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Climate change and environmental concerns are forcing process industries to increase the
share of sustainable resources in energy production. The utilization of biomass receives an
increasing attention as a replacement for fossil fuels due to its wide availability and
sustainability. However, the unpredictable variability of biomass properties, including
moisture content, composition and heating value, results in disturbances, faults, and failures
during the power plant operation, which creates additional barriers for a wider utilization of
biomass.

This thesis focusses on the development of a fault tolerant model predictive control (FTMPC)
scheme that addresses the challenges associated with the biomass utilization for power
production in BioGrate boilers. The novelty of this scheme lies in the integration of soft-
sensors measuring the unpredictable biomass properties with a fault accommodation
mechanism.

The effectiveness of the developed FTMPC scheme is successfully tested with a dynamic
simulator of the BioGrate boiler. This simulator is constructed using the industrial test data
from the BioPower 5 CHP plant. In addition, industrial tests, conducted to evaluate the
performance of the developed soft-sensors, confirm the prediction accuracy of the fuel
moisture content and combustion power in the furnace. Subsequently, the economic evaluation
of the soft-sensors integrated FTMPC scheme is presented.
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Ilmastonmuutos ja ymparistokysymykset pakottavat prosessiteollisuutta kasvattamaan
kestédvien luonnonvarojen osuutta energiantuotannossa. Biomassa saa kasvavaa huomiota
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1. Introduction

1.1 Background

The utilization of biomass fuel for heat and power production is growing
due to an increasing demand for the replacement of fossil energy sources
with renewable energy. As a result, the fast and the efficient control of
power producing units becomes increasingly important in combustion of
biomass to adapt the production to uncontrollable fluctuations in demand.
(Edlund et al., 2011). However, the main challenges in biomass combus-
tion control are caused by the unpredictable variability of the fuel quality,
which results in disturbances, faults, and failures in the plant behavior
and operations. In particular, this is true for the grate firing that is one of
the main technologies currently used in biomass combustion (Leéo et al.,
2011).

The biomass combustion process is mainly disturbed by variations in
the fuel properties, especially in the bulk density and the moisture (Golles
et al., 2014). Moreover, the biomass fuel is usually a blend of different fuel
types, for example, spruce bark and dry woodchips which have a moisture
content varying typically between 30% and 55% (Yin et al., 2008). This
results in an uncertainty in the energy content of the fuel and complicates
the operation of combustors (Hermansson et al., 2011). Therefore, the es-
timations of the combustion power and fuel moisture have been the main
focus of the biomass combustion research.

The combustion power estimation in the furnace plays a key role for the
control strategy design of power plants especially while compensating the
disturbances in the fuel feed and the effect of fuel quality in power gener-
ation. However, there is no direct and reliable measurement either for the

caloric value of a non-homogenous biomass or for the combustion power
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Introduction

released in the burning process. Nevertheless, the combustion power can
be derived from the thermal decomposition rate defined as the weight of
biomass burned in a unit of time. The thermal decomposition rate can
be estimated from the oxygen consumption, as suggested in the success-
ful theoretical studies by Kortela and Lautala (1982) and confirmed by
practical tests on a coal plant. In more details, the oxygen consumption is
derived from the oxygen mass balance in the furnace, including the fuel
composition, combustion air and the flue gases. The same method has
later been applied to a grate boiler (Kortela and Marttinen, 1985) and
has been used for the development of a model predictive control of a grate
boiler (Goélles et al., 2014).

The fuel moisture content, which greatly affects the power produced by
the boiler, requires to be estimated. Measuring the moisture content of
the fuel is carried out on-line with direct and indirect methods. In indirect
methods — that measure gas moisture content — the fuel moisture content
can be derived by a mass balance, including the moisture content of the
combustion air, the elementary composition of the fuel, and the composi-
tion of the combustion air (Nystrom and Dahlquist, 2004). This time delay
due to the transport time of the gas from the furnace to the measurement
position can be measured within seconds, which broadens the possibility
for successful disturbance compensation by the plant control (Hermans-
son et al., 2011). Fourier-transform infrared (FT-IR) technology is used
in one successful indirect method of determining gas moisture content
(Jaakkola et al., 1998). Hermansson et al. (2011) investigated a method
that uses relative-humidity (RH) for measuring the moisture content in
flue-gases from biomass combustion to indirectly determine the moisture
content of the fuel. However, both methods require additional equipment
and calibration.

The biomass boiler is a nonlinear, coupled multivariable system, and
therefore, it needs to be controlled with an advanced method, like model
predictive control (MPC). Several groups have worked on the application
of model predictive control in medium- and large-scale biomass furnaces
(Leskens et al., 2005; Paces et al., 2011). Recently, Bauer et al. (2010) have
derived, for industrial control purposes, a simple but nonlinear model for
biomass combustion that was later used by Goélles et al. (2011, 2014) to im-
plement the model based control of a commercially available small-scale
biomass boiler.

In addition to controlling the power production, the plant control has

14



Introduction

to maintain the optimal operating conditions in the furnace. According
to the boiler design, for the complete combustion of biomass, the fuel bed
height should be kept at the level to achieve the specified ratio between
the primary and secondary air, and the amount of fuel in the furnace (Yin
et al., 2008). In addition, the fuel bed height must be kept within admis-
sible limits to avoid plant shutdowns. This has led to the development of
the fuel bed height sensor for the BioPower 5 CHP process (Anon, 2014),
based on the pressure drop measurement in the fuel layer (Jegoroff et al.,
2013).

1.2 Research problem and asserted hypotheses

The main motivation for this thesis was to improve the overall efficiency of
an industrial BioPower 5 CHP process. The advanced plant control needs
to be developed to support fast and high magnitude changes in the power
demand, whilst maintaining the optimal operating conditions in the fur-
nace (Golles et al., 2014). Model predictive control (MPC) has proven to
be one of the most successful techniques of advanced control in process
industries and was thus selected as a promising candidate for the control
strategy problem.

