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Abstract:

This paper focuses on the identification of grey-box LPV model for the boiler superheated steam
temperature from local approach. Rather than building a model either from the law of physics or
from experimental data independently, the combination of an analytic and an experimental approach
is used to identify an LPV model of a boiler superheated steam temperature. The parameters of the
LPV model are approximated as a rational function of the main steam flow. The global LPV model is
estimated by applying a parameters interpolation technique of local linear model parameters. The
proposed method is applied to the identification for Boiler superheated steam temperature process in
the Pha-Lai Power Plant. The results show that the obtained model is of high accuracy and the
proposed method is feasible.
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Tom tat:

Bai bao nay tap trung nhan dang mo hinh tuyén tinh tham sd bién thién - hop xam cho nhiét do hoi
qué nhiét cla 10 hdi trén cd s6 luu lugng hai la thdng s6 thay ddi theo thdi gian theo phuong phap
nhan dang cuc bd. Thay vi xay dung mét moé hinh theo dinh luat vat ly hoac tur dif liéu thuc nghiém
mot cach doc lap, su két hgp gilta phuang phap phan tich va phuong phap thr nghiém dugc st
dung dé xac dinh md hinh LPV cua nhiét do hai qué nhiét cua 10 hoi. Cac tham s md hinh nhiét do
hai qua nhiét dugc xap xi la ham ty I cta luu lugng hgi qua nhiét. Mo hinh LPV toan cuc dugc udc
lugng bang cach ap dung k¥ thudt ndi suy tham s6 cla cac tham s mé hinh tuyén tinh cuc bd.
Phuang phap dé xuét dugc ap dung dé nhan dang nhiét dd hai qué nhiét ctia Nha may dién Pha Lai.
Két qua cho thdy mo hinh nhiét d6 hai qua nhiét thu dugc coé do chinh xac cao va phuong phap dé
xuat la kha thi.

T khoa:
mé hinh hda nhiét & hoi qué nhiét, md hinh hop xdm, nhan dang mé hinh tuyén tinh tham s6
thay d6i, ndi suy ty lé.

1. INTRODUCTION one of the most critical the behavior of
Boiler superheated steam temperature is  the process variables to be controlled in a
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thermal power plant. Superheated steam
temperature has characteristics including
nonlinearity, time-varying and various
disturbance factors. It is vital that
an accurate and reliable nonlinear
process model to describe the main
steam temperature dynamic
characteristic [1].

system’s

In fact, the steam flow influences the
superheated steam temperature with the
characteristics of nonlinearity, parameters
time-varying [2]. However, in the
previous studies, the influence of steam
flow is always omitted when modeling the
superheated steam temperature [3,4]. This
study will consider the influences of
the steam flow when identify the
superheated steam temperature to improve
the identification accuracy. The idea
of approximating the time variation
characteristics of the superheated steam
temperature model with a linear
parameter-varying (LPV) model. Because
a linear time invariant (LTI) model can be
insufficient when the system is used in
wide operating range (because, e.g., the
nonlinearities may vary with the operating
conditions). LPV models are more and
more introduced in modeling of boiler [5].

In this article, the main focus is placed
on the identification of a grey-box LPV
model for boiler superheated steam
temperature A physical model is first
developed for boiler and the unknown
parameters are determined by local
identification approach [1, 5]. By local
approach, it is meant that a multi-step
procedure is undertaken where (1) the

local linear models corresponding to a
series of fixed operating points are
identified based on the locally gathered
input-output data, (2) an LPV model is
derived by parameter interpolating of

these locally-estimated models.

In order to reach this goal, the local
identification technique using parameter
interpolation is applied. The use of
rational parameter interpolation for state-
space matrices directly is a key concept
that we have investigated and applied to
the grey-box LPV modeling of boiler
superheated steam temperature in this

paper.

2. MODELING OF SUPERHEATER
SYSTEM

The Superheater system is mainly
composed by three parts: primary
superheater (SH 1), secondary superheater
(SH2) and water-spray attemperator (DS)
between the two superheaters, as shown
in Fig. 1. The steam enters the superheater
from the drum as wet steam (almost
saturated) and leaves the superheater to
the turbine in superheated condition [2,7].

Its task is to regulate the saturated
steam out of the drum to a rated
temperature before delivering it to the
turbine. Superheated steam temperature is
adjusted by spray water and feedwater
together. Spraying feed water decreases
the enthalpy of the steam and thus
decreases its temperature prior to entering
the next stage of heating; this process is
called attemperation. Spraying feed water
in these locations avoids overheating of
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steam and overheating of the heat
exchanger tube walls, protecting it from

damage.
l Dds
hds

Dy
) sH1 P4 DS gl SH2 |,
hg; hsz hT

Fig 1. Diagram block of the superheaters

2.1. The mathematical model of boiler
superheated steam temperature

The grey-box model of boiler superheated
steam temperature is mainly derived from
the prior works [6-8] and is briefly
outlined in this section.

