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Abstract

Worldwide, most electric power is produced by steam-electric power plants, which
produce about 86% of all electric generation, enough reason to make it one of the most
important challenges to nowadays engineers to develop more accurate models and

virtual simulators, which is the main objective of our work.

In this project, a boiler simulator is built based on physical (mass and energy)
conservation laws, we first used MATLAB/SIMULINK to construct each subsystem
model alone, and then the subsystems were integrated to get the full boiler system
implemented. To enhance the performance of the boiler a Drum level control loop is
implemented and simulated based on two main methods, one-element control and three

element control.

For interfacing we used LabVIEW to create a user accessible front panel, we then
made use of the DAQ-USB6009 to communicate data between the boiler simulator and

the control which was implemented in a different computer.
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Chapter One Introduction To Boilers

1.1 Introduction

Boilers are mainly used for steam production for a wide range of industrial
purposes: electricity generation, chemical process and heating. During this chapter, we

will see the main descriptions of Boilers and focus and its working principles.

1.2 General Boiler Description
1.2.1 Boiler Definition

A Boiler is basically a closed vessel into which water is heated until the water is
converted into steam at required pressure. The boiler is essentially a closed vessel
inside which water is stored. Fuel (generally hydrocarbon and coal) is burnt in a furnace
and hot gases are produced. The heat energy from these hot gases comes in contact with

water vessel thus producing the necessary steam.

Boilers are classified into different types based on their capacity, fuel type,
materials, working pressure and temperature and whether they are condensing or non-
condensing. Hot Water boilers- are generally available in standard sizes from 10 kW to
over 30 MW. In commercial buildings, natural gas is the most common boiler fuel,
because it is usually readily available, burns cleanly, and is typically less expensive

than oil or electricity [1].
1.2.2 Applications of Boilers

Boilers have several, various applications whether industrial or in daily life
applications; the mains one are stated below:

v To drive steam turbines, marines, Locomotives etc.

v In industries like textile, paper, sugar, tire, chemical, breweries etc...

v’ Heating systems for cement production.

v/ Stationary applications to provide heat, hot water and steam for domestic use.

1.2.3 Boiler Types

Boilers can be categorized according to the method used to transfer the thermal

energy.

1.2.3.1 Fire-Tube Boilers

Fire tube boiler is one of the most basic types of boilers and the design is also very

old. It was popular in 18" century. It was mainly used for steam locomotive engines.
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Chapter One Introduction To Boilers

Figure 1.1 shows the basic design of a fire-tube boiler.

Figurel.l Fire-Tube Boilers Scheme

Operation of fire tube boiler is as simple as its construction. In fire tube boiler, the
fuel is burnt inside a furnace. The hot gases produced in the furnace then passes
through the fire tubes. The fire tubes are immersed in water inside the main vessel of
the boiler. As the hot gases are passed through these tubes, the heat energy of the gases
is transferred to the water that surrounds them.

As a result steam is generated in the water and naturally comes up and is stored
upon the water in the same vessel of fire tube boiler. This steam is then taken out from
the steam outlet for utilizing for required purpose. The water is fed into the boiler
through the feed water inlet.

As the steam and water is stored in the same vessel, it is quite difficult to produce
very high pressure steam. General maximum capacity of this type of boiler is 17.5
kg/cm? and with a capacity of 9 Metric Ton of steam per hour. In a fire tube boiler, the
main boiler vessel is under pressure, so if this vessel is burst there will be a possibility

of major accident due to this explosion.
1.2.3.2 Water-Tube Boilers

A water tube boiler is such kind of boiler where the water is heated inside tubes
and the hot gasses surround them. Actually this boiler is just opposite of fire tube boiler

where hot gasses are passed through tubes which are surrounded by water.

The working principle of water tube boiler is very interesting and simple. A very

basic diagram of water tube boiler is shown in Figure 1.2.

It consists of mainly two drums, one is upper drum called steam drum other is lower
drum called mud drum. These upper drum and lower drum are connected with two
tubes namely down-comer and riser tubes as shown in the Figure, Water in the lower

drum and in the riser connected to it, is heated and steam is produced in them which
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Chapter One Introduction To Boilers

comes to the upper drums naturally. In the upper drum the steam is separated from
water naturally and stored above the water surface. The colder water is fed from feed
water inlet at upper drum and as this water is heavier than the hotter water of lower
drum and that in the riser, the colder water push the hotter water upwards through the
riser. So there is one convectional flow of water in the boiler system [2].

Steam Outlet

Steam Drum or Upper Drum

.\ ~ -4 -
Riser Tube Feed Water Inlet

Down- comer Tube

/ Hotter Water

Hot
Furnace Gases

Mud Drum of Lower Drum

Colder Water

Figurel.2 Water-Tube Boilers Diagram

1.3 Case Study
1.3.1 Definition

In this work, we will be implementing a 210 MW power plant boiler, based on a
model that captures the key dynamical properties of the boiler. The model is based on
physical principles and has a number of parameters; most of which are determined from
construction data and few of them from field test data.

The Boiler is divided into five subsystems, each subsystem is modeled individually and
then an integrated system is built, and dynamics are observed.

The main five boiler subsystem models are:

v" Boiler furnace model.
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Chapter One Introduction To Boilers

v Boiler drum model.
v Primary Super-Heater model.
v’ Attemperator model.
v’ Secondary super-Heater model.
Following sections describe the design and development aspects of the boiler

subsystem models as well as the integrated boiler model.

1.3.2 Boiler Furnace

An industrial Boiler furnace is equipment used to provide heat for a process, or can
serve as a reactor which provides the heat of reaction. The following sections describe

the process and first principle model.

Air-coal

mixture PFS .
. . Air-coal
74 /@mfxture

Air-coal PFS—

mixture Af{-CO@f
mixture

Figurel.3 Boiler Furnace Scheme
1.3.2.1 Boiler Furnace Process

In the Boiler furnace, fuel flows into the burner and is burnt with the air provided
by an air blower. The flames heat up the tubes, which in turn heat the fluid inside the
first part of the furnace, known as the radiant section or firebox. In this chamber
combustion takes place, and the heat is transferred mainly by radiation to the tubes
around the fire in the chamber. The heating fluid passes through the tubes, and is thus
heated to the desired temperature. This heated fluid is then circulated round the whole
plant to the heat exchangers to be used wherever heat is needed, instead of directly
heating the product line, as the product or material may be volatile or prone to cracking
at the furnace temperature.
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1.3.2.2 Boiler Furnace Mathematical Model

The behavior of the boiler furnace is captured by the following mass and energy
balance equations [3].

The mass balance for combustion is given by:

Rate of change of furnace gas flow = Fuel flow + Air flow + Recirculation gas flow

- Gas flow through boiler.

This equation is mathematically represented as:

e (D) = o {Fe(t) + Fa(t) + Fe(t) — Fog(0)} (1)
Where:
Ff(t) - Fuel flow
Fa(t) - Air flow
Fr(t) - Recirculation gas flow
Feg(t) - Mass flow of the furnace gas through the boiler
Peg(t) - Density of the furnace gas
Vbf- Combustion chamber volume of the boiler furnace

The energy balance for combustion is given by:

Rate of change of energy of hot gas = Energy from the fuel input + Energy from the air
input + Energy from the recirculation gas - Heat energy transferred to the riser - Heat
energy transferred to the secondary super heater - Heat energy carried by the furnace

gas.

