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Abstract This paper describes a nonlinear dynamic model for natural
circulation drum-boilers. The nonlinear model which is intended for model
based control focuses on the complicated dynamics of the drum, downcomer,
and riser components, A strong effort has been made to strike a balance
between fidelity and simplicity. The model is derived from first principles,
and is characterized by a few physical parameters. Results from validation
of the model against unique plant data are presented. The model captures
the shrink and swell effect very well. It also describes the behavior of the
system over a wide operating range.

Keywords Drum-boiler, shrink and swell, level dynamics, pressure dy-
namies, two-phase flow, physical modeling, plant experiments, model vali-
dation, natural circulation,

1. Introduction

There are dramatic changes in the power industry because of the deregu-
lation. One consequence of this is that the demands for rapid changes in
power generation is increasing. This leads to more stringent requirements
on the control systems for the processes. It is required to keep the processes
operating well for large changes in the operating conditions. One way to




achieve this is to incorporate more process knowledge into the the sys-
tems. There has also been a significant development of methods for model
based control see, [24], [49] and [39]. Lack of good nonlinear process mod-
els is a bottleneck for using model based controllers. For many industrial
processes there are good static models used for process design and steady
state operation. By using system identification techniques it is possible to
obtain black box models of reasonable complexity that describe the system
well in specific operating conditions. Neither static models nor black box
models are suitable for model based control. Static design models are are
quite complex and they do not capture dynamics. Black box models are
only valid for specific operating conditions.

This paper presents a nonlinear model for steam generation systems
which are a crucial part of most power plants, The goal is to develop moder-
ately complex nonlinear models that capture the key dynamical properties
over a wide operating range. The models are based on physical prineciples
and have a small number of parameters; most of which are determined
from construction data. Particular attention has been devoted to model
drum level dynamics well. Drum level control is an important problem for
nuclear as well as conventional plants, see [32], [1]. In [45] it is stated
that up to 138% of all reactor trips in France in 1983 were atiributed to
steam generator control problems. One reason is that the control problem
i difficult because of the complicated shrink and swell dynamics, This cre-
ates a non-minimum phase behavior which changes significantly with the
operating conditions.

Since boilers are so common there are many modeling efforts. There are
complicated models in the form of large simulation codes which are based
on finite element approximations to partial differential equations. Although
such models are important for plant design, simulators and commissioning
they are of little interest for control design because of their complexity.
Among the early work on models suitable for control we can mention 1471,
(16}, {48}, [17], [44], [54], [50], [14], [57], [31], [41], [51], [53], [19}, [31], 40},
[21], [7] {4}, [9], 3], (13}, [2], [88], {55], [11], [43]. Boiler modeling is still of
substantial interest. Among more recent publications we can mention [35},
[36], [29], [28], [56], [32], [37].

The work presented in this paper is part of an ongoing long range
research project that started with [21] and [9]. The work has been a mixture
of physical modeling, system identification and model simplification. It has
been guided by plant experiments in Sweden and Australia. The unique
measurements reported in [21] have been particularly useful. A sequence
of experiments with much excitation were performed on a boiler over a
wide range of operating conditions. Because of the excitation used, these
measurements reveal much of the dynamics of interest for control. Results
of system identification experiments indicated that the essential dynamics
could in fact be captured by a simple models [7]. However, it has not been
easy to find first principles models of the appropriate complexity. Many
different approaches have been used. We have searched for the physical
phenomena that yield models of the appropriate complexity. Over the years
the models have changed in complexity both increasing and decreasing;
empirical coefficients have been replaced by physical parameters as our
understanding of the system has increased. The papers [7], [8], {5], [6], [10]
describe how the models have evolved, The models have also been used for
control design, see [42], [46] and [15]. Models based on a similar structure
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Figure 1 Schematic picture of the boiler.

have been used for Deaerator simulation and control [34] and for nuclear
reactors [58], [27].

2. Global Mass and Energy Balances

A schematic picture of a boiler system is shown in Figure 1. The heat, Q,
supplied to the risers causes boiling. Gravity forces the saturated steam to
rise causing a circulation in the riser-drum-downcomer loop. Feedwater, gy,
is supplied to the drum and saturated steam, gs, is taken from the drum to
the superheaters and the turbine. The presence of steam below the liquid
level in the drum causes the shrink-and-swell phenomenon which makes
level control difficult. In reality the system is much more complicated than
shown in the figure. The system has a complicated geometry and there are
many downcomer and riser tubes. In spite of the complexity of the system
it turns out that its gross behavior is well captured by global mass and
energy balances.

A key property of boilers is that there is a very efficient heat trans-
fer due to boiling and condensation. All parts of the system which are in
contact with the saturated liquid-vapor mixture will be in thermal equi-
librium. Energy stored in steam and water is released or absorbed very
rapidly when the pressure changes, This mechanism is the key for under-
standing boiler dynamics. The rapid release of energy ensures that differ-
ent parts of the boiler change their temperature in the same way. For this
reason the dynamics can be captured by models of low order. Drum pres-
sure and power dynamics can in fact be represented very well with first
order dynamics as shown in [7]. At first it id surprising that the distributed
effects can be neglected for a system with so large physical dimensions.

Typical values of stored energy for two different boilers are given in
Table 1. The P16-G16 plant is a 160MW unit in Sweden and the Eraring
plant is a 660MW unit in Australia. The ratio of the energy stored in the
metal to that stored in the water is approximately 1 for P16-G16 and 4
for the Eraring unit. These fipures agree well with the fact that the metal
mass scales as PP, where P is electric power.

The numbers in Table 1 also give a measure of the time it takes to




Table 1 FEnergy stored in metal, water and steam for two boilers operating at
rated pressure and temperature but at different power generation conditions, The
values are normalized with the power at the operating conditions. The unit is
J/W=s, the entries can thus be interpreted as constants for the different storage

mechanisms.

Boiler | Operating Condition | Metal | Water | Steam | Total
P16-G16 80MW 641 739 64 1444
P16-G16 160MW 320 333 37 690

Eraring 330MW 1174 | 303 60 1537
Eraring 660MW 587 137 35 759

deplete the stored energy at the generated rate. Although the total nor-
malized stored energy is approximately the same for both plants there is
a considerable reduction proportionally in the stored energy in the water
for the larger plant. This results in larger variations in water level for the
larger plant ander proportionally similar operating condition changes. This
implies that the level contrel problem is more difficult for large boilers.