The fault statistics of the BioPower 5 CHP plant was collected and ex-
amined by the authors in order to gather specific information on the faults
in the BioGrate process. The study showed that nearly 90% of the losses
were caused by inability of the control system to stabilize the plant in
presence of unpredictable variations in the fuel quality and the fuel bed
height. This supported the use of the latest developments of MPC, i.e.
fault tolerant model predictive control (FTMPC) in the enhanced control

system development.

The asserted hypothesis is that:
Availability and profitability of the BioPower 5 CHP process are im-
proved by integration of fuel moisture content and combustion power es-

timations into a fault-tolerant model predictive control (FTMPC) scheme.

In order to prove the hypothesis, the following tasks are carried out:

Task 1 Design of the overall FTMPC scheme capable of compensating

the fuel quality variations and the fuel bed height sensor fault in
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the BioPower 5 CHP process

Task 2 Development of a method for fuel moisture content estimation

and combining it with the combustion power estimation
Task 3 Development of models for the BioGrate boiler

Task 4 Development of a fault tolerant MPC for the BioPower 5 CHP

process

Task 5 Evaluation of the FTMPC performance with industrial tests and

simulations

1.3 Content of the thesis

This thesis presents the development of fault tolerant MPC for the BioPower
5 CHP process. Chapter 2 presents the process and control strategy of the
BioPower 5 CHP process. The state-of-the-art on modeling and control of
grate boilers is given in Chapter 3. Chapter 4 presents the design of the
FTMPC for the BioPower 5 CHP process. Chapter 5 details the perfor-
mance validation of the FTMPC for the BioPower 5 CHP process. Firstly,
the industrial testing environment is described, the validation of the fuel
moisture soft-sensor and the developed process models are presented and
subsequently the test results are reported. Secondly, the simulation envi-
ronment of the BioPower 5 CHP process is outlined and the performance
of the developed MPC is compared with the currently used control strat-
egy of the BioPower 5 CHP process. Furthermore, the performance of the
FTMPC is tested and discussed. In the final Chapter 6, the conclusions

are drawn.

1.4 Contribution and novelty of the thesis

The main contribution of the thesis is the development of the fuel mois-
ture soft-sensor, its combination with the combustion power method, and
utilizing the methods in the control strategy improvement of the BioGrate
boiler. Additionally, the novel fault tolerant model predictive control of the
BioPower 5 CHP process has been developed to compensate the variations
in the fuel quality and to tolerate the faults in the fuel bed height sensor.

The novelty comes from incorporating the fuel moisture soft-sensor and
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the combustion power estimation into the fault tolerant MPC framework.
The author also developed the simulator of the BioGrate boiler and the
software to estimate the fuel moisture and the combustion power.

The contribution and novelty of this thesis have also been demonstrated
in the publications. The Publication I presents an enhanced method for
estimating fuel quality in a BioGrate process and the use of the method
in control strategy improvement. The publication focuses on estimating
the most essential process parameters: fuel moisture and thermal decom-
position of fuel. The Publication II presents a soft-sensor for on-line mon-
itoring of water evaporation rate in a furnace. To verify the soft-sensor,
experiments were performed at the BioPower 5 CHP plant. The Publica-
tion III proposes an MPC that utilizes models of water evaporation and
thermal decomposition of dry fuel to compensate for variations in fuel
quality. In Publication IV, the fuel bed height model is developed for the
BioGrate boiler and the improved MPC utilizing the fuel bed height sen-
sor is proposed. The Publication V presents the FTMPC to accommodate

the fault in the fuel bed height sensor by active controller reconfiguration.
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2. Description of the BioGrate process
and its control strategy

The BioPower 5 CHP process consists of two main parts: the furnace and
the steam-water circuit. The heat used for steam generation is obtained
by burning solid biomass fuel — consisting of bark, sawdust, and pellets
— which is fed into the furnace together with combustion air. The heat
of the flue gas is transfered by the heat exchangers to the steam-water

circulation, where superheated steam is generated (Kallioniemi, 2008).

Figure 2.1. BioGrate, showing the stoker screw and the water-filled ash basin under-
neath the grate

In the BioGrate system (Anon, 2014), the fuel is fed onto the center
of a grate from below through a stoker screw. The grate consists of al-
ternate rotating and stationary concentric rings with the rotating rings
alternately rotated clockwise and counter-clockwise by hydraulics. This

design distributes the fuel evenly over the entire grate, with the burning
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fuel forming an even layer of the required thickness.

The moisture content of the wet fuel in the centre of the grate evaporates
rapidly due to the heat of the surrounding burning fuel and the thermal
radiation coming from the brick walls. The gasification and visible com-
bustion of the gases and solid carbon takes place as the fuel moves to the
periphery of the circular grate. At the edge of the grate, ash finally falls
into a water-filled ash basin underneath the grate.

The primary air for combustion and the recirculation flue gas are fed
from underneath the grate and they penetrate the fuel through the slots
in the concentric rings. The secondary air is fed directly into the flame
above the grate and the air distribution is controlled by dampers and
speed-controlled fans. The gases released from biomass conversion on the
grate and a small number of entrained fuel particles continue to combust
in the freeboard, in which the secondary air supply plays a significant role
in the mixing, burnout, and the formation of emissions. The design of the
air supply system, the ratio between primary and secondary air, plays a
key role in the efficient and complete combustion of biomass (Yin et al.,
2008). In modern grate-fired boilers burning biomass, the split ratio of
primary to secondary air is 40/60, which should be followed by a control
design for the most efficient energy production. The overall excess air for
most biomass fuels is normally set at 25% or above.

