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Abstract

Energy and costfficient managementofau i | di ngés t her mal proper
ventilation and air conditioninHVAC) systemscontrollersto be working at optimasettings
However, many HVAC systems employ nonlinear time variances to deal with issues that affect
t he syst enpérationoThe present worl considers an HVAC sys&triviemorial
Uni v er s.iQanew Buildi8gwhich has beemathematically modeledsing a state space
multi-input and multioutput system (MIMO) approach for analyses and control system design
An IDA-ICE (Indoor Climate and Energy) simulation program has been agpfietbdeling he
building, note that the foustory Carew Building includes an diandling unit (AHU) on every
floor . Compared with real d a tiom, the simulatechamnugl e ar 0 S
power consumption for the building shows good agreement. Bagbdtalata, two scenarios are
applied for building the system models. Scenario 1 considers the HVAC system as a single unit
with energy consumption (kWh) as inputsdazonal temperature and g@oncentrations as
outputs. By employing the MATLAB system idéitation toolbox, a MIMQbased system forms
the basis for a state space model. In the model for Scenario 1, there are eight main AHU inputs
(hot water power usagmdpowerusage) and eight main outputs (return airflow temperature and
CO levels). The site feedback controller obtains good results for both responses rise time and
stability. I n Scenario 2, there ar aturksachwee AHUSs
main inputs (hot water, interntéd-internal air flow, and externdb-internd air flow) and three
main outputs (static air pressure, €vels, and temperature). In the first AHU (AjUwe apply
stateof-the-art fuzzy logic controllers (FCs) to control fan speeds, Cfconcentrations, and
temperature in the building in accordanaith the flow rates for air and hot water. This strategy

represents a novel approach for adapting FLCs by modifying fuzzy rulethsiBgnulink. The



modified sysem shows improved levels of thermal comfort. The final part of the work presents
the desig for a supervisor fuzzy logic controller (SFLC) that can be applied to the entire S. J.
Carew BuildingHVAC control This SFLC features 24 inputs anddi#puts anémploys a state
space model that considers each AHU as an individual sy3teenSFLC detided design and

system simulation results are presented in this thesis.
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Introduction and Literature review

1.1.Introduction

Energy demand for coreuction has increased significantly over the last two decades, mainly
due to emerging market economic growth. This leadsgb energy cosand high pollutiorf1]. To
overcome these two problems, many studies focus on energy saving and renewable energy productior
The building's heating, ventilation and air conditioning (HVAC) system provides comfort to residents.
Since heating andooling loads change ovente, the HVAC control system should provide comfort
in all cases. Proper control of the system also reduces energy consumption. The HVAC system is alsc

responsible for adding fresh air to the building.

The modern approach to apizing internal air qualitymanaging indoor environments and
lowering operational costs is to install a heating, ventilation and air conditioning (HVAC) system. In
large commercial and industrial structures, HVAC systems comprisgehodeof the power

consumption[1] -[4].

The main purpose of installing and using an HVAC system in a structure is to improve the
userso6 ability to control the airievgammmfortable f or
interior environment. Nowadays, HVAC systems have becomemdgydhat they account for more
than half of the wor | (bp[8]. Partwkthe achsbn far thesimcigase it o n s u
usage of these systems is their ability to optimize the efficiency of the heating and cooling processes.

There are other reasons for the increasing use of the HVAC system, $6é4h as

1. The HVAC g/stem can continuously improve the air quality by replacing the indoor

air with fresh air, which is filtered for optimum quality.

2. The HVAC system is heated and cooled in one unit. This not only saves installation

space, installatiotime, anccost but also reduces the required energy consumption.
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3. The system also works with renewable energy, sometimes in the form of solar panels.