Balance Equations

Much of the hehavior of the system is captured by global mass and energy
balances. Let the inputs to the system be the heat flow rate to the risers,
Q, the feedwater mass flow rate, gy, and the steam mass flow rate, g¢s.
Furthermore, let the outputs of the system be drum pressure, p, and drum
water level, £.

To write the equations, let V denote volume, p denotes specific density,
u specific internal energy, & specific enthalpy, ¢ temperature and g mass
flow rate. Furthermore let subscripts s, w, f and m refer to steam, water,
feedwater and metal respectively. Sometimes, for clarification, we need a
notation for the system components. For this purpose we will use double
subsecripts where ¢ denotes total system, d drum and » risers. The metal’s
specific heat is C, and my, is the total mass for the metal tubes and drum.

The global mass balance is

d
Zl_t [PSVSS + pwth] =qf— s (1)
and the global energy balance is
d
E [PsusVst -+ Pwquwt + mtcptm} =@ + thf — qshs. (2)
Let v be the specific volume. The internal energy is then given by
u = h—pv. (3)

The global energy balance can then be written as

d
dt [Pshsvst + puwhw Vi —pVi + thptm] = @+ Q'fhf - Qgshs, (4)




where V; and V,,; represent the total steam and water volumes respec-
tively. The total volume of the drum, downcomer and risers, V;, is constant
and is given by,

Vi= Vg + Vi (B)

The metal temperature ¢, can be expressed as a function of pressure by
assuming that £,, is equal to the saturation temperature of steam ¢; which
corresponds to p. The right hand side of equation (4) represents the energy
flow to the system from fuel and feedwater and the energy flow from the
system via the steam.

A Second Order Model

Equations (1), (4) and (5) combined with saturated steam tables yields a
simple boiler model, Mathematically the model is a differential algebraic
system. Such systems can be entered directly in modeling languages such
as Omola and it can be simulated directly using Omsim, see [38]. In this
way we avoid making manual operations which are time consuming and
error prone.

We will, however, make manipulations of the model to obtain a state
model. This gives insight into the key physical mechanisms that affect
the dynamic behavior of the system. There are many possible choices of
state variables. Since all parts are in thermal equilibrium it is natural to
choose drum pressure p as one state variable. This variable is also easy to
measure. Using saturated steam tables, the variables p;, py, fis and A, can
then be expressed as functions of steam pressure. The second state variable
can be chosen as the total volume of water in the system, i.e. Vi Using
Equation (5) and noting that V, is constant, V,; can then be eliminated
from Equations (1} and {(4) to give the following state equations,

. dVue te @A _
1=, 2 g = qf ~9s ©)
det dp _
ea1—— +em— =@ + qrhy —qshs,
where
€11 = P — Ps

d a
€12 = Vstaips + th"ap—;

. (7)
g1 = Puwhy — Pshs
dps dhg

Opw Ohy

9w dhy Ot
w ap Pw ap

)+ V(b ) -V + m;Cp—amg.

egn = Vg (hg

This model captures the gross behavior of the boiler quite well. In partic-
ular it describes the response of drum pressure to changes in input power,
feedwater flow rate and steam flow rate very well. The model does, how-
ever, have one serious deficiency. Although it describes the total water in
the system it does not capture the behavior of the drum level because it
does not describe the distribution of steam and water in the system.




Table 2 Numerical values of the terms of the coefficient e; at normal operating

pressure.

Boiler Power | h.Vy %%ﬁ PsVsr % Pu Ve %h;ﬂ m:C, %g‘- Vi
P16-G16 ;| 80MW 360 -40 2080 1410 85
P16-G16 | 160MW 420 -40 1870 1410 85
Eraring | 330MW 700 -270 2240 4620 169
Eraring | 660MW 810 -270 2020 4620 169

Further Simplifications

Additional simplifications can be made if we are only interested in the
drum pressure. Multiplying (1} by &, and subtracting the result from (4)
gives

d dh dh
hc&? (pSVSL') + PsVst_s + PwV d

dp
dt W IE dr

dt
= Q= (hu —hy) ~ ashe

dt;
— Vt + my Cp E

where h, = hy — Ry 1s the condensation enthalpy.

If the drum level is controlled well the variations in the steam volume
are small. Neglecting these variations we get the following approximate
model.

d
e1 = Q = q7(hu — hp) ~dshe, (8)
where
a Oh oh Ot
g1 = thstT;%S‘ + PsVstE; +PwthT; + thp—é}; — V5

The term V; in e; comes from the relation between internal energy and
enthalpy. This term is often neglected in modeling, see [18}. The relative
magnitudes of the terms of ey for two boilers are given in Table 2. The terms
containing dh,, /dp and 8t,/dp are the dominating terms in the expression
for e1. This implies that the changes in energy content of the water and
metal masses are the physical phenomena that dominate the dynamics of
drum pressure. A good approximation of e is

Ots

Oha
op’

Bp +mCp

e1 /2 Pu Vi

Table 2 gives good insight into the physical mechanisms that govern the
behavior of the system, Consider for example the situation when the pres-
sure changes, The change in stored energy for this pressure change will
be proportional to the numbers in the last two columns of the table. The
column for the steam (8h;/8p) indicates that energy changes in the steam
are two orders of magnitude smaller than the energy changes in water




and metal. The balance of the change in energy is used in the boiling or
condensation of steam. The quantity

Qe = = ar+ he (

PsVst—a;)— + puwVuwt—— — Vi +mC

Ots\ dp
= %) 9)

dt

can be interpreted as the condensation flow rate. This process results in a
natural feedback system that tries to maintain steam pressure irrespective
of the heat energy input to the system.

The model (8) captures the responses in drum pressure to changes in
heat flow rate, feedwater flow rate, feedwater temperature and steam flow
rate very well. An attractive feature is that all parameters are given by
steam tables and construction data. The equation gives good insight into
the nonlinear characteristics of the pressure response, since both e; and the
enthalpies on the right hand side of the equation depend on the operating
pressure. To obtain a complete model for simulating the drum pressure a
model for the steam valve has to be supplied.

The pressure model given by Equation (8) is similar to the models in
{17], [50], [7] and [35]. Models similar to (8) are included in most boiler -
models. Since the model (8) is based on global mass and energy balances
it cannot capture phenomena that are related to the distribution of steam
and water in the boiler. Therefore it cannot cannot model the drum level.

3. Distribution of Steam in Risers and Drum

To obtain a model which can describe the behavior of the drum level we
must account for the distribution of steam and water in the system. The re-
distribution of steam and water in the system causes the shrink-and-swell
effect which causes the non-minimum-phase behavior of level dynamics,
see {32]. One manifestation is that the level will increase when the steam
valve is opened because the drum pressure will drop, causing a swelling of
the steam bubbles below the drum level.