The essential components of the water-steam circuit are an economizer,
a drum, an evaporator, and superheaters, as shown in Fig. 2.2. Feed wa-
ter is pumped from a feed water tank into the boiler. First the water is
led into the economizer (4), which is the last heat exchanger extracting
the energy from the flue gas, and thus, improving the efficiency of the
boiler. From the economizer, the heated feed water is transferred into
the drum (5) and along downcomers into the bottom of the evaporator (6)
through tubes that surround the boiler. From the evaporator tubes, the
heated water and steam return back into the steam drum, where they are
separated. The steam rises to the top of the steam drum and flows into
the superheaters (7) where it heats up further and superheats. The su-
perheated high-pressure steam (8) is then passed into the steam turbine,

where electricity is generated.
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Figure 2.2. 1. Fuel, 2. Primary air, 3. Secondary air, 4. Economizer, 5. Drum, 6. Evapo-
rator, 7. Superheaters, 8. Superheated steam

2.1 Control strategy of the BioGrate process

The main objective of the biopower plant is to produce power for the gener-
ator and for the hot water network. The difference between the consumed
and produced power disturbs the pressure in the drum, and the control
strategy equalize the steam production and consumption by controlling
the drum pressure, which is achieved by manipulating the fuel and air
supply to the furnace. Two feedforward and one ratio controllers attenu-
ate variations during the transitions in the power demand as illustrated
in Fig. 2.3.

In more details, the drum pressure control and the feedforward control,
designed to compensate the variations of the superheated steam flow, de-
termine the primary air flow setpoint. Based on the primary air flow, the
ratio control computes the target level of the stoker speed to maintain
the fuel feed according to the current combustion power level. The pri-
mary air defines the intensity of the pyrolysis and combustion, and the
amount of the excess air (the secondary air) should follow the primary
air to achieve the complete combustion. Thus, the feedforward controller
is used to vary the secondary air proportionally to the primary air flow.
However, the change in the fuel moisture content and the disturbances in
the fuel feed are not taken into account in the control strategy, therefore

causing oscillation in steam pressure.
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3. Modeling and control of grate
boilers; State-of-the-art

This chapter presents the state-of-the-art in modeling and control of grate
boilers. In more details, the mechanistic modeling of grate boilers is
briefly presented, the techniques for measuring the fuel moisture con-
tent are reviewed, and a survey on the control methods of grate boilers is

presented.

3.1 Modeling of the grate combustion of biomass

As the basis for the modeling work, the effect of fuel properties on the
combustion has been actively studied. Saastamoinen et al. (2000) studied
the effects of the air flow rate, fuel moisture content, particle size, bed
density, and wood type. Moisture did not have any noticeable effect on the
maximum temperature in the bed when the moisture was less than 30 wt
%. The velocity of the combustion front was found to be inversely propor-
tional to the density of the fuel and specific heat of wood. Yang et al. (2003)
conducted detailed mathematical simulations as well as experiments on
the combustion of wood chips, and the incineration of simulated munic-
ipal solid wastes in a stationary bed. They concluded that the ignition
time is influenced by both the devolatilization rate and the moisture con-
tent of the fuel. Furthermore, an increase in the fuel moisture shifts the
combustion stoichiometry to a fuel-lean condition.

Similarly, Yang et al. (2005a) employed the mathematical model of a
packed bed system to simulate the effects of the particle size, material
density, bed porosity and the fuel calorific value on the combustion char-
acteristics in terms of combustion rate, combustion stoichiometry, flue gas
composition, and solid-phase temperature. They demonstrated that the
combustion rate is determined by both the fuel particle size and the fuel

density: smaller fuel particle sizes resulted in higher combustion rates
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due to the increased heat and mass transfer area and enhanced gas-phase
mixing in the bed. The combustion front propagation velocity decreases
as the biomass material density increases. Yang et al. (2005b) further in-
vestigated the effect of particle size on pinewood combustion in a packed
bed and they concluded that both char burnout and fuel devolatilization
occur at the same time in a bed of large particles.

As a conclusion from the previous studies, the particle size was found to
have a strong effect on the combustion process. Johansson et al. (2007) in-
vestigated the use of a porous media approximation in the modeling of the
fixed bed combustion of wood and concluded that the model is acceptable
for the particle size below 2 cm. For modeling purposes, the combustion
ongoing in separate particles has to be considered in more details when
the particle size is large. Recently, Strom and Thunman (2013) presented
a robust and computationally efficient particle submodel for use in compu-
tational fluid dynamics (CFD) simulations. Gémez et al. (2014) presented
a bed compaction submodel to account for the local shrinkage of the bed
fuel during the combustion.

The co-current combustion conditions were compared with the counter-
current conditions by Thunman and Leckner (2001). In the case of the
co-current combustion, the ignition of biofuel starts at the surface of the
grate, and the heat generated at the bottom of the bed by char combustion
is transferred along with the gas up through the bed. In the result, the
air flow dries and devolatilizes fresh fuel, and combustion is possible with
a moisture content of up to 70 or 80 %. In the case of the counter-current
conditions, when the fuel is ignited from the top, such moisture content
would be excessively high, since devolatilization and combustion occur
in a narrow front. Further comparison of the co-current and counter-
current fixed bed combustion of biofuel was given in (Thunman and Leck-
ner, 2003). The results show that at steady co-current combustion, drying,
devolatilization, and char combustion occur separately, whereas the three
stages occur in a close proximity to each other during the entire counter-
current combustion process.

Based on these findings, Bauer et al. (2010) derived a simplified fur-
nace model suitable for control and optimization purposes. The simplified
model is based on two separate mass balances for water and dry fuel in
the bed. It was assumed in the model that the overall effect of the primary
air flow rate on the thermal decomposition of dry fuel is proportional, as

confirmed by many authors (van der Lans et al., 2000; Johansson et al.,
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2007; Blasi, 2000). The results obtained by Boriouchkine et al. (2014) also
demonstrated that combustion dynamics is strongly dependent on the air
flow. In addition, Bauer et al. (2010) assumed in their model that the wa-
ter evaporation rate is mainly independent of the primary air flow, which
was confirmed by the conducted experiments. The proposed model was
verified by experiments at a pilot scale furnace with a horizontally mov-

ing grate.

