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Abstract:

Modeling of the boiler drum is an important and difficult task. In this paper, a recursive identification
method based on the time-varying Hammerstein model were proposed for the boiler drum in
thermal power plant. By dividing it into the nonlinearity subsystem and the second linear
subsystem, the Hammerstein model is used to represent the process dynamics. Recursive
prediction error algorithm is used to identify the proposed Hammerstein model parameters.
System identification experiment is carried out with boiler in the Pha-Lai Power Plant. Results are
presented which compare the responses of the identified models with those of the plant, and
show that the models provide an accurate representation of the real system.
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Tom tat:

M6 hinh hoéa cho bao hai clia 10 hoi la mot nhiém vu quan trong va kho khan. Trong bai bao nay,
phuang phap nhan dang dé qui dua trén mo hinh Hammerstein tham s6 bién thién cho bd bao hai
clia 16 hai clia nha may nhiét dién dugc dé xut. Bang cach phéan chia bd bao hai thanh hai khéi phi
tuyén tinh va tuyén tinh déng, mé hinh Hammerstein dugc sir dung d€ mé ta déng hoc cua qua
trinh. Thudt toan sai s6 du’ bdo dé qui dugc st dung d€ nhan dang cac tham s6 thay ddi theo thdi
gian ctla mo hinh da dé xuat. Thuc nghiém nhan dang dugc tién hanh véi 10 hgi cila nha may nhiét
dién Pha Lai. Céc két qua dugc thé hién bang cach so sanh tin hiéu ra cia mé hinh nhén dang véi
tin hiéu ra thuc cho thdy do chinh xac cia mo hinh dat dugc.

Tu khoa:

Bao hdi-16 hoi, md hinh hda [0 hdi, mé hinh Hammerstein tham s8 thay d&i, nhan dang truc tuyén,
phuang phap sai s6 du bao dé qui, phép phan tich gia tri suy bién.

1. INSTRODUCTION national’s power generating capacity.
Thermal power plants are the major Boiler in thermal power plant plays
source of electrical power generation important role in generation of power.
contributing about 40 percent of The overall efficiency of thermal power
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plant is the effect of three main
components viz boiler, turbine and
alternator. In general the efficiency of
boiler is again combination of both
furnace efficiency and boiler efficiency
and is about only 60-75%. With the help
of modern control schemes this can be
improved further. The modern control
schemes require the availability of
mathematical models that may adequately
describe their dynamic behaviour. The
importance of modeling is profound in
simulation and control system design.

The boiler drum is the crucial part of the
boiler system and there are many
modelling efforts on it. The structure of
drum-boiler is shown in Fig.1. The heat
flow rate Qgy from the furnace supplied to
the drum causes boiling, changes with the
fuel flow input. Feedwater, Ds,, IS
supplied to the drum and saturated steam,
D, is taken from the drum to the
superheaters and the turbine. Thus, the
boiler drum unit can be simplified to a
model with 3 inputs and 2 outputs, in
which inputs consider as Dy, Dy, and Ds,
while ouputs are drum pressure and drum
level.

Because the fuel flow influences the drum
level and drum pressure with the
characterictics of nonlinearrity, parameter
time-varying, therefore it is necessary to
establish a nonliner model for the boiler
drum. Although many modeling and
identification for the boiler are available,
only few papers deal with the nonlinear
models for the boiler drum [1-5]. Lack of
the nonlinear models is a restrictions for
the application of modern control
methods [1].

Drum

Feedwater
-

] ° [] o o
—
Riser
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Fig. 1. Schematic diagram of boiler drum
In this paper, the Hammerstein nonlinear
model is applied for modeling the
behavior of the boiler drum. The
Hammerstein models consisting of a static
nonlinearity followed by a dynamic
linearity, are the simplest representation
of a nonlinear system and can be used to
describe the the behavior of the system
over wide operating range. Futhermore,
model parameters are time varying, and
some means of updating parameters on
line, or from time to time, is desirable.

Up to now, several works on the
Hammerstein model for boilers have been
suggested, but the results are time-
invariant (TIV) Hammerstein models [1,
2]. These models are too limited for
process control applications and not
suitable for online application. In this
contribution, we study the identification
of the time-varying (TV) Hammerstein
model of the boiler drum directly from
test data. The model will be used to
determine plant responses, in the design
of controllers, and to investigate the
possible use of adaptive controllers.
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Fig. 2. Input-output structure of the drum

To achieve this, a specialized
identification technique that involves the
use of the singular-value decomposition
(SVD) techique and recursive prediction
error method (RPEM) approaches is
proposed to estimate the TV Hammerstein
model parameters [6]. Finally, the
proposed method was applied to
identification of the boiler drum of the
Pha-Lai coal-fired Power Plant and the
experiment was conducted during normal
operation. Results confirm that accurate
models have been obtained.