This equation is mathematically represented as:

bepeg(t) %heg(t) = {CfFf(t) + haFa(t) + hr(t)Fr(t) - qs(t) - qr(t) - Feg(t)8 (1 -
1100exheg(t) (1.2)

Where:
heg(t) - Specific enthalpy of the furnace gas
Cf - Calorific value of coal
ha- Specific enthalpy of air
hr(t) - Specific enthalpy of the Recirculation gas
gr(t) - Heat transferred by radiation to the riser

gs (t)- Heat transferred to the secondary super heater

7|Page



Chapter One Introduction To Boilers

€ - Stochiometric air/fuel volume ratio
ey - percentage of excess air level
gr(t) and gs(t)are modeled using the Stefan Boltzmann law for radiation which is the

following:
ar(t) = {né(®a,o( Tg(®) — Ta(H)} T, Ty (®  (13)
qs = {n,(1 = 0())a,o( TS () — Th(D)} (1.4)
Where:

0(t) -Burner tilt angle

n- Attenuation coefficient of the riser

N1 - Attenuation coefficient of the super heater
Tm(t) - secondary super heater metal temperature
Tg(t) - Temperature of the furnace gas

ar - Heat transfer surface area of the furnace
Tw(t)- water wall temperature

o - Stefan-Boltzmann constant
1.3.3 Boiler Drum

Boiler drum is the crucial part of the boiler system and there are many modeling
efforts on it. It is a reservoir of water/steam at the top end of the water tubes. The drum
stores the steam generated in the water tubes and acts as a phase-mixture. this section
will discuss the process description and the mathematical modeling of a boiler steam

drum of our boiler.

Figurel.4 An Industrial Boiler Drum
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Chapter One Introduction To Boilers

1.3.3.1 Boiler Steam Drum Process

The burning gases from the furnace pass around a group of vertical tubes. These
tubes, called risers, carry a mixture of water and steam. At the top of the risers is the
drum, which is a horizontal cylinder, kept about half full of water. The upper part of the
drum contains steam. The tubes that leave the bottom of the drum (the down comers)
are insulated from the combustion chamber and carry the water down to a mud drum,
where mud is separated from the water. Heating the riser tubes with hot flue gas causes

the water to circulate and steam to be released in the steam drum.

In this work, the design approach of McDonald et al (1971) is followed, for writing
down the mass and energy balance equations for the drum [4].

1.3.3.2 Boiler Steam Drum Mathematical Model

Mass and Energy balance equations of the boiler drum are stated below [3].

Starting by the mass balance equation:

Rate of change of the mass of steam and water in the drum = Feed water flow to the

drum - steam flow from the drum.

Then it is described by the differential equation:

= [(Va = Vaw(©)pg + Vaw®pgy] = (Few(®) = Fa(D)} (1.5)
Where:
V4 - Volume of the boiler drum
pd(t)- Density of steam in the drum
paw(t)- Density of water in the drum
Vaw(t)- Drum water volume
Few(t)— Feed water flow
Fq(t)- Steam flow from the drum

The energy balance equation of the boiler drum is given by:

Rate of change of the energy of steam and water in the drum = Total energy of steam
and water mixture after leaving the water walls - Energy of drum water - Energy of

drum steam.

This is described by the differential Equation:

%[(Vd — Vaw ())64ha (D) + Vaw (Dp 4, (Ohaw(®)] = {Fa(®hy, (O — (Fp(t) —
Few(t)hdw(t)-FD(Ohd(t)  (L.6)
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Where:
Fp (t)- Total circulating flow through the riser
hw(t)- Enthalpy of the steam water mixture leaving the water walls
haw(t) - Enthalpy of water in the drum conditions
hq (t)- Enthalpy of drum steam

The temperature of steam and water in the drum are both assumed to be equal to
the Saturation temperature Tq4 , corresponding to the drum pressure Pd .The following
linear relations are derived for use in the drum using steam tables.

Ta(t) = 968192.556p (t) + 274.40489 °C (1.7)

P4(t) = 1701297.8956p,,(t) + 36.9363 Kg/cm?  (1.8)
P = —2.0132p (1) + 79.6473x107° kg/cm? (1.9)
ha(t) = —657929.084p,(t) + 688.738 keal/Kg  (1.10)
haw(t) = 1128501.642p,,(t) + 277.057 keal/Kg  (1.11)

The boiler drum level 4 responds in an integrating manner to the steam flow F4 and
feed water flow Fey (t). Basically, the drum model describes the dynamics of the drum
water volume Vg, (t) in terms of the mass and energy conversion equations. A separate
relationship between Vg, (t) and lg(t) is derived from the geometry of the drum, and

this equation is solved using the Newton-Raphson method to obtain I (t).
1.3.4 Primary Super Heater

The Super heater is a heat exchanger, in which heat is transferred to the saturated
steam to increase its temperature. The boiler super heater is a secondary heat exchanger
that accepts saturated steam from the boiler drum and adds sensible heat to the steam.
Super heaters in large steam generator systems are frequently split into two parts: the
Primary Super Heater (PSH) and the secondary super heater (SSH) in this part we’ll be
discussing the first part:  the primary super heater (PSH).

Steam from Primary

. Drum S & Superheater PSH steam to

attemperator

Figure 1.5 Primary super heater block
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Chapter One Introduction To Boilers

In this context, it was felt necessary to have a versatile model for the PSH that
could be used for the building of boiler simulators as well as implementation of

integrated control systems for the optimization of boiler operation.
1.3.4.1 Primary Super Heater Mathematical Model

Applying the law of conservation of energy for the PSH steam line and the PSH

tube separately, the energy balance equations are written as follows [3].

Change in internal energy of PSH steam = Heat transferred from the metal to steam +

Energy of the boiler drum - steam Energy of the PSH outlet steam

This is described by the differential Equation:

Vspvsp (Z};ZE) % = {aipamsp (Tmp(t) - Tsp (t)) + Fd(t)hd(t) - Fsp(t)hsp (t)}

(1.12)

Where:
Tsp(t) PSH outlet steam temperature
Tmp(t) PSH metal temperature
Vsp Volume of PSH
vsp Specific weight of steam in PSH
Usp Internal energy of steam in PSH
aip Inside heat transfer area of PSH
amsp Metal to steam heat transfer coefficient
Fsp(t) Mass flow rate of steam in PSH
hsp(t) Enthalpy of steam in PSH

The energy balance of the primary super heater tube is given by:

Heat energy stored in the PSH tube = Heat energy received from the hot gas - Heat

energy transferred to the steam.

This is described by the differential Equation:

dTmp ()
MmpCmp df = {aopagmp(Tgp () — Tmp (t)) — AjpUmsp (Tmp(t) - Tsp (t))} (1.13)

Where:
Mmp Mass of PSH section
Cmp Specific heat of PSH metal

aop Outside heat transfer surface area of PSH

agmp Gas to metal heat transfer coefficient
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Chapter One Introduction To Boilers

Tgp(t) Gas temperature at PSH
The developed primary super heater model is used for developing the integrated
boiler model. The nominal values of the primary super heater variables are given the

appendix.
1.3.5 Attemperator Model

In an Attemperator, desuperheated spray water is mixed with the superheated
steam at the outlet of the PSH, in order to maintain the main steam temperature at a
desired value. The water spray is modulated by a suitable control valve. Since the
Attemperator has a very small volume, the storage in it is negligible. The steady state
mass and energy balance equations are given by [5].

