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TOPICALITY OF THE THEME 

Recently, a rapid computer engineering and electronics development has been taking place, 

the capacity and velocity of the computer systems and programmable controllers is increasing. 

This provides a possibility to develop new (connected with an artificial intelligence) methods 

of control of complicated physical processes, on the basis of which the development of a new 

(based on a programmable controller) control systems can be facilitated, thus replacing 

traditional control systems, and improving their operational quality and effectiveness. An 

application of such artificial-intelligence-based control systems is very wide, however, in the 

author’s opinion, it is important, to exploit scientific and engineering achievements for the 

improvement of human comfort, as well as for the provision of this comfort for reducing the 

amount of electric energy consumed. 

Everybody has faced the problems of the provision of passenger comfort in public electric 

transport. The provision of comfort is especially problematic during a summer time, because 

of a high air temperature and an increased solar emission, as well as during cold winter days, 

because of a low air temperature. A solution to the problem gets complicated by an external 

environment’s frequent merging with an internal environment of passenger compartments, 

e.g. when doors are being opened at stops and stations, or when passengers trying to ease the 

feeling of discomfort open a vehicle’s windows. As a result of that, the parameters of the 

internal environment of passenger compartments change rapidly and thus become uneven in 

all the inner space. Wherewith, the passengers might get different feelings of comfort 

evaluation. At present in Latvia, in the exploitable public transport, a possibility of taking into 

account the passengers’ opinions about the level of the provided thermal comfort and of 

making adjustments to the control parameters of the equipment, which creates the space’s 

environment, accordingly to the situation, is not envisaged. In addition, filling of passenger 

compartments and passenger allocation in compartments are not taken into account either.  

Here the author sees a possibility to produce improvements to the situation and to introduce 

new control algorithms into the automatic control systems. The new control algorithms with 

the use of the fuzzy logic controllers and the non-contact identification method would 

increase the level of passenger comfort and provide a possibility for the passengers to express 

their opinions on the quality of this comfort. 
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GOAL OF THE RESEARCH 

The research goal is the development and investigation of the recommendations and 

practically applicable methods for an evaluation of the public transport passengers’ thermal 

comfort and for an automatic application of this evaluation in adjusting the parameters of the 

passenger compartment’s environment. 

For achieving the goal the following objectives were defined: 

1. To study the parameters and characteristics of the micro-environment of the 

passenger compartments in public electric transport. 

2. To study the influencing factors of passengers’ feeling of comfort and the possibilities 

of their improvement. 

3. To study the exploitable heating, ventilation and air conditioning units (HVAC). 

4. To develop the algorithm for an evaluation of a passenger comfort level and the 

method for an application of the evaluation for an optimization of an operation mode 

of the HVAC system’s units. 

5. To develop the optimized control algorithms of the HVAC equipment and a structural 

scheme of the control system. 

6. To develop a method and an algorithm of an identification of a passenger 

compartment’s occupancy using wireless technologies. 

7. To conduct an experiment in order to test functionality of the main units of the 

developed control system and their usability for the defined goal. 

8. To perform an experiment in order to compare the developed system with the 

traditional two level control system of HVAC equipment. 

9. To provide the conclusions about the possibilities of an improvement of a passenger 

comfort level and its influence on the electric energy consumption used for the 

regulation of an environment in comparison to the two level control system. 

METHODOLOGY OF THE RESEARCH 

In order to attain the goal of the doctoral thesis, the control method of a procedure’s fuzzy 

logic (FL) and the non-contact radiofrequency identification method (RFID) are applied. The 

Matlab/Simulink computer program is used for modeling a thermal environment of the public 

transport’s passenger compartments. With the help of this program the heating, ventilation 

and air conditioning equipment sets intended for the regulation of the parameters of the 

environment, as well as passenger voting were modeled. A fuzzy logic governor is designed 
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using SIEMENS Simatics S7-224XP programmable controller, which is connected to the 

passenger compartment’s computer model. The developed program is written into the 

controller’s memory on the basis of a fuzzy logic control method. An evaluation of 

passengers’ feelings of comfort is carried out virtually, in a Matlab/Simulink computer model, 

and an adjustment of the setpoint temperature corresponding to the passenger wishes is 

calculated using a sub-program of a fuzzy logic controller. The comparable traditional HVAC 

equipment with two level control system is fully simulated in Matlab/Simulink environment. 