The behavior of two phase flow is very complicated and is typically
modeled by partial differential equations, see [30] and [26]. A key contri-
bution of this paper is that it is possible to derive relatively simple lumped
parameter models that agree well with experimental data.

Saturated Mixture Quality in a Heated Tube

We will start by discussing the dynamies of water and steam in a heated
tube. Consider a vertical tube with uniform heating. Let p be the density
of the steam-water mixture. Furthermore let ¢ be the mass flow rate, A the
area of the cross section of the tube, V the volume, u the specific internal
energy, and @ the heat supplied to the tube. All quantities are distributed
in time, £, and space, z. Assume for simplicity that all quantities are the
same in a cross section of the tube. The spatial distribution can then be
captured by one coordinate z and all functions are then functions of z and
time ¢.




The mass and energy balances for a heated section of the tube are

A—+-—==0
dpu logqu @

gt A8z

Let o, denote the mass fraction of steam in the flow i.e. the quality of the
mixture, and let u; and u,, denote the saturated internal energies of steam
and water. The specific internal energy of the mixture of steam and water
Is thus

U= ity + (1 — am)uw =ty + O {tts — uw) = Uy + Omlic. (10)
In steady state we get
dq
Y4 _po
Oz

Oqu O0m %
8z g TV

The flow ig thus constant and internal energy increases at a constant rate.
It follows from Equation (10) that the steam-mass fraction also increases
linearly, i.e.

_ QA
Oy = qucvz.

Let & be a normalized length coordinate along the risers and let @, be the
steam quality at the riser outlet. The steam fraction along the tube is thus
given by

am(g) == a',.{,‘ 0< g < 1. (11)

A slight refinement of the model is to assume that boiling starts at a dis-
tance xp from the bottom of the risers. In this case the steam distribution
will be characterized by two variables @, and xy instead of just «,. For
the experimental data in this paper it adds very little to the prediction
power of the model. For this reason we use the simpler model although the
modification may be important for other boilers.

There is actually a slip between water and steam in the risers. To take
this into account requires much more complicated models. The justification
for neglecting this is that it does not have a major influence on the fit to
experimental data.

The volume and mass fractions of steam are related through

oy = f(am):

where

pwai’i’l

Om) = .
f( ) Ps+ (Pw _ps)am

(12)
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Figure 2 Comparison of steam volume distribution calculated from Equa-
tions (11) and (12) (full lines) with results of numerical solutions of detailed partial
differential equation models (circles).

It has been verified that the simple model which uses a linear steam-
mass fraction given by Equation (11) and a steam-volume fraction given
by Equation (12) describes quite well what happens in a typical riser tube.
This is illustrated in Figure 2 which compares the steam distribution in
a tube computed from Equations (11) and (12) with computations from a
detailed computational fluid dynamics code for a riser tube in a nuclear
reactor. The complex code also takes into account that there is a slip be-
tween the flow of steam and water, It is interesting to see that the simple
model captures the distribution quite well.

Average Steam Volume Ratio

To model drum level it is essential to describe the fotal amount of steam
in the risers. This is governed by the average volume fraction in the risers.
Assume that the mass fraction is linear along the riser as expressed by
Equation (11) we find that the average volume fraction o, is given by

_ 1 1 1 1 o
Gy = /0 (€)= - [o fla)dlend) = o [ 1

o

. _Pu_ (1 — P (14 P_:ﬁar)) ,
pw —‘ps (pw “ps)ar ps

A Lumped Parameter Model

(18)

Since we do not want to use partial differential equations they will be
approximated using the Galerkin method. To do this it will be assumed
that the steam mass quality distribution is linear, i.e. Equation (11} holds,
also under dynamic conditions.

The transfer of mass and energy between steam and water by conden-
sation and evaporation is a key element in the modeling. When modeling
the phases separately the transfer must be accounted for explicitly. This
can be avoided by writing joint balance equations for water and steam. The
global mass balance for the riser section is

d _ _
a (Psaer + Pw(l — au)Vr) =dde —4drs (14)




where g, is the total mass flow rate out of the risers and g, is the total
mass flow rate into the risers. The global energy balance for the riser
section is

d - _
_(—i—t (pshsavvr + pwhw(l - aU)Vr “p‘/r + mrcpts)
= Q + ggchw — (Orhe + hy)gy. (15)

Circulation Flow

For a forced circulation boiler downcomer flow rate, g4, is a control vari-
able. For a natural circulation boiler the flow rate is instead driven by
the density gradients in the risers and the downcomers. The momentum
balance for the downcomer riser loop is

dec - k q?{
= (P — Ps) Oy Vig — 5 —5—,
dt (pw pS) v 2 prdc

(Lr + de)

where % is a dimensionless friction coefficient and L, and Ly, are lengths.
This is a first order system with the time constant

(Li" + de )Adcpw

T =
chic

With typieal numerical values we find that the time constant is about
a second. This is short in comparison with the sampling period of our
experimental data which is 10 seconds and we will therefore use the steady
state relation
_ 1.5
PwAdc(pw _ps)gavvr == é‘]eqdc' (16)

Distribution of Steam in the Drum

The physical phenomena in the drum are quit complicated. Steam enters
from many riser tubes, feedwater enters through a complex arrangement,
water leaves through the downcomer tubes and steam through the steam
valve. The geometry and the flow pattern are complicated. The basic mech-

anisms that occur are that feedwater is heated through condensation of the -

steam as steam bubbles through the water, Modeling of the drum is there-
fore difficult.

Let V; be the volume under the liguid level in the drum, let the Vg
and V4 be the volume of steam and water under the liquid level and let
the steam flow rate through the liquid surface in the drum be g, Recall
that g, is the flow rate out of the risers, g7 the feedwater flow rate and gq.
the downcomer flow rate. The mass balance for the steam under the water
level in the drum is

d
EE (PsVsd) =0rdr —Qsd —Ged (17)

where g.4 is the condensation flow which is given by

dhs dhy,

t
VsdE‘Fp!umudW“ sd+rndcp“&"§)' (18)

Ry —h 1
chﬁ_‘w—“i ( 5

fe o+ h_c

10




The flow rate g,q is given by a momentum balance. The flow is driven
by the density differences of water and steam, and the momentum of the
flow entering the drum. The mechanisms are very complicated because of
the complex flow pattern and the geometry of the drum. Several models
of different complexity have been attempted. Good fit to the experimental
data have been obtained with the following empirical model

Gog = %SJ(VSd ~ V) + & qae + B(de — @rar). (19)

