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Abstract: The article presents the issues related to the operation and modelling of the ship main
propulsion steam boiler. Such objects are used widely in seagoing ships especially the very large
crude oil carriers as a main propulsion turbine feed. The advantages of such along with simple
construction thus great reliability make oil feed boilers an excellent source of power for chosen type
of the large ships. It must be pointed out that a lot of research work was done in the previous years
regarding automatic control of boiler automation but since then this technology was not in the focus
of the researchers. In the future the fossil fuels will become less important than they are now, but
the control techniques of boilers would eventually change due to different fuel parameters therefore,
development of such is necessary. The article presents the results of research collected in real ship
boilers during their operation and then, based on the results, a digital model of such an object was
created. This model was implemented into Hardware-In-Loop which is the initial step for pre-
paring the full model (including sensors etc.) of a steam heated boiler. Theoretical background along
with chosen simulation and experimental results of control implemented into HIL were presented
to validate assumptions.

Keywords: automatic control; steam boiler; ship propulsion; hardware-in-loop

1. Introduction and Scope of the Work

The aim of the work was to develop and verify a model of the dynamics of the fuel to air and to
the steam pressure path for main propulsion boilers of the large tanker ships. The work is part of the
work carried out at the Maritime University of Szczecin, aimed at developing models of the dynamics
of the main propulsion steam boilers. Mathematical models of boiler dynamics were used to optimize
boiler control [1,2], which was also carried out in this work based on the obtained identification
results. Presented work incorporates the research material collected on the board of steam boiler
powered turbine ship. Presented model was initially implemented into the hardware-in-loop unit
which simulates operation of the propulsion boiler and allows to safely manipulate with controls
without real boiler damage risk. In any steam generating process, the control system must meet the
load demand such as a steam pressure or flow for a boiler or liquid temperature for a fired heater
[9,10]. This is a critical task because continuous control of manifold pressure is closely tied to the
overall stability of plant operation. Depending on the process, this load can fluctuate both predictably
and unpredictably. A well-designed boiler control system can ensure that the power plant responds
effectively to these demands [11-13] while minimizing emissions and overall costs, especially when
mixed or simultaneous multiple fuel firing is considered [1]. These industrial systems are quite
complex and after research it turned out that there is no dedicated simulation software covering
specific issues dealing with ships boiler control. Having data obtained from actual operating ship
boilers, the authors decided to create an example digital model that can be implemented in a
hardware-in-the-loop (HIL) system and serve as a virtual control object.

Hardware-supported simulation experiments, i.e., those using HIL systems, are eagerly used to
create and check complex real-time systems and were used initially to simulate flight conditions [2].
Such an approach is widely used for over 50 years [3] to verify the designed model or object control
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and display the status of the program verifying the operation of the system caused by the changes
introduced in the system design. HIL systems enable simulation and programming of the entire
process, including hardware support, in a dedicated software package. This allows for changes to be
made during design and ensures that the physically configured and controlled facility controller will
work properly.
The use of HIL-type simulation platforms at the design stage allows, among others:
e  Testing of the control system in conditions similar to real ones and a detailed and supervised
analysis of the operation of the entire system.
e  Searching for errors related to the variety of cooperating subassemblies and components, e.g.,
sensors or communication systems.
e  Shortening the project implementation time and, consequently, minimizing costs.

Boilers control model includes an equations derived from the physical model, a controller and
feedback loop elements that depend on the surrounding environment. Because the physical model
operates close to the operating point, proposed one does not specify correct operation for all possible
operating conditions, and operation is affected mainly by the system complexity, uncertainty due to
measurement errors, and uncertainty that is difficult to determine due to external environmental
influences. Therefore, the ideal linear model differs from the theoretical model described in the
continuous domain, which introduces additional uncertainties. A common problem when checking
real objects is that it is not possible to reproduce all the operating conditions of the model. These
control mechanisms occur when the physical device or a system is operating, and the resulting
instabilities in the linearity of the model can lead to unpredictable behaviour. Therefore, it is
important to carefully design the control system and algorithms taking into account the specific
model most suitable for handling operation and failure states. The result is the prediction of stimulus-
response pairs, which includes a description of their stability under specific conditions, response to
initial conditions, step changes and other properties related to control theory [4].

Because of aforementioned authors find the Matlab/Simulink supported HIL [5,6] especially
predestined to design and simulate of the ships boilers control but it must be pointed out that
presented one does not fully represent all properties of the real steam boiler of certain type so in order
to obtain results of different control goals it must be enriched of specific features based on data
collected from real object.

2. The Description of the Combustion Process in the Ship’s Propulsion Boiler

In order to provide a working model of a ship’s propulsion boiler the physical processes first
should be recognized and what is obvious the combustion process in the closed chamber of the boiler
has a significant impact on the value of steam pressure [14,15]. It depends on the method of
compensating disturbing forces by the air and fuel flow rate regulation system. Conducting an
analysis of performance control requires both knowledge of the dynamics of the control object and a
description of the forcing properties. In this type of analysis, the assessment of control quality is most
often carried out based on equivalent forces determined for a given control system, i.e., forces
reduced to the output of the object. This additionally requires determining the dynamics of the paths
through which the interfering signals are transmitted. This chapter discusses issues related to the
dynamics of the control object. Since determining the model of the object’s dynamics analytically is
extremely difficult in the case of a boiler and practically unrealistic for our conditions, identification
tests were used. In accordance with the above-mentioned publication, a linear, stationary model of
the facility with lumped parameters was assumed. The analysis of the boiler efficiency system
concerned its operation under the conditions of random disturbing excitations. For the signals
considered, they are characterized by small amplitude values. Therefore, the assumption of a
simplified linear model, valid for small deviations from nominal values, is correct in these cases. Due
to the identical construction and identical technical parameters of most of the boilers operating in
parallel in the ship’s boiler room, it was assumed that the dynamic properties of one of them would
be identified.
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The general structural diagram of the model consists of control inputs, measurement outputs
and operators characterizing the relationships between them. According to simplifying assumptions,
these operators are stationary and linear, so they can be represented by the operator transfer function
G(s). The adoption of the operator transfer function as a model of a stationary dynamic system was
beneficial due to:

e  possibility of frequency analysis,
e  ease of creating models with complex structures.