2. TIME-VARYING MODELING OF THE
BOILER DRUM

2.1. Nonlinear characteristic of the
object

From the modeling and control viewpoint
the boiler drum can be represented as a
combination  of  two  subsystem:
combustion and steam-water subsystem.
The steam -water side involves converting
water into high-temperature steam. The
combustion-side involves burning fuel to
generate the heat necessary for steam
generation. Thus, the essential input-
output relationship in the drum was
described in the block diagram of Fig. 2.

In most control problems, the combustion
subsystem may be considered as a non
dynamic process part and the water-steam
subsystem is dynamic process part. Thus
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in this paper, the combustion subsystem
and the water-steam subsystem  are
assumed to be a static nonlinear block
and a dynamic linear block. This is the
structure of the Hammerstein model
which is shown in Fig. 3.

In the process of combustion, the non-
linearity of the heat  transfer
phenomenacan be described by a
polynomial function as:

QEV:f D, :ﬁo +iﬂi D, | 1)

where Qgy is the heat flow rate (kJ), Ds is
the fuel flow to the furnace (kg/s), f(.)
is the static nonlinear function, and p;,
i=1, -, m are coefficients in the
polynomial function, m is the order of the
polynomial.

The linear dynamic block for the drum is
described by the linearized model as
follows [7] :

A
d dtPD = C_I_APD + CZAQEV + CgADfW + C4ADS
Alp
dt — C5APD +C6AQEV +C7ADS + CgADfW
(2)
Where:

Pd- is drum pressure;
Ld- is drum level;

In which, c¢;, i=1+8, are the model

parameters.

From the above discussion it should also
be clear that the fuel flow influences the
drum with the characterictics of
nonlinearrity, parameter time-varying, so
the TV Hammerstein model for boiler is
desirable.
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Fig. 3. Hammerstein model

2.2. Time varying Hammerstein model
of the boiler drum

From egs.(1) and (2), the drum boiler is
modeled by the TV hammerstein model as
follows:

X(k+1) = A x(k) + B, v(k) + K,e(k)
v(k)=f u(k) (3)
y(k) =Cx(k) +e(k)

In Hammerstein model structure, x(k),
u(k) and y(k) are the state vector, input
and output of the system, v(k) is the
intermediate signal, e(k) is the white
noise, k is the sample sequence number.

u= U]_UZ U3T

Y=V

X= % Xp |

V=V, V, Vg '

uy: the fuel flow rate (kg/s);

uy: the feedwater flow rate (kg/s);

us: the steam mass flow rate (kg/s);

X1- is drum pressure (kg/cm?);
Xo- IS drum level (mm).
Thus:

C(k)zl 0

01

A, Bk and Ky are the time varying
matrices of the system.

Suppose a second order polynomial was
used to represent the static nonlinearity:

2
f(Df)=0o+> 6 Dy 4)
i1

Where pi are the parameters to be
estimated. Thus:

V,(K) = Qy,

= B,(K) + B,()u, (k) + 5, (k) u, (k) °
v, (k) =u,(k)
v; (k) = u, (k)

®)
We have:
1
B, B, B, 0 0] uf(k)
v(k)=/0 0 0 1 0fu(k)’ 6)
0 0 0 1) u, (k)
u, (k)
= 0,0(k)
Where:
B, B, B, 00
=0 0 0 1 0
0 0 O 1

$lO=[L uk) WK u®) uk)]
From eq.(6) and eq. (3) can be written as:
x(k +1) = A x(k) + B8 (k) + K, e(k) )
y(k) =Cx(k) +e(k)

The system described by (3) can also be
represented in the predictor form:

R(k +1) = F.(K) +G, z(K) @
(k) = Cx(k)

where

y(k) and X(k) are the estimate of y(k) and
x(k) at time k.

72

S6 17



TAP CHi KHOA HOC VA CONG NGHE NANG LUQONG - TRUGNG DAI HOC BIEN LUC

T
kenl

F=A—-KGC:G, :[Bk Kk]; Bk =B

<b(k)}

y(k)
Define the parameter vector as

O(k)" :=|vec(F,)" vec(G,)| 9)

2(K) :[

and the information matrix

(10)

where vec(-) denotes the operation to form
a long vector from a matrix by stacking its
column vectors.

Finally, we have the time varying model
of the boiler-drum as follows:

R(k +1) = 3" (K)O(K)

11
y(k) = Cx(k) -

With ©(k) denote the estimate of O(k) at
time k.

The purpose of identification 1is to
estimate recursively the time-varying
parameters based on the observed input
and output data {u(k), y(k)}.

3. IDENTIFICATION OF TIME VARYING
HAMMERSTEIN MODEL

The TV parameters of the model are
estimated by an optimal identification
algorithm which based on RPEM and
SVD. The RPEM can be used to estimate
the time varying parameter ©(k). Then
by recurring to the SVD, optimal
estimates of the parameter matrices
characterizing the linear and nonlinear
parts can be obtained.
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3.1. Recursive prediction error
algorithm

RPEM algorithm is used for optimization
of model parameters. The RPEM are
based on minimisation of a function of
prediction error, and the algorithms use
input/output measurements [6, 7].