3.2 Methods for determination of the moisture content in biomass

The moisture content of the fuel has to be determined with a delay within
seconds to allow the control system to correctly adjust the combustion
air supply and the fuel feed. However, the typical procedure, the man-
ual analysis of the collected samples from each fuel batch delivered to the
plant, is not accurate enough to predict the moisture content of the fuel
entering the furnace. As an alternative, the fuel moisture content can
be determined on-line by direct measurements or using indirect methods.
The direct measurements include the use of dual-energy X-ray absorp-
tiometry (DXA) (Nordell and Vikterlof, 2000), near infrared spectroscopy
(NIR) (Axrup et al., 2000), radio frequency (RF), microwave (Okamura
and Zhang, 2000), and nuclear magnetic resonance (NMR) (Rosenberg
et al., 2001) (Nystrom and Dahlquist, 2004). Among these methods, NIR
has been investigated the most as a promising method to analyze the fuel
moisture content either by an automatic sampling on the delivery or in
the fuel mix before it is injected into the furnace. However, these methods
are not economically feasible for small-scale combustors as they demand
measurement a set-up and calibration.

The fuel moisture content can be derived indirectly from the water mass
balance in the furnace, involving the measurement of the flue gas mois-
ture content, the composition of the combustion air and the elementary
composition of the dry fuel. The only delay of the measurement signal in
this setup is due to the transport time of the gas from the furnace to the
measurement position. As a result, the fuel moisture can be estimated
within seconds, which opens up the possibility for successful disturbance
compensation by the plant control. The flue gas moisture content required
by the method can be measured directly using, for example, the fourier-
transform infrared (FT-IR) technology (Jaakkola et al., 1998) or calculated
from the relative humidity (RH) of the flue gas (Hermansson et al., 2011).
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Bak and Clausen (2002) have developed and interfaced a fibre-optic probe
for an FT-IR instrument for simultaneous and rapid measurements of gas
temperature and composition. The combined error in the gas tempera-
ture was equal to 3.5 °C (63% confidence level) which is critical to identify
gas components. Jaakkola et al. (1998) investigated the feasibility of a
transportable FT-IR gas analyzer for analyzing wet extractive stack gas
and they reported a relative standard deviation of 4.1% for moisture con-
tent. However, FT-IR-based analysis has been reported to be sensitive to
the absolute temperature, pressure, temperature gradients, and particles
carried within the gas, complicating measurements carried out directly in
the flue gas duct and weakening the usability of the method.

Another method for measuring the flue gas moisture content, using a
relative-humidity (RH) sensor, was developed by Hermansson et al. (2011)
with the aim of improving the accuracy level of indirect determination of
moisture content of fuel in a biomass furnace. The method was tested on
a laboratory scale multi-fuel CFB boiler, burning wood chips of approxi-
mately 42 w-% moisture content, and a grate furnace, burning saw dust of
approximately 54 w-% moisture content. Accurate results were achieved
by a prior cooling of the extracted flue gas stream to approximately 80 °C,
which increased the RH of the flue gases. The results of the tests showed
that the method predicts the moisture content of the biomass fuel in the
furnace with a good precision (<4% error) after a calibration and that the
method was able to detect variations in moisture content within seconds.
However, in order to use this method, additional devices, measurements,
and calibration are needed. In conclusion, both FT-IR and RH methods
are too complicated and expensive to be used in a small-scale biograte

process.

3.3 Combustion power and fuel moisture soft-sensors

The original method of Kortela and Lautala (1982) assumed a constant
fuel moisture content, even though the relative ratio of oxygen in the flue
gas is affected by the variations of the fuel moisture contents, which intro-
duces an error to the estimation. Recently, the combustion power method
was improved by Kortela and Jiamséa-Jounela (2010) who estimated the
fuel moisture content from the steady-state energy balance of the boiler
involving the combustion power estimation. As a result, the oxygen mass

balance calculations were corrected and the error of the combustion power
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estimation was removed. Furthermore, as the combustion power is com-
puted from the thermal decomposition rate, the consideration of the fuel
moisture content improves the accuracy of the calculations.

The method of Kortela and Jams&-Jounela (2010) considered the heat-
exchange in the whole steam-water circuit of the boiler. In Publication I,
the combustion power and fuel moisture estimation methods were further
improved by developing and employing a nonlinear superheater model. In
more details, the internal energy and the moisture content of the flue gas
have been considered to estimate the power of the heat transfer in the
superheater. In the result, the delay of the fuel moisture estimation was
greatly reduced as the secondary superheater has a much faster dynamics
compared with the heat-exchange in the whole steam-water circuit. The

method was tested by the industrial tests in Publication II.

3.4 Control of a grate boiler

The combustion power method developed by Kortela and Lautala (1982)
was employed by many control strategies to compensate variations in the
fuel quality. Based on the combustion power method, in the same publi-
cation Kortela and Lautala (1982) suggested a feed-forward control: ad-
justing the fuel feed flow according to the thermal decomposition rate to
stabilize the amount of the fuel in the furnace. As a result, the effect of
the feed disturbance on the generated steam pressure decreased to about
one third of the original value, and the settling time decreased from 45
min to only 13 min. The same method has later been applied to a grate
boiler (Kortela and Marttinen, 1985).

Lehtomiki et al. (1982) implemented the combustion power based con-
trol in a peat power plant. The effective heat value of peat varies from
1200 to 4600 M.J/m? due to the moisture, density, and the age of peat.
Moreover, the volume feeders were used in the process, which caused un-
certainty in the mass flow rate of the fuel. By introducing the combustion
power based compensation to the process control, Lehtoméki et al. (1982)
reduced the standard deviation of the flue gas oxygen content to as low as
+0.1 %, which it made possible to lower the total air flow and to reduce
the flue gas energy losses. Furthermore, the stabilized steam temperature
reduced the thermal stress on superheaters and connected pipes.