Energy saving is even better because the coolant is not based on chlorine; it damagee tlag &z

These systems aim to create an interior environment which highlights energy efficiency, cost
efficiency, and user comfort, all while mitigating adverse effects that may be caused bschee
energy usagfl]. The ideal approach to maintaining optimal system performance under circumstances
of changing variables involves applying a control system that is specifically tailored to the structure.
One approachpplies data to develop a mathematibased HVAC system kich uses input/output
variables for both ascertaining and setting the parameters for the system. The advantagkioédata
HVAC systems is that they are easily able to find strategies thatwaitbive and refine the system.
Although the research shewthe promising potential of using simulation software to estimate a
buil dingbs structurebés dynamic response, ther
main issue, beyond the tirm@nsuming nature of the software, is that the resuiis te lack crucial
information on a buildingés fast dynamic beha
a discrete time step which is usually set for-bpar time frames. In this sa, if data are required
related to théastdynamicbehavior of a specific control strategy such as ON/OFF, these data will be
unobtainable, as they are located within the-loogr time step. Such issues can cause systieie
problems and skew results due to data scarcity.

S. J. Carew buildingvith an inteior size of 25,142 mis used as a case studyhe building is
|l ocated on the campus of Me mo r .iTheke and four individgal t vy ,
air-handling units (AHUSs) inthe building. Figure 1.1 shows clearly the apply fan and the heat
exchanger of the AHW There is some reasoning for selecting the S.J.Carew building. The energy
inefficiency and cost inefficiency comparing with buildings on the campus. The building has four
AHUs and Four floors that is means each level has AHU sepaedteough it will be easy to present

the model as Mullinput/Multi-Output system with 12 inputs and 12 outputs.
3



Also, there are some issues for heating system such as the valves of some radiators on the thirt

floor, some of the rooms in this floor hauest one thermostat.

Figurel.1 Apply fan and the heat exchanger of the AHU

Figure 1.2 shows the building of the central heating plant at the campus, which supplies hot water
for most buildings ortampus atdmperatures as high as 168 °C by the primary side (red pipes), as
shown in Figure 3.1. Each building has heat exchangers to reduce the high temperature to 81 °C,
approximately as shown by the secondary side in the figure. Also, the figuraitsdtvo eturn pipes
(pink pipes). The first one retunes from the building, and another one returns directly from the heat

exchangers.



Figure1.3 Main heat exchange(€onverbr 9 andConveror 10)
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1.2. Literature review
1.2.1. Modeling of the system

In the literature, these model§ the HVAC system, which are having the inputs and output
data classified as stem identification (SI) model&arlier research classified modeling methods as
either a gray box or a black box. In the grey box approackexpséing knowledge was requiréd
build the model, whereas none was required for the black box approach. Hence, the black box modeling
stratgy has become more popular with researchers. In relation to HVAC systems, some examples of
blackbox models include polynomial forms (e.g., ARMAXRX, OE, and BJ)Despite its ease of
use, the black box approach often ignores the physical propertiesystean and presents design

problems implemented in a suitable environment.

There are several examples of black box strategies being employezkimt research. For
instance, ChMan Yiu et al.[9] applied the black box method to -awnditioning systems by
comparing two ARMAX models. One of the models was a stirgdat/singleoutput system, and the
other was a muHinput/mult-output (MIMO) system. In their MIMO sysin model, ChiMan Yiu et
al. [9] applied parameters obtained from recursive extended least squares calculations. Another
research group that worked recently with Itheck box method is Mustafaraj et[&a0], who looked at
humidity and temperature models (ARMAX, ARX, OE, AND BJ) in commercial office buildings. In
[11], these same researchers employed nonlinearregtessive models (with NARX input$d
measure humidity and temperature levels. Theytbeampared their test results with results from linear
ARX models. Mustafaraj et all11] also investigated how CGOconcentrations impact model
performance,b&sd on t he understanding that a Jbeuelsl di n
In related work, RaljlL2] modeled heat dynamics to perform dynamic analysis of energy consumption,

while Sondereggejl3] and Boyer et al[14] did essentially the santhing butusing differential
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equations instead. Note that, in dynamic models, system idatitficand parameter estimatiare

considered by many researchers to be thesselife process of investigation.

