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ABSTRACT

Heating Venrilating and Air Conditioning (HVAC) System is one of the systems
that had widely spread ameng people in the recent decades. Their use is not anymore
restnicted to people in a certain field or industry, but they became a group of those
systemns satisfyving basic requirements of life. This development created problems related
lo energy consumption and epergy saving, which in tum opened a wide research area
dealing with the solution of such problems. The energy conservation acquired by

reducing amount of cooling energy and fan speed during the operation.

This project aims to find the optimal solution of the problem of enerpy losses in
the HVAC systems, by introdueing the design and control of a2 Variable Air Volume
(VAV) system for a cooling system. The project started by having a look on the various
types of the VAV systems found in the market, then choosing one of these systems,
namely the VAV cooling system, to be designed and controlled. A mathematical model
for the s¥Stemn was built based on the fundamentals of the energy balance. [n addition, the
main thermal znalysis and control desi gn considerations are being studied in order to

obtain a more representative nodel for the system.

The whole system has been designed and simulated to be officinal to applv on a
small protorype. This prototype consists of two rooms provided with a temperature sensor
in each one, central cooling unit and three VAV Boxes, one VAV Box for cach room and
the third one for the excess air. All these components have been constructed to examine
the changing in VAV Box cpening according to the temperature variations in each room

and the energy conservation that represented by the excess air flow.

In @ir conditioning systems many items are supposed to be taken under
considerations, such as temperature, humdity, noige level, oders, and CO, amount in

order to determine the quality of the air. In this project, the temperature variation is the

only item discussed.
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Chapter One

INTRODUCTION AND LITERATURE REVIEW

1.1 Overview

One of the modern Heating, Ventilating. and Air Conditioning (HVAC) systems
is the Variable Air Volume (VAV) system. A (VAV) system is an air system that varies
its supply air volume flow rate to maich the variation of zone load during part-load
operation 10 maintain a predetermined space parameter, usually air temperature, and to
conserve an power at reduced volume flow. A Constant Air Volume (CAV) system
varies its supply air temperature to match the reduction of space load during pan load
operation Lo maintain a predetermined space air temperature, typical (VAV) system is

shown in Figl.1.
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Control of HVAC systems covers a wide range of products. functions, and
sources of supply. Control can be defined as the starting and stopping or modulation of a
process to regulate the condition being changed by the process. The application of
controls starts with an understanding of the building and HVAC systems and the use of
spaces to be conditioned and controlled. In addition the type of HVAC system plays an
important role in control sequences. The basic control sequence can then be done by
several types of comtrol techniques such as pneumatic, clectdc, andog electronic. or

electronic direct digital control (DDC) [4], [9].

1.2 Problem Definition

Nowadzays, all science fields are directing towards reducing encrgy consumption
and satisfying the luxury of human in all his occuparts (home, office, hospital, shopping
eenters,...etc) which results in a wide spread of the HVAC systems. As 4 result VAV
systems are mtroduced for their significant advantages including low first cost and Tow
operating cost. The first cost of the system is far lower in comparison with other systems
that provide individual space control because it requires only single runs of duct and a
simple control at the air terminal. Where diversity of loading oceurs, smaller equipment
can be used and operating costs are generally the lowest among all the air systems. As a
result of the reduction of air volume with a reduction in load, the refrigeration and fan
power follow closely the actual air-conditioning load of the building, In addition the

systen is virtually self-balancing,

This project aims to verify that the VAV systom could be considered as an
optunal solution for energy conservations in the HVAC systems, this verification requires
designing such a system and simulating it under different conditions then calculating the

energy consumed and comparing the results with that which appear in the classical




HVAC systems. To validate the 1dea, a prototype will be built and different experiments
will be camied in onler to study the result of the developed system.

The cooling unit which will be used as a cooled air source is the central cooling
unit of the specifications shown in Appendix (A). It is noticed that the fan speed iz
constant and can not be modulated although in the VAV system the position of the
damper is modulated followed by the modulation of fan speed. With the case of this
project, another representation of tan speed modulation will be established which will be

explained in the nextchapters.

1.3 Project Description

The prototype which will be built is composed of two rooms of the same
structural design, Fig 1.2 shows the layout of the two zones that will be built and
conditioned, the building material includes two layers of gypsum board and an insulation
material between the two layers, this is for the front and north walls, but the back wall is
the original external wall of the workshop where the prototype will be established, and
the southern is the intemal wall. The two rooms are identical, and each is of the following

dimensions:
Length =1.5m.
Width =1.2m.~

Height=2.15m.

Each room has one door, the door dimensions are (0.70m * 1.70m), and the
localion of the door is m the front wall. The cooled air is supplied to the rooms by
standard flexible ducts from the cooling unit, the diameter of the circular duct is § inches.
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1.4 Literature Review

Heating, Ventilating, Air Conditioning and Refrigeration (HVAC&R), was first
systematicaily developed by Dr. Willis H. Carrier in the sarly 1900's. Because of the
wide use of air conditioning all over the world, it became one of the most significant
factors in national energy consumption. In 1973, the enmergy crisis stimulated the
development of variable-air-volume systems, cnergy management, and other HVAC&R
technologies. In the 1980s, the introduction of microprocessor based direct-digital control
systems raised the technology of air conditioning and refrigeration to a higher level.
Nowadays, the standards of a successful and cost-effective new or retrofit HVAC&R
projects include maintaining a healthy and comfortable indoor environment with
adequate outdoor ventilation air and acceptable indoor air quality with an enargy index
‘ower than that required by the local codes, often using off-air conditioning schemes to

reduce encrgy costs [9].

1.4.1 Variable Air Volume Systems

A VAV system, controls temperature in a space by varying the quantity of supply
air rather than varying the supply air temperature. The supply air temperature is held
relatively constant, depending on the season. Variahle air volume systems can be applied
to interior or exterior zones, with common or separate fans, with common or separate ar
temperature control, and with or without auxiliary heating devices. The greatest energy
saving associated with VAV oceurs at the exterior zones, where variations in solar load
and outside temperature allow the supply air guantity to be reduced. Humidity control is a
potential problem with VAV. Particular care should be taken in areas where the sensible

heat ratio (ratio of sensible heat to sensible plus latent heat o be removed) 1s low, such as

in conference rooms [9].




The Variable Air Volume systems (VAV) reduce the volume flow rate of supply air
2t reduced loads instead of varying the supply air temperature as in constant-volume
systems, These systems were introduced in the early 1950's and gained wide aceeptance
after the energy crisis of 1973 ag a result of their lower energy consumption in
comparison with constant-volume systems. With many vardations, VAY Syslems are in
common use for new high-rise office buildings today. Central air conditioning systems
slways will provide a more precisely controlled, healthy, and safe indoor environment for
aigh-rise buildings, large commencial complexes, and precision manufacturing areas,
Compared with a constant-volume system, a VAV system has mainly the following

advantages:

* Reduced fan energy use during part-load cperation when the supply volume flow
rate is reduced,

= A slightly lower or nearly the same zone relative humidity when the supply
volume flow rate is reduced during summer cooling mode part-load operation.

e  More individual cortrol zones.

® Reduction of the construction cost because of raking into consideration of the
supply air volume flow diversity factor instead of the sum of zone peak loads.

o Capability of self-balancing of zone supoly volume flow rates,

» Convenicnce during the relocation of the terminals and space diffusion devices

during furare expansion orretrofit [9],

1.4.2 Types of Variable Air Volume Systems

Most medium and large size buildings need multi-zone air systems. However, many

indoor stadinms, convention centers, factories, residential buildings, and small retail

-
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stotes employ single-zone air systems. Currently used variable-air-volume systems can

5e classified into the following types:

* VAV Cooling Systems.

* VAV Reheat Systems,

»  Dual-duct VAV Systems.

s lan-powered VAV Syilems,

Nowadays, there is a technical basis for the Fault Detection & Diagnostics (FRD)
software which was described in a July 2005 ASHRAE Journal article, “FDD for Air
Handling Units (AHUs) and VAV Boxes”. The article describes the basis for
development of the AHUs Performance Assessment Rules and the VAV Control Chart
aigorithms [9].

L4.2.1 YAY Cooling Systems

A VAV cooling system is a nulti-zone air system with VAV boxes to modulate the
cold supply air volume flow rate to match the variation of zone load in order to maintain
3 preset zone ternperature, as shown hy the air system that serves the interior zone in Fig
1.3, VAV cooling systems with VAV boxes only are widely used to serve the interior

2ome in commercial and mdustrial buildings and other different applications [9).

1.4.2.2 YAV Box

A VAV box or more specifically a cooling VAV box is a terminal device in

which the supply volume flow rate is modulated by varying the opening of the air




passage by means ol a single-blade butterfly damper, multi-hlade damper, or an air valve,
A VAV box may have a single outlet or multiple round outlets, A single blade damper
VAV box, as shown in Fig 1.4, has a simple construction and is simple to operate. A

Ivpical damper is of three conditions, closed, partially opened, or ful ly opened [%].
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Figure 1.3: VAV Cooling Svstem

Figurc 1.4: VAV Box with Single Blade Damper




1.5 Control of VAV Cooling Systems

Alr volume can be controlled by duct-mounted terminal units serving a nurnber of
air owtlers in a control zone or by units integral to each supply air outlet. Pressure-
mdependent volume regulator units control flow in response to the thermostat’s call for
heating or cooling. The required fiow is maintained regardless of flucruation of the VAV
amit inlet or system pressure, These units can be ficld or factory adjusted for maximum

and minimum (or shutoff) air settings.

