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Preface

Modelling and computer simulation is a useful tool in engincering design.
Recently the development of an enginecering system is carried up by using

complementary effort of modelling and design.

Air conditioning 1s a very mmportant necessity i Malaysia due to the hot and
humid weather. There is an increasing trend to air conditioning building in
Malaysia. A thermal model estimates the thermal behaviour and response of
a building. A detailed simulation program is uscful because 1t runs on a

personal computer and it can perform a year simulation in a few sceconds.

The aim of this thesis is to build a thermal model of a room, simulate it with
real time data and using the thermal model and computer simulation to solve

close loop control system design problem as reflected in the thesis title.

This thesis is arranged in individual chapters which is scl-contained,
mcluding their own introduction, methods, results and discussions. A
broader introduction to the whole thesis 1s used to tie the chapters together
and to provide the whole framework for the whole thesis.  The thesis is
concluded by a summary that contains a brief discussion on the achievement

of the relevant individual chapter.
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Abstract

This thesis studied computer simulation of thermal model and demonstrated
the application of computer simulation to solve close loop control system
design problem. A thermal model 18 a mathematical model that 1s able to
estimate the temperature and energy demand of a building. Control system
produces an output for a given mput and a close loop control system has a

feedback path which feed back the output signal to the controller.

A personal computer based data acquisition system is used to gather the real
time data for the computer simulation. Hardware and software required by
the data acqusition system have been developed.  These included an
clectronice thermometer for use with a data acquisition card PCL818SHG and &
dynainic link library (DLL) driver for PCLL818HG data acquisition card to be

used in VisSim which 1s a Window based simulation program .

A thermal model for a laboratory room 1s built and further developed into a
detailed simulation program in VisSim. The detailed simulation program is
stimulated with real time data acquired by the data acquisition system. The
thermal model can also be represented in state space and transfer function
forms. Finally the thermal model and computer simulation are used to solve

a close loop control system design problem.
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Abstrak

Tesis int mengkaji simulast komputer model terma dan mendemonstrasikan
penggunaan simulasi komputer dalam menyelesatkan masalah reka bentuk
sistem kawalan gelung tutup. Model terma 1alah satu matematik model
yang boleh menganggar suhu dan permintaan tenaga di dalam sebuah
bangunan. Sistem kawalan menghasilkan satu output dart iput yang
tertentu dan sistem kawalan gelung tutup mempunyar satu laluan yang

boleh menyuap balik 1syarat output ke unit kawalan.

Sistem pemerolehan data berasaskan komputer peribadi telah digunakan
untuk mengumpul data masa nyata untuk simulasi komputer. Perkakasan
dan perisian komputer yang diperlukan oleh sistem pemerolehan data telah
dikembangkan. Ini termasuk termometer elektronik untuk kegunaan kad
pemerolehan  data  PCL818HG  dan  drebar  penghubung  dinamik
perpustakaan  (DLL) bagi kad pemerolehan data PCL8SI8IIG  untuk

digunakan dalam VisSim, program simulasi berasaskan teknologt ‘Window'.

Model terma bagi scbuah bilik makmal telah dibina dan seclanjutnya
dikembangkan ke dalam program simulast perincian dJdi dalam VisSim.
Program simulasi perincian i1 telah disimulasikan dengan data masa nyata

vang dikumpulkan oleh sistem pemerolehan data. Terma model ini juga
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boleh diwakilkan dalam bentuk fungsi pemindahan dan ruang bentuk.
Akhirnya model terma dan komputer simulasi telah digunakan untuk

menyelesatkan satu masalah reka bentuk sistem kawalan gelung tutup.



1. Introduction

The development of an engineering system is carried out by using
complementary effort of modelling and design. Modelling gives insight to
design decision and design objectives guide modelling decision. Yet the two
efforts are distinet. Design engineers assemble hardware to mecet the design
spectfications and objectives. A good mathematical model is a tool that
design engincers use to make effective design decision based on accurate

performance estimation.

For example, engineering consultant firm are engaged in designing  air
conditioning system  for buildings. The design must conform to the
specification and requirement of the clients. The design engincer is aided by
computer simulation and modelling software to estimate the thermal loading
of the building.  The result of the simulation will help him make the right

design decision.

A thermal model is able to estimate the thermal behaviour and response of
building. The fundamental clements which build up the thermal model are
the structure of the building like walls, windows, ceiling and doors, building
occupants and ecquipment. The output parameter of interest are (hoe

temperature of the building and energy demand of the building’. The thermal

16



model 1s an important design tool for air conditioning engineer. The thermal
model provides information on the way the energy demands of a house and
the temperature in the space will change as the design evolves, for example

as the size of windows or the glazing 1s altered.

The aim of this thesis 1s to build a thermal model of a room, stmulate it with
real time data and using the thermal model and computer simulation to solve
close loop control system design problem. A thermal model of a laboratory
room used by the post graduate students was build. Electronic temperature
sensors are placed mside the room and surrounding the room to measure the
relevant temperature. A data acquisition system comprising a personal
computer based data acquisition card and a computer software ts used to log
in the daily data. The daily data is stored in a log file. The log file is used as
an input to a detailed simulation program(DSP) for the laboratory room
thermal model. The DSP can be used to study the room temperature and the
energy demands of the room. Finally a control scheme is incorporated with
the DSP to demonstrate the application of modelling and computer
stimulation in solving close loop control system design problem.  The

approached used in thermal modelling and control 1s illustrated in Figure 1-
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Ifigure 1-1 Approach used in thermal modelling

1.1 Overview of the thesis

This thesis covers a rather broad range of topics. The following outline

proceeds chapter-by chapter.

18



Chapter 2, Background material, provides relevant background material.
Topics covered are VisSim simulation and modelling software, temperature

sensor, data acquisition system, thermal model and control system.

Chapter 3, Electronic temperature sensor, explains the development of a
temperature sensing device for a personnel computer-based data acquisition
system. The electronic temperature sensor is built from a bipolar junction
transistor. A thcoretical analysis of the transistor circuit is used to explain
how the eclectronic thermometer work and an experiment i1s performed to

verify the analysis.

Chapter 4, PCL818HG dynamic hink hbrary (DLL) driver for VisSini,
provides documentation of developing a hardware driver for a window
application. The data acquisition card used 1s PCL818HG and the design
and simulation software used 1s VisSim. The PCLS818IHG DLIL driver is a
medium for the VisSim application to mterface with the data acquisition

card.

Chapter 5, Thermal model, explains the approach used to establish the

thermal model and development of a detailed simulation program (DS1) for a

laboratory room thermal model by using VisSim.

19




Chapter 6, Application of computer simulation in close loop control system
design, represents the thermal model in state space and transfer function.
The final section of this chapter shows how modelling and computer

simulation can be used to solve close loop control system design problem.

Chapter 7, Summary, summaries the work and achievement of this thesis.

20




2. Background Material

The purpose of this chapter is to provide background information concerning
the software, hardware and theories for the topics covered by this thesis.
Firstly, the modelling and simulation software used 1s mtroduced. Followed
by an introduction to the definition of temperature, commonly used
temperature scale and various temperature sensors available in the industry.
The next section described data acquisition system i general and the data
acquisition card used for this research. This 1s followed by a section
dedicated to explain thermal modelling. Finally the last section touches on

control system engincering.

2.1 VisSim Simulation and modelling software

VisSim? 1s a software for modelling and simulating complex dynamic
systems. VisSim provides fast and accurate solutions for both Iincar and non
lincar systems. [t is available on both the Microsoft Windows and UNIX/X
computer platforms. VisSim is a block diagram language and a system model
can be created without having to write a single line of code?. The system
model 1s created by using block diagrams. Each block diagram 1s a
mathematical model. VisSim version 1.5b has a library of 80 predefine built
in blocks. In addition, VisSim also supports user written function by writing

dyvnamice link hibravy (DL1) function.
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The VisSim built in blocks include arithmetic, Boolean, transcendental
functions, integrator, linear and non-lincar functions, time delay and a choice
of predefined signal generators and input devices. A system model is created
by inserting relevant block diagrams and wire them together. A simple
example 1s used to illustrate this concept. Figure 2-1 shows an
implementation of an amplifier with 10 times amplification in VisSim. The
amplifier is built from an arithmetic block, gain. The gain parameter setting
can be changed by moving the cursor to the block and click the right mouse
button. A change parameters dialogue box will appear and i1s shown in
Figure 2-2. The desired gain of the amplifier can be entered into the dialogue
box. The input to the amplifier is inserted via a signal producer block, slider

and the output is displayed on a signal consumer block, display.
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Figure 2-1 Amplifier

Chahge Patametérs :

Change gain block parameters

Gain @

OK Cancel | Help

¢

FFigure 2-2 Change parameters dialogue block

Modular approach 1s used to construct a large system model.  VisSim
supports hierarchical design by providing compound block where a high level
block encapsulate several low level blocks. The top level blocks display major
component. connectivity, leaving the underlying levels to describe the logic of
xach component. The low level block can be tested and once the function
work, it can be reused and incorporated in a any large system model saving
rework time. This portability enable VisSim to be used cfficiently in the
development of a large system model. The system model provides an carly
evaluation of the system design through simulation. This avoid the exXpense

of building the prototypes and possibly scrapping it. Beside simulating the
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svstem's time response, VisSim/Analyse 1s able to perform frequency domain
\ 1 \ A

analysis of the plant model.

Furthermore, VisSim supports connectivity to other Window-base application
using Dynamic Data Exchange (DDE) and Dynamic Iank Libraries (DLL).
This enable VisSim to import "live" data from spreadsheets and other
Windows programs (and raw ASCII data too) as well as exporting data into
other programs. With this facility, the system model in VisSim can be
sunulated with real time data. The supreme features in VisSim enables it to

be used as the design and sumulation software in this research.

2.2 Temperature

Temperature i1s defined as a measure of heat intensity!.  Following are
A g

commonly used temperature scales:

fahirenheit temperature scale, 7,:  This 1s the ordinary scale used in the

United States for ordinary temperature measurements. On this scale, the wce

point of water 1s at 32°FF and the steam point of water is at 212°1.

Celsius tenmperature scale, 7;.: This scale has an ice point of 0°C and a steam

point of 100°C.
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Kelvin temperature scale, 7,: This scale is the absolute Celsius scale. The

Kelvin K is defined as the SI unit of temperature and is 1/273.16 of the

thermodynamic temperature of the triple point of water.

2.2.1 Temperature conversion

To convert °C to K use,

To convert °C to °If use,

9
7= T+ 32 (2.2)

2.3 Common temperature transducers

A transducer 1s a device that converts physical parameters such as
temperature into currents and voltages that are proportional to the value of
the physical parameters measured®. A large number of physieal phenomena

are temperature dependent and hence there are variety of electrical



temperature transducers on the market. Temperature is also the most
measured physical property for data acquisition.  Common temperature
transducers arc thermocouples, resistive temperature detector (RTD),

thermistors and integrated circuit (IC) temperature sensors.

2.3.1 Thermocouples

A thermocouple is a junction of two different metals that produces a voltage
when heated®. The voltage is a function of the junction temperature and the
composition of the wire. Thermocouples are well suited for high temperature
measurement such as in smelters, blast furnaces, coal gasification and motor
testing. The advantageous and disadvantageous of thermocouple are

tabulated in Table 2-1.

Advantagcous Disadvantagcous
Self powered Non-linecar
Simple Low voltage
Rugged Reference required
Inexpensive Least stable
Wide variety of physical form Least sensitive n
Wide temperature range

Table 2-1 Advantages and disadvantages of thermocouple
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2.3.2 Resistive temperature detector (RTD)

The resistance of a RTD changes with temperature and is measured to
determine the temperature. Platinum is the matevial of first choice for RTD7.
The DIN standard temperature coefficient for platinum is alpha=0.00385.
FFor the 100 Q RTD its resistance changes at +0.385 Q/°C at 0°C. RTD is
used for providing temperature reference in standards setting institution,

chemical and metallurgical research. The advantageous and

disadvantageous of RTD are tabulated in Table 2-2.

Advantageous Disadvantageous
Most stable Iixpensive
Accurate Current Source required
More linecar than thermocouple Small resistance changes

4 wire measurceme nt

Self heating

Table 2-2 Advantages and disadvantages of RTD

2.3.3 Thermistors
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A thermistor 1s a thermally sensitive resistor which exhibits a
correspondingly large change in resistance®. Its resistance decreases as
temperature increases. The area of application is at solar energy rescarch,
biological rescarch and weather monitoring. The advantageous and

disadvantagcous of thermistor are tabulated in Table 2-3.

Advantageous Disadvantagecous
High output Non-linecar
Two wire Ohms Limited temperature range
measurement
Most accurate Fragile
Current source required
Self heating

Table 2-3 advantages and disadvantages of thermistor

2.3.4 Integrated circuit temperature sensor

Integrated circuit temperature sensor measures the forward voltage dvop
across a diode?. This voltage, which varies as a function of temperature is
amplified and hinearised. The output is proportional to temperature and
require no curve fitting. The 1C temperature sensor is configured as constant

current source and it 1s most 1deal for remote measurement. The read wire
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resistance has no effect on output voltage and could be connected up to
several hundred feet. The advantageous and disadvantageous of integrated

circuit temperature sensor are tabulated in Table 2-4.

Advantageous Disadvantagcous

Most lincar The highest temperature that

could be measure 1s 250°C.

Highest output Power Supply required

Inexpensive Self heating

Limited configuration

Table 2-4 Advantages and disadvantages of IC temperature sensor

2.4 Data acquisition system

Data acquisition is the process of acquiring signal from the real world,
converting them to digital data and finally storing the result in the computer
memory'?. Physical parameters are converted to clectrical voltage or current
signal by a transducer. The analog to digital (A/D) converter samples the
voltage signal and converts it to a digital value corresponding to the input
voltage. The picture of a data acquisition system is shown in Figure 2-3. The
amphfier 1s used to provide desired gain of the input signal. The active filter
1s used to remove unwanted noise. The multiplexer 1s used to select the

correct channel. The sample and hold circuitry samples the voltage level at a
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specific instant of time and hold it constants at its output. The A/D converter
convert the voltage level to its corresponding digital data. This digital data is
transferred to the micro computer through the data interface. The control
interface control the signal acquisition and processing circuits. It selects the
desired input channel and ensure that data is sampled at the proper time and

15 held long enough for the A/D converter to make a valid conversion.

Channel 1 E?O

Channel 2

: Sample A/ID
. Active |}
E? Amplifier E? filter f?O"— Multiplexer j and hold E? converter

o ]

<t s

Channel3E?O 1)

4

Control interface j Data interface

gl

Figure 2-3 Data acquisition system

Microcomputer bus )

The data acquisition system used in this research consists of an IBM
compatible 486 computer using Window 95 as the operating system, PCL-
818HG data acquisition card and VisSim Simulation and modelling software.

The PCL-818HG 1s a high-gain, high performance multi function data
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acquisition card!! for IBM PC/XT/AT or compatible computers. The card is
plugged into the expansion slot of the computer. It offers 12-bit A/D
conversion, D/A conversion, digital input, digital output and timer/counter.
The PCL-818HG comes with a special wiring board (PCLD-8115) with a DB-
37 connector and CJC circuits. The PCLD-8115 screw-terminal board
provides convenient and reliable signal wiring for PCL-818HG card. In
addition, the screw terminal board also includes cold-junction sensing

circuitry that allows direct measurement of thermocouple transducers.

The PCL-818HG card has to acquire data and passing it to VisSim. VisSim
1s running on Microsoft Windows platform. A driver is a program that
enables a spectfic ptece of hardware or device to communicate with the
operating system'2. In Microsoft Windows!3, dynamic linking provides a way
to call a function that is not part of its executable code. The executable code
for the function is located in dynamic link library (DLL) containing functlon
that are compiled, linked and stored separately from the process that is using
them and can be called at run time just like functions that are part of a
normal executable file. Hence a PCL818HG driver for VisSim that is

implemented as a DLL function is developed. The DLL driver is a medium

for the VisSim application to interface with the data acquisition card.
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2.5 Thermal model

A thermal model is able to estimate the thermal behaviour and response of a
buflding. The output parameters of interest are temperature and energy
demand of the building. The approach used to establish the thermal model is
by considering the net heat flow of the thermal model as contribution from
heat sources and heat sinks. The heat sources are heat transfer through
conduction, infiltration heat flow, latent heat flow, sun’s solar heat and heat
generated by internal sources. Heat sinks are mechanism which removes
heat away from the building. When the air conditioner is turned on, it is

removing heat away from the building and function as a heat sink.

There are many ways to estimate the temperature and energy demand in a
building by evaluating the thermal model. For simple situation hand
calculation may suffice. However when the issues become complex, a
detailed simulation program (DSP) for the thermal model is required. A
detailed simulation program of the thermal model is very useful. It runs on a

personal computer and it can perform a years simulation in a few seconds!?.

The DSP for thermal model have been extensively used for the following:
1. building design studies
2. assessment of innovative materials and design techniques

3. development of design guideline
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4. design and interpretation of building monitoring studies

5. incorporated into building energy and management system

The DSP must reliably predict the following:

1. The way the energy demand and temperature inside a space will change
as the design parameters such as the size of the windows or the
construction material is altered.

2. The cnergy saving that can be achieved resulted from a design change
such as adding additional insulation to the roof and wall and the pay back
time for the initial capital investment of the proposed change.

3. The absolute annual energy demand and internal temperature of a house.

Presently there are many commercial DSP available. E20-II Carrier
software package!s, ESPv6.18a!6 and SERI-RESv1.217 are few examples. But
these programs are in executable files only and the information of how these

program calculate the heat gain and the heat removed is not usually given!®,

2.6 Control system

Control system provides an output or response for a given input or stimulus.
The input represents an desired response and the output is the actual
response.  Today’s control system is an integral part of our society. The
advent of microprocessor has enabled control mecthodologies to be widely

applied. The power of the microprocessor rapidly increased but on the other
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hand the price of the microprocessor reduced making it affordable and
economically viable to replace conventional controller and human labour.
Factories are equipped with automated production lines, modern electricity
and water utilities are engaging supervisory control and data acquisition
system (SCADA) in their generation and distribution process, offshore o1l and
gas production platforms are made unmanned by using control technologies
and space exploration program has advanced control system to navigate the
space craft. However control system are not limited to science and industry.
A home air conditioner contains a simple control system consisting of a
thermostat. The thermostat will turn on and off the air conditioner
compressor to maintain the desired temperature sectting. Houschold
electrical appliances, home entertainment system and personal computer also
have built in control system. For more than a decade washing machines
already have built in microprocessor to control the cleaning function.
Compact disc machine has a control system which keeps the laser beam
positioned on the microscopic pits representing the information. There are

countless examples of control system in our everyday life.

Control engineering i1s an exciting field because it cut across numerous
engineering disciplines. Unlike other engincering disciplines where
engineers are engaged in a specialised area, control engineer work on a broad

arena and interacting with engineers and scientist from numerous branches.
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A generic open loop system is shown in
Figure 2-4. The input transducer converts the physical signal to electrical

signal which can be interpreted by the controller. The controller drives the
plant or the process. External disturbances are added to the controller and
process output. The major weakness of open loop system is its susceptibility
to disturbances. A simple example is a room temperaturce controller system.
The control objective is to maintain the room temperature in the room at the
set point temperature. The room temperature is the controlled quantity. The
control is achieved by adjusting the thermostat setting. Hence the input is
the thermostat setting and the output is the room temperature. The external
disturbance are people leaving and entering the room, external weather
condition and infiltration of outdoor air. The performance of the open loop
would be unsatisfactory in practice because the desired temperature sect
pomnt, which yielded the desired room temperature would not be the correct

setting with the present of the disturbances.



Input
Inpu@ Trans%ucer Ey Controller Efy Plant @ @ @ Output

Disturbance

Figure 2-4 Open loop control system

The close loop control system has a feedback path which feed back the output,
signal to the controller. A generic close loop control system is shown in
Figure 2-5. The output transducer measures the output response and convert
1t to electrical signal used by the controller. A summing junction substrates
the output transducer signal from the input transducer signal. The output
from the summing junction is the difference between the desired input
setting and the output response. By closing the loop, the system acts to
minimise the errors no matter which disturbance causes the error. For the
room temperature control system, a temperature sensor is the output
transducer and the measurement of the temperature sensor is fed back via
the feedback path to the controller. Close loop system has a greater accuracy

than open loop system and is less sensitive to disturbances.
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Figure 2-5 Close loop control system
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3. Electronic temperature sensor

3.1 Introduction

This chapter describes the development of a temperature sensing device for a
personal computer-based data acquisition card using common hardware and
software tools available in the laboratory. The temperature sensor will be
used in an experiment involving construction and simulation of a model used

to study the thermodynamic behaviour of an air conditioned room.

In a tropical country like Malaysia, the outdoor temperature varies between
25°C and 40°C (78°F and 104°F). Indoor temperature of 21°C (70°F) is
required to be maintained in order to achieve a comfort level for the building
occupants. In addition, the temperature sensor shall be able to measure the
air flow temperature for the room’s air conditioner unit which could be as low
as 10°C (50°F). Hence the specification for the temperature sensor is to be

able to measure the temperature in between 4°C to 50°C (40°F and 120°F).

The most common temperature transducer for measuring this range of temperature is a
thermistor. But unfortunately, the laboratory did not stock the thermistor and hence an

easily available bipolar junction transistor is used as an alternative.
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The basis of the transistor sensor is that the characteristic curve and operating point of
the transistor varies with temperature. Experiment had been conducted to verify the
relationship of the temperature dependence effect of the transistor and verify that the

electronic thermometer was capable to work in the specified temperature range.

The base emitter voltage of the transistor varies in the order of millivolt for one degree
Celcius of temperature change. One way to measure this change is by amplify the
signal until a voltmeter or ammeter is able to pick up the voltage change. However, a
different approach is used where the voltage signal is directly connected to the analog
input of a computer data acquisition card and interpretation of the temperature from the

voltage signal is carried up by computer software.

3.1.1 Organisation of the chapter

The description of the transistor circuit temperature sensor including the theoretical
derivation of characteristics curves of the transistor and the theoretical relationship
between the base emitter voltage and temperature of the transistor is established in
section 3.2. Section 3.3 describes the experiment to establish the relationship of the
previous section and compares the experimental results with the theoretical relationship
derived earlier. The conversion of base emitter voltage of the transistor to temperature
is described in section 3.4. Section 3.5 discusses cabling techniques used to reduce
losses and interference of the cable connecting the temperature sensor to the

measurement point. Section 3.6 concludes the chapter with a summary of the results.

3.2 Analysis of diode-connected transistor circuit
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The transistor circuit temperature sensor developed in this project is
originally classified as an integrated circuit (IC) temperature sensor!®. The
transistor tested is a BD241A npn transistor. The transistor is diode-
connected?? and in series with a variable resistor R (0-100 KQ) as shown in
Figure 3-1. With reference to the circuit diagram in Figure 3-1, the collector-

to-base voltage of the transistor, ¥, , is equal to zero. This results in active
mode operation of the transistor. The base emitter voltage V,, is equal to
the collector emitter voltage V.. Thus the i-v characteristic of the

resulting diode is identical to the 7, -V, relation of the bipolar junction

+9V
|
R
g
N I
C
VBE
j’j

Figure 3-1 Circuit diagram of diode connected transistor

transistor.

Transistor BD241A
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3.2.1 Relationship between emitter current and base emitter voltage

Shorting the base and collector of a bipolar junction transistor together

results in a two terminal device. The i-v characteristic is identical to

1, —V,.relation of the bipolar junction transistor. The relationship between

I, -V, 1s quite easily derived.

With reference to Figure 3-1, the emitter current ,

I, =1 (3.1
The collector current /. and the base current /, are given by,
I.= p (3.2)
p+1
- ! (3.3)
Y EN | '
where [ is a constant called the common-emitter current gain.
100 < <200 (3.4)

From (3.2) and (3.3),
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(3.5)

From (3.4) and (3.5), the value of £ is relatively large compared to 1 and hence

equation (3.5) is approximated to
]E = [(‘ ( 3.6)

The Collector current 7, of the transistor is identical to the diode current of a
forward biased diode and is given by?2!