As an alternative method to stabilize the furnace state, Paces et al.

(2011) presented a method to decouple the control of the boiler load and
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the amount and the distribution of fuel on the grate. Compared with the
combustion power approach, the proposed method required an additional
measurement for the fuel bed height profile, which can be estimated from
the pressure drop over the grate, gas concentrations, the temperature
and/or radiation in the furnace. The simulation results have confirmed
the ability of the proposed control method to smoothly perform the tran-
sitions during the power load changes.

Recently, the model predictive control has proven to be a successful
method for controlling renewable fuel power plants. In particular, the ben-
efits of MPC-based control over conventional multivariable control have
been demonstrated by Leskens et al. (2005) at a grate boiler combusting
municipal solid waste. Golles et al. (2011, 2014) implemented and ex-
perimentally verified a model based control in a commercially available
small-scale biomass boiler using the simplified first-principle model that
has been discussed in Section 3.1. In more details, the mass of water in
the water evaporation zone and the mass of dry fuel in the thermal de-
composition zone on the grate are considered as the states of the simpli-
fied model and are estimated by an extended Kalman filter. Test results
showed that the control was always able to provide the required power
whereas the conventional control (PID control based on standard control
strategies) could not tolerate a feed water temperature drop of more than
7 °C. In addition, the control was able to operate the plant with a lower
excess oxygen content during the load drop and especially under partial
load conditions. The better control of the residual oxygen and the control
of the air ratio led to lower emissions and higher efficiencies. In addition,
the model-based control was able to handle without difficulties a step-wise
change in the fuel moisture content from 26% to 38% and vice versa.

Kortela and Jamsa-Jounela have presented a control based on the com-
bustion power and fuel moisture content soft-sensors in Publication I and
Publication III. This control was extended in Publication IV by employing
the fuel bed height measurements, as it was originally suggested by Paces
et al. (2011).
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4. Fault tolerant model predictive
control (FTMPC) for the BioGrate
boiler

In this chapter, the development of FTMPC and its modules for the Bi-
oGrate boiler are presented. First, the FTMPC is introduced in Sec-
tion 4.1. Second, the overall FTMPC strategy is described in Section 4.2.
Methods to estimate the thermal decomposition of the dry fuel, and a
soft-sensor to estimate the water evaporation in the furnace are outlined
in Section 4.2.3.2. The dynamic models of the BioGrate boiler are detailed
in Section 4.2.4. Section 4.2.5.1 presents the detection of faults in the fuel
bed height sensor. Finally, the MPC of the BioGrate boiler is presented in

Section 4.2.5.2 including the controller reconfiguration.

4.1 Introduction to FTMPC

During the last decades, the applications of fault detection and isolation
(FDI), as well as model predictive control (MPC), have been among the
most active research areas in the field of control, especially, in process
industries. In particular, the diagnosis of equipment malfunctions and
process faults is considered to be one of the most important actions in the
process supervision (Frank et al., 2000). In order to tolerate faults while
maintaining desirable stability and performance properties, the fault-tolerant
control schemes (FTCS) have been developed (Zhang and Jiang, 2008).

In this thesis, the active fault tolerant control approach is considered,
in which the diagnosed fault triggers the corrective actions, including the
fault accommodation and the controller reconfiguration, as demonstrated
in Fig. 4.1. The accommodation means that the FTCS uses the informa-
tion provided by the FDI to obtain the compensated or corrected estimates
of the state variables, measured values, and manipulated inputs, and ap-
propriately modifies the inputs and/or outputs of the existing controller

with no modifications in its internal working, as illustrated in Fig. 4.2. In

29



Fault tolerant model predictive control (FTMPC) for the BioGrate boiler

Fault accommodation /

controller
reconfiguration strategy

Fault detection
and diagnosis

A 4
A

input output

y +

<V

faults parametric faults
¢ faults 1, ;
R A 4 ud 4 Jy+
FTMPC > Process
Y, u

Figure 4.1. Schematic diagram for active fault tolerant MPC (Kettunen and Jamsi-
Jounela, 2011)
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Figure 4.2. Fault-tolerant control scheme (FTCS) based on the generalized likelihood ra-
tio (GLR) method (Prakash et al., 2002)

active FTCS, the reconfigured control parameters are frequently precom-
puted for all considered fault scenarios. In contrast, Zheng et al. (1997)
used the theory of LMI to synthesize the control feedback as a function
of "fault effect vectors", which are derived from the residual vector of the
FDI.

Several applications of FTC in the process industry have been devel-
oped in the last decade. An active FTC strategy for the Naantali refinery
de-aromatisation process was developed by Sourander et al. (2009) and
extended by Kettunen and Jamséa-Jounela (2011). On the basis of the eco-
nomic evaluation of just one feed grade, the annual estimated savings of
the integrated FTMPC were predicted to be up to as much as USD 143
000.

In the active fault-tolerant control, fault detection plays a crucial role:
without the proper detection of the faults, the corrective actions cannot be
activated and the fault cannot be accommodated. Venkatasubramanian

et al. (2003) divide faults into the following categories: structural changes
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in the process, actuator faults, sensor faults, gross parameter changes
in the model, and external faults. Fault identification attempts to iden-
tify the fault type, the magnitude of the fault, and the direction of the
fault in order to make it possible for the controller to counter the effect of
the faults (Frank et al., 2000). The data based methods, including PCA
(Li et al., 2000), PLS (Qin, 1998), and neural networks (Kohonen, 1990),
as well as the model-based methods, such as parity equations (Haghani
et al., 2014), observers and parameter estimation have been developed in
the literature. For example, Prakash et al. (2002) implemented a fault
detection and diagnosis method based on state estimation and integrated
it to a FTCS. They showed that the FDD reformulated using the identi-
fied innovations form of state space model is able to isolate sensor faults
as well as actuator faults. In addition, simulation studies of Patwardhan
et al. (2006) showed that there is a need to deal with the abrupt changes
in the unmeasured disturbances systematically in the FDI framework to

improve its robustness.