Pressure-dependent devices control air volume in response to a maximum volume
unit thermostatic {or relative humidity) device, but the flow varies with the inlet pressure
variation. Generally, airflow oscillates when pressure varies, These thermostatic units do
not regulate the How but position the volume-regulating device in resporse to the
thermostat, These units are the least expensive and should only be used where there is no

need for maximum or minimum limit contol and when the pressure is stable,

The type of controls available for VAV units varies with the terminal device,
Most use either pneumatie or electric controls and may be either selfpowered or system
ar actuated, Syslem-powered devices use air from the air supplied to the space to power
the operator. Compenents for both control and regulation are uspally contained in the
terminal device. To conserve power and limit noise, especially in larger systems, fan-
operating characteristics and system static pressure should be controlled, Manv methods
are available, including fan speed control, variable inlet fan control, fan bypass, fan
discharge damper, and varizble pitch fan control. The location of the pressure-sensing
devices depends, to some extent, on the type of VAV terminal used, Where pressure-
dependent units without controllers are used, the system pressure sensor should be near
e static pressure midpoint of the duet run fo ensure minimum pressure variation in the
system. Where pressure-independent units are installed, pressure controllers may be at
the end of the duct run with the highest static pressure loss, This sensing point cnsures

maximum fan power savings while mainraining the minimum required pressure at the last

10




terminal. As the flow through the various parts of a large system varies, so do the static
pressure losses. Somne field adjustment is usually required to find the best location for the
pressure sensor. In many systems, the initial location is two-thinds to three-fourths of the
distance from the supply fan to the end of the main trunk duet. As the pressure at the
system control point increases due to the closing of rerminal units, the pressure controller
signals the fan controller to position the fan volume control, which reduces flow and

maintaing corstant pressura.

Many present-day systems measure flow rather than pressure and, with the
development of economical DDC, each terminal box (if necessary) can be monitored and
the supply and r¢tum air fans modulated o exactly match the demand [1], [4].

1.6 Multizone Systems

A multizone system supplies several zones from a single, centrally located air
handling unit. The multizone system is similar (o the dual-duet system. In operation, it
has the same potential problem with high humidity levels. Multizone packaged
equipment is usually limited to about 12 zones, while built-up systems can include as
many zones as can be physically incorporated in the layout, A commen variation on the
multizone system 18 called the Texas multizone system or three-deck multizone system.
In this system, the hot deck heating coil is removed from the air handler and replacad
with an air resistance plate matching the pressure drop of the cooling coil. Individual

beating coils are placed only in cach perimeter zone duct [17.




1.6.1 Zoning Requirements

Loads vary over time due to changes in the weather, occupancy, activities, and
solar exposure, Each space with a different expasure requires a different control zone to
maintain constant temperature. Some arcas with special requirements may need
ndividual contol or individual systems, independent of the rest of the building
Variations in indoor conditions, which are acceptable in one space, may be unacceptable
in other areas of the same building. The extent of zoning, the degree of control required
' cach zone, and the space required for individual zones also namow the system choices

[IL
There are two types of zoning, exterior zoning and interior zoning,

A, Exterior zoning: Exrerior zones are affeeted by varying weather conditions like
wind, temperature, sun, and depending on the geographic area and season, require
both heating and cooling. This variation gives the engineer considerable flexihility
in choosing & system and enables the greatest advantages from VAV svstems to be

realized. The need for separate perimeter zone heating is determined by

* Variety of the healing load (i.e., geographic lacation),

= Nature and orientation of the bulding envelope.

* Effects of downdraft at windows and the radiant effect of the cold glass
surface {i.e., type of glass, area, height, and U-factor).

* Type of ovcupancy (i.e.. sedentary versus transient).

* Operating costs (j.e., in buildings such as offices and schools that are
uncecupied for considerable periods). Fan operating cost can be reduced
by heating with perimeter radiation during unoccupied periods rather than
operating the main supply fans or local unit fans. Separate perimeter

heating can operate with any all-air swstem. However, ils greatest

12




application has beenin conjuncrion  with VAV systems for cooling-only

service [1].

B. Interior zoning: Interior spaces have relatively constant conditions because they
are isolated from external influences. Usually interior spaces require cooling
throughout the year. A VAV system has limited energy advantages for interior
spaces, but it does provide simple temperature control, Inferior spaces with a roof

exposure, however, may require similar treatment to perimeter spaces requiring heat

[1].
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Chapter Two

MATHEMATICAL MODELING

L1 Owverview

This chapter focuses on developing a complete model to represent the VAV Coaling
System. Modeling is the process of converting the physical system into mathematieal
squations o explain its dynamic behavior, In other words a mathematical model of a
process as defined by Denn is a system of equations whose solution, given specific input
data, is representative of the response of the process to a corresponding set of inputs.
Mathematical modeling process starts with understanding the physical system, then the
mathematical equations must be derived based on the fundamental thearies or laws such
25 the conservations of mass, energy, and momentum. The mathematical modeling

procedure can be summarized by the following steps:

1. Clearly defining the engineering problem and the objectives to be achieved,

E‘-\J

Valid and logic assumptions are to be made in order te simplify the model.

Then the limdamental theorics or laws are applied to derive a complete model

[5)

3

2.2 System Mathematical Modeling

As previously mentioned this project aims to desien and control the VAV box in
an air conditioning system which is composed of two typical rooms. The idea is to

15




control the temperature of each room independently; i addition, each room is supplied
with air through a VAV box. Thus, the VAV box (actuated damper) and the room are g
subsystems that are representing the overall system or the plant. Fig 2 | shows the black
representation of these subsystems, this representation is valid for the twe zones, which

means that there are two identical syslems

i~ i i e R
I I
| |
I Subsystem(1) Subsystem{2) }
I I
| i
—»| VAV with — Room

I Motor {
I |
I I
I I
L-————H—_“ —————————————————— J

Figure 2.1: Plant Configuration

Now the procedure of deriving mathematical modelmg 1s to be followed in order

w0 convert each block shown in Fig 2.1 into its equivalent eqguations,

2.2.1 Room Mathematical Model

To denve the model, first it 15 important o specify the variable which has the
dynamic behavior. Tor the simple room explained in this project, the goal is to conirol its

air temperature, which means that the temperature is the ume variable [5], [8]

I'he model of a simple room will be derived taking the following assumptions under

consideration:

16




1. The room is thermally isolated from the surounding,

o

Only the temperature of the room air is the controlled varable, this makes it
possible to say that the wom is Single Input Single Output (SISO) system.

3. Heal gain occurs through the walls, roof. ventilation and infiltration.

4. Effects of kinetic and potential energies are negligible.

3. ITtis assumed that the initial conditions are zeros, which means that the system has

zero deviation at initial steady state,

‘n order to determine the air temperature, the energy balance equation eq. (2.1) is to be
applied [5], [8].

W, +PE+KE], =[U, + PE+KE] +[U, + PE+KE] +0, —W (2.1)

Where;

KE : Kinetic Energy (W],

PE : Powntial Energy (W),

Q. 'The total heat transferred to the system from the surroundings (W)

U.-..-; . Internal Energy (W),

W Output work from the systera (W),

[I'_-',.,h +PE+KE ] ¢ Represents the Accumulation of Internal, Polential and Kineds
Energies.

[t/ + PE+ KE] : Represents the Accumulation of Inemal, Potential and Kinstic
Ernerpizs in due (o convention

[U w TR F KEL Represents the Accumulauon of Internal, Potential and Kinetic

Energies out due to convention [5].

Applyving eq. (1.1) to the system of the simple room under consideration vields eq. (2.2):




dl
dt

1 =ﬁ_{-]"f'£-?,r.. _W rEZ)

All kinetic and potential energies go to zero since these energies are not variables in the
case of the system of simple room. In addition, the system does not undergo any wark
production. Then eq. (2.2) reduces into eq. (2.3):

it

The rate of change of internal energy equals the total heat transferred O, , whete:

3 AN & AR (2.4)

Where:
0, : Asr conditioning input anergy (W),

ng: The energy gained through walls, Toof, and ventilarion (W),

The energy gain O contains the thermal load from walls and reofs which can be

L

expressed by Y AU , and the ventilation ceefficient , this yields:
g nu
O = Zai) "2 ) 25)

Where;

T{f} : Temperature g5 ¢ function of tane ("C ).
E AUT: Area integrated fabric surface U-value (W™ (),

kL S ; e
" : Ventilation coefficient mi° /& in which:

R, : Ventilation air change rate per hour,

. ¢ Room volume (m?),
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Subzrituting eq. (2.5) in (2.4) results in;
n, U
0, =0, - (Z[AI::)+ |r (2.6)

Un the other hand, the change of internal energy is defined as:

Whers:

2 Adr density (Far'm?).

£, Specific hear at eonstant volume (cal® g °C).

It is assumed thatp,u,, and ¢, are constants with the variation of time ¢ and

temperature 7', so a linear relationship berween the intemal energy and temperature
expressed by eq, (2.7) is achieved.

Substituting eqs. (2.6) and (2.7) in to eq. (2.3) yields:

s y
2u,c, %= K | z ALT)+ H: | () (2.8)
\ ;

The transfer function of the air conditioned yroom is a representation of the relation
between input and oulput, so it can be evaluated by dividing the output temperature over

the input refrigeration energyall as a funetion of time. Now rearranging eq, (2.8):
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at fgal e B
o, | ZUAU)= 22 [r0)=0,0)

(2.9)

Eq. (2.9) is a first order differential equation, taking the Laplace transform, knowing that

the initial conditions are zerns:

5
0,0, T6)s o 4+ 22 )= 0,6
The transfer function of the room G, (s) will be:

1
:
{u,m}nfz (a4 )+ 2
\ 3

G.(s)=

To simplify the eq. (2.1 1), it can be wrilten as:

K

G,{s)= {r.i‘+ 1)

Whers;

T = Time constant of the reom (5).

K = The room lemperaturs gain ko fluctuations in process output

-

" U, pe,
r, == -

(Sau)e ]
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(2.13)
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=-2.2 Modeling of DC Motor

It is mentioned that the VAV Box has an actuator 1o rotare the damper to a
specific position; this actuator may be a hydraulic motor, or a DC motor, the application
of the room and the needed accuracy affect choosing the type of the actuator. Tn this
project the DC motor has been selected. The construetion of the DC motar is shown in
©ig 2.2 (a); it i3 an electromechanical component which generates a displacement for the
mput voltage. Fig 2.2 (b) is a block representation to the DC motor showing the input
voltage E_ (s ) and output angular displacement 4, (s) all are expressed in s domain.