In the case of the boiler capacity control system, the following signals are distinguished in the
input:

e fuel pressure fed to the burners,
e  air pressure in the air duct,
e angular speed of the blower,

and in the output, there is a superheated steam pressure.
Figure 1 Shows the block diagram of boiler, being subject of identification.

Figure 1. Block diagram of steam boiler’s model.

Where: k denotes fuel pressure fed to the burners,

n denotes air pressure in the air duct,

z denotes angular speed of the blower

Since it was impossible to determine the dynamic properties of the actuating devices (blower,
air damper) for air flow control systems under ship conditions, the boiler model version shown in
the Figure 2 was assumed.

z G(s) P

Fuel + Air Steam

Y
A\ 4

Figure 2. Boiler’s model assumed for further identification.

It considered only one input signal (fuel and air) represented by the opening position of the fuel
valves (fuel pressure) and one output signal steam pressure. The optimal amount of air was adjusted
automatically and depended on the position of the fuel valves [16].

Determining the class of models for the control object came down to specifying the types of
transfer functions with precision to the parameters. This task was relatively simple in the case of the
analysed control system. Steam pressure as an output signal for the two described facility models
will be kept constant only if the boiler output is balanced with the load demand. Changes in any of
the parameters of the input control signals with constant steam demand will cause an energy
imbalance, which will consequently lead to a decrease or increase in steam pressure. This line of
reasoning allowed for the assumption that the object of regulation would have an integrating
character. This validity was confirmed in [17] discussing the dynamics of inland boilers operating in
power plants.
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2.1. Determining the Identification Algorithm

When choosing the identification method, the following were considered:

e  statistical or probabilistic methods
e  classical methods based on frequency and step response.

The choice of one of them was mainly influenced by the limitations resulting from the specificity
of the ship’s power plant.

Statistical methods that allow obtaining the necessary information based on the so-called passive
experiment (observation of inputs and outputs of the object during normal operation) seemed to be
the most advantageous from the point of view of their use on the ship. However, as preliminary
analysis has shown, stochastic processes at the object’s input are narrowband random noise. The
spectrum distribution is therefore inappropriate for assessing transmittance, as it practically allows
finding only one point of the amplitude-phase characteristic.

The use of frequency identification methods could ensure satisfactory model accuracy.
However, they had to be drop due to the need for long-term manual control of the boilers and the
use of sinusoidal forcing signals (at the input of the actuating devices). Parallel operation of boilers
requires stabilization of capacity distribution. During long-term operation with the control system
disconnected, the boilers tend to take on each other’s loads. As a result, their operation is
desynchronized, permissible load parameters are exceeded and burner interlocks are triggered. The
introduction of sinusoidal excitations additionally accelerates this process. For ship safety reasons,
this type of boiler operation is unacceptable and that is why the step method remained in the focus.
This kind of test required disconnecting the boiler load control system. However, in this case, the
operating time of the boilers in manual control was short. Taking into account the transmittance class
of the facility model and the nature of the introduced forcing, it was possible to predict that the
experiment would be successful, provided that the necessary precautions were taken (increased
supervision and strict control of the power plant parameters). Before starting the research, it was
determined, based on computer tests and the prepared piece of dedicated software, how long the
measurement time should be so that the results obtained would not be burdened with too large error.
Prepared software gave the ideal course of step response for the assumed model depending on the
given parameters which are as follows:

e T -inertia time constant

e  Ki-inertial element gain factor

e K- integration gain factor

e ti-step on the timeline

e dl - measurement length in inertial time constants.

However, for a given time constant, the variable parameter was the measurement length. Then,
using the identification procedure, i.e., from the generated points, the values were calculated:
° Tea - calculated time constant

¢  Kial - calculated proportional gain factor
e Kl - calculated integral gain factor

This method was repeated for three different T values. The obtained results, presented in the
form of tables, show that the best results are obtained with a measurement duration of 16 time
constants. The next step was to check the impact of a step on the time axis, i.e., the sampling interval
or the number of measurement points within the time constant, on the measurement accuracy. In this
case, the best results were obtained when the ratio of the time constant to the sampling step was
approximately 5 (i.e., T/ti = 5). Moreover, it turned out that changing the value of this ratio does not
cause significant changes in the obtained results. These results were obtained for the remaining data
equal to 1.

Referring these theoretical studies to the real system, it follows that the measurement time
should be approximately 20 inertia time constants. We can assume that the time constant of the tested
object will be about 20 s. This means a measurement lasting about 400s, i.e., about 7 minutes. Tests
carried out on a real object. The boiler was installed on the certain vessel, whose power plant was in
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operation, turned out that such a measurement cannot take more than 2 minutes due to the above-
mentioned ship safety conditions. After this time, changes in steam parameters were so large that
they triggered the protection system action. Such measurement conditions made it necessary to
correct the obtained results. The used software showed that sufficient accuracy is achieved with a
measurement time of approximately 6 time constants. This led to the possibility of accepting the
thesis that the obtained results would be subject to a small error because the measurement charts
taken with the help of the recorder were approximately 120 s long, i.e., with an expected time constant
of 20 to 30 s, it gave a measurement length of 4 to 6 time constants. The length of the graph for analysis
could be longer if the tests carried out on the ship were preceded by a computer analysis of the
method and the length of the measurement was specified. In addition, the research carried out on the
vessel was prepared for more complex analysis using other methods.

