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APPLICATION OF FAULT-TOLERANT
AUTOMATIC CONTROL SYSTEMS ON THERMAL POWER PLANTS

The purpose of the article is to compare the production of electricity at different types of power plants, in
particular, to get acquainted with the sphere of modern thermal power engineering of Ukraine, to form a gen-
eral overview of the problems of automatic control systems of thermal and energy objects and complexes. The
energy market requires a clear adherence to the indicators of the quality of electricity, which is influenced by
the status of the main production assets of the power plants and the quality of their management. In modern
world paradigm of automatic control theory development, fault-tolerant control systems aimed at ensuring
trouble-free technological processes are promising.

The paper describes the dynamics of changes in the ratio between different energy sources in recent years,
which will affect the direction of research by evaluating the use of energy sources in the future. There is low
level of tolerance towards performance degradation in power generation plants (PGPs). They have much of
issues and potential faults, like low productivity, losses of production, human safety, environmental hazards
and pollution. To avoid undesirable conditions and to supply uninterrupted power to industrial and other
users, power generation industry has started to use Fault Detection and Isolation (FDI) methods in power
generation plants. The current state of thermal power plants used in shunting modes is considered. The scheme
of operation of a thermal power plant is considered in detail, the key elements that require control and appli-
cation of fault-tolerant control systems are identified. The main aspects of failures in automatic control circuits
are given. The typical power plant is analyzed for these aspects and the examples show causes and locations of
failures in the main structural elements of the power plant: turbines, boilers, including combustion subsystems,
water supply, steam generation and steam use. There is shown the role of fault-tolerant systems in the manage-
ment strategy of the facility, which is implemented both at the design and in operation stages, in the article.
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Problem definition. Ukrainian power sector is the
most significant component of the social overhead cap-
ital and of industrial potential. Ukrainian economic is
affected directly by the utilities sector trough growth
of GDP. During last 2 years industrial growth has
been increasing after its fall before in 2015, so power
requirements are also increasing rapidly. Electricity
consumption (net) by industries of the national econ-
omy and the population during the 10 months of 2018
amounted to 99 484.6 million kWh, that is 2 351.0 mil-
lion kWh (or 2.4%) more than during the same period
in 2017 [1, p. 3]. As a result, there is low level of tol-
erance towards performance degradation in power
generation plants (PGPs). Power units of pulverized
coal-fired plants, which remained without the Donbass
anthracite, reduced the load, and in some cases even
stopped, therefore the country was forced to buy coal
in South Africa, Australia and Russia [2, p. 20].

There are much of issues and potential faults in
power generation plants, like low productivity, losses
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of production, human safety, environmental haz-
ards and pollution. A study by Rosen [3, p. 155] has
revealed, that saving of about 30% in maintenance cost
can be achieved by simply changing from preventive
maintenance to Condition Based Maintenance (CBM)
in which a Fault Detection and Isolation (FDI) system
plays a major role. Advancement into FDI algorithm,
therefore, would mean significant improvement in the
CBM capacity. So research in the area of root techno-
logical clauses of power plants failures and preventive
fault detection methods are very important.

Overview of Thermal Power Plants and their
problematic. The main load in the 2014-2015 bien-
nium was at nuclear power plants, that’s why all pre-
ventive and repair measures were delayed. Due to the
temporary occupation of Crimea, the prospects for
further growth of own natural gas production have
gone nastier, and because of hostilities, the outflow
of Western investors funds from the energy market of
Ukraine took place.