Fixed

: d
i Eﬂ Ln fiel
T VA—0000 |
v Roto £ B
T : ;ﬁracuit } Vo1 ¥ i ]| hEssaion Gls) p——r
“ﬂ{?} L |Hm{r']
(@) Schemalic 3 (k) Black Dingram

Figure 2.2: DC Motor

The transfer function of the DC motor is given by the following eq,

G, (v)= ﬁ? (2.13)




K
ke (2.15.1)
1 v KK b
e »'_[ D, + R_ (2.15.2)
T
K== (2.15.3)
IaN] 2
Jo=dotd)| - (2.15.4)
i
(w Y -
D, =D + ﬂ,l = (2.13.5)

w - Lorgue developed by the moter (.m).
: Armature current (A,
K, : The constant of proportionality between I andl_.

J_: The equivelent insrtia (Ka.m®).

L)

J_+ Armature iertia (Kg.m?).

;i Load inertia (Kgm?),

D : Ammaturs damping (N.ms/rad).

I ¢ load damping (Mom.sirad),

I : Equivalent damping (N.m s/rad).

As shown in eq, (2.15). If all the parameters contained in the egs. (2.15.1) to
(2.15.5) arc measured. it is possible to substitute their values into eq. (2.15) then the
transfer function of the motor will be obtained. But the fact that it is not possible to

calculate these parameters since the motor is a closed system and the component parts are
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not easily identifiable. Therefore, the transfer funetion of the motor could be obtained
experimentally [7].

Experiment Procedure; The DC Motor is given an input valtage of 12V, and the
response of the motor speed was captured on the oscilloscope, the system is first order
and the values of K and @ were determined from the response settling time (T, ) which
is the time required for the response to reach and steady with 42 % of the steadv-state
value, and the final value [7].

S
o

And from the final value thearem:
Final Value = [ {ypsinput(s)G(s)
[

Now substituting the input voltage into final value theorem and considering the measured
setrling time yield:

t
o466

k.

o
K

The motor transfer function which is found experimentally is batween the input
voltage and output speed where the output speed is affected by the gear ratio, and then it
must be multiplied by an integrator to be representative or the input valtage and output
angular veloeity, then:

) L.0466
GLis)i= +20) (2.16)
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Chapter Three

THAERMAL ANALYSIS AND DESIGN

3.1 Overview

In this chapter the main basis of heat transfer and thermodynarmics are discussed,
also, it includes simple explanation of the cooling load caleulations methodology and the
actual caleulations applied in the project, and duct description for the system.

3.2 Principle of Heat Transfer

. Heat transter is defined to be the transfer between two conmsl volumes distinet
with temperature gradient, such that heat will move from high temperature side to the
lower temperature side. This science provided a significant toc] for determining the rate
of heat gain that the air conditioned envelopes experience, ad so defermining the
required capacity for air conditioning te overcome this heat gain,

3.2.1 Conductive Feat Transfer

The conductive heat transfer is experienced by solid components of the building,
such as walls, roofs, and doors. For one-dimensional steady-state heat conduction,

Fourier’s [aw mives the following relationship:
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ik (3.1)

Where;
g, : Heal gain by conduction (W ).
K Thermal condustivity (Wim®C),
A : Cross-seetional ares normal to heat flow (m?),
T : Temperature (°C).
A Coordinate dimension along heat Now (m).

Eq. (3. 1-} shows that the rate of heat transferred is directly proportional to the temperature
gradient dT/dr, the thermal conductivity X, and the cross-sactional area 4. The minus
sign indicates that the heat must flow in the direction of decreasing temperature; for
steady-state heat conduction through a plane composite wall with perfect thermal cantact
between each layer, as shown in Fig 3.1, the rate of heat transfer through each section of

the composite wall nust be the same.

o fas g
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Figure 3.1: Steady-5tates One-Dimensional Hear Conduction thmugh a Composite Wall.




From Fourier's law of conduction:

K_"A apy KE.A KE"JJI . .

= T =1)=—=2=T. =T }= T, =7 2

g, E { : Ia} = (: T!.) L [ i 4) (3.2)
Whare;

L. Ly, L, The thicknesses of layers 4, 8, and C respectively of the composite wall (m),
7} - The temperature st surfice § where i=1,2, 2.4 (°C).

K, Ky, K.: The thermal conductivity of leyersd . B, and C respectively of the

vomposite wall (W/m*C).

3.2.2 Convection Heat Transfer

Convection is the second way far heat transfer that occurs in fluids, when a fluid
contacts a surface at a different temperature, such as the heat transfer happening between
the airstream in a duct and the duct wall. Convective heat transfer can be divided into two
types: forced convection and natural or free convection, When a fluid is foreed o move
along the surface by an outside moving force, heat is transferred by forced convection.
When the motion of the fluid s caused by the density difference of the two streams in the
fluid and temperature difference, the result is called natural or free convection, The rate

of convective heat transfer g, (W), can be expressed in the form of Newton’s law of

cooling as:
g, =h AL -T) (3.2)
Where;

q,, - TTeat pain by convection (W),
A1, : The average convective heat-transfer coefficient, (W/ms (),

T The surface temperature (°C).
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T The tempersture of fuid away from surfase (°C),

The convective hea-transter coefficient /_is usually detcrmiined crnpirically.

3.2.3 Radiant Heat Transfer

In radiant heat transfer, heat is transferred in the form of electromagnetic waves
waveling ar the speed of light. The net rate of radiant transfer g, (W), berween a gray
body at azbsclute temperature 7, and a black surrounding enclosure at absolute
emperarure T, (for example, the approximate radiation exchange between occupant and

swrroundings in a conditioned space) can be caleulated as:

9, =0 4 B[4 -7 3.3)

Whers;
7+ Radiation heat transfer coefficient (W),
@ =0.1714*10" (Wim?.K*): Sichm-Boltzmann constant.
A : Area of gray By (m?).
¢ Emissivity of surface of gray body,

T ays T oy o Absolute tempecatures of susfice 1 gnd 2 (K).

3.2.4 Overall Heat Transfer £

In actual application, many caleulations of heat-transfer rate ara combinations of
conduction, convection, and radiation. Comnsider the composite wall shown in Fig 3.1: in
addition to the conduction through the wall, eonvection and radiation occur at inside and
outside surfaces | and 4 of the composite wall, At the inside surface of the composite
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wall, the rate of heat transfer g, (W), consists of convecrive heat transfer betwsen fluid,

the air, and solid swiace ¢, (W) and the radiant heat transfer g, (W), as fllows:
‘f ZQII;. ..'gr= III"JII(?-I HII)+';‘."41(T|'_E:I f34]
Eqg. (3.4) can be rewritten as;

¢, =k AT ~T)

(3.5)

Whers:
1 : Indoor temperaturs (3C),

k. The mmside surface heat-transfer cocfficient at the liquid-to-solid interface (W/m?SC).

Similarty, at the outside surface of the composite wall, the rate of heat-transfer g, (W) is

given by:

Gy =y ’4+{I4 = ia) (3.6)

Where:
FI,;, t Ourside surface heat-transfer coafficient at fluid-to-solid interface (Wim*C),
A, : Ares of surfece 4 (m®).
T, : Temperawurs of surfaze 4 (*C).

¥, Outdoar temperaturs {*C),

For one-dimensional steady-state heat transfer, the overall heat-transfer rate of the
composite, 1t is considered thatg =g, =g,

Therefore:
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Q,, =ua(f,-1,) @.7)
Whera:

L7 | Overall heat-transfer cocficiant, often called the £ valus (Wm*)
A : Surface area perpendicular to hear flow (o),

Therefore, the overall heat transfer coefficient [ is gven as:

1
U= -
Uk, + L /K + L1 Ky + L (K, =1/,

(3.8)

[9].

3.3 Cooling Load Components

Space Cooling Load is the rate at which heat must be removed from the space to
maintain a constant space air temperature, cooling loads can be usually classified into two
categories: external cooling loads and intemal coolingloads,

A. External Cooling Loads; These loads are gererated due to the heat gains in the
conditioned space from extemal sources through the building envelope or building
shell and the separation walls,

B. Internal Cooling Loads: These loads are gencrated due to the releasing sensible
and latent heat fiom heat sources inside the conditioned space.

Cooling load calculation, which involves determining the building's entire heat gain
component, is complex since there are many moare factors involved in heat gain than in
the heat loss, and heat gain varies sharply during the day.
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The total cooling load of a shucture involves;

) Heat gain through walls and ceiling.
1) Heat gain through windows, doors.
3) Sensible and latent heat gain due to infiltration and ventilation.

4} Sensible and laent heat gain due o occupancy.

3) Heat gain due to equipmert, lights, motors, computers ....et¢ [3].

3.4 Cooling Load Calculation

Cooling load calculations for air conditioning system design are mainly used to
determine the volume flow rate of the conditioned air as the refrigeration load of the
equipment in onler to determine the HVAC proper system.

The required calculations for this project will be explained in the Bllowing sections.

3.4.1 Heat Gain through Walls and Roofs

The heat gain through an outside wall and roof'is & combination of the direct solar
radiation. conduchion/convection heat gain and thermal lag effects. The combined effect
is expressed i a factor called Cooling Load Temperature Difference (CLTD).