Here ng denotes the volume of steam in the drum in the hypothetical
situation when there is no condensation of steam in the drum and Ty is
the residence time of the steam in the drum, which is approximated by

_ PV
s

Ty (20)

Drum Level

Having accounted for the distribution of the steam below the drum level,
we can now. deseribe the drum level. The volume of water in the-drum,
Vud, 18 given by

de = th - Vdc - (1 - &v)Vr- (21)

Let the wet surface of the drum be A,. The deviation of the drum level £
measured from its normal operating level is

de - Vsd

£= A

= by + L. (22)

4, The Model

Combining the results of Sections 2 and 3 we can now obtain a model
that gives a good description of the boiler including the drum level. The
model is given by the differential equations (1), (4), (14), (15) and (17).
In addition there are a number of algebraic equations, The circulation flow
rate g4, is given by the static momentum balance (16), the steam flow rate
through the liquid surface of the drum g,y by (19) and the drum level £ by
Equation (22). The volumes are related through Equations (5) and {21).
The model is a differential algebraic system, see [25]. Since most available
simulation software requires state equations we will also derive a state
model. This is done by algebraic manipulations which result in explicit
equations for the derivatives of the state variables.

Selection of State Variables

State variables can be chosen in many different ways. It is convenient to
choose states as variables with good physical interpretation that describe
storage of mass, energy and momentum. The accumulation of water is
represented by the total water volume V,,;. The total energy is represented
by the drum pressure p and the distribution of steam and water is captured
by the steam-mass fraction in the risers ¢, and the steam volume in the
drum V.

11




Pressure and Water Dynamics

State equations for pressure p and the total amount of water Vi, in the
systems were obtained from the global mass and energy balances, Equa-
tions (1) and (4). These equations can be written as (6).

Riser Dynamics

The mass and energy balances for the risers are given by equations (14)
and (15). Eliminating the flow rate out of the risers, ¢,, by multiplying
equation (14) by —(hy + o+h.) and adding to Equation (15) gives,

d . d _ d -
77 (Pshsauvr) - (hw + orhe) di (pSO:UVI‘) + i (pwhw(l —ay}V,)

d dits
— (" + Orhe ) - (Pu(l— o) Vr) d‘: +meCp—r = @ — OrlteQue
This can be simplified to
dh
hc(1 ar)d (psau )+pw(

d - _ ., dh dp dits
—“"hca"; (pw(l—@,) V) +pSaUVrgf—W.a +m,Cp—= i = Q—orheq g |
(23

If the state variables p and «, are known the riger flow rate g, can be
computed from Equation (14), This gives

d _ d _
qr = Gde — a (Ps@uVr) — dt (Pw(l — &y} Vy)

d _ - d _
=qdc — V,-_ ((1 — 0y)Pw + aups) =Gde — Vra‘g(pw — 0P “Ps))
e, dot,
Be,. di

= qde — ((1 Ol)Puw + ava)fl + Vie(pw — ps)
(24)

Drum Dynamics

The dynamics for the steam in the drum is obtained from the mass balance
(17). Introducing the expression (24} for g, and the expression (18) for g 4
into this equation we find

dVsd dps 1 dhs dhi, d
Ps dt + Vea—- dt h ( sVsdd + PuwVd—, dr _Vd+mdcpdt)
hy—h

a1+ Ve (L= @pu + ups) = F2(VE = Vi) + 7 2ay.

(25)

Many of the complex phenomena in the drum are captured by this equation.

Summary

The state variables are: drum pressure p, total water volume V,,;, quality at
the riser outlet ¢, and volume of steam under the liquid level in the drum
V4. The time derivatives of these variables are given by the equations (6),

12




(23), and (25). By straight forward but tedious calculations these equations
can be rewritten as

det dp _
€11 az +812*&? =qfr—4s
dV, d
g1 pep P = @ + qrhy —qshs
dt dt (26)
P4 o — @ _o,h
‘332d 33 TR rited de

do dVeq

dp hy—hy
e4zd + eq3— dt -+ eaq a7

he as.

= (Vo= Vi) +
where the coefficients e;; are given by

€11 = Pw —

e12 = Vigr——

ey = Pwhy — Pshs
oh d Ol ts
eno = Vi (h —B‘O“’er “’) + Vet (i s 4 p LS) - Vi + meCpr

pie 8p W ap ap 38 8p
_ Ohyy 9pw Bps Ohs\ _
€3z = (pw ap — O ap ) (1 av)V + ((1 Of;)h + P25 9p oy Vr
ox ts
+ (s + (pw — ps)ar)thra—; -V, + mrcp5
oo
e = ((1 o) Ps +O’rpw)h V. SO’U-
a 1 dh ah ot
€49 — Vsdai; + h. (psVsd 8 z +Pw‘/wd"3—w — Vg + de ?S)
dps 5174
(Lt BV (d g+ (L= @) ""“ o= pw) )
da
sy = (14 B)(ps Pw)V -

J”
€44 = Ps.
(27)

In addition steam tables are required to evaluate hg, Ay, P Puw, O0s/0D,
8pw/0p, 8hs/Op, Bhy,[Op, t;, and 8t/8p at the saturation pressure p. The
gimulation results in Sections 5 and 6 have used a quadratic function fo
represent the steam tables over the desired operating conditions. This has
made the calculation of partial derivatives with respect to pressure partic-
ularly simple since they become a linear function. A more accurate method
of table look-up with interpolation was also tried but with little difference
in the response but significantly longer compute time. The particular ap-
proximations are given in the program listing in Appendix B.

The partial derivatives of volume fractions with respect to pressure
and mass fractions are also required. They are obtained by differentiating
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Equation (13), We get

oo, 1 aps Opuw Pw 1 Ps+ Puw
= e 1452 - en(1+
dp  (pw—ps)? (pw op P op )( psl4+n  npe ( n))
do, Pw /1 1
S L (i) — ——),
oa = oy M= 135 |
(28

where 17 = 0-(pw — ps}/ps. The algebraic relationships for steam volume
fraction &, Equation (13}, volume of water in drum V,; Equation (21),
drum level £ Equation (22), residence time 7; Iiquation (20}, and down-
comer mass flow rate g4, Equation (16) complete the simulation equations.
It is also of interest to know the total condensation flow g, and the flow
rate out of the risers g,. These flows are given by Equations (9) and (24),
hence