IndpopmaTuka, 06uKCII0BaIbHA TEXHIKA Ta aBTOMAaTH3aLlis

In January-October 2018, the volume of electric-
ity produced by power plants, included in the UES
of Ukraine, amounted to 15 870.5 million kW*y
(Fig. 1), which is 1 069.0 million kW*y or 1.2%
more than the corresponding period of 2017 [1, p. 9].
At the same time, thermal power plants (TPPs) and
central heating and power plants (CHPPs) produced
electricity at 1 280.7 million kW*y, or 23% more than
the corresponding period of 2017 and amounted to 6
835.2 million kW*y. A very important aspect regard-
ing the heat and power complex is the formation of
local energy systems based on the economically effi-
cient consideration of the potential of local fuels and
logistics. It is also a contribution to the reconstruction
of district heating units in order to minimize losses
and support the implementation of cogeneration pro-
jects at CHPPs and cogeneration of biofuels [4, p. 14].
The reconstruction of CHPPs should be carried out in
accordance with the requirements of environmental
standards and the introduction of a system of com-
mercial calculations based on quality indicators for
the provision of heating and cooling services. Equally
important is reassessment of technical and economic
indicators of projects for long-distance transport of
heat from large energy facilities (TPPs and NPPs) and
the decision on the feasibility of their implementa-
tion. Programs must be formed to support the mod-
ernization or replacement of old boilers, the transfer

of heat consumers to autonomous and / or individual
heating, where this is economically feasible. In cur-
rent conditions of limited types and high cost of coal
extracted in Ukraine for heat power engineering, the
task is to transfer a few coal-fired TPPs to the coal
of a gas group in accordance with technical and eco-
nomic feasibility.

The first Energy Strategy of Ukraine for the period
up to 2030 was approved in 2006, but changes in the
country's economy have necessitated its revision
already in 2012. However, the proposed version of
the Energy Strategy again did not consider the real
energy balance and investment climate in the country
then, as well as the fact, that in 2005-2012 the GDP
growth in Ukraine was accompanied by a high energy
intensity of the gross product. New Energy strategy
2035 [5, p. 2] has been implemented by the Cabinet
of Ministers of Ukraine. At the same time, in addition
to satisfying demand in the short and medium term,
the strategic task of the next ten years is to prepare
Ukraine's energy system for large-scale upgrading of
capacity after 2025.

The detailed chain of technological processes from
the delivery of fuel to TPPs to producing of electricity
is displayed on the technological scheme [6, p. 173]
on Fig. 2. We will discuss possible faults and failures
in TPPs after the overview of the process. At TPPs
that burn gas-oil fuel, the fuel-handling facility is
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Fig. 1. Structure and volumes of electricity production by the United Energy System (UES)
of Ukraine in 2017-2018, mIn. kW*y (Source — The Ministry of Energy
and Coal Industry of Ukraine (MECIU) as on the 27th of July 2019)
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significantly simplified compared to pulverized TPPs;
a coal warehouse, a crushing department, a system of
conveyors, a raw coal and dust bunker, and a system
for ash collecting and ash removal are not available.

The heated steam from the output header of the
steam superheater enters the high-pressure cylinder
(HPC) of the steam turbine 26a via the steam line 25.
After the HPC, steam over the “cold” intermediate
superheat steam line 27 returns to the boiler and enters
the intermediate superheater 28, in which it overheats
again to the temperature of the fresh steam or close
to it. The “hot” intermediate-heating line 27a sup-
plies steam to the medium-pressure cylinder (MPC)
26b, then into the low-pressure cylinder (LPC) 26b
and from it - to the turbine condenser 29. From the
condensate collector condenser condensate pumps
of the first stage 30 supply condensate to the filters
of the condensate purification installation 31, after
which the condensate is pumped through the second
stage condensate pump through a group of low-pres-
sure heaters (LPH) 33 to deaerator 34. In a deaerator,
water is brought to a boil and at the same time released
from aggressive O3 and CO2 gases dissolved in it,
which prevents corrosion in the steam-water path.
The deaerated feedwater from the storage tank of the
deaerator supplied by pump 35 is fed through a group
of high-pressure heaters (HPH) 36 to economizer 37.
This closes the steam and water path, which includes
the steam and water paths of the boiler and turbine
plant.