2.2. Conditions and Method of Identification

The identification was carried out under normal operating conditions of the tanker ship. In such
a case, the boilers work in parallel on a common collector and it is not possible to separate them due
to the total load of the power plant [18]. In order to determine the dynamic properties of one of them,
identification measurements were performed as follows:

. automatic control systems for PORT and STBD boilers have been disconnected,

¢ inthe ECR (Engine Control Room), step signals were manually entered from the control panels
forcing the position of the fuel valves (at the input of one boiler)

e  during identification, the efficiency of the PORT and STBD boilers and the output signal of the
steam pressure were recorded

e additional parameters were recorded and observed, stabilized by separate control systems and
which may also affect the transmittance parameters (fuel viscosity, superheated steam
temperature).

After completing the measurement, the boiler load distribution was manually adjusted and then
switched to automatic control, and after the power plant parameters had stabilized, the measurement
was repeated.

To ensure comparable operating conditions of the power plant for individual measurement
series, the ocean crossing or long awaiting for port entrance periods were selected for the tests.

To better illustrate the properties of dynamic tests were made for various loading conditions and
weather conditions. Individual parameters were recorded in engine control room using the data
recorder. When measuring steam pressure, the recorder’s measurement range was from zero to
maximum pressure, so readings on a 150 mm wide tape would not be very accurate. Therefore, the
constant component was cut by applying a “negative” voltage signal corresponding to a pressure
value of 58.3 kg/cm? to the input of the recorder. This allowed us to increase the accuracy of the
reading in the pressure range we were interested in.

2.3. Parameter’s Identification

The identification model diagram is shown in Figure 3, and Table 1 provides information on the
operating conditions of the boilers during the measurements.

Table 1. Boiler operating conditions.

Parameter value during

Control
Control system onre Controlled parameter identification process
PORT Boiler | STBD Boiler PORT Boiler STBD Boiler
Air flow auto auto Flaps’ position Const. Var.

Fuel dose man. man. Fuel valve position Const. Var.
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Figure 3. Extended block diagram of boiler’s model.

The input signal in the form of a step change in the opening or closing of the fuel valves of the
STBD boiler was controlled manually from the Engine Control Room (ECR). The amplitude of the
input step signal was determined by the difference in fuel pressure before and after forcing. The air
pressure control systems in the air duct operating in the follow-up system mode generated the
appropriate value of this pressure, ensuring a constant value of the excess air coefficient during
measurements. Obtaining the step characteristics consisted in recording changes in pressure values.
Figures 19 to 31 show the responses of the control object to step excitation for the fuel and air to the
steam pressure path.

The analysis of the step characteristics obtained because of identification confirmed the initial
assumptions about the inertial-integral nature of the transmittance of the object adopted in section 2.,
but with a series connection to the delay element as the first (Figure 3). This delay results from the
operation of the fuel valve setting system. The course of fuel pressure changes behind the fuel valve
is shown in Figure 4.

I l

BTN 1
: . _1/ RN
5.5 [

J
T

T Time [s]

Figure 4. Dynamic of boiler’s fuel path.

which clearly shows the inertial nature of the fuel pressure change course. This inertia caused a
delay in the fuel + air -» steam pressure path of 6 s. This delay was taken into account in the analysis
by cutting the delay time constant by analysing the graphs, taking the actual measurement time of 6
s as zero time. Therefore, the characteristics obtained in this way can be approximated by models
containing a parallel connection of first-order inertial and integrating terms (Figure 5).
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Figure 5. Model block diagram adopted for computer analysis (after deduction of the delay
component).

The parameters of the adopted model were determined in accordance with the identification
scheme presented in Figure 6.

(1)

ut) | . yt)
> >Real process > >
+ A
Identification
factor
process -
model
ab model parameter selection

Figure 6. Method of determination of model parameters.

The model output signals were compared with the process signals obtained through
measurements. A selected functional called the quality index was used in comparison. The model
parameters were selected to obtain the extreme of the quality factor (minimum), i.e., the best
approximation in terms of this index.

In this work, the approximation was performed digitally using the regression function method.
In general, the regression function is one of the basic characteristics of the dependence of the
stochastic output variable y on the random variable u (input). The theoretical regression function,
also called the first type regression function, is defined as the expected value of the output variable:

S yp(y, wdy

S p(y,wydx M

y() = E(ylu) =

where:

E is an expected value,

a denotes range of variable y,

py(ylu) - conditional probability distribution y.

The function has the property of minimal value because in the case of variance minimization it
is the best approximation of the random variable y. Usually the relationship y(u), is unknown and
having the measurement data, it is possible to approximate it in a certain functional basis. It is
additionally assumed that y(1) is in a continuous domain thus it can be approximated in a polynomial
basis. The estimator y(u) with the values of optimally selected parameters is called a regression
function of the second order, due to the analogies to the function of the first order, which it
approximates [19-21].
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The method used in the article is an empirical regression function (of the second order) in digital
approximation analysis. Based on the arrangement of the quantized points of the identification charts,
it was hypothesized that the regression functions belonged to specific classes of functions
y=y(u,bo,bs,...,bx) linear with respect to the parameters bo,bs,...,bx, and then the best ones were searched
for. estimators of these parameters.

