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I. INTRCDUCTION

A. General Statement

The principal functions of a power system are to convert energy from
various forms to electric energy and to transmit this energy to consumers in
diversified areas. The smooth flow of energy to all parts of a power sys-
tem is a fundamental requirement. To satisfy this requirement, it is
desirable that the power generation units be properly comtrolled so that the
production and consumption of energy can be maintained in equilibrium at all
times.

At the present time, the majority of the electric power generation
units are thermal power plants. Although these plants are subject to fre-
quent adjustments in response to load wvariations, the control of thermal
power plants has not always been adequate (4); the control of the power
plant boilers is generally accomplished by a number of independent analog
or direct digital control (DDC) devices designed on a single-input and
single-output basis. When an error is detected from a certain variable,
the corresponding control device starts to act. This will cause error to
other variables, and the other related control devices start to act. Tne
control devices will adjust to each other until the disturbzances subside.
This kind of control is very slow and ineffective. For a multiple-input
and multiple-output system, it is desirable to have multivariable control
to produce fast and effective control action under specified criteria.

In this research a model for a thermal power plant boiler cf forced
circulation is developed. The model is intended for use in mulitivariabpie

control studies on boilers for the following purposes:



a) for automated control of steam power generation, and
b) to minimize fluctuations in boiler pressure and temperature caused

by load changes and control actions.

B. Modeling Approaches for a Boiler

A boiler unit is a distributed system involving mainly fluid flow and
heat transfer processes. The fluid flow path of the bciler in comnection
with the turbine is shown in Fig. 1. The field equations describing these
physical processes are generally in the form of nonlinear partial differen-
tial equations. Because of the complexity in boiler geometries and exis-
tence of heat capacitances which cause thermal delays, the physical phenom-
ena in a boiler are further complicated. It is very difficult to represent
the field equations for boiler system dynamics and to obtain solutions or
to simulate them on computers. Some alternative modeling approaches have

been considered by different boiler model investigators.

1. Physical approach

One method is to make some simplifying assumptions on the physical
processes so that the process can be described by lumped equations. The
heat transfer processes are represented by empirical equations. The equa-

tion coefficients are then determined from the physical data of the boiler.

The resultant model eguations will include nonlinear differential

equations and nonliinear algebraic equations. Since it is very difficult to

design control systems for nonlinear systems, these equations are usually
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Fig. 1. Fluid-flow path for a typical drum-type boiler and single reheat turbine.



set of linear differential equations and linear algebraic equations. The
model constants are generally computed from boiler design data and experi-
mentally tested boiler operating constants.

Chien, Ergin, Ling, and Lee (5) studied the dynamics of a boiler and
described analytically the development of a linear dynamic model for a
boiler with this approach. This paper is the first publication which gives
a comprehensive analysis of a boiler system. The boiler considered was a
drum-type, oil fired naval unit with natural circuiation. The boiler was
divided into four sections in the analysis:

1) superheater,

2) downcomer-riser loop,

3) drum, and

4) gas path.

The important simplifying assumptions made on the boiler processes in
the development of the model equations are the following (3):

a) vapor and liquid velocities in the upriser are identical,

b) heat-transfer rate to boiling liquid from the waterwall tube is

proportional to the cube of the temperature difference between the
wall and the liquid-vapor mixture (empirical equation),

¢) quality is constant throughout the upriser,
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same as the saturation temperature correspcnding to drum pressure,
e) downcomer liquid temperature is the same as the drum liquid temper-

ature,



£)

g)

h)

i)

3

k)

1)

m)

n)

there is no temperature gradient in the vapor phase in the drum
and the temperature is always the saturation temperature corre-
sponding to drum pressure,

liquid phase in the drum has no temperature gradient except through
a very thin layer at the liquid surface,

evaporation or condensation rate in the drum is proportional to the
difference of 1liquid and saturation temperatures,

liquid-level changes due to bubble formation in the drum are
neglected,

the effect of the economizer on the overali system dynamics is
neglected, and the feedwater temperature is assumed constant,

the air-fuel ratio is assumed constant,

in each tube bank the heat-transfer rate is determined by the tube-
wall temperature and the average gas temperature (empirical equa-
tion),

inertia of the hot gas is neglected, and

delays of gas temperature changes due to the heat capacitance of

the hot gas are neglected.

The boiler model given in this paper was considered too simple and not

accurate (19).
followed by manv later boiler medel
ments of model accuracy, variations
boiler models proposed by different

a) the simplifying assumptions

b)

However, the analysis and modeling approach has been

investigators:

on physical processes,

the choice of empirical heat transfer equationmns,



most

with

c)

d)

the definition of model variables, and

the method of obtaining model coefficients.

It should be noticed that the following factors have been considered

significant causes of inaccuracy in a linear boiler model developed

this kind of approach:

a)

b)

c)

d)

Empirical heat transfer equations represent only the overall effect
of heat transfer but do not explain the actual mechanism; these
equations may not be accurate when the temperature variation through
the heat transfer section is large.

The simplifying assumptions for the boiler processes may be inade-~
quate in describing the processes.

As temperature distributions on heat transfer surfaces are not uni-
form, there are problems of how to obtain accurate model coeffi-
cients.

The incremental equations are accurate only for the steady-states or
their neighborhood where the model coefficients are calculated. 1In
practical boiler operation, it is difficult to maintain the boiler
variables at steady-state values for a longer period when there is

no adequate multivariable control on the boiler. Therefore, the
boiler may not always operate under the conditions where the model
constants are calculated.

The steady~state operating point constants of a boiler are difficult

to measure for the same reason mentioned in (d). The error on the



Some other linear boiler models have been given by Daniels, Enns and
Hottenstine (7), and Kwan and Anderson (15). The boiler considered by
Daniels was the same one considered by Thompson at a later time. It was a
drum~type, coal-fired unit with €orced circulation. The use of the average
of end point values of variables such as temperature, flow rates, density
for each heat transfer section in this model can cause erroneous transient
response as explained earlier by Thal-Larsen (29). The boiler considered by
Kwan and Anderson was a drum—~type coal-fired unit with natural circulation.
The dynamics of the downcomer and economizer were included in the model.
The mass balance egunation, energy balance equation, momentum equation,
and metal heat balance equation were given for each transfer section. The
model was represented by 107 algebraic and differential equations. The
model equations used by Kwan, Daniels, and Chien are similar, but the
definitions of the variables are different. Chien defined the variables for
each heat transfer section to be the average values of the sections, and
Kwan defined them to be the values at the outlet of the sections. None of
these models was treated correctly in view of the inaccurate factors men-
tioned before.

In order to obtain more accurate model coefficients so as to improve

model accuracy, it has been suggested to divide each heat transfer section

11 - t
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eiemental sectiovns, Accuvrate steady-state th

}et

into smal
such as temperature, pressure, and enthalpy, of hot gas, water, steam, or
water-steam mixture are then obtained for all the boundary points of ele-~
mental sections. Since the differences of variable values between two

nearby boundary points is small, the model equation coefficients and the

thermal-phvsical properties along the heat transfer path can be determined



more accurately. The details of using this kind of technique have been
explained by Thompson (30,31) and Shang (27). Thompson developed a linear
model for a drum-type utility boiler, and Shang developed linear models for
once-through boilers. In both cases experimental data measured from heat
transfer sections for a steady-state operation level of the respective
boiler were available for the determination of accurate steady-state thermal
profiles. Extensive numerical computations were made in determining
steady—-state profiles and coefficient values with a digital computer.

The accuracy of the results is dependent upon the number of elemental
sections into which a heat transfer section is divided. However, when more
elemental sections are used, the number of model variables increases
accordingly. The boiler model then becomes complex. To avoid having a
boiler model too large in size, Shang (27) alsc suggested combining some
elemental sections to form lumps along the heat transfer path. Fewer lumps
can be used for heat transfer sections with less important storage behavior,
such as the economizer, and more lumps should be used in the sections with
important storage behavior, such as the superheater.

The data provided by Thompson in the comparison of experimental results
of the boiler with responses of the model, where each heat transfer section
was divided into five elemental sections, showed that the model responses
were more accurate than those given by Daniels. but the accuracy was still
not satisfactory. The data provided by Shang showed better accuracy of
model responses. However, the limited comparison data available were not
enough to justify the model accuracy. In both cases, the models do not

satisfy the requirement of simplicity for control design purposes.



Several persons, including Kwatny et al. (16), McDonald (18),

McDonald and Kwatny (19), and McDonald et al. (20), have studied nonlinear
models for a boiler-turbine unit, expecting that a nonlinear model could
cover a wider range of boiler loads. The boiler was the same one con-
sidered by Daniel et al, (7) and Thompson (30). Since a nonlinear model is
complex itself, care was taken to keep the model in its simplest possible
form. The model given by Kwatny, McDonald, and Spare (16) was actually the
same model given by McDonald and Kwatny (19). Some process equations used
in the model do not adequately represent the actual processes, especially
those tepresenting the transfer of heat through the waterwall tubes and
into the drum. There is a major heat transfer delay in the transfer of
heat through the tube walls and into the drum system, and the effect of
these processes on the dynamic performance of the boiler is significant.
McDanalé (18) proposed a nonlinear boiier model at a later time where the
effect of tube wall metal on heat transfer was considered, but the model
was still not well-defined.

Thgre are many difficulties involved in the determination of a non-
iinear model to be valid for wider boiler operation ranges. The cbviocus
ones among them are the following:

a) The empirical heat transfer equations may not be valid for a wide
range of stare variations because these equaiions are determined
from the observations of steady-state heat transfer.

b) Model coefficients become functions of the boiler states, and

relations among them are hard to determine.
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2. Black-box approach

Another method of modeling a physical system is called the "black-box
method." The dynamic performance of a physical system is observed from its
output response with respect to several input signals. Then the possible
model transfer functions which match the input-output relations are inves-
tigated. The determination of model transfer functions generally requires
intuition, knowledge in systems theory, and experience with the thermal
system. The feature of modeling with this approach is that only the overall
system behavior is required for the model, and it usually leads to simple
mathematical form.

