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Abstract

HVAC systems are inherently complex, and this complexity, along with various distur-
bances, makes it challenging to control the system effectively. Achieving a balance between
meeting strict comfort requirements and minimizing energy use for optimal performance is
particularly difficult. This thesis introduces a combined control strategy: the Integrated
Terminal Sliding Mode Controller with Automatic Gain Tuning and Fuzzy Logic (ITSMC-
FLAG). This controller regulates the superheat temperature at the evaporator outlet by ad-

justing the opening of the electronic expansion valve (EEV).

The ITSMC-FLAG controller efficiently manages both the evaporator superheat and
evaporating temperature by adjusting the expansion valve’s opening based on the superheat
at the evaporator outlet and the inlet mass flow rates. It also takes into account the re-
turn room temperature and environmental uncertainties. This advanced approach not only
enhances cooling performance and reduces energy consumption, but it also extends the

lifespan of the compressor.

By combining terminal sliding mode control with fuzzy logic, the ITSMC-FLAG con-
troller improves HVAC performance through a dynamic fuzzy logic auto-gain mechanism
that adjusts the system’s gains according to the current operating conditions. This ensures
consistent and optimal performance, even with disturbances and fluctuations in system dy-

namics.

Comprehensive MATLAB simulations demonstrate the significant potential of the pro-
posed controller to improve cooling efficiency, reduce energy consumption, and extend

compressor life.

Keywords: HVAC system, Integrated Terminal Sliding Mode, Automatic Gain Tuning,
Fuzzy Logic Controller, Evaporator Outlet Superheat, Evaporating Temperature, Elec-

tronic Expansion Valve,
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Chapter 1

Introduction

1.1 Historical Background of Cooling Solutions for Data

Centers

The development of cooling solutions for data centers has been crucial to the growth and
evolution of the information technology (IT) industry. In the early days of computing,
mainframe computers generated little heat, and basic ventilation systems, relying mostly
on fans and passive cooling methods, were sufficient to maintain the required operating
temperatures. These simple systems effectively managed the lower heat outputs of early
computing equipment. However, as IT hardware evolved in power and size, and as the
demand for data processing and storage increased, the heat generated by these systems grew
significantly. As a result, these basic cooling techniques became inadequate for maintaining

the necessary operational conditions [!].

By the 1990s, the rapid expansion of the internet and the widespread adoption of per-
sonal computers led to a sharp rise in the number of data centers. The increasing need for
data storage, processing, and reliability demanded higher-performing hardware and, conse-
quently, more advanced cooling solutions. Traditional air conditioning systems, typically
used to regulate temperature, became less effective as servers were densely packed into
racks. This packed configuration resulted in higher energy consumption, elevated cool-
ing costs, and greater environmental impact due to the rising energy requirements of these

systems.

The early 2000s marked a major shift in cooling technologies, as data center operators

began to adopt more advanced methods. Techniques such as hot and cold aisle contain-
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ment, liquid cooling systems, and free cooling, which uses outside air to reduce energy
costs, gained traction. These innovations addressed the challenges of cooling high-density
equipment while reducing the operational costs associated with traditional HVAC systems.
In the 2010s, the focus on energy efficiency intensified, driven by the need to lower oper-
ational expenses and meet sustainability goals. The global push for sustainability, coupled
with the rising energy demands of data centers, propelled further research into more energy-

efficient and environmentally friendly cooling technologies.

As energy efficiency became a top priority for data center operators, cooling systems,
which account for up to 50% of a building’s total energy consumption, received increased
attention. Innovations in cooling technologies aimed to reduce energy use while maintain-
ing optimal server conditions. Liquid immersion cooling, in which servers are submerged in
thermally conductive liquids, and the integration of renewable energy sources for cooling,
gained popularity as effective alternatives. These advancements not only provided more
efficient thermal management but also helped meet the growing demand for sustainable
operations within the data center industry. Moreover, the development of hybrid cooling
systems that combine various methods to optimize energy use became increasingly com-

mon.

The cooling landscape has continued to evolve with the introduction of more sophis-
ticated solutions, such as direct-to-chip liquid cooling, which addresses heat at its source,
and more energy-efficient air-cooled systems. These innovations are particularly crucial as
IT hardware continues to advance, generating even more heat due to the increasing power
of processors, memory, and storage devices. The ongoing development of cooling tech-
nologies reflects the growing complexity of thermal management in modern data centers
and highlights the ongoing need for advanced solutions to tackle the challenges of heat dis-
sipation. As a result, efficient cooling will continue to play a critical role in the design and
operation of future data centers, with sustainability and energy efficiency driving the need

for innovation.

In Ethiopia, Ethio Telecom, the country’s leading telecommunications provider, has
been a key player in the modernization and development of the national communication
infrastructure. Established in 2010 following the restructuring of the Ethiopian Telecom-

munications Corporation (ETC), which had monopolized the telecom sector since 1952,[2].
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Ethio Telecom aimed to improve the efficiency, competitiveness, and service quality of
Ethiopia’s telecom services. As mobile communication and internet services grew in de-
mand, EthioTelecom recognized the need to expand its infrastructure to meet the needs of
an increasingly connected population, leading to a surge in the construction of data centers
around 2010. As EthioTelecom’s network grew and the demand for data services surged,
the heat generated by an increasing number of network devices such as servers, routers,
and switches became a significant challenge. To address this, the company implemented
HVAC systems to regulate temperature and ensure the efficient operation of its growing
infrastructure. However, these systems were initially deployed in data centers that were
not optimized for energy efficiency, leading to higher energy consumption and increased
maintenance needs. Over time, Ethio Telecom adapted its cooling strategies to improve the
efficiency of its HVAC systems, making adjustments as the company’s data center network
expanded.

The evolution of cooling solutions in Ethio Telecom’s data centers parallels broader trends
in the global telecom and IT industries. The company’s continuous modernization of its
infrastructure, including the introduction of advanced cooling technologies, is part of a
larger effort to enhance operational efficiency and reduce environmental impact. As Ethio
Telecom continues to expand its services, including 3G, 4G, and 5G networks, as well as
broadband internet, the importance of energy-efficient cooling solutions for its data centers
remains crucial. These innovations are essential in ensuring that the company can meet
the growing demands of Ethiopia’s digital economy while minimizing its environmental

footprint.

The adoption of advanced cooling technologies in Ethio Telecom’s data centers reflects
the increasing complexity of thermal management in modern telecom infrastructure. Driven
by technological advancements, sustainability concerns, and the need for cost-effective so-
lutions, these cooling innovations are in line with the broader trends in the global data
center industry. As the telecom and IT sectors continue to evolve, the demand for energy-
efficient and sustainable cooling technologies will remain vital to supporting the infrastruc-

ture needed for future growth [3].
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1.2 Statement of Problems

Ethiotelecom’s data centers and core sites face significant challenges in managing the ther-
mal loads generated by their network infrastructure, relying heavily on air conditioning
systems to regulate temperature. Due to the high density of equipment and poor rack or-
ganization, multiple air conditioning units are deployed to control the heat. However, the
existing cooling systems control the electronic expansion valve (EEV) opening based solely

on the return room temperature, leading to several operational issues.

A primary concern is that a large temperature difference between the return room tem-
perature and the evaporator’s superheat temperature can cause excessive refrigerant flow to
the compressor, increasing power consumption and potentially damaging the system. On
the other hand, a small temperature difference results in insufficient refrigerant supply to the
evaporator, causing excessive superheating and reduced cooling performance. These issues
lead to inconsistent temperature distribution, with compressors often running continuously

in high-temperature areas, thereby escalating energy consumption.

Inadequate rack configurations at sites like Shashamanne worsen the problem by allow-
ing hot and cold air to mix, which raises the return room temperature and leads to high
superheat temperatures at the evaporator outlet. This reduces refrigerant efficiency and
places excessive strain on the HVAC units, causing frequent compressor failures and costly
replacements. Similar issues are also observed at other sites, such as Adama, Legar, and
Kirkos, where improper sensor placement results in inaccurate readings, causing liquid re-
frigerant to return to the compressor, leading to further system damage and the need for

multiple compressor replacements annually.

These challenges reveal the limitations of the current method for managing evaporator
superheating, which is prone to significant temperature fluctuations and requires precise
sensor placement. The existing system lacks scalability and does not effectively optimize
cooling performance or reduce energy consumption. Therefore, there is a pressing need for
a more efficient and precise control strategy that can optimize HVAC system operations,

reduce energy consumption, and extend the lifespan of the equipment.

This paper proposes an Integrated Terminal Sliding Mode Controller (ITSMC) com-
bined with Automatic Gain Tuning Fuzzy Logic (FLAG) to regulate the EEV opening based
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on the evaporator outlet superheat temperature. This approach aims to improve cooling ef-
ficiency, minimize energy consumption, and enhance the long-term performance of HVAC

systems in Ethiotelecom’s data centers.

1.3 Objective

The main objective of this thesis is to design and analyze an Integrated Terminal Sliding
Mode Controller combined with an Automatic Gain Tuning Fuzzy Logic Controller for

regulating the evaporator outlet superheat temperature in HVAC system.

1.3.1 Specific Objectives

* To formulate the mathematical equations for the evaporator and superheat tempera-

tures in an HVAC system.

* To linearize the model of the electronic expansion valve by applying a linear approx-

imation method to its nonlinear mathematical representation.

* To develop an Integrated Terminal Sliding Mode (ITSM) controller for regulating the

superheat and evaporator temperatures in an HVAC system.

* To design an Integrated Terminal Sliding Mode (ITSM) controller combined with an
Automatic Gain Tuning Fuzzy Logic Controller for smooth regulation of the super-

heat and evaporator temperatures in an HVAC system.

* To demonstrate the system’s performance using MATLAB®/SIMULINK®.

1.4 Methodology

A. Developing a mathematical dynamic model of evaporator superheat and evaporating

temperature for both steady-state and thermodynamic processes

B. The design integrates an external loop structure to effectively control the superheat
temperature at the evaporator outlet by taking into account the evaporation rate and
the inlet mass flow rate. This configuration produces the reference signal for the

inner loops, which regulate the opening degree of the electronic expansion valve,
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ensuring the refrigerant remains as a slightly superheated vapor to prevent potential

compressor damage and maintain efficiency.

C. The design of an internal loop structure for an integrated terminal sliding mode
(TSM) controller based on fuzzy logic auto gain (FLAG) to control evaporating tem-

perature and regulate inlet mass flow rates of refregirant gases into evaporator
D. implementing Matlab simmulik.

E. Analysis and interpretation the result and followed by recommendation

1.5 Thesis Organization

The thesis is organized into five chapters, including this introduction. The rest of the thesis

is organized as follows:
* Chapter 2 presents a literature review.