= Puw Ps Pw — Ps
oy =—f{1—-—"" Il +""I2p )
Y Pw — Ps ( (Pw — ps)ay ( Ps r)
de. = th - Vdc - (1 - O_fv)Vr
e — de + Vsd
Ay
7, = PVe
G sd
kq?{c = 2prdc(pw - ps)gauvr
_hy—hy 1 Ohg dhy, Ot dp
et = i, qr+ E (PsVsta + PwthE -Vi+ ?nthE) i
_ ~ % . \Opy da,\ dp
dr = Qde — V,.(va ap + (1 —ay) ap + (Pw — Ps) ap ) dt
dox, dot,
+ (Pw _PS)Vr‘aT",r a

Structure of the Equations

Notice that the Equation(26) has an interesting lower triangular structure
where the state variables can be grouped as

(((th,P): ), Vsd),

where the variables inside each parenthesis can be computed indepen-
dently. The model can thus be regarded as a nesting of a second, a third
and a fourth order model. The second order model describes drum pressure
and total volume of water in the system, The equations are global mass and
energy balances. There is a very weak coupling between these equations
which is caused by the condensation flow. The third order model captures
the steam dynamics in the risers and the fourth order model also describes
the accumulation of steam below the water surface in the drum dynamics.
The third equation is a combination of mass and energy halances for the
riser, and the fourth equation is a mass balance for steam under the water
level in the drum.
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Linearizing Equation (26) shows that the system has a double pole at
the origin and poles at —h,qq./ess and —T4.

The nested structure reflects how the model was developed. The third
order model is an improved version of the models in [5] and {6}. In [10] we
added drum dynamics as a fourth order model. The model in this paper is
a refined version of that model. Different models of higher order have also
been developed.

Parameters

An interesting feature of the model is that it requires only a few parameters
to characterize the system. They are:

¢ Drum volume Vy

L

Riser volume V.,

Downcomer volume Vy,

o Drum area A, at normal operating level

L

Total metal mass

Total riser mass m,

L]

Friction coefficient in downcomer-riser loop &

Volume of steam in the drum VSOd when there is no condensation
o Parameter f in the empirical equation (19)

A convenient way to find the k is to compute it from the cireulation flow
rate. Perturbation studies have shown that the behavior of the system is
not very sensitive to the parameters.

The parameters used in this paper were based on construction data.
Some of them were quite crude. Grey-box identification, [12] was used in a
comprehensive investigation in [20] and [52]. Parameters were estimated
and hypothesis testing was used to compare several model structures. The
results showed that pressure dynamics can be improved significantly by in-
creasing the metal masses. Significant improvements can also be obtained
by adjusting the coefficients in the calibration formula for the sensors.

In [52] it was also shown that the friction coefficient is not identifiable
from the data. There is in fact a relation between the initial steam quality
and friction. A consequence of this is that it is highly desirable for accurate
modeling to measure the circulation flow. This could also be an important
signal to use in a level control system.

In [20] hypothesis testing was also applied to the models {5], [6] (third
order), {10] (fourth order). These studies showed conclusively that the im-
provements obtained with the fourth order model are significant. Compu-
tations on fifth order models showed that the increased complexity could
not be justified.
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Figure 3 Steady state relation between steam volume ratio &, and input power
@. The dashed curve shows the steam mass ratio ;.

Equilibrium Values
The steady state solution of Equation (26) is given by

gdfr = 4gs
Q ZQShs_q]"hf
Q = qac0rhe
Ty — by
_ 0 _ d\tw f
Vea =V pPshe

where gqg. is given by Equation (18), i.e.

_ \/2prdc(Pw — pPs)8 0,V
dde = % .

A convenient way to find the initial values is to first specify steam flow
rate g, and steam pressure p. The feedwater flow rate gy and the input
power @ are then given by the first two equations and the steam volume
in the drum is given by the last equation. The steam quality o, is obtained
by solving the equations

Q —a.h \/QPw(Pw—Ps)g@er
k (29)

_ Puw Ps Pw — Ps
= 1— In(l4 — .
%o pw '"“‘ps ( (pw _ps)ar n( ps fxr))

The steam volume in the drum can then be computed directly.

Equation (29) defines the steam volume ratio @, as a function of the
input power . This function which is shown in Figure 3 gives important
insight into the shrink and swell phenomena. The curve shows that a given
change in input power gives a larger variation in average steam volume
ratio at low power. This explains why the shrink and swell effects are larger
at low power than at high power. The derivative of the function &, = f(Q)
changes with about a factor of 5 in the range shown in Figure 3.
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Matlab Code

Appendix B gives the model in the format of an S-function for Simulink,
This code was used to run all simulations in the paper, particularly all the
curves in Sections 5 and 6 were generated in this way The code i hased
on Equation (26) which can be written as

dx
E = b.
The elements of the matrix K are given by Equation (27). The matrix
E and the vector b are first computed and the derivative of the state is
obtained using Matlab’s matrix inversion. The variable names used and
the structure of the code has heen kept as close as possible to the notation
in the paper. Quadratic approximations of the steam tables are also given
in the code.

Impact of Modeling Languages

Development of physical models is a tedious iterative process. Different
physical assumptions are made, a model is-developed and compared with
experiments by simulation, parameters may be fitted. Detailed investiga-
tion of the results gives ideas for improvements and modifications. It is a
significant effort to transform the equations to state space form because
of the algebra involved. This is reflected in the manipulations resulting in
Equation (27). Many intermediate steps have actually been omitted in the
paper. The modeling effort can be reduced substantially by using modeling
languages such as Dymola, [22], Omola, [38], or Modelica, [23]. In these
languages the model is described in it most basic form in terms of dif-
ferential algebraic equations. In our case this means that the basic mass
and energy balances, such as (1) and (2), are entered into the system to-
gether with the algebraic equations, such as (5}. The software then makes
algebraic manipulations to simplify the equations for efficient simulation.
Preliminary experiments indicate that the effort required to develop the
model deseribed in this paper can be reduced by a factor of 5. The ease of
evaluating many alfernatives also makes it possible to try many different
hypotheses.

5. Step Responses

To give some insight into the properties of the model we will present some
step responses. Since there are many inputs and many interesting vari-
ables we will focus on a few selected responses. One input was changed
and the others were kept constant. The magnitudes of the changes were
about 10% of the nominal values of the gignals. To compare responses at dif-
ferent load conditions the same amplitudes were used at high and medium
load. The drum level was normalized to zero by altering the total amount
of water in the system. This corresponds to the situation that normally
occurs in operation with level control.