The mass balance equation of the Attemperator is given by:

Steam flow through SSH = Steam flow through PSH + Attemperator spray flow
Or:  Fs(t) = Fsp(t) + Fepa(t) (1.14)

Where:
Fs(t): Steam flow through SSH
Fspa(t): Attemperator spray flow

The energy balance equation of the Attemperator is given by:

Energy of SSH inlet steam = Energy of PSH outlet steam + Energy of Attemperator

spray water

The developed Attemperator model is used for the development of an integrated

boiler model.
1.3.6 Secondary Super Heater

Secondary Super heaters are one of the most important accessories of a boiler; their
job is to improve the thermal efficiency. The choice of the material that constitutes the
super heater is really important, as we have to choose a material that is high
temperature and corrosion resistant. There are three types of super heaters: radiant,
convection, and separately fired. A super heater can vary in size from a few tens of feet

to several hundred feet.
1.3.6.1 Secondary Super Heater Mathematical Model

The design procedure for the steam temperature optimal control system normally
makes use of a model for the SSH in the state-space form. In this section, the analytical
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Chapter One Introduction To Boilers

modeling approach is used for developing a state-space model for the SSH. Applying
the law of conservation of energy for the main steam line and the SSH tube separately
and based on the works of Sato et al in 1984, the energy balance equations are written

as follows [5]:

Rate of change in the internal energy of SSH steam = Heat transferred from SSH metal
steam + Heat obtained from the PSH steam reduction due to the application of spray

Heat energy of SSH steam.+ Heat

Mathematically written as follows:

Vo (psOhs(9) = {2 o (Tin () = To(9) + Fyp (D hep (1) + (hypa(t) —
hf(t)Fspa—Fs(t)hs(t) (1.15)
Where:

V; - Control volume of SSH

ps(t)- Density of SSH steam

hs(t) - Enthalpy of SSH steam

ai - Inside heat transfer area of SSH

oms - Metal to steam heat transfer coefficient

h ¢ (t)- Specific enthalpy of evaporation
1.3.7 The Integrated Model

Integrating all of the above subsystems together to implement a full system as

follows:
|—' Pl
Po. qe hew — Fy
il , "¢
Foo — DRUM 1, | PRIMARY SUPER
Fr - > HEATER 1
Ia — U T
l-'_r —» _ F, =
FURNACE =
h, —»
FURNACE GAS T
0 —» P
Tee
F
Esi s:_
SECONDARY Ts | ATTEMPERATOR
M l—
SUPER HEATER F
L . T spa
Ps! Ts I

Figure 1.6 Integrated Boiler model diagram
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1.4 Conclusion

After this introduction to the world of boilers, and specifically our 210MW boiler,

it is clearly seen that the steam generation is a complex and potentially dangerous
process, thus the need for Boiler simulators has become a must.

One way to build a boiler simulator is to use the equations described earlier in
MATLAB/SIMULINK, and this is what will be discussed in the next chapter.
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Chapter two Boiler Modeling Using MATLAB

2.1 Introduction

In this Chapter we will be implementing the mathematical models described in
chapter one, and simulating for different changes in the input variables to see the
dynamics of our Boiler using the SIMULINK/MATLAB toolbox.

2.2 Simulation of the Boiler Furnace
2.2.1 State space model

Rearranging the mathematical model discussed in the first chapter we get the

following differential equations:

VotPag (1) 5 heg(t) = {CEFe(t) + hyFa(t) + he(OF. (1) — qg(t) — qr(t) — Feg(De (1 -

o) heg (O} (21)

100

d 1
FiPeg® = 5 {Fr(0 + Fa(0 + Fe() — Feg(D}  (22)

In order to obtain a state-space model for the system, we define a 2x1 state vector

X(t), a 5x1 input vector U(t), a 5x1 output vector Y (t) for the boiler furnace as follows:

[Ff(t)] qr(t)

heg(t) Fa(t) [qs(t)
x=| 50| ¢ uo={rO| : YO=|ao)|
peg(t hr(©) Tg(0)

0(t) Pg(t)

Using the above notations, a nonlinear state-space model for the furnace is derived

in the form:

X;= f1(X,U)
XZZ f2(X,U)

289.896

0.45052] to obtain the

Then the model is linearized around the operating point: Xo= [

following model:
—2.00135 —244.111282]
—0.000236  —0.192285

— [7.0959 —1.7085 —0.7815 0.0130 37.0643
0.000192 0.000192 0.000192 0.0000 0.0228

U0 =[119.3*10° 715.8*10® 109.9*10° 169.92 0.8804]"

ol
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2.2.2 SIMULINK model and Simulation results

Based on the state space equation presented above, we build the following SIMULINK

model:
D
[ S
@ D
- D
] {:: "D

Figure2.1 boiler Furnace SIMULINK model
Simulating for a +5% change in the Fuel flow entering the Furnace, we get the

following results:
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Figure2.2 Response of (a) Density (b) pressure (c) Temperature of Furnace gas to 5%
increase in fuel flow

It is observed that the specific enthalpy of gas, furnace gas temperature, heat
transferred to the riser and heat transferred to the SSH, increase gradually and reach the
steady state values. Due to the increase in fuel flow, the furnace gas pressure and mass
flow of furnace gas through the boiler reaches the peak value initially, and decreased to
steady state values. The density of the exhaust gas decreases slowly due to the increase
in fuel flow.

Simulating again for 10% increase in Burner tilt, we get the following results:
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Figure2.3 Response of (a) Density (b) Pressure (c) Temperature of the Furnace gas to 10%

increase in Burner tilt

We see that the specific enthalpy of gas, furnace gas temperature, heat transferred

to the riser, increase to reach a peak value initially then decrease to steady state values.

Due to the increase in burner tilt angle, the furnace gas pressure and mass flow of

furnace gas through the boiler increase gradually to reach steady state values along with

the density of the exhaust gas.

2.3 Boiler Drum Model

2.3.1 State Space Model

Using the equations

equations first:

dtPee

®

Simulation

stated in the first chapter, we derive the following differential

1

- A2 A4(®)Pdw(t) {pd(t) Few(t) — Paw(t) Fa(®)

dt

d
de (t) =

1

44 ()pgy, (O

+XqnFp () (pdw(t) - pd(t))}

(2.3)

{(1 + a3(0)Few(®) — as(OFa(D) + Xq(OFp (D}

Then we proceed to calculate the water level in the drum as follows:

(2.4)

f(ld) =3n13 (3r—1g) + 1{%2 +r2sin~! (“5) + (I — y2rlg — 2} — Vg (2.5)
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Using Newton-Raphson method we finally obtain the exact value of the drum
level. Let us first define a 2x1 State vector Xy(t), 4x1 Input vector Uy(t) and a 3x1

Output vector Y(t) for the boiler drum and then formulate a state space model.