Since the model is developed based on the dynamic response of the sys-
tem, it can describe the system dynamics very well if the model is correct.
However, since the transfer function which can fit one set of input-output
data is not unique, frequently a model for a complex multivariable system
is derived which accurately fits one set of input-output data but is
inaccurate for a different set. This is particularly true for systems
involving nonlinear processes.

Some black-box models for thermal power plant boilers have been pro-
posed, e.g. by Profos (23), de Mello and Imad (8), Laubli and Fenton (17)

and de Mello, Mills and B'rells (9). They have been included and dis-
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One common problem with a black-box model is how to find the model
constants. In earlier days, it was suggested to simulate the model on an
analog computer and to find the model constants by tuning the potentio-

meters on the analog computer and comparing the response of the model with
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the response of the physical system for step inputs or ramp inputs. This
approach is time consuming and difficult to obtain accurate results,
especially for a multivariable system. With the progress in system identi-~
fication, the parameter identification technique becomes available for pro-
viding a convenient means of estimating model constants. The input-output
data measured from the physical system with inputs perturbed are required
for the identification computation. The computations are performed on a
digital computer. The input-output data should be measured from the test
on the physical system with inputs perturbed. This kind of measurement is
usually easier to do than measuring the steady-state operation point values
as required for computations with models developed with the physical
approach.

Applications of the parameter identification technique to identify
parameters for some thermal and nuclear power plant models have been
reported (10,12,21,22,24,25). Among them Park (22) and Eklund and
Gustavsson (10) identified thermal power plant boiler models. The idenci-
fication by Eklund and Gustavsson was based on single input experiments,
and that by Park was based on multiple input experiments. The boiler model
identified by Park was very close to that proposed by Laubli and Fenton (17).

The model inputs are fuel flow rate and control valve position, and the

dynamic response data from a utility fossil power plant boiler were used to
compute the model parameter constants. The results showed that the outputs
of a model with constants computed with a set of dynamic data agree very

well with the measured outputs for a period of about twenty to thirty
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minutes. However, the model with parameters computed with one set of data

could not produce comparable output responses for a different set of physi-

cal data measured at nearly the same power level.

3. The modeling approach in this research

Because of the shortcomings of the boiler models developed with the
previous two approaches, in which amodel developed with physical approach
is too complex for control studies and a model developed with black-box
method may not represent the boiler for a longer period, a boiler model
developed here will utilize the advantages available from these two
approaches. The resultant model may be considered as a more accurate black-
box model.

The model equations will be developed based on physical principles, and
the advantageous parameter identificaiion method can be used to compute the
model constants. With model constants computed by this method, it is no

longer necessary to divide the heat transfer section into elemental sections.

Tius Lhe resultaent model will have the complexity at =mcs
simplest physical model. Since the model constants can be computed with the
dynamic regponse data of the boiler; the model will be able to describe the
boiler dynamics very well.

In crder to obtain an accurate model suitable for control studies, all
the system processes which have significant effects to the overall sysiem

behavior will be included. Unlike all the black-box models given before in

which the temperature features of a boiler are not included, the model
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temperature features. Temperature features are important for boiler con-
trols, as will be explained later.

The model variables, such as temperature, pressure, and mass flow rate
for each boiler component will be defined to be the "effective average
values" of the corresponding properties. The physical equatiens which are
nonlinear will be linearized with respect to steady-state operation points.
Although this will result in a model which is accurate only around these
operation points, the model can be accurate for a wide load range of the
boiler when the temperatures across the heat transfer sections and the drum
pressure are maintained to have minimum deviation from the desired operation
points during load changes with suitable multivariable control. This
scheme is possible because the rate of heat transfer is a function of tem-
perature gradient and medium mass flow rate. When the temperature gradient
is fixed, the rate of heat transfer becomes a function of mass flow rate.
The heat transfer equations then become closer to linear and valid for a
wider range of linear perturbations.

Care should be taken in measuring the dynamic physical data for iden-
tification computation. The boiler must operate under desired steadv-state

operation conditions for a period before the inputs are perturbed and the

data are recorded.
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I7. BOILER PROCESSES

The boiler is constructed mainly of metal tubes and a drum. The
burning of fuel produces heat in the furnace which is essentially surrounded
by waterwall tubes. The hot gas is drafted by fans. Waterwall tubes,
superheater tubes, reheater tubes, economizer, and air heater are located
in a gas passage and absorb heat from the hot gas. The fraction of heat
which is not absorbed is lost to the airvthrough the stack. Figure 2 ;hows
the diagram of the gas flow path.

Inside the different boiler sections, flows water, steam, or a mixture
of both. The saturated water at drum pressure enters the downcomer at the
downcomer inlets located at the bottom of the drum. While circulating
through the waterwall tubes, the water absorbs heat and is converted
partially into steam. The mixture of steam and water discharges into the
drum at the waterwall outlets located at the upper portion of the drum,
where the water and the steam are separated. When part of the water in the
drum system is converted into steam, the water level in the drum decreases
at the same time. A feedwater control is used to feed water out of the
economizer into the drum so that the water level in the drum can be main-
tained. The steam in the drum leaves the drum and passes through super-

heaters before going through the throttle valves. The steam gains addi-
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valve. The steam with high heat energy potential is then discharged through
the throttle valve into the turbime in which part of the heat energy is con-
verted into mechanical energy that drives the turbine. Tne steam and water

flow paths are shown in Fig. 3.
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In the model development, the "effective average' values of process
variables are used to describe the processes they represent. Thus the
variables in the model are defined to be the effective average values of
the corresponding process variables. Since the dynamics of the economizer
are negligible for the overall boiler dynamic performance, the economizer

will not be included in the model.

A. Gas Patn Equations
Time constants for gas dynamics are so short in comparison to the
steam-water side (6) that the dynamics of the flue gas can be ignored.

The heat produced in the combustion is determined by

1= KgWg oGl v G T - CasiVashTasn
heat produced heat carried heat carried heat lost
by fuel burning by fuel by air with ash
(2-A1)
The mass rate of flue gas production is
Wg = Wf + Wa - "ash . (2-425

The heat produced in the furnace is absorbed by different boiler sections
or lost to the air. An equation which describes the balance of energy of
hot gas is

=g g + g + o+ + -
9 ‘gW *p ig ‘:f qge ‘Jgr (2 A3)

wnere
qgw = rate of heat transfer from gas to waterwall
q_ = rate of heat transfer to primary superheater
r
g = rate cf heat transfer to secondary superheater

Nal
+
]
a3
f
o
1y
(o]
Fn
o
1
(]
cr
rt
X
0
4]
0]
th
0]
H
et
O
th
'J
33
je
1]
V
12
]
0Q

superheater
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wnere

Defining

ash

gr

ge

+3

gr

-]

ge
W

qsh

re
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flow of heat into reheater section

flow of heat into economizer section
caloric value of fuel

specific heat of fuel

specific heat of air

specific heat of ash

fuel flow rate

air flow rate

rate of ash formation

temperature of the fuel flowing into furnace

temperature of the air flowing into furnace

= ash temperature

KWT

g g 8r

1-R)HWT (2-A5)
g 8 ge

the fraction of gas which flows into reheater section

temperature of the gas fiowing into economizer section

low tate of the hot gas.

Ay + g+ 9

+
qgr qge
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and let q, be the rate of heat flowing out of the furnace. The heat input

and output relation in the gas path is then

e =qQ -9,
6"

L

qre - qn - qsh'

The incremental equations for these two equations are

Aqn = Aq - Aqgw and (2-A6)

Aqre = Aqn - Aqsh . (2-A7)

The incremental equations for Egs. (2-A4) and (2-A5) are

Ag Aw AT
gr _ g, _‘8r .. (2-A8)

q W T

gro go gro

Aq AW AT
g8 _ __8& , __8¢ (2-A9)
q w T :

geo go geo

For complete fuel burning in combustion, the average fraction of ash
produced from fuel is determined by the chemical property of the fuel. The

average ratio of ash production rate and flow rate is a constant. Let

v

ash

Rof = 7w

f

Equation (2-A2) becomes
wg = (1 - R IV + W, (2-A10)
The incremental equation is simply
- - Id — TN\
AWg (1 Rhf)Awf + Awa {2-A11)

Also, Eg. {2-Al) becocmes
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The incremental equation for this equation is
bq = KAV, + CT MW (2-A13)
wnere

= 5 + T - C -
R=Ke +CeTey - CosnTasntus

The temperature of flue gas in the furnace is estimated by

S
£ CWw :
g 8

The incremental form of this equation is

Tfo Tfo
AT, = — Aq - 77— AW" . (2-A14)
. \lo "go 5

B. Transfer of Heat From Flue Gas to the Waterwall
Transfer of heat to the waterwall tubes involves a radiation process
and a convection process. Since the convection heat transfer contributes
only about six to seven percent of the total heat transfer to the waterwall
tubes (28), the average heat transfer may be described by a radiation proc-
ess only.

The radiant heat is absorbed by the tube wall in accordance with the

Stefan—-Boltzman Law:

4

4
q = GeAf(Tf - Tl) (2-B1)

gw
where

Tf = flame temperature

T1 = effective average tube wail temperature

e = emissivity factor, depending on the tube material and surface

concdition
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- 4
0 = Stefan-Boltzman constant, 1.73 x 10 ° Btu/fCZHrOR
Af = effective flame envelope area
Yy = rate of heat transfer to waterwall

Aq 4T3 3

Z g M - 4 o1y (2-B2)

C. Transfer of Heat From Flue Gas to Superheater

The flow of gas through the superheaters is in the following sequence

> = = ’ "
T q =0 T - swowi T )
n’ n ] s’ (qn qs) £ o f (s
T o - © - o
c o £ 0 < O
Gas flow o .c ZRR=1 g o
9 M =5 -

_) —P OflepPp| b 0 —Pp
. . v & - R [-Dr=%
direction 2 P 2 a

where the secondary superheater is also called a partial division wall
superheater. The finishing superheater is also called a pendant superheater,

and the primary superheater is also called a comvection superheater.