The mathematical model of superheater is
derived using mass balance and energy
balance equations. First, the steam
temperature at the outlet of the primary
superheater can be written as :

mSCS n mmCm de]. = QSH + Dst Ts 7Tsl
dt (1)
d 1
U _ L —Qsh + Ksn Dy
dt TSH

)
The mass and energy balances in the
attemperator are given by

Dsl + Dds = D52 (3)

D h,+D,h, =D_h

s1' sl ds’ds — s2 s2

(4)

The steam temperature at the outlet of the
second superheater can be simplified as:

dT, =
t2 = QSH + Dszhsz - DThT - h52 D, — D

mC,+m.C
s°S m-m d
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where Ds, Dy are steam mass flow rates
from the steam drum and the secondary
superheater (kg/s); Dgs IS attemporator
spray flow rate (kg/s); Dy is the fuel flow
rate (kg/s); Qsn is the heat supplied to the
superheater from the furnace, Vg,Vs, are
steam volumes in the primary and
secondary superheater (m®); hs, he, hs
and hgs are specific enthalpies of the steam
in the drum, the steam in the primary and
secondary superheater, and the spray
water (kJ/kg), respectively; m is the mass
of the metal tubes of the superheater, C; is
the specific heat of the metal tube of the
superheater ; ms, my, are the mass of the
steam and metal tubes of the superheater
mass (kg).

By linearizing the equations (1, 2, 3, 4
and 5) around an operating point, we
obtain the following equations:

dAQs 1
H
at —AQgsy + Kgy D¢
TSH (6)
dATy 1 D,C, kr DsCpkp
— = AQg — ATy + PP AR
dt Mg 0 Mgy Mgy °
_ 2D —_
krKpkst DsCp ﬁssz + hs—hg R — hy
+ AD; — AD,
Msy Pr Msy «
(7)
Mo 8IS AQgy +C,BuATy — BrCyATsy + fy — i, ADy

dt
— hy —hg ADg — By —h; AD;

(8)

Finally, the model for superheated steam
temperature can be summarized in form
of following state space equation as

X = AX+ B
{x X + Bu )

y =Cx
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where:

input, output and state variables are:
u=[AD, AD, AD, ], y=AT,
X= [AQsh ATsl ATSZ ]T 1

A is a state matrix, B input matrix, C
output matrix.

a, 0 0 b, 0 0
A=la, a, 0|, B=|0 b, b,
a’Sl a32 a33 0 b32 33
C=100
1 k
ay = ———; by = =
TSH TSH
1 Ijst
ay Mg, 22 Moy '
hy —hg
b,, — —
2 Mgy
_ 2D, —
kaPkSH Dst —52 + hs _hsl
b23 — MPS
SH
. LGB B
31 MSH, 32 MSH » 933 MSH
hsh2 _hds HT _Hds
SH SH
MSH :msCs +mmCm

By grey-box modeling technique, several
elements of the state matrices can be
fixed (as O or 1) while the rest of them
(the unknown parameters) need to be
estimated.

2.2. Description of the model
parameters

We have, see [8]:

MSH = Kl + Kz Psy + K3 ng (10)

In one hand, the pressure drop of drum
pressure and superheated steam pressure
has a square root relation to the steam
flow:

DT - KS pSH (11)

From these function (egs.10, 11), the
elements of the state matrices (A, B) are
determined as follow:

1
a, = 1+>\1(21) DTz +>\2(21) DT4

)\1(22) +/\(22)D
— 2 T .
azz - 1_|_>\3(22) DTz _|_>\i22) DTA !

b, =" +7,'D7 +4;7D;

(33) (33) N2
_ %+ By

SRR

9D, 9D
1+9D} 74D}

23

1
= 1_|_)\1(42)D2 +)é42)D4
T T
a3 B )\1(43) +>\2(43) DT a3 B )\1(44) +>\2(44) DT
SRS AE RO G

Ay

TR~ R e

= 1+’Y(43)DT2 - 3 1+7§44)DT2

3
’

32

From the above equations, it can be
shown that the unknown elements of the
state matrices (A, B) are the rational
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function of the steam flow Dx.