Few(t) Ld(t)
[pd® 1. _[ ar(® |y g
xd(t)—[VdW(t) YO gy | Y- 238
hew(t)

With the above notations, the differential equations and the output equations are
presented in the form of a nonlinear state space model of the form:
Xa=f(Xq , Uq)
Ya =9g(Xa)

2.3.2 SIMULINK model and Simulation results

The simulation studies are carried out with the help of the nominal values of the

boiler drum variables and parameters as shown in the figure:

Outt hodw e I:l
= In1
rhadw
— . N[
Wdw
T . -
P In2
outs »
qr Td
Td
T

Pd

Outd
= In3
Pd
Fd

Outs

0

i
Ld
# Ind
L]

Out 4
hew Fd

5 1
Drrum maodel eape

Figure2.4. boiler Drum SIMULINK model
Simulating for +15% change in the feed water to the Drum: we get the following:
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Figure2.5 Response of (a) drum water level (b) drum steam temperature to 15%
increase in Feed water
We see that the drum level (hence the Drum water Volume) increases, in the other
hand the drum steam temperature (hence drum steam density) decreases.
We then simulate again for -15% change in the feed water and we get the simulation
results shown in the figures:
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Figure2.6 Response of (a) Drum Water Level (b) Drum Steam Temperature to 15%
Decrease in Feed water
For this case, we see the inverse happening, Drum level (hence the Drum water
volume) is decreasing, while the drum steam temperature (hence the Drum steam
density) is increasing.
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2.4 Primary Super-Heater Model Simulation
2.4.1 State space model

Using differential Equations (1.12), (1.13) and (1.15) a linear second order state
space model is derived for the PSH as given below:
Xp =A*X, +Bp*U,
Where:

Tsp (D)

Xp(t): lep (t)

Ta
U= |
o0 Tep
Ap is the 2 x 2 System matrix and By, is the 2 x 2 Input matrix.
Using these system variables and parameters, the system matrix Ap and Input matrix B,

are computed around the operational point X, = [gg] and given below:

_[—3.759262 3.594246 1 . , _[0.165017
Ay |+ =]

0
~10.053294 —0.054462 0 0.001168]

2.4.2 SIMULINK model and Simulation results

Based on the state space equation presented above, we build the SIMULINK model

shown in the figure:

—=1 3
Out1
X = Ax+Bu
In2
> State-Space
—s2 )
Out2

Figure2.7 PSH SIMULINK model
For +5% change in T4 we get the following results for Ty, and Ty Respectively
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Gas temperature at PSH [*C)
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Figure2.8 Response of (a)Tgp(t) and (b) Tmp(t) to 5% increase the drum steam
temperature
the change is made at 400(s) we notice that for 5% increase in Td, the output
temperatures also increases to settle at a steady state value.

Now we try with -5% change in the input drum temperature we see that:
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Gas Temperature at PSH [°C)
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Figure2.9 Response of (a)Tg(t) and (b) Tmp(t) to 5% decrease in the drum steam
temperature

Tqp and Temperature of PSH steam both decrease to reach a steady state value.
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2.5 Attemperator Model Simulation
2.5.1 Output Equations for the Attemperator

Using the Equations of chapter one, the following variation equations are obtained:
AFg(t) = AFgp(t) + AFgpa(t) (2.6)
Fs(t)Ahsi(t) + AFs(t)hsi = Fsp(t)Ahsp(t) + AFsp(t)hsp(t) + Fspa(t)Ahspa(t) + Al::spa(t)l'lspa(t) (27)

Calculating and rearranging the above equations we get:
ATspi(t) = %CS‘ {(hsp (t) - hsi(t)) AFs(t) + FspcspATsp(t) - AFspa (t)(hsp(t) - hspa(t))} (28)

2.6 Secondary Super Heater Model Simulation
2.6.1 State space model

Using differential Equations (1.12) and (1.13) and (1.15), a linear second order
state space model is derived for the PSH as given below:
X, = AXs + BUg Where:

— TS
X0=[, ]
T.:
Ug(t :[ S‘]
|7,
A is the 2 x 2 System matrix and Bs is the 2 x 2 Input matrix.
Using these system variables and parameters, the system matrix As , and the Input
matrix Bs are computed around the operational point X, = [ggﬂ and given below:

—3.94751 3.782493 0.165017

0
0.053859 —0.0549811 ' 0.001122]

2.6.2 Simulation Results

For +5% and then -5% in inlet steam temperature we get the results shown in the

figures:
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main steam temperature Ts [°C)
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Figure2.10 Response of (&) Tgp(t) and (b) Tmp(t) to 5% increase in inlet steam

temperature
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main steam temperature Ts [*C)
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Figure2.11 Response of (a) Tgp(t) and (b) Tmp(t) to 5% decrease in inlet steam
temperature
We see that Both Inlet and main steam temperature increase for +5% change of the

input temperature, also both decrease when applying a -5% change.
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2.7 The integrated Model

Linking all the subsystems and building our system as shown in the figure:

=l
m thodw I#
= =l
Vdw u
ﬁ Viw
Td lT‘
. @ hew — d '_:&E“ - Scoped
i & T E T E
[ = : ‘ =
j’_ ’—lﬂ Furnace Gas model PSH 5
Py oy V!; |
L Atiemgrator mode! hepa )
= 1.5 . 4
=
= o
\TI

55H

Figure2.12 boiler integrated SIMULINK model
2.7.1 Simulation Results

We’ll have a 5% change in the fuel flow and observe the responses of the output

variables ly(t), Ty(t) and Ts(t), results are shown in the figures below:

Drrum level{cm)
B

B

78

0 20 40 60 80 100 120 140 160 180 200
Time (seconds)

(@)

29| Page



Chapter two Boiler Modeling Using MATLAB

Furmace gas Temperature{degree celcius)
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(b)

Main Steam Temperature{degree celcius)
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()
Figure2.13 Response of (a) l4(t), (b) pa(t) and (c) Ts(t) Respectively to 5% increase in
fuel flow
From the graph it is inferred that the furnace temperature attains the steady state

value quickly, as compared to the main steam temperature.
2.8 Conclusion

In this chapter, the design and development of the 210MW Boiler process is
discussed in detail. It is observed that the open loop response of the integrated model is
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unstable thus we need to design a closed loop controller; this will be discussed in the
next chapter.
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3.1 Introduction

The control system for a boiler—turbine unit usually needs to meet the requirement
of the amount of water in the steam drum must be maintained at a desired level to
prevent overheating of the drum or flooding of steam lines. This is critical for the safe
and economic operation of a power plant. The drum level must be controlled to the
limits specified by the boiler manufacturer. If the drum level does not stay within these
limits, there may be water carryover. If the level exceeds the limits, boiler water
carryover into the super-heater or the turbine may cause damage resulting in extensive
maintenance costs or outages of either the turbine or the boiler. If the level is low,
overheating of the water wall tubes may cause tube ruptures and serious accidents,
resulting in expensive repairs, downtime, and injury or death to personnel. A rupture or

crack most commonly occurs where the tubes connect to the drum [6].
3.2 Control Strategies

Providing tight water level control in a drum is accomplished by utilizing one of

three types of drum level control: single-element, two-element, or three-element [6].

Feed Water o =
Valve . s .
. \
( "

Single Element ]
Module

Drum

Level

Figure 3.1 Single Element Control

Feed Water
Valve

Two-Element J B l]
Module K—
Level

Figure 3.2 Two Element Control
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Figure 3.3 Three Element Control

The term 'single-element’ is derived from single variable: drum level influence on
the feed-water valve position. While single-element drum level control is acceptable for
steady boiler load conditions; as load changes become more frequent, unpredictable, or
severe; this type of level control cannot respond quickly enough to compensate The
term 'two-element' is derived from two variables: steam flow and drum level influence

on the feed-water valve position.