Ve

I, =—1(e*" =1) (3.7
where,

K = Boltzmann’s constant = 1.38 x 10" Joules/Kelvin

T = temperature in Kelvin

q = the magnitude of electronic charge = 1.602 x 107" Coulomb

I, = saturation current, strictly /. = 7 (7) which is a function of
temperature

By using the approximation in (3.6),

Vi,

[, == (e*" -1 (3.8)
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3.2.2 Temperature effect on the 7/, -V,, characteristic

A semiconductor is a material which is neither good conductor nor good insulator?>. The
resistivity or conductivity of a semiconductor can be changed by changing its
temperature or adding impurities to the pure material. The atoms in semiconductors
such as carbon, silicon and germanium have four valance electrons. At 0 K, all the
electrons in a semiconductor crystal are bound by the covalent bonds. Therefore
semiconductor is an insulator at 0 K. When the temperature rises, sufficient number of
electrons have enough energy to break the covalent bonds and drift freely through the
crystal. As the electrons leave the covalent bonds, they create a missing covalent bond
which are known holes. These holes permits charge movement and hence conduction

by the free electrons. A hole act as a positive charge because the atom where the hole

is located is missing an electron and has a net charge of 1.6 x 107" Coulomb. Electric
conduction in semiconductor is caused by free electrons and free holes which are

known as charge carriers.

The conductivity of a semiconductor can be increased by introducing impurities into the
crystal. Donor atoms have five valance electrons. The extra electron will not fit to the
lattice arrangement and is loosely bound to the atom at 0 K. Nearly all the extra
electrons gains sufficient energy to become free electrons at 50 K. Each impurity atom
provides an electron without creating a hole. In a donor-doped crystal, the free
electrons are known as the majority carriers and the holes are known as minority

carriers.
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When the temperature of the semiconductor rises, more electrons will free from the
covalent bonds. The emitter current is a function of temperature and is given by
equation (3.8). The saturation current is proportional to the number of minority carrier
swept across the p-n junction. The variation of the saturation current with the °

temperature is much greater than the variation of the exponential term.

J, is the saturation current density in Amperes / m’ and is given by?

J, =C B M (3.9)
where,

C' = constant relating electrons and holes density in the n and p type material

B = a constant

W, = forbidden band or gap energy in Joules

The rate of change of J, with temperature can be obtained by differentiating

(3.9) with respect to temperature.

lJ o3 W wokr
‘in =C 32(?+ k;]T}e et (3.10)

The fractional increase of J per K , /' can be determined by dividing equation (3.10)

by J. . Then
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1 (dJy_3 W,
f(T):Z(dT) T (3.11)

For pure silicon at 300K, the gap energy W, is 1.12 electron volt. The fractional

increase per Kelvin at 300K is

7(300) = —l—(dJ’) -3 39(5%) =0.156
J.\dT) 300 300

s

3.2.3 Graphical analysis of circuits

Graphical method of solution is the basic method of analysis and design of
diode and transistor circuit. In the graphical method of analysis, the current

versus voltage characteristic of the transistor is expressed in graphical form.

If a circuit is connected as Figure 3-1, the voltage equation can be written as

Ve =1,R+V,, (3.12)

cC

where V. is the input voltage.

The equation can also be written as

I, :V‘—(;—K”L (3.13)

This equation is commonly known as load line which governs the circuit

operation. The emitter current of the transistor 1s given by (3.8).



Ve

[, ==1(e X" -1)

Graphical analysis is performed by plotting (3.8) and (3.13) on the 7, —V,, plane. The

solution of the circuit current and voltage is the intersection of the curve and load line.

3.2.3.1 Derivation of diode-connected transistor characteristic

curve at constant temperature

The characteristic curve of the diode-connected transistor at constant temperature
although not available but could be derived by working backward from the operating

point of the transistor circuit. The emitter current, /. of the transistor could be found
from the operating point using the load line equation. The saturation current, /, is

obtained by using equation (3.8). With known saturation current, the emitter current at

different base emitter voltage, V. can be evaluated by using equation (3.8). A sketch
of I, versus V,,. at constant temperature is known as the characteristic curve for the

diode-connected transistor.

The operating point of the circuit of Figure 3-1 measured at 24°C (297K):

T =297K (3.14)
V. =899 Volt (3.15)
V,, =045 Volt (3.16)
R =87.2KQ (3.17)
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Substitute equation (3.15), (3.16) and (3.17) into the load line equation (4.13)

gives
I, =98x107° 4 (3.18)

Substitute equation (3.14), (3.16) and (3.18) into (3.8) gives

I(T=297K)=-244x10"4 (3.19)

By substituting (3.14) and (3.19) into (3.8), the emitter current I, for

different value of ¥V, can be obtained from

W

I, =244x10"2 (" 1) (3.20)

A range of base emitter voltage, V,, and emitter current, 1. 1s tabulated 1n

Table 3-1.

Base emitter voltage,V,, Emitter current,/,
Volt Ampere
0.38 6.89E-06
0.39 1.02E-05
0.4 1.5E-05
0.41 2.22E-056
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0.42 3.29E-05
0.43 4.86E-05
0.44 7.18E-05
0.45 0.000106
0.46 0.000157
0.47 0.000232
0.48 0.000343
0.49 0.000507
0.5 0.00075

Table 3-1 Base emitter voltage and emitter current

The load line is obtained by substituting equation (3.15) and (3.17) into (3.13)
I, =103x107° —=115x 107V, (3.21)

The characteristic curve of the transistor at 297K and the load line is plotted

in Figure 3-2.
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Figure 3-2 Characteristic curve of diode-connected transistor and load line

The intersection of the emitter current curve and load line is the operating
point of the transistor circuit. The operating point from Figure 3-2 is
(V,, =045 Volt, I, =98x10°4). The variable resistor could be used to shift

the load line resulting in the change of the operating point of the transistor

circutt.

3.2.3.2 Derivation of diode-connected transistor characteristic

curves at different temperature

The characteristic curves for the diode-connected transistor at different

temperature could be derived 1if the saturation currents at different
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temperature are known. The procedure in section 3.2.3.1 is repeated for ecach

temperature to obtain the characteristic curves for a range of temperature.

The fractional increase of saturation current density J, per K is defined by

equation (3.11).

1 dJS) 3 W,
= — =—+
S JS(dT T kT?

The saturation current 7/, at 297K is given by equation (3.19)
1(T=297K)=-244x10"" 4 (3.22)

Since equation (3.11) is the fractional increase of saturation current density
per K, the saturation current at subsequent temperature could be derived by

using

[(L) =TT+ f(T)x (1)) x(T, = T) (3.23)

The fractional increase of saturation current per K and saturation current

from 297K to 323K are evaluated and tabulated in Table 3-2.
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Temperature | Fractional Increase Saturation
T, f(), current/(7),
K A/K (x1072 A)

297 0.157 2.44
298 0.157 2.82
299 0.156 3.26
300 0.156 3.77
301 0.155 4.36
302 0.155 5.03
303 0.154 5.8
304 0.154 6.69
305 0.153 7.72
306 0.153 8.9
307 0.1562 1.02
308 0.152 1.18
309 0.151 1.36
310 0.151 1.56
311 0.150 1.8
312 0.150 2.07
313 0.149 2.37
314 0.149 2.73
315 0.148 3.13
316 0.148 3.59
317 0.147 4.12
318 0.147 4.73
319 0.146 5.42
320 0.146 6.21
321 0.145 7.12
322 0.145 8.15
323 0.145 9.33

Table 3-2 Iractional increase of saturation current per K and saturation
current at different temperature

The procedure in section 3.2.3.1 is repeated for cach temperature to derive a
set of characteristic curves for the temperature range 297K to 323K. Thesec,

together with the load line 1s plotted on 7, -¥,, plane and is shown in Figure

3-3.
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3.2.3.3 Operating points of transistor circuit at different

temperature

The operating point (V,.,1,) of the circuit at a particular temperature, T, is the

interception point of the emitter current curve with the load line. The values of V, and

I, atthe investigated temperature range are tabulated in Table 3-3.
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Temperature, Base emitter Base emitter
T voltage, V,, current, /,
Kelvin Volt (xl()*’s A)
297 0.4479 9.79
298 0.4462 9.79
299 0.444 9.79
300 0.4417 9.79
301 0.4394 9.80
302 0.4372 9.80
303 0.4349 9.80
304 0.4326 9.80
3056 0.4303 9.81
306 0.4279 9.81
307 0.4257 9.81
308 0.4233 9.81
309 0.4209 9.82
310 0.4186 9.82
311 0.4161 9.82
312 0.4137 9.83
313 0.4113 9.83
314 (0.4088 9.83
315 0.4064 9.83
316 0.404 9.84
317 0.4015 9.85
318 0.399 9.85
319 0.3965 9.85
320 0.394 9.85
321 0.3915 9.85
322 0.3889 9.85
323 (0.3864 9.86

Table 3-3 Value of V,, and [, at different temperatires

With reference to Table 3-3, the value of 7, reduced linearly when the
temperature increased. The transistor temperature sensor 1s exploding this
property of the circuit for temperature measurement. By using linecar

regression using data from Table 3-3, the relationship of ¥ and

I7a

temperature is found to be



Vigr = =, T + /3, ( 3.24)

where,
a,=24x10"
S, =116
T, is temperature in Kelvin.

The value of V,,. obtained from Figure 3-3 and the linear regression relationship given

by equation (3.21) are plolied together in Figure 3-4.
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Figure 3-4 Base emitter voltage versus temperature

From Figure 3-4, and equation (3.24) the base emitter voltage V,, is a linear function of
temperature in the investigated temperature range. V', decreases by 2.4ml’ for each

rise of 1K in temperature. Hence [, changes with temperature by - 2.4m}’/ K |




3.3 The experimental sensor

The objective of the experiment was to show the relationship between 17, and

temperature and verify equation (3.24) in the desired temperature range.

3.3.1 Description of the experiment

The layout of the experiment is shown in Figure 3-5. The water bath used is designed to
maintain a constant temperature in a liquid reservoir within the temperature range 0°C to
100°C?*. It is fitted with a motor drive stirrer to improve temperature uniformity. The
temperature controller of the water bath consists of a thermistor sensor localed in a
stainless steel sheath in the center of a 1 K}V heating element spiral, a detector circuit
and triac switch which controls heating current. The required temperature can be set via

a dial.

The transistor being test was inserted into a small plastic bag and immersed inside the
water bath. The transistor was diode connected and in series with a variable resistor X
(0-100 K(2). The power supply used in this experiment is set to +3V. The circuit diagram
of the transistor temperature sensor is shown on Figure 3-6. The base emilter vollage of

the transistor V,, was connected by using twisted pair cable to the wiring terminal block

of PCL818HG data acquisition card.



The analog to digital converter of the data acquisition card has a resolution of 12 bits.
The analog input of the data acquisition card was set to input range of 0—-1/". The

resolution of the voltage measurement is given by :

1
V = —— = 0.00024V (3.25)

Re solution 2 12

Temperature setting

240V AC gV dc = [ ceeeeeereens !

- W —w_a—t'e;r - j

[ /
/ Hot Bath
Heater

Transistor

Plastic bag L

pPC

Figure 3-5 Experiment lavout



Analog to Digital -
Converter  [—] Pci818hg.v1 calub_vsm_l

Transistor BD241A

Figure 3-6 Circutt diagram of transistor temperature sensor

The block in Figure 3-6 labelled as PCL818HG.v1 is a dynamic link library
driver in VisSim for PCL818HG data acquisition card. The block labelled
Yalibl.vsm is the VisSim application program to acquire the base emitter

voltage at different temperature sctting.

The temperature setting on the water bath is manually inserted into the
program by using the slider. Both the temperature and base enutter voltage

acquired are recorded into a log file called CALI Bl.dat.
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Figure 3-7 VisSim application for V,,. acquisition

The experiment started by using a mixture of ice cubes and water with the
temperature setting at 273K, When the temperature of the mixture
throughout the water bath is even, the base emitter voltage of the transistor
is recorded. The temperature setting of the water bath was than increased

by 1K until a final reading at 346K is taken.

3.3.2 Experiment results

The experiment result is tabulated in Table 3-4. The base emitter voltage of

the transistor 1, is recorded from 273 K to 346K.

nY



Temperature| V, |Temperature| V, Temperatur Vous
(Kelvin) (Volt) (Kelvin) (Volt) e (Volt)
(Kelvin)
273 0.5084 293 0.4586 313 0.4059
274 0.5050 294 0.4554 314 0.4032
275 0.5028 2956 0.4523 315 0.4012
276 0.5004 296 0.4503 316 0.3995
277 0.4979 297 0.4479) 317 0.395H8
- 278 0.4957 298 0.4440 318 0.3922
279 0.4938 299 0.4427 319 0.3902
280 0.4913 300 0.4398 320 0.3880
281 0.14882 301 0.4379 321 0.3849
282 0.4864 302 0.43441 322 (0.3821
283 0.4835 303 0.4317 323 0.3802
2841 0.4811 304 0.4281 324 0.3780
285 0.4769 305 0.4269 325 0.3746
2806 0.475H0 306 0.4242 326 0.3724
287 0.4735 307 0.4210 327 0.3687
288 0.4713 308 0.4186 328 0.365H6
289 0.4684 309 0.4166 329 0.3648
290 0.465H52 310 0.4147 330 0.3607
291 0.4635 311 0.4110 331 0.3600
292 0.4613 312 0.4093

Table 3-4 V,,. for 273K - 331K

The relationship of ¥, versus temperature is plotted on Figure 3-8.
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Figure 3-8 Experimental V,, versus temperature

3.3.3 Analysis of experimental result

From Figure 3-8, the base emitter voltage V,, decreases linearly as the set point

temperature of the water bath is increased. By linear regression, the experimental

relationship between ¥V, and temperature is found to be

V., =-a,T, + 5, (3.26)

BE2

where,
a, =26x10"
S, =122 and

7, is the temperature in Kelvin.
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Figure 3-9 shows the close fitting of the measured /,, and the lincar

relationship.
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Figure 3-9 close fitting of the measured V,, and the linear relationship

From equation (4.24), the theoretical determined relationship between 1V,

and 7, 1s

’ _ -
lnm ‘*(11[/\'+/))|
where

o, =24x10"°

S, =116




The theoretical and experimental relationship 7, and 7, are plotted

together in Figure 3-10 for comparison.
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Figure 3-10 Comparison between theoretical and experimental relationship of

; ]
Ve and T,

Expressing the experimental V., as a proportional error plus a bias with

respect to the theoretical value V,,

Vigy = Ve +6 (3.27)
where,
a,
a = —=,
a,
o=/ - aft,
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The fractional error 1s then

Vur;z -V

—._—_i]_. (5 Ny
o =~ (3.28)

BE1

o= (a- 1)+—/9— (3.29)

BI)

and, for extreme values of 300mV and 500mV for 17,
B

o] = 0.02 (3.30)

3.3.4 Conclusion

An experiment was conducted to verify that the base emitter voltage of the transistor is a
linear function of the temperature within a specified temperature range. The experiment

result agrees with the theoretical relationship of V,, and 7, and that I, is a linear

function of the temperature within the range from 273 K to 346K. The experiment result

shows that 1", changes by —-2.0m} / K while the theory states that |7, changes by

~24m} /| K . The slight disagreement might be caused by measurement error.

3.4 Temperature sensor block in VisSim

From the experiment performed in the previous section, the relationship between base
emitter voltage of BD241A transistor and temperature has been established by equation

(3.26). Equation (3.26) is able to convert the base emitter voltage into temperature. The
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base emitter voltage of the diode connected transistor is directly connected o the
analog input of the data acquisition card and interpretation of the temperature from the
voltage signal is carried up by the temperature sensor block in VisSim. The advantages

of doing this are:
1. Eliminating extra hardware like operation amplifier which would increase complexity.

2. Direct acquisition of the temperature allows the data to be saved in a log file for

further study.
According to equation (3.25), the resolution of the analog to digital converter
i1s 024m} . The experiment result showed ¥V, changes by =2.6mV / K. This s
sufficient to justify that the data acquisition card i1s able to pick up any

temperature change within an accuracy of 01K .

Kelvin temperature scale, 7, 1s not common for temperature measurcment.
In country like Malaysia, people are more familiar with Celeius scale
whereas i United States, Fahrenheit scale 1s adopted. The temperature

sensor block is converting ¥, to degree Celerus instead of Kelvin.

From equation (2.1), the conversion relationship between temperature in

degree Celetus and Kelvin is



Substitute equation (2.1) into equation (3.26)

Ve = —a, (T +273)+ B, (3.31)
and,
1 3
Too==—Vy +(—273+/—2) (3.32)
af? aZ

With a, =0.0026 and g, =122
T. =-384.6V,, +1962 (3.33)

The temperature sensor block in VisSim 1s shown in Figure 3-11.

. [Temperatme i degree C»‘:l-?nu]

Figure 3-11 Temperature sensor block in VisSim
g

3.5 Cabling techniques

The output from the sensor is connected to the analog input of the data acquisition card

by twisted pair cable. This cable can contribute to measurement errors. The
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measurement errors could be caused by electromagnetic interference and cable
resistance. The equivalent circuit of the transistor and measurement cable is shown on

Figure 3-12.

Transistor] Ve —_—0O Analog input

—O Ground
Ry

AW ———

Figure 3-12 Equivalent circuit of transistor and measurement cable

The electromagnetic interference 1s overcome by cable shiclding and twisting
the cable. Cable shielding reduces interference from electrie fields but not
from magnetic fields. Twisting the two measurement cables assures that
cach gets the same magnetic field interference. The two measurement
cables connecting the sensor to the input of the data acquisition card are
twisted but unshicelded. The cable resistance measurement error s overcome

by including the resistance of the cable m the measurement.

Referring to Figure 3-12, the voltage at the analog input, V/

m

18 given by

V,==21, R +V, (3.3

m
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The resistance of one cable, R, is given by

where,

p = the Resistivity of copper2s = 1.68 x 107 Qm
= cable length
X ,= cross sectional area of cable
Substituting equation (3.35) into (3.34).

21,1
V,=- ; p+VEE

m
A

(3.35)

( 3.36)

(3.37)

(3.38)

(3.39)

The measurement cable i1s a single core poly vinyl chloride (PVC) insulated

copper conductor with 0.6mm diameter. Thus,
Xy=m

= 0.3mm
Substitute (3.41) into (3.40),

X, =282x10"m’

From Table 3-3, the emitter current
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I, =980x107° 4 (3.43)
Substituting (3.36), (3.42), (3.43) into (3.39) gives,
Vi =N +Vye (3.44)

¥ =0.000012

At a temperature of 297 K,

V,, =04479V
The value of V, for different cable length / and percentage drop is evaluated

and tabulated in Table 3-5.

! Vie . Percentage changes in V,
meter Volt Volt %
10 0.4479 0.4478 -0.027
20 0.4479 0.4477 -0.054
30 0.4479 0.4475 -0.080
40 0.4479 0.4474 -0.107
50 0.4479 0.4473 -0.134
60 0.4479 0.4472 -0.161
70 0.4479 0.4471 -0.188
80 0.4479 0.4469 -0.214
90 0.4479 0.4468 -0.241
100 0.4479 0.4467 -0.268

Table 3-5 Relationship of volt drop and cable length

According to equation (3.26), V,, changes by —2.6mV / K. This correspond to a
change of -0.58% in ¥V, per Kelvin. Since the percentage changes in V, 1s

m

less than -0.58% per Kelvin for cable length less than 100m, the cable

resistance measurement error 1s not taken imto account in the measurement.
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Care must be taken as these are theorectical value and noise interference also

has to be accounted for long cable length.

3.6 Conclusion

A temperature sensor for use with PCL818HG data acquisition card has been
successfully developed. The specification for the temperature sensor is to be
able to mecasure the temperature in between 4°C and 50°C which is from
277K to 323K in Kelvin scale. The temperature sensor is built from a diode
connected BD241A npn transistor. The theory behind the development of
the temperature sensor 1s based on the fact that the characteristic curve and

operating point of the transistor vary with temperature.

According to the theorctical analysis, the base emitter voltage V,, of the
transistor is a linear function of temperature. Experiment has been carried
out to verify the theory. The experiment result agreed with the theoretical

analysis.

The transistor had been tested in the temperature range of 273K to 346K.
Throughout this range, the temperature sensor showed lincar relationship
between measured voltage and temperature. Hence the temperature sensor

has fulfilled the specification.




4. PCL818-HG Dynamic Link Library driver for VisSim

4.1 Introduction

The application of computer in the control engineering have revolutionised
the electronic instrument and control system design field. The control
engineer today has to integrate the principals of sensor electronics, analog

circutt design, computer hardware design and software design and operation.

Many of the control, instrumentation and data logging performed by
computer involve data values taken from real world sensor. The data

acquisttion 1s normally performed through the I/O port of the computer.

The IBM compatible computers have a series of plug in slots to accommodate
add-on hardware and firmware features. A “plug-in slot” is a printed circuit
board connector that has pins designed according to some standardised
protocol.  The modules that plug in the slots are printed circuit boards.
Connectors and switches are located on the rear of the card. The computer

interface with the outside world through this connectors and switches?6.

The PCL-818HG is a high-gain, high performance multi function data

acquisition card for IBM PC/XT/AT or compatible computers. The card is
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plugged into the expansion slot of the computer. It offers 12-bit A/D
conversion, D/A conversion, digital input, digital output and timer/counter.
The PCL-818HG comes with a special wiring board (PCLD-8115) with a DB-
37 connector and CJC circuits. The PCLD-8115 screw-terminal board
provides convenient and reliable signal wiring for PCL-818HG card. In
addition, the screw terminal board also includes cold-junction sensing

circuttry that allows direct measurement of thermocouple transducers.

A driver 1s a program that enables a specific piece of hardware or device to
communicate with the operating system. The PCL-818HG data acquisition
card has a software driver?? supplied by the manufacturer. This driver is a
Terminate and Stay Resident (TSR) programs which run in the background
while the application is running in the foreground. The driver must be
loaded into the memory before the application program is started. The
manufacturer’s software driver utilises a common parameter table for all the
functions of the PCL-818HG card. The driver is called by passing to it the
function number and a memory address pointer to the parameter table. The
driver will pick the parameters the function needs from the parameter table
and then execute the function. Programs can be written in BASIC, C and

Pascal using the parameter table.

Unfortunately, the manufacturer driver could not be used for the purpose of

this rescarch. The PCL-818HG card has to acquire data and passing it to
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VisSim. VisSim version 1.5b is a design and simulation software running on
Microsoft Windows platform. The manufacturer driver is a DOS based

program and is not convenient to integrate it with VisSim.

In Microsoft Windows, dynamic linking provides a way to call a function that
1s not part of its executable code. The executable code for the function is
located in dynamic link library (DLL) containing function that are compiled,
linked and stored separately from the process that is using them and can be

called at run time just like functions that are part of a normal executable file.

This chapter documented the development a PCL818HG driver for VisSim
that is implemented as a DLL function. This is possible because VisSim
supports extending the block set with User-Written DLL. In VisSim, the
DLL function is invoked by using the user function block. When a diagram
containing a user function block is simulated, VisSim calls the DLL function
specified 1n the user function block at each time step of the simulation. The
PCL818HG DLL driver developed for VisSim 1is pcl818hg.dll. The
pcl818hg.dll 1s a medium for the VisSim application to interface with the
data acquisition card. The role of the pcl818hg.dll driver and its operating

environment is illustrated in Figure 4-1.
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PCL818HG Data acquisition card

Operating system

A->D D->4
Converter Converter

Figure 4-1 Illustration of the PCL818HG DLL driver and its operating

environiment

The modelling and simulation software VisSim version 1.5b is a 16 bits
program developed for Microsoft Windows version 3.1.  Recently, the
operating system for personal computer is shifting from Microsoft Windows
3.1 which is a 16 bits operating system to Microsoft Windows 95 which 1s a 32

bits operating system. However 16 bits programs still have space to survive
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because Windows 95 supports programs developed for Windows 3.1. But
unfortunately later version of compilers designed for Windows 95 only
produce 32 bits executable code. The DLL driver is developed by using an
earlier version of compiler which is Microsoft Visual C++ 1.52 compiler?8
that produce 16 bits executable code so that the DLL driver is compatible

with VisSim version 1.5b.

The programs that are used to create the DLL driver for VisSim are
impsim.lib, Vsuser.h, pcl818hg.def, pcl818hg.c and driver.c. VisSim comes
with impsim.lib and Vsuser.li for users to develop their own DLL The file
pcl818hg.def contains module statements that describe various attributes of
the DLL. The file pcl818hg.c contains templates for DLL functions that
VisSim can call from user function block. The code to perform functions of
the PCL818HG data acquisition card is contained in the file driver.c. The
program development environment of the PCL818HG DLL driver is
illustrated in Figure 4-2. Appendix A, B and C list the files pcl818hg.def,

pcl818hg.c and driver.c.