The temperature of the flue gas leaving the furnace is given by

S gw (2-C1)

The transfer of heat to the secondary superheater is by both radiation and

convection.

- T ) (2-C3)



sC

where

ms

W =
g

C =
g

The temperature

by

The transfer of

convection.

il

qfr

qfc
The transfer of

The temperature

by
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- T )

Klwz (Tn ms

(2-C4)

effective average temperature of secondary superheater tube
wall surface
flue gas flow rate

specific heat of flow gas

of the flue gas leaving the secondary superheater is given

(2-C5)

heat to the finishing superheater is also by radiation and

The corresponding equations are

“fr qfc (2-C6)
4 4

de,a, (T = T'0) (2-C7)

szg (T, - T_g) (2-C8)

heat to the primary superheater is mainly by convection.

of the flue gas leaving the finishing superheater is given

¢
s CR¥W (2-C9)
g£8¢g
e fraction of flue gas flowing into primary superheater

section
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The heat transferred to the tube wall is

n
=K, (KW T - T 2-C10
a4, 3( o g) ( > mp) ( )

The temperature of the gas fiowing into the economizer seciion is given by

q

T =T - =—F—

ge p CKW
288

The temperature of the flue gas flowing into the reheater section is

and the fractionof gas which flows into the reheater section is

Wre = (1 - Kg)Wg .

The total heat flowing into the reheater section and the economizer section
is

= + =KWT + (1-K)WT
ire qgr qge g g gp ( g& g ge

where the variables have already been defined in Section A for Egs. (2-A4)
and (2-A5).

The incremental equations for the zbove equations are

AT ] 1 AW
— = — bg - — Aq v ﬁ_& {(2-Cia)
‘o Y% 7 %gwo % Ggwo & go
= <+ -

Aqs Aq - AqsC (2-C2a)
Aq 473 41>

e AT - — ms°4 AT (2-C3a)
9sro T - T o T - ns

no msc no mso

Aq

SIS 1 AT = —t AT+ By (2-Cha)
q T ~-T n T -T ms W g ’

SCcoO no mso no mso g0



Combining

Combining E

Substituting Eg.
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Tno ~ Tho ~ Tso
AT = AT - Do SO Aq + _no___so AW
s n q S W g
so go
= +
Bag = Bag + Aqg,
AqF 4T3 T3c
Ir - SC AT T o AT
qfro Ta - T4 S T4 - T4 mf
so mfo S0 nfo
Aq
fe _ T } 7 0T - 5 _lT AT o+ 2 AW
Yo so mfo SO mfo go
AT = AT - 22 PO pq 4+ SO ROAy
q q b W
fo go
Aq
P - 7 _1T AT - = f 7 AT +——Wn AW
qpo po mpo P po mpo P go g
Egqs. (2-C2a), (2-C3a), and (2-Cé4a),
q 3 q
_ STo no sco
bMg=lz— 7 ‘1 -1 )"
T - T no Tso
no mso
3
_'/ 4qSIOTI!ISO + qSCO \ . " nqscg

1A

no m

- - — T
\Tq - quo lno Tmso /’ ms Wgo g

(2-C6a), (2-C7a), and (2-C8a),

/hqf T3 Gr o \
- TO SO + c AT
T4 - T4 s £
50 mfo ° o 2}
3
[ba._ T . o} \ ng
- fro mfo fco \A- + £co Ay
4 4 - mf g
\T -T so mfo go
so mfo

{2-Cla) into Eq. (2-C5a),

(2-C5a)

(2-C62)

(2-C7a)

(2-C8a)

(2-C9a)

(2-C10a)
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T o T o T -
ATS - —n q - .n Aq - no S0 Aq
% qgwo % qgwo & 950

T T T ~-T
AT = no q - no Aq - no SO Aq
P9 7 Y 9% - qgwo & %o S
so T o
- 2o Aq. - 22 AW
f W
fo g0

Substituting Ey. (2-Cla) into Eq. (2-Cll),

i —_ Yy - - N - -— A - - ATy
Aqs = KlkAq quw) l&zulms :\3uwg
where
T 4q T3 q
K. = no srono sSco
1 q -q 4 4 T =T
o gwo \T - T no mso
no mso
K = Aqsronso + clsco
2 Tl' - 'JZ‘4 Tno - Tmso
no nmso
T [4q T \ nq
K = noi sro no *sco _ sco
3°W A 4 T -1 )~ W
go \TN‘ - T .. no mso/ go

Substituting Eq. (2-C5) into Eq. (2-Cl3),

[ T T -7 \/ \
A | no _ g _ho so M A _ A |
s \qo " Ygwo 1 %50 \ 'gW/
Tao ~ Tso Tso Tho ™ Tso
+ K2 AT"S N\ + K3 — AW
950 =\ "go *so
Subs:tituting EZg. (2-C18) intc Eq., (2-C12),
= % = A N T - o - T o
Aqf Ka(ﬁ‘ quw) + KSAlms KGATmf ‘(7Aw

(2-C14)

(2~C16)
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where 3
T T T =~T
_ Yroso I co no no S0
K, = + - K
4 4 4 T ~-T q -4q 1 q
T -T. so mfo o gwo so
so mfo

5 2\ 4 b T - q
Yso lmfo so \ so
3
K qfronfo + 9fco
6 ’1‘4 - T4 Tso - Tmfo
so mfo
3
Aqf T q T T -T nq.
K. = ro.so fco so , g _ho so | _ _“fco
7 T4 _ le T 0~ T £ W 3 q W
so nfo s mfo go so go
Substituting Eqs. (2-C15) and (2-Cl7) into Eq. (2-Cl4),
Tno Tno - Tso Tso - T}E
AT = —————-K - K (Aq - Aq_ )
P qo qgwo 1 950 4 Uo gv

T
PO _ g DO SO _ g S0 POy (2-C18)

Substituting Eq. (2-Ci8) into Eq. (2-Cl0a),

= K - A + + - - R AW (2-C19)
qu Kd(_Aq qgw) K9ATms KlOATmf KllATmp Kle g (2-C19)
where
- -7
- ‘po [l Tno ' _ » _mo Tso - so “po \\
8 fo mpo \qo - qgwo 1 950 4 90 /
q T - T -T
K = 'po g _bo SO _ y _S° po
° T -T ) 5
g q
po mpo so fo
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K = -____q_L
11T T -T
po mpo
a_ [T T -T_ _ T -7\
= rv kl\-l - i =19 - EV
K12 T -T \W K3 q K7 q
po mpo \ go so fo

The total heat absorption in the superheater sections is
9sh =~ 9 + ¢ + qp
Or, in incremental form
Aqsh = Aqs + Aqf + qu (2—C20).

Substituting Egs. (2-C15), (2-C7), and (2-Cl19) into Eq. (2-C20)

Mg, = K;,(8q - Aqgw) - K AT - Ry AT o - KllATmp - K17Awg

(2-c21)

where

4
b
i

M
B
<
]

-1
[ 3V
O
=3
(@)

D. Transfer of Heat Through Metal Tube Wall
Assume that the temperature on both the inner and outer surfaces of a
metal tube are uniform. Then the transfer of heat through the tube can be
approximated by the radial neat conduction. Shang (27) used thin layer
approximation to represent the physical heat transfer process as the radial

heat conduction, as shown in Fig. 4.
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The thin layer approximation can be used to represent a heat transier
delay through the tube wall. Suppose that the metal tube wall is composed

of N thin layers so that transfer of heat in each thin layer is in the

radial direction. Let

q rate of heat flow out from ith layer and into (i + 1)th layer.

i

T,
i

average metal temperature of each layer.

Then the variation of temperature in each layer is given by the equa-

tions

dr,
a =-4q, = p.c.V, —

[£5.4 X i+ 1 at

i . dT,

91 7 9 T P%Yo gr

e e ou

Gy T 93 T P3C3V3 3¢
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aT
I-1 ~ Ipx - PxON'N dt (2-D1)

and the transfer of heat between the layers is determined by

9 = A (T - 1)
1) = Ayhy(Ty = T3)
Iy = Ayerfye Tyer — T (2-D2)
where
Al = equivalent heat transfer area of the ith layer
- 21IL
- (ri + f)
Ti
r, = inner radius of the ith layer
L = effective tube length
pi = metal density of the ith layer
¢, = specifiic neat of tne itn layer
Vi = volume of the ith layver
Ry = heat transfer ccefficient between the ith laver and the
(i + 1jth layer
Uy = rate of heat tramsfer between gas and the ocuter surface of
tube of section x
Un, = rate of heat transfer between inner surface of the tube

wall of the section x and the fluid inside the tube.
Combining the above twe sats of egquations, the state-space eguatiocns