* Chapter 3: Developing a mathematical dynamic model of evaporator superheat and

evaporating temperature for both steady-state and thermodynamic processes

* Chapter 4: Designing an Integrated Terminal Sliding Mode (TSM) controller com-
bined with an Automatic Gain Tuning Fuzzy Logic Controller for both internal and
external loops to simultaneously control evaporator superheat and evaporating tem-

perature

* Chapter 5: Validation of the developed mathematical equations and the external and
internal controllers, along with the simulation setup, results, application areas, and

discussion

» Chapter 6 presents the conclusion, recommendation, and future work of the thesis

1.6 Significance of Research

This thesis makes notable contributions to control system design, focusing on achieving
control objectives while minimizing energy consumption and response time. It investigates

a control strategy that combines an Integral Terminal Sliding Mode Controller ITSMC)
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with an Automatic Gain Tuning Fuzzy Logic Controller (AGT-FLC) to regulate the evap-
orating and superheat temperatures at the evaporator outlet. The main goal is to enhance
cooling performance and energy efficiency while ensuring robustness against system un-
certainties and external disturbances.

A key achievement of this work is the development of a dynamic model for the super-
heating and evaporating processes in the evaporator, derived from mass and energy con-
servation principles and heat transfer theory. This model effectively controls the superheat
temperature to reach the desired setpoint. Additionally, a linearized model of the electronic
expansion valve is introduced, based on its nonlinear mathematical representation, which is
simplified using a linear approximation method. This linearized model enables more effi-
cient regulation of the mass inlet flow rate to the evaporator, making it easier to meet control
objectives. The integration of ITSMC with automatic gain-tuning fuzzy logic strengthens
the system’s robustness by merging integral control with terminal sliding mode control,
allowing it to manage disturbances effectively. By utilizing an integral terminal sliding
surface, ITSMC drives the system toward the desired equilibrium point in a defined time,
minimizing response times and reducing chattering. This approach ultimately enhances

both system performance and stability.




Chapter 2

Review of Literature

2.1 Introduction

According to [4], A Self-Tuning Fuzzy Logic Controller (STFLC) was developed to regu-
late the evaporator superheat temperature in a vapor compression chiller system, ensuring
the desired temperature is maintained even with fluctuating refrigerant load conditions.
The system utilizes an electronic expansion valve (EEV) as the control actuator. This paper
presents the design and implementation of the STFLC for controlling evaporator superheat
in a practical chiller system, specifically using R22 refrigerant. The STFLC automati-
cally adjusts the EEV’s opening to maintain the target superheat temperature, regardless of
changes in refrigerant load.

The STFLC features an online tuning mechanism for output scaling factors (SFs), which
adapts based on real-time process data. This dynamic adjustment improves system stability
and efficiency by responding to varying conditions. Experimental results indicate that the
STFLC outperforms conventional controllers, offering more reliable and efficient operation
in response to changes in refrigerant load.

Accordingly [5] Gradient Descent for Near-Optimal Control and Extremum Seeking Con-
trol (ESC) to improve the control of superheat temperature in HVAC refrigeration systems.
The first technique, Gradient Descent for Near-Optimal Control, focuses on analyzing the
second derivative of the superheat temperature (T) relative to refrigerant mass flow at the
evaporator outlet. This analysis guides the system to adjust T toward a near-optimal point,
thereby enhancing overall system efficiency.

The second method, Extremum Seeking Control (ESC), employs a more sophisticated algo-

rithm that goes beyond identifying a simple ”sweet spot” by targeting higher-order deriva-



ITSM with Automatic Gain Tuning Fuzzy Logic Controller, AAU/AAIT, 2024

tives of superheat behavior. This enables ESC to precisely determine the minimum T value,
which represents the optimal balance between system stability and performance. The sys-
tem then automatically adjusts to this value, ensuring consistent, peak performance even
under steady compressor speeds.

According to [6],Nonlinear Control and Disturbance Decoupling of an HVAC System via
Feedback Linearization and Back-Stepping is applied for a nonlinear, MIMO HVAC Sys-
tem. Feedback Linearization, is used here to transform, the non-linear model of the HVAC
system into a linear model by techniques called “feedback liberalization. This involves
introducing a special feedback loop with measurable states and disturbances, essentially
“tricking” the system into behaving like a linear one. The design method was applied to a
MIMO and nonlinear model of an HVAC system and reached at the pre-specified goals of
design such as output regulation and disturbance decoupling, which are apparent in simu-
lations. Moreover, by this method a wide range of disturbance variations and zeroing the
offset in the responses are achieved and identified.

according to [7], an iterative learning model predictive control (ILMPC) strategy is im-
plemented to regulate the Superheat degree of the evaporator in a vapor compressor re-
frigeration cycle (VCC) system used in heating, ventilating, and air-conditioning (HVAC)
systems. The control is achieved by adjusting the degree of opening of the expansion valve
to maintain system stability and efficiency. The study considers a simplified model of the
evaporator based on mechanism knowledge and system identification. Using the iterative
learning theory and model predictive control method, an ILMPC controller is developed
to regulate the superheat degree at the evaporator outlet. Simulation results are then con-
ducted to validate the effectiveness of the proposed ILMPC controller. The output variable
being controlled is the superheat degree of the evaporator, while the input variable is the
opening of the expansion valve. The simulation verifies that the proposed control strategy
can quickly and effectively drive the superheat degree to track its desired values. The future
focus of the study will involve assessing the energy-saving performance of the system.
Accordingly [8] A novel online auto-tuning PI control algorithm is proposed in this work
to adjust the evaporator outlet superheat temperature to the desired level. The proposed
algorithm follows a systematic approach that includes two main steps. Firstly, a first-order
plus dead-time model is employed to describe the system process. The model parameters

are obtained through a robust identification algorithm using the online experimental data.
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Secondly, a PI controller is designed to control the superheat at the outlet of the evaporator.
The controller parameters are tuned using the Ziegler-Nichols method. The PI controller
achieves control by adjusting the opening of the electronic expansion valve.

To assess the performance of the proposed algorithm, MATLAB simulations were con-
ducted. The results demonstrate that the superheat can effectively track the change of its
setpoint through the control of the electronic expansion valve.

Furthermore, the application of this controller has the potential to significantly increase the
heat transfer efficiency of the evaporator. This improvement in efficiency surpasses that of
conventional PID controllers.

According to [9],[10] Multi-Zone HVAC systems are complex, requiring precise control
of temperature, humidity, pressure, and air quality while minimizing energy consumption
and maintaining occupant comfort. This paper focuses on applying feedback linearization
control methods to achieve these goals. Traditionally, individual zones are controlled based
on their specific thermal loads. However, ignoring thermal interaction between zones can
lead to inefficient operation. This paper presents a two-zone HVAC control system design
that accounts for this interaction, modeled using physics and thermodynamics principles.
The impact of zone interaction on control effort and tracking error is analyzed through simu-
lations using MATLAB/Simulink. The model considers two zones separated by a wall with
known properties, demonstrating how their thermal exchange affects temperature tracking
and control requirements.

This analysis highlights the importance of accounting for zone interaction in HVA sys-
tem design, not only for improved efficiency but also for better performance customization
based on wall material types. Furthermore, it paves the way for extending the approach to
larger buildings with complex airflow dynamics, involving interconnected zones, air inlets,
and outlets. This can significantly enhance HVAC system control and optimization.
According [11]. This paper analyzes the process flow of the Evaporator and utilizes the
SMPT-1000 experimental Platform. The Evaporator functions as the control object with
the goal of controlling the evaporator outlet flow, pressure, and temperature. The control
method employed is Siemens PCS7, resulting in the design of a complete control system
for the Evaporator. The control system was successfully operated for the Evaporator, show-
casing the advantages of the predictive control algorithm presented in this paper. These ad-

vantages include high control accuracy, short adjustment time, and minimal overshoot for

10
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the temperature control system of the Evaporator. Additionally, the PID control algorithm
enables on-line monitoring of the Evaporator’s parameters. The results of the control pro-
cess demonstrate that the proposal provided in the article can effectively meet production
targets, possess industrial applicability, and achieve safety, energy-saving, and environmen-

tally friendly control of the Evaporator.

11



Chapter 3

Mathematical Modeling of Evaporator
Dynamics in HVAC Systems

3.1 Introduction

Evaporators are essential components of HVAC systems that absorb heat from air or other
fluids and transfer it to the refrigerant. The refrigerant then carries this heat to the condenser,
where it is released into the outside environment. Typically constructed from effective
heat conductors like copper or aluminum, evaporators come in various shapes and sizes to

accommodate different HVAC systems.[12],[ 3]

3.1.1 Working principle of HVAC sysem

A heating, ventilation, and air conditioning (HVAC) system is a network of devices that
work together to regulate the temperature, humidity, and air quality in an inclosed area.
HVAC systems are used in a wide variety of buildings, including homes, offices, schools,
hospitals, data center and others. The basic working principle of an HVAC system is to
transfer heat from one location to another. This is done using a refrigerant, which is a

substance that can easily change state from a liquid to a gas and vice versa.

12
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Figure 3.1: Dynamic Process and Refrigerant Circulation system

The refrigerant cycle has four basic processes, as shown in Figure 3.1. In the first
process, low-pressure, low-temperature refrigerant enters the compressor at point 1 and
then the compressor compresses the refrigerant, increasing its temperature and pressure at
point 2. The high-temperature, high-pressure refrigerant then enters the condenser coil. A
condenser fan blows air over the condenser coils, removing heat from the refrigerant and
causing it to condense into a saturated liquid at point 3. The high-pressure, low-temperature
refrigerant then passes through an expansion valve, which reduces its pressure and temper-
ature at point 4. The expansion valve also regulates the flow of refrigerant to the evaporator
coil. The evaporator blower fan blows chilled air into the home and absorbs heat energy
from the home. In the evaporator, the liquid refrigerant vaporizes and superheats. The

thermodynamic cycle then repeats itself [ 14],[15].

3.2 Mathematical Modeling of Evaporation, Superheat-
ing, and the Two-Phase Section in an Evaporator

The primary objective of this mathematical modeling is to demonstrate the impact of un-
regulated two-phase refrigerant gas states, superheat, and evaporating temperature on the
cooling performance, energy consumption, and service lifespan of HVAC systems. Addi-

tionally, the model.

i. Describes the dynamic relationship between evaporating temperature and/or super-

13
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heated temperature on the compressor-side mass flow rate, which can be further re-
lated to compressor speed. this implies that as the evaporating temperature decreases,
the compressor-side mass flow rate decreases. This is because the refrigerant is less
dense at lower temperatures, so the compressor has to work harder to move the same

amount of refrigerant and

ii. Describes the dynamic relationship between the length of the two-phase section of an
evaporator and the expansion valve-side mass flow rate, which can be further related

to the determination of the expansion valve opening degree.