ECi

Vsuser.h driver Files required to develop

| B . the DLL program
A g [

DC|81 8hgdef lmpsnmhb DC|81 Shg

Microsoft Visual C++
compiler

£U7 Compile and build

[_%j PCL818HG DLL driver

Pcl818hg.dl

Figure 4-2 Program development environment

4.2 Organisation of chapter

This chapter begins with section 4.3 that lists the key words and
abbreviations used. Programming a device driver require the knowledge of
the registers and the address of the register. Section 4.4 provide the
description of register structure and address map of PCL818HG data
acquisition card. Understanding the background of the register structure 18

essential in programming the driver.
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The file driver.c contains the code to perform functions of the PCL818HG
data acquisition card. Section 4.5 of the report explains in detail the
algorithm and routine to perform each individual function. The file driver.c
is broken down to 6 sections namely setting 1/0 port address, initialise and
sclecting trigger mode, programming analog inputs, digital inputs, digital to

analog conversion and digital output of PCL818HG data acquisition card.

Section 4.6 explains the criteria and procedure for writing DLL driver for
VisSim. In addition, it also provides detail description and explanation of the
file pcl818hg.def, pcl818hg.c and driver.c. This is followed by a simple

conclusion 1n section 4.7.
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4.3 Nomenclature

The commonly used key words in this report and their abbreviation are listed

in Table 4-1.

Key word Abbreviation
Analog to digital conversion | A/D
Bit
Byte
Channel
Counter
Digital input D/1
Digital output D/O
Digital to analog conversion | D/A
Dynamic link library DLL
First in first out FIFO
Input / Output I/0
Interrupts Request IRQ
Multiplexer MUX
Nibble
PCL818HG data acquisition | PCL818HG

card

Port

Register

Simulation

Software driver

Table 4-1 Key word and abbreviation

78




The numbering system used in this report are listed in Table 4-2.

Number base Representation
Base 10 (decimal) X
Base 2 (binary) X,
Base 16 X6
(hexadecimal)

Table 4-2 Numbering system

4.4 Register structure and address map of PCL818HG

Registers are storage arrays in which working data, vectors and operand are
stored temporarily. A register holds a number of bits. A 4 bits data is known
as a nibble and a 8 bits data is known as a byte2. The key in programming

the PCL-818HG is to understand the function of the card register.

4.4.1 Address map of PCL818HG

The PCL-818HG requires 32 consecutive addresses in the PC’s I/O space with
the first in first out (FIFO) buffer enable or 16 addresses with the FIFO
disabled. Kach address corresponds to a card register. The address of each

register 1s specified as an offset from the card’s base address. Table 4-3 shows
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the function of each register and its address relative to the card’s base

address?3?.

Address Read Write
base A/D low byte & channel | software A/D trigger
base+1 A/D high byte A/D range control
base+2 MUX scan channel MUX scan channel and range

control pointer

base+3 D/1 low byte(DI10-7) D/O low byte(DI0-7)
base+4 N/A D/A 0 low byte
base+b N/A D/A 0 high byte
base+6 N/A FIFO interrupt enable
base+7 N/A N/A
base+8 Status Clear interrupt request
base+9 Control Control
base+10 N/A Counter Enable
base+11 D/1 high byte(DI8-DI15) | D/O high byte(DI8-DI15)
base+12 Counter 0 Counter 0
basc+13 Counter 1 Counter 1
base+14 Counter 2 Counter 2
basc+15 N/A Counter control
base+20 N/A Clear FIFO interrupt request
basc+23 A/D low byte & channel | N/A

from FIFO
base+24 A/D  high byte from | N/A

FIFO
base+25 FIFO status Clear FIFO

Table 4-3 Address and function of register

With the FIFO enable, cach time the card makes an A/D conversion, the data
will be stored in both the A/D output register at address base+0/1 and in the
FIFO buffer at address base+23/24. The PCL818HG will require 32

consecutive I/0 address. When the FIFO buffer is disabled, the converted is
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stored only in the A/D output register at base+0/1 and hence PCL818HG will

only require 16 consecutive I/O address.

In order to make this chapter self contained, the registers structure which
will be used in the programming of the driver is reproduced from the

manual3!.

4.4.2 Software A/D trigger - base+0

An A/D conversion can be triggered from software, the card’s on-board pacer
or an external pulse. If software trigger is chosen, a write to register base+0

with any value will trigger an A/D conversion.

4.4.3 A/D data registers - base+0/1

The read register at base+0 and base+1 hold A/D conversion data. The 12
bits of data from the conversion are stored in bit 7 to bit O of base+1 and bit 7

to bit 4 of base+0. Bit 3 to bit 0 hold the source A/D channel number.
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base+0(read) - A/D low byte and channel number

Bit D7 D6 | D5 |D4 D3| D2 |{D1|DO

Value AD3 | AD2 | AD1 [ADO |C3|C2|C1|CO

base+1(read) - A/D high byte

Bit D7 D6 D5 | D4 D3 |D2 |D1 |DO

Value |AD11 | AD10 | AD9 | AD8 | AD7 | ADG | AD5 | AD4

AD11 to ADO: Analog to digital data.
ADO is the least significant bit (LSB) of the A/D data, and

AD11 is the most significant bit (MSB).

C3to CO: A/D channel number from which the data is derived. C3 is the

MSB and CO 1s the LSB.

4.4.4 A/D range control - base+1

Each A/D channel has its own individual range, controlled by a range code
stored in on-board RAM. The input range of the A/D channel is set by

writing to bits 0 to 3 of the A/D range control register at base+1.



Base+1 A/D range control code

Bit D7 D6 (D5 |D4 [(D3|D2|D1 |DO
Value |N/A | N/A [N/A |N/A [G3|G2|G1 | GO
Range codes

Input Range | Unipolar/Bipolar | G3 [ G2 | G1 | GO
+5V B 0O |0 [0 |O
+0.5V B 0 0 0 1
+0.05V B 0 |0 [1 |oO
+0.005V B 0 0 1 1

0 to 10V U 0 1 0 0
0to 1V U 0 1 0 1
0to 0.1V U 0 1 1 0

0 to 0.01V U 0 1 1 1
+10V B 1 0 0 0

+ 1V B 1 0 0 1
+0.1V B 1 0 1 0
+0.01V B 1 0 1 1

4.4.5 MUX scan register - base+2
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Multiplexer (MUX) scanning is controlled by the MUX scan register at
base+2. The stop scan channel number is provided by the high nibble and
the start scan channel number is provided by the low nibble. Writing to this
register automatically initialises the MUX to the start channel. Each A/D
conversion trigger sets the MUX to the next channel. With continuous
triggering the MUX will scan from the start channel to the end channel, then

repeat.

basc+2 start and stop scan channel

Bit D7 D6 D5 |D4 [D3 |D2 |D1 |[DO

Value f{CH3 |CH |CH |CH |[CL3 |CL2 |CL1 | CLO

2 1 0
CH3 to CHO : Stop scan channel number
CL3 to CLO : Start scan channel number

The MUX scan register low nibble also acts as a pointer when the A/D input
range 1s programmed. When the MUX start channel is set to channel N, the

range code written to the register base+1 is for channel N,

4.4.6 Digital I/O registers-base+3/11
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The PCL818HG offers 16 digital input and output channels.

The digital

input and output channels used the digital I/O register at base+3 and

base+11. The digital I/0 registers are read and write registers.

Base+3(read/write port)-digital I/0O low byte

Bit D7 D6 D5 D4 D3 D2 D1 DO

Value | Channel Channel Channel Channel Channel | Channel | Channel | Channel
7 6 5 4 3 2 1 0

Base+11(read/write port)-digital I/O high byte

Bit D7 D6 D5 D4 D3 D2 D1 DO

Value Channel Channel Channel Channel Channel | Channel | Channel | Channel
15 14 13 12 11 10 9 8

4.4.7 D/A output register-base+4/5

The write only register at base+4/5 accepted data for D/A output. The D/A

output register at base+4 is D/A low byte and the D/A output register at

base+5 is D/A high byte.

D/A output low byte

Bit

D7

D6

D5

D4

D3

D2

D1

DO
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Value

DA3 DA2 DA1 DAO X X X X
D/A output high byte
Bit D7 D6 D5 D4 D3 D2 D1 DO
Value | DA11 | DA10 | DA9 DAS DA7 DAG6 DA5 DA4

4.4.8 A/D status register - base+8

A/D status register i1s a read only register which provides information on the

A/D configuration and operation.

Writing to this I/O port with any data

value clears its INT bit. The other data bits do not change. The function of

the two registers is described.

Base+8 A/D status register

Bat

D7

D6

D5

D4

D3

D2

D1

DO

Value

EOC

U/B

MUX

INT

CN3

CN2

CN1

CNO

EOC : End of Conversion

0 | The A/D converter 1s 1dle, ready for the next conversion. Data from the

previous conversion is available in the A/D data register.

1 | The A/D converter i1s busy, implying that the A/D conversion is in
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progress.

U/B : Unipolar/bipolar mode indicator

0 | Bipolar mode

1 | Unipolar mode

MUX : Single-ended/differential channel indicator

0 | 8 differential channel

1 | 16 single ended channel

INT : Data valid

0 | No A/D conversion has been completed since the last time the INT bit was

cleared. Values in the A/D data register are not valid data.

1 | The A/D conversion has finished and converted data is ready.

CN3 to CNO : When EOC=0, these status bits contain the channel number of

the next channel to be converted.

4.4.9 Control register - base+9

Control register at base+9 is a read/write register. It provides information on

PCL-818H(Gs operating modes.
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base+9 Control register

Bit D7 D6 | D5 |D4|D3|D2 D1 | DO

Value |INTE |I2 I1 {10 (X {DMAE |ST1 |STO

INTE : Disable/enable PCL-818HG generated interrupts

0 | Disables the generation of interrupts

1 | Enables the generation of interrupts. If DMAE = 0 the PCL-818HG will
generates an interrupt when it completes an A/D conversion. This setting

is used for interrupt driven data transfer.

1 | If DMAE = 1, PCL818HG will generate an interrupt when it receives a
terminal count signal from the PC’s DMA controller, indicating that a

DMA transfer has completed. This setting is used for DMA data transfer.
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I2 to 10 : Selects the interrupt used by an interrupt or DMA driven data

transfer

Interrupt level 12 {I1 {I0
N/A 0 0 0
N/A 0 0 1
IRQ2 0 1 0
IRQ3 0 1 1
IRQ4 1 0 0
IRQ5 1 0 1
IRQG6 1 1 0
IRQ7 1 1 1

DMAE : Disable/Enable PCL-818HG DMA transfer

0 | Disables DMA transfer

1 | Enables DMA transfer

ST1 to STO : Trigger source

Trigger source ST1 | STO
Software trigger 0 X
External trigger 1 0
Pacer trigger 1 1
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4.5 Programming PCL-818HG

This section explains in detail the algorithm and routine to perform cach
individual function of PCL818HG data acquisition card. The code to perform
the functions is written in the file driver.c. In order to simplify the
explanation of each function, the file driver.c is broken down into 6 parts.
These are setting I/0 port address, initialise and selecting trigger mode,
programming analog inputs, digital inputs, digital to analog conversion and

digital output of PCL818HG data acquisition card.

4.5.1 Setting I/O Port base address

PCL-818HG’s operation is controlled by reading or writing data to the PC’s
/O (input/output) port address. Devices in the computer like mouse,
keyboard, communication port, ethernet card and modem are using the PC’s
[/0. Hence it is important to set the base address of the PCL-818HG card to
an unoccupicd address. The first step is to set the card base address in both

hardware and software. Valid base address range from 000, to 377°0,,. Switch

SW2 sets the card’s base address in the hardware. The software setting must

follow the hardware setting. The software base address is defined on the
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calling program. The C code to set the base address in software is in

Program 4-1.

it base;

JRFFFFIAII* STEP 1: SET 170 PORT BASE ADDRESS *** %% %% kckcksksksk /

base=(int) parameter[0]; /* SET 1/0 PORT BASE ADDRESS */

Program 4-1 Set I/0 port base address

The base address of the data acquisttion card is set to parameter(0]. The
variable parameter is an integer type array and parameter{0] is the first
clement or pointer to the array. The value of parameter[0] is determined by
the parameter initialisation function and parameter change function which

will be discussed in section 4.6.4.

4.5.2 Initialise & select trigger mode

An analog to digital conversion could be triggered from software, the card’s
on-board pacer ,or, an external pulse. Initialise and sclect software trigger
involves writing and reading from the A/D status register at base+8 and

control register at base+9.
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The number 1110000, which is equivalent to 70,, is written to the control
register at base+9. With reference to section 4.4.9, 1110000, instructs
PCL818HG to disable interrupts, select interrupt request level 7, disable
DMA transfer and selecting software trigger. In order to check whether the
control register is available at base+9, a check is performed by reading from
basc+9. If the content of the register at base+9 is not equal to 1110000,, an
error code is generated and the simulation will be stopped. Otherwise the
program write to the A/D register at base+8 to clear the interrupt request.

The flow chart of the program is shown on Figure 4-3.
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Write 1110000 to control

register J\/&

control
register
base+9

Read from control register

If base+9 /= 1110000

@ Return error code 100

If base+9 = 1110000

L

Write to A/D status register to
clear interrupt request

Figure 4-3 Initialise and select trigger mode

int valy
frxwswsdrxk QTP 2: INITIALIZE & SELECT SOFTWARE TRIGGER ****/
val=0x70;
outportb(base+9,val); /* software trigger */
c_reg = inportb(base+9);
if (c_reg !I=val)
{

return 100;

I
/

outportb(base+$§,1); /* CLEAR INTERRUPT REQUEST */

Program 4-2 Initialise and select trigger mode

The variable val is defined as an integer and it contains the data to be

written to address base+9. outportb(portid, value) is a standard function of
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the compiler available in the file conio.h. This function will write to the
designated port with the defined value. inportb(potid) is a standard function
of the compiler available in the file conio.h. This function will read from the

specified port.

4.5.3 Analog input

This section explains the PCL818HG's A/D conversion function. The
PCL818HG offers sixteen single ended or eight differential analog input
channels. Single-ended or differential input can be selected by sliding switch

SW1 on the data acquisition card.

The hardware specification for the analog input is listed in Table 4-4.



Channels : 16 single-ended or 8 differential

Resolution : 12 bits

Input Ranges : Refer section 4.4.4

Over voltage : 30V maximum

Conversion rate 100KHz

Trigger mode : Software, on-board programmable pacer or external
Data Transfer : Program, interrupt or DMA

Table 4-4 Hardware specification for analog input

Programming analog inputs involve reading and writing data to A/D range
control register at base+1 and MUX scan register at base+2. There are three
steps involved in the programming of analog input. The first step is to set
the A/D range code, followed by setting the A/D range code and finally

performing the A/D conversion.

4.5.3.1 Read from A/D register

The first step in the programming of analog input is to read from A/D status
register at base+8 to find out whether the input channels are set to single
cended or differential. This is performed by reading the content of A/D status

register at base+8. Bit D5 of A/D register store the MUX value which




indicates single ended/differential channel setting. The content of the A/D

status register is then masked with 100000, or 20, .

Bit D7 D6 D5 D4 | D3 D2 D1 | Do
Value EOC | U/B |MUX INT [CN3 | CN2 | CN1|CNO
Mask With [0 0 1 0 0 0 0 0
Result 0 0 MUXnNn1 |0 0 0 0 0

Table 4-5 Masking operation

The value of MUX is 0 if switch SW1 on the data acquisition card is set to 8

differential channels and 1 if the switch is set to 16 single ended channels.

The masking operation is logical AND operation and is represented by “~”.

MUXn1=1ifMUX=1

MUX N 1=0ifMUX=0

Hence the result of the masking operation is 00000000, if the card is set to 8
differential channels and 00100000, if the card is set to 16 single ended

channcls. The programming flow chart is shown on Figure 4-4.
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Masking operation

A/D status register @ 0
E? 8 channels differential
00100000 (=9 —
00100000@

16 channels single ended

Set A/ D range
code

Figure 4-4 Programming flow chart to read from A/D status register

int status,s_end ;

J¥ Fxxsdidk STEP 1: READ A/D STATUS REGISTER ****¥ ki % /

status = inportb(base+8);

if ((status & 0x20)==0x20)

s_end =1; /716 channels single ended inputs
else
s end =0; //8 channels differential inpults

Program 4-3 Read A/ D status register
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The integer variable status stores the content of the A/D status register. The

masking operation is performed by (status & 0x20). The value 00100000,
corresponds to 20,,. The variable s_end stores the status of the A/D status

register. If s_end=0 the data acquisition board is set to 16 channels single

ended inputs else it 1s set to 8 channels differential inputs.

4.5.3.2 Setting the A/D range code

The sccond step 1n the programming of analog input is to set the A/D range
code. With reference to section 4.4.4, each A/D channel has its own
individual range, controlled by a range code stored in on-board RAM. The
input range of the A/D channel is set by writing to bits 0 to 3 of the A/D range
control register at base+1. The programming utilised all 16 analog input
channels by setting switch SW1 on the data acquisition card to 16 single
ended channels. However the program limited the A/D range code setting to
3 sets of mputs with different input range. Channel 0 to 5, channel 6 to 10

and channel 11 to 15 are three sets of inputs with different input range.

When the MUX start channel is set to channel /7, the MUX scan register
will act as a pointer to channel i of the A/D range control register.  The
range code will be written to the A/D range control register for channel /.
The programming flow chart is shown in

Figure 4-5.
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User input parameter

U

Pointer AD ran

contro
register|-

L Channel i +1 Q

Set range code for
channel i

Channeli— Q @

Channel i

Figure 4-5 Flow chart to set A/D range code
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/*********** STEP 2‘ SETA/D RANGE CODE *****************/
start=0;
stop=15;

for(i=start; i<=5; i++)

{
int chgain = (int) parameter(1];
outportb(base+2, I);
outportb(base+1, chgain);
/
for(i=6; i<=10; i++)
{
int chgain = (int) paraneter(2];
outportb(base+2, 1);
outportb(base+1, chgain);
/
for(i=11; 1<=stop, i++)
{

int chgain = (int) parameter(3];
outportb(base+2, i);
outportb(base+1, chgain);

!
/

Program 4-4 Setting A/D range code

With reference to Program 4-4, the range code of channel 0 to 5, 6 to 10 and
11 to 15 are set by (int) parameter[I], (int) parameter[2] and (int)
parameter[3] respectively. The value of parameter(l], parameter[2] and
parameter[3] are set by the user and the details of setting it will be discussed

1n section 4.6.4.
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4.5.3.3 Perform A/D conversion

The final step in the programming of analog input is to perform a single A/D
conversion. A while loop is used as a control structure for the program to
read from channel 0 to 15. The program starts by writing to A/D status
register to clear the interrupt request by resetting its INT bit (bit 4).
Software trigger is selected as described in section 4.5.2 by writing to the
control register at base+9. A write to the software A/D trigger register at
base+0 will trigger an A/D conversion. The INT bit of the A/D status register

is checked again by masking the content of the register with 00010000,. If

INT = 0, the A/D conversion has not been completed since the last time the
INT was cleared and the value in the A/D data register is not valid data. If
the INT bit = 1, the A/D conversion has finished and converted data is ready.
If the INT bit = 1, the program will proceed to read from the input, otherwise
the program will loop back again to check the content of the A/D status

register.

The read register at base+0 and base+1 hold A/D conversion data. The 12
bits of data from the conversion are stored in bit 7 to bit 0 of base+1 and bit 7
to bit 4 of base+0. The program reads from the low byte and stores the data
in an integer variable dtl. The high byte data is read and stored in another
integer variable dth. The low byte data and the high byte data are combined
by shifting dtl four bits right , shifting dth four bits left and add them
together. The resultant 12 bits word has to be divided by 4095 in or /77, 1n
hexadecimal to obtain the actual reading of the voltage. The operation is
illustrated on
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Figure 4-6.

low byte data in variable dtl
Bit D7 D6 DS D4 DI D2 DI DO

Value 3 AD2  ADI A C3 €2 C1 ¢Co
A\,\\\\ Shift the low byte data

D3 D2 DI DO right = dtl/16
AD3  AD2 ADI  ADO

high byte data in variable dth

Bit D7 D6 DS D4 D3 D2 DIl DO
Value ADII  ADI0 AD9 AD8 AD7 AD6  ADS  AD4

Dt1 D10 D9 D8 D7 D6 DS D4 = dtiX16
ADI1 ADI0O  AD9  AD8 AD7  AD6 AD5 AD4 >

+
Resultant 12 bits word

Bit DIl D10 D9 D8 D7 D6 D5 D4 D3 D2 DI

Value  ADI1  ADIO  AD9  AD8 AD7  ADG  ADS  AD4  AD3  AD2  ADI

Figure 4-6 Combining high byte and low byte into a single word

Once the word 1s combined, it is stored in the array ain/j] for the jth channel.
The program is repecated until all the analog input of all the sixteen channels
have been read and stored. The flow chart of the program is shown on Figure

4-7. The C-code for this program is shown on Program 4-5.
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If A/D chant

Set A/D range code

While loop

AJD status
register

d

Software
AJD trigger| &
register

AJD status}-
register

@ 00010000

Clear interrupt request
-reset bit 4

trigger software conversion

el /=15

If loop

Dl INT=1

Read from
low byte

L

Read from|~
high byte |

1l

Combine low byte and high
byte into a 12 bits word

Ll

INT=0

Iy

Store the word in the array

% if A/D channel = 15

Program end

Figure 4-7 Perform A/D conversion
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JrxFFFI*RE STEP 6: PERFORM SINGLE A/D CONVERSION **%%*ssxsssx /
COUNTER =0;
COUNTERMAX = 16;

do {

COUNTER +=1;
outportb(base+8,0); // clear interrupt request - resets bit 4
delay(1);

outportb(base,0); / / software conversion trigger

reread:

status = inport(base+8);

delay(1);

if ((status & 0x10)==0x0)
goto reread,;

dtl = inportb(base);

delay(1);

dth =inportb(base+1),

delay(1),;

adl =dtl/ 16;

adt =dth*16+adl;

chv =dtl-adl*16;

r_adt =(1* (float) adt / 0xFFF) ;

atnfj] =r_adt,

=t
Jwhile (COUNTER < COUNTERMAX);

Program 4-5 Perform single A/ D conversion

4.5.4 Digital inputs

This secction explains the PCL818HG’s digital inputs function. The
PCIL818HG provides 16 digital input channels. The hardware spectfication

for the digital inputs is listed in Table 4-6.
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Channel : 16 bits

Level : TTL compatible

Input voltage: Low : 0.8V maximum, High : 2.0V minimum

Input load Low : 0.4mA maximum at 0.5V, High : 0.05mA maximum
at 2.7V

Table 4-6 Specification for analog inputs

As mentioned in the Introduction, the driver does not utilise the full capacity
of the PCL818HG. The number of digital input channels that is programmed
1s 8 instead of 16. The driver reads from the digital I/O low byte at base+3

and evaluates the status (logic low/high) of each channel.

The content of the digital I/0 register is read and stored in an integer
variable data. A for loop is used as control structure to repeat the following
procedures 8 times. The procedure starts to evaluate from channel 0 and
stops at channel 7. When evaluating the status of channel i, data is masked
with 2'. If the result of the masking operation is 0, then the status of that
channel 1s 0 or logic low. Otherwise the status of the channel is 1 or logic
high. The counter i is then incremented by 1 and the process is repeated

until j=7. The status of channel iis stored in the (j+i)thelement of the
integer type array ainf J. The flow chart of the program is shown on Figure

4-8. The C code for the above program is listed in Program 4-6.
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Read from digital I/O
register

J

Store
content in
data

[

> @

J:ﬂ i<8

2
data
k
k/=0 k=0
channel i = 1 or logic "high" channel i = 0 or logic "low"

i=i+1

Figure 4-8 Read from digital 1/0
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/*********** STEP 6". Read fro’n dLthal ileLLt *****************/

data = inport(base+3); //read from low byte of digital input

for (i = 0; v <8; i++) //Display the bit status of the input
{

[ =(@nt) pow(2,i);

ainfj+if = (int) bit(data&l) ;

}

//function to return high logic and low logic

int but@int k)

{
if (h1=0)
return 1;
else
return 0;
/

Program 4-6 Read from digital input

4.5.5 Digital to analog conversion

This section explains the PCL818HG’s Digital to Analog (ID/A) conversion

function. The PCL818HG provides one D/A output channel with two double-
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buffered 12 bits multiplying D/A converters. The hardware specification for

the analog input is listed in Table 4-7.

Channels : 1 channel
Resolution : 12 bits
Output range: 0 to +5/+10V with on board -5/-10V reference. Maximum

+ 10V with external DC or AC reference
Output drive : +5mA

Setthing time : 5 microseconds

Table 4-7 Hardware specification for analog output

The 12 bits D/A output data is stored in the 0t element of the integer type
array output[ | which is then assigned to the variable daout. The variable
daout is masked with 1111, in order to obtain bit 3 to bit O of daout. This is
followed by shifting daout left by 4 bits. The information is stored in variable
datal. The content of variable datal is written to D/A low byte output

register at base+4.