describing the temperature variations in the tube layers and obtained
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ar, . Ahy . Ahy - .
dt °1°1V1 1 °1°1V1 2 plclv1 gx
ar, _ A . (Ab; + A,h,) . Ah, .
dt p2c2V2 1 pzczv2 2 pzczv2 3
ar, _ A,h, ) (8,h, + Ahy) - A,h, ]
dt p3c3V3 2 p3c3V3 3 p3c3V3 4
My Ay-2My (Ay_gbyp * Aggby-r 203
at c.. .V T2 - v Tn-1 (2-D3)
PN-1N-1"N-1 PN-1°N-1"N-1
Ay-1PN-1
c A" TN
PN-1°N-1"N-1
i s RO 1 Ly WO | .
dt chNVN N-1 pNCNVN N chNVN Dx
The incremental equations for (2-D3) are
s SO AT, + ! AT, + —2— A
dt o.c. V. 1 0.c.V. 2 n.c. V qox
11 Ty 1 Ty <
abT,  Ahy (A;h. + A,h,) A,h,
it v ATy - v AT, + v 474
P2¢2%s Pyca¥sy PrcaVy
e o R o L (B oPy-o T Ay_1Py-17
d B v ATN 2 - v ATN 1
t PN-1m-1"8-1 7 Py-1%8-1"N-1 AT
A. _h
+ N-1 N-1 (2-D4)
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dAT
S e AT - An-1Px-1 AT 1

dat PrCn'y N-17 ooy N - A g

E. Heat Transfer Between Inner Most Layers of Metal
Tube and Working Fluid Inside the Tube
For fluid flowing inside the tubes, the convective heat transfer rate
may be described by
= hAn(TN - T

ap » (2-E1)

with the heat transfer coefficient correlated by

m n

Nu = a{Re") (Fr) (2-E2)
where

Nu = Nusselt number = hD/k

Re = Reynolds number = UD/M

Pr = Prandtl number = cpn/k

&, m, n = experimental constants

tJ
|

= +eslan Trmrar ATomotror

-~

k = thermal conductivity of the fluid

U = WD/A = rate of mass flow per unit cross-sectional tube
area

U = absolute viscosity

cp = gpecific heat of the fluid at constant pressure

An = heat transfer surface area

TN = temperature of the inner most tube layer

TD = average bulk fluid temperature

= average fluid mess flow rate
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Substituting Nu and Re into Eq. (2-E2) and solving for h:

W m
|k D D n
ne (5)(2 2)" oo

Let
Ané‘;_mI)nr-1 = const
ocku_m = ¢
then
h = const ¢ (WD)“"(PI)“(An)~1
and

9 constd)(WD) (Pr) (TN TD) (2-E3)
The development above follows that given by Shang (27). The incremental

equation for Eq. (2-E3) is

AqD Y AWb APr ATN - ATD
_—6—_+m_ﬁ_+n(1’r) L (2-E4)
qDo o Do o} No Do

where ¢ and Pr are functions of pressure and temperature and may be repre-

sented in terms of these wvariables.

Aq [3Y}
“p_tf 3% 39 \) D
e T \3p. Pt AT )t mg
Do o\ D D / Do
AT - AT
n oPr dPr N D
+ ( AD_. + —— AT_} +
®r)_ \ 3, " b oT D) Tro ~ oo

/ L Y
= = AW 4+ — = AT +/__ n BPr\AD
N\ D, (Pr), 9D, J7D

=
=
QD
-

+

1 99 n dPr _ i \
+ ~ T /ATD (2~E4a)
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Equation (2-E3) is applicable for the superheater and the waterwall

sections. For the superheater sections, Eq. (2-E4a) becomes

= + + - Z—E

Bap K13AWV KMATm KlSAD d K16ATsh (2-E5)
where

Aquh = heat absorbed by the steam in the respective superheater
AWV = rate of steam flow in the respective superheater
ATsh = temperature of steam in the respective superheater

mg mq
K., = Do _ _ Dsho for respective superheater
13 W. W

Do vo
q q
_ Do _ Dsho .

K14 = =T -7 for respective superheater

“No TDo mo sho

1 3¢ n JPr
Kie = — + q
15 (cbo BDD (1"1‘)o BDD) Do

_[1 3¢ n__ oPr .
—(qb 3D (Pr)_ 3D ) 9eho for respective superheater
0 D o
/ - - ~c N\
K - K 1 - n orr 1 9y q
16 TNo - TDo (Pr) BTD cbo BDD) Do
= = -0 1g for respective
\Tmo Tsho (Pr) 2aT h cbo BDD/ sho

superheater
In the waterwall section the fluid temperature and pressure are
related by Clapeyron equation

ADD h

- __fgo
AT T v
D Do fgo
The tate of heat transfer to the steam-water mizxture in the tube may be

written as
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Bagy, = K, ghW) + K AT ~ K, AD (2-E6)
where
mq‘l\T;'o
“18 = W
" YpWo
19 TNO - TDo
v
Rpo = a7 - @) ggr_% T
‘fgo No “Do 70 7D o D

__1_8¢+n3Pr
¢o BDD (Pr)o BDD

F. Variation of Drum Pressure

Assume that (3)

a) water in the drum, downcomer, and riser are saturated water at drum

pressure, and

b) steam in the drum and in the riser tube is saturated steam at drum

Let
wa = feedwater flow rate,
Wv = rate of steam flow out from drum,
de = volume of water in drum, downcomer, and riser,
ng = volume of steam in drum, downcomer, and riser, and
DD = drum pressure,
where

<:
.{
<4
1]
<
1

total internal volume of drum, downcomer, and

riger,
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Then the mass balance equation is

wa - wv ;'é% (pfvwd + pgvgd) B é%.[pfvwd + pg(v - de)]
where

pf = density of the water in drum, and

pg = density of the steam in drum.

The incremental equation for Eq. (2-F1) is

_a T _ 1
Awfw - va T4t [fpfo pgo)Avwd tv d Apf tv doAp.J
dAv dAp dAp
_ wd £ g
= (Pgy - pgo) a7 Vwdo Tar T ngo dt (2-F2)

Since pf and ﬁé are functions of drum pressure, Fq. (2-F2) may be written as

dAv ap 2P dAD
wd £ g D
-— W = - + —_— —
Mgy = 8, = ©gy = P50 —ar 1 Vudo 3D, Vado 3, |
(2-F3)
The energy balance equation is
W, - h W T gL, = _-C_l_ {(h.o.V FhoV L) (2-F%)
e Iw g vV Uw at I I wa ¥ B ga
where
h = enthalphy of feedwater
L enthalphy
hf = enthalphy of water in drum
hg = enthalphy of steam in drum
The linear incremental equation for Eq. {(2-F4) is
hAW, =h AW -W Ah + A Dw
e fw g0 Vv vo g q
=S o AV L +h V. Ap.top.V . A
T MePeotVua T ReVa e T P Va0
v . - V » I'd - AY
gopgo vgd T go gdoApg gdopgo g] (2-%5)
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Since hf, hg’ Pes and pg are functions of pressure in the drum, Eq. (2-F5)

can be written as

oh
- -y —=
L hgoAWv +Bqp - W 5. A
dAv 9P dh
_ wd f f
= (heoPso hgopgo) ac T [%fovwdo 9D, * PeoVido 3Dy
apg oh “ dDD
+h V —+ V P, =& | —= (2-F6)
go gdo BDD gdo go BDD_] dt
where
Yoa 4 AV
8¢ _ 9 - = - Y
dt dt v de) dt :
Let
8 = pfo - pgo
- BApf iy BApg
2 wdo BDD gdo BDD
a, =h_po_. - (
2 o' ro go’ go
3p, 3h, dp, 3h_
= — —_— ——2 —
A hfovwdo BDD * 0 Vido BDD * hgovgo EDD ¥ ngopgo SDD

oh
a5 = wvo 8DD

Then Eq. (2-F3) becomes

dav dAD

D _ - -
a) —g¢ T ey gr T W, - AW (2-F7)

Equation (2-F6) becomes



37

dAde dADD

33 T + a4 T + aSADD = heAwa - thAWV + Aqu . (2-F8)
Combining Eqs. (2-F7) and (2-F8) and eliminating Ade:

dAD
D —1 -— — —
(213, = aya3) g +2)3580, = (a)h, -~ a )l - (a)h - a)lW,

+ alAqDW
or
dADD N ala5 Ap
dt ala4 - a2a3 D
alhe —a, alh - 3, alAqu
- a,a, - a AWfw T a.a 2 o+ a, - a (2-F9)
1% ~ 22%3 1% ~ 22%3 V313, T 283

G. Superheater Equations
Assume that the pressure drop across the superheater is negligible.
Then the steam pressure in the drum may be represented by the drum pressure.

The superheater equations may be written as (5,11,15)

dpb
Wo- W it (2-G1)
q, +Whn -Wh =V-2 (ph) (2-62}
st aa bqb dt b"'b
where
W = rate of gteam flow into the superheater section
a

W, = rate of steam flow out from the superheater section

V = superheater volume
Py = steam density at superheater outliet

h, = enthalphy of steam at superheater outlet



h
a

st

The incrementai equation for EIq.

dAp
- AW, =V —2

AWa b dt

The incremental equation for Eq.

Aq .+

W _Ah + h AW
st ao a ao

dA
(2

dt
Combining Egs. {2-G3) and {(2-G4)

Aq +

st waoAha - WboAhb

v ( dAhb

pbo dt + a%o
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T T . 0o 2 WS SRS
\L—UL) 1S

(2-G2) is

™ ool = gl

- d/.\.pb
bo dt :

- (hbo - hao)AWb

-h ) dApb
ao dt

enthalphy of steam at superheater inlet

rate of flow of heat from tube wall to steam

(2-G3)

(2-G4)

(2-G5)

Since ha’ hb’ and pb are functions of pressure and temperature, Eq. (2-G5)

can be written as

- Wbo

Bh \ a
uJ + W -
SDD } ao aTa

oh

- o NN AvY = -~ ES I“
Mo 7 Pan’“M v'”bo D, ““bo
+17 o) 'a_h‘i ( - h ) ﬁ-‘ dATb
ho AT hbo a0’ 3T. | dt
- o_j
Let
F 3h, pr"l
51 7 V1Pho aT * (g - |
_ bJ
ony
b2 N Wbo 3T

Bhb
a~ "bo T, S4p
" he | N
opb l 4 Dy
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Bhb ap.
= _ - b
b3 - V&bo oD + (hbo hao) oD
D D
9, oh_
b, =W — -W =
4 bo 3DD ao BDD
aha
b5 - Wao 9T
a
b6 - hbo - hao

Equation (2-G6) can be expressed as

dATb dADD

-

H. Flow of Superheated Steam Through Throttle Valves
The equation for estimating the rate of steam flow through the throttle
valves has been given in many books on steam turbines (14).