Recent research points to the validity of applying system identification (Sl) as the ideal method
for energy simulation when the amistoamaly a bui | di n @lingsystema Hi5h g an
Lowry and Lee used a datkiven model for estimating thermal response, whilgl6], Madsen and
Holst employed a similar Sl strategy, using data from discrete time performance to estimate the heating
dynamics in a building. Ifil7], Cunningham used the SI approact
release rates according to psychometric data, and Mechagrane and Z@8alapplied Sl to estimate
air temperature readings in apartment buildings. Other studies compared test models and theoretica
estimations by employing simulation software (e.g., TRNSYS). Utilizingadegy that employed a
onehour time step, Pego etal. iMl9)appl i ed si mul ati on software t

based on discrete time results calculated in simulation software.

The present work employs the grey box approach to model dyngstérss, as this strategy
all ows i nfor mat ermal charactersticshtaibe hadvesi2@d-R22]. Intgéneral, grey
box modelaise continuous time stochastiifferential equationas well as discrete time measurement
eqguations. By utilizing performance analysis tools (e.g.-IBE, TRNSYS, HVACSIM+, energpglus
and eQUEST) set to one hour fawer timeframes, it is possible to estimate the annual energy
cosumption of a specific HVAC system by apply
thermal performance. These estimations can be further refined by comparingrfplartioad

performare results for different design optiof23]-[26].

A cursory review of the terature shows the evolution of HVAC systems. When the systems
were first introduced, the modeling focus was on heat and humidity [@8V&I1]. Then, a nonlinear

HVAC model based on a temperature/humidity ratio coupled with an observer that gauged
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thermal/moisture loads was debuf@d], [28], which led to the development of an adaptive fuzzy
output feedback controll¢29] based on the HVAC system observer. Next, researchers buildel mo
featuring a decentralized nonlinear adaptive contr{@@} as well as a bae&tepping controllef31].
Subsequent research focused on getting rid ofd@@centréons in the interior environment, as these
have negative effects on the general level of user cof3f)it[33]. From these investigations came a
hybrid HVAC system wich could maintairthe temperature atontiguous states while dealing with

CO: concentrations as discrete stdt@4], [35]. However, because the continuous and discstates

are interdependent, integrating these two dynamics in a model would be the logical next step. A
dynamic systembébs <current state predicts that
variables. Hence, control systems, by aiming for ifigemontrol targets, essentially form a stable state

from a nonlinear system.

1.2.2. Control strategies

In current AHU unit system design, a strategy known as feedback linearization is used
extensivel\{36]-[38]. Utilizing state feedback to develop subsequent system dynamics creates a multi
input system which is controllable via a linear state model. Feedback control is then developed by way
of a stepby-stepprocedure devised according to clo$edp eigenvalues inserted at specific points.

For more details on this process, please see Chapldre outcome of this development has led to

intelligent systems, as explained below.

Intelligent systems fornthe bais for Building Intelligent Energy Management Systems
(BIEMS). The primary aim of BIEMS is optimizing energy consumption in a structure while also
optimizing the structureodés interior comfort |
commecial or industrial buildings (e.g., office towers, hotels, and university facilities) for controlling

and tracking the structureds envir on meffettimel pa
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microclimates. Following the somewhat suxsfel gplication of conventional control systems in
BIEMS, intelligent systems have shown enhanced improvement when conventional systems are

replaced with fuzzy or even neural techniq[82§-[42].

Conventional control approaches require th
modd, whereas intelligent systems do not require mathematical or indeed any modeling. Through the
application of intelligent controllers in a system, there is no need to gauge variables like temperature,
air speed or humidity43]. Instead, comfort levels can be chosen by employing optimized fuzzy
controllers thatitilize adaptive control strategies informed by genetic algorithms. The newest furnace
installations in homes are using fuzzy logic control via adaptive heating control to enhance comfort
levels while ensuring better energy efficiency and lower dddfs Fuzzy controllers have also been

installed for modulating air flow, with impressive resiuts], [46].

Although there are many different methods for using fuegic as closedoop control, fuzzy PI
controllers are the most populpt7], [48]. This approach employs processrived measurement
signals fothefuzzy logic contoller (FLC) inputs/outputs to the actuators. Generally speakiiugzg

PI controller is essentially andremental controller. Equatiod.l) expresses a traditional fuzzy Pl
controller where fuzzy rules dictate the outpjdt8]. For additional details on FLCs, please refer to

Chapter4 on the FLC in AHU.