23. The LPV model of
superheated steam temperature

boiler

According to the above analysis, the LPV
model is perfectly suitable to describe the
dynamic characteristics of this system.
We consider that the system can be
represented by the following discrete-time
LPV model in state-space innovation
noise form [5, 7]:

x(k +1) = Aw(K))x(k) + B(w(k))u(k) + K (w(k))e(k)

y(k) = Cx(k) +e(k)

(12)

where: the mail steam flow is chosen as
scheduling variable w(k) (working-point
variable), e(k) is white noise sequence,
K(w(k)) is the observer gain matrix.
The model matrices (A, B, K) are the
functions of the main steam flow variable.

Equation (12) can be equivalently written
as:

R(k,0) = F(w(k))&(k,0) +G w(k) z(k)
y(k,0) = Cx(k,0) (13)
where

F wk) =A w(k) —K w(k) C

G 6 =[B w(k) ,K w(k) ]

u(k)
y(k)

The identified LPV model is then:

2(k) =

nu-ny

" :{f((k+1):<1> k"0 w(k) 1

y(k) = Cx(k)

where:
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®(k) is a regression vector

KK 0 - 0 zZ(k) 0 - 0
0 .o 0 .o

(I)T k — ERnwd
W=l o0
0 - 0 XK 0 - 0 z'(K)

The unknown parameters to identify are
gathered into the vector 8(w(k)):

O(w(k)) :=|vec(F(w(k))" vec(G(w(k))'|€R*
with

d =nx nx+nu-+ny
We can parameterize 6(w(k)) as follows:

00 +O0WEK) + W () g5

0 w(k) =

M e 0w
withr=1,..., d.

By local identification approach, the

parameters of the global LPV model
is retrieved by interpolating the value
of the parameters at each of the
operating points considered. Therefore,

the coefficients (0, 9”9 and (0",
) will be determined to ensure that:

D w, OO 0
N T W W]

(16)

with 6! the identified parameter vector at
each of the operating points w;

3. LPV MODEL IDENTIFICATION
SCHEME USING PARAMETERS
INTERPOLATION

In order to determine the parameters of
the grey-box state space LPV model
derived in the previous Subsections (see
Egs. ((14)-(15)), the following multi-step
procedure is employed.
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Step 1. To determine a sufficient number
of representative operating points of the
system;

Step 2. Collect input/output data and the
corresponding time-varying parameter
w(k) for the selected operating points;

Step 3. Estimate the model parameters
é(wi)of local LTI model at the operating
points w;.

Step 4.

Obtain the superheated steam temperature
system’s LPV model f(w) from the local

model parameters G(w.) .

Then, the article presents the estimation
algorithm for the coefficients (0,9 9"

) of p(w(k)) and (1,7, ) of q(w(k)) of the

rational interpolant 6 (W)

3.1. Local LTI model identification

Based on the collected data, the model
parameters é(wi)of local LTI model are

estimated at m different operating points
w; (i=0,., m) by using prediction error
identification, see our previous work [7].

3.2. LPV model identification

After the m local identification
experiments, the next step in determining
the LPV model is to interpolate the value

of the parameter vector é(wi)at different
operating points w;.
The coefficients 9" (j=0, 1, 2) and the

coefficients 7" (k=0, 1) of the rth

parameter 6 w(k) satisfying (16) are

determined by using the rational
interpolation method which is described
as follows [9].

Firstly, set: z=w?

therefore:
ﬁ(r) 19(0 19(r) 2 (r)
0.(z) = o(j 15)* 22 _ pm(z) (17)
My +12+2 q"(2)

Put:

f(z)=2—-2, z—2, ... 2—12, (18)
and

f=1[z-z (19)

=0
]

[N

By applying of the Lagrange interpolation
formula, one has:

2], =>% 20)
Where g, =9(z) (21)
From (17), one has:

SR @) =325 piz) 22)

3.2.1. Estimate the coefficients of the
polynomial q(z)

Egs. (22) can be written as:

209@), , =[2'r@)],,

Hence

[2p()], =0 forj=0,1 (j+2<m)

and therefore:

|2'6,a(2)], =0 (23)
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One has:
q(z) = hZ;nhZ“ (n,=1) (24)
So:

(25)

=0 f h=0

Egs. (25) can be writen as follows:
2

Z hj+h77h =0

h=0

where

(26)

hsi%‘@i; 0<s=h+j<3

i=0

(27)

Finally, we have:

hoh h
lhz h _M %)

To determine the coefficients (7, ,7, ), it

Mo | _
m

is possible to use least squares algorithm,
the singular value decomposition (SVD)
technique or the iterative method to
increase the accuracy of the parameters.
In this paper the parameters are estimated
by the LS algorithm, see [7].