The heat gain throngh walls and roofs can be calculated by:

Q=U4(CLTD) (3.9)
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Whre:
{): Cooling load (W),
L7 - Overzl] heat-transfer coefficient of exterior wall ar rool (W/m*C).
A Area of exterior wall, roof (m?).
CLTD : Cooling Load Temperatare Difference (°C),

Also, CLTD is given by the following eg;

CLID = (cltd + LM)K_+(25.05-T,)+(r,, —29.4)r

(3.10)
Whare:
LM : s the latimde correction factor and can be obtained from the tble for roofs and walls
which iz shown in Appendix (B
K, - Ts the color correction factor, and it hes a diffirent values as shown in Table 3.1.
J 1 Is the attic roof factor und its values are shown in Table 2.2,
T, . +hean owside temperatute (°C).
Table 3.1: Color Correction Factors
Color Color Correction Value (K¢)
Dark colored moof and walls = 1.0
Permanently light colored roof 0.3
Permanent medium color wall 0.83 I
Permanent light color walls 0.65
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Table 3.2: The Attic Roof Factor

Condition Attle roof factor
()
Flat roof and walls 10
Artie 0.75

The mean outside temperature is given by the following equation:

I,.=T,-DR2 (3.11)

Where:
DR Daily Range that equals to the difference between the average maximum and
the average minimum temperatures for the warmest month of the summer season

(<C) .

Consideting the moms and applying energy cquations to find the heat gain. Fig
3.2 is a schematic diagram in which the walls have a symbol to simplify the calenlations.

Room (1] o Roem (2)

Figure 3.2: Rooms Schematic Diagram

33




A. Heat gain through walls:

Each of the two rooms has four walls cach wall with different characteristics,
and different construction material, so the calculation is to be made for the first room, and
the other will be the same.

Wall (A):

Wall (A) is the ariginal Lab’s wall consists of regular building material as shown in the
Fig3.3.

rete

Stone

|Block
COon

Plaster

]

1

|

0.02.0.10.0.4010.05

|

Figure 3.3: The Components of the Wall

The heat gain through wall A is calenlated by applying eq. (2.9);

Area = width*height

i b B B
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Determining the value of U:

Applving eq. (3.8) to calculate 17 yields:

R T 1
Z Ry R, +R, +R, + R, + R, + R,
i e:ls 5. 1
B Y i i RO
B, & k] k; Ko W
YWhere

& ¢ The thickness of laver (m),

f :Thermal Resistance of layer (“C/W).

From the tables in Appendix (B) the values of these parameters are as fallows:

R, = 1/hin=1/0.12 = 8.33 {(m*™C/W)

R, = Axkplaster =0.02/1.20 = 0.0166 (m*C/W)

R, = Axtkroen= 0100014 =0.714 (m**C/'W)

R, = AxReonerary = 0, 10/1.75 =0.05714 (™ C/W)

& = Axkoone=0.052.20= 00227 Ifl'[l!ﬂﬂ'"\"ﬂ

R, = 1/haa= 1/0:03 = 33.33 (m™CIW)

Rin=4247 {m*”&”h’}
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[F= 1/ Rir=0.235 Wim™C
Determining the value of CLTD:
Applying eq (3.10) results:
CLID=(5-035)0.83 - r255-23)+ (38.5-294)]
CLTD = 15.635°C

Substituting the value of heat gain and CLTD into eq. (2.11), and the result will be as the
following:

Q=3225%0.235%15.635 = 11849 W

B. Hear gain through ceiling:
The ceiling is false ceiling in the ground floor
Area=15%*12=18m"
U= LR =0.01/0.12 =0.0833
Rin = [/hm=1/0.15=6.66
Raw= }Niae= 1/0.07 = 14.2857
7=10,047 Wm'C
Al =13
O =AUA ) =1.8*0047*13

= 10998 W
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Applying the same analysis to find the heat gain for cach wall, but the differences
occur are due to the different materials and thicknesses. Thus, the total heat grin through
Ine walls and the ceiling (for the first room) = 61 471+ 1.0998 = 62,5708 W,

Table 3.3 summarizes the results of heat gains through walls and ceiling. As a result of

the symmetry of the two rooms, these calculations will be also the same

Table 3.3: The Heut Gains Due to Walls and Ceiling of the Room

Arca g Ti-To 0 gain
Zone(1:2) (m?) (Wine.”C) °C) (W)
A 3.225 0.235 15.635 11.840
B 2.58 03849 | 13 12238 |
C 3.225 0.8917 13 37.384 |
Ceiling 1.8 0.047 | 13 P a.0008 |
5 625708

It is noticed that no calculations are made related to wall D, because this wall is
assumed to be under the condition of A I=0, this is due to the same designing

temperature for the two rooms [3].

3.5 Ventilation

Buildings in which people live and work must be ventilated to replemsh oxygen,
dilute the concentration of carbon dioxide and water vapor, and minimize unpleasant
oders. A certain emount of air movement or ventilation ordinanly is provided by air
leakage through small cracks in the buildings walls, especially around windows and
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doors. Engineers estimate that for adequate ventilation the air in a room should be
changed completely from one and 2 half 1o three times each hour, or that about 280 to
830 liters (about 10 to 30 cu ft) of cutside air per minute should be supplied for each
occupant. Providing this amount of ventilation usually requires mechanioal devices to

augment the natuml flow of air,

Simple ventilation devices include fans or blowers that are arranged sither to
exhaust the still air from the building or to foree fresh air into the building, or both.
Ventilating systems may be combined with heaters, filters, humiditv controls, or cooling
devices. Many systems include heat exchangers, These use outgoing air to heat or cool
incoming air, thereby increasing the efficiency of the system by reducing the amount of

energy needed o opemte it [1].

In this project the natural ventilation is to be used by making certain space at
each door of the zones, these spaces should be calculated to give three time air changing,
Therefore, the ventilation coefficient which was explained in section 2.2.1 will be as the
following:

nu,

= 3.5475 W°C [8].

3.6 Duct Design

Good duct design involves sizing the ducts. determining the pressure loszes,
calculating the noise levels, determining the out of balance pressures and optinmizing this
against the total costof the system,

Design procedure:

1) Determine the air volume requirements and room size.




2} Select the tentative oulet type and location within oom.

3) Determine the room'’s characteristic.

4) Select the appopriate outlet size,

5) Ensure that this outlet meets other imposed specifications such as noise

and staric pressure,

Duct design methods for HVAC systems and for exhaust systems conveying
vapors, gases, and smoke are the equal friction method, the static regain method, and the
T-method, Equal friction and static regain are non optimizing methods, while the T-
method is a practical optimization method. To ensure that system designs are acoustically
acceptable, noigse gemeration should be amalyzed and sound attenuators andfor
acoustically lined duct provided where necessary [3], [6].

3.6.1 Equal Friction Method

In the equal friction method, ducts are sized for a constant pressure loss per unit
length. When enerey cost is high and installed ductwork cost is low, a low friction rate
design is more economical. For low energy cost and high duct cast, a higher friction rate

is more economical, After initial sizing, calculate the total pressure loss for all duct
sections, and then resize sections to balance pressure losses at each junction.

3.6.2 Static Regain Method

The objective of the static regain method is to obtain the same static pressure at

diverging flow junctions by changing downstream duct sizes,

VAV systems are supposed to be in balance at design loads but not part-load

conditions, bevause thers is no single critical path in VAV systems. The critical path is




dynamic and continually changing as loads on a building change. In general, balancing
dampers are not needed for systems designed by the static regain or T-method, because
these design methods are seli-balancing at design loads and VAV bexes compensate for
maceuracy in fitting data or data inaccuracy caused by close-coupled fittings (at design
loads) and system pressuze variation (at part loads). Balancing dampers, however, are
required for systems designed using the non-selfhalancing equal friction method. For
systems designed using any method, dampers should not be installed in the inlets to VAV
boxes. For any design method, VAV terminal units may have static pressures upstream
higher than for which the hox is rated, thus possibly introducing noise into occupied
spaces. In these cases, control algorithms can poll the VAV boxes and drive the duct
static pressure to the minimum set point required to keep at least one unit at starvation
(open) at any given time, The upstream static pressure should always be kept at a
minimum that is easy for the VAV box to control. Because there may be large differences
In static pressure at riser takeoffs serving many floors from a single air handler, mamual
dampers should be provided at each floor takeofY so that testing, adjusting, and balancing
(TAB) contractors can field-adjust them after construction. Altematively, these takeoff
dampers could also be dynamically controlled to adjust the downstream static pressure
applied to the VAV boxes, while simultaneously driving the air handler to the lowest
possihle static pressura set point, Silencers downstream of VAV terminal units should not
be necessary il the VAV box damper is operating at nearly open conditions. Their use in
this location should be based on careful acoustical analysis, because silencers add total
pressure (o the system and therefore create more system noise by causing air handlers

operate at higher speeds for a given airflow [3], [6].

3.7 Damper Design

As previously mentioned in section 1.4.2.2, the VAV box supplies the room with
2 specrfe qir Jow wiich micels the termiel nad of Be inm BB S0y i 17




aceording to the varialion of oom cooling loads, therefore, the opening of the damper
will be modulared as a result of the signal given by the thermostat, Fig 2.4 shows the side
view of the duct where the VAV Box is placed, the designer may assume that the
maximum load requires the maximum opening of damper of 90" and the same about the
minimun load which may requires 09, but the fact that the maximum and minimum
opening must not be assumed arbitrarily, because this depends on the conditioned space
and the assumptions that are put to solve the problem, also the designer has to select these
eritical conditions (maximum load, minimum loads, and the disturbances that may occur)
before designing the duct and so the damper, this is important for ensuring that the
needed position will be verified at any load and within fhe saf conditions [9].

Figure 3.4: Side View of the Damper

The two zones are supposed to be of the same thermal conditions, thus the
maximum thermal load of the two zones are the same, therefore, when the maximum
thermal load is applied on the two zones at the same time and becaunse the two secondary
duets are of the same diameter, the air flow of the main duct will be divided by 2, At the
maximum load, the needed air flow requires a specific area that can be manipulated each
time. And the zir speed will be the same along the operation periods, since the air flow
must be verified through the variation of the area which is provided by the modulation of
damper position. this means that the speed must be constant, also the speed must be
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comfortable to the occupants, or generally suitable according to the application of the
conditioned space itself [9],

3.7.1 Maximum and Minimum Opening of the Damper

It is mentioned that the opening of the damper is varied as a result of thermal load
variation during the operation time, And there is a dircet relationship between the thermal
load and air flow which is given by eq. (3.14):

e #QM (3.14)
o

Where;

¥ : 15 the air flow rate (m3%).

