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Simulation of Power Plant Superheater Using
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Abstract — The paper deals with simulation of both dynamics and
control of power plant superheaters by means of Simulink S-
functions. Superheaters are heat exchangers that transfer energy from
flue gas to superheated steam. A composition of superheater, its input
and output pipelines, and fittings is called a superheater assembly.
Inertias of superheater assembly are often decisive for design of a
steam temperature control system. Mathematical model of a
superheater assemble is described by sets of nonlinear partial
differential equations. To analyze accuracy of the mathematical
model, the system was agitated by test signals. Experiments carried
out at the power plant were simulated mathematically. Data obtained
by the measurement was compared with simulation results.

Keywords — modeling, simulation, Matlab&Simulink,
S-Functions, superheater.

1. INTRODUCTION

New high-temperature heat exchangers are being developed
nowadays. They are built using new constructions, they may
operate under new conditions or may use new materials and
working media, such as mixture of CO2/water vapor or
air/water vapor. New facilities and blocks for transformation
of primary fossil energy into electrical energy are being
developed, with a focus on reducing CO2 as a greenhouse gas.
There are several branches in development of such blocks.
One of them is concentrated on reducing CO2 in burning
process; this category covers development of systems with as
high efficiency of primary energy transformation as possible.
One of the examples can be energy blocks using Rankin —
Clausius cycle with supercritical parameters that have about
45% efficiency, or energy blocks working on so called vapor-
gas principals using combination of Brayton and Rankin —
Clausius cycles that can reach up to 60% efficiency. The
interchange of energy from chemical to electrical one made in
fossil thermal power plant is a complex process. Mathematical
model of this process enables operator to optimize the control
of the actual plant and the designer to optimize the design of
the future plants.

There are many units that are situated in the main
technological chain of the thermal power plant. All of them
can be described mathematically and included in the
mathematical model of the plant. This paper deals with power
plant heat exchangers, particularly with superheaters.
Superheaters are parts of the power plant boiler. They transfer
heat energy from flue gas to superheated steam. Superheaters
are connected to the other parts of the boiler by pipelines and
headers. Inertias of heat exchangers and their pipelines are
often decisive for the design of the power plant steam
temperature control system.

Mathematical model of the steam exchanger was developed
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in [1]. Mathematical model of a pipeline or a header can be
developed from the mathematical model of the heat exchanger
by introducing zero heat transfer coefficient from the
surrounding (making the pipeline isolated). The models
comprise many coefficients. Coefficients of pipelines and
headers are usually known with the relatively good accuracy.
Let us consider the mathematical model of the superheater
assembly comprising superheater, its associated pipelines and
pipe fittings. The accuracy of the model would depend on both
the accuracy and correctness of coefficients of the model of
the superheater. In this paper, the deterministic verification of
the mathematical model of the superheater and its associated
parts is presented. The verification process was as follows.
The superheater assembly of operating 200 MW power plant
was agitated by the set of long term forced input signals. The
dynamic responses were both measured and simulated. The
measured and calculated results were compared. The paper
presents results of selected experiments.

II. SIMULINK S-FUNCTION

S-functions  (system-functions) provide a powerful
mechanism for extending the capabilities of Simulink. This
paragraph describes what S-function is and when and why it is
convenient to use one, see Fig.1.

S-functions make it possible to add customized algorithms
to Simulink models, either written in MATLAB or C. By
following a set of simple rules it possible to implement the
algorithms in an S-function. After S-function has been written
and placed its name in an S-Function block (available in the
User-defined Functions sublibrary), it’s time to customize the
user interface by using masking. An S-function is a computer
language description of a dynamic system. S-functions can be
written using MATLAB or C. C language S-functions are
compiled as MEX-files using the mex utility described in the
Application Program Interface Guide. As with other MEX-
files, they are dynamically linked into MATLAB when
needed. S-functions use a special calling syntax that enables
you to interact with Simulink’s equation solvers. This
interaction is very similar to the interaction that takes place
between the solvers and built-in Simulink blocks. The form of
an S-function is very general and can accommodate
continuous, discrete, and hybrid systems. As a result, nearly
all Simulink models can be described as S-functions. The most
common use of S-functions is to create custom Simulink
blocks. S-functions can be effectively used for a variety of
applications, such as adding new general purpose blocks to
Simulink, incorporating existing C code into a simulation,
describing a system as a mathematical set of equations, using
graphical animations. An advantage of using S-functions is
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that it is possible to build a general purpose block that can be
used many times in a model, varying parameters with each
instance of the block.