Plant Parameters

To illustrate the dynamic behavior of the model we will simulate responses
to step changes in the inputs. These were generafed from a simulation
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Figure 4 Responses to a step corresponding to 10 MW in fuel flow rate at medium
load.

of the model. The parameters used were those from the Swedish power
plant. The values are Vy = 40m3, V, = 37Tm? V4, = 11m?, Ay = 20m?,
m; = 300000kg, m, — 160000kg, £ = 25, f§ = 0.3 and Ty = 12s, The
quadratic approximations of the steam tables given in the computer code
in Appendix B were used in the simulations.

Tuel Flow Changes at Medinum Load

Figure 4 shows the responses of the state variables, the circulation flow
rate g4, the riser flow rate g, and the total condensation flow g to a step
increase in fuel flow rate equivalent to 10 MW,

Pressure increases at approximately constant rate. The reason for this
is that steam flow out of the drum is constant. Total water volume V,,; in-
creases due to the condensation that occurs due to the increasing pressure.
Steam quality at the riser outlet ¢, first increases rapidly and then more
gradually. The volume of steam in the drum first increases a little and it
then decreases. The rapid initial increase in steam volume is due to the
fast increase in steam from the risers, The decrease is due to the increased
pressure which causes condensation of the steam. At the onset of the step
there is a rapid increase in the outlet flow rate from the risers. The flow
then decreases to match the downcomer flow rate. The flow rates are equal
after about 30 seconds. The condensation flow changes in an almost step
like manner.

Steam Flow Changes at Medium Load

Figure 5 shows the responses to a step increase of 10 kg/s in steam flow
at medium lead. Pressure decreases practically linearly because of the in-
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Figure 5 Responses to a step of 10 kg/s in steam flow rate at medium load.

creased steam flow. Total water volume also decreases because of increased
evaporation due to the decreasing pressure. Steam quality at the riser out-
let first increases rapidly due to the pressure decrease and it then decreases
due to the increased circulation fiow rate. The volume of the steam in the
drum increases due to the decreased pressure, There is a very rapid in-
crease of flow out of the riser due to the pressure drop. After this initial
transient the riser flow rate then decreases to match the downcomer flow
rate. There is a steady increase in both due to the decreased pressure. The
condensation flow drops in an almost step like fashion because the pressure
decreases at constant rate.

Drum Level Responses

Since the behavior of the drum level is of particular interest we will show
step responses that give good insight into drum level dynamics for different
operating conditions. It follows from Equation (22) that drum level is the
sum of £, = V,4/Aq and &, = V,4/A,, which depend on the volumes of
water and steam in the drum. Drum pressure, steam mass and volume
fractions will also be shown. Responses for medium and high load will be
given to illustrate the dependence on oerating conditions.

Figure 6 shows the response to a step in fuel flow corresponding to 10
MW. The response in drum level is complicated and depends on a combi-
nation of the dymamics of water and steam in the drum. The initial part of
the swell is due to the rapid initial response of steam that was also seen in
Figure 4, The response in level is a combination of two competing mecha-
nisms. The water volume in the drum increases due to increased conden-
sation caused by the increasing pressure. The volume of the steam in the
drum first increases a little and it then decreases because of the increasing
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Figure 6 Responses to a step change corresponding to 10 MW in fuel flow rate
at mediuvm (solid} and high (dashed) loads.

pressure. Notice that there are significant changes in steam quality and
steam volume ratio for the different operating conditions. Compare with
Figure 3.

Figure 7 shows the response to a step increase in steam flow rate of
10 kg/s. There is a strong shrink and swell effect in this case too, The
contributions from the volumes of steam and water have initially the same
sign. The water volume will, however, decrease because of the steam flow.

Figure 8 shows the response to a step increas in feedwater flow rate of
10 kg/s. The shrink and swell effect is clearly visible, Notice that the non-
minimum phase nature of the response is much larger at medium load.
A rough estimate of the zero in the right half plane shows that the zero
is approximately 4 times slower at medium load. This indicates that it
is more difficult to contrel the system at medium load. In this case the
water and the steam in the drum also respond in opposite directions. The
water level increases because of the increasing water and the steam level
decreases because of the condensation required to heat the feedwater.

Iigure 9 shows the response to a step increase in feedwater temperature
of 10°C, In this case the response is dominated by the dynamics of the
volume of the steam in the drum. The contribution of the water in the
drum is an order of magnitude smaller.

In summary we find that the shrink and swell effect is clearly notice-
able in all responses. The dynamics of the drum level is influenced by the
dynamics of steam and water in the drum. In some situations steam and
water reacts in the same way to changes in the input but in other cases
they react in opposite ways. This results in a complex behavior. The re-
sponse to fuel flow changes ig the most complicated response because this
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Figure 7 Responses to a step change of 10 kg/s in steam flow rate at medium

{solid) and high {dashed) loads.

Drum water level (f)

Drum pressure {p)

0.02 8.8
0.01 88
— ]
8.4r
0 8.2
-0.01 i 8
Water level contribution (iw} Steam volume ratio (av)
0.04 d - - ;
0.02 Q4 -~--=--——=———=—--4
0
0.2
-0.02
-0.04 : 0
Steam level contribution (s} Steam quality (ar}
6.1 .
oo04y 1  Foo-—mm o= — == ==
0.02
0.05
0
—0.02 L
I 1 0 I
0 50 100 150 200 0 50 100 150 200

Figure 8 Responses to a step change of 10 kg/s in feedwater flow rate at medium

(solid) and high (dashed) loads,
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Figure 9 Responses to a step change of 10° C in feedwater temperature at
medium (solid) and high (dashed) loads.

perturbation excites the drum and the riser in different ways. The shrink
and swell effect is larger at lower power levels. This follows from the dis-
cussion of Figure 3.

6. Comparisons with Plant Data

Much of the model development was based on plant experiments performed
with the P16-G16 unit at Oresundsverket in Malmo, Sweden in collabora-
tion with Sydkraft-AB. The experiments are described in [21}, [7], and [8].
They were carried out in open loop with the normal regulators removed.
The signals were fillered and sampled at a rate of 0.1 Hz. To ensure a
good excitation of the process PRBS-like perturbations were infroduced
in fuel flow rate, feedwater flow rate and steam flow rate. The intention
was to change one input signal in each experiment. To ensure that crit-
ical variables such as drum water level did not go outside safe limit we
made manual correction occasionally. This means that several inputs were
changed in each experiment. The steam flow rate changed in response to
pressure changes in all experiments because we were unable to control it
tightly.

A large number of signals were logged during the experiment. This
proved to be very valuable because it has been possible to use the data for
a very large number of investigations. The experiments were performed
both at high and medium load. In this paper we have used data where
three variables, fuel flow rate, feedwater flow rate, and steam flow rate
were changed, This gives a total of 6 experiments which can be used to
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Figure 10 Comparison of model (solid line) and plant data (dots) for perturba-
tions in fuel flow rate at medium load.

validate the model.

