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Abstract

Design and operation methods of automated systemas tolerate
measurement track damage are presented. This fygteuoture for feed water
control systems in the drum boilers is descrifdak study presents a concept of
an FTC (Fault Tolerant Control) system in the ragah system of the water
level inside a drum. The creation and examinatibrpartial models for the
diagnostic system are described. Analytical redoogédas been applied in the
presented regulation system. The effects of diagrsoand fault tolerance on the
values of reliability and power block operationafety indexes have been
determined in the study. Moreover, regulation systén use are described and
backup structures have been developed in ordereftec a regulation system
that would be resistant to fault of the measurertracks.

Introduction

From the automation point of view, power drums aeey complicated to
control, and difficult to analyse and model [1G].the entire power unit, there
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are several dozen regulation algorithms, includimg system regulating water
feed to the boiler [3, 6].

The system that regulates the supply is designednamtain balance
between the water flow that reaches the boilerthedstream of steam passing
through the turbine. The measurement of this balathe level of water inside
the drum [6]. If the deviation from this balanceté® large, an emergency cut-
off of the entire power unit will proceed [3].

In comparison to traditional diagnostics systemaulFTolerant Control
systems are relatively novel solutions and a syatientdevelopment of those
systems may be observed [1, 2, 4, 5, 7, 8].

When designing an FTC system, what should primabidy taken into
consideration is the fault tolerance of the actisatmd measurement devices as
they are the most unreliable in a regulation systEmanks to the FTC systems,
in case of fault, the automation system adjuststitscture in order to mitigate
the effects of the fault [2, 8].

The favourable effect of diagnostics performedadal time as well as the
systems that tolerate faults on the reliability aadety of the system may be
proven by analysing the indicators referring tostheroperties [9]. Figurel
illustrates the course of the state of usabilitgyl #re nonusability of the system,
marking characteristic times; F average time to fault,, - average time of
repair, which is the average time from the momdntaalt occurrence to the
time of the repair of the faulty devicep F average time between faults, average
diagnostics times, J— average time of renewal.

Fully operational state Faulty states i Fully operational state
Failure
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Fig. 1. Definition of the fully operational systestate and the faulty system states [9]

The reduction of the diagnostic times has an effadhe reduction of T In
practice, the diagnostic time is close to zerg=T~0. In case of faults that are
tolerated by the regulation system, however, tinee tiof the automatically
performed reconfiguration will be reduced to a mam, Ty =>0.
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FTC systems have not become widely used in the pmadestry; however,
there are works undertaken in the area of diagreostnd work safety of wind
turbines.

The studies of water level regulation systems msicirum with the use of
an FTC system for measurement tracks presentddsiratticle are original and
constitute a new solution for this type of systems.

1. The water level control system in the drum

The drum is one of the most important technolog&aments of a power
boiler. Every drum power boiler is equipped withsat of technological
protective measures. The drum has a water gauge amgnostic system that
initializes the disconnection of the boiler in calse level rises too high or falls
too low. As this is a device that is subjected tghhpressure, the protection
systems must be approved by the Office of Techritgbection. The point at
which the protective measures are set into motiostrbe consistent with the
indications of the water gauge. A binary signaltdsnthe water level meter is
usually connected to the system of protectionmdy have a correction for the
temperature and pressure inside the drum or itleayithout it.

Apart from the system of protections, the boiles havater level regulation
system inside the drum [3]. The system shown on Eigvhich is a 3-impulse
system, was subjected to further analysis.

FP2 RH
-

s BOILER - DCS

' |
Fig. 2. Scheme of the water level control systera steam drum (FP1, FP2 — feed water pumps,
L1, L2 — water level in the boiler drum, HC — hydyoaamic clutch, T — transducers,

WH — water heater, RH — steam superheater, D —rbdriilen, WG — water gauge glass,
X1, X2 controls signals, \f— water flow, 5 — steam flow)

In the regulation system shown on Fig. 2, we mafimjuish two water
measurement systems (L1 and L2) where differeptiessure transducers are
used. The water flow supplied to the boileg)(Bnd the steam supplied to the
turbine (fp) serve as additional correction signals for thrgulation system. The
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water feed to the boiler is connected by meansvoftioiler feed water pumps
(FP1 and FP2). Each of the two pumps can providg4lof water demand so
only one of them is started during regular operatiad the other one serves as
a backup. During the boiler's operation, with noatirsteam parameters, the
water feed separation is executed by the changeeipump’s rotational speed.
The changes in the rotational speed are made Wwiahuse of hydrodynamic
clutches. The signals from the position of thewalte main engine that controls
the clutch are delivered to the regulation system.

As a complement for the above described regulaystem, a concept of an
active FTC system [4, 7] whose function will be detect faults of the
parametric measurement tracks shall be presentedcurate readings of the
measurement values in the level regulation systesly cause unnecessary
disconnection of the power boiler by the technaiabjiock system. Since we are
analysing a double measurement system that usderedifial pressure
transducers, the diagnostic system must detectwh&asurement is faulty and
switch the control system to a correct measurenigm. measurement of the
level inside the drum in the differential circuiignbe false due to, for example,
a leak on the joints or a blockage (mineral satdiraentation) of the signal
pipes.

