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1. INTRODUCTION

A medium sized model of a drum boiler turbine unit was described in
Eklund (1971). This model takes the major physical phenomena into
account. The model was derived from first principles. It was validated
against plant data. The measurements were made on the P16/G16 unit of
Uresundsverket, Sydkraft AB, Malmo, Sweden. The validation showed that
the model described the boiler-turbine unit quite well. There were,
however, some deficiencies in the description of the drum level. The
shrink and swell effect in Eklunds model was for example much smaller
than for the real boiler. In this report Eklund’s model is modified

to describe the shrink and swell phenomena better. This requires that
an additional state variable is introduced. A few other minor

changes have also been made to Eklunds model. The modifications
introduced are described in Section 2. The major characteristics of
the model are described in Section 3. Results from validation against
plant measurements are given in Section 4. A simulation program

which gives the model in full detail is presented in the Appendix A.




2, MODIFICATIONS OF EKLUND’S MODEL

It is assumed that the reader is familiar with the derivation of the
Tinear boiler model in Chapter 4 of Eklund (1971). Eklund gives two
models a 9th order model and a 15th order model. The models differ
mainly in the degree of aggregation used to wmedel the superheater. The
9th order model gives a reasonable fit to the experimental data for
most signals except the drum water level. The bad fit can be traced

to the fact that the influence of the steam bubbles in the risers is
poorly described. An improved description of these are given in the
modified model. Some miner modifications are also made.

Drum Level Model

A new state variable X3 is introduced. This variable is the volume of
the steam bubbles in the risers divided by the drum area. The drum
level is therefore given by

Yg = Xp + X3. (2.1)

Inspired by Bell and Astrom (1979) the following model is introduced
for x:

3. (a%-?c— XS)/T, (2.2)
where a is the steam quality, T approximately the mean residence time
in the risers, and o a parameter. The amount of swell is easily
adjusted by changing the paraméfer’a. The circulation time is about
10 s. Order of magnitude calculation using the parameters of the non-
linear model in Bell and Astrom’ (1979) indicates that a value of o =
100 1is reasonable. Preliminary simulations indicated that this value
was probably a bit too high35echuse the shrink and swell effects were
larger in the model than in the process for this value. Since a large
shrink and swell does not make the control problem simpler it was

decided to use o = 100,




Minor Modifications

Some minor modifications to Eklund®s model were also made. Since an
extra state variable x4 was introduced the remaining state variables
of Eklund’s model were renumbered.

A cross check on Eklund®s model also revealed that some parameters
should be changed. The numbers b]3, b]4, b23, b24, b43, b44, and b63
were all set to zero. These numbers describe the influences of the
spray water flows on the rates of changes of the state variables drum
pressure, drum 1iquid level, drum water temperature and steam quality.
The nonzero values were due to the lumping of the system. The para-
meter b]2 in Eklund®s model is erroneous. The value was changed to

b = - 4.4 x 10 x3.6=-~1.6x107°

12

based on linearization of the nonlinear model Astrom and Eklund (1972).

There is also a sign error in the coefficient b84 which has been
corrected.

Finally, all numbers in Eklund’s model have been rounded off to four

decimal places.




3. CHARACTERISTICS OF THE MODEL

The mode] is intended to give a reasonable overall description of a
drum boiler unit. It has the standard state space format

dx = Ax + Bu

dt
y = Cx + Du.

The input signals are
Uy fuel flow
u, feedwater flow
Uy Spray flow 1
Uy spray flow 2

Uy steam valve position.

The output signals are
¥ output power
Yo power from low pressure turbine
y3 power from high pressure turbine
Ya steam flow
Y5 drum level
Y6 drum pressure

Y7 steam temperature.

The state variables are
Xy drum pressure
Xo drum liquid level ‘
X5 drum steam bubble 3;véi
X4 drum water temperature
Xg riser wall temperature

Xg Mmean value of steam quality




X7 wall temperature of superheater ]
Xg wall temperature of superheater 2
Xq wall temperature of superheater 3
wall temperature of reheater.

The numerical values of the matrices A, B, C, and D are given in
Appendix A.




iy, COMPARISONS WITH MEASURED PLANT DATA

The model has been validated against plant data. Three different
experiments were performed by Ekiund (1969) at two different load
levels, full load and half load. Eklund’s model was originally
developed for the full load operating conditions. The input variables,
fuel fiow, feedwater flow and steam valve opening were changed in the
experiments. In each experiment there was a perturbation in one of
the signals and small corrections in the other input signals. The
corrections were made manually to maintain a reasonable drum level.