Since the introduction of HVAC systems around four decades ago, numerous control approaches have
been developed ithe research and industry for use in various applicati@.g., Honeywell50];
Levenhagen and Spethmajai]; Wang and Ji52]; ZaheetUddin and Zhend53]; Hordeski[54];

Haines and Hittl¢55]; Nassif et al[56]; Wang[57]). In the developed methods, primary supervisory
control is especially popular and has been categorized as eitherlmasdel or moddtee, as well as

hybrid or performance mapased. I58], Kana@raj, Sivashanmugam, and Paramasil@oked at
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tuning input scaling factors in controllers using parameters based on error and process-inabosed
systens. The purpose of their researf8] was to improve the controller's performance for setpoint
charge and load disturbances with the online setting method, which significantly reduced operator
input This method uses an intelligent uppevel supervisory fuzzy controller (for introducing suitable
changes to achieve the main goals of the system) amdealevel direct fuzzy controller (for providing

resolutions to issues that might arise).

A coupleof years later Soyguder, Servet, Karakose, and f89] applied Simulink as a basis
for modelingHVAC systems with variable flowates. Their fuzzy adaptive contess, which featured
selftuning PIDs for allocating PID parameterskip (Proportional gaij Ki (Integral gain, andKd
(Derivative gain, performed equally as well as conventional PID or fuRBy type controllers.
Shepherd and Bat{$0] applied a higHevel fuzzy supervisor to make control decisiofse goal of
the strategy was to improve air djtig lower costs, and regulate temperature through the use of a
modified fuzzy supervisor. Their test results showed the viability of their approach in achieving their

stated outcomes.

In [61], Lianzhong and Zaderuddin developed a ndinear dynamic model to heat water in
HWDH systems using an intelligent fuzzy logiased hybrid control approach. Tiesults of the fuzzy
logic-based PI simulation tests showed improvements in water return temperature, espleeratlye
approach included IATP methods in zonal air temperature control. The results also showed that lower
power consumption led to improvethergy savings of around 17%. Improving energy consumption
was the main aim in research conductefb2], where Hussain, Sajid, and Gabbar employed GAs to
tune an EC. Their test results indicated that their air conditioner provided 15% more energy savings
than those which used basic @NFF controls. Additionally, the diemfort index fell from 91% to

62%. Finally, researchers [63] proposed lowerand highetlevel controllers, with the lower level
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being a conventional PID controller and the higlesel being a fuzzy controltehat controlled the

parameters of the lowdevel.

The present research uses a fuzzy control approach for improving energy and cost efficiency as
well as thermal/air qualityomfort levels in an interior environment. Because fuzzy controllers are able
to coll aborate with incomplete control proces
modeling of noAdinear processes, which can then be applied in HVAC systemsh(atemonlinear).

Furthermore, the mulinput/multi-output parameter options @nfuzzy controller are easily controlled

1.3.Resarch objectives

There are six primary aims in this study.

1. Ouir first aim develops a simulation for a whole building, using IDdobr Climate and Energy
4.7 as a simulation program and compare this data withaladata from the Department of
Facilities Management at Memori al Uni versit
for thewhole year 2016

2. The £cond aim is to & system identification viability as a means for shortening the calculation
times needed to simulate more complicated structures in Air Handling Unit One (AHU1).

3. The third aim is to test the usefulness of system identification irddrification of tle dynamic
for structural climate control design when applying discrete timefdatmehour samples.

4. The fourth aim is to develop a state feedback controller and then apply it ttvesogtimal
functionality of a control system.

5. Fifth aim to develop frzy logic controllelFLC structures that featusex inputs andhreeoutputs
and use this to develop a controller in an AHU1 state space model.

6. The sxth aim is to develop supervisor fuzzy logic controf#fLCthat featurs 24 input and 12

outputs for all building modeling building each floor as a sepamatstenresults in fouspatial
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models that offethe advantage that the rules of teepervisor controlleare reduced to 180
Also, by adding additional rules betweemetentry steps, the SFLC can control enesaying
features and results in an improved performance in thenbgesatd cooling of buildings.