The scopes of the differential pressure transduames small. The
measurements of about 10 cm are only approximaté&lya, so each leak in the
signal pipe may cause a significant error in theasneement. When two
measurements are used, we have a “1 of 2" altematid the diagnostic system
should automatically determine which of them idtfau

An active FTC system should be divided into threeqypal procedures:
fault detection, fault isolation, and the mechanisfnthe regulation system
reconfiguration. Each procedure should be carristidas a separate task in the
diagnostic algorithm of the regulation system.

2. Fault detection

Partial models of the process functioning as virteasors are used in order
to detect faults. In this way, an analytical redamzyy was obtained, which
allowed the detection of measurement tracks fatilie principal objective of
the fault detection algorithm is to be able to detdl foreseeable damage. This
translates into the need for designing a set ajmiatic signals that would be
sensitive to all kinds of damage. In the case ef shpply system regulation,
three partial models of the process have beenexdteatd they reproduced the
following values: water level inside the drum, tt@w of the water feed, and
steam flow into the turbine, according to the falilng formulas (1), (2), and (3).

I1= fi(By, Fp) (1)
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L2 = f,(F,, Fp) 2
Ey =00 3
where: L1, L2 —the water level in the drum [mm],
Fw — mass flow rate of water flow [t/ h],
Fo — steam mass flow [t/h],
X — servo control signal [%], (X1 and X2).

Models (1) and (2) are structurally identical, atie only difference
between them is the transducer that is being clied¢kieor L2. The level model
(L = L1 or L2) was obtained with the use of theegtmethod.

The dynamics of changes in the level of a mixtdrsteam and water in the
drum can be described as the transmittance byotlosving formulas (4):

AL(s) = Gy(s) - 4F,(s) + Gp(s) - AFp(s)

1—as
=—— —AF ————AF
(1+Ts)" s w(s) (1+Ts)" s p(s)
1 1—-as k
- [(1+Tls)"1 HAE,(s) — (1+T,5)"2 ~4Fp (s)] s (4)
where:AL — change of the level of a mixture @esh and water in the drum,
ARy —change of the mass flow of feed water,
AFp  —change of steam flow,

T1, T2 — constant inertia,

nl, n2 - range of inertia,

k —gain,

a — constant differentiation.

The value of the steam flow into the turbine hasrbestablished and the
response to the increased water supply has bedfieder~or the nominal
operational conditions of unit of 125 MW, the fallmg transmutational model
has been obtained (5):

_L'(s) _ 0,015 _s5g
Gw(s) = Fy(s)  (1+9,68s)6 € (5)

where:L’(s) — Laplace transform of the derivative of thatev level in the drum
[mm],
Fw(s) — Laplace transform mass flow of water tolibder [t/h].

The second step in reproducing the complete mod#ieolevel inside the
drum was to identify the level derivative dependiorgthe steam flow into the
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turbine. The best model obtained was the secorel onddel with the delay of 3
s. The model has been approximated to the contsomdel of order 3 and then
decomposed using simple fractions to the sum ofiteeorder inertia and the
oscillating object. Finally, the following has beeitained (6):

_L'(s) _ [ 0252 0,237+2,165s —3s
Gp(s) = Fp(s) (1+215 1+22,55+19252) (6)
where: L'(s) — Laplace transform of the derivaibf¢he water level in the drum
[mm],

Fo(s) — Laplace transform of the mass flow of istéa the turbine [t/h].

The final step in reproducing the water level wasatld the exits of the
obtained models of the level derivatives and sulfexse signals to integration.

The residuum value is determined as the absoluteevaf the difference
between the modelling value and real value leveltie measurements. An
example of the residuum determined from the mabeis(shown in Fig. 3.
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Fig. 3. Residuum rl1 for model (1) (1 — residuurn, @tection limit)

Then, it is necessary to create a third model ideorto obtain the
detectability of the feedback signals X1 and X2val as the differentiability of
faults. This is why another model of the feed wétaw into the boiler has been
identified.

A model of the water flowing through the pump tliEgpendent on the
control signal has been created (7). The bestteefard the pump identification
were obtained with the model with continuous tinfettee order 2 that was
manually adjusted in order to better reproduce dberse of the flow. The
following model has been obtained:

_ Fy(s) _ 5-1,72s —1s
Gp(s) = X(s) (1+6,065+11$2) € @

where:F,, - Laplace transform mass flow of water to thieeodt/h],
X — Laplace transform pomp control signal [%].



2-2016 PROBLEMY EKSPLOATACJI — MAINTENANCE PROBLEMS 141

The resulting models define the residues used Herfault detection of
measuring circuits (Tab. 1).