SCIENTIFIC NOVELTY OF THE RESEARCH 

In the doctoral thesis for improving thermal comfort of the public electric transport’s 

passengers the methodology determining passenger’s satisfaction with thermal comfort using 

the fuzzy logic controller, and the method of an automatic adjustment of thermal parameters’ 

setpoint, carried out in passenger compartments and based on an evaluation of passenger 

satisfaction, are designed. 

MAIN RESULTS 

The following system units are developed in the doctoral thesis: 

• The unit for collecting and analyzing votes on an evaluation of passenger comfort level, 

with the use of the fuzzy logic controller. 

• The HVAC equipment’s control system’s unit with a fuzzy logic controller for an 

application in regulating the air temperature and moisture level inside the passenger 

compartments, taking into account the setpoint parameters, which are adjusted according 

to the passengers expressed wishes and seasonal changes in an outside environment. 

• The determination unit of the passengers’ previously expressed comfort wishes and 

filling in a passenger compartment, using RFID wireless identification method. 

By means of experiments the correspondence of the set requirements to the definite goals, and 

the system’s functionality were tested. The programmable controller’s program and its’ 

connection to the virtual environment of the passenger compartments of the electric transport 

and the simulated HVAC equipment are described. In addition, the results and graphical 

representations, characterizing the most important processes, obtained from the experiments, 

are provided. 

Grounding on the novelty of the system developed in the doctoral thesis, a patent application 

No: P-11-52, “Automated Identification System of User’s Wishes for Room Microclimate 
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Control”, I.Beinarts, A.Levchenkov, L.Ribickis was submitted to the Patent Office of the 

Republic of Latvia. 

PRACTICAL APPLICATION OF THE RESEARCH 

The programmable controller program, which was developed in the promotion thesis and the 

control algorithms, can be applied in the systems of passenger thermal comfort provision in 

public transport as well as in dwelling and council buildings and other premises, by making 

partial corrections to the set parameters and control conditions. The programmable controller 

with the inscribed fuzzy logic control program is applicable for a performance of the control 

functions of the real HVAC equipment. 
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comfort zones for winter and summer, because a sensation of comfort depends on clothing 

thermal insulation (Icl). Provided that air relative humidity is 50%, and an average speed of an 

air flow is lower than or equals 0,15m/s, then in winter conditions, an optimal room air 

temperature for a reasonably dressed person (Icl=0,9), who carries out easy sedentary 

activities (≤1,2met) is +22°C, but in summer (Icl=0,5) an optimal temperature is 24,5°C. Still, 

if a 10% dissatisfaction is admitted, then the range of the winter operative temperature is from 

+20°C to +23,5°C, but the range of the summer one is from +23°C to +26°C. 

The greater the shift from the values is, the greater the proportion of the unsatisfied people 

will be. In the middle of the zone of the seasonal region, when wearing definite clothing 

appropriate for the season, a typical human’s sensation of thermal comfort will be very close 

to neutral. 

Thermal Model of the Object 

The smallest unit in a space model is a zone. A zone model consists of two parts: a thermal 

model and a humidity model [47]. These models are interdependent, because steam saturation 

pressure depends on the temperature and released latent heat of condensation. In order to 

calculate the hearing and cooling processes necessary in the zone, it is required to define a 

number of thermal balance terms: 

 l s g pΦ +Φ = Φ +Φ  (1) 

Where lΦ is a heat loss, SΦ is accumulated heat, gΦ is a heat supply, pΦ is a heat addition 

from heating or cooling units. 

In order to calculate in the air humidity zone, it is necessary to define a number of the mass 

balance terms: 

 l s g pG G G G+ = +  (2) 

Where: lG is a humidity loss, SG is accumulated humidity, gG is a steam supply, pG is a 

humidity addition. 