To achieve the stated objectives, the following steps need to be taken:

1. Employ a commercially availableomputer simulation program which has the ability to
measur e/ model a builevels, angl 8tatic dressen phesrp@dramrsieould C O
al so be able to measure/ model the buil dincg
recovery, and ultintaly be able to develop a building model which uses these measurements to

include four airhandling units as features

2. Run simulationsof HVAC systemson the four akhandling units, measuring individual room
comfort levels (e.g., static pressure, tempgmetc.and gaugi n genetgjusagesy st e
3. Use MATLAB to run a series ofraulation teststo measure the performee levels in potential
and adopted control strategies
4. Following the adoption of control algorithms and rules, appbotetical analysito measure
overallcontrol performancas wel | as the specific O0.prosé e
5. Using Honeywell software data, analyze control performance and any enhancements to the

quality of the indoor environment.

1.4.Challenges of the research

In addition to the steps outlined above, several issues related to the design of the building and
controller must beesolved if the stated objectives are to be achieved. The most important of these

issues are listed below, in no pautar order.

1. MATLAB and Simulink are used for th&mulation test@and involve auzzy logic controller
Using this particular controllet e si gn, we will not be able to

levels
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. The construction maps referred to in the prbgee dated and do not include recent renovations
and additions such as the Suncor portion of the building or the cafeteria

. Several otheinputsoutputs(e.g., number of occupants, wind direction, etannot be validated
duringsystem identification

. There are numerous kinds of pollutants in a typical building, not all of which need to be monitored
and/or controlled. This makes indoair-quality monitoring a very complex situation. Overall,
however, the controller should provide good adaptabilityt fasponse, small degrees of
overshoot, and an intelligent algorithm tha
presentcontrol strategy takes certagoncentratios of CQ; in the indoor environment for a
control signalbut it can bémpacted by issues relatedltmsely defined parameters or improper

(i.e., faulty) measurementd herefore, theontrollerneeds aintelligent algorithmwhich is not

only has a fast response time but is also highly adaptable to changing circumstances

. Simulation tests performed during the winter months, which means that we were only measuring
and recording system variables for the heatingegss (not the cooling stage). Because the
weather is very cold in this region for most of the year, that is nibartseating system always

on all the year, and we can see that clearly in the table of consumptions of the energy in next
chapter.

. The softvare uses boilers as a hot water supply, whereas the primary hot water supply for the
entire building comes from threain room.

. Numerous pieces of equipment and moveable infrastructure, such as cookers, fridges, freezers.
TVs, computers, etc., were not &kinto account in the heating/cooling features, even though

they can contribute significantly to theslements.
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1.5. Organization of the thesis

This thesis is organized in a manuscript format, including four journal papers as chapters. The
journal papers conigted during the resear@mnddemonstrates the objectives and related tadks
overview of each chaptés explained as follows

1. In Chapter 2we model the S. J. Carew building on the campus of Memorial University, St.

Johnos, Ne wf o u n thée smuldtiorbtgol IRANrEdoClimate gnd Energy (IDA

ICE) 4.7. Wethen look at energy consumption in the Carew Building before developing an IDA

ICE model library as well as 3D and heat models. We use the@@EAfor examining various

climatezonesih he structureds interior enesiofilCoaptenent .

2 are as follows:

1) Use the tool IDAICE to model the S. J. Carew building

2) Do a comparison of with@®A-CE datambrder te determineoegegygy d ¢
consumption differences (if any)

3) Measure timesaving values (if any) irusing the system identification (SI) method for
simulating thestructure.

4) Apply the results from the system model simulation to determine whether there are any
dynamics associated withte Car ew buil dingds interior cli

2. In Chapter 3, we applyeatlife data for the whole building and validate the results. We also
examine the usefulness of system identification (Sl) for-tiegiction in simulation calculations

for large buildngs. As well, we gauge the usefulness of Sl in identifying climateaaynamics

when employing samples of oheur discrete time datkinally,in Chapter 3, walsoinvestigate

the validity of a state feedback controller using a state space model.