The steam and water path of the TPP is the most
difficult and responsible, because in this path there
are highest metal temperatures and highest vapor

and water pressures. To ensure the functioning of the
steam and water path, a system for preparing and sup-
plying additional water is also needed to compensate
the loss of working fluid and technical water supply
system of the TPP to supply cooling water to the tur-
bine condenser.

The cooling water is pumped through the con-
denser tubes by the circulating pump 40 and then
enters the tower cooler (cooling tower) 41, where, due
to evaporation, the water is cooled to the same tem-
perature difference to which it is heated in the con-
denser. The water supply system with cooling towers
is used mainly in CHPP. The TPP uses water supply
systems with cooling ponds. When evaporative cool-
ing of water, the evaporation is approximately equal
to the amount of steam condensed in the condensers
of the turbines. Therefore, it is necessary to feed water
supply systems, usually water from a river.

An electric generator 42, rotated by a steam tur-
bine, generates an alternating electric current, which
through a step-up transformer 43 goes to busbars 44
of the open distribution system (ODS) of the TPP. To
the generator terminals through auxiliary transformer
45 is also attached own flow busbars 46. Thus, own
needs of the power unit (electric motors of auxiliary
units — pumps, fans, mills, etc.) are powered by the
power unit generator. In special cases (emergency
situations, load shedding, starts and stops), auxiliary
power supply is provided via a backup transformer
from the switchgear busbars.

Thus, the described technological scheme of TPPs
is a complex of interconnected paths and systems: the
fuel path, dust preparation system, steam-water path,

46

43

Fig. 2. Process flow-chart of a TPP
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gas-air path, slag removal system, electrical part, sys-
tem of additional water preparation, technical water
supply system.

Heat recovery steam generator (HRSG) is a part of
the TPP. The HRSG has a steam drum, water drum,
water-walls, economizer (37), pre-heaters (33, 36),
and feed-water pumps (35) as sub units. The prom-
inent performance related faults common in the
units include malfunction in the feed-water pump
(i.e. damaged seals and erosion of impellers), tube
leaks (system fault), and disturbance in the remaining
critical components. Failure in the HRSG causes the
exhaust gas exit temperature to increase, and exhaust
gas pressure and steam production to decrease.

Setting objectives. To avoid undesirable condi-
tions and to supply uninterrupted power to industrial
and other users, power generation industry has started
to use Fault Detection and Isolation (FDI) methods in
conventional and renewable energy power generation
plants to improve reliability and availability of power
plants. Some actions are needed to be done for this
purpose:

1) to structure and to localize failures in TPPs;

2) to find place of FDI methods in maintenance
strategies.

Applications of FDI methods in TPPs. Thermal
power plants deliver electricity that could be pro-
duced either from natural gas or coal. Several closed
loop controls are used to convert chemical energy
into electrical energy in any TPPs. All the closed
loops should be closely monitored and precisely con-
trolled to improve the overall efficiency of the power
plant. In every closed loop system of the plant there
are three types of fault [7, p. 39]: system, actuator and
sensor. The first is system fault, in which the mechan-
ical structure of the system or component is prone to
damage (i.e. leak fault in pipe lines or in the tank).
The second one is actuator fault, in which the char-
acteristic of the actuator changes due to mechanical
wear and tear (i.e. in pneumatic actuator faults incor-
rect pressure supply, diaphragm leakage, plug aging
etc.). This may drastically change the system behav-
ior, resulting in degradation or even instability. The
third fault is sensor fault, in which measured value
may be higher or lower than the actual one (i.e. sensor
accuracy, missed calibration etc.). By applying FDI
methods into closed loop system incorporating effec-
tive maintenance schedule, gives optimum efficiency
of the overall plant. Improving efficiency and reliabil-
ity of TPPs depend on the steam turbine control sys-
tems. For example, major failures in a steam turbine
TPPs <220 MW [3, p. 25] in different capacity modes
are represented on Fig. 3.