In the case of the fuel + air -» steam pressure path, the values of the following parameters were
determined:

e for the integrating term - integration gain k
e  for the inertial term - time constant T of inertia and k: gain.

For both types of transfer functions, functional minimization was performed based on the least
sum of squares principle. For transfer functions of the integrating type, a straight line with the
equation was assumed as the class of regression function:

y =ax+ b, ()

Due to measurement errors, the actual pressure course differed from the assumed one which
yields:

v =y+e,=ax+by+e, 3)

Where ex denotes error.

Minimizing function (with an assumed quality factor) we get:

Q= Zg=1en = Zg=1 (yn - bO - axn)z = min (4)
relative to the parameters a and b, the optimal coefficients of the linear regression function were
obtained:

1 on
_ Z%:lxnyn - N anl Xn Zﬁ:l n (5)

a

1
n=1 XE = N (EN=1%n)?
N N
b= 1
=) mag ©
n=1 n=1

In the case of the path fuel and air pressure for the integrating term (due to the differential input
and output signals), the following form of transmittance was adopted:

G(s) =& @)

s
Where k - the integration gain factor.

By approximating the real course with a linear regression function, the integration constant was
determined from the following relationship:

k=— ®)

Where w - the forcing, a - the directional coefficient of the regression function.
In the case of the inertial element, in order to simplify calculations, the following class of
regression functions was adopted:
y=eh” ©)
The adoption of such a class of functions resulted from the transformation of the inertia (step
response) time equation:

t

y(®) =y (1= e7) (10)
to the form:

12O e (11)
k
Performing minimization of the Q function (in the sense of minimum variance):
N N
Q=) ek =) (n—en) = min (12)
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a, parameter was determined:
N
o = NYN_ tyIny, — N anl tn Ym=1 Ny
r 1
g=1 t% -N (Zg=1 tn)z

The time constant and gain of the inertial term were determined from the following

(13)

relationships:
T=—
a;
(14)
= b
TTw

whereby the values of a and b were calculated for the integral element.
Figure 7 shows the pressure approximation diagram with the assumed model, built from a
parallel combination of an integral and a first-order inertial component.

y(t) y(t)=ys(t)+ya(t)

Figure 7. Approximation diagram of the steam pressure waveform with the assumed transmittance
model.

Determination of the transmittance parameters was carried out using the digital method by
executing the prepared software. The program first determined the coefficients a and b of the linear
regression function, approximating the integral waveform. Then the levelling the influence operation
of the integrating term and calculating the transmittance parameters of the inertial term was carried
out. Table 2 summarizes the results of computer calculations of transmittance parameters for each
waveform. In addition, to get a better illustration of the actual and model waveforms a graphical
representation of both the real plant and its model pressure waveforms was obtained. Graphical
representation is shown in Figure 8 where the continuous line (blue) depicts the real waveform, and
the dotted line (orange) indicates the model pressure waveform. As can be deduced from the
obtained results, the assumptions confirm that the model is an accurate representation of the real

system.
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Figure 8. Approximation diagram of the steam pressure waveform with the assumed transmittance
model.
Table 2. Results of individual measurement series.
Propeller
T Ki K Extorsion Fuel av. press
Graph No. rev.
[s] [at/at] [at/s*at] [at] [at] [rpm]
11p 32.97 0.7600 0.0170 0.6 4.9 0
12p 25.28 0.0500 0.0040 2.0 6.5 0
15p 31.47 0.1800 0.0040 1.0 6.5 0
16p 41.92 0.0900 0.0030 1.2 6.5 0
19p 53.28 0.0300 0.0040 1.0 6.0 0
20p 41.38 0.0900 0.0030 1.5 6.3 0
10p 54.28 0.0300 0.0070 1.6 7.5 50
28p 26.08 0.0700 0.0030 1.8 10.2 55
30p 40.30 0.1000 0.0030 14 11.0 53
31p 36.00 0.0500 0.0020 2.4 11.8 45
32p 12.33 0.0300 0.0030 3.0 12.0 45
33p 24.60 0.0500 0.0030 2.0 11.0 40
22p 22.33 0.1000 0.0050 1.8 134 65
23p 20.61 0.4400 0.0110 0.6 134 65

Identification of the fuel and air mixture to the steam path was carried out in three measurement

series conducted at different sailing periods, for three states of the sea condition and shops load. The

individual measurement series were conducted for the following operating conditions:
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A series - propeller speed =0 [rpm],
load - average fuel pressure = 5.0 - 7.0 [at], on anchor.
B series - propeller speed = 40-55 [rpm],

average fuel pressure = 11-12 [at],
good sailing conditions.

C series - propeller speed = 65 [rpm],
average fuel pressure = 13.4 [at].
bad sailing conditions.

The values of the obtained results for each series do not differ much from each other. Some
differences from the others are indicated by the C series, but from such a small number of charts
accepted for analysis, this result cannot be taken for granted. It should also be pointed out that the
tested system was a working application operating in the real ships power plant conditions. This
induced some measurement errors caused by a bad sailing condition (bad weather and high sea),
difficulties in establishing the value of steam pressure, the impossibility of maintaining a constant,
unchanging load on the steam system, and therefore stable, continuous operation of boilers under
manual control. As a result, some of the waveforms deviated significantly from the assumed ones
and the rest of the actual graphs. This was especially the case when sailing in heavy weather
conditions.