An M-file or a CMEX-file that defines an S-Function block
must provide information about the model; Simulink needs
this information during simulation. As the simulation
proceeds, Simulink, the ODE solver, and the M-file interact to
perform specific tasks. These tasks include defining initial
conditions and block characteristics, and computing
derivatives, discrete states, and outputs. Simulink provides a
template M-file S-function that includes statements that define
necessary functions, as well as comments to help with writing
the code needed for a particular S-function block. C MEX-file
S-functions have the same structure and perform the same
functions as M-file S-functions. In addition, C MEX S-
functions provides more functionality than M-file S-functions.

III. SUPERHEATER ASSEMBLY

The mathematical model of the heat exchanger was
specified for the parallel flow output superheater of the 200
MW block of Detmarovice thermal power station, EDE. The
EDE is the 800 MW coal power plant of CEZ joint-stock
company, it is equipped with very modern digital controllers
and computer control system. The specification of the model
was made with the assistance of the thermal and hydraulic
boiler calculation that defines operating parameters of the
superheater. It also defines various operating steady-state
values of state variables at both the input and the output of the
superheater. It does not cover all parameters of the model and
functional dependences of parameters.

The basic useful method to check the model accuracy is to
compare selected steady-state values of physical variables
obtained by simulation with values specified by the thermal
and hydraulic boiler calculation. The better method to check
the model accuracy is to compare selected characteristics and
time responses obtained by superheater simulation with
characteristics and time responses obtained by measurement
on the actual power plant superheater. Such quantification of
accuracy needs the suitable selection of characteristics and
responses. This paper compared the responses of both the
actual superheater plus associated piping and its mathematical
model to forced input signals perturbations. The closed loop
control system is not suitable for this purpose, because a
desired change of the setpoint cannot be performed in real
operation due to the technological safety reasons, thus this
only simulation is provided here.

The effect of accuracy of coefficients of mathematical
model of superheater on the resulting transients is due the
feedback very small. To assess the accuracy of the
mathematical model, experiments have to be done on the open
loop system, see paragraph 5. Fig. 2 shows the scheme
comprising the superheater, piping, and the basic controllers
that stabilize the temperature of steam at the output of
superheater assembly.
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Fig. 1 scheme of the superheater assembly

The inlet superheated steam enters the mixer. The outlet
superheated steam leaves the last pipeline. The control circuit
includes two control loops. The fast loop with PI controller
regulates the water flow rate by the valve injection to balance
the temperature behind the mixer. The main loop with PID
controller stabilizes superheater assembly outlet steam
temperature. Superheater assembly being controlled consists
of the input section, parallel flow superheater (SH), and the
output section.

waterl lsteam

L
Tz “ﬁ"‘
A

controller controller m/a

injection  mixer

H T1(0,t)

T2(0) | SH

flue gas

flue gas

Fig. 2 scheme of the superheater assembly

Both input and output section consists from two pipelines
(PL) separated with a header (H). The manual to automatic
control switch m/a is set to the automatic control mode, and
the assembly outlet steam temperature measured at point P is
stabilized to the set point value Tz = 540°C.

The closed loop control loop process was simulated in
MATLAB&Simulink. Data for simulation were accumulated
by measurement on EDE. The basic scheme is shown in Fig.
3.

Fig. 4 shows one typical simulation task. This experiment
cannot be carried out on the operating power plant. It is not
possible to enter such a set point difference to the power plant
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equipped with the actual closed loop control system. Fig. 4
relates to the superheater that is operating under standard
operating conditions. Superheater and its feedback control
system are shown in Fig. 2. At time t = 0, the superheater is in
its steady state, and the set point value Tz is changed from
520°C to 540°C. The simulated time response of the outlet
temperature of the superheater assembly initiated by both the
outlet temperature set point step change of 20°C and actual
deviations of input signals is displayed in Fig. 4. Positions of
signals are shown in Fig. 2.

IV. VERIFICATION OF THE MATHEMATICAL MODEL

There are six input variables in the mathematical model.
The output variables of interest are temperatures of steam and
flue gas and pressure of steam. The change of each input
variable results in time responses all of output variables. It
would be advantageous to set all but one input signals constant
and study the responses of the system item-by-item. At the
operating power plant, it is not a simple problem.