4.2 FTMPC for the BioGrate boiler

4.2.1 Fault analysis of the BioGrate boiler operation

The control of the fuel bed height is a key element to stabilize the boiler
operation. For complete combustion of biomass, the fuel bed height should
be kept at the specified level to achieve the required ratio between the
primary and secondary air. In addition, the fuel bed height should be
kept within admissible limits to avoid plant shutdowns. The importance
of the fuel bed height sensor is also confirmed by the results of the fault
analysis for the BioGrate boiler operation in Fig. 4.3. In more details, the
variations in the fuel quality and the amount of fuel on the bed propagate
to the furnace temperature and combustion air flows, which are classified
as faults in the boiler operation (40% of the losses) in Figure. The furnace
temperature and combustion air flows further disturb the superheated
steam temperature, causing the turbine shutdowns (47% of the losses).

These two faults cover almost 90% of the economic losses at the plant.
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4.2.2 Overall structure of the FTMPC

The overall structure of the FTMPC follows the active FTC scheme, ad-
justing the plant control according to the fault diagnosis results. In more
detail, two different MPC configurations have been developed for the cases
of normal and faulty operations of the fuel bed height sensor. In the fault-
less mode, the MPC configuration is as follows: the primary air flow rate
and the stoker speed are the manipulated variables (u); the moisture con-
tent in the fuel feed and the steam demand are the measured disturbances
(d); and the fuel bed height and the steam pressure are the controlled vari-
ables (y). The fault is accommodated by employing an alternative estima-
tion of the fuel bed height, which is based on the thermal decomposition
rate. However, as the alternative estimation is less accurate, the control
reconfiguration is also needed, shifting its focus to the combustion power
control while the fuel height is given a low priority. Additionally, the fuel
bed height is kept within the security limits in both configurations in or-
der to avoid plant shutdowns.

In more details, the FTC scheme is presented in Fig. 4.4. The com-
bustion power and fuel moisture soft-sensors are used to compensate the
effect of the fuel quality variations. In particular, the fuel moisture esti-
mation is considered by the MPC as a measured disturbance and is also
used to estimate the amount of water in the furnace. Considering the
combustion power as a model state enables rapid energy production level

changes and improves the control performance during the transitions. In
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Figure 4.4. FTMPC of the BioGrate boiler

addition, the thermal decomposition rate is used in the calculations of the
fuel bed height (estimator 2 in Fig. 4.4), which makes the fault detection
and accommodation possible. According to the fault detection results, the
decision on the control reconfiguration is made, which is then communi-
cated to the fault accommodation and the FTMPC. Depending on the r),
value, the fault accommodation employs either the fuel bed height mea-
surement or the thermal decomposition rate and the primary air flow for
the MPC state estimation. Also, the switching takes place between the
normal and the faulty configurations according to the , signal. The mod-

ules of the FTC are described in the following subsections in more details.

4.2.3 Combustion power and fuel moisture soft-sensors

This subsection presents the combustion power and fuel moisture soft
sensors. The heat value of the fuel, involved in the energy balances uti-
lized by the soft-sensor, is introduced first. The original combustion power
method of (Kortela and Lautala, 1982), estimating the thermal decompo-
sition rate based on the oxygen mass balance, is given in the second sub-
section. Next, the fuel moisture soft-sensor is presented, considering the
energy balance for the superheater. Finally, a discussion on the synergy
of the soft-sensors is provided, meaning the accuracy of both soft-sensors

is improved by sharing information between them.
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4.2.3.1 The heat value of dry and wet biomass

The heat value of a fuel can be determined by using the equation that has
been derived from the heat values of the combustible components of fuel
when they react with oxygen (Effenberger, 2000). The effective heat value
of a dry fuel is (higher heat value):

Quf = 0.348 - we + 0.938 - wyr + 0.105 - wg
+0.063 - wy — 0.108 - wo[MJ /kg] 4.1)

where w¢ is the mass fraction of carbon in the fuel (%), wy is the mass
fraction of hydrogen in the fuel (%), wg is the mass fraction of sulfur in
the fuel (%), wy is the mass fraction of nitrogen in the fuel (%), and wo
the mass fraction of oxygen in the fuel (%). The effective heat value of a

wet fuel (lower heat value) is obtained using the following equation:
dqf = Gus - (1 —w/100) — 0.0244 - w[MJ /kg] (4.2)

where 0.0244 is the heat of vaporization of water, and w the moisture
content of the wet fuel (%). In order to use Equation 4.1, the composition

of typical fuels is given in Table 4.1.

Table 4.1. The composition of typical wood fuels burned in the Biopower 5 CHP plant

Fuel Dry content (%) Moisture (%)

we wg wo wy Ash  w
Pine 545 59 37.6 03 1.7 60
Spruce 50.6 59 402 05 2.8 60
Wood mix 504 6.2 425 0.5 04 50

4.2.3.2 Thermal decomposition of fuel and combustion power estimation
There are no direct online measurements available for the thermal decom-
position of dry fuel. However, it can be estimated by utilizing combustion
power soft-sensor. Oxygen consumption is a good measure of heat genera-
tion in such plants (Kortela and Lautala, 1982). As there is no direct mea-
surement for the thermal decomposition of fuel, it is calculated indirectly
by utilizing the flue gas oxygen content and the total air measurements.
The amount of oxygen needed for fuel combustion is determined from
the reaction equations. Table 4.2 presents the moles of the fuel compo-
nents per mass unit of the fuel. In summary, based on the amount of oxy-
gen needed for a complete combustion of the different fuel components,

minus the amount of oxygen in the fuel, the theoretical amount of oxygen
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Table 4.2. Moles of the components of the fuel per unit mass