Table 1. Summary residuals

Residuums Equations
I r = |L1—L1| = |L1 — f,(F,, Fp)I
2 r, = |L2 = [2| = |L2 — f,(F,, Fp)|
I3 3 = |Fy — Byl = |y — 50
Iy T, =|L1—L2|

Due to the increase of discernible faults, extadwum (§) was added to
the system to compare the levels of redundant measunts.

3. Fault isolation

A binary diagnostic matrix was used for the aldontof the fault isolation
[1]. After the performed analysis, a binary diagimsnatrix [1] that illustrates
the relation between the measurement tracks fadt designed diagnostic
signals was determined (Table 2).

The set of diagnostic signals S #{s= 1, 2,...J} is determined based on the
analysis of the residues set {rl, r2, r3, r4}. Aethold value analysis residuum
was adopted here. Faults are defined as follows: fault measurement L1,
f, — fault measurement L2; £ fault measurement,f f, — fault measurement
Fo, fs — fault measurement X.

Table 2. Binary matrix Diagnostic
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The value of signal X comes from the main enginetrabd of the currently
working pump. The system must be programmed inrdadiglentify this pump.

The location is based on inferences based on zenos ones in the
diagnostic matrix. This means that a fault is dateed at the moment when the
values of diagnostic signals correspond to its atigre. Fault signature is
determined by the column of the diagnostic matrix.

This form of binary diagnostic matrix also providée ability to detect
multiple failures [1], e.g., simultaneous measuneinwé faults to the L1 and L2
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is distinguishable from damage,,Fb, X in the system automation (DCS /
SCADA), and such a state should be included irathems.

4. Reconfiguration control system

The final step of the design of the regulation eystesistant to faults of the
measurement tracks is to determine backup strictiarevhich the regulation
system should be switched on or off after a fauitlientified.

When designing a regulation system resistant to fidmgts of the
measurement tracks, a set of possible states ¢énsysperation should be
determined, in case any of the following faultsiddaccur.

Table 3 illustrates the description of the posgied of introducing a change
in the operation mode of the system in case a faocturs in any of the
measurement tracks.

Table 3. Reconfiguration control system in the stafefault measuring tracks

Measurement tracks Reconfiguration
Level (L1) Switch to track measuring reserve (L2)
Level (L2) Switch to track measuring reserve (L1)
Flow of water () Switching systerg to 2-pulse system or analytiedlin-
ancy by formula (3)
Flow of steam (F) Switching to 1-pulse system
Signal (X1)from pump 1 Use scaled variable equiva(€,)
Signal (X2)from pump 2 Use scaled variable equiva(€,)

The regulation system uses water and steam flowsunements. In
situations when the measurements are wrong, theyiégimot be considered for
the water level regulation inside the drum. Two giluifities of tolerance for
those faults have been considered: switching thasmrement to the virtual
measurement and the change of regulation systewtste. The use of the flow
models is possible after obtaining a sufficienthae model, and works on the
use of a model of the neural network diffused stmechave been undertaken, as
in the study [8]. In the examined regulation systéhe second option was
selected. It may result in lower regulation qualitglicators, especially with
large differences in steam flow to the turbine; koer, this method guarantees
safe operation of the regulation system.

Conclusion

The article presents only a part of studies onctivestruction of the water
level control in a power plant boiler system withult-tolerant measurement
channels. It presented the concept of the systednpaesented models for
diagnostic purposes. The procedures used in tHgnaessystem FTC are also
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described. Based on the presented concept, we mae trials and tests on real
objects. The tests confirmed the effectivenesshefdlgorithm fault detection
and fault isolation.

The reconstructed models of water levels and flgetsthe job done. In the
state of an object without fault, we avoided ermmsediagnoses, and the values
of all the residues were below the threshold oéctiin. Further development
work will rely on the adaptation of the models lthem artificial intelligence
systems: neural networks and fuzzy logic systeros.dxample, systems and
fuzzy logic can be used to analyse the residuals.
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Ukfad regulacji poziomu wody w walczaku kotta energtycznego odporny
na uszkodzenia toréw pomiarowych

Stowa kluczowe

Diagnostyka, uklad regulacji, tolerowanie uszkagze redundancja,
rekonfiguracja, kociot parowy, blok energetyczmggulacja poziomu, walczak.

Streszczenie

Przedstawiono sposob projektowania i dziataniaadddv automatyki tole-
rujagcych uszkodzenia toréw pomiarowych. Opisano ukégpb ttypu dla systemu
regulacji zasilania w wadkotta walczakowego. Praca przedstawia koneepcj
systemu FTC Rault Tolerant Contrdl w ukfadzie regulacji poziomu wody
w walczaku. Opisano sposob tworzenia i aaedeli castkowych dla systemu
diagnostycznego. W opisywanym uktadzie regulacgit@asowano redundaRrcj
analityczra. W pracy okrélono wplyw diagnostyki i tolerowania uszkodzea
wartasci wskaznikdw niezawodnéci i bezpieczéstwa pracy bloku energetycz-
nego. Opisano tak stosowane ukilady regulacji i opracowano strukreser-
wowe, aby powstat uktad regulacji odporny na usziemia torow pomiarowych.