There were problems with the calibration of the flow rate measurement
transducers and also some uncertainty in the effective energy content of
the oil. The approach used was to start with the nominal calibration values
and then make small corrections so that the long term tracking between
the plant data and the model was as close as possible. The change in all
cases was well within the transducers accuracy limits, Apart from that,
no fiddling with the coefficients was made. When showing the results in
the following, we present the primary input variable and the responses in
drum pressure and drum level.

Experiments at Medium Load

The results of experiments at medium load will be described first. This is
the operating condition where the shrink and swell phenomenon is most
pronounced.

Fuel Flow Rate Changes TFigure 10 shows responses in drum pres-
sure and drum level for perturbations in fuel flow rate. There is very good
agreement between the model and the experimental data for drum pres-
sure and drum water level. Notice in particular that there is an overshoot
in the drum level response for step changes in fuel flow. We call this phe-
nomenon the rapid swell. We have not found any previous references to
this phenomenon. It is due to interaction between the two state variables
that describe the dynamics of steam under the liquid level in the drum.
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Figure 11 Comparison of model (solid line) and plant data (dots) for perturba-
tions in feedwater flow rate at medium load.

Changes in Feedwater Flow Rate Figure 11 shows the responses to
changes in the feedwater flow rate. The general character of the responses
agree well there are some deviations in the pressure responses and some
of the finer details of the drum level are exaggerated. The pressure does
deviate in the 500 to 1500 second region, but since the changes in pressure
are small the results are considered adequate.

Changes in the Steam Valve Figure 12 shows the responses to changes
in the steam valve. There is very good agreement between the model and
the experimental data. Notice that there is a significant shrink swell effect
which is captured very well by the model.

Experiment at High Load

Changes in Fuel Flow Rate Figure 13 shows responses in drum pres-
sure and drum level for perturbations in fuel flow rate. There is good
agreement between the model and the experimental data. A comparison
with Figure 10 shows that the shrink and swell effect is much smaller at
high load. It is interesting to see that the model captures this.

Changes in Feedwater Flow Rate TFigure 14 shows the responses to
changes in feedwater flow rate. There are discrepancies in pressure from
time 400 to 1400. The total changes in pressure are small and minor varia-
tions in feedwater conditions can easily cause variations of this magnitude.
The model exaggerates the level changes for rapid variations, Compare for
example data in the interval 1500 to 2000.
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Figure 13 Comparison of model (solid line} and plant data (dots) for perturba-
tions in fuel flow rate at high load.
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Figure 14 Comparison of model (solid line) and plant data (dots) for perturba-
tions in feedwater flow rate at high load.

Changes in the Steam Valve Figure 15 shows the responses to changes
in the steam flow rate, There is very good agreement between the model
and the experimental data. Notice that the model captures the drum level
variations particularly the swell and shrink effect very well. A comparison
with Figure 12 shows that the shrink and swell effect is smaller at high
loads. This i1s well captured by the model.

Comparison of Behavior at High and medium Load

The experiments have indicated that there are significant differences in
behavior at high and medium loads that are well predicted by the model.
We will now look closer at these differences.

Figure 16 compares the responses in drum level to steam flow changes
at high and medium loads. The steam valve changes were almost the same
in both experiments (as is shown in Figures 12 and 15) but they were
not identical. Figure 16 shows that the model matches the experiments
very well and it also shows that the shrink and swell effect is larger at
medium load. Figure 17 compares responses to changes in fuel flow. Notice
the good agreement between model and experiments. In this case there is
a pronounced difference between the behaviors for medium and high load.
Figure 18 also compares responses to changes in fuel flow. We have taken
a section of the data where there are substantial rapid variations. Again
we notice the excellent agreement between model and experiments and we
also notice the significant difference between the behaviors at medium and
high loads.
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Figure 16 Comparison of moedel (solid line} and plant data (dots) for perturba-
tions in steam flow rate at high load.
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Figure 16 Comparison of behavior of drum water level af medinm and high loads
for perturbations in steam flow rate. The model response is shown in solid lines
and plant data is indicated by dots.
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Figure 17 Comparison of behavior of drum water level at medium and high loads
for perturbations in fuel flow rate, The model response is shown in solid lines and
plant data is indicated by dots.
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Figure 18 Comparison of behavior of drum water level at medium and high loads
for perturbations in fuel flow rate. The model response is shown in golid lines and
plant data is indicated by dots.
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7. Conclusions

A nonlinear physical model with a complexity that is suitable for model
based control has been presented. The model is based on physical param-
eters for the plant and can be easily scaled to represent any drum power
station. The model has four states; two account for storage of total energy
and total mass, one characterizes steam distribution in the risers and an-
other the steam distribution in the drum. The model can be characterized
by a few physical parameters and steam tables.

The model is nonlinear and agrees well with experimental data. In
particular, the complex shrink and swell phenomena associated with the
drum water level are well captured by the model. The model has a triangu-
lar structure that can be described as (((Vie, p), ¢7), Via), where the states
in each bracket can be determined sequentially. The linearized model has
two poles at the origin and two real stable poles.

The model has been validated against plant data with very rich exci-
tation that covers a wide operating range. These experiments have given
much insight into the behavior of the system and it has guided the model-
ing effort, We believe that the approach used in this work can be applied-
to other configurations of steam generators.

The model (26) can be simplified by keeping only the dominant terms
in the expressions (27) for the coefficients e;;. This could be useful for
applications to model based control: Preliminary experiments indicate that
several terms can be neglected without sacrificing the fit to experimental
data. A comprehensive study of this is outside the scope of this paper. The
model can also be refined. One possibility is to introduce dynamies in the
momentum equations for circulation flow. This could be useful in order to
give a more detailed deseription of the phenomenon we called rapid swell,
Qur experimental data did not allow this because the sampling rate was
10s.
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Appendix A - Plant Parameters

% The physical constants for the two plants
% Australian Plant

Ad= 52;

Vd= 73;

mt=2000000;

Vr= 36;

Vdc= 60;

ke=200;

Cp=650;

% Swedish Plant
Ad= 23;
Vdrum= 37;
mt=300000;
mr=100000;
Vr= 37;
Vde= 11;
k=200;
Cp=650;
beta=0.3;

% Coefficients for quadratic fit to steam tables.