P

WT = CTAT ;; (2-11)

where

o}
1l

throttle pressure

<
I

T specific volume of the steam before throttle

effective throttle area

A

W, = steam flow rate
- 31172
r _—..= _5__2 i ('\{2/11.1_'\/(m+1)/m\|
) Lm-l \ i /
m = a
n - nn - 1)
n = valve efficiency
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Y pressure ratio

il

n adiabatic index

For superheated steam, the ideal gas equation is observed

DTVT = RTT
or
RTT
v, = —— (2-H2)
T DT
Substituting Eq. (2-H2) into (2-Hl),
C D D
Wy = — AL — a ClA, — (2-H3)
- /i

The incremental equation for Eq. (2~H3) is

AW AAT AD AT
T T_1_lt _
+ > T (2-H4)

wTo A‘I'o DTo To

Another equation which predicts the steam flow rate is Napier's experimental

equation

W_ = CA_D_ (2-15)

The incremental equation for this equation is
AW AA,  AD,
1 L

= L-}-
WTo ATo DTo

(2-H6)
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III. BOILER MODEL

The boiler model will be presented in the form of block diagrams in
the complex frequency domain. This kind of presentation is to show the
model in compact form, which provides better visualization of the relation-
ship among the boiler variables. The boiler models developed with the
black-box approach are usually presented in this form. The model developed
here may be classified as a gray-box model because the model equations in
the "box" are developed from physical principles.

The boiler variables which are important for control studies have been
included in the model. The model has five inputs and four outputs. The
inputs are

1) fuel fiow rate,

2) air flow rate,

3) feedwater flow rate,

4) control valve area, and

5) flow rate of the circulation fluid.

The outputs are

1) steam fiow rate,

2) drum pressure,

3) throttie steam temperature, and

4) the heat flow into reheater and economizer sections.

The heat flow into the reheater and the economizer sections is the
heat lost from the system considered for the model. This output may not be
controlied, but tne pnysical data for this heat ioss are required for param-—

eter identification computation. The steam flow rate is the main variable
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to be controlled since it determines the amount of steam energy flowing
into the turbine. Drum pressure and throttle steam temperature are the
most significant factors which influence the dynamic properties of a boiler.
For efficient operation of a boiler, it is desirable to have these two
variables controlled so that the variation of these variables are minimum
during ioad variatioms.

The model has included the following boiler variables as state

variables:

M

N’

waterwall tube metal temperature,

(=2
A

primary superheater metal temperature,

¢) secondary superheater metal temperature,

d) finishing superheater metal temperature,

e) outlet steam temperature of primary superheater, and

f) outlet steam temperature of secondary superheater.

For safe operation of a boiler, it is important to maintain these
temperature values below the safety margins of the respective boiler com-
ponents. The superheater outlet temperatures are usually controlled by
superheater sprays. The limitation cf metal temperatures may be included
in the constraint functions for control studies.

In this chapter, a complete boiler model and a simplified boiler model
in which the superheater secticns are treated as one superneater are pre-
sented. The metal wall of the boiler is treated as one singlie layer. How-
ever, there is no difficulty in obtaining the transfer function with the

tube wall divided into more layers; it only takes more time for mathematical

manipulation. The transfer functions with the tube walls divided into
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three layers are given in Appendix A and B. It is not clear what is the
appropriate number of layers to be used to describe the delays of heat
transfer through the tube walls. This can be determined with the results
of the parameter identification computation. At the beginning, the wall
may be treated as one single layer. If the heat transfer delay is not
properly represented, the error between the model outputs and corresponding

physical data will be large. Then the number of layers should be increased.

A. Model Equations
The boiler process equations have been developed in Chapter II. The
equations which contribute directly to the composition of a boiler model

are collected here.

a) Gas Path
bg = KAW, + C_T AW (2-A13)
Aqn = Aq - Aqgw (2-A6)
Aqre = Aq - Aqsh (2-A7)
Aqsh = pg_ + Aqf + qu (2-C25)
AWg = {1 - Rhf)AWf + A"a (2-A11)
T T
_ _fo fo
ATf = 5q DAq - T AWg (2-A14)
go
i.v-3 v
Aq = —LOB¥C ap_ . _108WO g (2-B2)
oW 4 4 £ b A
= T =T T. = T.
fo io
lo

Aqs = Kl(Aq - Aqgw) - KZATms - KBAWg {(2-C15)
N - — A N v Am — v AT _ 17 ATY CY_rT TN
L\qf l\l;\Aq qugw} T KSLALmS (\6uxmf L\7uwg \2 Cl//
qu = KS(Aq - Aqgw) + K9ATms + KlOATmf - KllATmp - KleWg (2-C19)
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The temperature of the waterwall tubes is given by Eq. (2-D4). For
single layer représentation of the tube wall, the variation of the
metal temperature is giveﬁ by

dAT

1 _ 1 - 2_A1)
dt pcV (Aqgw Aqu) (3-a1)
WWwW W

The rate of heat transfer to the fluid inside the waterwall tube is
given by Eq. (2-E6)
Aqu = KIBAWD + &lgATl - KZOADD (3-A2)

The drum pressure dynamics is given by Eq. (2-F9)

- A - - a h -—
GL\UD alas _ alue a3 aln o 3
it T3.a -aa ADD T a.a, - a,a Awfw T a.a, - a,a v
1%4 T %3 2134 T 233 818, T 3%V
a_Aq
g al S (2-F9)
174 273

The dynamics of the superheater tube metal temperature are given by

Eq. (2-D4). For single layer representation of the tube wall, the

variartion of metal t

emperature of secondary superheater is given by

ast L

IA~ A~ {
= = {bq_ - Ag, ) (3-A3)

The variation of metal temperature of the finishing superheater is

given by

= (bag = dap2) (3-A4)
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dATmP 1
a& oo v (Bay mlap) (3-45)
mp mp mp

f) The transfer of heat to the steam in each superheater section is
given by Eq. (2-E5). The equations describe the rate of heat flow
to steam in the secondary superheater, finishing superheater, and

primary superheater are

Ap, = a; AW + a AT+ a 0D = a) AT (3-A6)
Aqpe = a, W, + a, AT o + a,,ADy - a, AT, (3-A7)
Aqu = a31AWp + a32ATmp + a33ADD - a34ATpt (3-A8)

where aij are defined as Kij in Eq. (2-E5) for the respective
terms. With the assumption that pressure drops through the super-
heaters are negligible, the steam flowing through each superheater
may be approximated by

AW = AW = AW_ = AW
o] s f T

where WT is the throttle steam flow rate.
g) The dynamics of the outlet steam temperature for each superheater
section are determined by Eq. (2-G7). The equations for the

respective sections are

anT_ dap,
P11 Tae F P1ofThe T Piz g T PgfPp F BTy - by AW+ Aqp
(3-A9)
ant_, asn,
= — T -
o1 Tar T P22%se T Paz g T PasltPp F PpshT T By + Ao
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aT asp,
b3p Tar T 232875 T P33 Tgr T P3gllp * PyshTgy  PaglWe F ap

(3-A11)
where bii'S are defined as b's in Section G of Chapter II.

The intermediate variables Aqu, Aqu, and Aqu may be eliminated:

Substituting Eq. (3-A6) into Eq. (3-Al0) to obtain

dAT dAD
st

— D_ -
o1 Tar t Dol = Bo3 g T Ppyllp F DpsBT L - by AW

T ap AW+ a) AT+ agADy - ay AT,

Rearranging the equation,

asT_ dAD
by Tge T (byp T )AT L = by g+ (ay3 - by )ADy
- (b

26 ~ all)AWS + a12ATms + bZSATpt (3-A12)

Similarly, sustituting Eq. (3-A7) into Eq. (3-All),

dATft

byp Tgr T (byy T 2y AT,

GAD.
_. _ _ _
= b33 3¢t (8p3 7 by )ADL = (bgg — 2y )AW, + 2y AT .

+ D35Alst (3-A13)

Substituting Eq. (3-A8) into Eq. (3-A9),

dAT . dADD
b., —2= + (b,. + a. )AT =b_.. —=+ (a.. - b.,)AD_
1L ac 1z 249 p‘:. L2 [e 3 >3 1 D
- (b16 - a3, )W + a"ZAlmp + DlSALD (3-414)

h) Equation (2-H4) will be used in the model for throttle steam fiow

rate:
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WTo wTo WTo
AWT = —A——' AAT + P ADT =37 ATT (3-A15)
To To To

With the assumption of negligible pressure drop in the superheater
sections, the following approximation can be used

ADD = ADT

AT AT

T ft

]

B. Boiler Model in Frequency Domain
The model differential equations will be transformed to the complex-—
frequency domain. Then, the boiler mcdel will be established with the
transformed equations. The transformation of algebraic equations will not
be performed here because they are of the same form as in time domain.

a) The dynamics of waterwall tube metal temperature is given by

Eq. (3-Al)
dAT
1 _ 1 _ _
dt pwcva (Aqgw Aqu) (3-A1)

The transformed equation is

1 Aqgw(s) - AqDW(s)

1‘ pecV s
WWW

b) Drum pressure dynamics

AAT
[e 2430

D — — — O —
*-Et—" = PQADD + PSAwa P6AUV + P7Aqu (2-F9)
where
_ 3135
PA._ a.,a, - a,a
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P = e R
5 ala4 - a2a3

a,h - a
p -_L18 3
6 ala4 - aza3

a

P7 = a E a

3134 T 2233

and ajs 2,5 a3, s and ag have been defined in Section F of
Chapter II. The transformed equation can be written as

PSAwa(s) - PGAWV(S) + P7AqDW(s)

s + P4 (3-B2)

ADD(s) =

The basic equations describing the transfer of heat through metal

tubes of the superheater sections are the same. For the primary

superheater
dA?gP 1
= (Aq - Aq_ ) (3-A5)
\Y
mpmp mp p Dp
Aqu = a31AWp + a32ATmp + a33ADD - a34ATpt (3-A8)

Combining these two equations:

dAT
B2 - pAq - P.AD. + P, AT _ - P _AW - P AT
at 8 °p 97D 10" "pt 117 p 127 "mp
where
o = 1
8 p ¢
mp mp mp
a
b - 33
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Y
P10 5 ¢
mp mp mp
453
P10 e v
mp mp mp
.
12 p ¢V
mp mp mp

The transformed equation for the primary superheater metal tempera-

ture can be written as

AT (o - P8qu(s) - P9ADD(S) + PlOATDt(S) - PllAWP(s) (3-53)
wp s + P12

For the same reason, the equations for the secondary superheater
temperature and the finishing superheater temperature are Egqs. (3-B4)

and (3-B5), respectively.