The two-phase section of an evaporator is a region where the refrigerant is in a mixture of
liquid and vapor phases. Its length is determined by several factors, including the refriger-
ant mass flow rate, the evaporator inlet temperature, and the evaporator design. In generally

the two-phase section of evaporator can be divided into two regions as shown in fig 3.2

* Evaporating region: This is the region where the refrigerant is actually vaporiz-
ing. The heat transfer coefficient in the evaporating region is typically high, as the

refrigerant is absorbing heat and changing phase[16]

 superheated region: This is the region where the refrigerant has vaporized and is
now superheated. The heat transfer coefficient in the superheated region is typi-
cally lower than in the evaporating region, as the refrigerant is no longer changing

phase.[16]

14
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Figure 3.2: Dynamic Process In Evapoarator

3.2.1 Assumptions Taken

i. The homogeneous flow modeling method, its is a relatively very simple way to model
the two-phase section of an evaporator. It assumes that the liquid and vapor phases

are evenly distributed throughout the section.
1. Refrigerant properties are assumed to remain constant

iii. Limiting the mass balance equation to the vapor mass to calculate the evaporating

temperature.

iv , The degree of opening the Electronic expansion valve remains constant despite dis-

turbances
v. the vapor quality of refrigerants is remain constant under any temperature

By applying the principles of mass and energy conservation, along with the energy transfer
theorem, this thesis develops a comprehensive model of an evaporator in an HVAC sys-
tem. This model allows for the effective regulation of evaporator superheat, mass flow rate,
and evaporating temperature, ultimately resulting in enhanced cooling efficiency, optimized

energy consumption, and extended compressor lifespan.

15



ITSM with Automatic Gain Tuning Fuzzy Logic Controller, AAU/AAIT, 2024

1. Mass balance equation for the two-phase section is given by

%(Dl(l — A) + DN AI() = migy, — migg 3.1)

2. The energy balance equation for the two-phase section is given by

%(Dlhl(l )+ Dyhy)A(E) = mivhy — nivahg (3.2)

Where

» D=is refrigerant density at liquid saturation point (kg/m3)

D =is refrigerant density at vapour saturation point (kg/m3)

* h; = specific enthalpy of the saturated liquid refrigerant (kJ/kg)

hg=specific enthalpy of the saturated vapor refrigerant (kJ/kg)

* A=inner cross-sectional area of the evaporator heat exchange pipe (m?)

my=mass flow rate of refrigerant entering the two-phase section (kg/s)

* mg=mass flow rate of refrigerant leaving the evaporator (kg/s)

A = is the void mean fraction; it is defined as the ratio of the volume occupied by the

gas phase to the total volume of the flowing mixture

If we assume that the refrigerant properties do not change significantly over time and that
there are no disturbances, then we can calculate the two-phase section length using equa-

tions (3.1) and (3.2).

%(Dzhz(l — A) + Dyhy)Al(t) — %(Dl(l — ) + DN AL() = migyhy — migghg — (Wi — Misg)
3.3)
d
Di((h = hg) A 1(t) = q + man(he = hy) (3.4)

where ¢ = is the evaporator heat transfer rate. using the By heat transfer properties and
characteristics.

hg — hy = hyg

hy — hy = hyg(l — )

16
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where x, = is vapour quality of of refrigerants, then equation (3.4 ) can rewritten as

d q

Di(1=NA—=I(t) = —— in(1 —, 3.5
(L= NAGID =~ (1) (35)
dl(t) dro Min(1 — 2,)
= _ T, — Tl + —— 22 3.6
&~ Dy = A YTy (3:6)
Let represent the coefficients as follow , this representation is only simplification
dra
= — 3.7
N D (= VA -7)
(1—x,)
by = ——+ 3.8
Therefore, we can express equation (3.6)
dl .
a = a1 (Tr — Te)l -+ blmm (39)

3.2.2 Mathematical Modeling of Evaporating Temperature

Evaporating temperature is the temperature at which a refrigerant transitions from a liquid
state to a vapor state. This occurs in the evaporator component of an HVAC system, where
the refrigerant absorbs heat from the surrounding air, causing it to boil and evaporate. The
evaporating temperature of a refrigerant is typically between 4°C and 5°C (39°F and 41°F).
It is important to note that the evaporating temperature does not change with the room
temperature. However, different refrigerants have slightly different boiling points based on
their chemical composition. To derive an equation for the evaporating temperature (Te) of
HVAC systems, we can use the mass balance equation for the vapor mass and considering
that there is superheated temperature exists in the system, the inlet and outlet vapor mass
flow rates are not equal and given by m;,z, and m,,, respectively. The rate of vapor
generation from liquid to vapor is % . The rate of change of the vapor mass in a system is
equal to the difference between the inlet and outlet vapor mass flow rates, plus the rate of

vapor generation from the liquid.

d d dl. . q :
M =vE DT i, + L, 3.10
dr ar, DoTe) g = Mo + 5 = = Mout 3.10)
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where M, , and V are the total vapor mass and total volume of the low-pressure side and
T, evaporating temperature, there fire by assuming that in the low-pressure side the vapour
volume is much larger than the liquid volume.

let we consider that

d
7 = Ud_an (311)
d
— Dy =T +2n=2 (3.12)

dr,
where
Where z1, and 25 are considered constants and depends on the refrigerant fluid characteris-
tics, V is the inside volume of low pressure side, 1, is the mass flow rate of the refrigerant

at the outlet of the evaporator

d dra MinTo  Mout

—T,.=——(T, —1T. _—— — 3.13

T A .13)
dT, T, T, i, :

e (12( r e)l + MinZo N Moyt (314)

dt n ZlTe + 29 ZlTe + 29 ZlTe + 29

. where ay = ?Ta, T, Evaporating temperature, d is inner diameter of copper pipes
g

3.3 Superheat Temperature in HVAC system

The superheat temperature is defined as the difference between the actual temperature of
the refrigerant vapor exiting the evaporator and its corresponding saturation temperature at
the same pressure. The saturation temperature is the temperature at which the refrigerant

begins to condense into a liquid.

The superheat temperature serves as a key indicator of the evaporator’s efficiency in
heat absorption. A higher superheat temperature indicates that the evaporator is absorbing
more heat, while a lower superheat temperature suggests less heat absorption. In HVAC
systems, the ideal superheat temperature typically falls within the range of 5°C to 10°C
(41°F to 50°F).

Let us use the gradient descent method to calculate the evaporator superheat. Suppose the

superheat function f(7%p, T, 1) is given by:
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f(Tsha TT? l) = (Tsh - T‘sh,target)2 + )\ : g(Tm l)

The gradient of this function with respect to 7, combined with the refrigerant flow char-

acteristics and superheat temperature, is given by:

sthf(Tsh7 Tra l) = 2(Tsh - Tsh,target)

c(L—-1
T, = (T, = T) (1 — e‘Q) (3.15)
Mout
where Ty, is superheat temperature, C' = dg—:“ and ¢, is being the specific heat capacity of

the refrigerants, L is length of evaporator and 1 is length of two phase section respectively.

3.4 State-Space Representation of the Evaporator System
Model

The state-space equation of a modeled evaporator is a mathematical representation of the
evaporator’s dynamics in the form of a set of differential equations. These equations de-
scribe how the evaporator’s state variables, such as evaporating temperature, superheat tem-
perature, refrigerant mass flow rate, and enthalpy, change over time in response to inputs
such as heat load and refrigerant mass flow rate.

Let us consider the general form of nonlinear state-space equations to represent the nonlin-

ear modeled evaporator equation.[ 7]
&= f(x)+ g(x)u+ s (3.16)

[mlaxQ]T = [l7Te]T (317)

This represents the system variables, where u = m;,, is the input variable

Y = hi(z1,220) = Ty, (3.18)

Yo = ho(xy,20) =T, (3.19)
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Where, 1, and y, is superheated and evaporating temperature respectively

y=|" (3.20)

Y2

Then using equation (3.9) and (3.16) we can explain dynamic equation of modeled for

evaporator as follow.

.’Jf]l = a1 (TT — Zﬂg)xl -+ blmm (321)
Tr - b i ou
fy = as( Tp)T1 X 2 " — Mout (3.22)
21T + 22 21T2 + 22 21T + 22
C(L—zy)t
y e (TT — 1‘2> (1 — € Mout ) (3.23)
where
by = 22 (3.24)
z
M= b (3.25)
b
= (3.26)
T, —
fi= 9l —zn (3.27)
219 + 22
T, —
f = 22 = 22)n (3.28)
21T9 + 22

. Chapter 5 offers a detailed verification of the developed mathematical equations, which is
essential for ensuring their accuracy and reliability in modeling the intended phenomena.
The chapter outlines the verification process in depth, evaluating the validity and effective-

ness of the equations through various scenarios
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Chapter 4

Integrated Terminal Sliding Mode
Control with Automatically Gain Tuning

Fuzzy Logic Controller

4.1 Introduction

Heating, ventilation, and air conditioning (HVAC) systems are intricate networks that en-
counter numerous uncertainties and disturbances, leading to fluctuations in temperature,
humidity, and airflow, especially in data centers. To address these challenges, this thesis
presents an innovative control strategy that integrates Integral Terminal Sliding Mode Con-
trol (ITSMC) with an Automatic Gain Tuning Fuzzy Logic Controller (AGT-FLC).

The ITSMC method integrates integral control with terminal sliding mode control to en-
hance system robustness and effectively manage disturbances. By employing an integral
terminal sliding surface, ITSMC directs system states toward a desired equilibrium point

within a specified timeframe, thereby reducing response times and minimizing chattering.

A key feature of ITSMC is its integral component, which continuously accumulates
error over time to rectify steady-state errors. This ongoing adjustment of the control in-
put addresses any persistent discrepancies between the desired and actual system states.
Compared to traditional HVAC control methods, ITSMC offers several advantages: it pro-
vides greater robustness against uncertainties and disturbances, making it well-suited for
real-world applications where precise system models may be lacking. The design of the

terminal sliding surface ensures quick and accurate convergence to the target control state.
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Additionally, ITSMC eliminates the reaching phase typical of conventional sliding mode
control, reducing chattering and enhancing the smoothness of control. The integral term
in ITSMC guarantees zero steady-state error even in the presence of external disturbances,

resulting in highly precise control performance

Faster response

Improved robustness to noise and disturbances

Reduced chattering

¢ Minimize overshoot and undershoot

While design complicity is considered as one of the limitation of ITSMC.