To get a feel for the dependence on operating conditions comparisons
with plant data at a lower load are also given.

Experiments at Half Load

Figure 1 shows the results obtained at low load when the fuel flow

is perturbed. A comparison with Fig. 4 indicates that the drum
pressure is modeled as well as in the case of full load. The fluctua-
tions in output power are, however, smalier which reflects the non-
linear properties of the plant. Notice that the model predicts the
drum water level fluctuations very well.

Figure 2 shows the results obtained in the experiment when feedwater
flow is perturbed. The fluctuations “in pressure and power are compara-
tively small. Notice, however, that the model gives Jarger fluctuations
in these variables and that iﬁpa1§b‘gives more shrink and swell than
the real process.

Figure 3 shows the results obtéined when the steam valve is changed.
The model predicts the pressure variations well. As expected, there are
however discrepancies in oéfpdfipower. The shrink and swell is also
exaggerated. \

The control variabies are normalized in the figures. 1 unit in fuel
flow corresponds to 14 kg/s and 1 unit of feedwater flow corresponds
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to 140 kg/s. The steam valve is nonlinear. The linearized gain at
full load is twice as large as the Tinearized gain at half load.

Experiments at Full Load

Figure 4 shows the outputs of the plant model and the measured outputs
in the experiment when the fuel flow is perturbed. There is a good
agreement with the drum pressure and the output power. The drum level
is also described well. The shrink and swell is however larger in the
model than in the plant.

Figure 5 shows the results for the experiment when the feedwater flow
is perturbed. In this case the changes in drum pressure and output
pover are fairly small. This is seen e.g. in the noise level in the
power signal. There are discrepancies in the drum pressure signal. The
main characteristics of the drum level fluctuations are captured fairly
well. The shrink and swell is, however, again larger in the model than
in the plant.

Figure 6 shows the results for the experiment when the steam valve
is perturbed. Notice that there is good agreement for drum pressure
and output power. The shrink and swell effect is larger in the model.




11

150 -
5
3 140 -
(a8
]
k3|
£ 130 1
02
=]
b= T T
14
13
1]
5
[11]
(L]
v 12
D-l—‘
o
E
o= N 1 T
0.2
0.1 -
0 —
-0.1
-0.2 1
3
3 -0.3
E_
‘EE' -0.4 T f
0.8
z N
28
e 08
U O "_
T< 05 T ;
1.0 N
8_ -
‘:E 0-9— 2 W
g N
S5 0.8
5 | |
&2 07 T
1.1
2% 1.0 fi i
g 0.5 '
EE
_‘ﬂ_J' [=]
U')n_z..u 08 T T ;
0 1000 2000 3000
Time [s]

Fig. 4 - Comparison of model outputs (thin lines) with expe-
rimental data (thick lines) at full load with fuel
flow perturbations.




12

145
o
140
2
a.
E
0
i
k|
S 135 , :
13.0
g 12.5
2
u
8
&
=
Sa,
&2 12,0 I T
0.3
0.2 4
0.1 -
0 -
2 01
E—
§E -02 , —
0.8
) 0.7
@
z N
23
= g 08
g [+}
2= 05+ T : ,
1.0
[
- 0.9 3
gy ;e
O o
0.8
LS 07 ; - [
11
27 10
gz
g 084 7
EE !
52 o8
[ 43 R} . T 1
0 1000 2000 3000
Time [s]

Fig. 5 - Comparison of model outputs (thin lines) with expe-
rimental data (thick Tines) at full load with feed-
water flow perturbations.




13

150

= 140

z

Q

a

o 130

=4

§3

l'ngZ 120 T T
14

i

=

g

[« R

=

EL

a= 12 T T
03
0.2+
0.0
0.—
-0 4
-0.2

K}

& -03-

_gj,_,

55 04 T T
0.8

g 074

z N

z=

=g 06

IL & 0.5 T ; I
1.0 -

E

B

3 0.9+ _ " , .

S8 W —— AP P patmas

g o .

32

U< 0.7 1 I
1.1 I

2% 1.0

53 I IEEE

g 0.9 Lo

EE 7

32 0.8

n= . T |

0 1000 2000 3000
Time [s]

Fig. 6 - Comparison of model output (thin lines) with expe-
rimental data (thick Tines) at full load with steam
valve perturbations.