3. In Chapter 4, we use the IDKCE 4.7 tool to build a simulation for tife. J. Carew building.

Launched in 1998, the IDACE energy program was developed to study thermal climate zones.
14



4.

Our simulation tests power usage for both heating and cooling and witlacatively look at
results presented in where rdif¢ data were agped to build systems for entire structures.
The three main aims of the present study are as follows:
i. To test the applicability of using Sl to reduce the time required for calculaiteied to
simulating complex structures found in AHU
i.h To test SlIo6s viability to identify dhouramic
discrete time data.
iii. To build fuzzy logic controller structures wisix inputsand threeutputs and tbn apply these
structures as controllers for the Aldéfate space model.
I n Chapter 5, our primary aim is to oddfei miz
demands. As the Carew Building features four AHUSs, the state space model istbdgbswoiur
stated purpose. Furthermore, as our Sl data were harvesiegl tthe winter months (November
to April), the air conditioner was not being used at that time. There are four AHUs in the S. J.
Carew Building (one AHU for each floor), which featihreeinputs ™Y andthreeoutputs ¢
each, or 12 inputs and 12 outp in total. The three inputs are: 1) fresh air (external source), 2)
supply fan speed, and 3) hot water valve (for heating coil/zones radiators), while the three outputs
are: 3) CQ levels(measued asparts per milliofPPM]) to regulate fresh air dampers., 2) static
air pressure £(measured as inch in water [INW]) of the ducts to regulate supply fan speed, and
3) return air temperature to regulate hot water valve aperture. Please refer toLfaptetailed
information on the state space model applied in the Aetintroller designOverall, the present
research aims to investigate the following:
1) A fuzzy level control approach which regulates the four AHU outputs to consistently maintain

thedesired temperaturedasic air pressure, and GOoncentrations.
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2) The optimal strategy or strategies in using fuzzy control to obtain the most suitable outcome
(i.e., action) in every parameter, to be determined paraimefgarameter.

3) Whether the promed fuzzy supervisor nasuccessfully determine if an action is beneficial or
not to the entire system regarding overall performance levels.

4) Whet her the proposed fuzzy supervisor i s al
overall performancéevels of heating andooling, with the individual demands of every floor

being considered in the performance evaluation.
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2. Modeling, Energy Consumption Analysis of a Large Building at Memorial

University

Preface

A first manusript has beersubmittedin the Journal of Energy at Hindawi. | am the primary
author of thigournal Along with the ceauthors, Tariq Igbal and Kevin Pqpenodel the S. J. Carew
building on the campus of Me mor i alemgdymg thee r s i t
simulatian tool IDA Indoor Climate and Energy (IBECE) 4.7. We then look at energy consumption
in the Carew Building before developing an IBBE model library as well as 3D and heat models
conducted the literature review, performed diauation, and analysishe resultsThe ceauthors
helped in providing reviewed and corrected the achieved results and contributed in preparing,
reviewing and revising the manuscript. Alscontributed through support ithe conceptual

development of thetudy, research methottmy design, analysignd discussion of the results.
Abstract

In this paper, energy consumption analysis and a process to identify appropriate models based
on heat dynamics for large structures is presented. The analysis usesahtzaing, ventilation and
air-conditioning (HVAC) system sensors, as well as data from the indoor climate and energy software
(IDA Indoor Climate and Energy (IDACE) 4.7 simulation program). Energy consumption data (e.g.,
power and hot water usagejraes wel with the new models. The model is applicable in a variety of
applications, such as forecasting energy consumption and controlling indoor climate. In the study, both
dataderived models and a grépx model are tested, producing a complex bugdmodel with high
accuracy. Al s o, a case study of the S. J. C

Newfoundlandjs presented
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Keywords: State space model, building modeling and simulation-I0& program, HVAC, energy

consumption, systemdertifi cation

2.1.Introduction

Heating, ventilation and air conditioning (HVAC) systems are crucial for indoor climate
management and air quality. These systems are also a key factor in overall operational costs. For
industrial buildings, nearly orhird of the erergy usage depends B¥VAC system operatiofi]-[3].