As listed above, there are eighteen principal combinations
of choice of the input to output pair of a superheater. There is
also possible to insert some input signals and measure some
output signals in different points of superheater assembly. It is
beyond the scope of this paper to present here all possible
combinations of responses. To discuss the quality and
accuracy of the mathematical model, the example of
presentation has been selected as follows. The input was the
disturbance of the water flow rate at the controlling water
injection. Note that the change of the water flow rate results in
a change of both steam velocity and steam temperature at the
output of the mixer. The output was the superheater assembly
outlet steam temperature To.
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Fig. 3 closed loop temperature control MATLAB&Simulink

Layout of the experiment is shown at Fig. 5. To obtain
sufficiently large values of deviations of state values and
output signals, the superheater’s automatic feedback control
loops were disconnected during experiments.

At a 200 MW superheater, it is a rather challenging task. To
deal with this problem, the presented experiments were
realized at the derated power of 180 MW.

Issue 1, Volume 5, 2011

2 540, B T S SN S
®
g
3 535
2
2
g
5 530/
<

525)

520l

515, i . _i

0 1000 2000 3000 4000 5000 8000 7000

Time [s]

Fig. 4 simulated outlet temperature at the feedback control
system

injection mixer
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Fig. 5 layout of the open loop experiment

Note that at the output superheater the outlet steam is
technologically stabilized and lead to the high-pressure part of
turbine. The discussion of technological stabilization is
beyond the scope of this paper. To disconnect the feedback
loops, the control of the controlling water injection was set to
the manual mode. The superheater assembly outlet
temperature To was not controlled, only kept within safety
limits by the operator. The open loop temperature control
process was simulated in MATLAB&Simulink. The basic
scheme is shown in Fig. 6.
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Fig. 6 open loop temperature control scheme

Every measurement was approximately for two hours in
length. AIl necessary input and output variables were
measured automatically and processed and evaluated by the
model. Data were measured in three second sampling interval.
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V. MEASURING OF HEAT EXCHANGER BY STOCHASTIC
SIGNALS

The Detmarovice power station made it possible to carry
out experiment concerning verification of the mathematical
model with the measurements on real block (under full
operation) by methods of stochastic linear analysis. Steam
temperature T,(0,t) was chosen to be the input signal and
T,(L,t) stands for output signal.

What speaks for usage of stochastic analysis is firstly the
fact that it can be used for systems under real operation.
Secondly, in our case, both signals contain superposed noise
with frequency characteristics proximate to white noise and
the plant can be considered as system with constant
parameters that can be quite precisely approximate in
operating point. To be able to use the methods of stochastic
analysis of linear systems it is necessary to dispose with a
huge and very time-consuming measurements. At the same
time the output and input signals are correlated.

Fig. 7 shows the setup of the first measurement when the
input temperature T,(0,t) and output temperature T,(L,t) were
measured. The flue gas T»(0,t) was computed backward based
on knowledge of signals T;(0,t), T;(0,t) and mathematical
model of superheater with parameters corresponding to a real
superheater in Detmarovice power station.
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Fig. 7 Measurement of the superheater by stochastic signals

Fig. 8 shows the measured steam temperature at the output
of superheater T;(L,t) compared to the superheater output
temperature computed by mathematical model (referred to as
Tlsim(l—:t))'
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Fig. 8 Calculated flue gas temperature T,(0,t) together with
comparison of output superheater temperatures T,(L,t) and
Tlsim(l—st)
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Measured signals from real operation make up ten-day
record from July/August 2009. The records are separated from
daily periods when the power plant’s wattage was 180MW,
with sampling period of Ts = 3 seconds.

This paper describes identification of a superheater
assembler in a control circuit. Firstly, it is the identification of
impulse and step response of the superheater, whose input
signal T,(0,t) is affected by other signals present in control
circuit. Secondly, it is the identification of stem temperature
response at the superheater’s output T;(L,t) to the temperature
Tp, that is brought to the mixer. In fact it is determination of
impulse and step response of disturbance transfer function.

When computing numerical deconvolution, Wiener — Hoppf
equation

Ruy (T):Th(t)Ruu (T_t)dt (D
0

represents stochastic formulation of dynamic system.