Each modeling zone has three characteristics of it equations (3-5) [47] with heat/cooling 

capacity, temperatures of two spaces, air humidification / drying and air humidity as unknown 

variables:   

 
( )

( ) ( )

*

1

a a a
p p

xa x a ab b a g

C T T
f

t L T T L T T
−

Φ =
Δ − − −Σ − −Φ

 (3) 

 ( ) ( ) ( )0 21 p p x x xa a x yx y x gf L T L T T L T T− Φ = −Φ − − − Σ − −Φ  (4) 
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 (5) 

HVAC System 

Heating, ventilation and air conditioning (HVAC) system [2], [31] provides a necessary 

adjustment of a space’s environmental parameters according to the set parameters of a control 

system. The basic units of the HVAC system are an air heater, an air cooler, an air stream 

ventilator, as well as an air humidifier and a dryer. With the help of these devices it is possible 

to make the necessary adjustments of the passenger compartments’ environment, ensuring the 

necessary level of passenger thermal comfort. Preparation of outdoor air according the set 

quality indicators is done in air handling unit-AHU. It consists of an air heating element and 

cooling element, humidifier and dryer, which receive heat Q and control signals Y from the 

HVAC system. When outdoor air is flowing through the AHU, the heat exchange process 

takes place between air masses and the heater / cooler elements (Fig.2). 
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Fig.2. Air system block diagram 

Development of the methods of system control 

Comfortable and technological air conditioning is based on the principles of heat and air 

masses exchange theory [4] and is characterized by the ongoing processes of increased 

complexity, which is justified by a large number of parameters, a large inner relation and 

alternating numbers and their interaction. Changing one variable of an input process, usually a 

nonlinear alteration of various parameters takes place. In air conditioning equipment this 

relation’s determination is carried out simultaneously solving thermal, hydraulic and 

aerodynamic relations [48]. Main alternating values of conditioning processes alter both in 

time and in space.  

A generalized structural scheme of an automatic control system (ACS) is shown in Fig.3.  
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Fig.3. Generalized Structural Scheme of ACS 

Where: O  is an object, r is a regulator/, SM – a comparator, ( )f t is a proponent action, ( )y t

is an adjustable parameter, ( )g t is a set parameter, ( )tε is an adjustment error, ( )tμ is a 

managing force. 

Fuzzy Logic 

A structure of a classic control module of fuzzy logic (FL) [59] consists of a fuzzificator, a 

decision making unit, a rules base and a defuzzificator (Fig.4). 

yx

'A kB

( )kR

 

Fig.4. Structural Scheme of a fuzzy logic control module 

A Rules base consists of fuzzy rules ( )kR , 1,...,k N= , which are written in the following 

manner: 

 ( )
1 1 2 2: ( ... )k k k k

n nR IF x is A AND x is A AND x is A   

 1 1 2 2( ... )k k k
m mTHEN y is B AND y is B AND y is B  (6) 

A fuzzificator performs fuzzification of a definite value 1 2 3( , , ,..., , )T
nx x x x x X= ∈  of an input 

signal, as a result of which a fuzzy set 1 2 3' ... nA X X X X X⊆ = × × × × is achieved. 

If a fuzzy set 1 2 3' ... nA X X X X X⊆ = × × × ×  is entered into an input of a decision making unit, 

then a corresponding fuzzy set will appear in its output. 

In the output of the decision making unit, either N  fuzzy sets kB with possessive functions

( ), 1,2,3,...,kB
y k Nμ = , or a single fuzzy set 'B  with a possessive function ( )B yμ are formed. 