The D/A high byte is obtained by shifting right bit 11 to bit 4 of daout by 4
bits. The data is stored in the variable datah. The content of variable datah

1s written to D/A high byte output register at base+5. The digital to analog
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conversion operation is illustrated in Figure 4-9. The C code is listed in

Program 4-7.

Masking operation

— Value DA11 DA10 DA9 DA8 DA7 DA6 DAS DA4 DA3 DA2 DA1 DAO

Vaiue 0 0 0 0 O 0 o o0 1 1 1

-

Value 0 0 0 0 O 0 o o0 1 1 1 1

Shifting left by 4 bits BIT D7 D6 D5 D4 D3 D2 D1 DO

L

Wirite to D/A low byte

Value DA11 DA10 DA9 DA8 DA7 DA6 DAS DA4 DA3 DA2 DAt DAOD

its BIT D7 D6 D5 D4 D3 D2 D1 DO

L

Wirite to D/A high byte

Figure 4-9 Digital to analog conversion
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/*********** Step 7 D/A Oulput************************/

daout = (int) output{0);

temp=15&daout,
datal=temp*16;//low byte of data. Mask data with 1111 and shift right by 4 bits.
datah=daout/16;//high byte of data. Shift data left by 4 bits.
outportb(base+d4,datal);//write to low byte of D/A output

outportb(base+5,datah);/ /write to high byte of D/A output

Program 4-7 Digital to analog conversion

4.5.6 Digital output

This section explains the PCL818HG’s digital output function. The
PCL818HG provides 16 digital output channels. The hardware specification

for the digital output is listed in Table 4-8.

Channel : 16 bits
Level : TTL compatible
Output Voltage : Low : Sink 8 mA at 0.5V maximum

High : Source -0.4mA at 2.4 V minimum

Table 4-8 Hardware specification for digital output
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Similarly for digital input, the driver only implements digital output for 8
channels instead of the 16 available on the PCL818HG. Element 1 to 8 of the
integer type array output[ ] contains the status of digital output for channel 0
to channel 7. Element 1 to 8 of array output/ ] are either 0, “logic low” or 1,
“logic high”. In order to send the digital outputs to digital I/O register,
element 1 to 8 are combined to form an eight-bit word or a byte and then

write to the digital I/0 register.

The operational flow chart for programming digital output is shown on
Figure 4-10. A for loop is used for control structure to combine element 1 to 8
of output[ | into a byte. The counter / is initialised to 1 in preparation for
the for loop to execute the instruction 8 times. In one cycle of the instruction
the element i of the array output[ ] is multiplied with 2°”'. The result of the
multiplication is stored in variable digiout. The variable digiout is added to
its previous value. When all the 8 elements of the array output/ ] are
combined, the variable digiout 1is written to digital I/O register at base+3.

The C code 1s listed in Program 4-8.
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Seti=1

outputfi] 2 i

digiout  digiout(i-1)

8

i=8

write digiout to D/A output register

Figure 4-10 Programming digital output
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/*********** Step 8 Digbéal Output************************/

for(i=1; i<=8;1++)
{
digiout = (int)outputft] * (int)pow(2,i- 1)+digiout;

/

outportb(base+3,digiout);

Program 4-8 Programming digital output

4.6 PCL818HG Dynamic Link Library driver for VisSim

VisSim version 1.5b 1s a design and simulation software used to build the
thermal model. VisSim version 1.5b is a sixteen bit program running on the
Microsoft Windows platform. VisSim express mathematics visually and
hierarchically. A VisSim application is shown in Figure 4-11. A set up
dialogue box allow specification of the start and stop points of the process and
the step size of each recorded increment. The set up dialogue box is shown in
Figure 4-12. The simulation can also be run in real time. It has a huge
range of functions in the form of drag and drop blocks that could be wired
together to create a model. In addition, it also supports user-written function

in the form of dynamic link library(DLL) program.
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I VisSim-c:\daydata\thercon.vsm _10]
File Edt Simulate Blocks .:h.. View Help

ﬂﬂ}‘——" AT plant model 2

I <
SET v
Temperature setpoint Themuostatl on off
725
RIS
<4
A/C temperatute
4 -
Rl _| ;
|Blocks? 58 Rangel 0:86400 Step: B0 Timel 0 iBackwardq

Figure 4-11 Application of VisSim
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Simulation Setup [ ]

Range Control -~~~ -, r Integration Algorithm~~~ : ;
Range Start: IE ] ¢ Euler i
. " Trapezoidal
: 0.05 P
Step Size: [ I " Runge Kutta 2nd order ;
Range End: [1 1 " Runge Kutta 4th order i
I Run in Real Time " Adaptive Runge Kutta 5th order

" Adaptive Bulirsh-Stoer

[T Auto Restart |~ Retain State
e e = Backward Euler (Stiff]

x

i

I” FP I” Newton-Raphson [~ User Min Step Size: Ucmm ]!

™ Suppress Converge Warnings Max Truncation Error: [l e-005 ]i

tax Heration Count; D Max Iteration Count: I}:_”
trror Tolerance:

Relaxalion: [:, Random Seed: |22 ]
Perturbation: [:]

0K Cancel Help I

Figure 4-12 Simulation set up dialogue box

A DLL file is a pre-compiled library of functions that can be called at run
time. A DLL file is like a regular executable file but it cannot run by its own.
The DLL functions can be called just like functions that are part of a normal
executable file. In VisSim, the DLL function is invoked by using the user
function block. When a diagram containing a user function block is
simulated, VisSim calls the DLL function specified in the user function block
at cach time step of the simulation32. The user function block in VisSim is

shown in Figure 4-13.



DLL Setup

User Function Interface

DLL File Name: [ |

Base Function Name: I ]

0K l Cancel- I

Figure 4-13 User function block in VisSim

The role of the PCL818HG DLL driver pcl818hg.dll is illustrated in Figure 4-
14. The pcl818hg.dll is a medium for the VisSim application to interface with

the data acquisition card.
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PCL818HG Card

i

S Digin[ ]
Ain[ ]

Digiout[ ]

Aout[ ] =~

m? PCL818HG.dI
Param| ]

ﬂ Outsig[ ]

Insig[ ] Lﬂ

VisSim Application

Figure 4-14 Role of pcl818hg.dll

4.6.1 Criteria for writing DLL

The user-written DLL can be written in any language, provided the language

has the following capabilities33 :

1 64-bit floating point array parameters

2 Pointers to 16-bit integers
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3 Pascal calling convention
4 Far Function Calls

6 Far Data Pointers

VisSim 1.5b is a 16-bit program. Microsoft Visual C++ Version 4.0 which
only generates 32 bit executable code cannot be used to create the DLL
function which is compatible with VisSim. An older version of the compiler,
Microsoft Visual C++ Version 1.52 that produces 16 bits executable code is

used instead. This compiler satisfies the 6 capabilities described above.

4.6.2 Procedure for creating PCL818HG DLL driver

This section explains the steps taken and the procedure to develop the
PCL818HG DLL driver by using Microsoft Visual C++ Version 1.52 compiler.

The procedure is illustrated in the flow chart shown in Figure 4-15.
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& pci818hg - 10] %]
File Edt View Help

4 & [

fdnvert Impsim.fib pciB18hg

pci818hg.def Vsuser.h

[5 object(s) [16.8KB Y

-

Create project file PCL818HG.MAK

-

Add relevant files into project file

<

\—

épecifying compiler options

\—

&

Compile and build the project

)
)

Pcl818hg.dl

Figure 4-15 Procedure for creating PCL81SHG driver

A development directory ¢\ pel818hg containing the following file is created:
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1. pcl818hg.def
2. pcl818hg.c

3. driver.c

4. impsim.lib

5. Vsuser.h

VisSim come with impsim.lib and Vsuser.h for users to develop their own
DLL. The files, impsim.lib and Vsuser.h is copied from directory

c:Vvissim \vsdk. The rest of the files are user written.

This is followed by creating a project file PCL818HG.MAK. The dialogue box

for creating a new project file 1s shown in Figure 4-16.

New Project

Project Name: |PCLO18HG MAK ] B_:bwse...l oK |

Project Type:  [Windows dynamic-link fibrary (DLL] ~] ~ Cancel |

¥ Use Microsoft Foundation Classes Help ,

Figure 4-16 Creating project filePCLS1SHG.MAK

The following files under the development directory is added to the project:
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1. pcl818hg.c
2. pcl818hg.def

3. impsun.lib

Edit - PCLO18HG.MAK
File Name: Directories: Close
Fmpsim.lib l c:\pcl818hg

divele yen Cancel
: impgim. i : = ol
pcl818hg.c Y pcl818hg

pcl818hg.def Help

did

pcl818hg.mak
pcl818hg.vew
vsuser.h

List Files of Type: Diives:
[All Files (~.7) - (o ~]

Files in Project:

c:\pcl818hg\pci818hg.c
c:\pcl818hg\pcl818hg.def Add All
c:\pcl818hg\impsim_lib

‘—Ib
o
o

Delete l

Figure 4-17 Adding files into the development directory

Under project options, the project type is specified as a Windows Dynamic
Link Library ((DLL). The dialogue box for the project options is shown in

Figure 4-18.

121



Project Options

Project Type: [

i J ic-li i p{. ) | oK I
¥ Use Microsoft Foundation Classes Cancel !

. Customize Build Options ' Build Mode
; Compiler... ’ & Debug ' Help
Linker... l § " Release f
Hesources... -

Figure 4-18 Specifying project options

Under the compiler options, memory model is specified to be large and
Windows Prolog/Epilog to be Real Mode _far functions. The dialogue boxes

are shown in Figure 4-19 and Figure 4-20.

Category: | Category Settings: Memory Model
Code Generation |
Custom Options Model: Segment Setup:

Custom Opltions [C++ .
Debug Options (G ILBIQE :_“ ISS I= DS, DS NOT loaded on function entry :_ﬂ

Listing Files

Optimizations Hew Segment Data Size Threshold: ]
P-Code Generation
Precompiled Headers
Preprocessor

Segment Names
Windows Prolog/Epilog

I” Assumme "extein’ and Uninitialized Data 'far'

Figure 4-19 Specifying memory model to be large
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-~ Category Settings: Windows Prolog/E pilog

Category:

Code Generation -Generate Prolog/E pilog For
Custom Optlions

Custom Optiong (C++) {" None

Debug Options

Listing Files {" Protected Mode Application Functions

Memory Model * Protected Mode DLL Functions
Optimizations - ey

P-Code Generation *Real Mode __far Funclions!

Precompiled Headers {" Real Mode __far Non-Callback Funclions
Preprocessor e e S

- Pratected Mode Hpbony

' Lenerate [or ___far Functlions
[ Emit Linker EXPDLF Becords

Figure 4-20 Specifying Windows Prolog/Epilog Real Mode _far Functions

Finally the project is compiled and built to generate the PCL818HG DLL

driver pcl818hg.dll. The PCL818HG DLL driver for VisSim is shown in

Figure 4-21.
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Figure 4-21 PCL818HG driver for VisSim pcl818hg.dll

4.6.3 Description of Programs

This section describes the programs in the development directory c:\pcl818hg

containing pcl818hg.def , pcl818hg.c and driver.c.

4.6.3.1 Program description for pcl818hg.def
This file contains module statements that describe various attributes of the

DLL. A DLL requires a .DEF file to create an import library (.LIB) file and

export ((EXP) file. The linker uses the import library to build any executable
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module that uses the DLL and uses the export file to build the .DLL file. The

module definition file pcl818hg.def is listed in Program 4-9.

LIBRARY pcl818hg

DESCRIPTION 'VisSim DLL'

EXETYPE WINDOWS

CODE PRELOAD MOVABLE DISCARDABLE
DATA PRELOAD MOVABLE SINGLE

HEAPSIZE 4096

EXPORTS

WEP @2 RESIDENTNAME
vl @3

vIPA @4

viPl @5

vIPC @6

vISS @7

vISE @38

LibMain @9

Program 4-9 Module definition file pcl818hg.def

The DLL modules include a LIBRARY statement and an EXPORTS
statement. The LIBRARY statement identifies the module-definition file as
belonging to a DLL, and it must be the first statement in the file. The name

specified in the LIBRARY statement identifies the library in the DLL import
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library. The EXPORTS statement lists the names and, optionally, the

ordinal values of the functions exported by the DLL.

In order to interface smoothly with VisSim, VisSim will optionally call five
additional functions that shares the base DLL function name and have a two
letter event code suffix correspond to a VisSim event. The DLL base function
name for pcl818hg.dll is vl which stand for Version 1.0 of the PCL818HG
driver. The additional function, its purpose and when it’s called is tabulated

in Table 4-9.
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Function Purpose When it’s called
name
vl Block Time Step Each simulation time step

viPA Parameter Allocation | Block creation

v1PI Parameter Immediate after viPA
Initialisation

v1PC Block Parameter | Right button click
Change

v1SS Block Simulation | Simulation start time
Start

v1SE Block Simulation | Simulation end time
End

Table 4-9 FFunction name in pcl818hg.dll and its purpose

4.6.4 Program description for pcl818hg.c

This file contains templates for DLL functions that VisSim can call from user

function block. The functions34 description are listed below :

1. The time step function
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This is the base function in the DLL Called by VisSim at every step size. It
contains the code for the DLL. With reference to Figure 4-22, the inSig array
is filled with the values presented to the input connector tabs on the user
function block. The outSig array stores the values presented to the output
connector tabs on the user function block. The param array stores the

parameter for the user function block. The program is listed in Program 4-

10.
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#include <windows.h>
#include "vsuser.L”
#include <stdio.h>

#include "driver.c”

int invoke_card =0 ;

votd PASCAL EXPORT vl (param,inSig, outSig)

double far inSig{ ,FAR outSig/ |, FAR param{ ],

{
invoke_card = pcl818hg(param, outSig,inSig);
if (invoke_card >0)
{
if (invoke_card== 100)debMsg("PCL8ISHG Hardware Verification
failed”);
if (invoke_card == 400)debMsg("Scan channel setting failed");
stopSimulation(1);
3
/

Program 4-10 The time step function in VisSim

The function pcl818hg(param, outSig,inSig) is a function in the file driver.c.
This function passes the values in the insig array to the output of the data

acquisition card, pass the values acquired by the input of the data
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acquisition card which is stored in the outSig array to the output of the user
function block pcl818hg.vl and enable the user to set the parameter of the
data acquisition card through the param array. The role of the arrays is

illustrated in Figure 4-22.

In addition, the function pcl818hg(param, outSig,inSig) also returns an error
code which will indicate the operating status of the data acquisition card.
Under normal operating conditions, the function will return 0. If the driver
cannot detect the card at the specified base address, the function will return
100 and if the scan channel setting of the card fails, the function will return

400.

The function pcl818hg(param, outSig,inSig) is assigned to the integer
invoke_card defined in pcl818hg.c. The function void debMsg( char FAR*fmt
..)% is a VisSim function available from the file vuser.h. Normal screen
cannot be performed under Windows. VisSim provides the function debMsg
to display information from the user function block. This function prints a
dialogue box containing a debugging message. If the error code returned by
pcl818hg(param, outSig,inSig) is 100, the function debMsg will print
"PCL818HG Hardware Verification failed" in the dialogue box. If the error

code returned by pcl818hg(param, outSig,inSig) 1s 400, debMsg will print

130



"Scan channel setting failed" in the dialogue box. Whenever an error occurs,

the stmulation stops.

usertFunction

YYVYY

inSig[ ] outSig [ ]

Set User Block Paraneters
Change pecl818hg.v1 parameters ————

Base Address
Channel 0-5 Gain {5
Channel 6-10 Gain [
Channel 11-15 Gain [5

oK Cén’cel

diHi

param| ]

Figure 4-22 Roles of arrays defined in pcl818hg.c

2. The simulation start function

The simulation start function is called at the start of the simulation to

perform initialisation processing necessary for a simulation run.
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/FeFedededededededededede Simulation Start Function Fededdkkdekdkdokkddkdeok /

JrFFRdRk Called by VisSum at the start of simulation **¥¥¥**kis

votd FAR PASCAL EXPORT viSS (double FAR param/{],long FAR *runCount )

tf(*runCount > 1)

Program 4-11 Sumnulation start function

3. The Simulation End Function

The simulation end function is called by VisSim at the end of the simulation

to perform post simulation processing.
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/**************** Si,nulation End Fu,LctiO’L ***************/

JRFFRAAIR AR *® Called by VisSim at the end of simulation ******¥xkx

void FAR PASCAL EXPORT v1SE (double FAR paramf])

{

debMsg("******x**Smulation End**%xx*skxm).

Program 4-12 Sumulation end function

4. The parameter allocation function

The parameter allocation function is called when enter a DLL file/function
pair mn the dialogue box for the user function. The parameter allocation
function returns the parameter storage requirements, in bytes, for the user
function block. The variable pCount can be set to a desired value for VisSim
to prompt for parameters. In this case, pcount is set to 4 which equals to 4

number of parameters prompted.
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Fkkdkkkkkdkkkdkkdx  Darameter Allocation Function *¥*¥kxdkkikiik

JrxFIIF XIS R kxR *x Called by VisSim on block creation *****xkkxskix

long FAR PASCAL EXPORT v1PA(pCount)

short FAR *pCount,

{

*nCount=4; /* number of prompted parameters */

return((*pCount)*sizeof(double)) ;

Program 4-13 Parameter Allocation Function
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5. The Parameter Initialisation Function

The parameter initialisation function is called immediately after the
parameter allocation function. This function provides the initial condition for

the parameters.

/*************** *************/

Parameter Inttialisation Function

JFRxxxsickxkkk  Called by VisSim after the PA function **x¥dikksxsckk/

void FAR PASCAL EXPORT v1PI(DOUBLE *param)

param[0]=0x200; /* base address of PCL818HG Card */

param|1]=5; /* Gain for analog channel 0-5 */
param|2]=5; /* Gain for analog channel 6-10 */
param{3]=5; /* Gain for analog channel 11-15 */
/

Program 4-14 Parameter initialisation function

The variable param[0] set the base address of pcl818hg data acquisition card
and is initialised to 200,. The variables param[1], param[2] and param[3]
set the gain for analog channel 0-5, 6-10 and 11-15 and are initialised to

range code 5.




6. The Parameter Change Function

The parameter change function is called when the right mouse button is
clicked over the user function block. This function could be used to change

the block parameters for the user function block.

/***************** Para"leter Cha”ge FuILCliOIL *****************/

JF¥FHEIINx Called by VisSim on right mouse button click ****¥**¥ksxxk

char FAR* PASCAL EXPORT viIPC (DOUBLE *param)

{

return "Base Address;Channel 0-5 Gain;Channel 6-10 Gain,Channel 11-15 Gain";

Program 4-15 Parameter Change Function

The parameter change dialogue box is shown on Figure 4-23.
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Set User Block Parameters

- Change pcl818hg.vl parameters-- -

Base Address IEE

Channel 0-5 Gain [5

[Z]

Channel 6-10 Gain

[X,]

Channel 11-15 Gain

OK Cancel

Figure 4-23 Parameter change dialogue box

7. The LibMain and Windows Exit Procedure (WEP) functions

The LibMain and WEP functions are required by Windows when writing a
DLL. The LibMain function is called by Windows when the DLL is first
loaded. Usually, the instance handler of the DLL is saved for future usc in
getting resources bound in with the DLL. The WEP function is required but
has no known use. Newer versions of languages have a WEDP stub that is

bound if you leave one out.
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JRRwwsx 'R T o code is required for creating a Windows DLL *¥*******/

int DLLInst,;

int FAR PASCAL EXPORT LibMain(hInstance,wDataSeg,cbHeapSize,lpszCmdLine)

HINSTANCE hinstance; WORD wDataSeg, cbHeapSize; LPSTR IpszCmdLine;

DILLInst =hiInstance;

return TRUE;

int FAR PASCAL EXPORT WEP (param)

{

retion 1;

Program 4-16 LibMain and WEP function

4.6.4.1 Program description for driver.c

This file contains code to perform functions of the PCL818HG data

acquisition card. It utilises code developed in section 4.5 and combine them

into one file in steps as illustrated in Figure 4-24.
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Step 2

Step 3

Step 4

param[1 2,3]

Step 5

Step 6

Step 8
outSig[1-8]

Set )/O port :.

base

address

U

initiatise

and select |-

trigger
mode

g

S

Read from{*
A/D status |

register

Set A/D

range code}’

Perform A/}

conversion

L

Read from
digital /O

U

Digital to |

analog
conversion

U

Digital
output

Qi inSigl0-15]

"f in inSig[16-23]

Figure 4-24 Illow chart for program in file driver.c
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1. Set I/O Port base address.

The first step is to set the card base address. Unlike the executable program
developed in DOS, the base address of the card can be set by pressing the
right mouse button on the user function in VisSim. The base address is set

equal to param[0] which is initialise to be 200,, and could be modified by user.

2. Imitialise & select trigger mode

Write to control register at base+9 to select trigger mode. The A/D

conversion 1s set to be triggered from software.

3. Read A/D status register

Read from A/D status register at base+8 to find out whether input are set to

single ended or differential. The hardware is set to single ended.

4. Set A/D range code

Write to A/D range control register at base+1 to set A/D channel input range

for all channels. The range for the analog channels 0-5, 6-10 and 11-15 are

set by param/[1], param[2] and param[3] of the param/[ ] array respectively.
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5. Set scan channel range

Write to multiplexer (MUX) scan register at base+2 to set the input channcl.
Write to this register enable the MUX to scan from the start to stop channel.
Each A/D conversion will trigger and set the MUX to the next channel. The

start channel has been set to 0 and stop channel set to 15.

6. Perform single A/D conversion

Read from A/D data register at base+0 for low byte and base+1 for high byte.
The binary A/D data is converted to integer by merging them to a single 12
bits word. The information acquired by A/D channel 0 to 15 will be stored in

clement 1 to 15 of the array outSig/ ].

7. Read from digital input and display the bit status of the digital input

Read digital input from Digital I/O registers at base+3 for low byte. The
digital mput read in is one byte of word. Further algorithm is written to get
the bit status of the word. The status of the digital input is stored in eclement

16 to 23 of the array outSig/ J.
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8. Write to D/A converter

The data to be sent to the analog output channel is stored in element 0 of the
array outSig[ ]. The data is written to D/A output registers at basce+4 and

base+5 for low byte and high byte of D/A output.

9. Write to digital output

The data to be sent to the digital output channels are stored in element 1 to 8
of the array outSig[]. The 8 elements of the array are combined and written

to digital I/O register at baser+3.

4.7 Conclusion

A DLL driver for PCL818HG data acquisition card for use in VisSim has been
developed with the Microsoft Visual C++ version 1.5b compiler. The
PCL818HG DLL driver is implemented as a user function block in VisSim.
VisSim calls the driver at each time step of the simulation. The PCL818HG
driver developed does not contain all the functionality of the PCL818HG data

acquisition card. However it is able to perform conversion of analog to digital
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channels, 8 digital input channels, 1 digital to analog channel and 8 digital

output channels.
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5. Thermal model

5.1 Introduction

Product improvement and development is carried out by using
complementary effort of modelling and design. Modelling gives insight to
design decision and design objectives guide modelling decision. Design
engincers assemble hardware to meet the design specifications and
objectives. A good mathematical model is a tool that design engineers use to

make effective design decision based on accurate performance estimation.

Air conditioning is one of the very important necessity in a tropical country
like Malaysia. The weather in most part of Malaysia is hot and humid
throughout the year. It i1s common practise to air condition building in
Malaysia. Office buildings, food courts, entertainment centers, hospitals,
education institutions and houscholds are equipped with air conditioning
systems to attain comfortable conditions for the building occupants. Air

conditioning system consumes more than 50% of the electrical loading in a

building.
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A thermal model is able to estimate the thermal behaviour and response of a
building. The approach used to establish the thermal model is by considering
the net heat flow of the thermal model as contribution from heat sources and
heat sinks. The heat sources are heat transfer through conduction,
infiltration heat flow, latent heat flow, sun’s solar heat and heat generated by
internal sources. Heat sinks are mechanism which removes heat away from
the building. When the air conditioner is turned on, it is removing heat away
from the building and function as a heat sink. The heat sources and heat
sink are studied and individually modelled. Assembling the individual model
into the final thermal models gives a useful tool to estimate the thermal

response of the building.

This chapter documents the development of a detailed simulation program
(DSP) for a room thermal model. Unlike other DSP available in the market,
the DSP developed is able to simulate the dynamic behaviour and thermal

response of the building with real data.