3.2.2. Estimate the coefficients of the
polynomial p(z)

From (17), one has:
=9 +902 +92°
(29)

After obtaining the coefficients of
the polynomial q(z), the coefficients

90,90, 99]of the polynomial p(z) will

0'v1 V2

0.(2) 1+nz+n7°

be determined based on the data set

(ISSN: 1859 — 4557)

2,0.(z)9"(z) .
Put:

S.(2) =9 +9z2 +9°7° (30)
Egs. (29) can be rewritten:
$.(2)=6,(2) 1+nz+n)2’ (31)

Then applies the Newton interpolation
algorithm to find p(z).
S,(W)=9"+9 z—z, +9° z—z, 22
(32)
The coefficients [0,9°,9] of the

polynomial p(z) can be determined as
follows

9" =S(z,) =S, (33)
9 =S z,,2, (34)
9 =S z,,2,2, (35)
One has:

Sz.2.2 = Sz,z, -Sz,z (36)

Z,— I,

To summarize, rational interpolation for
LPV model of Boiler superheater steam
temperature can be carried out in the
following manner:

Algorithms: Rational interpolation for
LPV model

1) Identify the local linear models for
each working-point.

And then the corresponding state-space
matrices are interpolated as follows:

2) Set z =w? and compute f; using (19) for
0<i<m.

SO 24
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3) Compute the coefficients (7,,7, ) of
0"(@).

e Compute hs using 27.

e Solve (28) to find the coefficients (7,
;).

4) Interpolate the data set z,60.(z)q" (z,)

To compute the coefficients [0, 9,9

of p®@z) using Newton interpolation
algorithm according to the Egs. 33
throught 36.

4. IDENTIFICATION RESULT

In this section, the proposed methodology
is applied to the identification of the
boiler superheated steam temperature.
The boiler is a pulverized coal-fired 300
MW unit used for electric power
generation at Pha-Lai thermal power plant
[71.

The data are collected from the
experiment during normal operation with
the sampling rate is 1 sec, when the steam

flow can change from 120 kg/s to 240
ka/s; see Fig. 2.

15 2 2 3
t(s) 1t

Fig 2. The steam flow

First, the local LTI model obtained at five
working points: w; = 160 kg/s, w, = 180
kgls, ws = 200 kg/s, ws = 210 Kg/s,
ws = 220 kg/s.

el ™~

/

anr (w(k))

w(k)
Fig 3. The parameter an;
Then, the grey-box LPV model is
obtained by applying the interpolation
algorithms in section 3. The LPV model
parameters are found to be:

a, =1.5x10°-9.1964 x10°D? -127.6835D}
B 1
1+ 4.3908x10°D? — D!

8,

. 6.6234x10° +91.0615D;
2 1+ 4.3238x10°D; — D

6.9465x10 *°

% =17 23051x10'D/ — D’
a — 1
" 1+4.4342x10'D? - D;
_8.1203x10°+ 111.6410D,
’ 1 +4.3474x10°D;
_4.3037x10* +133.5127D,
% 1+ 4.3037x10'D;?

b, = 6.57x10"-594.65.10" D?-594.6D;

~1.7008x10°-127.6086D?
2 1-1.9728x10°D}
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, _ _"5.79x10"-557.10°D, -128.5D;
z 1+2.8.10°D - D!
10—13
® 7 1x10° -2.3223D?

, _ 1:3936x10 °D;
® 7 10° —2.2762D}

The parameter a;; and by; are represented
in Figures 3 and 4, respectively.

6
x 10
3.5

3 \
/ \

2 //

Vi

1

b1x (w(k))

0.5

00 50 100 150 200 250

w(k)
Fig 4. The parameter b1,

The improvement of the accuracy of the
identified LPV model can also be
evidenced by comparing the output of the
real system with the output of the
identified LPV model. Fig. 5 compares
the estimated output with the measured
outputs, where the measured output is
represented by blue solid lines and the
estimated output is represented by red
dashed lines. According to the presented
results, it can be concluded that the
estimated LPV model captures well the

(ISSN: 1859 — 4557)

non-linear dynamics of the original
system over a wide operating range.

600]

. MW’”— )

n'v

0 0.5 1 15 ?5 3 3.5 4

? 4
'[(S) x 10

Fig 5. Measured output versus the
estimated output of LPV model

5. CONCLUSION

In this article, the LPV model
identification methodology has been used
in order to derive a reliable grey-box state
space LPV model from local experiments
gathered on the real system. In the
proposed identification method, the LTI
and the LPV models have a particular
structure that is derived from the laws of
Physics. This approach lets the user take
advantage of both analytical and
experimental modelings of the system.
The core idea behind the proposed
approach is to formulate a global
parameterization of the matrix functions
and these parameter are determined by
using rational parameter interpolation of
the locally identified LTI models at each
considered operating point.
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