The aim of a defuzzificator is to transform these fuzzy sets (or a set) into a sole output signal 

with a definite value y Y∈ , which will be used for the provision of control efficiency in the 

object. 
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Takagi and Sugeno [59] applied the algorithm in realization of which the rules, in which a 

fuzzy form is only partially IF, but THEN contains functional relations, were used: 

 ( ) ( ) ( ) ( )1 1 2 2 1 2: ... , ,...N NN N N
n n N nR IF x ir A AND x ir A AND x ir A THEN y f x x x=  (7)  

If a signal ( )1 2 3, , ,..., nx x x x x=  , which can be interpreted as a vector of an object’s condition, is 

transmitted into an input of a fuzzy control module, then it is possible to determine the 

module’s output signal y . ( )NR for each rule can be calculated: 

 ( ) ( ) ( )
1 2

1 2, ,...,N N N
n

nA A A
x x xμ μ μ  (8)  

 
( ) ( ) ( ){ }

( ) ( ) ( )

1 2

1 2

1 2

1 2

min , ,...,

, ,...,

N N N
n

N N N
n

nA A A

N

nA A A

x x x

W vai
x x x

μ μ μ

μ μ μ

⎧
⎪
⎪= ⎨
⎪
⎪⎩

 (9)  

 ( ) ( )1 2, ,...,N
N ny f x x x=  (10)  

An output signal of Takagi-Sugeno fuzzy control module is a normalized weighted sum          

of individual output 1 2, ,..., Ny y y signals: 

 1

1

N
k

k
k

N
k

k

W y
y

W

=

=

=
∑

∑
 (11)  

A structural scheme of the fuzzy logic regulator is provided in Fig.5. The regulator performs a 

maintenance of a value of an adjustable parameter in accordance with the setpoint g  in the 

objectO .   Into one input/entry of the fuzzy logic controller, used in operation, the values y  

of the adjustable parameter measured in the object O  and the difference 1x of the setpoint g

are delivered, but into the second input/entry, the shift ( 1Z − ) value 2x of the parameter of the 

prior measurement are transmitted. In this way the controller is provided with information 

about a shift of a current value of the adjustable parameter from the setpoint and about a speed 

of a parameter’s alteration in time.       

1x

2x
1Z − O

y

y

g μ

 

Fig.5. Structural Scheme of a Fuzzy Logic Regulator 
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The controller (FLC), with the help of the output control signalμ  and according to the rules 

defined in the database, makes alterations of the adjustable parameter in the object. 

Non-contact Radio Frequency Identification Method 

Non-contact radio frequency identification method (RFID) [53] is intended for recognition of 

identification markers and for reading and a modification of data written in them. The RFID 

system consists of the following constituents (Fig.6): 

1. A transponder is an electronic marker (IC card), which is located near a recognizable 

object.  

2. A wireless reader- writer which is installed in a control point (TRX). 

1. Application of data reception/collection (DK), which is intended for processing the 

collected data. 

 

Fig.6. Flow Chart of the RFID System 

When an IC card together with a recognizable object comes into TRX operational zone, it 

receives a TRX transmitted energy charge, under the influence of which an activation of 

feeding the processor built into the IC card takes place. The feeding causes data exchange 

between IC and TRX. The data exchange between the devices is synchronized owing to the 

TRX transmitted synch-impulses. The received data comes from TRX into application DK, 

where these data is processed and analyzed. RFID method provides a non-contact way 

possibility to read information about the personal requirements for the environmental 

parameters and a comfort level, which is written on a passenger’s personalized identification 

card (IC). In addition it allows determining the location of each particular passenger in a 

vehicle.  

In order to apply this method, all the passengers must be provided with RFID identification 

cards. An IC card also can be used for the passenger’s trip payment verification requirements, 

if this is offered by a transporting company. RFID transmitting-receiving devices (TRX) are 

placed in a passenger compartment of a vehicle, near passenger seats. 
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Fig.7. Structural Scheme of an RFID System’s Application 

The system operates in the following way: an individualized RFID identification card IC 

(Fig.7), on which a user’s saved identification code (ID) comes to the TRX operational zone 

at the time when the passenger takes their seat. As a result data exchange process gets 

activated. 

An identification code of the card and a value of a desired effective temperature index ET*, 

which is saved on it, are automatically read with the help of the wireless RFID receiver TRX 

and passenger data are passed to the data processing controller DK. Read effective 

temperature index value  ET* is sent for processing to a comfort individualization unit KIB, 

which generates an output signal for the control unit CU, in which a new passenger’s comfort 

choice is processed, which influences the alteration of the values of an adjustment of the set 

passenger compartment environment parameters of the HVAC equipment. 