€ : The thermal load (KW).

£ 715 the air density (FKg/m?).

€, :Is the specific heat 3t constant pressurs (KIKgAC).

AT :1s the temperature difference between cutdoor and the design temperature [°C),

The thermal load is due to the structure and assumed eceupancy is 0.5 KiF, also it was
mentioned that this is the minimum possible thermal load, To measure the amount of air
flow thar meets this load. eq. (3.14) is applied and the result is of 0.032 m¥/s, and it is
noticed that the air flow supplied by the main duet equals to (1.2 m¥/s* which will be
distributed egually into two ducts of the same diameter, and because the fan speed is
always constant, the maximum air flow which may enter the room is 0.1 m¥s, this means

that it is possible 1o meet the thermal load existed and also itis possible to mise the

* The maximum air flow rata of (.2 m¥s) has been mensured using the ow meter,
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thermal load to a certain value that requires the value of 0.1 m's which could be
considered as the maximum possible thermal load.

In this section, the maximum and minimum openings of the damper are to be
measured according to the maximum and minisum possible thermal loads. In the Figure
3.4, the 1dea is 1o find the relationship between the required opening of the damper#
(needed area provided by the opening of the damper which is needed to meet the thermal
load applied on the zone) and the airflow rate,

From the geometry shown in Fig 3.4:

(d, 4 A

Xl=| 2 _"Zansp
e (3.15)
Where:

X1 is the required area divided by 2.
A, : The cross sectional area of the duct.

¢ . The angle of the damper which provides with the reguired area to meet a
specifie thermal load.

From the fundamentals of fluid mechanies and thermodynamics:
v="F4, (3.16)
W!‘Lm;

V' . ia the air velocity {mis)

Ar.f : 15 the cross sectional area of the pipe or duct {m?),
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And from ¢q. (3.16). the required area (2X7) can be expressed as n the eq. (3.17);

(3.17)

=l= -

The zir veloeity V must be constant during the operation, in the case explained here, this
speed equals to 6mds* and it will be the constant of proportionality between the air flow
rate and themodulated area.

Substituting the air speed into eq. (3.17):

(3.18)

e

The supply duct has been selected to be of @ standard diameter of 8", which means that
the area of the duct 4; will be 30324 m*.

Now, the relationship between 4 and ¥ will be verified by substituting eq. (3.18) into
(3.15) with the value of 4, rearranging the equation yields:

oon {1 0. 1;44] &)

.

To find the minimmm and maximum opening of the dampers which are the limitations of

the damper opening, it is possible to substitute the maximum Vmay  into eq. (3.19), then
the maximum angle will result,

= The air velocity of bm/s has been measured using the'speed mater.
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Vazx =01 m'/s, thus &, =60.01°, Which is the maxinum opening of the damper.

And for the minimum opening:

Vimin = 0,032 mP/s, thus 8, =33.24 °Which is the minimum opening of the damper.

372 Summary

In this chapter, the thermal analysis was determined following the basis
explained, some of these calculations are necessary to be substituted into the
mathematical modeling equations which were derived previously in chapter two and the
others will be needed in next chapters. Table 3.4 summarizes the values of the parameters
that have been measured besides the other constants of the air properties.,

Table 3.4: The Design Parameters
Constant Description Value
(Parameter)
A | Air Density 1.205 Kg'm®
Z, Specific Heat at Constant Pressure 1.005 kI [kgC®
Z AU, Area integrated fabric surface U-value | 5421049 F°C
AT Temperature Difference Between outdoor and | 13 ¢° ]
the design temperature
A Ventilation Air Change Rate 3(1/H)

v, Roem Volume 3.5475 m®
my, | Ventlaton Coefficient REXOET

2
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Chapter Four
CONTROL SYSTEM DESIGN

4.10verview

Control can be defined as the starting and stopping or modulation of
process to regulate the condition beinpg changed by the process. Control in a
HVAC system is needed to regulate the amount of heating or cooling necessary 10
meet the required conditions.

4.2 Control Components in VAV System

Control of VAV Systern as shown in Fig 4.1 consists of the following
components:

Setpaoint: it is a desirad temperature in summer maode needed in all situations of
thermal load viriations and it considered 23°C.

Microcontroller; contains a set of functions in order to take the necessary

decisicn to contral the process. These functions should implement all system

parameters and variables.

Process: is any physical action that should be done by the damper (actuators) in
order to supply the room with the suitable energy that should be compensating
thermal load variations to achieve the desired output.
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Sensor: a device that needed to read the temperature in cech zone in order to
provide a feedback for control system [2], [3], [4].

Emrar Ceonlmller

o e || oty
| Wit

External
disturbances

1 Sensor |-

Figure 4.1: Foedback Control System

It should be noticed that this project aims to control the temperature of
two rooms by modulating the amount of air flow enter the two rooms in order to
reduce the energy consumed more than to cantrol Settling Time; which is the time
required for the response to reach and steady with =2 % of the steady-state value,

and other step response specifications,

As a result of modulating one of or hoth two dampers, the air flow in the
main duet will be varied during the operation; this is an excess air which must be
removed, Therefore. a third damper is required to allow that. Thus overall system
is composed of three control loops, two for the temperature control of the two
rooms and the third is to contol the opening of exhausted air,

4.3 Room Temperature Control Loop

The two subsystems that was explained in section 2.2 arc representative
for the hardware of the room temperature control loop, the understanding of the
input and output of each subsystem affects the way these subsystems will he
related to each other, as shown previously in Fig 2.1, the output of the first
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subsystem (motor) is an angular velocity while the input to the second subsystem
(room) is the input energy, thus the relationship berween these two variables must
be achieved in order to validate the control loop. These conncctions between
subsystems are derived from the physical system itself The temperature control
loap block diagram is shown in Fig 4.2,

fior Tromsferl g d Transtaton To | Traretanon 1o - S e ek

Y

Sepoint

Furstisn T Erdisy Frrehie:

Figare 4.2: The Temperature Control Loop Block Diagram

4.4 Block Diagram Implementation

To implement each block shown in Fig 4.2, the equivalent mathematical
model will be replaced by.

(a) Motor transfer funetion

Motor transfer function between the input voltage and the oulput angle
was found experimentally in the Control System Lab:

0.0466

5 (++20) it

G, (s)=—

{by Room transfer function

As previously explained in chapter 2, the room transfer finction between

the air conditioning energy and the room temperature is:
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G, {s}~(f—j+ j (4.2)

The values of X, and 7, has been evaluated in chapter three, then the transfer
function of each room will be shown in eq. (4.3):

0.0135 ;
)= o, 385=1) t:2)

(¢) The Air Flow and Dampers Angle Relationship

The relationship between the air flow rate that enters the room and the
posttion of the damper can be obtained by rearranging eg, (3.19) which was
discussed in chapter 3:

0 =0.1944{1 - cos ) (4.4)

Eg. (4.4) is a nonlinear relationship, to linearize the equation: an Excel
Sheet can derive the linear relationship between two variahles by getting a set of
valves as shown in Teble 4.1, applying for the values of Table 4.1, eq. (4.4) will
be expressed in the form of eg. (4.5):

8 =23R86041.12 (4.5)




Table 4.1: Damper angle variation between minimum and maximum air flow rate

The =lationship was founded as follows:

i [m3 v’.s} A (mleﬂ":') ‘ &
"0.0320 53 13323
0.0330 55 3388
| 0.0380 6.3 36.31
0,0410 6.8 378
[ 0.0440 7, 39.22
0.0480 30 3114 |
0.0s00 33 41.94
0.0540 9.0 43.76
0.0570 9.3 45.03
0.0600 10.0 4626
0.0640 11.0 48,66
0.0667 11.1 48,89
1 0.0699 11.65 50.18
0.0730 12.16 5134
0.0762 12.7 52,35
0.0794 13.2 53.66
0.0826 13.77 54.0
0.0858 14.3 56.04
0,0889 143 57.00
| 0.0921 15.35 58.25 3
0.0950 [ 16.0 59.59
0.0997 166 | 6081
0.1000 16.7 61.02




(d) The Air Flow and Input Energy Relationship

The energy enters the room is directly proportional to the air fow, which

it given by eq. (4,7)

0, = pe, AT D (4.7)

Where,

¥ ; 18 the air flow rate (mfs)
€, : The input energy (KW).
2 1 Is the air density (Kg'm?).

Cp 15 the specific heat at constant preseure (KJ7E2.°C).

AT : Is the temperature differsnze between outdoar and the design temperature (°C),

Then, substituting the values of these parameters which are listed previously in

Table 5.4, this vield:

0, =15.6470 (4.8)

The detuiled mwom temperature control loop 1s shown in Fig 4.3,

|
!
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4.5 Control System Design

4.5.1 Design Assumpiion

A controller should be designed to match some needed specifications:
these specifications arc selected depending on the physical system hehavior, The
controller is designed to improve the response of the system, and since the svstem
15 type one which means that the open loop transfer finction has one pole at the
origin; it has a zero steady state error for step input. which leads to improve the
transient response regardless to the steady state error,

To improve the system transient response; the desired specifications are
selected first. For the system cxplained in this project, the Settling Time is ahout
40 second (7, = 40), this time is chosen according 1o the room volume that may
be considered a relatively small, and the air flow speed that was measured and
given by 6m/s, this air spead is too high with respect to the comiortable conditions
in HVAC systers, And according to the percent over shoot (which is the amount
that the waveform overshoots the steady state, or final, value at the peak time,
expressed as a percentage of the steady state value) it has been selected to be less
than 10%, these values of percent over shoot and siceling time yields £ 2 0.6

and @, =0.1667,

Where;

¢ @ Damping Ratio, that is defined as the ratio of the exponential decay frequency
to the natural frequency
e, : The Natural Prequency (rad's).