The recent rapid industrialization of the wor
demand, dllowed by a rapid rise in pollution levels. As a result, researchers are gatgggiways to
mitigate or prevent further environmental damage through a combination of conservation methods and

wide-scale adoption of renewable energy systgts

Ideally, HVAC (heating, ventilatignand airconditioning) systems are developed to form an
interior environment that provides ussymfort with operational codfficiency. To maintain
consistent usecomfort and affordability amidst changing \abies,a suitable control system is
needed. Several options have been modelled. One popular method uses data to create a mathematic:
based HVAC system that considers input and output variables to find and set system parameters. Data
driven HVAC can readyl idenify strategies for system refinement and enhancement. These types of

model determination are termed system identification (SI) in the literature (ASHRAE,[3D05)

In previous studies, researchers categorized modeling approaches into two main types, namely
black box and gy box. For the black box method, no prior information is required, but for gye gr
box strategy, there must be a reservoir ofgstingknowledge. Due to these constraints, the black
box modeling approach is generally better represented in the literature. Examples of black box models

applied to HVAC systems are polynomial forms such as ARX, ARMAX,adl OE. Despite its
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popularity, the tack bo« model strategy overlooks the physical features of a system, leading to issues

aroundthe practical application in reatiorld designs.

For example, ChMan Yiu et al[6] looked at black box strategies for-awnditioning systems.
The researchers contrasted two ARMAX modetlke first, a singleénput / singleoutput system, and
the second, a multhput / multroutput (MIMO) system. For the MIMO system, @an Yiu et al.
[6] employed parameters derived from the recursive extended least squares method. Mustafaraj et al
[7] investigated temperature and humidity models (ARX, ARMAK], and OE) for office
environments, using a black box approach. The same resedBjlmstinued their work by applying
nonlinear auteegressive models with NARX ings to gauge temperature and humidity lewehile
comparing and contrasting the outcomes for these models with those of linear ARX models.
Additionally, Mustafaraj et al[8] examined CQconcentrationso6 effect
considering that oapancy levels in a building are directly correlated to,(Rabl [9] provided a
summary of approaches applied for dynamic analysis of power usage by modeling heat dynamics.
These models were applied in studiesSopndereggefl0] and Boyer et al[11], using differential
equations. For dynamic models, parameter estimation and systéifiddton are essentially the same

Processes.

This research uses the Gray Box method to model dynamic systems. This precise and global approac
makes it possibleogetherinformation about the thermal properties of struct{it@$-[14]. Gray box

models use discrete timing equations and continuous time stochastic differential egaatidWé&C
systembébs yearly power usage can be predicted
SIMBAD, EnergyPluseQUEST, HVACSIM+, IDA ICE, and TRNSYS at set time frames (hourly or

less) in accordance with a setof equatismse s cr i bing a buil dingés ther

comparing various design options are usually made foilgadtand fulload perfamance[15]-[18].
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This paper simulates a whole building (the S. J. Carewibuildy i n St. Johnods,
using the IDA Indoor Climate and Energy (IB&E) 4.7 simulation program. In addition to examining
themoe | ed structureds power use, the study inv
parameters), and an IDKCE model library. The IDACE was developed to investigate different

thermal climate zones occurring in indoor environm§grh@s.

Exact details of theonstruction of the building and logged data from Honeywell software use as the
detail to build the model of the building in IDICE software We propose 12 inputs and 12 outputs
dynamic model for the system. The dynamic maslebquired to design and tes/stem controllers

before actual implementation. To determine a state space system model, we use the Matlab systen
identification toolbox. For the model determination, we used data from-ITEA software.
Contributions of thigpaper are building data, egposed system dynamic model, a method to determine

the system model, and developed system dynamic model parameters. The primary objectives of this

paper are:

1. Apply the IDA-ICE software to model the S. J. Carew building (MaaloUniversity, St.
J o h Néwdoundland), all real dimensions and building materials information are available.
This is the reason for selecting the building, which the Department of Facilities Management
and the Honeywell office are responsible for fimgrand monitoring the system

2. By using the IDAICE software we can divide the single valve of hot water coming from the
main room to four distinct units, enabling eachtandling unit (AHU) to have an individual
valve for control the mechanical hot waflow for each zone as ahet input of the system
are supply fan speed and fresh air dampers position.