Evaluation System of Passengers’ Sensation of Comfort 

In order to set a passenger compartment’s environmental parameters, which would satisfy the 

majority of the passengers, it is necessary to find out the passengers’ opinions about the 

correspondence of the currently provided comfort to their wishes.  The author solves this task 

undertaking periodic passenger surveys. Technically this is realized making use of individual 

button panels (Fig.8) located near passenger seats. 

 

Fig.8. Individual Button Panel of Passenger Comfort Evaluation 

The passengers can express their dissatisfaction with the level thermal comfort once or several 

times, by pressing the buttons ‘Cold’ or ‘Hot’. The passengers also are offered to press the 
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button ‘Normal’, in cases when they wish to express their satisfaction with the level of the 

provided comfort. If a passenger does not take any action, this will be considered that the 

passenger is satisfied with the level of comfort. Collected voting results are summed up 

according to the categories ‘Cold’ - C
SV   and ‘Hot’ - C

SV : 

 ∑
=

⋅=
SF

i

C
i

C
S VwV

1

 (12) 
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Passenger comfort vote-rating chart is given in Fig.9.   
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Fig.9. Structural Scheme of Passenger Comfort Evaluation System 

In order to define the number of the passengers, who are satisfied with the comfort level, the 

number of the passengers having ‘Cold’ and ‘Hot’ votes is subtracted from the total number 

of the passengers SF  present in the compartment of a vehicle. 

 ∑∑
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The total sum of passenger votes VSUM is equal with the maximal possible evaluation sum 

multiplied by the corresponding number of votes. 

FLC-1 input values C
AV , N

AV  , H
AV  of evaluation of the passengers’ level of comfort are 

calculated in the following way: 

 
C
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SUM

VV
V

=  (15) 

 
N

N S
A
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=  (16) 

 
H

N S
A

SUM

VV
V

=  (17) 

Then, according to FL rules, at the fuzzy logic controller FLC-1 output the parameter 

adjustment value of Tc is generated, which influence changes of the set temperature target 

values for Tm. 
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Control of HVAC systems’ devices with the help of FL controller 

Control of the HVAC system is established making use of two fuzzy logic controllers FLC-2 

and FLC-3 (Fig.10).  

The FLC-2 controller performs a control of air heater’s, air cooler’s and air flow fan’s power 

with corresponding output signals Hy , Cy and Fy , providing an optimal temperature regime in 

a passenger compartment. FLC-3 is intended for control of air humidity and its level’s 

alterations. FLC-3 with the help of the control signals Ey and Dy conducts an operation of an 

air humidifier and an air dryer. Air cooling and drying is provided by an air conditioner. 

During the drying regime the temperature of an outgoing air stays unchangeable, separating a 

definite quantity of humidity from it. 
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Fig.10. Structural Scheme of a HVAC System Control 

The passenger compartment’ air temperature mT is adjusted according to the passengers’ set 

requirements, which are expressed with the temperature adjustment value CT . The 

temperature’s set value ne is calculated according to the following expression:  

 n S C me T T T= + −  (18) 

The setpoints of the adjustable comfort parameters are selected from the comfort diagram 

(Fig.1) for average values of seasonal regions and they are: the target temperature Ts in 

summer is +24°C, but in winter it is +22°C with a 50% relative air humidity. 

Air humidity control is ensured by the fuzzy logic controller FLC-3. The task of the controller 

is to provide a level of humidity which would correspond to the room air temperature. It has 

two entrances and two exits. At the entrances information about the values of the measures 
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• Passenger compartment temperature and humidity sensors, 

• Passengers’ sensation of the level of thermal comfort voting entry elements, 

• Elements for an automatic and manual opening of the door of a passenger 

compartment, 

• Electricity consumption meter. 