14

5. CONCLUSIONS

The comparisons with piant data show that the model describes the

main properties of the plant reasonably well. The shrink and swell
phenomena is, however, exaggerated in the model. This means that the
difficulties in drum level control will not be underestimated when the
model is used. It is easy to reduce the shrink and swell by decreasing
the parameter o given by Equation (2;2). 1t is also clear that the
mode] does not describe the influence of all inputs equally well. A
comparison with experiments at full load and at half Toad shows that
it is desirable to have a nonlinear model to describe the output power
and the drum level well over the whole operating range. Further work
is needed to obtain a good model for a particular plant. The results
indicate, however, that a model of the chosen complexity is sufficient
to describe experiments of the type used in the report. It would also
be of interest to estimate the parameters of the model to improve the
fit to the data. It is, however, believed that the presented model
captures many features of a real plant and that it is accurate enough
to be used for testing multivariable control strategies.
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APPENDIX A

SIMULATION MODEL

CONT INUOUS SYSTEM PGlé
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X1 DRUM PRESSURE 140 110} BAR
"xe DRUM LIGQUID LEVEL +-0,3 .11 M

X3 NRUM STEAM BUBBLE LEVEL 1 (0.11 M

"X4 DRUM WATER TEMPERATURE 320 {201 DEG C
"X5 RISER WALL TEMPERATURE 450 f2n] NEG C
"Xé MEAN VALUE OF STEAM QUALITY 0.1 [0.0%)

"x7 WALL TEMPERATURE SUPERHEATER 1 480 f2d) NeEG ©
X8 WALL TEMPERATURE SUPERHEATER 2 515 (201 neEs o
X9 WALL TEMPERATURE SUPERHEATER & 570 [z2o] nes o
"X10 WALL TEMPERATURE REHEATER 570 (2061 BEG O

"THE ACTUATORS ARE CHARACTERIZED &Y

" FUEL FLOuW Ul:

" TYPICAL START UP TIME FOR BURNER 80 5
" TYPICAL TIME TO OPEN FUEL VALVE 25 3
" MAX IMUH RATE OF CHANGE 0.1 KG/(S%*3)
" FEENWATER FLOW U2}

" MAX THMUM RATE OF CHANGE 2 KG/(S5=35)

" SPRAY FLOWS U3,U4:

" MAX |MUM RATE OF CHANBE 0,16 KG/{5#5)
n STEAM VALVE USH

" MAX IMUM RATE OF CHANGE +2/% -20/5

OUTPRUT
Yi=011%X1+Cl7*x7+018*X8+Ci9*X9+811G*X1D+Dl3*U3+014%U4+915*H5
Y2200l aX1+0278X7+COBEXB+C294X0+D23 % 3+D24xU4+D20#Ub
YSSCSi%XiiCS?%K7+CSS*X8+CSO%X9+0310*X18+ﬁ33&u3+n34%u4+nseaug
Y4=C4LaX1+047#XT7+C48%XE+C49+XF+D43%U3+N44=1i4+ D455
YE=(B2#X2+053%X3+CB6%X0

Yaz=06t#X1

Y7 uOT7ARXL4CT7RXTHCTERXBHCTO#X9+ DT F#UI+D74%14+DT5UB

NYNAMICS

31=B12=x2+B15%U5
DX1=A11*X1+A14*X4+A15*X5+A16*X6+A17*x7+A16%X8+A19*X9+Si
§2=R22sUP+R25+US
NXPZAZL#X1+AZ4%X4+A2D# X5+ A6 XA+A2 7« X7 +AZB#XB+A2O%Y9+52
S3=B32#UR+RI5#US ,
DXS:ASi%X1*ASE*XS+A34%X4+A35*X§+A36%x6+A37%X7+A38*XB+A39*XQ+53
S4=BA4A2xU2+A48=U5
NXA=A41%X1+A44%X4+A4ABxX5 2465 X6+A478XT7 +A4E=XB+A4G2X9+54
DXB=AST#X1+ABG#X5+R51#UL . -

S6=RA2*UZ+REBHUS
DX6=A61*X1+Aé4*x4+AéS*XS+A66*X6+A67*X?+A68*X8+A69*X9+86
DX7=A716X1+A77#X7+AT783XB+A792X0+B71LsU1+B75%U5
NXB=ABL#X1+ART#XT7+ABB*XB+ABO#XO+RA1xJ1+BBI#U3+RBE#US
DXQﬁAgi*XIfAQ?*X?+AQB*XB*A?Q*X9+891%Ui*BQE*US+R94*U4+895%US
S10=0101+U1+B103#U3+RB104%U4+B106%UD
DX10=AL0L#X1+AL07%X7+A1088XB+A1093X9+AL10%X210+510