VisSim version 1.5b 1is the design and simulation software used to build the
DSP. VisSim version 1.5b i1s a sixteen bit program running on the Microsoft
Windows platform. VisSim express mathematics visually and hierarchically.
It has a huge range of functions in the form of drag and drop blocks that
could be wired together to create a model. In addition, it also supports uscr

written function in the form of dynamic link hibrary program. Simulation of

145



the on screen model allows the idea to be tested. A set up dialogue box allow
specification of the start and stop points of the process and the step size of

each recorded increment. The simulation can also be run in real time.

The inputs to the DSP are outdoor air temperature, temperature of indoor
zones surrounding the room, air conditioner outlet temperature and the
number of people inside the room. The input data is logged by using a PC
based data acquisition system. The input data is sampled at 60 seconds
interval and saved on the computer hard disk as a log file every 24 hours.
The log file is the input to the DSP. The DSP is able to estimate the indoor
room temperature and heat flows from heat sources and heat sink based on

the input data.

5.1.1 Organisation of the chapter

The listing of constants and variables used in this chapter is tabulated 1n
section 5.2. Section 5.3 describes the thermal model for the room covering
basic principle for heat transfer losses in a building and discussed the
accepted methods for evaluating the air conditioning load in the building.
The laboratory room being modelled is described in section 5.4. This 1s
followed by the detailed description of implementing the DSP in VisSim at
section 5.6. The hardware and software set up for simulation of the DSP

developed is explained in section 5.7. This section also covers the discussion
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on the data acquisition system. The simulation result is statistically
analysed and discussed in section 5.8. Section 5.9 is a conclusion of this

chapter.
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5.2 Nomenclature

Symbol Quantity Unit

W Flow rate of air in cubic feet per Jt* / min
minute

w Flow rate of air in b/ hr b/ hr

w, Flow rate of infiltration of air in b/ hr
b/ hr

14 Volume of room S

M Mass of air in room b

C Thermal capacitance of room BTU/®F

U Transmission coefficient BTU | hre IFft?

A Area of structure &

P Number of people inside the room

a Rate of heat generated per person BTU / hr

P, Electrical power consumed by Watt

electrical appliances
B Heat gain from each watt of electricity | BTU / hr /watt
consumed
Q Rate of heat flow BTU / hr

148




Orer Rate of energy build up inside the BTU / hr

room

0. Rate of heat flow through conduction BTU / hr

O Rate of heat flow in through BTU / hr
infiltration

Qraven Rate of latent heat flow BTU / hr

Q) Rate of heat flow gencrated by BTU I hr

internal sources

O. Rate of heat removed by air BTU I hr
conditioner
T.(1) Temperature of air surrounding the °r
room

T oom (D) Temperature of air inside the room °F

T (1) Outlet temperature of air conditioner o[
H,, Humidity of outside air grllb
. Humidity of inside air gr /b

i

Table 5-1 Table of symbol

Note :Rate of heat flow is a function of time. However for convenience, the

notation @ is used instead of Q(r).
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Symbol Quantity SI EES

P Density of Air 1.29 kg/m? 0.079 b/ fi°

S Specific Heat of Air 1.0 KJ/ KgK 024BTU / Ib° FF

Table 5-2 Table of constants

Note :

1. EES stands for English Engineering System.

2. Sl is an abbreviation for international standardisation of units.

3. The specific heat of air is constant pressure specific heat. Many of the
processces involved in air conditioning may be considered constant

pressure process.

5.3 The thermal model

The cross sectional side view and top view of a building which is made up of
walls, windows, roof, equipment and door are shown in Figure 5-1 and Figure
5-2. To sunplify the development of a thermal model of an air conditioned
room, the net heat build up in the room is seen to be from respective heat
sources and heat sinks. This i1s convenient as the actual entities can be casily

configured as either heat sources or heat sinks.
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Figure 5-1 Cross sectional side view of a butlding

Tair1

0

Qlatent

Door

0

Qin

Window

Window

Tair2

Figure 5-2 Top view of a butlding

Heat sources in the room are Q,, O., 0., and Q,. While Q, is the heat

sink which removes heat from the room. The convention used is arrow

pointing direction of heat loss or heat gain.
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represents a heat gain and the attribute will have a positive sign in the
energy balance equation. Heat loss from the room is represented by an
outward pointing arrow and the attribute will have a negative sign in the

energy balance equation.

5.3.1 Heat sources

The roomn gains heat from heat sources. External heat can flow throughs
window, wall, roof and other structure of the building into the room. This is
heat transferred through conduction. Heat also infiltrates into the building
through window, door and crack opening. Internal heat in the building may

come from people, computer and other electrical appliances.

5.3.1.1 Heat Transfer through conduction, Q

e

A section of a wall separating the interior of a room from the exterior of the
room 1s shown in Figure 5-3. The process called conduction operates to
transfer molecular heat energy by direct physical contact of molecules. The
heat that flows through conduction depends upon the temperature different
between the two sides, arca of the structure and material of the construction.
The temperature different between the two sides forms a driving potential for
the heat flow which is directed from high to low temperature. The type of

construction will determine the transmission coefficient called the “U”
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factor. The rate of heat flow Q,, is found by multiplying the “U” factor by

the area of the structure and by the total temperature difference?s.
Qe = UA(]:W' (t) - ]:oom (t)) ( 5 1)

where,
U is the transmission coefficient of the material
A is the area of the structure

T

air

(1) is the temperature of air surrounding the room

T, (1) is the temperature of air inside the room.

Figure 5-3 Heat flow through wall/structure

Conducted heat can enter the room through roof, walls and glass. Table 3

lists the “U” factor of some typical construction materials?7.
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Type of construction “U” factor BTU / hr° Fft’
Residential Wall 0.25
Residential Roof and Ceiling 0.31
Commercial Wall 0.33
Commercial Roof and 0.40
Ceiling
Ordinary Glass Window 1.13
Storm Window 0.45
Double Window 0.65

Table 5-3 "U” factor of some typical construction materials

5.3.1.2 Infiltration heat flow, QO

Outside air will leak into the room depending on infiltration around windows
and through the opening of doors. Whichever way the air gets in, it must be
dehumidified to bring the air to the room condition.
heat that must be removed can be determined by multiplying a factor 1.08 by

the flow rate W, of outside air and the temperature difference between

outside and mside temperature3s.

0, =1.08x W,

where,

w X (1, (1) =

7—;’OOI" (’ ))
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W, 1s the flow rate of infiltration of air in b/ hr

"

T

air

(¢) 1s the temperature of air surrounding the room

T (t)1s the temperature of air inside the room.

room

Outside Air | Inside air
Tair \\ Troom
\I_\In'filtration
:§:> Qin

Figure 5-4 Infiltration heat flow

The quantity of outside air that leaks into the room by infiltration depends
upon the outside wind velocity the crack openings, and the usage of windows
and doors. Two methods are used to estimate the quantity of air infiltration
in buildings. The first method i1s known as the air change method??. This
method assumes the number of air changes per hour in the room. The air
changes per hour is depended on the type, usc and location of the space. The
air changes taking place under average condition in residence at different

kind of room or building is given by Table 5-4.
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Kind of Room or Building Air changes per
hour

Rooms with no windows or exterior doors 0.5

Rooms with windows or exterior doors on one side 1

only

Rooms with windows or exterior doors on two 1.5

sides

Rooms with windows or exterior doors on three 2

sides

Entrance hall 2

Table 5-4 Air changes taking place under average conditions in residences

The sccond method estimates the infiltration based on measured leakage
characteristics of building components and a selected pressure difference.
This ts known as the crack method since cracks around doors and windows
are usually the major sources of air leakage. The crack method is based on
the fact that the quantity of air leaks through building components is
proportional to the size of the cracks and the square root of the pressure
different across the crack. However the crack method requires a more
complicated calculation. So due to simplicity, the air change method 1s

adopted in this model.



5.3.1.3 Latent heat flow, Q,,.,

The outside air has excess humidity which must be removed for inside
conditions. This latent heat can be calculated by multiplying a factor of 0.68

with the quantity of outside air, W, used and multiplying the humidity

difference in grains per pound (gr/lb) of air between outside and inside

conditions?0.
OQraiont = AW, (Ho = H,,) (5.3)
where,
A =constant = 0.68 (5.4)
W, = flow rate of infiltration of air in /b / hr (5.5)
H,,= humidity of outside air in gr /b (5.6)
/1, = humidity of inside air in gr//b (5.7)

For an inside air of 80°F dry bulb and 50% relative humidity, the specific

humidity i1s 77 gr/Ib. The outside air specific humidity depends on
geographical location. For an outdoor dry bulb temperature of 95°F and wet

bulb temperature of 75°F, the humidity is assumed to be 99 gr /b .
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5.3.1.4 Sun’s solar heat flow

The sun’s heat can go into a building through glass and building structure!.
Solar heat through glass i1s instantaneously absorbed in addition to the heat
conducted by the glass. When wall and roof are exposed to solar radiation,
the heat is conducted into the room. But the heat will reach the room at a
later time depending on the type of construction. The solar heat through
glass can be reduced significantly by using effective shading. The
contribution of solar heat flow is not taken into account in the thermal model
because the window of the laboratory room facing the exterior of the building

is shaded with blind which is effectively turning away the solar heat.

5.3.1.5 Rate of heat flow generated by internal sources

Internal sources of heat are people, lightings, computers, machines and
electric motors. People 1s the most important heat source inside the room.
People in a room give both sensible and latent heat. The exact amount is
determined by the activity of people and by the room condition. The
information on heat gain from people and the activity?? is tabulated in Table

5-5.
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Activity Sensible Heat Latent Heat Total
BTU/hr BTU/hr BTU/hr
Theatre 195 155 350
Office 200 250 450
Dancing 245 605 850
Bowling 465 985 1450

Table 5-5 Heat from people performing different activities

The heat given off by lights, both incandescent and fluorescent is not affected
by the room temperature and depends only on the electricity consumed. To
predict the air conditioning load at each time of the day, the usage factor of
light is required. The heat gain from fluorescent light and incandescent

lamp*3 is shown on Table 5-6.

Type Heat Gain BTU/hr
Fluorescent Total light watt x
Light 1.25 x 3.4

Incandescent Total ight watt x 3.4

Lamp

Table 5-6 Heat gain from light

The heat given off by machines and motor are also independent of the room
temperature. 1t depends on the actual electricity or energy consumed. Electric motors

contribute approximately 2,900 BTU/hr per horse power*,
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The rate of heat flow generated by internal sources is given by

Oy = af, + fF, (5.8)

where,
a = rate of heat generated per person in BTU / hr
£ = heat gain from each watt of electricity consumed in BTU / hr / watt
P.= electrical power consumed by electrical appliances in Warr

P, = number of people inside the room

5.3.2 Heat Sink

Heat sinks remove heat from the room. The main source of heat sink is heat

taken away by air-conditioner unit.

5.3.2.1 Heat taken away by air conditioner

Air conditioner is a heat exchanger. Air is flowing into the air conditioner at

an inlet temperature 7, and flowing out from the air conditioner at outlet

room

temperature, 7.. The heat exchanger flow diagram is shown in Figure 5-5.
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Air conditioner

Flow rate = W
Outlet temperature = Tac

Flow rate = W

Inlet temperature = Troom

Figure 5-5 Heat exchanger flow diagram

The steady state heat balance is given by45:

Qo = WS(T,, (1) = 1,.(2)) (5.9)

where,
W = Flow rate of air in b/ hr
S = Specific Heat of Air = 024BTU /Ib° F

T,..(1)= Temperature of air inside the room / Inlet temperature to air

conditioner

T _(ty = Outlet temperature of air conditioner.

5.3.3 The net heat flow

The net heat flow into the room is the summation of heat sources and heat

sinks given by

Qnel = Qc + Qin + Qh + Qlﬂlent - Qm‘ ( 5 10)
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Air demonstrates the property of storing heat energy by virtue of
temperature?®, In Figure 5-6, air is thermally isolated inside a room to
measure 1ts heat holding capacity. The air is assumed to have a uniform
temperature 7,,. The insulation restrains loss of heat from the volume.

When heat is added to the air, the temperature rises. In order to evaluate

the coefficient of thermal capacitance, C, the air in the capacitance volume

must be considered.

Insulatin

Volume of capacitance

Figure 5-6 Thermal capacitance

The governing physics follows the relationship

[0,dt = MST,,,, (1) (5.11)
d
=C—T,,.U (5.12)
QH(‘I dl l()()l}l( )

where,
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C=MS (5.13)

Substituting equation (5.12) into (5.10),
d
C—(;f— 7:-00": (t) = Qe + Qin + Qh + Qlatent - Qac ( 5 14)

The thermal model developed in this section is applied to model a laboratory

room which 1s described 1n the next section.

5.4 Laboratory room being investigated

The thermal model developed in section 5.3 1s applied to investigate the air
conditioning system in a laboratory room used by the post graduate students
in the clectronic engineering department. This section describes the

properties of the laboratory room.

5.5 The laboratory room dimension

The layout of the laboratory is shown in Figure 5-7. The access to the
laboratory room is limited. This 1s important becausc the population of the
room is limited to the number of people working inside the laboratory. Two
walls of the laboratory face the exterior of the building and are designated as
zone 1 and zonc 2. The other two sides are adjacent to a computer laboratory
whiceh is designated to be zone 4 and an indoor corridor designated to be zone

3.
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Zone 1
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Computer Laboratory

(Indoor)
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S\ 21 1eet
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l’ % F Work ]

-

PC
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Corridor
indoor

e

Outdoor

Zone 2

Figure 5-7 Laboratory room used for study

The room dimensions is tabulated in Table 5-7.
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Description Dimension i

Length 21
Width 21
Height 9.6

Table 5-7 Laboratory room dimensions

5.5.1 Heat transmission coefficient

The wall of the laboratory room is made up of brick and sand plaster at low
level and wood partition at high level. The transmission coefficient for
common construction material is tabulated in Table 5-3. For simplicity, the
wall 1s trcated as an average commercial wall with U factor of 0.33. The
ceiling of the room is suspended plaster board on aluminium tee bar. The U
factor 1s again assumed for a commercial roof and ceiling with a value of
0.40. The area of the wall, window and ceiling at different zones and their

corresponding transmission coefficient is tabulated in Table 5-8.



Description Area in fi’ Transmission
Coefficient in

BTU / hr° Fft?

Wall area
Zone 1 A (1) 123.5 U (1) 0.33
Zone 2 A (2) 201 U an(2) 0.33
Zone 3 A (3) 153 Uar (3) 0.33
Zone 4 Arar(4) 117 U (4) 0.33
Window area

Zone 1 Avinon (D) 77.5 U indon (D) 0.7

Zone 2 Ains (2) 0 U vindow (2) 0
Zone 3 Ao (3) 48 U it (3) 0.7
Zone 4 Ayt (4 84 U indons (4) 0.7
Ceiling area Acetne 441 U ceiting 0.40

Table 5-8 Area and heat transfer coefficient of different zones of the room

5.5.2 Thermal properties of the laboratory room

The mass of air in the room, thermal capacitance and air flow rate are the
quantitics which are used to evaluate the energy interchanges inside the

rooni.
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Volume of room

V=21t x21ft x9.6/t

V =4237° (5.15)

Mass of air 1in room

The mass of air inside the room 1s

M=Vp

M =4237/1° x 00791b / f¢*

M =335lb (5.16)

Thermal capacitance of room

The thermal capacitance of the room is
C=85SxM

C=024BTU /1b° " x335lb

C=804BTU/°F (5.17)

Air flow rate from air conditioner

The air conditioner installed inside the room is Carrier Model 38HD-024-
70125 rated at 24000BTU / hr. From the manufacturer manual, the air flow

rate of the air conditioner is specified at 600 f2° / min.

W, =600/* / min
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The flow rate of air in /b/hr is evaluated by multiplying the flow rate in
ft’ / min by density of air and 60.

Ww=W

cfm pr 60

W =2844lb/ hr (5.18)

5.6 Detailed simulation program

There are many ways to estimate the temperature of a building and its
energy demand. One way of doing these i1s using a detailed simulation
program (DSP) for computer. Following the discussion on thermal model in
section 5.3 and the properties of the laboratory room in section 5.4, this
section proceed to implement a DSP for the thermal model of the laboratory

room.

5.6.1 VisSim

VisSim version 1.5b is the design and simulation software used to build the
thermal model of the laboratory room. It is a block diagram language for
mathematical modelling and simulation with both linear and non lincar
system support. A system model will be created and VisSim will numerically
simulate it. System model is created in the form of block diagrams. Each
block diagram is a mathematical function. VisSim Version 1.5b offers over

80 built in block diagram and ability to extend the block set by writing
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Dynamic Link Library (DLL) functions or adding pre-configured diagrams to

other diagram with the File menu’s Add Command.

A block diagram is created by inserting the relevant block and wiring them
together. Simulation set up parameters such as interval start, stop and step
size have to be set before running the simulation. By initiating the
simulation with the Simulation menu's Go command, VisSim will
numerically simulates the block diagram over the start and stop interval in a

fixed step size.

When VisSim simulates a block diagram, it first cvaluates the signal
producer blocks such as the step and the constant, then sends the data to the
intermediate blocks like summing junction which has both inputs and
outputs. Lastly the data is sent for display in the signal consumer blocks

such as plots and display.

5.6.2 Building individual component of DSP using VisSim

VisSim provides the tools for building a DSP for the laboratory room thermal
model based on the fundamental physical laws discussed in section 5.3 and
properties of the laboratory room described in section 5.4.  This section

explains the implementation of each heat source and heat sink with VisSim.
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5.6.2.1 Heat transfer through conduction, Q

e

From equation (5.1), the heat flow through a structure is given by :

Qe = UA(T:HI‘ (t) - 7;0001 (t))

The representation of @, in VisSim is shown in Figure 5-8.

Stnacture Area

Transmiszion coefficient

. 1
A gl

Figure 5-8 Heat flow through a structure

Equation (5.1) is converted to a form that can be implemented in VisSim.

This equation is programmed by using the following block :

1. Three variable blocks to represent 7, (¢), 7,,(t) and Q,.
2 A constant block for the area of the structure.

3. A slider for the transmission cocfficient in BTU / hr® Ffi’.
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4. A division block to divide the transmission coefficient in the unit of per
hour by 3600 so that simulation can be conducted in per second.

5. A summing junction for the subtraction of 7, () from 7 _(¢).

oom

6. A multiplication block for multiplication for the temperature difference,

the transmission coefficient and the area of the structure.

The basic building block for heat flow through a structure is shown in Figure
5-8. The DSP evaluates the heat flow through each structure of the room by
taking into consideration the transmission coefficient of the structure and the
temperature difference between the two surfaces of the structure. The arca
of the structure at different zones and their corresponding transmission
coefficient shall be referred in Table 5-8. The contribution from cach

structure 1s summed up to give the total heat transfer through conduction,

Q.(Total) as illustrated in Figure 5-9.
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Heat transfer through corduction
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Taiy ——M

Ceiling Area

Figure 5-9 Summing heat flow through each structure to give the total heat

conducted

5.6.2.2 Infiltration heat flow, Q,

The infiltration heat flow is given by equation (5.2),

Q. = 108W, (T, (1) = T,5,, (1))
According to Table 5-4, a room with windows or exterior doors on one sides
has an air change of 1 times per hour. An air change of 1.5 times per hour
correspond to the following infiltration air flow rate :

W =1x Milb/hr

in
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From equation (5.16),

M =335lb

Hence,

W, =335Ib/ hr (5.19)

The representation of Q, in VisSim is shown in Figure 5-10.

Infiltration heat flow

Figure 5-10 Infiltration heat flow

Equation (5.2) is programmed by using the following blocks :

0.

Threc variable blocks to represent 7, (¢), 7,.(¢) and Q, .

A constant block.

A slider for the air flow in b/ hr.

A division block to divide the transmission coefficient in the unit of per
hour by 3600 so that simulation can be conducted 1n per second.

A summing junction for the subtraction of 7, (1) from 7, (¢).

oom

A multiplication block for multiplication for the temperature difference.

the transmission coefficient and the arca of the structure.
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5.6.2.3 Latent heat flow, Q,,.,

The latent heat flow is given by equation (5.3),

anlenl = /?’I/Vm (H

out

_Hin)

For an inside air of 80°F dry bulb and 50% relative humidity,

H, =77gr/lb (5.20)

For outdoor condition of 95°F dry bulb and 75°F wet bulb,

H =99gr/lb (5.21)

out

Substitute equation (5.19),(5.20) and (5.21) into equation (5.3)

Qlalr'n! =5012BTU / hr

Since the water vapour in the air stays pretty constant on any day, the latent

load does not vary with the time of the day.

The implementation of (,,,, in VisSim is shown in Figure 5-11.
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Latent heat

Relative hunadity of sutdoor air in grain ger paun

Felative humddity of indoor ait itr grain per paun

Infiltration air (LB/Mht)

FTR

Figure 5-11 Latent heat flow

The latent heat flow only takes effect when the air conditioner is turned on.
When the air conditioner is turned off, no energy will be channelled to reduce
the humidity of the indoor air. Hence a Boolean block 1s added to unload the
latent heat flow when the air conditioner is turned off. If the air conditioner
1s turned off, the outlet temperature of the air conditioner will rise to a
temperature greater than 60°F. When this happen, it is a false condition and
the output from the Boolean block is 0. This will disconnect the loading of

the latent heat flow.

5.6.2.4 Rate of heat generated by internal sources, Q,

From equation (5.4), the rate of heat flow generates by internal sources is

given by
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QI[ = an +ﬂPe
Inside an office the heat gain from people is 450 BTU/hr. Hence,
a =450BTU | hr (5.22)

The heat gain from electrical machine is taken to be 3.4 BTU /hr per cach

watt of clectricity consumed. Hence,
P =34BTU / hr | watt (5.23)

The electrical appliances in the room and their respective electricity

consumption is listed in Table 5-9.

Electrical un Power consumption Total electrical
appliance it per unit (Watt) consumption
(Watt)
Computer 5 200 1000
fluorescent 6 100 600
lamp
Total 1600
consumption

Table 5-9 Electricity consumption of electrical appliances
The total electrical consumption inside the room is estimated to be 1600 watt.

The representation of @, in VisSim i1s shown in Figure 5-12.

mn

176



Mumber of people inside the room

Rate of heat generated per person

~\

Figure 5-12 Rate of heat generated by internal sources

Equation (5.4) 1s programmed by using the following blocks :

1. Three variable blocks to represent P, P, and Q,.

2. Constant blocks representing a and f.

3. A shider for electrical power consumed in watt.

4. A division block to divide the transmission cocfficient in the unit of per
hour by 3600 so that simulation can be conducted in per second.

S. Multiplication block for multiplication between the inputs and the gain.

6. A summing junction to add the heat gain from people and heat gain from

electrical appliances.

5.6.2.5 Heat taken away by air-conditioner, QO

ac

The rate of heat removed by air-conditioner Q, was given by (5.9),
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Qe = WS(TL oo (1) = T, (1))

The representation of Q.. in VisSim is shown in Figure 5-13.

Air Flow (LB/hi)

Specific heat of air BT/ (b - degh)

(024 }—»{5}

P Tac '

Troom

Figure 5-13 Heat taken away by air-conditioner

Equation (5.9) is programmed by using the following blocks :

1. Three variable blocks to represent 7, , T

oo and Q.

2. A constant blocks representing specific heat of air.

3. A slider for air flow.

4. A division block to divide the transmission coefficient in the unit of per
hour by 3600 so that simulation can be conducted in per second.

5. Multiplication block for multiplication for the temperature difference

between T, and T air flow and specific heat of air.

room?

6. A summing junction to subtract T, from T,

ac’

5.6.2.6 The net heat flow
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The net heat flow inside the room is given by equation (5.14),
.d
( _(}; 7:‘oom (t) = Qe + Qin + Qh + Qlaiem - Qar

The implementation of net heat flow in VisSim 1s shown in Figure 5-14.

Heat Sources
I g; : b The net heat flow
e
Heat Sink
15— Troom H

Thetmal capacitanice of room (BTU/deg F)

Figure 5-14 Rate of heat build up inside the room

Equation (5.14) is programmed by using the following block :

1. Eight variable blocks to represent C, T, ., O., O, O., Qs Quwene and O, .,

2. One summing junction to add up all the heat sources, one summing
junction to add up all the heat sinks and another summing junction to
subtract the heat sink from heat source.

3. A division block to divide Q. from C.

net

4. An integrator block to integrate Q,,, in order to obtain T

room °
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5.6.2.7 Thermal capacitance of room

According to equation (5.13), the thermal capacitance of the room is given by

C=MS

Specific heat of air BTU 7 (Ib - degF)

0.24

Thermal capacitance of roem (BTU/deg F)

Figure 5-15 Thermal capacitance of room

The thermal capacitance from equation (5.13) is implemented in VisSim as

shown in Figure 5-15 by using the following blocks :

1. Two variable blocks to represent specific heat of air, § and thermal
capacitance C.

2. A constant block to assign value to the specific heat of air and another
constant block to assign value to the mass of air inside the room.