Under a special condition, in case of bringing white noise
into input of the system having the following autocorrelation
function

Ruu(T):5(T) ’ @)

we get
Ruy (c)= [h(t)s(e )t = h(z) )
0

Numerical calculation of weighting function is based on
replacing integration process by summation and numeric
deconvolution. Discretizing equation (3) leads to

N
Ruy (T) ~ z Ruu (T —kTs )"[kTs ]Ts )
k=0

If time shift t is expressed as multiple of time step Ts, that
ist=0,Ts,2Ts, ..., N, it is possible, using the last equation,
a set of (N + 1) linear algebraic equations, from which it is
possible to compute unknown values of weighting function
h(0), h(Ts), ..., h(NTs):

RuOl=(RuJOHOL R T ...+ R NTHIEIT,

Puy[Ts] = Rju[Ts]h[O]+RJu[O]h[Ts]+- . '+RJU[TS _N-E]h[N-EDTs

RyINTEJ=( RUNTHOL RNT T+ +RJOHNTIT,
)

Using following feature of autocorrelation function,
Ruu (T) = Ruy (_ T) (6)
and after introduction of shortened notation of weighting
function hy = h[kTS]

The set of equation can be rewritten into matrix form:

Ruy 0]
T Ruu [O] Ruu [Ts] Ruu [NTS] ho
Rylrs] I Ral] RWl] e RGIN-UR] |y
Ruy [N Ts] Ruu tNTS] Ruu [(N - 1)Ts] RUL; [0] h;\l
s (7

Or in the matrix form
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r=R-h ®)

Solution of weighting function can be reached by use of
inverse matrix as follows:

h=R'.r )

This numerical solution of deconvolution in Matlab is
limited by matrix until approximately elements.

Concerning that the length of measured data exceeds the
size of the matrix that would be created during numerical
solution of deconvolution, it is suitable to split the record into
several same sections and compute particular impulse
characteristics. The second reason for splitting is the fact that
time constant of superheater is smaller than time of calculated
impulse response that would be computed in case of maximal
possible solution of numeric deconvolution (3000 x Ts = 9000
seconds). Due to this reason, the ergodic hypothesis was used
for estimation of impulse characteristic. By means of Wiener —
Hopf equation (1) was estimated the impulse characteristic
(see Fig. 9) of the superheater assembled in a control circuit,
and impulse characteristic of disturbance transfer function (see
Fig. 10). In equation (1) signal u denotes temperature T,(0,t),
signal p denotes temperature of steam, entering into mixer and
signal y stands for temperature T,(L,t), resp. Tism(L,t). To get

worked this method in proper way it is necessary to detrend
the temperatures.
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Integrating impulse characteristic we get estimation of the
step response of disturbance transfer function (see Fig. 10).
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assembled in a control circuit
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Integrating impulse characteristic we get estimation of the
step response of disturbance transfer function (see Fig. 12).
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Fig. 12 Comparison of estimations of step characteristics of
disturbance transfer function

Disturbance transfer function figuratively means “black
box” systems representing modeled control circuit, see Fig. 2.
This control circuit compensates error corresponding to steam
temperature at the inlet of mixer T,. Fig. 12 shows comparison
of estimated step responses. The first one is computed from
measured data while the second one is calculated from
simulation of modeled control circuit driven by measured data.
Evaluating dynamics of these responses, it is possible to
conclude that real control circuit has very similar dynamic as
its model. The difference overshoot can be resolved by the fact

that temperatures T, and Ti(L,t) are correlated to a certain
degree.

VI. LOADING AND SAVING COMPUTED STEADY
STATE IN SIMULINK

When solving this project the need of saving the final (steady)
state arose. Particularly, we want to compute the steady state
of simulation, save it and use it as initial state for further
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experiments. Since 2009 Simulink provides such a tool, while
the final it does not only save the states in the sense of state
variables, but the final state of the whole simulation, including
all inputs, outputs and parameters. The procedure will be
shown in a simple example, see Fig. 13.
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Fig. 13 Basic scheme for computing steady state

Next step is to choose Simulation, Configuration Paramaters
(from the top menu), see Fig. 14.
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Then, after simulation, Fig. 15, the steady state is computed
and xFinal variable appears in Matlab workspace.
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Fig. 15 Simulation result

Keep in mind that after exiting Matlab the workspace is

deleted and this state kept unsaved. Saving the state can be

done by storing into the file by using this syntax:
save(‘ustaleny_stav.mat','xFinal’)
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For further experiments the saved final state is considered as
new initial state to be loaded from appropriate workspace
variable. It can be loaded from the state using the syntax:
load('ustaleny_stav.mat')