The term 'three-element’ is derived from three variables: steam flow, feed water
flow and drum level influence on the feed-water valve position. Wide Fast Combination
of batch and continuous type operations such that plant steam load characteristics varies

continuously and usually unpredictably [7].
3.3 Boiler Drum Level Control

The Boiler drum is a crucial part of the boiler process, in view of modeling and
control system design. The Boiler drum mimics the nonlinearity and time varying
nature of many industrial applications. Hence, the Boiler drum is chosen to be the

process for implementing the concept of Linear Parameter Varying (LPV) [8].
3.3.1 Linear Parameter Varying (LPV)

For many processes in a chemical process industry, it is necessary to operate at
various working points (scheduling variables). Such processes often show smooth, non-
chaotic and non-linear behavior as a function of certain scheduling variables. Often an
approximation in the form of Linear Parameter Varying (LPV) systems is sufficient to

describe such systems.
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The LPV model represents the non-linear behavior of the process as a function of
scheduling variables [8]. ‘Scheduling variables’ are referred to as parameters which

contribute to the time varying nature of the system.

LPV model is the interpolation of linear transfer function models at different
operating conditions [9] [10]. The LPV model is adopted by considering the fact that
the Industrial Boiler in the thermal power plant has several operating conditions due to
the fluctuations in steam flow based on demands. By assuming that at every operating
condition, there are changes in parameters, this model is suitable for covering all
operating conditions [11].

The LPV will briefly be described for a Many-input single-output (MISO) process
[12]. Let y(t) represent the process output at discrete time t, u(t) the input vector at time
t and w(t), the working-point variable (scheduling variable) which determines the

working point of the process operation where:

w(t) € [wy, wy] (3.2)

w; and wy, are the low and high limits of w(t) which projects the operating
trajectory of the process. The identification tests are performed by adding small test
signals during normal operation of the process. The test signal amplitudes are
determined in such a way that they will not cause any problem in safe operation. Each
linear model is identified using the data at each working point. Several linear
identification methods can be used, such as prediction error method, subspace method
and asymptotic method. Assume that the process has p working points and the linear

models are denoted as follows:

YI(t) = Gll(q)ul(t) F o e +Gm1(q)um(t) W(t) = Wq (32)
yo (1) = Gi2(ui(®) + -+ vee e e . FG i (U (V) w(t) =w,
Yp(O = Gip(@uy (D) + oo vev e+ G p (Quy () w(t) = wy,
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Where: G is the linear transfer function, g™ is the unit delay operator, m is the
number of inputs and p represents number of operating conditions along operating
trajectories. Then the LPV model is obtained by interpolating the linear models using

total data as follows:

y(®) = a;(W)y (D) + ag(W)y, (£) + -+ o oo e, (W)Y, (D) (3.3)
Where: a;(w), a,(w) and a,(w)are weights which are functions of the working

point variable w(t). These weights can be determined using triangular weighing

function which is pre-assigned and needs no estimation.

The LPV model using triangular weighing function for three operating regions [13]

is denoted as follows:

v:vzz—_v:v(:) yi(©) + V‘V»«(:)—_vzl Vo) wy < w(t) < w,
Y(t) = w3—W(t) W(t)_WZ (3.4)
| W3—Wy V2 (t) + —W3—W2 y3 (t) Wy < w(t) < W3 I
y3(t) ws < w(t) }

3.3.2 Linear Parameter Varying (LPV) of Boiler Drum

In our work, the LPV model of the Boiler drum is a single-input single-output
(SISO) process and it is obtained by considering the feed-water flow rate as the input
and the drum level as both the output and scheduling variable as shown in the Figure

3.4.

LPV Model DAL LEVEL
Of Boiler Drum {Scheduling variabie)

FEED'WWATER FLOWY ————————]

Figure3.4 Input-output representation of the Boiler Drum

The entire operating trajectory of the Boiler drum considered in this work is
obtained by perturbing the input variable by 25% from its nominal value. The feed
water flow rate of the boiler drum is excited in steps in the entire operating trajectory,

and the changes in the drum level as four distinct slope regions are shown in Figure 3.5.
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Figure 3.5 Open loop response of the boiler drum system showing variation of (a) the

feed water flow rate (input) with (b) drum level (output)

The level of the boiler obtained by the excitation of the first principle model is
nonlinear, as shown in Figure 3.5. This non linear response is divided into four linear
regions. The four operating points are chosen at a height of 92cm, 97.4cm, 104.2cm and
112.3cm. For individual regions the linear transfer function models are developed,
using the System Identification Toolbox for every input output combination. The linear

Kp

, Where
TpS+1

transfer function models are denoted as a first order which has the form:

k,, the process gain and t,, is the time constant. The linear transfer function model

obtained for the four linear regions is reported as the process model parameters at
different operating points, for the boiler drum process in Table 3.1:

Table 3.1 Process model parameters at different operating points for the boiler drum

Operating Feed water Drum Level Process Time constant
Region Flow rate (cm) gain (tp)
(Kg/sec) (kp) (sec)
Region 1 195.6 92 0.63227 135.31
Region 2 211.9 97.4 1.2384 160.61
Region 3 228.2 104.2 1.8097 186.88
Region 4 244.5 112.3 2.5774 232.10

Each linear transfer function model is identified using the data sets at each working
point. The developed linear transfer function models are validated with the help of the

first principle model output. Figures 3.6 (a), (b), (c) and (d) show the change in the
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drum level in each linear region of the linear transfer function model and the first

principle model.

== Transfer function o'p === First Principle model o'p _— Transfer fetion 0 e First Principle model ofp
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Figure3.6 Validation of the transfer function using the first principle model in: (a)
region 1 (b) region 2 (c) region 3 (d) region 4

3.3.3 LPV Model Identification

The working point variable (scheduling variable) determines the working point of
the process operation. Due to the time varying nature of the level of the boiler drum, it
is considered as the scheduling variable. The entire operating trajectory of the boiler
drum is divided into four regions, and the corresponding scheduling variable values are
w; =92cm, w, = 97.4cm, w; = 104.2cm and w,= 112.3cm.

The weights which are functions of the scheduling variable, drum level, are
estimated using the triangular weighting function method and are listed below.

The weights which are functions of the scheduling variable, drum level, are

estimated using the triangular weighting function method and are listed below.
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1 14(0) < 92
97.4 — 14(t
ol = W_c;(z) 92 < 14(t) <97.4 (3.5)
0 14() > 97.4
( 0 la(t) < 92 \
14(t) — 92
a -2 92 < I4(t) <97.4
_ 97.4— 92
) =3 1042 1,0 \ (3.6)
1042 —974 27-4<l® <1042
& 0 1,(t) > 104.2 )
( 0 () <97.4 1
14(t) — 97.4 07.4 < L(6) <1042
L) = 104.2 — 97.4 : a(t) = )
%) =1 1123 1,00 L (3.7)
1123 1042 1042<li(y =112.3
k 0 1,(0) > 112.3 )
0 14(t) < 104.2
1a(t) — 104.2 l
“la) = : <112. 3.8
+(la) 11231022 1042<l(® <1123  (3.8)
1 1,(0) > 112.3 )

Where: a4, a,, az and a,are the weights, which are the functions of the scheduling
point variable (boiler drum level). The weights associated with each and every

operating point of the scheduling variable are shown in Figure 3.7.