2.4. Summary

Preceding chapter discusses the problems of identifying the dynamic properties of the boiler as
a superheated steam performance control object, in particular, the fuel and air steam pressure track,
adopts and verifies the classes of models, discusses the factors affecting the choice of the test method,
provides methods and digital data analysis, and presents the results of tests carried out on the ship.

As the result of the object parameters identification the mathematical model characterizing the
dynamics of the controlled object, with the given transmittance parameters for the fuel and air to a
steam pressure track was established. For possible further analysis, the object model shown in Figure
9 can be used, with the given transmittance parameters along with their average values obtained in
the digital analysis.

0.18
31s+1

E

Figure 9. Final model of the discussed object.

Due to the real operating conditions of the ship, the measurements could only be obtained in the
mentioned three measurement series, and it was not possible to use all the waveforms for analysis.
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But by comparing the actual waveforms with the model estimates, the validity of the assumed model
and the veracity of the obtained results can be compared.

The model and results are comparable to those which were obtained during the research works
[17] conducted in the propulsion plant of the another operating vessel. It was necessary to take into
account the design differences of the boilers installed on the two ships, as well as the time of operation
of these ships up to the time of conducting the above research. Thus, the nature of the actual object
and its model is virtually identical. The slight differences in the transmittance values may be precisely
due to the design differences of the systems being compared (the boilers of the investigated ship are
larger and have greater capacity), and to the time of the operation (by the time of the tests, the
subjected ship was already 20 years old, while the comparable was only a few years old). The fact
that the results of the studies conducted for two different vessels are similar confirms the validity of
the models assumed in both cases.

3. Computer Simulation of the Identified Object and Optimization of the Control Structure of
the Boiler Efficiency Control System

The block built within Simulink software is an exact representation of the identified path: fuel
and air creating steam pressure. As it was presented it consists of three elements: a delay block, an
integral term and an inertial term.

Described object in the simulation software is shown in Figure 10.

0.0056
s

>

exp(-6s)

C o1 }I

In_1 Out_1

0.18
31s+1

Figure 10. Control object model in SIMULINK software.

A step block was introduced to the input of the system, reflecting the change in the input signal
(fuel pressure) which in fact was the case during the tests of the real system in the boiler room.

On the other hand, the output includes a block that is common for this software and allows
visualization of trends in a steam pressure.

The control loop is not closed so the structure of the simulation allows to change the parameters
of any block on an ongoing basis, as well as it allows to add blocks to an already given system. This
can result in a comprehensive program that simulates the operation of the main propulsion boiler in
a real time.

3.1. Optimization of the Structure of the Boiler Control System

In the following chapter, using the results of the identification study discussed previously and
the results of the original research presented in [17], the optimal structures of the boiler performance
control system for the quadratic control quality index are determined. The optimal structure for the
adopted object model containing a phase-delay correction factor (integral correction) and the
proposed suboptimal solution involving the use of a PI controller are given.

For both structures, model tests were carried out using the Matlab software. For the suboptimal
structure, using Rosenbrock’s optimal method [22], the PI controller settings were selected according
to the static criterion.

3.2. Determination of the Optimal Control of the Boiler Capacity Control System

Analysis of the operation of the boiler performance control system under stationary random
forcing conditions showed a significant effect of sway on the nature of the control system’s operation
thus on the quality of the control process. Observation of the time courses for the analysed fuel-air
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path, during operation of the boiler plant under conditions of strong vessel rolling, revealed a
significant distortion of the signals. The appearance of additional harmonics with higher frequencies,
which are significant for the control system, is an undesirable phenomenon in both technical and
economic terms.

The following study attempts to determine the best control strategy for a given system, with an
assumed control quality index. To determine the optimal control of the boiler efficiency control
system, the mathematical model of the object specified in Chapter 2 was used. Such model considers
the dynamic properties of the actuators of the air flow rate control system (carried out by a blower),
and the operation of the systems that stabilize the excess air ratio. For the necessary simplification of
the object after the application of Smith’s predictor [23], a linear object with the following operator
transmittance was adopted:

k kq bs + ¢
G(s) _§+Ts+1 T s(s+a)

(15)

whereby:

k =0.0056 [at/s*at].

k1=0.18 [at/at].

T=31[s]

hence:

a=0.32258[1/s]

b=0.0114 [at/s*at]

¢ =0.00018 [at/s2*at].

The selection of the object’s state variables was made using the direct method [20].

For the general form of the transmittance:

E(s) = by_4s" '+ -+ bis+ by

U(s) s+ a,_s" 1+ +a;s+a,
E(s) can be determined by the following relation:

E(s) = s7Hbp_1U(s) — an_1E(s) + -+ s [b U(s) — a1 E(s) + s 2 (boU(s) — aoE(s))]} (17)
This results in a diagram of the object’s state variables, which for the model under consideration

is shown in Figure 11.
0 032253}‘7

E
4 0.00018 £ N > N
s s
0.0114

Figure 11. Diagram of the object’s state variables.