4.2 Control Design

The controller design consists of two loops, namely the external and internal loops, to

regulate the evaporating and superheat temperatures of the Evaporator in an HVAC system

; Self Tuning
Self Tunin
. 12 Disturbance > fuzzy logic
> Fuzzy logic miroll
controller controfier
de;
dt 02
at el & N My % 2 l
L 4 Integral Tsh
Integral U Electronic Tert terminal >
S > terminal '» expansion — = > eg;ﬂ"ga Ua . Evaporator
ot k smMc valve 'y —
+
H

evapoarating temperature (T)
superheat temperature (Tq,)

Figure 4.1: Control Block Diagram Integrating Terminal Sliding Mode Control and Auto-
matic Gain Tuning Fuzzy Logic Controller

4.2.1 External Loop

The primary objective of the external control loop is to regulate the superheat temperature
at the evaporator outlet while accounting for the incoming mass evaporation rate. This

regulation aims to improve cooling performance, reduce energy consumption, and extend
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the lifespan of HVAC components, particularly the compressor. The superheat temperature
at the evaporator outlet, where the refrigerant vapor exits, is critical for the compressor’s
efficiency and longevity. Maintaining this temperature within an optimal range is key to

ensuring efficient HVAC operation and prolonging the system’s overall lifespan.

An optimal superheat temperature strikes a balance between system efficiency, energy
consumption, and compressor protection. Higher superheat temperatures ensure that the
refrigerant is fully vaporized before entering the compressor, reducing the energy required

for compression and enhancing overall system efficiency.

The electronic expansion valve (EEV) plays a crucial role in regulating the superheat
temperature by controlling the refrigerant flow into the evaporator. Opening the EEV al-
lows more refrigerant to enter, lowering the superheat temperature, while closing the valve

restricts the flow, resulting in a higher superheat temperature.

In addition to its primary function, the external control loop also generates a reference
signal for the internal loop, which manages the vaporization rate. This reference signal is
essential for keeping the superheat temperature within the desired range at the evaporator
outlet. The external control loop is therefore critical to system performance, continuously
adjusting the EEV to maintain an effective balance between refrigerant flow and superheat
temperature. In essence, the external control loop’s main purpose is to generate the refer-
ence signal for the inner loop (vaporization rate) and ensure that the superheat temperature

remains within optimal ranges at the evaporator outlet.

€1 = Tsh - Tshref (41)

and superheat temperature is predefined in Equation (3.15) as follows,

Ty = (T, — 2)( (1 e xl)) (4.2)

mot

by substituting equation (4.2) into equation (4.1), error e, is redefined as follow

e = (T, — 3) (1 B “””1)) s (43)

mot
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Where, T, is return room temperature, x» is evaporating temperature, x; is superheat tem-
perature in degree celcius, C'is specific heat capacity, L is the length of evaporator and 77,

refrigerants mass flow rate at outlet of evaporator

* By Defining an integral terminal sliding surface Sy, [18], [19]
S =e + )\1/ sgn(ey)dt 4.4)
Let us represent the the integral sliding surface part as follow

el = /sgn(el)dt 4.5)

Therefore sliding surface S7, can be re-described as follows

L —
Sy = (T, — x2) (l —e O(—= zl)) — Tohrey + Ai€1; (4.6)
mot
First order derivatives of sliding surface S
Sl = él + )\16'” =0 (47)

Sy = —ay (l — e—C(L — “’1)) — ci(Tr - X5) (e—C(L - )) + Aie1; =0 (4.8)

mot mot mot)

Let us redefine equation (4.7) to simplify and make it more suitable, as follows:

U= T 4.9)
I —
ap = (z — e C(== '”1)) (4.10)
mot
33'1 _ L— T
ay = —C——(T, — X5) (e C(— )) (4.11)
mot mot)
S; = 0. so we can express as follow
Sy = —au — az + \ei; =0 (4.12)
_ \iels
Ueq1 = M (4.13)
aq
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Sliding mode control (SMC) is a robust control method that uses a combination of equiv-
alent control and discontinuous control to ensure the system follows the desired sliding

surface. Therefore, the discontinuity namely Uy, shall be calculated as follow

mm:&&+?”%% (4.14)
1

overall control for external loop can be summarized as follow

Ui = Ueg1 + Ugis

—ay + ey n B151 + Basgn(Sh)
(05) (05}

Ui = Ueq1 + Ugisi = (4.15)

—ay + Aey; L B151 + Basgn(St)
aq aq

U, = (4.16)

where, 31 and 3 are positive design parameters.
As outlined in the control block diagram, by integrating equation (4.16), we can compute
the overall input signal for the electronic expansion valve and generate the reference signal

for the inner loop.

G = / (U)dt @.17)

By substituting equation (4.17) into equation(4.18)

G = / <—041 + Aiei; n B151 + 5289n(51)> di (4.18)

(0% %)

Prove
By using a Lyapunov positive definite function, the global stability of the external loop

designed controller can be improved as follows.[20]

V=2t (4.19)

To guarantee its convergence, we must ensure that its derivative is negative.

Vi =5,5; (4.20)
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By substituting equation (4.11) into equation(4.20)
“/1 == Sl (—Qlé — 09 + )\16.11‘) (421)

By substituting U;, mean that equation ( 4.16) into equation (4.21),

—ag + Aey; . B151 + Basgn(Sy)
(0%} (03]

xé:&(—m( )—m+wwm)

V= Si(ag — A€l — P11 — Basgn(Sh) — as + Aey)
V = S1(=B1S1 — Basgn(Sh)) (4.22)

* since (3, andf; are positive parameters the Lyapunov function is satisfied and the

convergence is guaranteed in finite time. Thus proving system stability

4.2.2 Inner Loop Designing

The primary goal of the internal loop controller is to regulate the evaporation rate by mon-
itoring the refrigerant mass flow rate entering the evaporator. As the evaporation rate in-
creases, the superheat temperature at the evaporator outlet rises, indicating the need for
adjustments to the expansion valve to control refrigerant flow effectively. This adjustment
is made through the electronic expansion valve (EEV), which controls refrigerant flow by
modifying its opening. The EEV regulates refrigerant flow by varying its opening, which in
turn adjusts the effective throat area of the valve. The optimal opening is determined by key
factors, such as the superheat temperature at the evaporator outlet and the rate of refrigerant
vaporization. By continuously adjusting its opening, the EEV responds to changes in the
evaporator load, keeping the superheat temperature within the desired range and ensuring

the system operates efficiently
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4.2.3 Relationship Between Mass Flow Rate and Electronic Expansion

Valve Opening Degree

According to [£], a linear design model for the valve head was developed to simulate the
performance of an Electronic Expansion Valve in air conditioning systems. This design
took into consideration the sub-segment flow characteristics of the conical valve head. A
control strategy for the conical valve head was also proposed, utilizing these sub-segment
flow characteristics. Simulation of performance curves for the multi-stage valve head in
the air conditioning system included factors such as structural parameters and performance
parameters like the refrigerant flow coefficient. Furthermore, analysis was conducted on
the flow area of the electronic expansion valve and the refrigerant flow coefficient, with the
calculation of the throat opening area of the electronic expansion valve using the equation

below

Relation Between Mass Flow Rate And Degree of Opening Electronic expansion
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Figure 4.2: Mass flow Rate and Degree of Opening Electronic Expansion Valve Head

mhisin (0;/2)(d — h;sin (0;/2)cos ;)
(cos (0;/2) — sin (7:/2))

* Where 6 is the each segment angle of the valve head in the electronic expansion valve.

A= (4.24)

* h; and D, , are length, the diameter of the i segments valve, fori = 1,2,3, — — —N.
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* v is horizontal position angle
» A, is throat opening area of electronic expansion valve for each segment.

For simply the complexity of designing, let we consider that the horizontal position angle
v, length h; and diameter of opening expansion valve d; are fixed value.

lethlzl,”yi:(),di:?),

mwhisin (0;/2)(d — h;sin (0;/2)cos ;)

A= 4.2

Z (cos (0:/2) — sin (7:/2)) (329

equation (4.25), can be rewritten as follow
A; = mtan (0;/2)(3 — sin (0;/2)) (4.26)
A — mwhisin (6;/2)(d — his.m (0;/2)cos ;) @27)

(cos (0;/2) — sin (7:/2))

equation (4.25), can be rewritten as follow

A; = mwtan (0;/2)(3 — sin (0;/2)) (4.28)

In Figure 4.2, the diagrams show that increasing the opening degree and throat area of the
electronic expansion valve (EEV) can lead to the risk of flooding the evaporator with liquid
refrigerant, which could damage the compressor and reduce its efficiency. The EEV plays a
critical role in regulating refrigerant flow into the evaporator. When fully open, it allows for
maximum refrigerant flow; however, without proper control through superheat temperature

feedback, an excess of refrigerant may flood the evaporator.

To maintain the superheat temperature within the ideal range of 5-10°C, it is essen-
tial to adjust the EEV opening based on factors such as the evaporator’s length and load.
Monitoring the superheat temperature is key to preventing flooding and optimizing system
performance. By continuously tracking the superheat temperature and adjusting the EEV
accordingly, the system can effectively control refrigerant flow. This approach ensures that
too much liquid refrigerant does not enter the evaporator without adequate superheat con-
trol, thereby maintaining efficient cooling and protecting the compressor from potential

damage.
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To simplify the design complexity, it is recommended to express equation (4.24) as a

tangential equivalent linear equation, using the tangential point for evaluation.[2 ]

let we consider that tangential point at x = 3i
s

1. Evaluate , f(z) = 7 tan(z/2)(3 — sin(z/2) at z = =

) = Wtan(Giﬁ)(S _ sm<6i7r)

f(z) = fla) = 4.53

2. Find the derivatives of f(z) and Evaluate at z = 5-

df(z)

pra 37 /2(sec(x/2)? — w(tan(x/2)cos(x/2))/2 + w(sin(z/2)sec*(x/2))/2. (4.29)

f(x) = fla) = 4.82
3. Approximated linear equivalent equation is written as follow

l(a) = f(a) + fla)(z —a) (4.30)

l(a) = 4.53 + 4.82(x — 1.05)
y(xr) = 4.82x — 0.53 (4.31)
Since the evaporating temperature is defined in equation (3.14), the internal loop con-
troller can be designed by expressing the evaporating temperature error e as follows:

b o
(Tr - «IZ)Z‘I + %mzn - % - Teref (432)

ai

z

€y =

where T,.s desired reference temperature for inner loop, and it can be calculated from

equation (4.18) and (4.30)

Tove = (4.820 — 0‘53)(/ (—Ozz + o€y n B£151 + stgn(Sl)) dt)) (4.33)

01 01
* By defining integral terminal sliding surface S, as follow,,[ 1 8],[19]

Sy = ey + )\2/ sgn(eq)dt (4.34)
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The first order derivatives of s,

Sy = €y + Agey = 0 (4.35)

By substituting equation (4.31) into equation (4.33), the sliding surface S, can be redefined

as follows:
2 — Z r To)T1 Zmzn Z
— Ao € S S
— (4.822 — 0.53) (/ ( @+ dobu | fi5h + ool 2)) dt) + Agey
(07] (65}
) b )
Sy = = Zavtiy + 2 (L = s+ iy — Ticres + Macin = 0 (4.36)

Here we have inlet mass flow raters, m;,, as control input and therefore sliding surface S5

can rewritten as follow

—— (4.37)
by

_ 2 4.38

(6% 7 ( )

= =gy + 21— w)is = Ty (4.39)

Sy = izt + g + Mgy = 0 (4.40)

let us define that the overall Us as follow and where U, can be calculated by setting s,=0
U2 = U9 + Ui (441)

52 = Q3U2 + ay + )\26'21

0= a3l + g + )\26'21'

iy — Moy
Uy = T4 T A2 (4.42)
Qs

U, is obtained from equivalent equation.