ALl1-4,368E-2
ALd: 1,922E-2
ALBt 4.964F-2
AL6:-5.094E-1




A17+ 7.300E-5
Al8: 1.380E-4
AL9: 5,102F-4
A211-1.046E~4
Azd: 3.394F-4
A2Bt 2,2B2F-4
ARG ~2,46TFE-1
AR741-9,98B0F~-7
A2B1~1,874F-6
A291~6,929F-0
AZ13-9.883E-3
AZZI-0.2
AZ4:1,533E-2
A35 11, 703E-2
AZ6I-8,633
A37:1-3.405E-5
A38Bt-6,395E-5
A3G1-2,364E-4
A41Y 1,143E-2
A441-2,276F-2
A45: 2,533E-3
AdH -3, 8R7
A471-1,123E~-5
A4B81-2,108E~5
A491-7,794E-5
AB1! 2.814FE~-2
ASB-5,024F-2
A61:-9,.8B3E-5
A64t 1,B33E-4
AeBs 1.703F~4
A66:-8,633F-2
A671-3,408F-7
A6BI-6,395E-7
AG9 1 =2,364E~6
A714-1,327E~2
A77:1~7.644E-3
A78% 1.,429E-4
A79: 5,281E-4
AB11-1.,023F-2
AB7: 1,561FE-2
ABB~1,683FE-2
AB9S 5,846F-4
A91:1-9.515F-3
A97% 4,463E-3
AQ8Y 8,3BPE-3
A991-1,190E~2
A1D13-3,127E-3
ALG7: 2,131E-4
ALOB: 4.D0PE-4
A109: 1.,479E-3
A1104~2,293E~3
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B12:-1.584F-3
B15:-1,734E~1
R22: 3,350F-5
R25! 2,354F-~5
B321~9,055F-4
R35:8,0630E~2
B42:1~3,286E-~3
B45: 2.648E-2
BS13 1,200FE-1
B621-9,055E-6
R65: 8.032E-4
B711 2.132E-1
B731 1,296E-2
R741 1.163E-?
H751~1,794F~1
B811 2,328E~1
BS3:~0,502E-2
RB4:1-B,470F~%
B85i-1.3076~1
BY1i! 2.508F~1
BOZ1-2,740E-9
RO4:-7,938F~2
B9Si-1.1796~1
B101: 6.643E-2
R103:-1,444E~3
BL04:-4,032E-3
RINS:~4,92NFE~4

C11:1,1406
€1711.726E~3
C1813,241£-3
C1911.108E-2
C110:9,844E~2
0211 1.135E-1
C27t 7,562F-3
C28% 1,420E-2
CR9t 5,250R~2
C31t 1.027
C37:~5,836E-3
C381-1.096F-2
C391-4,0526-2
03102 9,844E-2
0411 7.,908E-1
C471-5,4478~3
C481-1,023F-2
C49:1-35.782E-p
65211000
C5351000
C56:10000
celtl
C71:-6.971F-2
C77% 1,030EF-1
¢78: 1,935E=1
C79: 7.1B3E-1

—
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N13:4,5735~2
Di4:7,268E-2
D151, 86E1
p231-4,019E-2
N24:-1,228E-1
D25 1.913
N33 8.592F~7
D34: 1.,9556~1
D35: 1.669E1
D43 7,19BE~D
D44 1,673E-1
D45 1,285F1
N73:-6,272E~1
D74:-1.819
D751-2.,768E~-1

END
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APPENDIX B
CONNECTING SYSTEM FOR COMPARISON WITH PLANT DATA

CONNECTING SYSTEM LMCPD
TiveE 7
PCONSTANTS FOR DATA D107A

U1IPGLA)=(COICFILEI-ULA)=CF1
U2IPGLEYI=(C2ICHFILEI-UZAY*CFY

UZEPB16)=(U3C-UZA)

U4 {PGL6I=(J4C-U4A)

USTPGRLI&I=F CIO{CFILEI>HSSY THEN UZM+U2PR ELSE U2M~U2R
PRVPIPG161=(CL3ICFILEYI=PO) /PR
XHPIPG161=03ICFILE]/YHEC

POVPIPG16]1=(CBICFILETI-HO)/HR

U3G15., 36
Udgta.,1
Uia1z.2
UgAt220
U3AIS, 35
thaas 4.1
WaSWiD
uazpin
Ugr:0.n
XWSCel
Poi110
PR:1L.O
MOLAD
MRs1, 0
CF130,287

END i’

—
2 GOt
1