) P13Aqs(s) - PléADD(S) + PlsATst(s) - P16AWS(S)

AT (s) = (3-B4)

ms s + P

17

T (o) ?lgﬁqf(s) - P19ADD(S) + PZOATft(S) - PziAWf(s) _____
FASY S = (3—BD)

mf s + P22

where
1

Pl3 = e} ~ A

"ms ms ms

213
Pl& T o c V
mS mS mS
e L 14
"15 p_c_ V
mS mS 1S
a -
D - 11

16 o ¢ V
ms ms mS
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a

P = 12
17 p ¢ V
mS ms mS
P 1
18 pmfcmfv‘mf
P = __f..23__.
19 PreCnsne
a
Py = ey
omfcmf nf
a
p = 21
21 . 'ch Vw\*F
P = _l——-
22 pmfcmfvmf

d) The transforined equations for outlet steam temperature of the super-

heaters are obtained from Egqs. (3-Al2), (3-213), and (3-Al4),

respectively.
P..(s + P )AD_(s) + P, AT _ -P, AW + P, AT _
L-yl_ (S‘) = > L4 v LD UL 0 5l & wsS (3‘35)
st s + P28
v N A Id v P m - T +
Pyl ¥ Pag)BDpls) F Py AT - Py MW+ PahT .
oI, (s; = (3-B7)
dat s + PSQ
+ -
s (s) = P35(s + P36)ADD(s) P37ATD P38AWp + P39ATm (3-38)
‘pr s + PéG N
where
b3
P = 422
23 b,
a - D
P = 13 24
24 b



P
34

35

36

P
37
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o - P16~ 23
38 b,

b o 032

397 b,

» 127 23
40 b1,

The model block diagram is shown in Fig. 5. The constants indi-~
cated in Fig. 5 are defined below, where the constants on the right
hand side have been defined in the derivation of the equatioms.

L

1
S

(]
~
h
+
(@]
h
]
th
*-J
(@]
)
0
2
(1]

=

]
(@]
=3

=
S~
i
=
!
o
(=

LS - 4qgongo/(Tgo - Tio)
Lﬁ = Tfo/qo

L7 = Tfo/Wgo

Ly = 4T3 /(TF - 17 ))

L9 =1/Pc V

I'10 - Kl6qDo/Tlo

L11 = %1590/ ¥00

L1s = %179/ Pps



Fig, 5.

A model for a drum type boiler.

139
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(a;h, - 23)/ (a3, - a,a)) = Py
ajac/(aja, - a5ay) = P,

(ajhy, = 23)/(a33, = ay33) = Pg

TDovfgo/hfgo

|
g

(byg = a3)) /by = Pgg

b. /b

15 P

11 - “37

(byp + 23,)/by = By

/ P

513/Pyy = P35

(ag5 = By,)/byg = Py

/ P

a35/P31 = Paq

(bpg = 219)/Byy

b../b,, =P

23 T24

a2 )/t 14
22 1477721 28

by3/P3y = Ppg
(s = by, /by = P
23~ B342/P33 = P3q
(bﬂ’\ + a’\’)/bﬁq = P'\ﬂ
L9 ER 2L
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34 = (bgg = 3y1) /gy = Py

Lys = 359/b3y = Pgq

L36 - WTO/ATO
L37 - WTO/PTO
L38 - WTo/ZTTo
B, = K,

B, = K,

B, = K,

B, = X,

B = K,

B, = K,

B, = K,

B, = K,

By = Kyp

%10 T %10

By T %

B1p = X

1
HJ

13 a32/pmpcmpvmp 12

B /pmpcmp mp PS

/

15 = 233/ PpCopimp ~ 19



56

B16 - a34/pmpcmpvmp B P10
B17 - a31/pmpcmpvmp - P11
B18 = P17
B1g = P13
820 = P14
Ba1 = Pis
B2 = P16
B3 = Pp
Byy = F1g
Bas = P19
B26 = P20
By =P
The model developed here is through detailed analyses cof beiler

processes., A comparison of some features of physical models published in
the 1970's (15,16,18,19,27) with the present model is given below.
a) Type of boiler considered:

Kwan and Anderson (15: drum-type, natural circulatiom.

Shang (27): once-through boiler.

Kwatny et al. {(16) and McDonald and Kwatny (19): drum-type, forced

circulation.

McDonald (18): drum-type, forced circulation.

Present: drum-type, feorced circulation.
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b) Heat transfer through waterwall tubes:
Kwan and Anderson: thermal inertia of tube metal is considered.
Shang: thermal inertia of tube metal is considered.
McDonald and Kwatny: thermal inertia of tube metal is not considered.
McDonald: thermal inertia of tube metal is considered.
Present: thermal inertia of tube metal is considered.

¢) Fluid flow in waterwall tubes:
Kwan and Anderson: fluid flow rate is considered constant.
Shang: fluid flow rate is controlled.
McDonald and Kwatny: fluid flow rate is considered constant.
McDonald: fluid flow rate is considered constant.
Present: fluid flow rate is controlled.

d) Drum pressure dynamics:
Kwan and Anderson: drum pressure is not an explicit state variable,
but may be solved with a combination of model algebraic equations
and integral equations.
Shang: ‘(no drum)
McDonald and Xwatny: neither drum pressure nor steam temperature in
drum is an output of model equations.

McDonald: drum pressure is an integral function of the rate of heat

. - . - .
transier To circulation

iuid and rhe flow rare cf steam out from

Hy

the drum.
Present: drum pressure is a function of the rate of heat transfer
to circulation fluid, the steam flow rate, and the feedwater flow

rate; involving a delay.
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e) Superheater dynamics:
Kwan and Anderson: thermal inertia of tube metal is considered.
Shang: thermal inertia of tube metal is considered.
McDonald and Kwatny: thermal inertia of tube metal is not considered.
McDonald: dynamics of superheaters are not considered; throttle
temperature is considered constant.

Present: thermal inertia of tube metal is considered.

C. A Simplified Roiler Model

A simplified model may be not accurate enough to represent a boiler
for the long periods required for control. They are useful in predicting
the variation of boiler variables for shorter periods. One simplification
is to treat the three superheaters as one section; then the model is reduced
to that shown in Fig. 6.

A power plant boiler is usually equipped with an independent feedwater
control loop such that the feedwater flow rate is equal to the steam flow
rate. I this conitgol is per

system, then

and the model terminals Awfw and AWT can be connected together. Alsc, if

the perturbation is small so that WD may be kept as constant, then AWn = 0.
Further simpiification of the model can be done on the gas side. If

fuel and air flow control is perfect such that fuel flow rate is proportional

to air flow rate, then

= A
Awa R £ d_.w £



Fig.

6.

Diagram of a simplified model.
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and Eq. (2-Al3) becomes

Aq = (R - CTR. )M, (3-C1)

where R is air to funel ratio

gq 18 2ir to fuel ratio. Also , durin the

heat transfer to each boiler section is a constant fraction of the total

heat production in the furnace. If the proportionality is not changed for

small boiler rerturbations, then

>

Aqgw = ngAq = ng(K - CaTaRfa)AWf FlAWf (3-£2)
- _ A -

Aqsh = RShAq = Rsh(K - CaTaRfa)AWf = FZA‘Wf (3-C3)
where

R <1

gvw

and

Rsh <1

are constants.

With these relations applied, the boiler model can be reduced to that

. ] et T 3 T mmmn 2T oA AT,
K£S 1InVOLVINE u ait LA arc a.d3T Com

Wi - -
L7 Ll

r

shown in Fig. 7. where the
bined. Also, the loops enclosed in the dashed box can be reduced as given

in Appendix C. Then the model becomes that shown in Fig. 8§, where

Fy = Lyilyp ¥ Liglyg -

The lower summing function in Fig. 8 can be eliminated. Fig. 9 shows

the direct result with elimination of this function.
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fg1S + ¥
S + Ly,
T
Lyg A+ ATy L
S T, A > 738
: ,
‘ Mg
Awf fo S S+ LZ()
-—de ; '}
\ Y
l_}i15 [31_7
F Aqsll\‘-g— l
T, —»( » S + B
+ 131 ar
B
i
\

Fig. 7. Boiler model with simplification on gas processes.
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Fig. 8. A reduced boiler model.
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Awf R P, | = S+ P ADy
S+ P, - |S24P3S + P,
A \

E218+F3 B, Los .—-L|

L16-Lu = ' LL_‘37

' S + L20 §S+313)(S+L20) _J
» Falas Lig —é+

> (S+Bl3) (S+L20)

Bi6%23

S4B, ) (S+L

20’ L3g

(8+B13) (S+Lpqg) S+Lgg |- T
LA
Fig. 9. Boiler model with lower summing junction
in Fig. 8 eliminated.

can he veduced. as shown heinw.

u + T
’Q : -
‘T+
l 1
i P1623 < ]
v
L(s + 313)(8 + Lzo,-
u (s+1L . )(s+1,, AT
13 200 1T

(S 7 L13)(8 + Lyp)=Byglyg
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The model is finally reduced to that shown in Fig. 10.