3. Compare the data from the IDIEE softwarewith the building logged data for validating the

power use outcomes
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4. Determine the potential of applyingettsystem identification approach to reduce the time
needed to simulate the building and use the system model simulation results in identifying the

dynamics related to a buildingbés climate ¢

2.2.The building for thi s casestudy

A case study on the S.Qarew building, with an interior size of 25,142 im conducted. The
building is | ocated on the campus of Memori al
several teaching rooms and research labs for the®e i al 6 s Facul ty pbel Eng
Science. The building also features a large cafeteria. There are four individbhahdling units
(AHUS) in 300 zones within the building. Figuzd illustrates a 3D model for the structure, applying

the IDA-ICE softwarementioned in the previowsection, while Tabl@.1 provides an energy report.

Figure2.1 3D model for the structure
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Table2.1 Energy report for the building.

EGUA. Ipt data Repo Building envelope Windows
SIMULATION TECHNOLOGY GROUP
U UFrame | U Total
. o . Area U*A Area U Glass U*A
Project Buiding Building a |Wim %oftotal | Side Wim ?|Wim *
m 1 m 2 m 2 K) K]
-] K] WK [m 7] | Wi Y| K] K [WIK]
Customer Model floor area 251417m ?
Walsabove | guo19 | osa | ao0224 | adss N | 17436 286 2 2| 48351
ground
Created b Almahdi Abdo-Allah Model vol 8
reaed by mandt Aodo-Ata ocelvolme AW Roof 10529.8 017 1811.13 20.3 E 131.08 2.86 2 277 363.49
Location Newfoundland (St. Model ground 105445m ?
John's area Windows T13.73 2771 1979.24 22.18 S 21324 2.86 2 211 591.35
Airport) 718010
Climate file  {CAN_NF_St.Johns.7180 Model envelope 294400m *
10_CWEC area Doors 201.72 0.59 118.38 133 W 195.05 2.86 2 2.7 540.89
Case building2017_AHU8 Average U-value  |0.3031Wim  2K) Walls below
around 0 0 0 0 Total 713.73 2.86 2 217 1979.24
Simulated 1/19/2017 22:04 Envelope area 02283m fm ° Floor towards
per Volume ground 10544.5 0.09 991.82 1111
Total 18567.2 041 | 7689.82 100

2.3. Simulation Tool

The S. J. Carew building is modelled by employing HIZE as a dynamic thermal simulation
tool. This program is selected because it is widely accepted as a viable thermal building performance
simulator towards the study of power usage imddor thermatlimate of whole building§l9]. The
IDA-ICE softwareuses symbolic equations framedaimodeling language and a variable tistep
differentiatalgebraic (DAE solver)The models, which can be expressed through Neutral Model
Format (NMF)/Modelica and act as both computer coderaadable document, which are applicable

to various simulation environmer&0], [21].

The simulation tool IDAICE 4.7 is employed to predict the power usage andiantelimate
of the S. J. Carew building. The IDIEE 4.7 tool is ideal for modeling of multipleone HVAC
systens as in the S. J. Carew building. IBGE 4.7 is able to determine the general thermal comfort
level of the building by measuring the interaal quality (IAQ) and performing dynamic simulations.
The heat exchanger uses controllers to maintain zonal tatapes, which can be set as fixed points

by modulating control valves. Meanwhile, in the real system (as shown in Bigura hot water vake
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coll ects relevant data for water heated by a
single vdve for its hot water production, the IDKCE software divides the single valve into four

distinct units, enabling each diandling unit (AHU)to have an individual valviR2], [23].

Figure2.2 AHU: for S.J. Carew building

2.4.Building Model

IFC files were used to develop a simulation model from the building information model (BIM).
As shown in Figur@.3, theEast side of thehird floor features an AHU, and all floors in the building

have their own individual AHU.
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Figure2.3 Third floor of the building

Data from the Facilities Magement department at Memorial University were used to source
construction information regarding building dimensions and elements such as windows, doors, and

walls. The datahen inputtedo the IDAICE software
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