Low capacity mode High capacity mode

P

Fig. 3. Major failure in a steam turbine
TPPs <220 MW

= Turbine
Combustor
» Compressor

= Rotor

Auxillary

Let’s summarize possible faults in TPPs in Table
1. The steam turbine (26a) fault is a major fault in
TPPs from the perspective of economic losses due
to failure or lack of maintenance of the steam tur-
bine. Maintenance expenses in the TPPs are closely
connected to a steam turbine. So, detecting an early
fault in turbine and diagnosis is mandatory for reli-
ability of the power plant. Several researchers have
focused on various FDI methods that are applied to
the turbine for TPPs [7, p. 42]. Other key faults are
failures of sensors in TPPs. The sensor is an essential
part of any closed loop system for measured varia-
ble, and a malfunction in sensor results in deviate the
controlled variable significantly, and hence affects
the plant efficiency. The various FDI methods are
applied to prevent sensor faults [8]. The third impor-
tant fault is actuator fault. Failure to control variable
would degrade the quality and further to dangerous
situations. If the actuator fails or of a fault occurs,
in boiler furnace (19) exhaustion level control, the
superheated steam quantity reduces drastically and
affects the efficiency of the turbine. Low levels of
water in economizer (37) damage due to overheating
by the superheated steam. If combustion control fail
affects the combustion efficiency. Various FDI meth-
ods are discussed to overcome the effect of the actua-
tor fault in any system.

There are three types [9, p. 258] of maintenance
strategy (Fig. 4). The first one is Design-Out Main-
tenance (DOM), that deals with maintenance con-
siderations at the manufacturing stage of the equip-
ment itself. The intention of this strategy is to do
away with any maintenance requirement, due to
the limitation of the material properties and man-
ufacturing method, and design the parts and equip-
ment for finite life. It is however, difficult to imple-
ment this strategy practically. The second one is
called Corrective or Reactive Maintenance (CM). In
this kind of approach parts are replaced when they
fail. It is adoptable when the frequency of the fail-
ure of parts is high. It however causes unnecessary
down-time leading to production losses. The third
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Table 1

Potential faults in continuous operating process of TPP

Potential faults in
TPPs

Description

Comments

Steam turbine health
monitoring and
control design.

Indeed, turbine health monitoring and control
is an essential part of thermal power plants

to improve efficiency. However, fault occurs
(i.e. sensor, actuator and system faults) during
the operation of the turbine. Increasing steam
turbine efficiency output, various fault tolerant
control (FTC) strategies have been applied.

The steam turbine of a TPP may cause major
losses in terms of efficiency and maintenance.
It is major equipment in any TPPs.
Maintenance cost leads to significant change
in the efficiency of TPPs.

Combustion control
mechanism and flue
gas heat recovery.

Combustion controls adjust coal and air flow
to optimize steam production for the steam
turbine/ generator set. In TPPs, steam reheater
or super heater pipe leakage may reduce
combustion efficiency, steam temperature,
furnace slagging and fouling and NOX
formation.

For proper combustion control in boiler,
continuously provide enough air and fuel.
System fault occurs in steam heater, super
heater and reheater and fuel pipe line,
dropping the combustion efficiency. Heat
recovery is important for utilizing maximum
energy from the flue gases. Leaks faults leads
to in heat recovery cycle occurs energy losses.

Boiler feedwater
control.

The drum water level control is essential in
boiler control. Due to increasing and reducing
demand of the steam drum water level must be
controlled precisely. Actuator’s faults lead to
hazardous situations, which are caused byo an
insufficient amount of water in the boiler drum.

Actuator fault occurs in the power plant
system reduce efficiency of turbine due to
an insufficient amount of superheated steam
produced by the boiler.