1, : settling Time (s) [7).
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4.5.1 Step Response Specifications of Room Temperature

As a first step of controller design. the stability of the system must be checked,
the stability can be achieved from the poles of closed loop transfer function, and the

system is stable if all the poles ol closed loop transfer function are in left half of §_ plane.

The following m. file is used to check the stability of the system.

Stability test of the tamperature control loop in sach room:

Motor Tf=tf{|0.C4B6],[1 20 0]):
translation_degree=57.3;
g=1/388 &

translation_energy= 15647
constant=1,12/388.5;
Recm_Ti=H(.0135],[0.058 11);
m=Motor_Tf*translation_degres;
mi={m"g)+canstant;
mil=mi*ranslaton_esnergy*Room_TT
Tf_Total=fesdbackimil,1];
eig(TI_Total)

ans =
-27.8525

19,8403
-0.0453

[t has been found that all the polez of clozed loop transfer function are in negative
(left half of S_ plane). then the system is siable. The next step, the uncompensated system
specifications are found in order to design the controller that is 1o meet the needed

specifications,

The step response specifications of uncompensated system:

Motor_Ti=tf([C.048E] [1 20 07);
transiation_dagree=57.3

0=1/388.6;
translation_energy=15647;
gonstant=1 12/388 .6,
Room_T#=tf{[.0135],[0.058 1]);
m=gear_ratio*Motor_Ti translation_degres;
mi=({m*g)+constant;
mil=ml*translation_snargy*Room_Tf;
Tf_Total=feedback{mll, 1),
step(Tl_Total23)
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Figure 4.4: Step Response for Uncompensated System

As demonstrated in Fig 4.4 the steady state emor for m step input of
uncompensated system equals to zero, the settlin g time is 75.9 s, and over shoot that

eguals to zero

4.5.3 Control Design Via Root Locus

The root locus displayed both transient response and stability information. The
root locus can be achieved by Matlab to get @ general idea of the changes in trunsient
fesponse gencrated by changes in gain. Specific points on the root lacus ¢an be found

accuratzly to give quantitative desizn information [7].

Root Locus of the temperature cantrol loop In each room:

Motor_TT=H(]0 0488] [1 20 a);
translation_degree=57 3,
g=1/388.6;




fransiation_enengy=15647:
constant=1_12/358 §;
Room_THt[.0135],[0.058 1]);
m=Mator THiranskation_degres;

mi=(m*g)+constant;
mili=m!*translation_energy*Room_TT,
riocusimily
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Figure 4.5; Root Locus for Uncompensated Systam

From the root locus as shown in Fig 4.5 it appears that £ always equals to one,

then the natral frequency @, to achieve settling time around 40 second with this value of

¢ 15 calculated to have a value with 0.1radss.
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Figure 4.6: Root Locus for Uncompensated Svstem at Desired Specifications

Fig 4 6 shows (he gain thal met the needed specifications with value equals to
8.28, then a proportional controller will he designed with this gain. The followin om file

15 presented to find the step response of the compensated system.

The step response specifications of compensated system with gain equals to 8:

Motor_TI=tf([0.0468],[1 20 an;
translation_degree=57 3:
g=1/388 6
translation_snergy=15647-
constant=1.12/388 65
Room_TH=tf].0135],[0.058 1]):
m=8"Motor_TPtransiation degree:
mi={m"gH+econstant:
mrf=mr'tmnahiun1enarg-,r'ﬂmjf;
Tf_TntEPF&Edhﬂch:(mll.‘l ¥

step(TT Total*23)
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Figure 4.7: Step Response of Compensaled System wirh Gain Equals to 8

The Fig 4.7 shows that the setrling rime of compensated system is equal 929
seconds, and this is very fast according to temperature variation and not acceptable . so
that can be reduced the gain of Proportional contraller 1o be 2

The step response specifications of compensated system with gain equals to 2;

Molor_TF=tf{T0.0466],[1 20 O]);
translation_degree=57.3;
g=1/288 85,
transiation_energy=15647,
constant=1,12/385 6:
Room_Tr=tf{].0135],[0.058 1]);
m=2" Motor_Tf*translation_degres;
mi={m"g)+constant;
mll=mi*translation_snergy*Room_TT;
Ti_Total=feadbacki{mll 1),
slep(TT_Tolal*23)
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Figure 4.8: Step Response of Compensated Svstem with Gain Equals 1o 2

Fig 4 8 displays the compensated svstem with gain = 2 and the sertling lime 1s
achicved from simulation 1s around 40 seconds and that 1s the needed value.

4.6 The Control Loop of the Excess Air

This control loop is required o change the opening of the third damper that is

modulated to allow the excess amount of air flow ta leave the main duct The idea 15 10

measure the amount of the excess air flow rate n order 1o evaluate the suitable opening of

the third damper.




The access air flow rate equels to the subtraction of the two zir flow rates that
enter the two rooms from the total air flow supplied by the main dugt which is 0.2 m¥s,

ur in other words:

Vi =02 =w— 12 (4.9)

Then, it is valid 1o apply eq. (3.1%) to obtain the angle of the third damper. This angle is
measured and then it is input to the third motor and a position coniral loop 15 verified.
The difficulty is in the way the caleulations are performed, bur the fact that the
implementation of the control svstem using the PIC microcontroller will simplify the

process.

Also, it is passible to implement ey. (3.19) in simuling block by using Matlab
block (Fecn} with a function acos (u), this funclion represents the cosine inverse that
translate (he excess flow to position that the third damper should be opened, Fig 4.9

shows the simuling block ot the overzll system.

The controller of the thind motor is designed wvia root lecus technigue, a
proportional controller is required since the system is type one. The required
specifications is now specified, the percent over shoot is less than 10% and settling time

equals to 2-3 seconds (£ 20.6 & 3.33 >m, >1 radisec). The root locus is shown in Fig

4.10. The following m. files express the position control and the step response of the

compensated svstem.

Root Locus of the excess flow damper position control loop:

Motor_Tf=1f({0.0466],[1 20 D]);
translation_degree=567.3;
mi=Motor_Tfiranstation_degres;
rlocusim1)
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Fig 4.10 demonstrates the gain that met the needed specifications with value
equals to 7, then a proportional controller will be designed with this gain. And the
compensated response will be achieved as displaved in Fig 4 11

The step response of the compensated system:

Motor_Tf=ti{[D.0488],[1 20 O]),
ranskation_degree=57 .3;
m1=7"Mator_THrenslaion_degree;
g=feadback({m1.1),

step(g)
RaalLacus
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Syatem,m)
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Figure 4.10: Root T.ocus of the excess Flow Damper Position Coantrol Loop
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Chapter Five
HARDWARE AND IMPLEMENTATION

5.1 Overview

After modeling the system and gathering the required data, it is time to translate
these efforts to a real system, and validate the assumptions and the mathematical model
that resulted in the previous chapters. This chapter comains a general description for the
syslem components (mechanical, eleetrical, and control system), in addition to the

implementation of the PIC microcontmeiler.

5.2 Prototype Description

This project aims to design and control 2 VAV Box in an air conditioning system
in order to prove that the VAV system is energy conserving. To examine the performance
of a VAV system, a prototvpe has been built in the Air Conditioning and Refrigeration
Workshop in PPUL

In the traditional case of designing HVAC systems, the design of the structure
must be accomplished first, and according to the thermal load caleulations the cooling
unit is then selected The prototype was located in the refrigeration workshop to get

benefit from the eooling unit existing thers, to decrease the whole pmject cost.
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A. Cooling Unit

The cooling unit is the most important compeonent in this project and the most
expensive one, so the prototype was built in the refrigeration workshop in order to get

benefit of the cooling unit existing there,

This coeling unit is of high guality, its specifications are shown in Appendix
(A).the indoor part of the cooling unit which is located on the false ceiling in the
workshop. and this part includes the evaporator coil which is exposed to an air stream
that comes from a constant speed fan. In a VAV system_ the speed of the fan is variable
and changes according to the change in the duct's damper opening, the duct's damper
changes its position according to the lemperature sensor's reading, this reading indicates

if the conling load increases ordecreases.

In this application, since the speed of the fan is constant, the air flow rate from the
cooling unit is constant too. This means that ancther way for controlling the flow rate that

enters the zones is needed.

Here, the idea was o add another VAV box at the terminal of an additional
branch to exbianst the excess air flow rate from the system and this will be clarified laten

B. Building description

Building the prototype was for testing the designed VAV system and 1o make it
passible to examine the system validity. This building was established after gathering
certain information about heat transfer in order to build a convenient structure for

experimenting the designed VAV,

Insulation is one of the most important issues that should be raken imto

consideration, so heat zain in the system could be applied according to the user need.




The structure was built of two lavers of gypsum boards and insulated material
called polystyrene in between, these building material were used to build two rooms each
with dimensions of (1 2Zmx1 Smx2 15m).

A door was placed at the front wall of each room with (1. 70mx0.7m) dimensions,

Tig 5 | shows the rooms’ final shape

Figure 5.1: The Prototype

. Duct System
Previously, the cooling umit was classified as the most impartant component in the

Air Conditioning System. if it could be considered hike the heart of the system, so the

duet system could be considerad as hlood vessels. Duct system supplies the rooms with
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cooled air. The indoor unit which consists of an evaporator and a fan has six main outlets,
two of them are closed. as shown in Fig 5.2, the others are used, and one of them was

selected to be the main supplving duct for the system.

