 5(f) shows the effect of microorgan-
isms on mode, demonstrating that an increase in microorganisms
to values from 3.5 to 4.25 will markedly increase the mode val-
ue and further increment to the value higher than 4.25 will not
change the mode much.

5. Conclusion

A fuzzy logic controller with a fuzzy inference system was de-
veloped for air flow control in the pharmaceutical industry, spe-
cifically to ensure maintenance of the air quality during produc-
tion. The purpose of the ventilation system proposed in this
study was to control the air conditioning flow rate, fan speed
and system mode and thereby obtain suitable values for the en-
vironment temperature, humidity, microorganisms and air flow
rate in the pharmaceutical industry. Future studies should use
hybrid intelligent systems, such as a neuro-fuzzy system. In the
proposed system, the membership function of each input was
generated by a MATLAB®-based adaptive neuro-fuzzy infer-
ence system with given sets of data for the ideal conditions. In
this process, the number of membership functions and the type
of membership functions can be selected according to the user’s
demands. Additionally, the rules can be manipulated according
to the membership functions and the input variables, yielding a
more convenient and efficient system in terms of time consump-
tion and user adaptability for the pharmaceutical industry.
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Fig. 4: Rule Viewer of the Developed Fuzzy Inference System (FIS).



Table 3: Results of the Rule Viewer (Humidity)

TempDiff | Humidity AirCondition | FanSpeed | Mode
0 (%) (m*/min) (rpm)
2.5 15 11.4 1060 49.9
2.5 40 9.75 943 48.2
2.5 60 9.75 943 40.7
2.5 80 9.75 943 20.9
2.5 85 9.75 943 17.9
Table 4: Results of the Rule Viewer (Tempdiff)
Temperature | TempDiff | AirCondition | FanSpeed | Mode
0O (Y] (m*/min) (rpm)
23 -2 9 900 39.9
27 2 9 900 39.9
29 4 11.4 1050 43
32 7 14.3 1270 41.6
34 9 15.5 1350 38.5
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Difference, (B) Fan Speed vs. Temperature Difference, (C) Fan Speed vs.
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