For computing the steady state in our case it was enough to do
the simulation for 50 seconds. Now the next example
describes how to simulate the response to step change. The
simulation final time must be set appropriately (enough), for
example 100s, see Fig.16. Step has to arise at 50seconds at
least, we chose 55 seconds for demonstration, see Fig. 17. Its
initial value corresponds to final value in first experiments
(value 1) and its value rises by one, to the value of 2.
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Fig. 16 Scheme for consequent experiments
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Fig. 17 Step parameters

Now the simulation must start from previously saved state
stored in XFinal variable. At the same time we need to
determine if the new final state is about to be saved again, and
if this can rewrite the previous state or not. If Final states
stays checked, the variable would be rewritten. Of course the
name can be different, can be conserved into the file or it can
stay unchecked, see Fig. 18.
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After simulation, we see the new response for consequent
experiment, see Fig.19:

Fig. 19 Results of consequent experiment

Output starts from previous steady state and in time t=55s
when there was change of the input signal we see the start of a
new response.
Main disadvantage of this tool is the fact that the structure of
circuit has to stay the same between computing the steady
state and use it for new experiments (wiring and number of
blocks must be the same. Example: We compute steady state
as a response to step input signal. At the same time we know
that for next work we will use other type of signal, for
example square impulses. Block Step must not be replaced,
but the situation can be solved by using Manual Switch in the
circuit structure (in library Signal Routing), see Fig.20. Then it
is possible to switch appropriate branch of the input signal and
use the tool for saving and loading the intital/final state.
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The described tool can be especially used for very large and
complex schemes where computation of steady state takes a
very long time and it would have to be computed every time
for each experiment. This is illustrated on example of FES
system (flexible energy system) that contains several blocks
reheaters, pipelines and turbine with compressor blocks, see
Fig.21. Ten thousands of simulation time (reaching the steady
state) takes approximately 20 minutes of computation with
quadruple processor PC.

There are other possibilities how to handle with the condition
for wiring and structure of the circuit. For example, at time
t=6000s there’s step change of flue gas temperature
(increasing by 10 degrees). It can be easily disabled by setting
the step time outside the interval of simulation (step change
wouldn’t arise) or setting Initial a Final value at the same
levels. However, the solution with Manual Switches is more
elegant and universal
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Fig. 21 Example of FES scheme
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Moreover, there are 4 manual switches at the controllers to
make it possible to model either manual or automatic modes
of the circuit. To cope with complex circuits it is
recommended to make up the structure including all blocks,
then compute steady state and to the other experiments by
setting up the parameters of appropriate blocks.

VII. CONCLUSION

Fig. 22 compares assembly steam outlet temperatures
obtained by both measurement and simplified mathematical
model. Fig. 23 presents the same measurement and compares
the simulated results for the full mathematical model.

The position of output signal is shown in Fig. 5. The
intensity of the forced disturbance of the water flow rate at the
controlling water injection applied was the part of the
experiment. The disturbance in the standard operating regime
of the superheater is much smaller as well as the deviations of
the outlet temperature.

As the basic model is more complex than the simplified
model, it gives more precise results at both steady states and
dynamics of the time responses. Comparison of Fig. 22 with
Fig. 23 illustrates, that at the standard operating state the
simplified model approximates the basic mathematical model
very well. Outside the vicinity of the set point, the accuracy of
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the simplified model decreases.
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Fig. 22 Comparison of measured and simulated outlet
temperatures at the open loop control system experiment
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Fig. 23 Comparison of measured and simulated outlet
temperatures at the open loop control system experiment (full
model)

There are some reasons for differences between measured
and real data. The main one is that the two coefficients of heat
transfer in the model are not determined precisely. Therefore,
based on input and output steady states of temperatures, the
coefficients were optimized to fit these steady states using
Simulink Response Optimization toolbox. There are two
signal constraints for steam temperature and flue gas
temperature, defining intervals for two temperatures according
measured values to fit, see Fig. 24. This optimization is one of
the most crucial future plans of this project.
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Fig. 24 Defining the steam temperature interval to fit the
steady states according the measurements
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Mentioned results and analysis of the problem show that
used methodology can be successfully applied to power unit
and similar plants where the wanted signal is immersed in a
noise and thus a very long measurement must be done in such
cases. Presented results lead to the conclusion that accuracy of
stochastic identification could be increased by introducing
synchronous measurement of the flue gas temperature, at least
at the point T,(0,t). This paper introduced backward
computation of the flue gas temperature based on knowledge
of temperatures T;(0,f) and T;(L,t) and knowledge of
mathematical model of the superheater including its
parameters. In the frame of this mentioned sense the further
research and development of the project is planned for a near
future.
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