Maintenance Strategies

Before detecting the failure

After detecting the failure

Design-Out

. Preventive Maintenance
Maintenance

Corrective Maintenance

Condition-Based
Maintenance
(Predictive
maintenance)

Time-Based
Maintenance
(Scheduled
maintenance)

Run-To-Failure Maintenance

Immediate

Deferred

Fig. 4. Types of Maintenance Strategies

type is known as Preventive Maintenance (PM).
Further PM is divided into Time-Based Maintenance
(TBM) and Condition Based Maintenance (CBM).
TBM schedule is predefined and applied to the plant or
equipment to prevent failure before it occurs. Unlike
TBM, CBM is a proactive strategy in the sense that it
is recommended based on existing conditions of the
plant. The advantage of the CBM strategy is reducing
unnecessary shutdown and maintenance costs.

CBM strategy is employed in TPPs to improve
efficiency and to reduce production costs. CBM
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involves three steps: data acquisition, data processing,
and decision making [3, p. 47]. FDI-based scheme is
used for successful application and execution of the
CBM scheme.

One of the key tasks of modernization of the power
industry is the construction of such automation sys-
tems that will meet the latest requirements for relia-
bility and safety of operation of facilities. From the
control theory perspective, the key problem is building
of fault-tolerant systems of automatic control of heat
and power complexes. Vibration monitoring and loose
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part monitoring, noise analysis have been extensively
applied with success in various PGPs. It is recognized,
that on-line monitoring of instruments and equipment
in power plant industry brings benefits to plant availa-
bility and results in better economy. Some commercial
products have been developed and are increasingly
used in power plants. Encouraging results have been
obtained for reactor core monitoring in NPPs, furnace
temperature monitoring in TPPs and transient identifi-
cation. It is very important to provide predictive ana-
lytics on modern power plants, because the speed of
equipment failure response can have catastrophic con-
sequences for the population and the environment.

Careful attitude towards the environment is inher-
ent in modern leading companies. For example [10],
it is expected that the technological re-equipment of
the pyloric system of the power generation unit 7 at
Prydniprovska TPP (DTEK) for the conversion of
burning of the domestic coal type “G” and, in par-
ticular, the modernization of the dust preparation sys-
tem, which includes Modicon M580 controllers with
HSBY technology, will reduce emissions of harmful
substances such as sulfur dioxide and nitrogen oxide.
The solution was executed by the system integrator,
the company “Ipra-Soft”, with the use of technol-
ogy and equipment of Schneider Electric. It can be a
benchmark of the studied FDI approach.

Conclusions. In the country's energy strategy, not-
ing the growing interest in alternative energy sources
and the prevalence of nuclear power, thermal power
plants will continue to play a significant role. They
are the main source of energy quality assurance as a
tool for maneuvering power grid capacity. The energy
market requires a clear adherence to electricity quality
indicators, which increases the requirements for both
the operation of the equipment and its control sys-
tems. An integration of fault detection and isolation
methods into the automatic control circuits is very
promising in this case. The failure of sensors, actua-
tors, or unexpected behavior of the control object can
be determined until the irreversible development of
the emerging situation. This will increase the dura-
tion of trouble-free operation of the equipment, the
quality of technological processes and reduce the cost
of maintenance. The use of fault-tolerant control sys-
tems should be considered both at the design stage of
new facilities and during the modernization and oper-
ation of existing power plants. The use of fault-tol-
erant systems for the automatic control of heat and
power facilities and complexes in real time can help
to measure profitability and then increase the amount
of labor force through specialized asset analysis soft-
ware to manage the profitability of real-time opera-
tions.
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Crenanens O.B., Illpam JI.0. 3ACTOCYBAHHSA BIIMOBOCTIMKHUX CUCTEM
ABTOMATHUYHOI'O KEPYBAHHS HA TEIIVIOBUX EJIEKTPOCTAHIIAX