3. A multiplication block for multiplication of the specific heat of air and

mass of room.

5.6.3 DSP for laboratory room
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A DSP for the laboratory room is built by combining all of the individual
components discussed in section 5.6.2. The final layout is shown in Figure 5-

16. The inputs to the DSP are listed in Table 5-10.

Input | Symbol
Outdoor temperature for zone 1 and zone 2 T,
Temperature of air outside the room at zone 3 T,
Temperature of air outside the room at zone 4 T,
Outlet temperature of air conditioner T.
The number of people inside the room P

Table 5-10 Inputs to the DSP
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Figure 5-16 DSP for laboratory room

The outputs from the DSP are tabulated in Table 5-11.

Input Symbol
Room temperature 1 om
Heat flow through conduction Q. (total)
Heat generated by internal sources 0,
Heat flow through infiltration 0.,
Latent heat flow Qratent
Heat removed by air conditioner 0.
Net heat flow O,er

Table 5-11 Outputs from the DSP
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5.7 Simulation

The DSP is simulated with real time input data. This section discussed the
input data and the hardware and software configuration for data acquisition.
This is followed by description of the simulation set up and statistical

approach used to analyse the acquired data and simulation result.

5.7.1 Data acquisition

Real time input data is gathered by using a PC based data acquisition card
using self developed temperature sensor. The data acquisition card used 1s
Advantech PCL818HG data acquisition card. The software used for data
acquisition 1s VisSim. The location of the temperature sensors together with

the acquired data are tabulated in Table 5-12.
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Location of sensor Acquired data

Zone 1 Temperature of outdoor air, 7. in ° /7

aikr

Zone 3 Temperature of air outside the room at

zone 3, 7, in °F

Zonce 4 Temperature of air outside the room at

zone 4, T, in °F

Air conditioner blower | Outlet temperature of air conditioner, T

ac

outlet in °F
Laboratory room Temperature of air inside the room, T, in
°F

Table 5-12 Location of sensor and acquired data

The PC is running continuously and records the temperature inside the room.
The sampling rate is set to 60 seconds. Hence, 1441 points will be recorded
for each input within 24 hours. The data is logged in a log file with extension
.DAT and saved in the computer hard disk every twenty four hours. The log
file will be used for the DSP simulation. The program used for the data

acquisition 1s acquirevsm. Figure 5-17 shows the hierarchical blocks

diagram of acquire.vsm.
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Temperature Temperature T:mpgri.ture
Sensor conversion cquisition

pcl818hg.v1

Figure 5-17 Block diagram of data acquisition program acquire.vsm

5.7.1.1 Data acquisition card driver block

The dynamic link library program pcl818hg.vl is the VisSim driver for
PCL818HG data acquisition card. It is implemented in VisSim as a user
written function. This block has analog and digital input on one side and the
analog and digital output on the other side. All the input and output points
are clearly labelled. The temperature sensors are connected from analog

iput 0 to analog input 4. The pcl818hg.v1 block is shown in Figure 5-18.
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Figure 5-18 Data acquisition card driver block

5.7.1.2 Temperature sensor block

The pcl818hg.vl block measures voltage signals. The temperature sensor
block convertes the voltage signal into temperature in degree Celcius. The

conversion from voltage to temperature is performed by using:
T, = -384.6V +190.2 (5.24)

Where 7. is the temperature in Celcius and V' is voltage in Volt.

The content of the temperature sensor block 1s shown in Figure 5-19.
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Figure 5-19 Temperature sensor block

5.7.1.3 Temperature conversion block

The temperature conversion block convert the temperature from degree

Celcius to degree Fahrenheit. The conversion is performed by using :

9
T, =T +32 (5.25)

where |

7, is temperature in Fahrenheit.

The contents of the temperature conversion block is shown in Figure 5-20.
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Figure 5-20 Temperature conversion block

5.7.1.4 Temperature acquisition block

This is the block where the data logging 1s taking place. The import block
logs in the data and saved it in the a log file. The time step in sccond is
taken from the real time block and logged into the log file. The content of the
variable 7,, T, T,, T,,and T, at each time step are logged into the log file.
The number of occupant inside the room is observed by the experimenter and

logged into the log file manually through a shider. The temperature

acquisition block is shown in IFigure 5-21.
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Figure 5-21 Temperature acquisition block

5.7.2 Simulation set up

The DSP is simulated with data from the log file. The simulation set up is
shown in Figure 5-22. With the whole day data available in a single log file,

the simulation for one day could be run within minutes.
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Figure 5-22 Simulation set up

5.7.2.1 Log file

The log file is initiated by the export block under the signal producer
category. The data available on the log file are the original time step and the

variable T

air ?

., T,, T., T and P, at each time step. The

ac room

implementation of the log file in VisSim is shown in Figure 5-23.
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Figure 5-23 Log file

5.7.2.2 DSP

The VisSim implementation of DSP block, its inputs and outputs is shown in

Figure 5-24.

———
—P
Detailed Dlgl,:;itmn Program Ly Pietent
——
P

Troom

Figure 5-24 Detailed Simulation program block

5.7.2.3 Statistic for input and output data

The inputs to the DSP and outputs from the DSP are analysed statistically

for thelr mean, variance and standard deviation.
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1. Mean

The mean of a variable x over a period of time T is denoted by x and is

given by
;
2%
= (5.26)

In this case, the period T is 86400 seconds and the mean is implemented in

VisSim as shown in Figure 5-25.

Figure 5-25 Mean block in VisSim

2. Variance
The variance of the distribution of variable x over a period 7' is denoted by

o’ and is given by

Gl (5.27)

This is implemented in VisSim as shown in Figure 5-26.
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vanance

Figure 5-26 Variance block in VisSim

3. Standard Deviation

Standard deviation is the positive square root of the variance and is denoted

by o and 1s implemented in VisSim as shown in Figure 5-27.

] vanance — pow(D 5y | Standard Deviation o

Figure 5-27 Standard deviation block in VisSim

5.8 Result

The DSP is simulated with the log data from 30th, September, 1997 until 7th,
October, 1997. The inputs to the DSP and simulation outputs on 6t", October
arc plotted over a day for discussion. The log file on Gth, October started to

log data at 16:40:23 with a sampling rate of 60 seconds.
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The outdoor temperature, zone 3, zone 4 and air conditioner outlet
temperature on 6th, October are plotted on Figure 5-28. The time at 0 second
correspond to 16:40:23. The air conditioner is set to turn off at 17:00. When
the air conditioner 1s turned off at 17:00, the air conditioner outlet
temperature rises to 85°F from 55°F. The air conditioner is programmed to
turn on at 09:00 the next day. The air conditioner temperature dropped from
85°F to 50°F. The air conditioner outlet temperature shown a dependency on

outdoor temperature.

The outdoor temperature has a wide range of variation over the day. It
reached the peak of 98°F in the afternoon and dropped down to 76°F at night.
Zone 3 and 4 are interior zone of the building which are also cooled by proper
air conditioning with similar timer setting as the laboratory room. When the
air conditioner is turned on, the temperature of both zone could be
maintained at 85°F but these temperature also shown dependency on the

variation of outdoor temperature.

The measured room temperature and estimated room temperature are
plotted together on Figure 5-29. When the air conditioner is turned off at
17:00, the DSP estimated the room temperature to rise to 89°F compares to
the measured room temperature of 88.7°F. The estimated room temperature

is found to be higher than the measured room temperature when the air
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conditioner is turned off. When the air conditioner is turned on at 09:00 the
next day, the DSP estimated the room temperature to drop to 74.2°F in
contrast with the measured room temperature of 72.2°F. The estimation of
the DSP is about 1°F lower than the measured temperature when the air
conditioner was turned off and 1°F higher than the measured temperature

when the air conditioner is turned on.
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The contribution of heat flow from heat sources is shown in Figure 5-30.
When the awr conditioner is turned on, the room temperature is lower than
the outdoor temperature. Heat is transferred through conduction from
exterior to interior of the room. This results in a positive heat flow. When
the air conditioner is turned off, the outdoor temperature will drop below the
room temperature and heat 1s conducted from the interior of the room to the
exterior of the room. This results in a negative heat flow. When the air
conditioner is turned on, the conduction heat flow contributed around

4000BTU/hr.

Heat generates from internal sources reflects the electrical appliances
operated and the number of people inside the room and is not affected by the
variation of outdoor temperature. Heat generated by internal sources is

about 3500 BTU/hr.

Similar as conduction heat flow, heat flow through infiltration is depended
on the difference between exterior and interior room temperature. When the
air conditioner is turned off, there is a negative heat flow. On the other hand,
when the air conditioner is turned on the higher outdoor temperature would
cause a positive heat flow.  The infiltration heat flow contributed

4500BTU/hr of heat flow when the air conditioner is turned on.
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As mentioned in section 5.6.2.2, the latent heat flow only takes effect when
the air conditioner is turned on. When the air conditioner is turned off, no
energy will be channelled to reduce the humidity of the indoor air. When the
air conditioner 1s turned on, there is 5000BTU/hr of latent heat to be
removed. The water vapour in the air stays pretty constant on any day and
the latent load does not vary with the time of the day. The air conditioner
removes heat generated by heat sources. The amount of heat it removes is
equivalent to the amount of heat generated by the heat sources so that the
net heat flow inside the room is zero. The heat removed by the air
conditioner and the net heat flow is shown in IFigure 5-31. When the air

conditioner is turned on, 1t 1s removing 17000 BTU/hr of heat from the room.
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Figure 5-31 Heat removed by air conditioner and the net heat flow
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The input data to the DSP and the simulation output of the DSP over the
testing period i1s analysed by using the method mentioned in section 5.7.2.3

in the following section.

5.8.1 Outdoor air temperature measured in degree Fahrenheit

The statistics of outdoor temperature measured during this period is
tabulated on Table 5-13 and plotted in Figure 5-32. Zone 1 and zone 2 are at

the exterior of the building. The temperature of these two zones are the

outdoor temperature. The mean value of the outdoor temperature over the
testing period is 81.6 °F with a standard deviation of around 9.3°F. However
sometime the outdoor temperature might have a big variation with standard
deviation as high as 18.2°F which was recorded on 7th | October. This might
be caused by unstable weather condition like a sunny morning and afternoon

followed by rain at late evening or night.

200




Date Mean | Variance Standard
Deviation
30/9/97 81.9 131 11.5
1/10/97 80.1 81.8 9
2/10/97 80 59.2 7.7
3/10/97 83.8 70 8.4
4/10/97 81.7 40.9 6.4
5/10/97 82.4 48.3 7
6/10/97 82.8 38.6 6.2
7/10/97 79.9 329.6 18.2

Table 5-13 Outdoor air temperature statistics

Outdoor Temperature in Degree Fahrenheit
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Figure 5-32 Outdoor air temperature stalistics

5.8.2 Air conditioner outlet temperature mecasured in degree

Fahrenheit
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The statistics of air conditioner outlet temperature measured during this
period is tabulated on Table 5-14 and plotted n Figure 5-33. The air
conditioner is set to turn on and off by an automatic timer. The timer is sot
to turn on at 9:00 am and turn off at 5:00 PM. The air conditioner air flow
temperature might be as low as 53°F when the air conditioner is turned on
and as high as the room temperature when the air conditioner is turned off.
The mean temperature over a day is very much depended on the on and off
time of the air conditioner. The mean temperature recorded over the testing

period is 71.1°F with a high standard deviation of 12.7°F.

Date | Mean | Variance Standard
Deviation
30/9/97 | 72.6 88.1 9.4
1/10/97 | 69.8 133.1 11.5
2/10/97 | 70.4 180.9 13.5
3/10/97 | 71.7 190.1 13.8
4/10/97 70 220 14.8
5/10/97 | 70.5 162 12.7
6/10/97 | 72.5 192.5 13.9
7/10/97 | 71.4 135.7 11.7

Table 5-14 Air conditioner outlet temperature statistics
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Air conditioner outlet temperature in degree Fahrenheit
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Figure 5-33 Air conditioner temperature statistics

5.8.3 Room temperature measured in degree Fahrenheit

The statistics of the room temperature measured during this period s
tabulated on Table 5-15 and plotted in Figure 5-34. Similar as the air
conditioner air flow temperature, the room temperature is also very much
depended on the timer setting of the air conditioner. The room temperature
when the air conditioner is turned on can be as low as 75°17 and when the air
conditioner is turned off, the room temperature might even be higher than
the outdoor temperature. The mean room temperature over the testing

period is 79.4°F with a standard deviation of 3.7°I°.
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Date | Mean { Variance Standard
Deviation
30/9/97) 80 5.5 2.4
1/10/97| 78.5 5.8 2.4
2/10/971 79 13 3.6
3/10/971 79.9 11.8 3.4
4/10/97] 78.3 26.6 5.2
5/10/97] 79.4 8.8 3
6/10/97| 81.3 13.6 3.7
7/10/97( 78.4 35.3 5.9

Table 5-

15 Room temperature statistics

Temperature
( Degree Fahrenheit )

Measured room temperature in degree Fahrenheit
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Figure 5-34 Room temperature statistics

5.8.4 Zone 3 temperature measured in degree Fahrenheit
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The statistics of zone 3 temperature measured during this period 1s tabulated
on Table 5-16 and plotted in Figure 5-35. Zone 3 1s an interior corridor. 'The
corridor is also air conditioned and the air conditioner 1s controlled by similar
timer sctting. The mean temperature over the testing period is 80.7°F with a

standard deviation of 2.7°F.

Date Mean | Variance | Standard

Deviation
30/9/97 82.1 5.1 2.3
1/10/97 80.3 13.2 3.6
2/10/97 80.4 5.1 2.3
3/10/97 80.9 3.8 1.9
4/10/97 79.4 4.4 2.1
5/10/97 80.7 4.6 2.1
6/10/97 82.1 5.5 2.3
7/10/97 80 27.4 5.2

Table 5-16 Zone 3 temperature statistics
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Zone 3 temperature in Degree Fahrenheit
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Figure 5-35 Zone 3 temperature statistics

5.8.5 Zone 4 temperature measured in degree Fahrenheit

The statistics of zone 4 temperature measured during this period is tabulated
on Table 5-17 and plotted in Figure 5-36. Zone 4 1s a computer laboratory.
The laboratory is air conditioned and the air conditioner is controlled by
similar timer setting. The mean temperature over the testing period is

77 .5°F with standard deviation of 2.7°F.
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Date |Mean|Variance Standard

Deviation
30/9/97 | 77.3 2.4 1.5
1/10/97 | 76.5 23.6 4.9
2/10/97 | 77.3 7.1 2.1
3/10/97 | 80.9 3.8 1.9
4/10/97 | 78.3 1.4 1.2
5/10/97 | 79.2 5.8 24
6/10/97 | 78.1 0.1 2.3
7/10/97 | 72.7 31.8 5.6

Table 5-17 Zone 4 temperature statistics

Temperature
(Degree Fahrenheit)
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Figure 5-36 Zone 4 temperature statistics
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5.8.6 Room Temperature estimated by DSP

The statistics of the room temperature estimated by DSP and the error
between the estimated and measured room temperature during this period
arc tabulated on Table 5-18 and Table 5-19. The two sets of statistics are
also plotted on Figure 5-37 and Figure 5-38. The mean temperature
estimated by the DSP over the testing period is 79.5°F with a standard
deviation of 3°F. The mean error between the estimated and measured room
temperature over the same period is 0.5°F with a standard deviation of 2.1°I.
There is a mean positive bias of 0.5°F of the estimation by the DSP over the
measured temperature. This implies that cither the heat generated by the
heat sources 1s overestimated or the heat removed by the heat sink is

underestimated.
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Date Mean { Variance Standard

Deviation
30/9/97 | 80.2 14 3.7
1/10/97 78.8 4.8 2.2
2/10/97 78.9 5.4 2.3
3/10/97 81 4.2 2.1
4/10/97 79.4 10.3 3.2
5/10/97 | 80.2 7.2 2.7
6/10/97 81.2 10 3.2
7/10/97 | 75.9 23.2 4.8

Table 5-18 Statistics of room temperature estimated by DSP
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Date Mean | Variance Standard

Deviation
30/9/97 0.2 9 3
1/10/97 0.24 4.1 2
2/10/97 -0.06 5.2 2.3
3/10/97 1.15 4.5 2.1
4/10/97 1.1 5.8 24
5110197 0.7 2.6 1.6
6/10/97 -0.2 1.9 1.4
7/10/97 0.68 3.5 1.9

Table 5-19 Statistics of error between estumated and measured room

temperature

Temperature
( Degree Fahrenheit)

DSP estimated room temperature
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[igure 5-37 Statistics of room temperature estimated by DSP’

Error between estimated and measured room
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Figure 5-38 Statistics of error between estumated and measured room

temperature

5.9 Conclusion

This work investigated thermal model of a room. A detailed simulation
program (DSP) is built for a laboratory room. The DSP is simulated with
VisSim which is a window based simulation software. The simulation data

ras also acquired by the same software but with an addition of PCLSISHG

data acquisition card and a user written DLL driver for VisSim.

The heat flow in the thermal model 1s a contribution from heat sources and

heat sinks. The known heat sources ave heat transfer through conduction,
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infiltration heat flow, latent heat flow and heat generated by internal
sources. Heat removed by the air conditioner is the only heat sink avalable

in this thermal model.

The DSP 1s simulated with inputs acquired by the data acquisition system
from 29t September until 6th) October. The inputs to the DSP are outdoor
air temperature, temperature of indoor zones surrounding the room, air
conditioner outlet temperature and the number of people inside the room.
The DSP 1s able to estimate the indoor room temperature and heat flows

from heat sources and heat sink.

The statistics of the inputs from 29t September until 6t October are

summarised in Table 5-20.

Input Mean | Variance Standard
°F) deviation(°I9)
Outdoor temperature 81.6 99.9 9.3 o
Zone 3 temperature 80.7 8.6 2.7
Zone 4 temperature 7.5 10.1 2.7
Air conditioner outlet 71.1 162.8 12.7
temperature

Table 5-20 Summary of inputs statistics
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The mean room temperature over the testing period is 79.4°F with a
standard deviation of 3.7°F. The mean temperature estimated by the DSP
over the testing period 1s 79.5°F with a standard deviation of 3°1°. The error
between the room temperature estimated by the DSP and the measured
temperature over the same period is 0.5°F with a standard deviation of
2.1°I°. There 1s a mean positive bias of 0.5°F of the estimation by the DSP
over the measured temperature. This implies that either the heat generated
by the heat sources is overestimated or the heat removed by the heat sink is

underestimated.

The contribution from the heat sources when the air conditioner is turned on

1s summarised in Table 5-21.

Heat sources Heat flow rate in
BTU/hr
Conduction heat flow 4000
Heat generated by 3500

internal sources

Infiltration heat flow 4500

Latent heat flow 5000

Table 5-21 Summary of contribution heat flow from heat sources
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When the air conditioner is turned on, it 1s removing 17000 BTU/hr of heat
from the room which is the summation of the total heat generated by the heat

sources. The net heat flow remains zero.

214



6. Application of computer simulation in close loop control

system design

6.1 Introduction

There are two approaches available for the analysis and design of feedback
control system??. The first method is known as the frequency domain
techniques.  This method is based on converting a system’s differential
equation 1 time domain to transfer function in frequency domain. Laplace
transform 1s used to convert the differential cquation into the transfer
function. Transfer function 1s a mathematical model that algebraically
relates a representation of the output to a representation of the mput.
Mathematical model in transfer function simplifies the representation of
individual system and interconnected sub systems. However the frequency

method is only limited to lincar and time invariant system.

The second method for the analysis and design of feedback control system is
known as the state space method. The state space method 1s a time domain
method which is more powerful than the frequency domain method. It can
handle non linear systems that have backlash, saturation and dead zone.

Time varying system can be represented in state space.  Furthermore
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multiple input multiple output system can be compactly represented in state

space similar as a simple single input single output system.

The state-space representation of a physical system takes the form of a state
equation,

x=Ix+Bu (6.1)
and an output equation
y = Cx+ Du ( 6.2)

for t >1,, and an initial condition x(t,).

Vector x1s called the state vector and contains the variables called state
variables. The state variables can be combined algebraically with the immput

to form the output equation as defined by (6.2).

The state space representation of thermal model 1s derived from the net heat
flow equation. It is then converted to transfer function representation. The
laboratory room parameters are evaluated and substituted into the thermal
model. Both the state space representation and transfer fuunction
representation of the laboratory room thermal model are derived and

stimulated on the computer.
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A thermostat which switches on and off the compressor of an air conditioner
is a classis and cheap kind of temperature control*. In order to achicve
comfort for the room occupants, low temperature oscillation is desired. This
means that the hysteresis must be relatively narrow. But, this result in
frequent switching of the air conditioner compressor which is undesirable.
Hence, the design objective 1s to achieve low temperature oscillation with

reasonable switching cycle of the air conditioner compressor.

The design of the thermostat control could be performed on site in the room.
But the measurements are very time consuming due to the long time
constant. The exact mathematical analysis 1s also problematic because the
hysteresis representing the non linearity causes a very complicated dynamic
behaviour. Simulation offers a solution to such a problem. With a good
process model, the design of the thermostat can be simulated very quickly on
the computer giving the desired mmformation for the close loop svstem

behaviour.

The close loop control system is make up of three models.  These are
laboratory room thermal model, thermostat model and air conditioner model.
As mentioned before, the laboratory room thermal model 1s dertved from the
net heat flow equation. The thermostat model 1s derived by taken into
account the hysteresis function. The air conditioner model 1s derived by

examine the dynamic response of the air temperature when the e

217



conditioner i1s turned on. The simulation of the close loop control system s

uscd to determine the acceptable width of the hysteresis function

6.1.1 Organisation of the chapter

This chapter is organised in the following way. Scction 6.2 derives the
representation of the thermal model in state space. The state space
representation of the thermal model is converted to the transfer function in
section 6.3. The thermal model parameters for the laboratory room is derived
in section 6.4. Section 6.5 derives the state space representation of
laboratory room thermal model by substituting the paramecters of the
laboratory room into the thermal model The transfer function
representation of the laboratory room thermal model is discussed in scction
6.6. Section 6.7 simulates both the state space and transfer function
representation of the laboratory room thermal model. The application of
computer simulation of close loop control system in design problem s

discussed in section 6.8. Finally section 6.9 concluded the chapter.
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6.2 State space representation of thermal model

This section represent the thermal model in state space?.

The net heat flow inside the room is given by

Ot = Qe + O + O + Qens = G (6.3)
where,
Q,.,= The net heat flow ( 6.4)
Q.=The rate of heat flow through conduction (6.5)
Q.= Infiltration heat flow (6.6)
Qe = Liatent heat flow (6.7)
0, = Heat removed by air conditioner (6.8)
0, = Heat flow generated by mternal sources (6.9)

The governing physies follows the relationship

l
Qm‘l = C'L 7:00111 (’) ( 6. 1 0)
dt

where,
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C = Thermal capacitance of the room (6.11)

T, (1)=Room temperature (6.12)

The heat transfer through conduction, @, depends upon the temperature

different between the two sides, area of the structure and material of the
construction. Heat transfer through zone 1, zone 2 and ceiling depend upon
the temperature gradient between outdoor temperature and  room

temperature. The combined transmission coeffictent for zone 1, zone 2 and

ceiling 1s denoted as U,. The total area of the wall, window at zone 1, zone?2
and ceithng 1s denoted as A,. Similarly heat transfer through zone 3 and

zone 4 depend on the temperature gradient between the temperature at zone
3 and zone 4 and the room temperature. The combined transmission
coefficient for zone 3 and zone 4 are denoted as U/, and U,. The total arca of
The

the wall and window at zone 3 and zone 4 arc denoted as A, and ;.

heat transfer through conduction 1s given by

Q. =UA(T,, ()~-T,,, )+ U, AT (1)-T,,, (1))

) room (6,]3
(‘/Al /1-1(7{14(1)_ 7:00111(,)) )
where,
7. (1)= Outdoor air temperature (6.14)
7 .(1) = Temperature at zone 3 (6.15)
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T .(t)= Temperature at zone 4 (6.16)

U, = The combined transmission coefficient for zone 1, zone 2 and

ceiling (6.17)
U,= The combined transmission coefficient for zone 3 (6.18)
U, =The combined transmission coefficient for zone 4 (6.19)

A, = The total area of the wall, window at zone 1, zone2 and ceiling ( 6.20)

A,= The total area of the wall and window at zone 3 (6.21)
A,= The total area of the wall and window at zone 4 (6.22)

The heat transfer through infiltration 1s given by

Q, =M (T, ()-T,,,(1) (6.23)
whenre,

y = 1.08 (a constant) (6.24)

i, = Infiltration air flow rate ( 6.25)

The latent heat flow is given by
leunl = /‘{”V (]](ml ([) ~_'Ilm(l)) ( 6-26)

m

221



where,

A =0.68 (a constant) (6.27)
/1, ,(1)= Humidity of outside air (6.28)
1, (1)= Humidity of inside air (6.29)

The heat generated by internal sources 1s given by
Q, =al (1) + fP,(1) ( 6.30)

where

a =The rate of heat generated per person =45087U / hr (6.31)

B=The rate of heat gain from each watt of electricity consumed

=34BTU / hr | watt (6.32)
P ()= Number of people inside the room (6.33)

P.(1)= Electrical power consumed by electrical apphances (1 6.34)

The heat removed by the air conditioner is given by
Q. = WS(T,,, (1) = T, (1)) ( 6.35)

where

1= Air flow rate of air conditioner (6.36)
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S = Specific heat of air (6.37)

Substituting equation (6.9), (6.12), (6.22), (6.25), (6.29) and (6.34) into

cquation (6.3) gives

d

("7; 7:'(10:11(’) = Ul AI (7:11':' (’) - 7:'(1(7"! (t)) + U3 AJ ( 7;:‘(’) - 7;'0nm(’ ))
+U4 A4 (?:14(’) - ];oom(t)) + }/VVin(nir (t) - Y:‘rmm(’)) ( 6'38)
+AW, (I, (1) - H, (1) + an (O)+PP(Y-WS(T,, (=T (1)

This is a linear, time invariant, first order system.