. — 3353 — /3439m(52)
= o

Usi (4.43)
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overall control for inner loop can be summarized as follow

Us = ug + uy;

—y Agey . — B35z — Basgm(Ss)
a3 3 3

Uy =

(4.44)

where, 3 and (3, are positive design parameters.
proof,By using a Lyapunov positive definite function, the global stability of the inner loop

designed controller can be improved as follows.
Vo=—= (4.45)

To guarantee its convergence, the first order derivatives of lypanov function should be neg-

ative

Vo = 5555 (4.46)

By substituting equation (4.40) into equation(4.46)
"/2 = 52 (&3U2 + ay + )\26.21') (447)

By substituting Us , from equation ( 4.47) into equation (4.497),

) _ Moo _ _
‘/2:52(%( Qq 2€2z+ B35 548971(52)

- - o )+ ay 4 Aged;)

Sy = Sy(—ay — Maey — B3Sy — Basgn(Sy) + au + Aoed;)
Vy = Sa(—B352 — Basgn(Sa)) (4.48)
Vo = —05|9]* — Ba]Ss| < 0 (4.49)

Therefore its confirmed that for any positive 33 and [3,, Lyapunov function is satisfied and

the convergence is guaranteed in finite time. Thus proving system stability
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4.3 Automatic Gain Tuning Fuzzy Logic controller Design

An Automatic Gain Tuning Fuzzy Logic Controller (AGT-FLC) is an advanced fuzzy logic
controller that automatically adjusts its parameters to ensure optimal performance without
manual intervention[22]. This self-tuning feature enhances the HVAC system’s adaptability
and robustness, allowing it to adjust seamlessly to variations in system load or environmen-
tal conditions.

In this application, the controlled variable is the superheat temperature at the evaporator
outlet. Superheat temperature indicates how much the refrigerant’s temperature exceeds
its saturation point. Continuous monitoring of this temperature is essential for maintain-
ing system stability and efficiency. To regulate the superheat temperature, the manipulated
variable is the opening percentage of the Electronic Expansion Valve (EEV). The EEV
is crucial for maintaining the desired superheat temperature, ideally within the range of
5-10°C. This range is essential for optimizing cooling efficiency and ensuring the HVAC

system operates smoothly.

4.3.1 Function

In the design of an automatically tuned fuzzy logic controller for the external loop, two
inputs and a single output are defined. The first input is the superheat temperature error,
which reflects the difference between the desired and actual superheat values. The second
input is the derivative of this error, which captures its rate of change over time. The output
controls the degree to which the expansion valve should be opened, thereby regulating the
flow of refrigerant into the evaporator. T,. 77 represents the sampling time in seconds,
which is set 10 second for this simulation, while Ty, ; represents the set point temperature
in degrees Celsius. The error at time k is represented as e, and the error at time k£ — 1 is
represented as e;_; in degrees Celsius, respectively. The inputs are categorized as fuzzy
error F/; and fuzzy derivative of error D F,, while the output is referred to as the fuzzy
control signal T;,. These linguistic variables are further divided into three fuzzy classes:
negative small (NS1), zero (ZE1), and positive small (PS1). Triangular functions are used
as membership functions to define these linguistic variables, with a normalized universe of
discourse over the interval [—1, 1] as shown in Fig 4.3.

Additionally, the auto-tuning algorithm incorporates a gain updating factor, denoted by 7.
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This factor exists within the range [0, 10] and is expressed as a linguistic variable with three

fuzzy sets: zero (Z10), small (S1), and big (B1).

nlat pnints- 181

Membership function plots
NS1 Z1 PS1

n T ;i . n n
0.8 0.6 0.4 0.2 0 0.2 0.4 0.6 0.8
input variable "External_loop_error"

Figure 4.3: Membership Function for external Loop

Membership function plots nlnt points- 181

B1 z10 S1

0 1 2 3 4 5 6 7 8 9 10
output variable "External_Auto_Tuning"

Figure 4.4: Membership Function for External Loop Update Factor o,

Table 4.1: Fuzzy Rules For External loop o4

01 El

NS1 | Z1 | PS1
NS1 | BI S1 | Z10
Z1 | S1 |Z10 | Bl
PS1 | Z10 | S1 | BI

DE,

4.3.2 Membership Functions for inner Loop

In designing an automatically tuned fuzzy logic controller for the inner loop, similar to
the automatic tuning used in the external loop, two inputs and a single output are defined.
The first input, known as the evaporating rate error, represents the difference between the
actual and desired evaporating rates. The second input is the derivative of this error, which

captures how the difference changes over time. The controller’s output corresponds to the
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level of the evaporating rate of the refrigerant’s inlet mass flow

g =T — Torey (4.50)
€k — €k—1
deg = —— 4.51
€2 T, ( )

The evaporating rate of the inlet mass flow, measured as the temperature at the evaporator
outlet in degrees Celsius, is denoted as 7,. 75, represents the sampling time in seconds,
which is set to 5 seconds in this simulation, while 7T¢,. s represents the setpoint temperature
in degrees Celsius. The error at time k£ is represented as ey, and the error at time k£ — 1 is

represented as ej_1, both in degrees Celsius.

The inputs are categorized as fuzzy error I, and fuzzy derivative of error D Es, while
the output is referred to as the fuzzy control signal. These linguistic variables are further
divided into three fuzzy classes: negative small (NS2), zero (ZE2), and positive small (PS2).
Triangular functions are used as membership functions to define these linguistic variables,

with a normalized universe of discourse over the interval [—1, 1] as shown in fig 4.3

Additionally, the auto-tuning algorithm incorporates a gain updating factor, denoted by
9. This factor lies within the range [0, 10] and is expressed as a linguistic variable with

three fuzzy sets: zero (Z20), small (S2), and Big (B2).

Membership function plots ' "™’ 181

NS2 z2 PS2

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9
input variable "Inner_Loop"

Figure 4.5: Membership Function for Inner Loop of 09,5, D E,
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Membership function plots nlnt pnints- 181
N 229 S2
1
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output variable "Inner_output”

Figure 4.6: Membership Function of Inner loop Update Factor of o,

Table 4.2: Fuzzy Rules For Inner loop Es,DFEs, 09

(o] E2

NS2 | Z2 | PS2

NS2 | B2 | S2 | Z20
Z2 | S2 | Z20 | B2

PS2 | 720 | S2 | B2

DFE,
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Chapter 5

Simulation Results and Discussion

5.1 Dynamic Simulation of a Modeled Evaporator

In Chapter 3, the evaporator dynamics are modeled based on mass and energy conservation
principles, alongside energy transfer theories. Key factors such as evaporation rates, super-
heat temperature, and the behavior of two-phase sections are discussed in detail. Similarly,
Chapter 4, particularly in Figure 4.2, examines the relationship between mass flow rates
and the electronic expansion valve’s opening degree. It presents a linear design model for
the valve head, simulating its performance in air conditioning systems by considering the

flow characteristics of the conical valve head.

The dynamics of both the evaporator and the electronic expansion valve opening are
represented using a MATLAB function block. This approach allows for the verification of
the modeled dynamics under various conditions, emphasizing the significance of analyz-
ing heat transfer and mass flow dynamics in the evaporator while accounting for different

influencing factors

5.2 Simulation Parameters of HVAC system

In Table 5.1, the parameter specifications used for MATLAB simulation are presented. The
table details the parameter specification for the Evaporator and Electronic Expansion Valve

model simulation
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Table 5.1: Parameters in HVAC Systems

Parameter Value Units
Inside Diameter 0.0081026 m
Cross Section Area 0.00005156 m?
Refrigerant Enthalpy Difference 105.9 kJ/kg
Refrigerant Density 1300 kg/m?
Mean Void Fraction 0.93 -
Ambient Temperature 27 °C
Vapor Quality 0.2 -
Length of Evaporator 11.5 m
Internal Volume 0.0028665 m?
Refrigerant Mass Flow Rate 0.00713 kg/s
Fluid Characteristics Z; 0.0368 -
Specific Heat Capacity of Refrigerants '} 1 J/(kg-K)

5.3 Model Verification

To verify the model of the evaporator dynamics, particularly focusing on superheat tem-
perature, evaporating temperature, the two-phase section, and the degree of opening of the
electronic expansion valve (EEV), we will analyze the system by varying the return room
temperature as a unit step input. Additionally, we will examine different scenarios with
varying degrees of EEV opening. This evaluation technique entails implementing a step in-
put to analyze the dynamic behavior of the electronic expansion valve’s opening, illustrated

in a MATLAB function block diagram in Figure 5.1

M Two Phase Sectin length M Evaporating temperature W Transfer Fen:1
—— superheat temperature

: oy

1
1
4 sef o ©
o Evporating_ Ratng_temperature

%

Figure 5.1: Open Loop Simulink Block Diagram
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5.4 Evaluating Evaporator Performance Under

Liquid Overflood Conditions for Model Validation

A large volume of liquid entering an evaporator results in increased energy consumption,
reduced component lifespan, and lower performance. Assessing the evaporator’s perfor-
mance under these conditions is essential for understanding their impact on energy usage,
cooling efficiency, and component durability. This paper aims to address the challenges of
overflooding and reduce its negative effects. As a result, system operators can enhance per-
formance, lower operational costs, and extend the lifespan of critical components. While
managing overflood conditions typically requires regular maintenance, optimized design,
and advanced control strategies, this paper focuses specifically on control strategy solu-

tions

5.4.1 Verification of Evaporator Performance Using Equivalent Cross-

Sectional Areas for Two-Phase and Evaporating Sections

In a continuously operating evaporator, maintaining a balance in heat transfer rates between
the heat source, refrigerant, and evaporator load is essential. This balance relies on the
proper flow of refrigerant into and out of the system, which is crucial for efficient operation.
If the electronic expansion valve remains stuck open while the compressor is running, it

may signal a malfunction that disrupts the regulation of refrigerant flow.