% Properties of steam and water in saturated state.
all= 2,7254E6;
all= -1.8992E4;
a2i= -1160.0;

aQ2= 53,1402;
al2= 7.673;
a22= 0.36;

a03= 1.4035EG;
al3= 4.9339%4;

a23= -880.0;
a04= 691.35;
ald4= -18.672;
a2d4= -0.0603;
aQb= 310.6;
aib= 8.523;
a2b= -0.33;

%Properties of water in subcritical state
al6= 5900;
alé= 250;
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Appendix B - Simulink Code

function [sys, x0, str, ts] = s£d302(t, x, u, flag, x_init)

% s£d302 S-function version of the four state model

% This version is compatible with simulink block diagrams.
global qr gdc qct

% Plant Parameters—————————m—m——mmmmm e -
mt=300000; mr=100000; md=20000; Cp=650;
Cfw=4.18; Ad= 23; Vd= 37; Vr= 37; Vdc= 11;
Vt=Vd+Vr+Vdc;
ke=200; Vsd0=8; beta=0.3;
getstqe ¥ Properties of steam and water in saturated state

% _______________ - -

if abs(flag) == 1, % COMPUTE STATE DERIVATIVES
% State initial conditions

Vut = x(1);
p = x(2);

ar = x{(3);
Vad = x{4);

% Controls or inputs
Q = u(1)*ie6; ¥ Conversion to Watts

qf = u(2);
tf = u(3);
gs = u{4)+4.8%(p-8.5); % Correction for steam transducer

% Properties of steam and water in saturated state
hs = a0l+(atil+a21%(p-10))*(p-10);
dhsdp = aitl+2*a21*(p-10);
rg = a02+(a12+a22+(p-10)) *(p-10);
drsdp = al2+2*a22*(p-10);
hw = a03+(a13+a23+ (p~10))* (p-10);
dhwdp = al3+2%a23*(p-10);
rw = a04+(a14+a24*(p-10))*{(p-10);
drudp = ald+2%a24%(p-10);
ts = a0b+{(al5+a2bx(p-10))*(p-10);
dtsdp = aib+2%a25%(p-10);
% Properties of water in subcritical state
hf = (Cfuxtf+p*le3/rw)=xle3;
% The model equations————————r o e e e
hc = hs-hw;
hr = ar*hs+{(l-ar)x*hw;
% Average steam quality volume ratio and partial derivatives
z=ar* (rw-rs)/rs;
av = rw/{ru-ra)*(1-(1/2)+log{i+z));
davdar = rw/rs*x((1/z)*log(l+z)-1/(z+1))/z;
zp=(rs+*drudp-rwxdrsdp)*ar/rs/rs;
zl=(rwrdrsdp-rsxdrwdp)/ (rw-rs) /{rw-rs);
z2=ry/ (ru-rs)* ((1/z) *log(1+z) -1/ (1+2)) /z*zp;
davdp=z1*(1-(1/2) *log{i+z))}+22;
% Circulation flow
sl =ke#* (rw-ra)*Vrkav;
gde = sqrt(si);
% Equations for coefficients of derivatives of state variables
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Td=600/qgs;
Vst=Vt - Vwt;
Vwd=Vwt - Vd¢ - (1-av)*Vr;
ell=rw-rs;
el2=Vst+*drsdp+Vwt*drwdp;
e2l=hw*rw-hs*rs;
e22x=—Vt*leb+nt*Cp*dtsdp;
e22=Vst* (hs*drsdp+rs*dhsdp) +Vwt* (hwkdrwdp+rwsdhwdp) +e22x;
e3u=(rw*dhwdp-arshc*drwdp) * (1-av)*Vr;
e3x=(rs+(rv-rs)*ar) *hc*Vr*davdp-Vr*le+mr*Cp*dtsdp;
832=((1-ar)*hcxdrsdp+trs*kdhsdp) *aviVrteduteldx;
233=(rs+(rv-rs)*ar)*hc*Vr*davdar;
e42y=(1+beta) *ar*Vr;
e42x=a42y* ((1-av)*drwdp+tavidredpt (rs—-ru) *davdp) +Vsd+drsdp;
e42=(rs*Vsdxdhsdp+trwsVud*dhwdp-Vsd*ieB+md*Cp*dtsdp) /heted2x;
e43=(1+beta)* (arxVr*(rs-rw)*davdar);
edd=rsg;
e=[el11, el2, 0, 0
e21, 22, 0, 0
0, e32, e33, 0
0, ed2, 43, e44];
% The right hand side of state equations
ba=(hf~hw)*gf/hetrs* (Vsd0-Vsd) /Td;
b=[gf-qs ; Q+gf*hf-gs*hs ; Q-qdc*ar*hc ; bd];
% Solve linear equation for derivatives
dx=e\b;
gx={(rw-rs)*Vrxdavdp*dx (2)+(rw-rs)*Vridavdar*dx (3) ;
% Two important flows for understanding behavior
qr=qdc- (avxdrsdp+(1-av)*drudp) *Vr*dx (2) +gx;
gctx=rs*Vst*dhsdptrw*Vwt*dhwdp-Vt*1e8+mt*Cpxdtsdp;
qct=((hw-hf) *qf+qctx*dx(2)) /he;

% Step the derivatives, dx is a 4X1 vector
sys = [dx];

elseif flag == 3, % COMPUTE DUTPUTS
% Extract state variables

Vwut = x(1);
p = x(2);

ar = x(3);
Vsd = x(4);

% Drum level

rs = a02+(ai2+al22% (p~10) ) *(p=-10);

rw = al4+(ald+a24* (p-10))*(p-10);

z=ar* (rw-rs)/rs;

av = ru/{ru-rs)*(1-(1/z)*log(i+z));

Vud = Vwt-Vde-(1-av)#Vr;

1s=Vsd/Ad;

lw=Vwd/Ad;

1=1w+ls-1.0;

sys = [1,p,lw,ls,qr,av,qdc,ar,Vut,Vsd,qct];
Yo e e e 2 Bt M o
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elseif flag == 0, % INITIALIZATIONS
sizes(1) = 4; % 4 continuous states
sizes(2) = 0; % 0 discrete states
sizes(3) = 11; ¥ 11 outputs
sizes(4) = 4; % 4 inputs
sizes{(b) = 0; % No discontinuous roots
sizes(8) = 0; % No direct term
sizes(7) = 1; ts = [0,0];% Efficiency fix (see [1])
sys = sizes’;
x0(1) = x_init(1);
x0(2) = x_init(2);
x0(3) = x_init(3);
x0(4) = x_init(4);
else % Flags 2 or 4, not considered since we have no
sys = L]; % discrete states. Also flag § is of no interest.
end;
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