A

W, w, W, A

Weights

la1 laz las las
Figure3.7 the Weighting Function w(ly)

The four linear transfer function models obtained using the data from the first
principle model, are fused using the weighting function to obtain the LPV model. A
comparison between the response of LPV models using the triangular weights and that

of the first principle models is shown in Figure 3.8.
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Figure3.8 Comparison of the open loop responses of the first principle model with the
LPV model

3.3.4 Design of the PI Controller

Conventional PID controllers are widely used in the process industry as they are
easy to implement and maintain. There is a number of techniques for tuning the
parameters of the PID controllers. Among them, and the most effective [1], used tuning
method is the Internal Model Control (IMC) based PID method. The IMC based PID
design procedure for a first order process has resulted in a PI control law. The major
difference is that there are no longer two degrees of freedom in the tuning parameters
(k¢,7;). The IMC based procedure shows that only the proportional gain needs to be
adjusted. The integral time is simply equal to the process time constant. Based on the
values, the system response can be fast or sluggish. The PI controller settings are given

as follows [9]:

k, = 3.10
T, =T (3.11)

A single PI controller is designed, using the IMC method for each region of the

four regions.
3.3.5 Design of the Multi-Model PI Control Scheme

Because the LPV model represents the approximated nonlinear boiler drum model,
the PI controllers should operate in their corresponding regions in order to provide

better performance. In the entire operating trajectory, for every change in set point, the
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respective controller parameters are selected. The triangular weighting function is used
for switching different controllers, which will help in the smooth transition from one
controller region to another controller region. At each sampling instant, the weighting
function will assign weights for each PI controller output, and the weighted sum of this
output will be applied as input to the first principle model of the boiler drum. The
weighting function that determines the weights w;, w,, ws and w, is based on the
scheduling variable, drum level. The weights are in the range of 0 to 1.This is

represented in Figure3.9.

WEIGHTING
FUNCTION

‘ w,

REGION 1 controlled error L
» N ( . )

PI CONTROLLER

W;

REGION 2 —;{} .
| PICONTROLLER

error

REGION 3 —
PI CONTROLLER -

REGION 4 ::[]
PI CONTROLLER

Figure3.9 Multi-Model PI Controller Scheme
3.4 Drum control simulation using MATLAB/SIMULINK

The PI controllers, that have been previously developed, are attempted implement
in MATLAB/SIMULINK. We worked on two boiler drum control techniques which

are: ’single-element control ‘and ’three-element control*
3.4.1 Single Element Control

In this strategy, the system drum level is measured using a single measurement
device and provides a control signal to the feed-water regulator in direct relation to the
current operating drum level. The system that has been built is shown in the Figure
3.10.
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Figure 3.10 Single Element Control using MATLAB/SIMULINK

The set point has been set at different values; the results of the simulation are
shown in the Figure 3.11:
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Figure 3.11 Single element Control at different Level Set Points (a) 92cm (b) 97.4cm
(c) 104.2cm

After the simulation, we observe:

42 |Page



Chapter Three Drum Level Control

e The steady state error is zero in all the regions of interest.

e The response of the system is slow.

e When the input control is applied, the water level falls down then starts to get to
the desired level. This behavior is really dangerous for the system and cause

massive damage.
3.4.2 Three Element Control

This system uses two variables, drum level and steam flow to mass balance the
feed-water demand, and this is the two-element control. A control loop, in which a
multi Pl controller is set, is added to control the feed water entering the drum to
implement the three-element control. The assumption that has been made is that the

steam demand is set at the nominal value provided by the manufacturer.
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Figure 3.12 Three Element Control using MATLAB/SIMULINK

The set point has been set at different values; the results of the simulation are

shown below:
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Figure 3.13 Three Element Control at different Level Set Points (a) 88.9cm (b) 92cm
(c) 97.4cm

After the simulation, we observe the steady state error is zero in all the regions of
interest and the response of the system is remarkably faster than the one of single
element.

3.5 Conclusion

The water level inside the drum is controlled using both techniques (One and Three
element control). However, the three element control is preferable since it can enhance

the performance of our system.
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4.1 Introduction to LabVIEW

LabVIEW programs are called virtual instruments, or VIs, because their

appearance and operation imitate physical instruments, such as oscilloscopes and multi
meters. LabVIEW contains a comprehensive set of tools for acquiring, analyzing,
displaying, and storing data, as well as tools to help us troubleshooting code writing.
In LabVIEW, we build a user interface, or front panel, with controls and indicators.
Controls are knobs, push buttons, dials, and other input mechanisms. Indicators are
graphs, LEDs, and other output displays. After we build the front panel, we add code
using Vls and structures to control the front panel objects. The block diagram contains
this code. [15]

4.2 LABVIEW Control Design and Simulation Module

Due to the increase in computer power, simulation is quickly becoming a tool of
choice for design engineers who need to quickly evaluate and iterate on the typical
design process. Simulation tools that used to run on workstations a mere decade ago
now run on desktop computers meant for households. As part of the LabVIEW
graphical development platform, the LabVIEW Control Design and Simulation Module

offers the following benefits:

v/ Hardware and_software integration: You can use the integration of NI

hardware and software to easily move from the design/simulation space to
adding real-world data — both inputs and outputs.

v Interactive user interface: One of the main benefits of simulation is the ability

to modify system parameters to check how the performance of a system
changes. By using the front panel in LabVIEW, you can change these
parameters while the simulation is running.

v' Eull programming language: Because the LabVIEW Control Design and

Simulation Module is part of the LabVIEW graphical development
environment, we can integrate other LabVIEW modules and toolkits into our
applications.

v' MathScript RT Plug-In: The LabVIEW Control Design and Simulation
Module have a specific plug-in for the LabVIEW MathScript RT Module so we

can combine our existing .m files with a flexible LabVIEW Ul using a

LabVIEW MathScript Node. Particularly in our system development we made

46 |Page



Chapter Four LabVIEW SIMULATION

use of this feature to model the drum’s subsystem’s model, an example of a

MathScript feature is shown below:

SlE= e[ o =

=

lé){@!~@i‘:!l

e :
@ @ EM%L?.,:! . ==

Figure4.1 LabVIEW MathScript example

4.3 Boiler Simulation and PID using LabVIEW
4.3.1 User interface and simulation results

We start first by implementing our model in the block diagram window of the
LabVIEW VI as shown in Figure4.3:

oe®l______ L wm
[ Control & Simulation Loop
&= ] =]
] %ncu [
|
. Integrator 3
Step Signal 9 2
] 2
Step Signal 7 I p— T
I )
Steo Sianal H I Steam Temper: m
- =
) f—
i
O L |[penstyorsn Drum
pudd |
] 2
FEEET R D e B P! [Atemperstor]
| @ (- Step Signal 14
Pressureof Gas  Feg tep Signal 1 2

Figure 4.2 Model of the boiler using LabVIEW Ccontrol & Simulation Module

The corresponding front panel is the following:
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Figure 4.3 User interface/Front panel of the boiler

To see the dynamics of the system we try different changes in the input variables
that are Fr Fy Fr hy and 0, first by making a 5% decrease in the fuel flow (Ff) and
noticing the change in the output variables shown in the front panel:
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Figure 4.4 Response of the boiler system to -5% change in fuel flow

Again with a 5% increase in the fuel flow we see the following changes:
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Figure 4.5 Response of the boiler system to 5% change in fuel flow
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We see that for increasing fuel flow input, both the pressure and the temperatures
along the boiler system increase to a steady state value, but the water level in the drum
goes down from to 89cm to 75cm after 200sec and keeps decreasing if we increased the
simulation time, this can cause immense damage to our system thus we need to design a

closed loop pid controller to control the level.