AW P S + P Ay
£ o 2 > )L 1 : ,
S+ P, \T/ SZ+P35+P, l &
9
P P,S? + P oS+ P,
SZ + PcS + P
5 6
A | |
ER\7 -+
P10 1

MEESTT

Fig. 10.
vwhere

Py = By3 7 1yg
P, = B.. L. - B.

° 2 BR
Po =Ly
Pg = L,B,, + Fy
Py = B ,F

}—-l
(o]
~N
(28]
[V}

+ - + .
- TT

3
D

P128 + Pi3
s? 4 P.S + P

T

6

The final simplified boiler model.

1373 7 Byslog ¥ 3y4{iy10gy) T 1140990 -
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P11 L6 ™ g
Pip = Lig
P =

13 = Bislig T Byzlas
This is a low order model developed on physical principles.

The model inputs are

AWf = fuel flow rate and

AAT

and the model outputs are

control valve area,

fD,,

drum pressure,

ATT throttle temperature, and

AWT

throttle steam flow rate.
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IV. DATA MEASUREMENT

Data of boiler dynamic responses are required for computation of model
parameter constants. These data must be measured from a physical boiler at
the points corresponding to the inputs and outputs of the model. Since the
boiler model does not include transfer functions of control equipment and
measurement equipment, the data recorded should be the direct reproduction
of actual signals. 1In case distortion caused by measurement equipment is
significant and only control signals are available, the transfer functions
of the control and measurement equipment must be connected to the corre-
sponding terminals of the boiler model. The model including the transfer
functions of equipment should be used with the data for computirg the
parameter constants. This may not increase the number of unknown model
parameters, since the transfer functions of the measurement equipment and
the control equipment and their constants may be determined beforehand.

In making experimental tests, it must be carefully observed that the
boiler system is in steady~state before the inputs are perturbed and the
input and the output signals are recordéd. It is desirable to obtain sets
of boiler response data with each individual input perturbed as well as
with a combination of several inputs perturbed simultaneously so that the
sensitivityv of individual inputs to the boiler dvnamics and their combined
effects on the system performances can be understood. The data set for

parameter identification computation should include the following infor-

mation:
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Data for model inputs

1)
2)
3)
4)

5)

fuel flow rate,

air flow rate,

control valve area,
feedwater flow rate, and

flow rate of circulation fluid.

Data for model outputs

iy
2)
3)

4)

throttle steam flow rate,
throttle steam temperature,
drum pressure, and

rate of heat flow to reheater and economizer sections.

ASME Performance Test Code and ASME Power Test Code may be followed to obtain

the test data.

Fuel flow rate, air flow rate, control valve area, feedwater flow rate,

throttle steam flow rate, and drum pressure generally can be measured with

the equipment normally installed in the plant. The rate of heat flow to the

reheater and economizer can not be measured directly. It has to be computed

from the data measured for

1) temperature of the flue gas flowing into the reheater section,

2) temperature of the flue gas flowing into the economizer section,

3)

2 ar -~ T

- -1 -
[N ¥1

eheater sections, and

=)

4) mass flow rate of the flue gas into the economizer section.

The rate of hear flow into the respective sections then can be computed.

with Eqs. (2-A8) and (2-A9). The instrument for measuring these quantities

is usually not installed in the plants.
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The flow rate of circulation fluid usually can not be measured.

Instruments have to be installed to make the test. It will be convenient

[EN
h

the transfer function relating the circulation fluid flow rate and the
signal of the circulation pump driving motor input is obtained before the
test. In this case the transfer function can be connected to the boiler
model and the motor input becomes an input to the boiler, as shown in

Fig. 11, where AMI is the motor input.

T
AW ¢ O——> A AW
i T+st| > T
AW, O——3m
———»0 AT,
M O
AWf L~
AMI AWD V
5o A
O—> G(s) e ® a—— qre

_—

Fig. 11. 1Inputs and outputs of

The throttle steam flow rate is proportional to the turbine first

. A

N’

stage shell pressure correcied with the throttlie temperature (2,26

rt
0]
T

TS

©

age pressure is measured and corrected

b

common practice is that the £

to produce the data of steam flow

4
H
o

te. However, there is 2 time lag

between the steam flow through the throttle valve and the detected variation

B
e

vst stage pressure. The lag is

R

£
or I

nly due to the existence of the
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steam chest and the connecting pipe between the control valves and the

turbine first-stage shell, as shown in Fig. 12.

HIGH
STEAM STEAM . PRESSURE
VALVE
CONTROL

Fig. 12. Time lag exists between control wvalve
steam flow and turbine first stage pressure.

This time lag appearing in the recorded data influences the results of
identification computation if it is not properly treated. It has been
suggested that this lag can be represented by a first order delay (13). A
first order transfer function can be connected to the output AWT to repre-
sent this lag, as shown in Fig. 11, where AWT is the actual steam flow rate
and AW& is the measured staar
Power plants are generally equipped with automatic controls such that

the feedwater flow rate is controlled to equal the rate of steam flow out of

1

£1
Li0W

H
]
ot
(]
bde
0]
0
O

the drum, and the ai

H

ntrolled proportional to the fuel flow
rate. If the controls are perfect, the information about feedwater flow
rate and air flow rate become unnecessary. However, it is more desirable

to have this information measured so that the actual situation is understood.

The test data should be recorded for a period of at least twenty
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transient to subside. Since the superheater controls are not included in
the boiler model, superheater spray should be kept off during the experi-
menc.

The boiler dymamic data should be recorded on analog magnetic tapes
during the test so that they can be digitized later for digital computer
application. It is trivial to mention that an experiment daily should be
kept on file for the test. However, a portion or all of the data recorded
will lose their value if the following information is not available:

a) the environment pressure during the experiment must be known,

b) the scale factors f£or 21l the records must be known,
¢) base lines which show steady-state levels of boiler variables must

be shown clearly in all records,
d) the physical values which the base lines represent must be known,

e) the polarity of the recording voltage must be known,

f) the formal recording on all data must start at the same time, and

09
N

the

=

ocation and length of each set of data on the tapes must be
known.

Since a boiler is a large system and it is not always availablie for

experiments, czre must be taken to obtain this information in doing the

experiment.
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V. CONCLUSIONS

A linear mathematical model for a thermal power plant drum type boiler
has been developed. This.model is intended for multivariable control
studies on the boiler. It has included the pressure and temperature
aspects of a boiler system. The dynamics of these pressure and temperature
variables are important to control studies. Unlike the boiler models
developed previously and discussed in Chapter I, in which some boiler con-
trols are considered as a portion of the boiler, the boiler model developed
here does not incliude controls. Some simplified boiler models are also
presented. For these models, some external controls are included in the
models so that assumptions can be made with the feedwater flow rate and tte
air flow rate. The simplified model may not be suitable for boiler control
studies, but they may be used for an initial study of boiler dynamics.

The model is presented in closed compact form in the complex frequency

domain, showing clearly the relationships among the boiler variables. Care

has peen taker in the model aevelopment that the boiler processes are

.s 5 1 '3 P, x4 - T - -
described by a suitable set of boiler variables which not only represent
the important boiler properties but alsc provide gocod relaticnships between

the boiler components. Since the model is developed from physical prin-
ciples, it can be used to represent boilers of the same configuratiomn.

To compute the model constants for a particular boiler, dynamic input-
output response data measured from experim2ntal tests on the boiler are
required to fit the model. The parameter identification technique is
PP |

- 111 . - — £ .1 1 ~ e T a3 a1 sl £ er
available for computation of the model comstants. nilizi estimates ox the

-~

parameter constants, which are required Ior the parameter identification
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program, can be calculated from boiler design data. The relatiomns
between the model parameters and the physical quantities of the boiler
have been defined in the model development. The computed model parameter
values are the effective dynamic constants of the boiler processes which
give the corresponding input-output relations.