G(s) = (16)

\ 4

\ 4

A 4

Assuming as state variables x1, x2 (the outputs of the integrator) the object can be described by
an equation of state in the following the form:
x(t) = Ax(t) + Bu(t) (18)
whereby: % (t) - state vector with components x1(t), x2(t)
% (t) - control
A - object matrix of dimensions 2 x 2
B - control matrix of dimensions 2 x 1.
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In this case, the matrices A and B are equal:
[0 0 e
a=[] "] B=][} (19)

For the optimization procedure, the quadratic quality index was chosen, the general form of
which is shown in the formula:

tr
1
Q=3[ F"®Px®+u © Ru dt 0)
0
whereby: x(t) - n-dimensional state vector,

u(t) - m-dimensional control vector,
P - non-negatively specified matrix of dimensions n x m
R - positively specified matrix with dimensions m x m
In boiler optimization problems, the minimum variance of the output signal is taken as a quality
factor [17]. Thus, the following form of Q was chosen:

Q= J- [e2(t) + mu?(t)]dt (21)
0

where m is a given positive number fulfilling the role of the weighting factor (control energy
limitation). When the optimization problem is posed in this way, additional constraints are dictated
by technical considerations of the system. This is because it is impossible in the process of steam
pressure stabilization to get to a situation of exceeding the permissible values of overshoot
amplitudes. A comparison of the quality indicators (20) and (21) shows that in this case:

p= [8 (1) R = [m] (22)

The task was to determine the control %(t) that satisfies Equation (18), which minimizes the
quality index Q (Equation (21)).
a(® "y 23)
As it was presented in [23,24] the optimal control u(t) for control time tr = o is given by the
formula:
ut)=R™'B"Kx (24)
whereby a symmetric matrix K of dimensions 2 x 2 and time-independent elements is a solution
of the Riccati matrix algebraic equation of the form:
KA+ ATK + KBR'BX —P =0 (25)
For this case, the determination of the K matrix leads to a system of nonlinear algebraic
equations, the solution of which requires numerical methods. Totally, further analysis was based on
the introduction of serial correction.
This procedure is equivalent to modifying the structure of the control object. It allows you to
determine the equations of the optimal controller in general form with much less computation.
The following equalizer form was adopted:

1
Ge(s) =—= (26)
s+ b
The introduction of the serial connection of the control object into the structure analysis with the
equalizer resulted in an equivalent transmittance of the individual blocks.
o) = G(8)Go(5) = —g i’
kolS) = Gg\S OS_S+%S(s+a) (27)
Since the relation (27) indicates the existence of the possibility of certain simplifications of the in
the Gko(s) transmittance, it was necessary to check the resulting structure for controllability and
observability. As a result of the decomposition, we obtain:
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bs +c Ly L, Ls

= +2
(s+%)s(s+a) s+% s sta

With L1=0, L2 = 2 Ls = idar,

b
The zero value of the L1 coefficient indicates the partial uncontrollability of the adopted structure

resulting from the simplification of zero with the pole of the corrected system [22]. This is illustrated
in Figure 12.

(28)

< |

o 1]
N

-0.032258

Out_1

Figure 12. Diagram of the state variables for the corrected system, indicating the uncontrollability of
parts of the system.

Despite the fact that the test structure is partially out of control, it was recommended to use a
corrector due to the fact that it is a minimal-phase system [23].
According to (27), the operator transmittance of the corrected system is of the form:

b

GT) *)

GKO

A diagram of the state variables of the system with the transmittance described by the formula
(29) is shown in Figure 13.

A 4
| =
I

®
'

Figure 13. Diagram of the state variables of the optimal system with a phase-delay corrector.

Taking as state variables x1, x2 the output quantities of ideal integral terms, for this scheme of
state variables the object can be described by an equation of the form:
x(8) = Ay x (8) + Biw(t) (30)
whereby for this case A1, B are equal:

1

a=ly L} e=[] ey

Note that the matrix P and the constant m in the relation (24) uniquely determine the elements
of the characteristic equation of the closed system. With the wrong choice of these elements, the
closed system may not have the required stability reserve. To prevent this by using the state space
method [22,25], the feedback matrix W was selected in such way that the coefficients of the
characteristic equation are as given in the following:
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M(s) = det[s] — A + BiW] =0 (32)
and had predetermined values which provide an adequate margin of stability. Such formulation
of the problem dictated direction of further investigation. For the object described by the Equation
(30) and the assumed quality index presented in the following:

1= [[7@ Px +v2(0) ] at (33)

and it was necessary to select the elements of the matrix P: and the matrix W = w1, w2 so as to
obtain the assumed values of the elements of the characteristic equation of the closed system and the
minimum value of the quality index (for the determined matrix P1).

The operator transmittance of the analysed object can be described by the following relation:

-1 Lo(s)

Gro = [s1- 4] B = 375 (34)
Whereby:
Lo(s) = [sI — A4] 35)
My(s) =det [s[— A1] (36)
As it was presented in [22] aforementioned control method becomes
v () =-W=x () (37)
And for the following condition
W =BP (38)

is optimal if the characteristic polynomial M(s) of the closed system and the characteristic
polynomial Mo(s) of the open system satisfy the condition:

M(=) M(s) = My(=5) My(s) + LE(=5) P Lo(s) (39)

If 51, s2 denote the elements of the characteristic equation of an open system (object) then:
M(s) = (s —s1) (s —52), (40)
Mo(s) = (s = s1) (s — s2). (41)

In the [22,26], the following form of the search matrix P is recommended as the most convenient:
P=pp’ (42)

whereby the vector p = [p1, p2]7,

By substituting the relations (35), (40), (41), (42) into (39) and comparing the coefficients at the
same powers of the variable s, the components of the vector p can be determined.

Assuming a 5% error margin, the settling time was determined from the following relationship:
_ 3
- |s1]

Assuming s1 = s2 = -2, an settling time of #» ~ 1.5 s was obtained, which provides good signal
attenuation. As a result of the assumption made one get:

t, (43)

Mo(s) = det[s] — A] = s(s + a) (44)

M(s) = (s +2)> = s> +4s +4 (45)
and

Lo(s) = [sI — Aqlag By = b[L,s]". (46)

The task was to find a P: matrix in the form defined by the formula (42) so after some
manipulations it looks like in following formula:

Pl] P? Ple]
= P, P, =
p,| 1P Pl PP, P?