Difine the prediction error:
g.(0) = y(k) - y(k)
The cost function is given by:

V(0) = % Ele,/A ]

(12)

(13)
where E[.] denotes the expectation
operator, A denotes the (unknown)
covariance matrix of the measurement
disturbance.

Applying the RPEM algorithm to the

model described by eqg. (10), the
parameter vector ©(k) will be estimated

as [6]:

®k - @k—l + % Rkilq)kAilek (14)

Where @ is the gradient of the output
predictor with respect to ©(k), and yx is
the gain sequence of the algorithm.

P! :cg;(k —HJC
k
Hk+1 = Fka +95k
where Hy is the derivative of the state
with respect to the parameter vector.
H, = 2% (15)
00,

Compute the Hessian matrix of the cost
function:

R =R, +v ®APD —R (16)
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The covariance:

Ak = Ak—l + % [5k5|I - Ak—l} (17)

where A, =E[= 6, " 6, ].

The RPEM algorithm of identifying the
TV Hammerstein model summarized as
follows:

Algorithms 1

1. Collect the input—output data u(k) and
y(k).

2. Initialize the nonlinear coefficients,
aK) in (9).

3. Build the information matrix, ¢(k) in
(10).

4. Compute A, by (17) and compute Ry by
(16).

5. Update the parameter vector O(k)by
(14).

6. Compute the state estimate 8, , and y, ,
by (11).

7. Increase k by 1 and go back to step 2.

The matrices A, B, and Ky can easily be

reconstructed from ©(k) (Fx and Gi). The

main difficulty is need to define the
nonlinear parameters f and the system

matrix By in B,. To overcome this
problem, SVD will be used.

3.2. Estimation of the nonlinear
parameters

In this next step, the parameter £ can be
extracted from B(k) by using the singular
value decomposition (SVD) [8]. We

compute the SVD of ék ;

TRUGNG DAI HOC BIEN LUC

B, =UXV' (18)
B=VY (19)
B=U (20)

The optimization process could be said to
be a two step process. In the first step, the
parameter vector ©(k)are initialized and

subsequently updated at time k using
RPEM algorithm. In the second step, g
and B are computed using (19) and (20).
The detailed algorithm is given below.

Algorithms 2:
1. Compute ©(k)using Algorithms 1.

2. Reconstructed Ay, ék and Ky from O(Kk).
3. Using SVD technique, update ©(k) by:
(a) Compute the SVD of B, using (18);
(b) Compute g using (19);

(c) Update By using (20).

4. APPLICATION TO THE NOILER
DRUM IN PHALAI POWER

In this section, the recursive algorithm
developed above are applied to online or
recursive identification of the boiler drum.
The boiler is a pulverized coal-fired 300

MW unit used for electric power
generation at Pha-Lai thermal power
plant.

The data are collected from experiment
during normal operation with the
sampling rate is 1 sec. The test which
lasted for 4 days was conducted. The first
2000 test data were used to identify the
TV Hammerstein model of the boiler
drum, while the remaining 2000 data were
used for validation purposes.
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For the identification based on first 2000
data, we have used the identified results
based on 100 data as the initial estimate.
By so doing, we can improve the
convergence and shorten the
computational time. Fig. 4 and Fig. 5
show the sampled data of the boiler drum.
The estimated parameters are given in
Figs. 6, 7 and 8. Where, the timevarying
parameters of linear sybsystem in
Hammerstein model are shown in Figs. 6,
7, and the timevarying parameters of
static nonlinearity are shown in Fig. 8.

2 [ 60 80 100 100 10 1m0
tima [s]

Fig. 4. The inputs of system

E i i I L
] m 40 600 @0 1000 120 M0 1600 feo0 200
time [¢]

Fig. 5. The ouput of sysem

a2
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K

Fig. 6. Time varying coefficients of A matrix
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Fig. 8. Nonlinear coefficients of static
nonlinearity

The accuracy of the estimated output is
measured using the percent variance
accounted for (%VAF ) [6, 7] which gave
97% for the estimate shown in Fig. 9 and
Fig. 10.

System and Estimated Output
T T

Fig. 9. A segment of predicted output
(Drum pressure) from identified model
(Dashed) and Measured output (Solid)

Fig. 9 and 10 compare the predicted
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outputs with the measured outputs. From
the results, the obtained model gives
reasonably good approximation of the
nonlinear process.

System and Estimated Output
T

drum level (mm)

g1 46] EA;D Bl.ﬂ 7I‘)3 BI‘I] 91‘20 1000
Fig. 10. A segment of predicted output

(Drum level) from identified model (Dashed)
and Measured output (Solid)

5. CONLUSION

A TV Hammerstein model is proposed for
the boiler drum. An identification
algorithm that combines the benefits of
SVD and recursive prediction error
minimization has been successfully
developed and applied to the boiler drum.

The performance on the validation data
set showed that the obtained model is
quite capable of accurately capturing the
main dynamic behavior of drum pressure
and drum level. The results indicate that
the proposed algorithm can provide good
estimate for systems described by time-
varying parameters. The TV Hammerstein
model can be used for design of controller
which can operate the plant at varying
operating conditions.
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