Let the constants be,

a :% ( 6.39)
b =U, A, ( 6.40)
b, = U, A, (6.41)
b, =U, A, (6.42)
by =W (6.43)
b, = WS (6.44)
b= ( 6.45)

Let the inputs be
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u, (1) = T,, (1) ( 6.16)

u, (1) = T3 (1) (6.47)
u ()y="T,,(1) (6.148)
u, (1) =1T,.(1) (6.19)
w (1) =1H,, (1) (6.50)
w, (1) = 11, (1) (6.51)
u (1) =P (1) (6.52)
u, (1) = P.(1) (6.53)

Substitute (6.45) - (6.52) into (6.37)

/
% T, )y=abu ()-T,, (1) + ab, (u, (1)y=T, (1)) +
(
ab,(u ()=T, () +ab,(u (1)~T,, (1) + (6.51)

aby(u (1) —u (1) +aau, (1) +aPu, (1) —aby (T, (1) = u, (1))

The state variable is

o
(W]
N

x, =1, (1) (6.

Rearranging equation (1.21), the state equation is given by
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d

dr
abyu, () +abyu (1) +abgu, (1) + abgu, (1) —abgu (1) + ( 6.56)

acu, (1) +afu,(t)

7:'00;'1 (f) = _a(bl + bl + b] + bd + bS ) 7:‘oom (f) + a(bl + 174 )“u (I) +

In vector-matrix form,

["TI:' - [_(l(pl +b, +b, +b, +b5)][x' ] i

Fu (1)
u, (1)
u (1)
u, (1)
u (1)
u, (1)
1, (1)

L, (1)

[u(bl +by) ab, ab, ab; ab, -ab, a«a u/f]

The output equation 1s given by

y=: (6.58)

The matrices F,B,C and D for the state space representation of thermal

model are given by

[ ==a(b, +b, +b, +b, +by) , a scalar (6.59)
B= [a(b, +b,) ab, ab, ab; ab, -ub, q« a/f]

., a 6x1 matrix ( 6.60)
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¢c=1 ,ascalar (6.61)

l):[() 00 00O0O0 O] ,a 8x1 matrix (6.62)

6.3 Converting from state space to transfer function

This scction will convert the state space representation of the thermal model
into transfer function.

Given the state and output equation
x=Ix+Bu

v=Cx+Du

Taking the Laplace transform and assuming zero initial condition,

sX(s) = FX(s)+ BU(s) (6.63)
V(s) = CX(s) + DU(s) ( 6.64)

Rearranging equation (6.62),

X () = (s = I7) " BU(s) ( 6.65)
Substituting equation (6.64) into (6.63),

¥(s) = (BC(s1 = )"+ DJUs) ( 6.66)

The transfer function matrix //(s) 1s given by

sy = ) ( 6.67)
U(s)
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Equation (6.66) relates the output vector ¥(s) to the mput vector U(s). If

Y(s)and U(s) are scalar, the transfer function can be found from
1H(s)=BC(sl = F)" +D (6.68)
Substituting equation (6.60) and (6.61) into (6.67)
1(s)=(s1 - F)"'B ( 6.69)

From equation (6.58)

S =alby +b, +b; +b, +b)

sl—f=s+a(b +b, +b, +b, +b) (6.70)

(si-f)" = ! (6.71)

- s+a(b, +b, +b, +b, +b)

From equation (6.59),

Bz[a(h, +b,) ab, ab, ab, ab, -ab, a«a (1/1] (6.72)

Substitute equation (6.70) and (6.71) into equation (6.68), the transfor

function of the thermal model is given by

Il(.s‘):~~l~—f—[u(l)l+I>4) ab, ab, ab, ab, -ab, a«x (1/}] (6.73)

S

The output of the thermal model in frequency domain is given by
I A y
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711“ (1)
u, (1)
u (1)
(1) (6.74)
u. (1)
u, (1)
u, (1)
u, (1)

Y(s)= 1/7[(1(b,+b4) ab, ab, ab; ab, -ab, aa a/}]
s —

SOy -+ v

s—f ‘ 5
ab, af | (6.75)
U (s) U (S)+ U, (s )+ U, (s)
s f -/

6.4 Thermal model parameters for laboratory room

This section derives the thermal model parameters for the laboratory room.

From equation (6.38)

1
a=—

C
The thermal capacitance for the laboratory room is
C=804BTU/° I

Hence,

a=00124°F/ BTU (6.76)
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The arca of the wall, window and ceiling of the laboratory room at different

zones and their corresponding transmission coefficient is tabulated in Table

6-1.
Description Area in fi’ Transmission
Coefficient in
BTU / hre° IFft?
Wall area
Zone 1 Ay (1) 123.5 Uy (D) 0.25
Zone 2 A (2) 201 U (2) 0.25
Zone 3 A (3) 153 U\ (3) 0.25
Zone 4 A (4) 117 U, (4) 0.25
Window area
Zone 1 Ao (1) 77.5 U s (1) 0.7
Zone 2 A (2) 0 U it (2) 0
Zone 3 Ao (3) 48 U i (3) 0.7
Zone 4 Ao (4) 84 U it (4) 0.7
Ceiling arca A 441 U ceiting 0.31

Table 6-1 Area and heat transfer coefficient of different zones of the room

The combined transmission coefficient for zone 1, zone 2 and ceiling /)18

evaluated by
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2
Z /111'(1” (”) X anll (’l) + Z Awindow (”) X Uwimlnw (”) + A('«'iliug X (/:'1'iling
U, =2 = (6.77)

2 2
Z Awal/ (”) + Z Awindow (”) + Arviling

n=1 n=1

U, =032BTU / hre Ifi? (6.78)

The total arca of the wall, window at zone 1, zone2 and ceiling is given by

2 2
AI = Z Awaff(”) + Z Awinduw(”) + Arm‘l{ng ( 6'79)

n=1 n=1

A, =843 /1 ( 6.80)
From cquation (6.39)

b, = U, 4,
Substitute equation (6.77) and (6.79) 1into equation (6.149),

h, =270BTU / hr° IF ( 6.81)

The combined transmission coefficient for zone 3 1s evaluated by

A wm’l(3) X Uu'nll (3) + An'imlmr (3) X Uu‘imlow (3) ( ‘6 82)

U, =
‘ A\mll(3) + Au'indmr(3)
U, =036BTU/ hr° Fft’ ( 6.83)
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The total area of the wall, window at zone 3 is given by

AJ = Au'all (3) + Awindow(3) ( 6’84)

A, =201/1° ( 6.85)
From equation (6.40)

b, =U, A4,
Substitute equation (6.82) and (6.84) into (6.40),

b, =724BTU / lr° IF . (6.86)

The combined transmission for zone 4 1s evaluated by

U, - Ay @) x U, (8 + Ao (B) XU i (4) ( 6.87)
Ao (A) + Ao (4)
U, = 044BTU / hr° Ift* (6.88)
The total arca of the wall, window at zone 3 is given by
Ay = A, 4+ Ao (4) (6.89)
A, =201/ (6.90)

From cquation (6.41)
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b, =U,A,

Substitute equation (6.87) and (6.89) into (6.41),

b, =884BTU /| hr° F (6.91)
From equation (6.42)

b, =W,
The constant y is given by

y =108 (6.92)
The infiltration air flow rate 1s,

W, =335Ib/ hr (6.93)

Substituting equation (6.91) and (6.92) into (6.42)

b, =302lb/ hr (6.91)

From equation (6.43),

by = WS

The specific heat of air,
S =024BTU /1b°F ( 6.95)
The air flow rate of the air conditioner is given by

W =28441b/ hr (6.96)
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Substituting (6.94) and (6.95) into (6.43)

by = 683BTU [ hr° F (6.97)

From equation (6.44)

b, = AW,

i

The constant A is given by

A =068 (6.98)
Substituting (6.92) and (6.97) into (6.44)

b, =2281b/ hr (6.99)
The rate of heat generated per person,

a =450BTU / hr (6.100)

and the rate of heat gain from each watt of electricity consumed,

[ =34BTU / hr/watt (6.101)

6.5 State space representation of thermal model for laboratory

room

The state space representation of thermal model is defined by state equation

given by (6.56) and output equation (6.57).
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H =[-a(b, +b, +b, +b, +5)][x ]+

Fuu(t)—
u, (1)
u (1)
(1)
u (1)
u, (1)
u, (1)

L1, (()»

[a(b, +b,) ab, ab, ab, ab, -ab, «a a/)’]

Substitute equation (6.75), (6.80), (6.85), (6.90), (6.93), (6.96), (6.98), (6.99)

and (6.100) into equation (6.56)

~u“(!)~
1, (1)
u (1)
1w, (1)
1. (1)
w, (1)
u, (1)
711,[(f)4

{\7,J=—18.3.\',+[7.8 09 11 85 28 -28 506 0042] (6.102)

- (6.103)
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Equation (6.101) is derived from quantity which is in the unit of per hour. In
order to conduct the simulation in per second, the constant terms in (6.101) 1s

divided by 3600. Hence

{{1} = ~0.0051x, +

[0.0()22 0.00025 0.00031 0.0024 0.00078 -0.00078 0.0016 ().()()()()12] ‘

(6.104)

The matrices F,B,C and D for the state space representation of thermal

model for laboratory room are given by

/ =-0.0051 , a scalar (6.10H)

1}:[(),0022 0.00025 0.00031 0.0024 0.00078 -0.00078 0.00106 ()‘()()()()12]

, a4 6x1 matrix (6.106)
c=1 ,ascalar (6.107)
D=[0 00 0 000 0] ,a 8x1 matrix (6.108)



6.6 Transfer function for laboratory room model

The output of the thermal model in frequency domain is given by equation

(6.74),

v(s)= “ ) g o9y s
a b f I f i

S—f S—-f S — s —

ab

&+ v,

g

ab ax
U (s)— c.U —U

s — —

Substitute equation (6.75), (6.80), (6.85), (6.90), (6.93), (6.96), (6.98), (6.99)

and (6.100) into equation (6.74)

78 0.9 11 .
Y(s) = U,(s)+ U,(s)+ U.(s)+ U, (s)+
s+183 s+183 s+1823 s+183 (6.109)
2.8 28 56 0.042 '
— U (s) - U (s)+ U _(s)+ U, (s
s+183 (5) s+183 /() s+183 ) +183 (5

Equation (6.108) is derived from quantity which is in the unit of per hour. In

order to conduct the stmulation in per second, the constant terms in (6.108) is

divided by 3600. Hence

0022 0.00025 0.0003 1
Y(s) = —()—)—E—Ua(s) b U, (8) + ———— U (s) +
s +0.0051 s+ 0.0051 s +0.0051
0.0024 0.00078 0.00078 0.0016
T U 4 ——— 2 U (§) m ——— U () + ——— U (s) (6.110
s+ 0.0051 «(5) s+ 00051 ) s +0.0051 79 s+ 00051 «(9) ( )
000012
, 00000 U (5)
s+ 0.0051
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The block diagram of laboratory room model in freqquency domain is shown in

Figure 6-1. The output Y(s) 1s a summation of multiple sub systems. Let the

inputs to the sub systems be

Uﬂ(s):?sé (6.111)
U,,(s):%§ (6.112)
U((s)=8—55— (6.113)
U{,(s):ésé (6.114)
U(,(s):? (6.115)
Uf(s)=zsZ (6.116)
Ug(s)z—l- (6.117)
U, (s)z(—)(j—o (6.118)
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Inputs Transfer function

Ua(s) 0.0022
(s+0.0051)]:

v

Ub(s) —>——

0.00031
(s+0.0051)

Ue(s) ——b—r

0.0024

Ud(s) —b>—— (s+0.0051
Output
Y(s)

Ue(s) b 0.00078

(s+0.0051
Uf(s) 0.00078 |

(s+0.0051)

0.0016 |}
Ua(s) i’ (s+0.0051)"
Uh(s) > 0.0000121}-

(s+0.0051

Figure 6-1 Block Diagram of laboratory room model

Substitute (6.110) to (6.117) into (6.109)

0.0022 (95)+ 0.00025 (85) 0.00031 (85) \

V(s) = — 22 il S
)= 00051 s ) T 51000510 s ) T 5400051\ s
00024 (55) 000078 (99) 000078 (77) 00016 (1

4 [ 22) 2P Py RURTS f A7) DEDIe [ (6.119)
5100051\ s/ 51000518 s/ 55000518 s /) 5300051 s
| 0.000012 (990)
s+ 00051\ s
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Rearranging equation (5.11),

1
Y(s) = 41(~ - _-—'—J + 4.2[l - ;J + 5.2(l - —1~) |
s s+0.0051 s s+0.0051 s 5400051
1
26(~ - “_1___) + 15(— - ——I—J - 12(l _ —lj "
s s+0.0051 s s+0.0051 s s+0.0051 (6.120)

0.3(l - ———1——~) + 2.3(l - ———1—)
s s-+00051 s s+00051

Each sub system is a first order system. A pole exist at -0.0051 and there 1s
no zero. The system pole and the input pole for each of the sub system s

shown m Figure 6-2.

Imaginary axis
4

system pole
y P s-plane

>< » Real axis
-0.0051 0

Input pole

Figure 6-2 system pole and input pole

Taking the inverse Laplace transform of cquation (5.12), the output time

response is given by

0O 00S1

vy =411~ e~0nn51r) +42(1- emoAnosn) +52(1-¢ 0.0081¢ Y4 20(1 - ¢
+1 5(1 —e -0.0051¢ ) _ ]2(1 . e—'()‘O()SII) + 03(1 . efO.()OSII) + 23(1 - 00081 )

" (6.a21)
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y(1) =82(1—¢ ") (6.122)

The input poles generate a forced response which is a step function at the
output. The system poles at the real axis generate a natural response which
1s an exponential decay function®. The system response is illustrated in

Figure 6-3.

y([) — 82(1 - CAO,OOSII)

e

Forced response Natural response

Figure 6-3 System response

As 1 — oo, v(1) = 82 (6.123)

6.7 Time response via computer simulation
Both the state space and transfer function representation of the laboratory
room thermal model can be simulated on the computer. This section is

devoted to demonstrating this concept. The simulation software used for this

purpose is VisSimn.

6.7.1 Simulation of laboratory room thermal model by using state

cquations

The state space representation of the laboratory room thermal model is given

by equation (6.102) and (6.103).
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{;{}:-—QOOSIx,+

[0.0()?.?. 0.00025 0.00031 0.0024 0.00078 -0.00078 0.00106 ().()()()()]2]

The state space block in VisSim is used to represent a multi-input-multi-
output linear system in state space form. The state space matrix can be
specified as an .M file created with a text editor. The state space matrix

spectfication for laboratory room thermal model is shown on Program 6-1.

function [a,b,c,d] = vabed

a=[-0.0051];

b =[0.0022 0.00025 0.00031 0.0024 0.00078 -0.00078 0.0016 0.000012];
c=[1];

d=[00000000];

Program 6-1 State space matrix specification for thermal model “themodel.m™
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The simulation block diagrams for state space representation of the thermal
model 1s shown Figure 6-4. The log file used for stimulation of the thermal
model 1s OCTG6.DAT. This 1s the real time data logged on 6™, October, 1997,
When the air conditioner is turned off, no energy will be channelled to reduce
the humidity of the indoor air. A Boolcan block 1s added to unload the effect
of the latent heat flow when the air conditioner i1s turned off.  If the
conditioner 1s turned off, the outlet temperature of the amr conditioner will
rise to a temperature greater than G0°F. When this happen, 1t 1s a false
condition and the output from the Boolean block 1s 0. Hence hunudity of
indoor and outdoor air inputs to the model are zero and these will elimiate
the effect of latent heat flow when the air conditioner is turned off.  The
power consumption of the electrical apphiance is inserted by using a shder.

These inputs are used to simulate the state space block.
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Temperatute log file used for simulation

————p Tair t

3 Tac

F————— Troom measuxe«:i}—

b T3 — State space representaon
e

———P

O Ta DAT

Tad |— of labaratory room thermal moode]
Pq }—

Felateve lnamidity of outdoor air in grain per paun

00
T -Lpf

B0 e

Felatrre hunudity of indcor air in grain per paun
:
*

ETW e zenerated per watt

1 ol

Figure 6-4Simulation block diagrams for state space representation of
thermal model

The result of the simulation 1s shown in Figure 6-5. The room temperature
estimated by the model and the actual measured room temperature ave

plotted together for comparison.
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6.7.2 Simulation of laboratory room thermal model by using transfer

function method

The output of the thermal model in frequency domain is given by equation

(6.109).
0.0022 0.00025 0.00031 0.0024
Y(s) = — U, () + ———U, (5) + ———-U _(5) + ————U ,(5) +
)= 00051 0" * 100051 7+ T 500051t 00051 )
0.00078 0.00078 00016 0.00
000078 (g Q00078 1 (54 20000y (5 DOOW0L2 4,
5+ 00051 s+ 00051 5+ 00051 s+ 00051

The output Y(s)is a summation of multiple sub systems. Each sub system is

defined by a first order transfer function with single mput. The transfer
function block in VisSim executes a single-input-single-output hincar transfer
function specified as numerator and denominator polynomials.  The
numerator and denominator polynomials and gain are supplied under the

Polynomial Coefficients group box. The output Y(s)as a summation of single

input transfer functions is shown in Figure 6-6.

245



v !

Uais) ———P .EIDZ‘:'I i
1

) 25—

Ut 2y ——p 0002 1
1 +y e,
eisy _" nnaz1 1 051 + ,/'/, \“."\
1 LI ’ » / — ‘\
Tz T h
el = 0 N \
+ > - Wiey

e J J e

Ier'sy —ppy 00073 = - ’
1 0051 ” / o/

. ! —

v - -+ Ny 7
[Abig! P 00078 T P e -

. 1

11 aaté

& P T
This) ————» 1.2&0051 !

Figure 6-6 Output Y(s) as a summation of single input transfer functions

Temperature log file uzed for simulation

—
P Tair
to———— T g

T DAT b——————— Troom measured ]»—-
- Ta3 —

t-————p{ Tad |—
Py
Felative Larddity of ratdoor aw in grain per paun bt , .
‘ 1‘ - R }_'——’ [‘1-'111:“1~‘1 thtictiog _ }[__1-\__!_]
P ’E—-}{ Hont 9 Hout F——{ fur themual noade] —-
Felative hunudity of indoor air in gram per paan i

“ R T
[

Figure 6-7 Simulation block diagrams for laboratory room model by using

transfer function method
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6.7.3 Transient response of laboratory room thermal model

With reference to equation (6.109), there is a svstem pole at -0.0051 and

generate a natural response —e ™. The time constant of the response is
given by
po 1 (6.124)
- ). 12
0.0051
r = 190scconds (6.125)

The time constant is the time taken by the system to reach 63.2% of its final
value. The time constant is a transient response specification for a first order
system because 1t relates the speed of the system response to a step mput.

The other transient response specifications are rise time and setthng time.

Rise time is defined as the time for the waveform to go from 10% to 90% of 1ts

final value and is given by

I =221 ( 6.126)
(6.127)

T = 431scconds

Settling time is defined as the time for the response to reach and stay within

2% of its final value and is given by
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T =471 (6.128)

T. = 784scconds (6.129)

6.7.4 Bode plot of thermal model

The Bode magnitude and phase plots of the laboratory thermal model are
shown in Figure 6-9 and Figure 6-10. This 1s a first order system with a

corner frequency of 0.0051 rad/s.

f=" EDRRR RN (it 4 Ll ARSI M e
Bode plot of thermal model
0
= - —Nlagnttude
- — “~
Tk \'\\
e =
5 N
2 ..
a\ -4a = ™~
x E ™
= -
= - .
_'j Lo Ll Lo i = Ll L rruit L1 1
1ot 10°* 10 1ot 10’
Frequency, (Rad/sec)

Figure 6-9 Bode-Magnitude plot of thermal model
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- Bode plot of thermal model
T T
—Phase
E 30+ \
\
St \
5 \
a8 N,
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—~_
_%—.\_—’_—_—
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Figure 6-10 Bode-Phase plot of thermal model
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6.8 Application of computer simulation in close loop control

system design

The section demonstrates how simulation could be used to solve the
thermostat control design problem. As mentioned in the introduction, the
design of the thermostat control could be performed on site in the room. But
the measurements are very time consuming due to the long time constant.
The exact mathematical analysis is also problematic because the hysteresis
representing the non linearity causes a very complicated dynamic behaviour.
Simulation offers a solution to such a problem. With a good process model,
the design of the thermostat can be simulated very quickly on the computer
giving the desired information for the close loop system behaviour. The close
loop control system blocks diagram is shown on Figure 6-11. The simulation
consists of three models. These are laboratory room thermal model,

thermostat and air conditioner model.
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Gtate space representaion
of labioratory room thermal model

I b-—————}:T'
¥ Hout Themmostat
1 Hin .
» Fo cp Temperature setpoint
P Fe l 50

< @ ¢ Adr conditioner |4
- model (

Figure 6-11 Close loop control system block diagram

The laboratory room thermal model has been discussed in the previous
section. The thermostat and air conditioner model will be discussed in the

subsequent section.

6.8.1 Thermostat

The thermostat with hysteresis is used to turn on and off the compressor of
the air conditioner. The details of the thermostat block 1s shown in Figure 6-

12.

Wall Themmostat (Dn/Off Control)
Cutrent Foom Tempetature

Setpoint Temperatute o odf

Figure 6-12 Thermostat with hysteresis
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Without the hysteresis, when the room temperature is higher than the set
point temperature, the input to the Boolean block is less than 0. This is a
true condition and the Boolean block will return 1. This will turn on the air
conditioner. On the other hand, if the room temperature is less than the set
point temperature, the input to the Boolean block is positive which 1s a false
condition and the Boolean block will return 0 and turn off the compressor of

the air conditioner.

The function of the hysteresis is to prevent the on/off control from hunting at
the set point temperature by providing a dead band which can be set by the
user. The block diagram of a hysteresis function in VisSim 1s shown in

Figure 6-13.

Hysterests function

<
El(s) EZ(s)

ey —iph 2B e
; Deadband
D(s)

Figure 6-13 Hysterests function in VisSim

With reference to Figure 6-13, the difference between the input and output 1s

given by



E,(s) = —Y(s) + U(s) (6.130)

The dead band5! 1s defined by

0 if  |E(s)|< D(s)
E,(s5)={E,(s)-D(s) if E,(s)>D(s) (6.131)
E (s)+D(s) if E (s)<~-D(s)

The output is given by

Y(s) =+ E,(s) (6.132)

A\

The analysis of the hysteresis function is broken to three different conditions

as defined by equation (6.130).

6.8.1.1 Condition 1

Condition 1 is when,

U(s) <0 (6.133)

E (s) < -D(s) (6.134)

Hence,
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E,(s) = E\(s) + D(s) (6.135)

The block diagram of hysteresis function under this condition is illustrated in

Figure 6-14.