By inserting the relations (44), (45), (46), (47) into (39) we got:

P (47)

d0i:10.20944/preprints202408.0429.v1
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2 2 202 2 2 Pl 1
(s* —4s+4)(s* +4s +4) == s°(s* —a®) + b*[1,—s] P, [Py, P,] [a] (48)
Comparing the coefficients at the same powers of the variable s, we got:
4 V8 — a?
P1 ==, PZ = (49)
b b
Denoting K1 matrix as:
kll klZ]
K, = 50
L U 0
Such a symmetric matrix that is a solution of the Riccati equation
Ki Ay + A K — Ky BB Ky + P =0 (51)

From the equality of the corresponding elements of the matrix it is derived:
k> b2 — P2 =0
kiy — akiy — kipkoy b? + PP, =0 (52)
b2 ky® + 2aky, — 2kyy — Py = 0
Among the solutions to the system of Equation (52), one has been selected that ensures the
stability of the closed system.

P, 4
2 =3 e
(53)
_2a+\/4a2 +4’b2(2k12 +P22) 4_a
ka2 = 2b? T Tp2

The desired matrix was determined from the relationship:

k k 4 4—aqa
W= o,b[11 2= 1, —— 54
D] i EEIR (54)

The above equation shows that for an object with an operator transmittance of (29) and a quality
index of (33), a PD-type (ideal) controller with an operator transmittance should be selected:

Gpp(s) = ky (1 + Ty s) (55)
and after inserting it into the negative feedback loop, whereby:
regulator gainis k, = % = 350.9 and differentiation constant T; = 4%1 = 0.99.

Inserting the obtained expression (54) into the relation (32), we obtain:

s
4
The result of the relation (56) confirms that for the determined matrix W (54) the characteristic
equation of the closed system has the assumed values of the elements.
The analysis in following subsection concerned the determination of the optimal control for a

M(s) = dets | — A, + Bk, = | S_+14]=52+4s+4 (56)

structure that is a series combination of a control object and a corrector (26).

As indicated for such a structure, the optimal solution would be to use a PD (ideal) controller in
the negative feedback loop with a setting of (55). By combining the object-modifying corrector with
the optimal PD controller, an integrated structure of the correction factor with the operator
transmittance described by the relation (57) was calculated, which, included in the negative feedback
loop, realises for the object with transmittance (15) the optimal control u(t) at the selected quadratic
quality index. The form of the transmittance (57) proves the necessity of a phase-delaying corrector
use.

1
k, (1+T, a+z
Go(s) = A Tas) g~ T (57)

S+E S+E
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A diagram of the state variables of the optimum system (with a phase-delay correction) is shown
in Figure 14 where Interferences 1 block denotes rough sea waveforms which represent variable load
change due to sea waves movement towards the hull. The block Interferences 2 represents calm sea

waveforms of sea waves’ low amplitude and low frequency.
0.0158

~k, - Ty +

0.032258

A

3
+
A

0.00018

A 4

\IV
A 4
A 4
| =
!

3

»0.0114

Interferences 1
A=0.01

w=0.005 /\/

Interference 2
A=0.02
w=0.05

Figure 14. Diagram of the state variables of the optimum system with a phase-delay corrector.

In the search for the optimal control of the tested object the PI controller with the integral
correction term of a given transmittance fits the best to a practical systems:

Gpr = kpy (1 + %) (58)
which would work out suboptimal control. This is due to the fact that:
c 1
;= 00158 « 7= =101 (59)

A diagram of the state variables of the control system with PI controller is shown in Figure 15.
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Figure 15. Diagram of the state variables of a suboptimal system with PI controller.

4. Test of the Optimal Model Structures

The two optimal and sub-optimal control structures of the boiler capacity control system
determined in the previous sections were subjected to model test and the aim of which was:

e  determination the extortion compensation (at the optimum settings Tz and k) for a system with
a phase-delay controller,

e check of a slip compensation at settings Ti= 1s and kp= krra = 347.391, resulting from relations (59)
and comparison of (57) and (58) for the system with PI controller.

The output of the object was given which were in both cases waveforms corresponding to the
equivalent forcing (characteristic of calm sea and rough sea).

The process modelling was carried out on a PC and using Matlab software.

As it turned out the obtained digital process simulation results fully confirmed the optimality of
the control structures adopted.

A structure incorporating a phase-delay equalizer in the feedback loop compensates very well
for calm sea conditions characteristic well as for the heavy rolling. This is illustrated by the
waveforms shown in Figures 16 and 17.

257 10 response to step input
- T T T T T T T T T

2

Control error
=]
T

25 1 I I 1 1
0 10 20 30 40 50 60 70 80 90 100
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Figure 16. Time course for the optimum system in a calm sea condition acquired in simulation.
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Figure 17. Step input response for the optimum system in rough sea condition acquired in
simulation.

During the adjustment process, the error signal was kept close to zero. When two types of
excitations are given in the form of equivalent signals (for calm sea and for heavy sea conditions), the
waveforms obtained (Figures 18 and 19) do not differ from those acquired previously for the
optimum control structure. Thus, it is possible to use a standard structure of the PI controller, which
is important for possible design solutions.
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Figure 18. Step input response for a suboptimal system in calm sea condition acquired in
simulation.

response to step input
T T T T

contrel error

| | | | | | | |
10 20 30 40 50 60 70 80 20 100
Time (seconds)

Figure 19. Timeline for a suboptimal system in rough sea condition acquired in simulation.