Problems can also occur when the reference temperature is set for a warmer environ-
ment, but the ambient temperature around the evaporator falls below the evaporation tem-
perature. This mismatch can result in continuous refrigerant circulation without proper
evaporation. Additionally, if the evaporator fan speed is inadequate, combined with signif-
icant condensation and a low thermal load in the surrounding area, the evaporative process
may be compromised, leading to reduced cooling system efficiency. The superheat temper-

ature of the evaporator is described in Chapter 3, specifically in Equation 3.15, as follows.

Top = (T; — x3) <1 — e‘M)

Mout

x1 = x1 implies that L = [

38



ITSM with Automatic Gain Tuning Fuzzy Logic Controller, AAU/AAIT, 2024

6_C(l'—x’1) -1
Mout
Y =Ty = (T, — ) (1—5@) =0
Mout

Evaporator Performance Under Equivalent Cross Sectional Areas for Two-Phase and Evaporating Sections
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Figure 5.2: Degree of Opening of the EEV Under Conditions of Equally Distributed Two-
Phase Flow and Evaporation Section

Analyzing Evaporator Performance Under Equivalently Distributed Two-Phase and Evaporating Section Conditions
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Figure 5.3: Superheat temperature Under Conditions of Equally Distributed Two-Phase
Flow and Evaporation Section
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Evaporator Performance Using Equivalent Cross Sectional Areas for Two-Phase and Evaporating Sections
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<Two Phase Sectin length>
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Figure 5.4: Two-Phase Section Under Conditions of Uniformly Distributed Two-Phase
Flow and Evaporating Section

As illustrated in Figures 5.2 and 3 when there is a uniformly distributed two-phase flow
within the evaporator section, increasing the opening of the electronic expansion valve re-
sults in a decrease in the superheat at the evaporator outlet, eventually reaching zero. This
indicates incomplete evaporation of the refrigerant within the evaporator, as reflected in the
cross-sectional area of the two-phase and evaporating sections. Insufficient evaporation can
severely reduce the efficiency of the cooling system, particularly affecting the compressor.
Operating with zero superheat increases the risk of liquid refrigerant entering the compres-
sor, which can lead to damage and a shortened lifespan. This condition may also cause
issues such as liquid slugging, increased wear on the compressor, and costly repairs or re-

placements.

Furthermore, zero superheat leads to higher energy consumption, as the system must
exert more effort to achieve the desired cooling effect. This not only drives up electricity
costs but also puts additional strain on system components, ultimately reducing overall
energy efficiency. Low superheat levels can adversely affect cooling performance and heat
transfer efficiency, leading to uneven or insufficient cooling, which undermines the system’s

reliability and cost-effectiveness
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Figure 5.7: Two Phase Section Under Two-Phase Region Extending Beyond the Evap-

orating Section

5.4.2 Veriftying of Evaporator Performance with a Two-Phase Region

Extending Beyond the Evaporating Section

Evaporator Performance with a Two-Phase RegionExtending Beyond the Evaporating Section
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Figure 5.5: Degree of Opening Electronic Expansion Valve Under Two-Phase Region Ex-
tending Beyond the Evaporating Section

vaporator Performance with a Two-Phase Region Extending Beyond the Evaporating Section
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Figure 5.6: Evaporating Temperature Under Two-Phase Region Extending Beyond the

Evaporating Section
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vaporator Performance with a Two-Phase Region Extending Beyond the Evaporating Section
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Figure 5.8: Superheat Temperature Under Two-Phase Region Extending Beyond the Evap-
orating Section

As demonstrated in Figure 5.4,5 and 6, when the electronic expansion valve opening in-
creases and the length of the two-phase section extends beyond the evaporation section, the
superheat at the evaporator outlet falls below zero. This presents a major issue for HVAC
system performance, impacting both efficiency and components such as the compressor, as
previously mentioned.

Moreover, a superheat level below zero can lead to even higher energy consumption, as the

system must exert more effort to maintain the desired cooling effect.

5.5 Evaluating Evaporator Performance Under Superheat

Temperature Overshoot Conditions

Superheat temperature overshoot in the evaporator of an HVAC system can occur due to
several factors, which affect the system’s efficiency and performance. Superheat tempera-
ture is the refrigerant vapor temperature above its boiling point, and it plays a critical role

in effective heat absorption within the evaporator.

A major factor contributing to superheat overshoot is the expansion valve opening. If
the valve is too closed, refrigerant flow decreases, which can lead to higher superheat tem-
peratures due to insufficient vaporization. To evaluate the system, let’s consider that the
expansion valve was manually reduced to 25%, 50%, and 75% of the expected normal
opening to observe their effects on superheat temperature,with the return room temperature

gradually increasing
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5.5.1 Performance Analysis of an Evaporator with a 25% Reduction

in the Opening Degree of an Electronic Expansion Valve

Performance Analysis of an Evaporator with a 25% Reduction in the Opening Degree of an Electronic Expansion Valve
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Figure 5.9: A 25% Reduction in the Opening Degree of an Electronic Expansion Valve

Performance Analysis of an Evaporator with a 25% Reduction in the Opening Degree of an Electronic Expansion Valve
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Figure 5.10: Two Phase Section Area with a 25% Reduction in the Opening Two Phase
Section Area

Performance Analysis of an Evaporator with a 256% Reduction in the Opening Degree of an Electronic Expansion Valve
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Figure 5.11: Evapoarting Rate Temperature with 25% Reduction of Degree of Opening
Electronic Expansion Valve
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Performance Analysis of an Evaporator with a 25% Reduction in the Opening Degree of an Electronic Expansion Valve
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Figure 5.12: Superheat Temperature with 25% Reduction in the Opening Degree of an
Electronic Expansion Valve

As shown in Figs. 5.8, 5.9, 5.10, and 5.11, this simulation examines the impact of reduc-
ing the electronic expansion valve opening by 25% from its normal setting. This results
in a sharp increase in the superheat temperature at the evaporator outlet, leading to a sig-
nificant reduction in the heat exchange rate, especially in the two-phase section near the
zero-length point. The effect is further exacerbated by a gradual rise in ambient room tem-
perature. These findings highlight the complex relationship between the expansion valve
setting, superheat temperature, heat exchange rate, and ambient temperature. It is important
to note that other factors, such as the condensation process, compressor efficiency, evapora-
tor size, and refrigerant quality, can also affect the superheat temperature at the evaporator
outlet. To optimize system performance, these factors, along with the expansion valve set-

ting, should be carefully consideredrameters may be required

5.5.2 Performance Analysis of an Evaporator with a 50% Reduction
in the Opening Degree of an Electronic Expansion Valve
Let’s investigate the effects of reducing the electronic expansion valve to 50% of

its normal opening. This significant decrease can have various impacts on system

performance
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Evaporator with a 50% Reduction in the Opeping Degree of an Electronic Expansion Valve -
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Figure 5.13: 50% Reduction Opening Degree Of Electronic Expansion Valve
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Figure 5.14: Two Phase Section Area with 50% Reduction Opening Degree Of Electronic
Expansion Valve
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Figure 5.15: Evaporating Rate with 50% Reduction Opening Degree Of Electronic Expan-
sion Valve
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Performance Analysis of an Evaporator with a 50% Reduction in the Opening Degree of an Electronic Expansion Valve
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Figure 5.16: Two Phase section with 50% Reduction Opening Degree Of Electronic Expan-
sion Valve

As shown in Figs. 5.12, 5.13, 5.14, and 5.15, further reducing the expansion valve opening
by 50% leads to a more significant increase in superheat temperature at the evaporator out-
let. This results in a further substantial decrease in the heat exchange rate, particularly in
the two-phase section near the zero-length point. This indicates reduced system efficiency,
leading to higher energy consumption and a shorter component lifespan. The effect is fur-
ther aggravated by the gradual rise in ambient room temperature. These findings highlight
the importance of properly balancing system parameters to ensure efficient operation and

prolong the life of system components

5.5.3 Performance Analysis of an Evaporator with a 75 % Reduction

in the Opening Degree of an Electronic Expansion Valve
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Figure 5.17: When 75% Reduction in the Opening Degree of an Electronic Expansion
Valve
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; Performance Analysis of an Evaporator with a 75 % Reduction in the Opening Degree of an Electronic Expansion Valve
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Figure 5.18: Two Phase Section Area Under 75% Reduction in the Opening Degree of an
Electronic Expansion Valve
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Figure 5.19: Evaporating Temperature Under 75% Reduction in the Opening Degree of an
Electronic Expansion Valve
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Figure 5.20: Superheat Temperature Under 75% Reduction in the Opening Degree of an
Electronic Expansion Valve
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Figure 5.21: Evaporator Performance Analysis Under 75% Reduction in the Opening De-
gree of an Electronic Expansion Valve

As shown in Figures 5.16 and 5.19, when the degree of the electronic expansion valve is
reduced by 75% from its normal opening setting, the evaporator outlet experiences over-
shoot. The simulation results indicate that as the degree of opening of the electronic ex-
pansion valve increases, the superheat temperature rises sharply, even with a constant return
room temperature. This phenomenon occurs because the evaporating temperature decreases
rapidly, causing the two-phase section of the system to approach zero. Therefore, it is con-
firmed that unregulated superheat temperature negatively impacts the efficiency and perfor-

mance of the cooling system, as outlined in the problem statemen

5.6 Integral Terminal Sliding Mode with Automatic Gain
Tuning Fuzzy Logic Controller for Regulating Evapo-
rator Outlet Superheat Temperature

This paper presents a novel approach that combines Integral Terminal Sliding Mode Con-
trol (ITSMC) with an Automatic Tuning Fuzzy Logic Controller to regulate the evaporator
outlet superheat temperature, even under significant fluctuations in return room tempera-
ture. By integrating ITSMC with automatic gain tuning, the system effectively manages

superheat temperature, improving cooling efficiency and overall performance.

The method uses Integral Sliding Mode Control (ISMC) to address singularity issues in
the evaporator dynamics. While Terminal Sliding Mode Control (TSMC) utilizes nonlinear

switching manifolds for finite-time convergence, it does not always guarantee that error
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dynamics will reach zero within that time. ITSMC resolves this by adding an integral term
to the sliding surfaces, ensuring that error dynamics converge to zero within a specified

period.