Figure 5.2: The Inner Cooling Unit

As is shown in Fig. 5.3 the main supply duet is connected 1o Y-fitting. Now. two
terminals are resulted; the first one is taken to another Y-[iliing te connect its terminals
with two flexible ducts, and VAV boxes are fixed ar the outlet of them in each room. The

second was conneeted with third VAV box for getting rid ol the excess air flow rate.

|




Figure 5.3: The Main Supply Duct with the Y Connections
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D. Temperature Sensors

In each room there is a temperature sensor that provides a feed back signal to the

microcontroller, A resistive temperature sensor has been built as shown in Fig 5.4,

TP
R Rt
|
Vin = 5 V Vout
R R
|

Figure 5.4: The Whitestone Bridge

The sensing resistance is placed in a Whitestone Bridge Configuration distinet
with its high sensitivity such that, when the thermal resistor is expeniences a tempéerature

change in the voltage reading, which can be converted linearly inte temperature reading,

The calibration process has been dope by placing the sensing resistor in water just
melt from ice cubes. the temperature of the environment was read by a digital
thermometer, at 0.6 *C | and the resistance was obtained by the chmmeter as 24 £Q0 |
then the other resistors were selected of the same value, then the Bridge was constructed
as shown in Fig 5.4,
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E. Overall System Performance

Inside each room the temperature scnsor sends a signal which represents the
temperature of the rooms' air to the controller, then the controller compares between the
reading of the temperature sensor with the temperature setpoint, if the difference 1s
resulted, then the controller sends a signal to the actuator of the damper to modulate its
opening to supply the room with air flow that meets the temperature difference. As 2
result of the rooms® dampers modulation, the third damper is then varied to release the
excess air ouside the main duet,

5.3 Control System Implementation

The control system was designed in chapter four according to the required
specifications. As mentioned in chapter four it should be noticed that this project
aims to control the temperature of two rooms by modulating the amount of air
flow entering the rooms in order to reduce the energy consumed more than to
contral Settling Time; which is the time required for the response to reach and
steady with +2 % of the steady-state value, and other sicp response specifications.

As a result of modulating either one or both the two dampers, the ir flow
in the main duct will be varied during the operation; this is an excess air which
must be removed, Therefore, a third damper is required to allow that. Thus, the
overall system is composed of three control loops, two for the temperature control
of the two rooms and the third is to control the opening of exhausted air.

Now these control loops are implemented using the PIC Microcontroller
[§F452, the data sheet of this PIC is shown in Appendix (C). And the

programming language is C ™. Each control loop will follow a flow chart that
represents the sequence of the system. The two rooms are ideical and the control
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loop is also the same, Fig 5.5 shows the flow chart for each room temperature
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The third control loop represents a position control of the motor, and the
step Input position i3 calculated through a set of aquations as deseribed in section
4.6. The access air flow rate equals to the subtraction of the two air flaw rates that
enter the two Tooms from the total air flow supplied by the main duet which is 0.2
s, or in other words:

'll’*mm = ﬂ.i —‘.-l'l — 1-.’] {5. l}

Then, it is valid t apply eq (3.19) to obtain the ange of the third damper as the
following:

— = “L.;‘,%!_ 3
0,00 = COS [1 'ﬂ-']'g-‘#l] (3.2)

This angle is measured and then it is input to the third motor and a position control locp
is verified. The difficulty is in the way the caleulations are performed, but the fact that
these calculations is written as instructions with €' Programming Language. Fig 5.6 is
the flow chart of the third cortrol loop.
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Two PIC Microcontrollers are required to implement the control system: the first
is programmed in order to execute the temperature control loops, and the other for
controlling the excess air. As shown in Fig 5.7 two analog inputs to the PIC are
represcnting the signals which are sensed by the temperature sensors, the output of the
PIC is directly connected with the Bridge Driver L2098, which is necessary to counter the
direction of rotation of the motors according to the instructions that are made depending
on the value and the sign of the crror which is caused by the variation of rooms’
remperatures. The data sheet of L298 is shown in Appendix (D).

On the same manner, the second PIC Microcontroller and the Bridge Driver are
connccted as shown in Fig 5.8; this circuit represents the hardware of the third control
loop which is required to control the excess air, and the programs are shown in Appendix
(E).
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Chapter Six
CONCLUSIONS AND RECOMMENDATIONS

6.1 Overview

VAY sysiem is developed to be the optimal solution for the human luxury and
enecrgy conservalion. This chapter includes the actual results which validate the system

design. And it also meludes the recommendations for the future work.

6.2 System Testing

After establishing the overall svsten), experiments were carried out in order to
examine the behavior of the system and to studv the results that show whether the model

is applicable ornot.

In chapter three, eq.(3.19) was derived to reflect the relationship between the air flow rate

{i! ) and the position of the damper (/) which was rearranged in eq.(4.4) as fhllows:

v=0.19441 - cos8) (4.4)

When the dampers and flexible ducts were connected, the dampers of the two
rooms were adjusted to a certain position of (8 = 43 °) and the third terminal was adjusted
for (8 = 56 7). The air flow rates were measured uxing the flow meter and the results were
(0.06 m¥/s) from the rooms’ dampers and (0.08 m’/s) out from the third terminal. By
applying eq.(4.4) with (8 =45 ?) gives (0.0569 m%/s) and (0.0857 m¥/s) with (8 = 36 °).
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After constructing the whole system and connecting the control umtil, the
temperature increased in order to be sensed, and then the dampers were opened to its
maximum opening, which validates the system. On the other hand whea the temperature
decreased below to the serpoint, it was assumed that the damper must change its
direction, and stop at a lesser opening than the previous one. And the fact that after
decreasing the temperature, the damper changed its opening with a settling time more that

the calculated That's because the sensor was responding slowly to temperature changes,

6.3 Energy Calculations

As mentioned previously, the cnergy conserved is represented by the excess flow
out from the thirnd damper, to calculate this energy the excess flow is measured and
applying eq.(6.1) as the following:

g=ve,(T,-T))/v (6.1)
Where:

g : the energy comserved (W)
J; : the exit air temperanrs (°C).
T : the inlat air tamperature (°C).

7 | the specific volume of sar which equals o 0.34 (mVKg).

Applying eq (6.1) with (0.08 m¥/s) air flow rate the resulted energy during an hour will be

3.790 (KW).

&1




6.4 Conclusions

The achieved results kad to the following remarks:
1. The direct digital control is applicable in HVAC systems where the desired
specifications could be achieved

2. VAV system is energy conserving system.

.5 Recommendations

Many enhancements can be added to this pmject as the following:

1. Expanding the contro] design 10 involve humidity, ventilation, CCa, and other

variables.
2. Replacing the constant speed fan by a variable speed fin and control it.
3. Connecting the control unit with the control panel ofthe chiller.

.:'-.

To insert the temperature set-point as a variable igput to the microcontroller to

make it mare flexible.

5, To enhance the temperature sensor's' performance in order (o ¢nhance the

settling time.
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Appendix A

COOLING UNIT SPECIFICATIONS
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Appendix B
CONSTANTS FOR COOLING LOAD CALCULATIONS

TABLE 3.3 Thermal Properties of Selactad Materials

Themmal Spegific
Density,.  conductivity, heat,

ibs (B/h1-°F)  (Btu/Ib- °F) Emissiviy
Alumigum i alles | 106 17 128 0214 08
Ashestos: instlation 120 li.082 20 093 I
Asphalt 132 043 p22
Frick, building 123 04 02 093 |
Brass (65% Cu. 25% Znj 519 69 1T (1033 Eighly potished
Congrete (=ons) 144 0,54 3.155
Capper ieleciralytic) 558 27 0092 0471 Shiay |
Glass: crown (soda-imea) 154 0.59 0.18 084  Smoot
Glwes weal 325 0.022 0157 |
Gypsum 78 0.25 525 0S80 Smoot plate l |
ke (329 57.5 1.3 0487 n.os |
Trap: cast 450 2 .12 (435 Freshly turned 1
Mineral fibverbomd:
aconstic tle, wal-molded 23 Qins o
wer-felted 2 003 GRL
Faper 58 0.075 a2 092
Palystyrens, expanded, maldad bemds 1.25 0. 029
Polyurathane. cellular L5 0.013 0.8
Plastar, coment and sma 132 043 04l Howgh
Platinum 1340 39,9 o2 005 Polished
Rubber vilkanized, soft g 0,08 L 088 Rowsh
haed 743 0.082 095  Glessy
Sand a6 0.8 (319
Swal ymildi 489 2%.2 012
Tin 455 17§ 005 006  Bright
W, fir, while 2 0.068 033
cuk, whits _ 47 0102 (.57 090 Pried
phywood, Donglas fir 3 0.07 0.9
Wool: faibrie 2008 0.037

Sonretr Adupied with permisvion from ASERAE Handheok 1020 Fundumonaly,




TRBLE 6.2 CLTD far Cakemlating Seaslt O ing Loads From Smefit Walls of Mo b Latiede, °F
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TABLE 84 CLID e Calouling Sosib b Coaling Loadk [ Flat Racis. F
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TABLE 6.5 Jaly Sol Cooling Lowd for Suilk Glass, 40 Mot Lalimes
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Appendix C
DATA SHEET OF PIC MICROCONTROLLER