Memoto cmammi € nopieHanHs GUPOOHUYMEA eleKmpoeHepeii Ha PISHUX Munax eiekmpocmanyill,
30KpemMa O3HAUOMLEHHs 3i cheporlo cyuachoi mennoenpezemurku Yxpainu, opmyeanns 3a2a1vHo20 02150y
npobaemM asmomMamudHux CUCMeM Kepy8aHHs Menio8UMU Ma eHepeemudHuUMU 00 EKmamu ma KOMIAEeKCAMU.
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Enepeopunok sumaeae uimko2o OOmMpuMaHHs NOKA3HUKIE SKOCMI eleKmpoeHepeli, Ha SKY 6NIUBAE CMAH
OCHOBHUX BUPOOHUYUX AKMUBIE eLeKMPOCMAHYIL Md AKICMb KePYSaHHs HUMU. Y cyuacHil ceimosii napaduemi
PO36UMKY Meopii agmoMamuyHo20 Kepy8auHs NePCHeKMUSHUMU GU2ISOAIOMb 8IOMOBOCMINIKI cuUCTheMU
KepyBaHHsl, CNPAMOBAHI Ha 3a6e3neueHHs 6e3a8apitiHOCmi MexHON0IYHUX NPOYECIs.

Y emammi nasooumuvcs Ounamixa 3minu cnig8iOHOWEeHHA MIdHC OKpeMUMU Odcepelamu eHepeli 3a 0CmaHii
POKU, WO BNIUHE HA HANPAMOK OOCHIONCEeHb Hepe3 OYIHKY BUKOPUCMAHMS OKpeMux odicepen eHepeii y
matoymuvomy. IcHye HU3bKULl pi6eHb MONEPAHMHOCIT 00 3HUINCCHHS NPOOYKMUBHOCMIE 8 e1eKMPOCIAHYISX.
YV nux € yumano npobnem ma MOMCIUSUX HECHPABHOCMEl, MAKUX SAK HU3LKA NPOOYKMUBHICMb, 6mpamu
BUPOOHUYMEBA, Oe3neka NOUHU, Hebe3neka Oisi HABKOIUWHbLO2O cepedoguuia ma 3aopyoHenus. L1o6
VHUKHYMU HeOadXdCaHux ymMoe ma 3aOesneuumu 6e3nepediliny enekmpoenepeilo NpoMUCiosum ma Huum
CNOJACUBAYAM, EHEPLEMUUHA 2ATTY3b NOYANA GUKOPUCTNOBYBAMU MEMOOU BUAGLEHHS MA 13011yl HecnpagHocmell
Ha enexmpocmanyisax. Pozenanymo cyuacnuii cman menyiosux eiekmpocmanyiti, sKi 6UKOPUCTOBYIOMbCS Y
MAaHesposUX pedcuMax. [lemanvHo poseisiHyma cxema pooomu meniosoi enekmpocmanyii, 6U3Ha4eHi Kool
enemenmu, AKi nompeoyroms KOHMpomo ma 3aCmoCy8anHs i0MOBOCMIliKUX cucmem kepysanus. Hageoeni
OCHOBHI acnexmu 8i0M08 8 KOHMYPAX a8MOMAMU4H020 Kepysanus. Bionocno yux acnexmie npoananizogamo
MUNOBY eneKmpoCmanyiio ma Ha NpUKIA0ax NOKA3aHi NPUYUHU MA MICYs 8I0MO8 Y 20106HUX CIMPYKIMYPHUX
efleMeHmax enekmpocmanyii — mypoOini, kKomioazpeaami, NIOCUCMEMAxX 20PIHHS, 6000N00Atl, NAPOYMEOPEHHS
ma napoguxopucmants. Ilokazano ponv 8i0mMogocmitikux cucmem y cmpameeii 00C1y208y8aHHs 00 €kma
KepysamHs, wo peanizyiomsvcs K Ha emani nPOEKmy6ants, max i 8 Npoyeci ekcniryamayi.

Knrwowuogi cnosa: supoonuymeo erexmpoenepeii, 6UaeieHHs ma i301108aAHHs HECHPAGHOCMel, 0IaeHOCMUKA
HecnpasHocmel, 6I0MOBOCMILIKA cUuCmemMd, eneKmpoCmanyis, cmpamezis 00C1y208Y68aAHHS.
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