The dynamic response data for the inputs and the outputs of the boiler
model are necessary for computation of the model constants. t is desirable
if data are available for the other boiler variables so that the parameter
computation can also be done on a partitioned model. In the measurement
of the transient pressure and the transient temperature, care must beé taxen
in visualizing the possible time delay appearing in the recorded signal
which is usually caused by the sensing the measurement system. These

delays should be properly corrected for application to parameter identifi-

cation computation.
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APPENDIX A.
DIVIDED INTO THREE LAYERS

Equation (2-D4) can be written as

- 3 T A.h A.h Tr
AT1 - cl: \lr i \27 0 ATl
°1%1"1 P1%1%1
R Ahy _(Alhl + Ah) A, i
dt 2 02c2V2 p2c2V2 p2C2V2 2
Ayh, ~A3hy
AT, 0 R eV | 1875
CC L 3%373 °3%3%3) | 7]
- -
0
P161V1
Aqgw
+ 0 0
Aqu
-1
0 c.V
i P3C3¥3 | |
Equation (2-E6) is
Bap, = KyghTy + K ghWy - K, AD,
Combining Eqs. (A-1) and (A-2), eliminating Aqu
~840y L) i
AT o V n ~ 0
- P1%1Y1 P1%1%1
a4 AT ) Alhl —\Alhl + Aznl) A2n2
dt 2 p2c2V2 p2c2V2 p2c2V2
I _rA N/ 4
Azuz \n3h3 T 1\19)
AT, 0 —— ——
T L ¥3%3"3 ¥373"3 |

TRANSFER FUNCTION FOR WATERWALL TUBE WALL

(A-1)

(A-2)
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- -
0 0 Aq
P11y 8w
+ 0 0 0 i (A-3)
, A
0 Xig %20 AD
8 P3eaV3 P33 | | P

where Aqgw’ AWD, and ADD are the inputs to this subsystem, and Eq. (A-2)
is the output equation.
To express this subsystem in the form of transfer functiomns, the

state-space equations can be transformed to

A b |
1 A 1
AT (s) = AT, (s) + ————— Aq__ (s) (A-4)
1 - Alhl plclVl 2 plclVl
P1e1Y1 N
[ ALh A.h
1 1'1 22
AT, (s) = AT. (3) + —=2-AT.(s)| (a-5)
2 .. Alhl + A2h2 p2c2V2 1 QZCZVZ 3
Pa%Vy |
A h K
AT (s) = ; ‘l — - 2 3 AT (s) - 1§ AW_(s)
? A3%3 T Mg Lfs“s“s P3%3Y3
s +
P3¢3Vs
5
K
20_ ap (s)! (A-6)
o3c3V3 D _J

Substitute Eg. {A-4) into Eq. (A-5) and rearrange,
1
P2%2V2

2 ‘ 2.2
9 Alhl . Alhl + A2h2 . Alhl

+
-
| P1°1"1 P22%2 | P1%171P2%Ys
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_ / .

Ah \s + o Bl ! >Qs + —:‘-‘-1—}1—1—>
22 p,c.V c. V p,c.V A.h
1711222 111 ATQ(S) + 11

Ah + AR e v Da,,(s)
11 "272 feYy
s + v
- P2%272
(A-7)

Substitute Eq. (A-7) into Eq. (A-6) and rearrange,

1
T.(s) = . (2 (s + P)Aq (s)
3 4 3 2 175 6" “gw
s + Pls + st + P3s + P4 (.
(3 + P62+ P.s +P)(P. M (s) - P. AD ()] (A-8)
7 8 9’ ¥10%p 11°Pp!
where
. Aghy + K g , A+ Ak, AR
1 p,cV + p.c.V + p.c.V
3%373 26272 1%171
g R G ¥ A,h,) Ah, AR+ AR )
Py T 6.cVo.c.V t\oev 5oV
2¢2P3¢3"3 %171 26277
/ A L T A I J0A W \ A2L2 AZLZ
( n3113 ¥ 1\1; nlul D nzu.z \‘+ nl“l _ nzuz
AN ~ 17
\ P3%373 P2¢2¥s ] P1o1V1P2%Ys  Pp%Y5P505Y3
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2.2
(Ah, + Klg)(Alh1 + A2h2) X Alhl(Alhl + AZhZ)

373
p,cV,p,c,V 2
2227333 p e ¥, (0,,7,)
2,2
Ay [ Ah, + A, . Ah,
02%2"2P3%3"3 KplclVlDZCZVZ °1¢1"1 )

2.2, . 2
_Aphy(Aghy + Ry I (Ahy +Ah)) AR (AR (ah + Ajh,

7 7
T
P1¢9Vy (PyeyVy) "PaesVy (pye1V1P,e,V5) P5e3Ys

APiAoh,

5 p1c:,le?c:,)v,,p,xc:,zv,z

A — - - W

|~c]

. Ajhy + Ahy
6 p2c2V2
, Ajhy + A, . Arhy
7 pAcV 0,c.V
27272 1711
a%n?
) { Ah, A+ Azhz\( ahy + Ah, \ . 11
= b

P -+ o 1 PR A~ T A A T
8 \pl"lvl PrCyVy /\ D) / ¥1S171v2%2 2
2.2 .
AJRI (Ajhy + Ajhy)

9 73
PyeqV; (PyeyVy)

la¢]
Il

K, gfy 08,0,

10 plc1lezc2V293c3V3

b - A k)
11 7 5.2 V.D X
1l PyeViPpe,V)R4e,Y,
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APPENDIX B. TRANSFER FUNCTION FOR A SUPERHEATER TUBE WALL

DIVIDED INTO THREE LAYERS

From Eq. (2-D&)

— . -
) T [FAhy a,h,
Tl p,c p,c.V 0
' 1%1"1 1171
e I Ah, —(Ah + AR Ak,
ac | 2| |P2%2Y 02¢,5Y, PP
A0y ~Aghy
AT3 0 c.V \Y
2 L P3C3V3 P3C3Vs |
- . _
0
o) c1V
17171 Aqgsh
+1 0 0
Aquh
-1
0 p,c,V
| 39373 | |
Equation (2-E5) can be written as
= K AT, + K_.AW_+ K, _AD_ - K. AT _
“Dsh 14 3 153 v 1> Y 10 sh
Substitute Eq. {B8-2} intc Egq. {(B-1)
~A b, 4,5,
AT 0
Lieevy 1%
O O I B i e Rl X Aoy
4 i
de 2| | Pye,V, 058,579 AL
- . A2h2 —(A3h3 +
3L P85V, Pac,V

(B-1)
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- -
0 0 0 Aq ‘1
plclV1 sh
AW
+1 0 0 0 0 v (B-3)
AD
D
0 X3 s K16 AT
_ PyegVy  P3egVs  PacaVs || sh

where Aqsh, AWV, ADD, ATsh are the inputs and Eq. (B-2) is the output

equation.
Following the same approach as in Appendix A, the following result

is obtained,

| 1 T.
AT (s) = F{s + T, )b0q_ . (s)
3 4 3 2 L 6’ “1gsh
s + Pls + st + P3s + P4
(3 + P82 +P.s+ P )P, M (s) +P..AD(s) - P..AT _(s))
° 75 7 78 910" v 117D 12" "sh
where
. Agh, + Ky, . Ajh, + A, . AJhy
1 P4e3V3 D) Pi¢1V1
o (Aghy + Ky, ) (AR + Ah) ) Ak, A Ahy + Agh, )
L 3 - L v ' ~ - xT N ~ - T
¢ P2%2"2 33"3 "1%171 F2%272
/ . .. ' . \ AZLZ 2‘_‘2
( A3n3 + Kl4 N Alnl T Azhz \\ . nlul _ Az..z
\ P33'3 P2%%2 ) P1%1V1P2%2"2  P2%2Y2P3%3"s
AZn%(Ah, + Ah) A.h A.h +Ah\
S i e S S i S B e W s Wi -
3 P1C1V1Pt,YoP583Y, '\'“‘fl 1 APAF I
2.2

L. - - Id A A Y
(A3h3 + Kld)(Alnl + Aznz) . Alnl\Alhl + nzh )
QCVQCVn 4 7\
272°2°373°3 plc1‘1\DZC3V2’




)

10

11

el

12

83

2.2
A5y 1M

A.h, + Ah Alhl

22

e, VoPae3Vs \ PyCV3Py,V,  P1¢ Yy

2.2

2
AZhZ (A3h3 + KlA) (Alhl + A2h2) _ Alhl(AZhZ) (Alhl + AZhZ)
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P1¢qV1(Pye,Vy) Pgeq¥,
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Alhl + A2h2

A
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APPENDIX C. REDUCTION OF TRANSFER FUNCTION BLOCKS

To reduce the blocks

1
- . bp} - 2D,
10 ——_"(D"_—_ | “12
1
s + L
15
Aqu
L N\ L +
9 te >
- A 13 -
TAdgy
F. |

TAWf

The left loop can be written as

1
ADD

g

P

{8a,,(s) - [2(s) - 803()]} 228 = 2(s)

——

g

4 S

L, L s +L,L
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_2M0 by
s + L. L

[Aq_(s) + AD!(s)]
gv D 910

Subtract ADﬁ(s) from both sides,

L,L
9710 S
Aq  (s) —=—~— - AD!(s) ————— = AP(s) - AD'(s) = Aq_ (s)
ew s + LQLlO D s + L9L10 D Dw

the original blocks become

LlOS ADD
s + L9L10
NS Aa... Lolio frgm. +. 1
I BW e M 2EW —

1 s+ gLy [ s+ Ly

AqDW +

]

AWT

The loop on the right can be written as
AW —_— AT
Aqgy + ﬂqu v Ty 1 A
JH .—\ﬁ — P Ll3 ._*_( ) s + L15 >
|
| les
L L "
(s + LlS)(S + Ly 10)
L12s
Aq' {s) - (L., A0q, {(s) - AW (s}) = = Aq
ew 137 Dw (s + LlS)(S + L9L10) Dw
L. .S
12
' 4+ At
84, (806 T T Y F LoD
i5 910
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s + (s + LlS)(s + L9L10)

Aq_ (s)
(s + LlS)(S + L9L10) Dw

Liol3

9¥10)
157 (8 + Lglyg) + Lyolygs

(s + LlS)(s + L
iag' (s}
gw (s+ L

les
ls)(s + L

+ AW} (s) = Aq
T (s + 1L 9L10) + L12Ll3s Dw

Multiply both sides by L then subtract by AU},

13’
Ll3(s + LlS)(s + L9Llo)

Aq' (s)
ew (s + LlS)(s + L9L10) + L12L138

(s + LlS)(s + L9L10)

) + L12L13s

- AW (S

- A U 4
TV (s + Lls)(s + L &u N

= 1L_,Aq
9L10 137 "Dw T

Then the block becomes

T
AWT

Mg ——)bagyf 113tot10 | Tolys) (s + Lol ) N
—-—-> + + -
1 S s + L,L (s LlS)(S + L9L10)+L12Ll3s

1 Ap

Let
L L =P
S710 1
F1L13L9L10 P2
L + L. L + L..L =P

The original block becomes
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