PIC18FXX2
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PIC18FXX2

TABLE 1-3: PICT18F4X2 FINDUT WO DCESCRIFTIONS
Pin Numbar Bin | Butor
Fin Hame Deseriplion
DIP |PLCC|ToFR TYR®|  Tipe
ﬁﬁ“{w 1 2 B Master Cisar (input) of hich woltage ICSR
progmmming ensbia pin. :
MCLR | &T Masmr Gléar (Reaath input. This pin s an ave
ke AESET o the device,
Ve [ =1 High valtage ICSF programiring enabiz pir.
NS — — — Thase pins showld be 18f ureatinectsd.
085 CLK] - i 2 Ciscilator crysml or extarnal dock inpat,
Q8 1 T Ozellator chystal gl or amtama’ dock sau-se
inpu. ST bufer when conmfigused in RS mode,
CMOS sthawize.
CLKL f i | CMOS Extame clock source mput. ANEYS Basociated
with pin lursetian OSCY, [Sae relatied DSC1CLKY,
| Q8C2CLKD pins,)
CSCHGLROMRAS | 34 | 35 | a1 Oscillator crystal or cocs output _
(il 6| — Osriffator crpsial ourput, Connacts 1o orystal
ar resonator in Grystal Oscillaion moda,
ClLED o — In A0 mede, 0502 pinodipuls CLKD,
Wiz has 14 the requancy of 0501 and
sanctes tha instructon cyele rate,
Fag 10 TiE Cenera Purposs 100 pin,
PORTA Is 2 bi-directional G2 porl,
FAC ARG : 3 18
HAG 113 T Digital 1.
Al [ Arleg Anakag nput 0.
|RATAR ) 3 4 20
RA1 Lo TIL Digitad 10,
AN I Analeg Analke Inpus 1.
AAZANZATES 4 3 3 |
HAz Lo Tl Dilghnd 170,
AN || Analeg | Analoginpurz,
WiEs- | Araleg Arl) Haterence Voltage [Low) g,
RASAN YRS 5 g =2
nas v | Tm Digital VO
A | I Araing Analoginputd
VREFS | | Analog AD Referance Velage [Fiah) mpr,
AALTATHK ] 7 fric
Flaa Ve | STAED Digit! ¥, Dpen drain when configured as auiput,
ToCH | -1 Tirnes? mtsrnal ok inpi,
AASANASELVOIN | 7 ! 24
| Ra4s G TTL Difeieal 143,
ANd | Arnishog Anaing Inaul 4,
=5 M &7 5P| Slave Salect inpat,
LYDIM 1| Analeg Lo Woltaga Datact input
=TT:) [ Son the OSCHCLKNCRAS pin.)
Eogand TTL = TTL compatihe mpot CMODE = CMOS sompanibia input or auiput

ST = Sahmitt Trigger inputwith CMOS levels
Ci= Outoul
G0 = Open Brain {ra P dode ta Voo

1= ImpLd
P =Power




PIC18FXX2

TABLE 1-3: PICIBFAX2 PINOUT M0 DESCRIPTIONS (CONTINUED)

Pin Mumber
Fin Mame F‘In' E.;':m: Deseription
oiF  PLCG|TarP| TYP P
FOHTS iz & oi-zrectional 0 pors. POATE can b
gofmware prograrmmod for internal woak pull-upe on sl
inputs.
FBREINTY a3 - -
RBEG L] TTL Criggieal 15y,
T I =11 Exernnl Imgrrapt @,
FEIANT = ar fi |
ABI [ (] TTL
BT I ST Exiamns Intarmapt 1,
HE2INT2 a5 3a 1
2= =] Vo TTL Crigtal 13
INT2 | 5T Extoing: Interrapt 2
RBA/CCR2 48 a6 1
REs 1] TTIL Digatal 13,
Ccep2 (%] 8T Caphuragt inpat, Compance autpot, PSR ouiple.
FB4 a7 &1 1 | W TiL Erigital 43, Interrupt-on-chang2 pin.
ABAFGM 38 i 15
[8]21 Vo) TTL Digit| O Interruplen.changs pin
PGM W ar Low Voltage ICSP programming enalte pin,
ABEPLC ae i 1€
REs e TTL Drigital UG Indaur uptadn-changs pin
P&S FG 5T In-Circsifs Debupper and IC5F programem ng eloack
pin
REBLFAE L dd 17
RR* WG TTL Cigtal U0, Interrupt-eet-changa pin,
P&Ea | W =15 In=Crirculit Crebispger ard 1CG3F programming data
i,
Legens: TTL = TTL cormpatbls-inguat — © GMOS =CMGS compatble mpot o cwtout
BT = Sehurvil Trigoer inpidl with CMOS levals = lnzut
C = Ouur F = Power

0 = Cpen Drain (o P fiodem VOD)
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PIC18FXX2 |

TABLE1-3:  PiC1aF4Xz PINOUT 0 DESCRIPTIONS (CONTINUED)

" PBin Numbar
Bin Name | Fin | Euftes |
oIP |PLoc|ToRR | TVPe|  Tipe passipton
_ FOHTC & 2 Dicwecten sl vl pore,. |
RCOMIOSTICK | 15 ] az
acn wi | &T Dot 440,
THO50 a - Timert osolliator oufout
|  TAGK | a7 Tirmart Timers axtermal dhock Input,
|REATIO8ICCR2 % |18 |38 :
ACY W | 8T Diginal |10
TS| | oalcs Timer) ascilkatie inps
Gop2 w | ST Cagture? inpul cmms auifput, WH2 autpud,
RCHCTEY 17 g kl]
RCa e ST Digltal 19,
GGP1 4] T ‘Coapiuret iInputCamparet cutbubPW 1 atrpul
RGASCHSEL 8. | 2 | W
RC3 o ar Cigltad 1O
GCH i 8T Syrchronoes sorial dock (putiouipul for
_ 8P made,
5ol wa | &t %‘rﬁm‘mmaﬂﬁ elosk ingiouput 4o
e,
2C4F0VEDA 23 | 25 | ap |
Riz . Lo 5% Dlighnl b1,
S | BT 5P| Cala In.
504 o =T P2 Date L0y
ROs/E00 4 | 26 | 43
acs ! I 57 Diigite! 10,
:EU"-} Q = BF Mats Dt
[RCSTHCK - 25 | & | A
ACE o | ST Digieat 140
™ a - USART Asmehrorous Transmt
L WO ET LSART Evnchronous Clock I'III ralated REOT)
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TAELE1-3:  PIC18F4X2 PINOUT I/O DESCRIPTIONS (CONTINUED)
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DATA SHEET OF L298
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FiN FUNCTIONS (refer 15 the block diogram)
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Appendix E
Programming

Program 1

#include <pl18£452 L=
#Finclude "thmers. "

#include "pwm.h"

#include “adch"

finclude "motor.h"

tpragma config OSC = HS
wpragma config WDT = OFF
#pragma config LVP = OFF

'\j‘c-id mainfvoid)

1

int kpl=2 kp2=2;

float Tmes], Tmes2,errorl error2, Tset1=23.0, Tset2=230,speed 1=0,0,speed2=0.0:
ADCON [ =(r0D;

TRISA=TRISA & COb00000011:

OpenADC(ADC_FOSC_64 & ADC_RIGHT JUST & ADC_SANA_OREF,
ADC_INT_OFF);

TRISE=TRISE & ObO0000000:

POR TB=0x00;

Mator int();

while(l) {

i Reading sensors —=

SetChanADC{ADC CHO);
Convert ADC();
while{BusvADC(==1};
Tmes1=Read ADC();

SetChanADC{ADC CHI);
Convert ADC();
while{BusyADC()=—1);
Tmes2=ReadADC();

ol =i
JI

= )
e 1 = i

Tmes]=Tmes1 *0.]1286;/ 'convert number to temp.
error]l =Tsetl-Tmes!:

Tmee?2=Tmes2*0. 1286

error2=Tset2 - Tmes?;

09




if { errorl <0.009 && crrorl=>=0 )
{

speedl=(); Hstop the motor 1

motorl (speedl,'s");

}
if ( emor2=<0.009 & & error2==0 )

1
speed2=0; {/stop the motor 2
motor2(speed2,’c");
i
/h ==—=|ozing motorl= = = — /
if ( errorl > 0)

{

speed] = emorl *kpl :
molorl{speedl],'c');

i

if( crror2 > Q)
{
speed2= emor2*kp ;
motor2(speed2,'c);
;

//closing the motor 1

/fclosing the motor 2

i . openingmotor]

if(emorl <0)
{
speedl= emorl *kpl *-1;
motor] {(speedl,'a’);

if (emmor2 <0)
{
speed?= enor2*kp2 *-1;
motor2(speedl,'o’),
}
}/while
| /main

100

/iclosing the motor |

ffclosing the motor 2



Program 2

#include <p18£452 h>
#include "timers.h"

#include "pwm.h”

Finelude adah"

rinclude "motor.h"

#include "math.h"

#pragma config OSC = HS
#pragma config WDT = OFF
pragma config LVP = OFF

void main(void)

int kp3=7:

fleat flow=0.2, Psemorl, Psensor?, Psensor3 flow], flow2, flowexcess, Pset3, emror3.
speed:

ADCON 1=0x0A:

TRISA=TRISA & 0bODGOOOTL;

OpenADC(ADC FOSC &4 & ADC RIGHT JUST & ADC 8ANA OREF,
ADC_INT_OFF); '
TRISB=TRISB & Ob0DQOGN00;

Motor int();

while(1) {

Gpm——— : Reading sensors ——

SetChanADC(ADC CHO);
ConvertADC();
while{BusyADC()==1);
Psensorl=Read ADC():
SetChanADC(ADC CHI);
ConvertADC();
while(BusyADC(}==1);
Prensor2=Read ADC();
SetChanADC(ADC CH2);
ConvertADC();

while(BusyADC(j==1):
Psensor3=Read ADC():

Converting positions into tflows=—==

Psensor] =Psensor1%0.00523;
Psensor2=Psensor2*(),00523;
Psensor3=Psensor3*0.00523:

101




flow!=0,1944-0, 1994 *cos(Psensorl )
flow2=0.1944-0.1944*cos(Psensor2):
flowexcess=0.2-(flow!+flow2):

i —— = = = —_Em'l‘?'.}

Paetd=acos(I-flowexcess/0.1944);//convert flowexess into pesition setpoint.

ermmord="set’-Psensard:

if (error3 >= 0 && errord <=).009)

I
: |

specd=0; {/stopmotor 3
motorl (speed,'c’);

— closingmotor3

if{ emor3 = 0)
{
speed= error3*kp3 ;
motor] (speed.'c');

L
J

‘lelosing the motor 3

i - ——ppeningmotori=

if { error3 <0 )
!:;z_'rt'E-El= error3*tkpd * -1 ;
motorl{speed,'a");
1

}ifwhile
Hfmain

/’clasing the motor 1
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