[Hysteresis fanction ]
Fi

Figure 6-14 Block diagram of hysterests function when U(S) is negative and

E,(s) <=D(s)

Substituting equation (6.134) into (6.131)
Y(5) =~ (E,(5) + D(s)) ( 6.136)
s

Substituting (6.129) into (6.135), give

Y(s) = l(U(s) —Y(s) + D(s)) (6.137)
S

Y(s) +1Y(s) = l(U(s) + D(s)) (6.138)
S S

Y(s)(s * 1) = l(U(s) + D(s)) (6.139)
S S
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Y(5) = ——U(s) + ——D(s)
s+1 s+1

If,
U(s) = A

N

where 4 1s the magnitude of the error

B
D(s) =—
(5) 2s

where Bis the width of the hysteresis

Substituting (6.140) and (6.141) into (6.139),

1 A 05 (B
Y(s) = Tﬁ(‘;) ¥ :ﬁ(:)

Y(s) = —(l - —1—) A+ 0.515’(l _ Lj

s s+1 s s+1
Taking the inverse Laplace transform of (6.143),
y(1)=-(1-e")A+05B(1-¢e™)

As t > oo, y(t) > —-A+05B

Taking the Laplace transform of U(s) and D(s)

u(t)=-4
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(6.141)

(6.142)

(6.143)

(6.144)

( 6.145)

(6.146)



d(0) =%B (6.147)

e, (1) <—%B ( 6.148)

The response of equation (7.14) for 4 =2 and B = 21is shown on Figure 6-15.

N A T T Y TR T T e -

b= ¢ ) B IS 1‘;& AR - HAN JAXHEE: 3 RIS 4
a8 o et Bl Acl28 L HETSS SR A

R . v it 2 1t W

RERT ,__J{Lﬂ
S5 b 0 —(l-exp(-t))A
3 s BAEEL warpt 1)

1 1
0 1 2 3 4 5 [ 7 2 9 10
Tane (sec)

Figure 6-15 Response of y(t) when , . P&
v 2

6.8.1.2 Condition 2

Condition 2 is when

U(s) >0 ( 6.149)

E,(s) > D(s) (6.150)
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Hence,

E,(s) = E,(s) - D(s) (6.151)

The block diagram of hysteresis function under this condition is illustrated in

Figure 6-16.

[Hysteresis fanction |
i

[E2(5)] -Y'l'.']
}ll L5007 ,l =

Figure 6-16 Block diagram of hysteresis function when U(s) is positive and

E,(s) > D(s)

Substituting equation (6.150) into (6.131)
Y(s) = l(El(S) - D(s)) (6.152)
s

Substituting equation (6.129) into (6.151), give

Y(s) = l(U(s) ~Y(s) - D(s)) (6.153)
S

Y(s)+l}’(s) = 1(U(s)—D(s)) (6.154)
S

S
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Y(s)(s—“) = -;—(U(s) - D(s)) ( 6.155)

A

1 1
Y(s) = ——U(s) - ——(D 15
(s) 11 (s) s+1( () (6.156)
If,
A
U(s):; (6.157)
where 4 is the magnitude of the error

D(s) = -2% ( 6.158)

where Bis the width of the hysteresis

Substituting (6.156) and (6.157) into (6.155) give,

= L (4)05(2) (6.150

s+1\s s+1\s

Y(s)=(l———1 )A—O.SB(l————1 ) (6.160)
s s+1 s s+1

The inverse Laplace transform of equation (7.24) is given by
w(1)=(1-e")4-05B(1-¢”' (6.161)

The response of equation (6.160) for A =2 and B =21s shown on Figure 6-17.



As t > o, y(t)—> A—05B

Taking the Laplace transform of U(s) and D(s)

u(t) = A (6.162)
1
d(t) = EB (6.163)
1
e,(1)>-=B (6.164)
m S R S
18+ ——-Y(s)/”d—

el —Alexpt-0)A

/ QOTH T empr -y

=

S0 1 ] 3 4 S 3 7 ] 9 1D
Time (sec)

Figure 6-17 Response of y(t) when (5) < - P19
(A% 2
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6.8.1.3 Condition 3

Condition 3 is when
E,(s) <|D(s)|
Hence,

E,(s)=0

Y(s) =< 1)

Taking the inverse Laplace transform52,

y(t) = & (r)dr
If £,(s)=0, then

y()=0+1.C.
where

1.C.= y(t — A1)
Hence,

v(t) = y(t - Ar)

B
D(s) = —
(8) 2s

261

(6.165)

(6.166)

(6.167)

( 6.168)

(6.169)

(6.170)

(6.171)

(6.172)



where Bis the width of the hysteresis

The inverse Laplace transform of D(s) is
B
d(;):? (6.173)
Hence

e (1) < (6.174)

6.8.1.4 Hysteresis characteristics

The hysteresis characteristic is illustrate diagrammatically in Figure 6-18.

N
B2 B/2 el(t)

AN

7 | A-0.5B
- . ::wl b

Condition 1 | Condifon3 | Condition 2

Figure 6-18 Characteristics of hysteresis function
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A-05B e (t) < g
y(t)y=4 A+05B ¢,(¢) >£2;- (6.175)
We-A@) e(t) < §|

6.8.2 Air conditioner model

The air conditioner model is depended on the rating of the air conditioner.
The rating of the air conditioner determines the time taken to reach the
desired temperature. The time constant of the air conditioner is obtained by
examine the dynamic response of the air temperature when the air

conditioner is turned on as shown on Figure 6-19.

=t PO NS [m]
100
= o - ——Cutdoor temperature
5 ——Air conditioner air flow temperature " 7
‘E e =T — -"\-a—"'v_—————"xd—'-” T
"
o
- 0
5
]
g 60 |-
& “~
=50 - TN
—————— e e
4]:3 1 1 { 1 L
n 1000 2000 3000 4000 SQ00 S000

T (seconds)

Figure 6-19 Dynamic response of air conditioner air flow temperature
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With reference to Figure 6-19, the air conditioner is turned on at time 0
seconds at 80°F. The steady state value of the temperature is 47°F. Time
constant is the time taken by the temperature to reach 63.2% of its steady
state value. This occurs when the temperature is 59.1°F. The time taken for
the temperature to reach 59.1°F is at 810 seconds. Hence the time constant,

7 1s 810 seconds.

7 = 810sec onds (6.176)

The transfer function which defined the dynamic of the air conditioner

temperature is given by

H(s)=—*t (6.177)

Substitute (7.31) into (7.32)

00012
H(s) = —22 6.178
)= 00012 (6.178)

The air conditioner temperature 1s also depended on the outdoor
temperature. The difference between the outdoor temperature and the air

conditioner air flow temperature at steady state is about 37°F.

264



Hence the output,

r9=—02 {7 (-]
s+ 00012 s

If,

7:1ir (s) = 8—S5

T (s)= 0.0012 (g_ﬂ)
“ s+00012\s s

I.(s)=

0.0012 (48)
~ s+0.0012

S

T (s) :(l___l___)48
‘ s s+0.0012

lﬂ((,) - 48(1 _e~040012r)

If, t > o

1, (1) > 48°F

(6.179)

( 6.180)

(6.181)

(6.182)

(6.183)

(6.184)

(6.185)

Equation (7.34) is implemented in VisSim as shown in Figure 6-20.
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Figure 6-20 Implementation of air conditioning air flow temperature in

VisSim

The Air conditioner air flow model is simulated with the outdoor temperature

acquired and the result is displayed in Figure 6-21.
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Figure 6-21 Sunulation result of air conditioner air flow temperatire model

The frequency response of the air conditioner air flow temperature model is

shown in Figure 6-22 and Figure 6-23.
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Figure 6-22Magnitude response of air conditioner air flow temperature model
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Figure 6-23 Phase response of air conditioner air flow temperature model

6.8.3 Computer simulation of close loop control system

The close loop control of air conditioning system as shown on Figure 6-11 1s

simulated with a log file acquired on 6t of October. The temperature set
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point is set at 72°F. The width of the hysteresis™ is set to 4°F. The
simulation result is shown on Figure 6-24. The thermostat status is shown

in Figure 6-25.
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The temperature oscillate in between 74°F and 70°F and the air conditioner

compressor is turned on approximately 20 minutes.

If the hysteresis width is doubled to 8°F, the results of the simulation are

shown in Figure 6-26 and Figure 6-27.
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The temperature oscillation in this case is in between 76°F and 68°F and the
switching period increased to approximately 30 minutes. The oscillation 1n

this case is too high for the comfort in this room.

6.9 Conclusion

State space representation of the laboratory room thermal model is derived.
This chapter demonstrated how easily the state space representation can be
converted to the equivalent transfer function representation. Both
representations of laboratory thermal model could be simulated with
computer using simulation software VisSim. The result of the simulation is

displayed in graphic form showing the time response of the model.

Thermostat is a cheap and common tools used in room temperature control.
The thermostat will turn on the compressor of the air conditioner if the room
temperature is higher than the set point and vice versa. In order to achieve
comfort for the room occupants, low temperature oscillation is desired. This
means that the hysteresis must be relatively narrow. But, this result in

frequent switching of the air conditioner compressor which is undesirable.

This chapter demonstrated simulation can be used to solve this problem. The

desirable width of the hysteresis can be easily determined by using a good
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process model that can be simulated very quickly on the computer giving the

desired information for the close loop system behaviour.
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7. Summary

This thesis has developed a detailed simulation program for a laboratory
room thermal model. The detailed simulation program is simulated with real
time data. It also investigates the application of thermal modelling and
computer simulation to solve close loop control system design problem. The

achievements of this thesis are:

Development of an electronic thermometer for use with PCL818HG data
acquisition card. The electronic thermometer has been tested and is accurate

to measure room temperature in the range from 273K to 346K.

Development of a dynamic link library (DLL) driver for PCL818HG data
acquisition card to be used in VisSim. Microsoft Visual C++ version 1.5b is
the compiler used to create the driver. The PCL818HG DLL driver is
implemented as a user function block in VisSum. VisSim calls the driver at
cach time step of the simulation. The PCL818HG driver developed does not
contains all the functionality of the PCL818HG data acquisition card.
However it 1s able to perform conversion of analog to digital channels, 8
digital input channels, 1 digital to analog channel and 8 digital output

channels.

274




A detailed simulation program (DSP) is built for a laboratory room. The DSP
is simulated with VisSim which is a window based simulation software. The
simulation data is also acquired by the same software but with an addition of

PCL818HG data acquisition card and a user written DLL driver for VisSim.

A laboratory room thermal model has been build. The thermal model treates
the net heat flow inside the room as a contribution from heat sources and
heat sinks. The known heat sources are heat transfer through conduction,
infiltration heat flow, latent heat flow, sun’s solar heat and heat generated by
internal sources. Heat removed by the air conditioner is the only heat sink
available in this thermal model. A detailed simulation program (DSP) is
then developed for the thermal model. The DSP is simulated with real time
data acquired by a data acquisition system. The DSP is able to estimate the
indoor room temperature, heat flows from heat sources and the amount of

heat to be removed by the air conditioner.

State space and transfer function representation of the laboratory room
thermal model are derived. Both representations of laboratory thermal
model could be simulated with computer using simulation software VisSim.

The result of the simulation is displayed in graphic form showing the time



response of the model. Finally the thermal model and computer simulation 1s

used to solve close loop control system design problem.
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8. Appendices

8.1 Appendices A

Appendix A lists the source code for the file pcl818hg.def.

LIBRARY pcl818hg

DIESCRIPTION 'VisSim DLL'

EXETYPE WINDOWS

CODE PRELOAD MOVABLE DISCARDABLE
DATA PRELOAD MOVABLE SINGLE

HEAPSIZE 4096

EXPORTS
WEP @2 RESIDENTNAME
vl @3
vIPA @4
viPl @5
vIPC @6
vlISS @7
vISE @8

LibMain @9

Program 8-1 Source code for the file pcl818hg.def
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8.2 Appendices B

Appendix B lists the source code for the file pcl818hg.c.

// file pcl818hg.c

#Hinclude <windows.h>
#include "vsuser.h”
#include <stdio.h>
tinclude "driver.c”

int invoke_card =0 ;

JRxFFFRRARRI, This is the base function in the DLL  ***¥**%sckkkkx /

Jrxdrdxxkkkkk Called by VisSim at every step size  ******xkkkskk

votd PASCAL EXPORT vl (param,inSig, outSig)

double far inSig{],FAR outSig[],FAR param/];

{
invoke_card = pcl818hg(param, outSig,inSig),
if (invoke_card >0)
{
if (invoke_card == 100)debMsg("PCL818HG Hardware Verification
failed”);
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if (invoke_card == 400)debMsg("Scan channel setting failed");

stopSimulation(1);

JrxFERkIRRRIIAE - Simulation Start Function — **kkkkkdkdookokdook s

JxFx*xxxkxk Called by VisSim at the start of simulation *****kkkxx

vord FAR PASCAL EXPORT v1SS (double FAR param{],long FAR *runCount )

if(runCount > 1)

{

!
'

[ FFFF A KKk ke sk Simulation End Function deokddedededk koo dexdeok /

JFxxFFxHFSIxHS Oalled by VisSim at the end of simulation *****¥xkkkx/

void FAR PASCAL EXPORT viSE (double FAR param(])

279




debMsg("********%* Sinulation End***¥ekiikn),

JRxdd Sk kdokdkk Parameter Allocation Function kkkdkkkkkocooc

JRFFFTd ARk kF Ak F* Called by VisSim on block creation **¥¥¥*kkkkik/

long FAR PASCAL EXPORT v1PA(pCount)
short FAR *pCount,

{

*nCount=4; /* number of prompted parameters */

return((*pCount)*sizeof(double)) ;

JxFFRSKIKdkkkdk*x  Darameter Inttialization Function **x¥ksxskiiksk/

JRFFxsskskkxx Colled by VisSin after the PA funciion *¥¥***kkidikik/

void FAR PASCAL EXPORT vi1PI(DOUBLE *param)

param{0]=0x200; /* base address of PCL8181{G Card */

param{1]=5; /* Gain for analog channel 0-5 */
param{2]=5; /* Gain for analog channel 6-10 */
param[3]=5; /* Gain for analog channel 11-15 */
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/***************** Paranleter C,Lallge Function *****************/

J¥xxwdkxkix Called by VisSim on right mouse button click **¥**¥¥kkkikk/

char FAR* PASCAL EXPORT v1PC (DOUBLE *param)

{

return “Base Address;Channel 0-5 Gain;Channel 6-10 Gain;Channel 11-15 Gain";

JHFxxxsxxk T s code is required for creating a Windows DLL ********/

it DLLInst;

int FAR PASCAL EXPORT LibMain(hInstance,wDataSeg,cbIleapSize,lpszCmdLine)

HINSTANCE hinstance; WORD wDataSeg, cbHeapSize; LPSTR IpszCmdLine;

DLLInst =hInstance;

return TRUL;
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int FAR PASCAL EXPORT WEP (param)

{

return 1;

* Kk % % e e ok ok ok ke ke ok ok ke ok ;
/************ * %k e,Ld Offlle *****************************/

Program 8-2 Source code for the file driver.c
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8.3 Appendices C

Appendix C lists the source code for the file driver.c.

/7 file driver.c
#include <conto.h>
#include <time.h>
#include "constant.h”

#include <math.h>

#define outportb(portid, value) (dataout = _outp(portid, value))

unsigned short dataout;

#define inport _inp //return a byte from a port
Hdefine inportb _inp //return a byte from a port
voird delay(int a);

it bit(ent k), //function

wint pel818hg(parameter,ain,output)
double far parameter[],ain{],output(];

{

it status,s_end ,start ,stop;

int dil . dth ,adl ,adt ,c_reg ,s_ch_val ,r_ch;

283




it chu;

it base,val,i,l;

float r_adt; //real version of adt (eg:the voltage)
long COUNTER , COUNTERMAX;

int j=0,data,daout, temp,datal,datah;

it digiout =0;

y¥xxsxixssx STEP I: SET 1/0 PORT BASE ADDRESS **%xwxksoxsoxs /

base=(int) parameter[0]; /* SET I/0 PORT BASE ADDRESS */

prxxxsrdkik STEP 2: INITIALIZE & SELECT SOFTWARE TRIGGER **¥ ¥k /
val=0x70;
outportb(base+9,val); /* software trigger */
c_reg = inportb(base+9);
if (c_rcg = val)
{

return 100;

{
S

outportb(base+8,1); /* CLEAR INTERRUPT REQUEST */

/* e e e e e e e ke STI,:I) 3.. RE/lD A/D Sj‘/lTUS REGISTER e e e e e e de e e ke e sk ok ke ok ok sk ok ok ke ok ok ok ke ok ok */

status = inportb(base+8);
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of ((status & 0x20)==0x20)

s_end =1;
else
s_end =0;

/*********** STEP 4 SETA/D RANGE CODE *****************/

start=0;

stop=15;

for(i=start; 1<=5; 1++)
{
int chgain = (int) parameter(1];
outportb(base+2, i);

oulportb(base+1, chgain);

/

for(i=6; 1<=10; i++)
{
int chgain = (int) parameter(2];
outportb(base+2, 1);
outportb(base+l, chgain);

/

for(i=11; i<=stop; t++)

/
!
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int chgain = (int) parameter(3];
outportb(base+2, i);

outportb(base+1, chgain);

/

/********* STEP 5 SET SCAN CI{ANNEL RANGE' ***********************/

s_ch_val=stop*16+start; /* SET SCAN CHANNEL VALUE */
outportb(base+2,s_ch_val);

r_ch =inportb(base+2); /* READ BACK CHANNEL VALUE */

if (r_ch /=s_ch_val)

{

return 400 ;

yrxxxxskix STEP 6: PERFORM SINGLE A/D CONVERSION ***%%%%%kxk /

COUNTER = 0;

COUNTERMAX = 16;

do { // for loop is better

COUNTER +=1;
outportb(base+8,0); // clear interrupt request - resets bit 4
delay(1);

outportb(base,0); // software conversion trigger
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reread.:

status = inport(base+8);

delay(1);

iof ((status & 0x10)==0x0)
goto reread,

dtl =inportb(base);

delay(1);

dth =inportb(base+1);

delay(1),

adl =dtl/ 16;

adt =dth*16+adl;

chv =dtl-adl*16;

r adt =(1* (float) adt / 0xFFF);

ainfj] = r_adt,

JE+L

Jwhile (COUNTER < COUNTERMAX),

/*********** STEI) 7 Read fI‘OIIL dLthGl ileut *****************/

data = inpori(base+3); //read from low byte of digital input

f*EERRgReRk Sron 8- Display bit status from the word byte****/

for (i = 0; 1 <8; i++) //Display the bit status of the input

/

{

I =(int) pow(2,1);
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ainfj+i] = (int) bit(data&l) ;

}

HRFEREIRRAK Spon 9 D)/ A output*rrrEEEEEERER KRR R KRR RRA, /
//Require modification to more suitable form
daout = (int) output[0];
temp=I15&daout;
datal=temp*16;//low byte of data. Mask data with 1111 and shift right by 4 bits.
datah=daout/16;//high byte of data. Shift data left by 4 bits.
outportb(baset4,datal);/ /write to low byte of D/A output

outportb(basets,datah);/ /write to high byte of D/ A output

/*********** Ste]) 10 DLngal Oulput************************/

for(i=1; i<=8,i++)

!
i

digiout = (int)output{i] * (int)pow(2,i-1)+digiout;
}

outportb(base+3,digiout);

return 0;

void delay(int a)
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it i

for (1=1,1<=100*q,;++i)

//function to return high logic and low logic

int bit(int k)

if (k1=0)

return 1;
else

return 0;

Program 8-3 Source code for the file driver.c

289




9. References

1Lomas, K.J., The U.K. applicability study : an evaluation of thermal
simulation programs for passive solar house design, Building and
Environment, Vol 31. No 3, p 197-p 206, 1996, Elsevier Science Ltd.

2 Visual Solutions. Inc. 487 Groton Road, Westford, MA 01886

3 VisSim user’s guide version 1.5, Visual Solutions. Inc. 487 Groton Road,
Westford, MA 01886, 1994

1 Clifford, G.E., Modern heating and ventilation systems design, 1993,
Regents/Prentice Hall, Inc., p8-p9.

5 Carr, J.J., Microcomputer Interfacing (A practical guide for technicians,
engineers and scientists), 1991, Prentice Hall, Inc.,p206-p221

6 Hewlett-Packard, undated notes, A systematic approach for defining and
building data acquisition system, p22-p25

7 Hewlett-Packard, ibid, p28-p29

8 Hewlett-Packard, tbid, p30-p31

9 Hewlett-Packard, ibid, p30-p33

10 Mahmoud, M.S., Computer-operated system control, 1991, Marcel Dekker,

Inc, p344-p346

290



11 Advantech Co.,Ltd, 750 East Arques Avenue, Sunnyvale, CA94086

12 Microsoft Windows User’s Guide, Version 3.1, ©1985-1994, Microsoft
Corporation, p183

13 Copyright©® Microsoft Corporation

1t Coley, D.A., Simplified thermal response modelling in building energy
management. Part III : Demonstration for a working controller, Building
and Environment, Vol 31. No 2, p 93-p 97, 1996, Elsevier Science Ltd.

15 £20-11 Manual and computer software prepared by Carrier

16 Clark, J.A. and McLean, D, - a building and plant energy simulation
system, Version 6, rel. 8, Energy simulation research unit, Unervisity of
Strathclyde and ABACUS Simulation Limited, Glasgow, 1988

17 Palmiter, L and Wheeling, Solar Energy Research institute Residential
Energy Simulator, Version 1.0. Solar Energy Research Institute, Golden,
C0,1983, p356

18 Omar and Khalid, Utilizing transfer function method for hourly cooling
load calculations, Building and Environment, Vol 38. No 4, p 319-p 312,
1997, Elsevier Science Ltd.

19 Graf, R.F. and Sheets, W, Encyclopedia of electronic circuits Volume 4,
1992, Tab books, p576

20 Sedra, A.S. and Smith, K.C., Microelectronic Circuit Third Edition, 1991,

Saunders College Publishing, p427-428.

291



21 Alley and Attwood K.W., Electronic Engineering 3¢ edition, 1973, John

Wiley and Son, p17-p54

22 Alley and Attwood K.W., ibid,p17-p37

23 Alley and Attwood K.W., ibid,p49-p51

24 Grant model W14 from Grant Instruments (Cambridge) Ltd, Barrington,

Cambridge, England

25Giancoli, D.C., Physics for Scientists and Engineers with Modern Physics
SecondEdition, 1988, Prentice Hall, p591

26 Carr, J.J., thid, p19

27 PC-LabCard software driver user’s manual, 1994, Advantech Co., Ltd.

28 Copyright©1993 Microsoft Corporation.

29 Pucknell, D, Fundamentals of digital logic design with VLSI circuit

applications, 1990, Prentice Hall, Inc, p331

30 PCL818HG High-Performance DAS card with programmable gain, 1994,

Advantech Co., Ltd., p30

31 PCL818HG High-Performance DAS card with programmable gain, 1994,

Advantech Co., Ltd., p30-p40

32 VisSimm user’s guide, Copyright 1994 Visual Solution, Incorporated, p191

33 VisSim user’s guide, tbid, p192

3 VisSim user’s guide, tbid, p194-196

35 VisSim user’s guide, ibid, p198

292



36 Load Estimating, Air Conditioning Fundamentals, Technical Development
program, Carrier Corporation , 1982, p2

37 Load Estimating, Air Conditioning Fundamentals, tbid, p3

38 Load Estimating, Air Conditioning Fundamentals, ibid, p10

39 Clifford, G.E., Modern heating & ventilation systems design, Prentice Hall,
Inc, 1993, p119-p120

10 Load Estimating, Air Conditioning Fundamentals, ibid, p11-12

41 Load Estimating, Air Conditioning Fundamentals, ibid, p5-9

12 [,oad Estimating, Air Conditioning Fundamentals, tbid, p13

13 Load Estimating, Air Conditioning Fundamentals, ibid, p14

M Load Estimating, Air Conditioning Fundamentals, ibid, p15

45 Shinskey, F.G., Process control system, Application, design and tuning, 3
Edition, 1988, McGraw-Hill, p261

16 Smith, D.L., Introduction to dynamic systems modelling for design,
Prentice-Hall, Inc., 1994,p216-p217

17 Nise,N.S., Control systems engineering, Addison-Wesley Publishing
Company, 2 ed, 1995, p118-119

48 Matko, Drago, Simulation and modelling of continuous systems: a case-
study approach, 1992, Prentice Hall International Ltd, p18-22

19 Nise,N.S., Ibid, p118-149

% Nise,N.S., Ibid, p160-166

293



51 VisSim user’s guide, Visual Solutions Inc, 1994, p137

52 Kreyszig, E, Advanced engineering mathematics, John Wiley & Sons, Inc.,

1988, p254

53 Matko, Drago, Ibid, p68-75

294