Due to an high capacitance energy storage which in fact is a steam boiler it may be concluded
that propulsion steam turbine acts as kind of filter for varying conditions and sudden load changes
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what makes the proposed control structure robust and reliable. This property is considered as an
advantage over ships combustion engines which have to watch out for such conditions are in a need
of additional protections (e.g., overspeed and torque overload).

4.1. Hardware in Loop Implementation

The one aim of the work was to prepare a system simulating the operation of a ship’s propulsion
boiler that can be implemented in a HIL system. For this purpose, a research station was created (see
Figure 20) containing a HIL system operating under the control of Matlab software, a host
programming computer, an alternating signal generator, and auxiliary equipment such as an
oscilloscope, power supplies, and a laptop computer for acquiring data from the HIL system.

Figure 20. Overview of the laboratory setup with HIL.

The simulation software containing the boiler control model that had been created and tested
earlier was transferred to the HIL system. The transfer consisted of changes in the program settings
that enabled correct operation in the real-time system. The most important change was the
establishment of a calculation step with a constant processing period (Ts=1e-04) in contrary to the
digital simulation system where the calculation step was variable. Transferred HIL model is
presented in the Figure 21. There are some changes to the original system presented in the Figure 15
due to digital implementation and dependency on the constant processing period.

b arget Scopq
Speedgoat Id: 1
10397-50k

AID read vi
Module ID: 1

" " | arget Scopd
id:3
0.00018 + KB %
z1 z1
+ .
“0.032258 4
&' Td1
1Td1
= By
z-1 H

arget Scopq
id:2

»ffarget Scopd
Id:4

Figure 21. Model of investigated suboptimal system implemented in the HIL host computer.

The investigations of digital model implemented in the HIL hardware covered changes of sea
conditions such as wave amplitudes and frequencies [27] and acquiring control system responses in
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the real-time. As it turned out, due to a capacitance of the system the obtained results were identical
to those which were acquired in the numerical simulations. Varying sea conditions gave the step
responses of the controls as presented in the Figure 22.

n: 15.8 wmple Time: 8. 881 Stop Time: 15

a) Scope 1“. o - Scopa 2

frunt: —8 vi 8 v 1.58 Offsel: 8 v @ 1 1.58

Simulink Real Time™
R2018b

b eeuiations LEES L srgh X1 sroms  siop Thwa: 1o

Scope 8 Scope 4

Simulink Real-Time™

R2018b

C) — \: aoution: 15.8 wmple: Time: B, 881 Stop Time m‘:.,___ .
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Simulink Real.Time™
R2018b

Figure 22. Results of HIL based experiment. Scope 1 — rough sea waves amplitude, Scope 2 — calm sea
conditions amplitude, Scope 3 — control feedback signal, Scope 4 — step response. Time base for all
oscillograms - 1.5 s.

In the Figure 22a there are waveforms obtained for calm sea conditions where sea waves
amplitude was set to 1 m and the frequency was 0.005 rad/s. In the Figure 22b the parameters were
set accordingly to 5 meters and 0.01 rad/s. The results presented in the Figure 22c are obtained for the
two overlapping waves of 5 meters and two frequencies namely 0.01 and 0.005 rad/s. The responses
of the control system are in the figures denoted as c and it can be seen that settling time equals to 2.8
seconds which is identical to numerical simulations results discussed in the section 4. Interesting fact
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is that control system is stable for wide range of waves amplitudes and periods. After deeper
investigation it may be noted that for lasting longer measurements there are some oscillations of low
frequency present in the error signal which can be minimalized with change of controller parameters
but due to a nonlinearity of the system some controller variable settings should be used in order to
maintain steady-state error close to zero.

4.2. Discussion on the Test Results

The search for possibilities to improve the quality of control of the boiler efficiency control
process led to a positive result which was preparation of two different control models. As a result of
theoretical analyses and digital model tests, two structures were proposed - optimal and sub-optimal
with a PI controller - which make it possible to obtain satisfactory control results in terms of the
adopted quality criteria. The fact that it is possible to use sub-optimal control in which a sufficient
approximation of the integral correction (optimal structure) is obtained by using the PI controller in
the negative feedback loop seems beneficial in this case.

In general, it should be said that the analysis carried out of the dynamics of the boiler
performance control system showed the advisability of attempting to modify the control structure to
achieve better economic indicators of the ship’s power plant. Such possibilities exist in the system,
and the improvement of control quality promises fuel savings. In the case of tankers similar to the
subject ship, achieving fuel savings even in the order of fractions of a per cent is a cost-effective
undertaking, especially as the possible modification of control structures does not pose a major
technical or investment problem. Improving the quality of the control may also prove expedient in
terms of changing the nature of the actuators, which may contribute to improving their failure-free
operation.

The carried out control models were implemented into the Hardware in Loop system and after
experimental tests and again results obtained in an investigations were identical to solely software
based which indicates readiness of HIL system to further implementation of real world application
which may be used to a boiler control system hardware simulator.

The research carried out and the analysis of control quality problems presented were exploratory
and based on certain simplifications and limitations. It therefore seems necessary to draw attention
to the need for further research.

Summary of tables

Table 3. Average values for each measurement series.

T Ki K
Serie

[s] [at/at] [at/s*at]

A 37.71 0.2 0.0058

36.25 0.06 0.0036

C 21.47 0.28 0.0075

A,B,C 31.81 0.18 0.0056
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