In summary, this approach significantly enhances the reliability and responsiveness of
temperature regulation in HVAC systems, particularly in environments with fluctuating

thermal loads

Integral Terminal Sliding Mode with Automatic Gain Tuning Fuzzy Logic Controller for Regulating
Evaporator Outlet Superheat Temperature
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Figure 5.22: Designed Control Block Diagram of Integral Terminal Sliding Mode with
Automatic Gain-Tuning Fuzzy Logic Controller

5.7 Integral Terminal sliding Mode Response Without Ap-
plying Automatic Gain Tuning Fuzzy logic Controller

A. Let’s assume the room temperature remains constant at 27°C, while the desired su-
perheat evaporator outlet temperature is set at 10°C. Note that this return room tem-

perature exceeds the required superheat evaporator outlet temperature
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Actual VS Desired superheat temperature Using ITSMC without the impact of disturbance
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Figure 5.23: Desired vs Actual Superheat Temperature Using ITSMC Under Constant
Return Room Temperature Conditions Without Disturbance Effects
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Figure 5.24: Control Signal for Superheat Temperature Using ITSMC with Constant Return
Room Temperature and Without Effects Disturbance
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Error signal of Superheat Temperature Using ITSMC without the impact of disturbance
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Figure 5.25: Error Signal Response for Superheat Temperature Using ITSMC Under Con-
stant Return Air Conditions and in the Absence of Disturbance

B Let’s assume the room temperature remains constant at 27°C, with external distur-
bances affecting the system. The desired superheat evaporator outlet temperature is
set at 10°C. Note that this room temperature exceeds the required superheat evapora-

tor outlet temperature
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Figure 5.26: Desired Vs Actual Superheat Temperature Using ISMC Under Constant Con-
ditions With Disturbance Effects
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Error signal of Superheat Temperature Using ITSMC with the impact of disturbance
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Figure 5.27: Error Signal Response for Superheat Temperature Using ITSMC
Under Constant Conditions with Disturbance Effects
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5.7.1 When Room Temperature Under Desired Temperature

* Let’s assume the room temperature remains constant at 0°C, with external distur-
bances affecting the system. The desired superheat evaporator outlet temperature is
set at 10°C. This scenario is used to demonstrate the effectiveness of the Integral Ter-
minal Sliding Mode Controller ITSMC) in achieving and maintaining the desired

superheat evaporator outlet temperature.
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Control Signal for superheat temperature Using ITSMC withoutdisturbance Effects
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Figure 5.28: Control Signal for Superheat Temperature Using ISMC Under Constant Con-
ditions Without Disturbance Effects
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Figure 5.29: Actual And Desired Superheat Temperature Using ITSMC Under Constant
Conditions Without Disturbance Effects
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Superheat temperature Error signal Using ITSMC Without the impact of disturbance
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Figure 5.30: Error Signal Superheat of temperature Using ISMC Under Constant Condi-
tions Without Disturbance Effects

5.7.2 Simulation Response Results Considering Stepwise Changes in

Return Room Temperature

A. Let us assume that the room temperature changes in discrete steps without external
disturbances affecting the system. The evaluation aims to demonstrate the effective-
ness of the designed Integral Terminal Sliding Mode Controller ITSMC) in achiev-

ing and stabilizing the desired temperature despite these stepwise variations
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Figure 5.31: Actual vs Desired Superheat Temperatures Response to a Unit Step Input
Without Disturbance Effects
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Control Signal of superheat temperature Using ITSMC without the impact of disturbance
T T T T T

Control Signal_external loop

T

[5%3
(=3
(=3
=}
|
1

expansion valve in radian
) I )

(=3

(=3

(=]

Degree of Opening electronic
f=a)
(=3
(=3
(=]
T
I

-8000 = | ! | | ! | ! -
0 1 2 3 4 5 6 7 8 9 10
Time (seconds)

Figure 5.32: Control Signal Response Result of Superheat Temperatures Response Under
Unit step Input without Effects of Disturbance
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Figure 5.33: Error Signal Response Result of Superheat Temperatures Response Under
Unit step Input without Effects of Disturbance

B. Let’s assume that the room temperature experiences discrete step changes with exter-
nal disturbances affecting the system. The objective of the evaluation is to demon-
strate how effectively the designed Integral Terminal Sliding Mode Controller (ITSMC)

can maintain the desired temperature despite these stepwise variations.

55



ITSM with Automatic Gain Tuning Fuzzy Logic Controller, AAU/AAIT, 2024

20000 Control Signal fDegree Of Opening EEV Using ITSMC without the impact of disturbance

Control signal of determine degree of Opening EEV

15000

.

10000

%3
=3
(=3
=}

oﬁ

Degree of Opening
electronic expansion valve in radian

0 1 2 3 4 5 6 7 8 9 10
Time (seconds)

Figure 5.34: Actual and Desired Of Superheat Temperature Response under Step Input
With Effects Disturbance

Figure 5.35: Control Signal Of Superheat Temperature under Step Input With Effects Dis-
turbance
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Figure 5.36: Error Signal Of Superheat Temperature under Step Input With Effects Distur-
bance

5.7.3 Simulation Response Results Considering the High Dynamics of
Room Temperature Variations, Excluding the Effects of Distur-
bance

* Let’s examine the room temperature variation dynamics as shown in the graph below

to evaluate the effectiveness of the ITSMC (Integral Sliding Mode Control) approach

without extrenal Distrurbance

56



ITSM with Automatic Gain Tuning Fuzzy Logic Controller, AAU/AAIT, 2024

35—

Return Room Temperature Dynamics

| | | | L | | J

3 4 5 6 7 8 9 10

Time (sec)

Figure 5.37: Considering the Dynamic Variations in Return Room Temperature for the

Evaporator Coils
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Figure 5.38: Simulation Response Results for Actual vs Desired Superheat Temperature
Considering Highly Dynamic Variations in Return Room Temperature
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5.7.4 Simulation Response considering highly Variation of Return Room

temperatre With Effects of Disturbance
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Figure 5.39: Simulation Response Results of Actual vs Desired Superheat Temperature
Using ITSMC, Accounting for the Effects of Disturbance
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Figure 5.40: Simulation Response Results for Control Signal of Superheat Temperature
Using ITSMC, Accounting for the Effects of Disturbance
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Figure 5.41: S Simulation Response Results for Error Signal of Superheat Temperature
Using ITSMC, Accounting for the Effects of Disturbance

5.8 Simulation Results Using an Integral Terminal Sliding
Mode Controller with Automatic Fuzzy Logic Gain
Tuning

A, Let us assume a constant room temperature of 30°C and a target evaporator outlet
temperature of 10°C. This setup aims to demonstrate how effectively the designed
Integral Terminal Sliding Mode (ITSM) controller, enhanced with Auto Gain Tuning

and Fuzzy Logic, can achieve and maintain the desired temperature.
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Figure 5.42: Simulation Response of Actual vs. Desired Superheat Temperature Using
ITSMC with Auto-Tuning FLC Under Disturbance Effects

59



ITSM with Automatic Gain Tuning Fuzzy Logic Controller, AAU/AAIT, 2024

g X 10° Control Signal of superheat temperature ITSMC with Auto Tuning Fuzzy Logic Controller Under Impacts Of Disturbance
T T T

(=)
I
|

S
[
|

8]

Degree of Opening electronic
expansion valve in radian

(=]

(=]
(S}
%)
S~
w
=
2
0
el
=

Time (seconds)

Figure 5.43: Simulation Result Response of Control signal Superheat Temperature Using
ITSMC With Auto Tuning FLC with effects of Disturbance
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Figure 5.44: Simulation Response of Error Signal Using ITSMC with Auto-Tuning FLC
Under Disturbance Effects

B. Let’s consider a scenario where the return room temperature varies stepwise, while
the target room temperature is set at 10°C. This setup illustrates how the designed
Integral Terminal Sliding Mode (ITSM) controller effective , combined with Auto
Gain Tuning and Fuzzy Logic, can successfully achieve and maintain the desired

temperature despite these variations
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pacts of Disturbance
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Figure 5.45: Simulation Response Results of Actual vs Desiredd Superheat Temperature
Using ITSMC With Auto Tuning FLC with effects of Disturbance
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Figure 5.46: Simulation Response of error signal of Superheat Temperature Using ITSMC
With Auto Tuning FLC with effects of Disturbance
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Figure 5.47: Simulation Response of Control signal Superheat Temperature Using ITSMC
With Auto Tuning FLC with effects of Disturbance
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5.9 Control signal simulation response results for high vari-
ations in return room temperature using an ITSMC

with automatic gain tuning and a fuzzy logic controller

Let’s assume there is significant variation in the room temperature. Meanwhile, the desired

superheat temperature at the evaporator outlet is set to 10°C.
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Figure 5.48: Control Signal Under Simulation response results under high variations in
return room temperature using an ITSMC with auto-gain tuning and a fuzzy logic controller
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Figure 5.49: Actual vs Desired Superheat temperature Under Simulation response results
under high variations in re- turn room temperature using an ITSMC with auto-gain tuning
and a fuzzy logic controller
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Error signal of Superheat Temperature Using ITSMC with Auto Gain Tuning FLC with the impact of disturbance
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Figure 5.50: Error Signal Under Simulation response results under high variations in return
room temperature using an ITSMC with auto-gain tuning and a fuzzy logic controller

5.10 Application Area

The proposed control strategy, which integrates Integral Terminal Sliding Mode Control
(ITSMC) with Automatic Gain Tuning Fuzzy Logic Control (AGT-FLC), provides a sophis-
ticated solution for managing a wide range of thermal processes in industrial plants. These
applications include water cooling systems for data centers, immersion cooling for elec-
tronic equipment, chiller superheat control, industrial boilers, air blasting systems, batch-
ing plant cooling, and regulation of HVAC evaporator outlet temperatures, among others.
The hybrid control approach demonstrates high effectiveness in regulating flow rates and
optimizing performance across varying temperature dynamics, such as constant, step, and
highly variable temperatures, as shown in Fig. 5.57. Simulation results confirm the con-
troller’s ability to handle all types of temperature fluctuations, even when return room tem-

peratures experience unexpected shifts beyond gradual changes.

By combining ITSMC with AGT-FLC, the system dynamically adapts to changes in
behavior, improving overall stability and efficiency in industrial operations. This integra-
tion reduces the need for human intervention, streamlining processes and minimizing the
risk of errors. The robustness of ITSMC in handling disturbances and uncertainties, along
with the adaptive tuning capabilities of AGT-FLC, ensures precise control in complex and
dynamic environments. Ultimately, this approach enhances the performance of industrial
systems while also reducing energy consumption and operational costs across a range of

applications.
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5.11 Discussion

The simulation results show that combining the Integral Terminal Sliding Mode Controller
(ITSMC) with the Automatic Gain Tuning Fuzzy Logic Controller (AGT-FLC) is effective
in controlling the superheat temperature at the evaporator outlet. This combined control
strategy adjusts the electronic expansion valve to manage refrigerant flow rates, even with
changing room temperatures and poor rack configurations, while also handling uncertain-
ties and outside disturbances. The method ensures that the desired superheat temperature is

maintained under different conditions, including dynamic and less-than-ideal situations.