4.3.2 Design and implementation of the controller
4.3.2.1 Single element control

Single element control, as discussed in the previous chapter, is the simplest method
to control the boiler drum level using multi Pl model. This controller is implemented on
LabVIEW as follows:
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—
| & - |
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| I D |
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| |
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‘ [ 1 Integrator 3 ‘
\ . i !
| > | |
\ L \
| " I — 15‘"“ |
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| |
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\ \
| |
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Figure 4.6 Implemented multi model controller

Varying the Set point to 90cm and checking the response of the Drum level:
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Figure 4.7 Response of the Drum level to a set point of 90cm

It is seen that the response first goes to a minimum value that is 79.9cm then increases
to the steady state value 90cm, which is the setpoint, this behaviour is undesirable and
can cause damage to the system that’s why we try to enhace it by implementing the two

element Drum level control.

4.3.2.2 Two element control

The theory behind two element control was already explained in the previous
chapter, that’s why in this chapter, we’re only presenting the implementation of this
control method on LabVIEW and showing the response of the drum level after the

control signal is applied.

The following figure shows the implemented VI:

ntegrator 4

il
5

ntegrator 3

Set point

e

Steignal 7

Figure 4.8 Two element control VI
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After simulating for a set point of 95(cm) we observe the response in Figure 4-9.
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Figure 4.9 Response of the Drum level to a Set Point of 95cm using Two Element

Control

It is clear that the response is enhanced, system responds faster and the undesirable

effects have vanished.

4.4 National Instrument acquisition card USB-6009
4.4.1 Introduction to DAQ USB-6009

The NI USB-6009 is a USB based data acquisition (DAQ) and control device with
analog input and output and digital input and output. The main features of NI USB-
6009 are as follows:
v" Analog input (Al): 8 inputs with referenced single ended signal coupling or 4
inputs with differential signal coupling. Software-configurable voltage ranges:
120V, £10V, £5V, +4V, £2.5V, 2V, +1.25V, £1V. Max sampling rate is 48kS/s
(48000 samples per second). 14 bits AD converter (USB-6008: 12 bits).
v" Analog output (AO): 2 outputs. Voltage range is 0 - 5V (fixed). Output rate
iIs150Hz (samples/second). 12 bits DA converter.
v' Counter: 32 bits. Counting on falling edge.
v Configuring and testing: USB-6009 can be configured and tested using MAX
(Measurement and Automation Explorer) 4.0, which is installed with NI-DAQ
8.0.
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4.4.2 Labeling the 1/0O terminals

Before we start using the USB-6009, we should attach labels to the analog and
digital terminals. Figure5.1 below shows the analog 1/0 terminals with labels assuming
differential signal coupling. (In general, differential signal coupling is preferable to
single ended coupling due to better DC noise suppression).

, . - e - - L %
[ s~ Y} &on- e} o an- o] + A~ jasnjacojotje)

Figure 4.10 The analog 1/O terminals with labels assuming differential signal coupling

4.4.3 USB-6009 and LABVIEW

The functions needed for programming 1/O operations for USB-6009 are found on
the Functions / NI Measurements (Measurements 1/0 in LABVIEW 8) / DAQmX

palette (not DAQmx Base, if you happen to have the latter installed). Figure 4.11 shows
the contents of the DAQmXx palette.

-1 DAQmx - Data Acquisition

[ Thsk [~] | CHik [ ]
Task Const Channel Const Create Channel

Stop Clear
[ =] ] [[1=<T ] [ 1=l ] [ 1= ] 1=l ]
== =
Channel Mode Timing Mode Triggering Mode Read Mode Write Mode
o=
[}

& = | kel
DA Assist Real-Time Dew Config Task Config/Ctrl Advanced

Figure 4.11 The DAQ palette on the Functions palette
4.5 Interfacing & Implementing the DAQ with LabVIEW

We first build the Drum system in a new V1 since the drum level is the output to be

controlled, and then add two DAQ assistant blocks, the first configured on the analog
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output pin ayo to generate the output voltage, the second configured on the analog read
pin ajp to acquire the control signal the configurations are shown below:

’ Configuration ’ Trigaering l Advanced Timing ‘

7o SERY [N L
Channel Setongs

Physical Device -
Hide Detais Order Channel Type
VoltageOut 0 Dev1jao0 USB-6009

’ Configuration | Triggering I Advanced Timing | Logging ‘

Channel Settings

Physical Device -
13 Hide Detais Order Channel Type
Voltage 0 Dev1/ail USB-6009

Figure 4.12 DAQ Configuration for the system

Mapping Functions are used to map the output values of the drum level and the
PID values from the controller to a voltage between 0-5v are used. This is shown in

Figure 4.13 below:

WGk

o o [ =l e - data

— T

Figure 4.13 System LabVIEW VI

Then we build the Control vi, the control vi receives data from the system (values
of Iy mapped between 0-5v) converts it using an inverse mapping function, calculates
the control signal, maps the output values again between 0-5v and then send it back to

the system.

Using a second DAQ, we configure its pins the same way as the first and connect
them as shown in the Figure 4.15.
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Figure 4.14 Control LabVIEW VI

The simulation discussed above has been implemented and shown below:

Figure 4.15 Implemented circuit

Simulating Both VI’s for a set point of 90(cm) and checking the signals sent and

received, results are then shown in the following figures:
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Figure 4.16 Drum Level Sent and Received
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Figure 4.17 PI values Sent and Received

We see that the drum level is being sent correctly, but the received L4 is subjected
to small noises that are due to first: Measurement accuracy [16], and second the large
scale of the mapping functions which give slightly different values in the output for
large differences in the input. The noise in the PI is due to the noises in the drum level

since it is the main variable to calculate the PI values.

4.6 Conclusion

LabVIEW once again proved itself a powerful tool in the field of control
engineering with its control and simulation module discussed in this chapter, it allowed

us to build our Boiler simulator, study its dynamics, and design a controller for it.

LabVIEW benefits don’t stop here, as we can also use Data Acquisition cards to
interact with our system.
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APPENDIX A

Furnace:

Where:

Linearization of state space equations of the furnace:

BOILER COMPONENTS DETAILS

TableA.1 Nominal values of the boiler furnace variables

Constants Values Unit
Fr 33.13 Kg/sec
Fa 198.83 kg/sec
Fr 30.52 kg/sec
Feg 262.5 kg/sec
0 0.88041 Radians
Vot 5200 m®

€ 6 -
ex 5 %
N 3.08*10-3 mz/sec
Ng 0.76256 m2/sec
Oa 0.1 -

Chg 0.282 Kcal/kg °C
i 29.2488 mz/°C
ar 2109.87 m?

o 4.8785*10° Kcal/(hr.m/°
Ca)
n 1.26312 -

n' 2.6584076 -

Ct 4400 Kcal/kg
ha 59.7515 Kcal/kg
hr 164.92 Kcal/kg

x1=f1
x2 = f2

A and B are Jacobian matrices evaluated at (X,,U,) as given below:
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x1=f1
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+(1—-6)ml}

of, 1
0x; pegzvbf

{(Cr = neg)Fr + (hy = heg)Fy + (hor — heg)Fy + hegFeg — . —

ey LAY Te h,, ey
— Fegts (1 755 e + e 1—&(1+155)]
6f2 _ TlfUpeg
axl beCpg
afz _ nfDTg
0x, Vi

df; 1 hegFeg0, ex
T g1+ -2 )h
dus P egVor ' Fy 8( +100) &
o, F

OUy P ogVor

afl ar(S

_ T4 =T, %) = (T, * = T,*
dus pegvbf(n ( g ) ﬂ( g ))
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of, _ 1

ou; Vi

of, _ 1

du, Vi

of, _ 1

duz Vi

of, _

6_u4_

Drum:

TableA.2 Nominal values of the boiler drum variables

Constants Values Unit

R 88.9 Cm
Pav 63.097x107 kg/ cm®
Fev 195.5 kg/sec
Nev 131.97 kcal/Kg
Fq 175.014 Kg/sec
lg 88.9 Cm
Xq 0.95 -

Pa 176.8 Kglem®
Shaw 1128547.11 Kcal.cm*/Kg®
Ty 354 °C
Vy 40185469.46 cm’
Viw 20092734.73 cm’

| 1500 Cm

Computation of drum level:

In order to calculate the drum level Ig from the drum water volume Vg, the boiler
drum is considered as a cylinder with hemispherical ends laid horizontally as shown in
FigureA.l.
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Boiler Drum

FigureA.1 Shape of the boiler drum is a horizontal cylinder with hemispherical ends

Let r and 1 denote the radius and the length of the cylindrical portion of the drum
respectively. The volume of water contained in the drum Vg, is calculated as the sum of
two volumes V; and V,. V1 is the volume of a spherical segment of height l4 of a sphere of
radius r as depicted in FigureA.2 and is given by

V; =211 f f x dx dy
X=0

y=r-lq

V2 is the volume of a cylindrical portion shaded in FigureA.3 V2 is given by

V, =2 J J 1dxdy
x=0

y=r-lq

— X +y=r

FigureA.2 The shaded portion ABCDA is rotated about the y — axis to obtain volume V;
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g

A A

&=

x

FigureA.3 The shaded cylindrical section represents volume V;

Evaluation of V; and V, gives an expression for V4w as a function of Id.

1, I g-r 5
de=§1'[ld (3r—ld)+l{7+r sin (T)+(ld—r) 2rlg — 147}

Let us define a new function,

1, Ir? o flq-rT 5
f(ld)=§H1d (3r—ld)+l T+rzsm 1( ¢ >+(ld—r) 2r1d—ld —de

The first derivative of f(l,) is given by

f1(ly) = 21/Iy(2r = Ig) + I1(2r — 1)

From the two previous equations, lg is computed using Newton — Raphson method
iteratively during every sampling instant of the model run. The algorithm for the computation of I,

is written as given below:

f(14*
1 =145 + ,(d) k=123

I; converges to the correct value within 8 iterations during every cycle of the model run.
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PSH and SSH:

TableA.3 Nominal values of the boiler primary superheater variables

Constants Values Unit
Vs 23 m’
Ysp 50.50 kg/ m*
Usp 500 kcal/kg
T 420 °C
Tmp 430 °C
Fsp 191.66 Ka/sec
aip 20100.25 m?
aop 2254 m*
Olmsp/ Olms 3316 Kcal/(hr.m2 °C)
Ogmp/ Olgm 58.9 Kcal/(hr.m2 °C)
M 242000 Kg
Cinp/Cnm 0.15 kcal/kg.°C
MNps 1.90968 (Kcal/sec)/
°K(kg/sec)°s

TableA.4 Nominal values of the boiler secondary superheater variables

Constants Values Unit

Fs 191.66 Kg/sec
Fspa 8.328 Kg/sec
hsi 706.20 kcal/kg
hsp 720 kcal/kg
Nspa 131.97 kcal/kg
Tsi 450 °C
Csi 0.4634 Kcal/kg.°C
Cyv 0.4634 Kcal/kg.°C
ag 2454 m*

Cs Cyp 0.4634 Kcal/kg.°C
Mn, 252000 Kg
Ps 176.8 Kglem®
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Linearization of state space equations of PSH and SSH:

A and B are Jacobian matrices evaluated at (X,,U,) as given below:

0fy afq oafq
_ axl axz . _ Bul
As= af, af, |’ Bs= of,
axl axz Bul
Where:
x1=f1
x2 = f2
Then we get:
—(aj Ums+FsCs) aj Oms
VsysCy Vsv4Cy
A — Sis s . B -
® Zai Ums _ 80 Ogm+a; Oms |
MmCm MmCm

The intermediate variables for drum state space
q1 = Sha Pd(Va — Vaw) + Snaw PawVaw
qz =Vg— (1 - 8pdw WVaw

1 di1

" By —hg, e

ds

Pda
qs = 1+q3(1—p—)

dw

of,
u,
af,
u,

_ Fs Csi 0
VsYsCy .
0 —ag Ogm |’
MmCm
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TableA.5 Pl values for Level controller

Operating Regions Proportional Gain K, Integral Gain K;
Region1 8.1057 0.0584
Region2 4.1384 0.0251
Region3 2.832 0.0148
Region4 1.9884 0.0084




(1]

(2]

(3]

(4]

(5]

(6]

(7]

(8]

(9]

BIBILIOGRAPHY

B. Barbara Molloy, «Modeling and Predictive Control of a Drum-Type Boiler,»
February, 1997.

S. L. Hjalti Kristinsson, Boiler control- improving efficiency of boiler systems,
(December, 2010).

K. B. R. Astrom, «Drum boiler dynamics, Automatica Vol.36,» 2000, pp. 363-
378..

H. G. K. a. J. H. S. J. P. McDonald, «A nonlinear model for reheat boiler-turbine-
generator systems, Parts1 and 2,” in Proc. JACCm,St. Louis, MO,» 1971, pp. 219-
236..

W. levine, «The Control Handbook,» 1996.

R. M. F. Bism i Salim S, «Feed-water Level Control of Boiler Steam Drum using
IMC and Lead -Lag IMC, (IJERT),» International Journal of Engineering
Research & Technology , 2015.

V.M. R.P.a. K. T. Rajkumar, «<BOILER DRUM LEVEL CONTROL BY USING
WIDE OPEN CONTROL WITH THREE ELEMENT CONTROL SYSTEM,»
International Monthly Refereed Journal of Research In Management &
Technology, 2014.

J. A. M. Shamma, Guaranteed properties of gain scheduled control for linear

parameter varying plants., Automatica, 27,559-564., 1991.

J. F. C. J. S. Jan De Caigny., ldentification of MIMO LPV models based on
interpolation, proceedings of ISMA , 2008.

[101G. J. Y. Z. W. L. Jiangyin Huang., «ldentification and MPC Control of a

Circulation Fluidized Bed Boiler Using an LPV Model.,» Proceedings of the 9th
International Symposium on Dynamics and Control of Process Systems (DYCOPS



2010),845-850., 2010.

[11] M. M. Lovera, « Identification for gain-schesduling: A balanced subspace
approach. Proceedings» G IEEE MSC., 2008.

[12] B. a. G. L. Bamieh, « Identification for linear parameter varying models»
International Journal of Robust and Nonlinear Control, pp. 12, 841-853, 2002.

[13]J. a. V. Van Wingerden, «Subspace identification of bilinear and LPV systems for
open- and closed-loop data» M..Automatica pp. 45, 372-381, 20009.

[14] W. Bequette, «Frequecy Domain Analysis of Optimal tuned IMC-PID Controller
for Contineus Stirred Tank reactor(CSTR),» International Journal of Electronics,
Electrical and Computaional Systems, January 2014.

[15] National Instruments, «national instrument's official website,» [En ligne].

Available: www.ni.com.

[16] N. Instruments, «www.ni.com/white-paper/4517,» 08 Sep 2016. [En ligne].