The Matlab/Simulink model (Fig.13) is linked with the programmable controller, in which a 

fuzzy logic program is entered. The controller receives information (entered by the 

passengers) from the vote’s entry elements and from compartment temperature and humidity 

sensors. In one programmable controller three fuzzy logic sub-programs are realized; they are 

FLC-1 which is intended for processing of the evaluation of comfort of passengers and for 

determining temperature alteration value , FLC-2 which is intended for controlling the heater, 

cooler and fan, and FLC-3 which for controlling a dryer and humidifier. The results of the 

operation of the controller’s program are transmitted from the controller to the model, where a 

control of the devices and their influence on a compartment’s environment is realized, as well 

as feedback is realized making use of an OPC server program and a computer-programmable 

controller connective adapter. A compartment of an electric train, with 10 passengers in it, is 

modeled. Each passenger has a possibility with the help of a regulator to evaluate a current 

state according to their sensation. 

In order to perform comparison of the developed HVAC system model with the widely 

applied electric passenger control system with a two-step commutation, modeling of such a 

control system was performed, using power packs of passenger compartment and HVAC 

equipment identical to the previous model. Air temperature for the set target values for 

heating and cooling modes are different in the model (+21°C for heating and cooling from 

+23°C), with the control zone of ± 1°C of set value. 

The Results of System Modeling 

Simulating the operation of the developed HVAC equipment with changing set target 

temperature value in accordance the wishes of passengers, several changes in the target 

temperature were modeled: 21°C, 18°C, 18,5°C, 20°C, 24°C and 22°C (Fig.14). 

As the result of system modeling a number of alterations of the environmental parameters of 

the interior of passenger carriages and the characteristic graphs of the HVAC devices’ output 

parameters were obtained (Fig.15-21). When passengers take votes, the value of the set 

temperature alters. As the result of these alterations, the temperature of the passenger 

compartment also alters (Fig.16). Changes of relative humidity are seen in Figure 16. 
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o The fuzzy logic controller’s support for passenger comfort evaluation and the 

HVAC equipment control realization using a serial programmable controller. 

o Computer simulation of two level control system of HVAC equipment. 

o  Passengers’ identification and their previously expressed comfort wishes 

clarification using non-contact identification method. 

By means of experiments the correspondence of the chosen methods to the definite goals, and 

the system’s functionality were tested. The programmable controller’s program and the 

methodology of the controller’s connection to the virtual environment of the passenger 

compartments of the public electric transport and the HVAC equipment are described. By 

means of experiments the developed FL control system and the traditional two-level control 

system were compared and the most important characterizing curves were captured. 

On the basis of the work carried out it can be concluded that: 

1. The control of complicated and unpredictable processes can be conducted in the most 

accurate manner by applying the fuzzy logic control method, which in contrast to 

other traditionally applied methods provides an even regulation of the set parameter, 

thus providing the closes adjustable parameters’ values for the setpoint. 

2. It is possible to make an alteration of the HVAC system’s output parameters according 

to the comfort evaluations made by passengers, but taking into account 10% 

dissatisfaction possibility inclination, by using a fuzzy logic control system. 

3. An application of the radio frequency identification method provides a possibility to 

develop HVAC control system which would take a definite passenger comfort wishes 

into account, and which can perform a setup of the adjustable environmental 

parameters according to a passenger’s location in a passenger compartment. 

4. By means of experiments, it was proved, that selection of optimal control regimes, 

using control of FL controller, allows a rational use of electric energy consumed for 

operation of the HVAC equipment and the reduction its consumption by 7-9%, 

because of owing possibility to adjust the power of the HVAC equipment units evenly, 

according to the necessity. Even greater electric energy savings can be achieved by 

reducing the HVAC equipment unit power and in the result lowering or raising air 

temperature (depending on the seasonal outdoor environmental conditions) of the 
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passenger compartment by 5°C in cases, when no passengers in compartment or in 

that sector. 

The control systems of fuzzy logic controller and algorithms, which were developed in the 

promotion thesis, can be applied in the systems of thermal comfort provision in public electric 

transport as well as in dwelling and council buildings and other premises, by carrying out 

partial changes to adjustable parameters and control rules. 
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