The ITSMC is especially good at managing the non-linear behavior of the refrigerant
flow, keeping the superheat temperature stable at the target level. The AGT-FLC helps min-
imize unwanted fluctuations and reduces both overshooting and undershooting, allowing
for precise and timely adjustments in a two-loop control system. Key advantages of this
approach include improved performance thanks to automatic tuning of control settings, and

stable operation without chattering, made possible by the ITSMC design.

This paper presents a combined control strategy using ITSMC for HVAC systems. Its
goal is not only to regulate the evaporator’s superheat temperature but also to improve en-
ergy efficiency. The simulation results show that the proposed method achieves the desired
superheat temperature in under 10 seconds, quickly reaching stable conditions for refriger-

ant flow and mass flow rates.
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Chapter 6
Conclusion and Recommendation

6.1 Conclusion

This thesis provides a thorough exploration of the history of HVAC systems.It delves into
the mathematical modeling of thermodynamics within the evaporator,focusing specifically
on superheat temperature, evaporating temperature,and the dynamics of the two-phase sec-
tion length. The differential equations are derived by combining energy and mass conser-
vation principles with energy transfer theories.

The main contributions of this thesis can be summarized as follows:

* Development of a mathematical model for evaporator dynamics based on the integra-

tion of mass and energy conservation laws along with energy transfer theorems.

* Implementation of an Integral Terminal Sliding Mode Controller with Automatic

Gain Tuning Fuzzy Logic to improve system performance.

* Design of the electronic expansion valve’s degree of opening, along with the simula-

tion and discussion of the resulting simulation outcomes
* Proving the global stability of the designed controller

¢ Simulate the above formulation Matlab and simulink

6.2 Recommandation ethiotelecom Data center

Ethio Telecom is advancing its energy efficiency by transitioning from traditional data cen-

ter configurations to modular designs at select locations. However, the company still relies
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heavily on air conditioning for cooling, which consumes a significant amount of energy.
Although air cooling systems can achieve desired Power Usage Effectiveness (PUE) levels
and control the evaporator outlet temperature within a desired range, they remain energy-

intensive.

To optimize power usage and reduce overall energy demands, Ethio Telecom should
focus on evolving its data center strategies, particularly as 5G technology becomes in-
creasingly integrated with cloud infrastructure. Continued reliance on air conditioning may
hinder the company from meeting future PUE targets, especially as the demands of modern
data centers increase. PUE is most effective in data centers that are designed to optimize

rack usage, space, and energy efficiency.

Therefore, Ethio Telecom should consider transitioning to water cooling systems, which
have been proven to be more energy-efficient and environmentally sustainable. By selecting
data center sites that offer better access to water resources, such as the Gafarsa artificial lake
and Tena Lakes, the company can reduce operational energy costs in the long term. While
water cooling solutions may require a higher initial investment compared to air condition-
ing, they typically result in lower ongoing operational costs and contribute to significant

energy savings over time.

In conclusion, adopting water cooling technology aligns with Ethio Telecom’s com-
mitment to improving energy efficiency and meeting the growing demands of future data
centers. This strategic shift will help the company stay competitive in an era of rapidly

evolving infrastructure and technology.

6.3 Future works

While this thesis has successfully met its primary objectives, there is substantial poten-
tial for further investigation and enhancement. The HVAC system studied in this research
operates as a cascade with four main subsystems, where the output of one subsystem sig-
nificantly affects the others. To refine the control system, future work should focus on
developing a more sophisticated cascade control framework that incorporates both feedfor-

ward and feedback control strategies.

A key area for development is the application of a cascade feedback controller between
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the superheat temperature and the opening degree of the electronic expansion valve, as
demonstrated in this study. Additionally, a feedforward controller could be introduced to
link the superheat temperature to the compressor speed, allowing for dynamic adjustments
to compressor speed based on varying operational conditions. This could improve energy
efficiency by ensuring the compressor operates optimally in response to changes in system

load.

Moreover, the system could benefit from a feedforward approach that connects the evap-
orator outlet superheat temperature to a variable-speed compressor. This would enable more
precise control over the compressor’s operation, further optimizing energy usage and cool-

ing efficiency.

Additional improvements could involve determining the optimal running time for a
constant-speed compressor and adjusting condenser fan speed using similar principles. Im-
plementing a limit on the compressor’s continuous operation time could help to further

optimize energy consumption, reduce component wear, and extend the system’s lifespan.

By integrating both feedforward and feedback control strategies, the robustness and
cooling efficiency of the HVAC system could be significantly enhanced. This dual-control
approach would enable the system to maintain optimal performance across a range of op-
erating conditions, leading to improved energy efficiency and system reliability in future

applications
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Appendix A

Mathlab Algorithm for
Superheat,evaporating and Two phase

Section

Evaporator [yl,y2,y3] = fcn(Tr,x2,x1,u)
d=0.0081026;% inside diameter
A=0.00005156;% Cross Section area
h=1;% Refrigerant Enthalpy Difference
D=1300;% Refrigerant Density
y=0.93;% void mean fraction

ql=4;

q2=3;

x0=0.2;% Vapour quality
al=—(dspixql )/ (Dxh*(1-y)*A);
bl=(1-x0)/(D*(1-y));

z1=0.368;

2z2=0.4005;

[z]=22%x2+21;

a2=(d=pixq2)/(z+h);

c=1;

m=0.00173;

b2=x0/2z;

L=11.5;
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[yl]=al*(Tr-x2)*x1+bl*u;% two phase lenth
[y2]=(-a2/z)x(Tr—-x2)«x1+(b2/z)*xu-m/z;%evaporating temperature
[y3]=(Tr—-x2)*(1-exp(—c*(L-x1)/m));% superheat temperature
\\

Two_phase_Section (Tr,x1,x2,u)

d=0.0081026;% inside diameter

A=0.00005156;% Cross Section area

h=1;% Refrigerant Enthalpy Difference

D=1300;% Refrigerant Density

y=0.93;% void mean fraction

ql=0.4;

x0=0.2;% Vapour quality

al=—(dspixql )/ (Dxh*(1-y)*A);

bl=(1-x0)/(Dx(1-y));

dxl=al «(Tr-x2)*x1+bl=xu;
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Appendix B

Algorithm for Tuning Fuzzy Logic

Controller

[System ]
Name="A Fuzzy logic controler tunig algorithm’
Type="mamdani’
Version=2.0
NumlInputs=2
NumOutputs=1
NumRules=9
AndMethod="min’
OrMethod="max’
ImpMethod="min’
AggMethod="max’

DefuzzMethod="centroid ’

[Inputl ]

Name="ErrorD”’

Range=[-1 1]

NumMFs=3

MF1="N3’:’ trimf ’,[-3.667 -2 -0.3333]
MF2="73":" trimf ’,[-1.667 0 1.667]
MF3="PS3’:’ trimf > ,[0.3333 2 3.667]
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[Input2]

Name="Error’

Range=[-1 1]

NumMFs=3

MF1="N3’:’ trimf ’,[-1.833 -1 -0.1666]
MF2="73":" trimf *,[ -0.8335 0 0.8335]
MF3="PS3’:’ trimf > ,[0.1666 1 1.833]

[Outputl ]

Name="tri "’

Range=[0 10]

NumMFs=3
MF1="B3’:  trimf ’,[-4.167 0 4.167]
MF2="73":" trimf * ,[0.8333 5 9.167]
MF3="S3"’: "’ trimf * ,[5.833 10 14.17]

[ Rules ]

I 1,1 (1) : 1
1 2,3 (1) :1
1 3,2 (1) :1
21, 3 (1) 1
22,2 (1) =1
23,1 (1) 1
31,2 (1) 1
32,3 (1) =1
33,1 (1) =1
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Appendix C

Designed Control Algorithm

function [Ueq_1, RI, R2, error_1, Ueq.2, R3, R4, alpha_1, alpha 2, errc

% Define constant parameters

L =11.5;
lambdal = 8§;
lambda2 = 4;

xo = 0.02; % Refrigerant vapor quality

Beta_1 = 10;
Beta_2 = 1;
Beta .3 = 4;
Beta_4 = 10;
z1 = 0.368;
z2 = 0.4005;

d = 0.0081026; % Inside diameter
q2 = 0.5;
h = 105.9;

% Slopes for evenly distributed refrigeration
Z =22 % x2 + zl;

a2 = —((d %= pi * q2) / h) / Z;

b2 = xo0 / Z;

% Two—phase section length parameters
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A = 0.00005156; % Cross—sectional area
D = 1300; % Refrigerant density
= 0.93; % Void mean fraction
ql = 0.4;
al = —(d = pi = ql) / (D * h % (1 —y) = A);
m= 0.00713;

% Compute dx1 and dx2
dxl = al % (Tr - x2) % x1 + bl = u;
dx2 = (a_2 % (Tr — x2) = x1 + b.2 * u —m) / Z;

% Error 1: Superheat temperature error

error_1 = Tsh — Tshref;

% Integral of error 1

error_intl = lambdal * error_1;

% Integral sliding surface 1

S_.1 = error_1 + lambdal % error_intl ;

% Equivalent controller calculation 1

% Prevent division by zero by \\adding a small epsilon
epsilon = le-6;
Ueq-1 = (—alpha_2 + lambdal = error_intl) / (alpha_-1 + epsilon);
Ueq_1_int = (—alpha_2_int +lambdal % error_intl "2) / (alpha_1_int -

% Control terms RI1 and R2 for the first part
R1 = Beta_l = S_1 / (alpha_1 + epsilon);
R2 = Beta_2 % S_1 / (alpha_1 + epsilon);

% Integral control terms for Rl and R2

R1_int = Beta_l % error_intl / (alpha_1_int + epsilon);
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end

\end

R2_int = Beta_2 % error_intl / (alpha_1_int + epsilon);

% Overall external loop controller
Ul_int = Ueq_1_int + R1_int + R2_int;
Ul = Ueq-1 + RI + R2;

% Define Teref_dot
Teref = Te % Ul_int;
Teref_dot = Te_dot * Ul_int + Te x Ul;

% Error 2: Temperature error

error_.2 = Te — Teref;

% Integral of error 2

error_int2 = lambda2 * error_2;

% Integral sliding surface 2

% Equivalent controller Sliding Mode (ISM)
alpha 3 = b.2 / Z;
alpha 4 = a2 % x1 % dx2 + a2 % (Tr - x2) % x1 — Teref_dot;

% Prevent division by zero by adding a small epsilon

Ueq.2 = (—alpha_4 - lambda2 = error_int2) / (alpha_3 + epsilon);

% Control terms for the second part with ISM
R3 = -Beta_3 % S_.2 / (alpha_3 + epsilon);
R4 = —-Beta_ 4 = S 2 / (alpha_3 + epsilon);
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