Comp. Mass fraction (%) M;(g/mol) n; (mol/kg)

c we(1 — w/100) 12.011 we(l —w/100)10/M¢
H wp(1 — w/100) 2.0158 wp(1 —w/100)10/ My
S wg(1 — w/100) 32.06 we(1 —w/100)10/Mg
0 wo(1 — w/100) 31.9988  w,(1 —w/100)10/Mo
N wp (1 — w/100) 28.01348  wy,(1 —w/100)10/My

Water w 18.0152 10/ Mw

needed to completely burn one kilogram of fuel is given by:
N§, =nc + 0.5 ny, + ns — no,[mol /kg] 4.3)

Air consists mainly of oxygen and nitrogen (argon is often included in the
nitrogen portion): 21 v-% oxygen and 79 v-% nitrogen. Theoretically, the

corresponding amount of dry air needed is thus:

1

Flue gases contain, in addition to combustion products, nitrogen N that
comes with the combustion air. Flue gas calculations, therefore, include
3.76 times more nitrogen than the amount of oxygen necessary for com-
plete combustion. Incombustible components, such as water, are included
in the equations as such, meaning the flue gas flow for one kilogram of

fuel is thus:
Nyg = nc +nm, +ns +3.76 - N} +nn, + nm,o[mol/ke] (4.5)
Similarly, the flue gas losses per kilogram of fuel are determined by:

4}, = (ncCco, +nsCso, + (nm,0 +n11,)Criz0
+(3.76 - Ng_ + nny,)On + (Fair /(2241 - 1072 - 1ngp)
—4.76 - N§ )Cair) - (Tgg — To)[J /kg] (4.6)

where C; is the specific heat capacity of the component i (J/molT), Fa;.
is total air flow (m?/s), 7, is the thermal decomposition rate of the fuel
(kg/s), Ttq is the temperature of the flue gas (°C), and Ty the reference
temperature (°C).

The combustion power of the BioGrate boiler is estimated using Equa-
tions 4.7 - 4.11. The total oxygen consumption is

. to . Xo, .
nGe = 0.21 - fay — WOOZ - fupglmol/s] 4.7
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where 7'Lto"§ is total oxygen consumption (mol/s), n4;, is total air flow (mol/s),

Xo0,(t) is the oxygen content of the flue gas (%), and 7y, the flue gas flow
(mol/s). The flue gas flow is:

Npg =1gp - Npg + Nagr —4.76 - 1ty - Ngz [mol/s] (4.8)

On the other hand, the oxygen consumption can also be presented in the
following form:

- tot

e, = mygf - N, [mol/s] (4.9

and thus the thermal decomposition rate for the wet fuel is calculated as

follows: X
(0.21 — 552 )oair

Xo.
N§, + T5¢ (Ng — 4.76 - N,)

Mgf = [kg/s] (4.10)

For the dry fuel, the calculations are done similarly. The denominator of
Equation 4.10 is the amount of oxygen theoretically needed to burn one
kilogram of fuel completely, added to the oxygen content in the flue gas.

Finally, the net combustion power for a given fuel flow is:
Q = (dgy — 4f, — der) - g [MW] (4.11)

where ¢, is convection and radiation losses (MJ/kg).

4.2.3.3 Fuel moisture soft-sensor

The developed fuel moisture soft-sensor estimates the water evaporation
rate, from which the fuel moisture content can then be derived from the
mass balance. The water evaporation affects the enthalpy of the sec-
ondary superheater, as the effective heat value of the fuel ¢,y depends
linearly on the fuel moisture content as shown by Equation 4.2. There-
fore, by using the combustion power calculations presented in the previ-
ous Section 4.2.3.2, by considering the heat transferred into the secondary

superheater, the fuel moisture content w is obtained by minimizing:
Ny
minJ(w) =Y |ha; — hal? (4.12)
i=0

where N,, is the prediction horizon, hy; is the measured steam enthalpy
after the secondary superheater (MJ/kg), and ’AT,QJ is the estimated steam
enthalpy after the secondary superheater (MJ/kg). The model of the sec-
ondary superheater is defined as:

th_ 1

E = W(Qs + mihy — mghz)[lw(]/(s . kg)} (4.13)

where hy is the specific output enthalpy of the steam/water (MJ/kg), o
is the specific density of the steam/water (kg/m?3), V is the volume of
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the steam/water (m?), 7n; is the input steam/water flow (kg/s), h; is the
specific input enthalpy of the steam/water (MJ/kg), and 1y is the output
steam/water flow (kg/s).

The heat transfer from the flue gas to the metal walls in the presence of
mixed convection and radiation heat transfer is (Lu, 1999; Lu and Hogg,
2000):

Qfg = afgﬁl?”f5((ng — Cfo * Tfo) - Tmt) +
kro(Trg — cro* Tro)* — Tiny) M /8] (4.14)

where oy, is the convection heat transfer coefficient, ¢y, is the correction
coefficient, T, is the outlet flue gas temperature (°C), T;,,; is the temper-
ature of the metal tubes (°C), and kj, is the radiation heat transfer coef-
ficient. 0.65 is a constant for a bank of 10 or more tube rows (Incropera
et al., 2007). Flue gas flow for the thermal decomposition rate of the fuel
in Equation 4.10 is given by:

tivrg = Fair + 1igp(Npg — 4.76 - N ) - 22.41 - 10%[m® /5] (4.15)

where Fj;. is the sum of the primary and secondary air flows (m?/s),

whereas the flue gas temperature is calculated using:

Ty =

(qqf + 0.21(Fasr/(22.41 - 1072 - 10y5) Co,

+0.79(Fair/(22.41 - 1072 - 112, 1)Cy, )/

(ncCco, +nsCso, + (nm,0 +

nm,)Cr,0 + (3.76 - N§, +nn,)Cn, +
0.21 - NgairCo, + 0.79 - NpaiCn, ) [°C] (4.16)

where C; is the specific heat capacity of the component i (J/molT), and the
NEgair excess air (mol/kg). The energy balance for the tube walls is:

AT, 1
dt M Cp

(Qrg — Qs)[K/s] (4.17)

where m; is the mass of the metal tubes (kg), and C,, is the specific heat
of the metal (MJ/kgK). The heat transfer from the metal walls to the
steam/water in the presence of convection heat transfer (superheaters) is

provided by:
Qs = aeiyS(Tyny — T)[MJ /5] (4.18)

where o, is the convection heat transfer coefficient. The constant, 0.8,

models the local Nusselt number for (hydrodynamically and thermally)
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fully developed turbulent flow by means of the Dittus-Boelter equation
(Incropera et al., 2007; Winterton, 1998).

T = (T + T3)/2[°C] (4.19)

where T) is the input steam/water temperature (°C) and T, the output

steam/water temperature (°C).

4.2.3.4 The synergy of the combustion power and the fuel moisture
soft-sensors

The drawback of the original combustion power method is that the fuel
moisture is assumed to be constant and known. Indeed, the thermal de-
composition estimation (4.10) involves the amount of flue gas for one kg of
fuel Ny4, which is disturbed by the fuel moisture as seen from (4.5). There-
fore, substituting the fuel moisture estimation to (4.5) allows to achieve
accurate calculations resulting in the correct estimation of the thermal
decomposition rate. In addition, the combustion power calculation from
the thermal decomposition rate is also affected by the moisture content of
the fuel, as it is involved in the fuel heat value equation (4.2).

On the other hand, the fuel moisture soft-sensor fits the estimated and
the measured steam enthalpy after the secondary superheater (4.13), which
includes the heat transfer from the flue gas to the steam computed accord-
ing to Equations from (4.14) to (4.18). In particular, the thermal decom-
position rate is utilized in Equations (4.15) and (4.16), defining the flue
gas flow and the temperature. Therefore, the fuel moisture estimation is
impossible without providing the thermal decomposition rate. In other
words, the fuel moisture cannot be derived if the power transfered to the

steam-water circuit is known, but the fuel consumption rate is not.

4.2.4 Dynamic model of the BioGrate boiler

The model describes the state of the furnace using the amount of dry fuel
and the amount of water on the grate. The fuel moisture and the power
demand are treated as measured disturbances, whereas the stoker speed
and the primary air are considered as the inputs. The model predicts the
fuel bed height, the combustion power and the drum pressure. The model,
summarized in Fig. 4.5, consists of five submodels describing the dynam-
ics of the fuel bed height, the amount of water in the furnace, the thermal
decomposition rate, the combustion power and the drum pressure. The

details of the submodels are presented in the following.
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Figure 4.5. The models of the BioGrate boiler

4.2.4.1 The model for the fuel bed height and the thermal decomposition
rate

Devolatilization and char burnout take place in the region marked "ther-
mal decomposition zone" in Fig. 4.6. The dynamics of the dry biomass m,
is based on the thermal decomposition rate of the fuel 7 (¢):

dmds(t)
dt

= 7'rhthd(t) + Cds,inmds,m(t)[kg/s] (420)

where cg; i, is the correction coefficient identified from the data.

In (Bauer et al., 2010), the effect of the primary air flow rate on the ther-
mal decomposition of the fuel is proportional. In this work, the model was
modified to describe the fuel bed height effect on the thermal decomposi-

tion rate:

Myhd = Cthd * Mpa * Bthd — Cds - Mds[kg/s] (4.21)

where c;,q is the thermal decomposition rate coefficient, 11, is the pri-
mary air flow rate (m>/s), Bq is the coefficient for a dependence on the
position of the moving grate, ¢y, is the fuel bed height coefficient, describ-
ing the mass of the fuel proportional to the density of the fuel. Neverthe-
less, with a constant fuel layer, the thermal decomposition rate increases
linearly as the primary air flow rate increases, which is in agreement with
(Bauer et al., 2010).

4.2.4.2 The model of water evaporation

In co-current combustion, most of the water evaporates in the region
marked "moist fuel", as shown in Fig. 4.6. The energy for the water evap-
oration is mainly provided by the combustion of char near the surface of
the grate, but in the BioGrate it is also provided by the heat of thermal
radiation from the brick walls. The temperature near the bottom of the
char layer is almost independent of the primary air flow, thus the water

evaporation rate was mainly independent of the primary air flow as well
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(Bauer et al., 2010). Therefore, the amount of water in the furnace is
modeled as follows:

dmy,(t)
dt

= 7Cwevmw(t)5wev(t) + Cw,inmw,in(t - td)[kg/s] (4.22)

where m,,(t) is the mass of the water in the evaporation zone (kg), Syev
is the coefficient for a dependence on the position from the center to the
periphery of the moving grate, cye, and c, i, are the model parameters
estimated from the process data, and i, ;», the moisture in the fuel feed
(kg/s). The time delay is defined as

My (1)
tq(t) = ctg—><s (4.23)
d( ) td Tds.in (t) [ }
where ¢4 is the delay coefficient, and 745 ;,(¢) is the dry biomass flow rate
(kg/s). The delay before the water starts to evaporate decreases as the

amount of dry fuel increases.

fm moist fuel

Figure 4.6. Thermal decomposition of fuel

4.2.4.3 Combustion power
The combustion power estimation considers the water evaporation and

the thermal decomposition of the dry fuel separately:

Q = qusmipg — 0.0244770,, [MJ /5] (4.24)

4.2.4.4 Combustion power
The drum level is kept constant by its controller, and therefore, the varia-
tions in the steam volume are neglected. Thus, the drum model is defined
as (Astrom and Bell, 2000):

d 1 . . .
d—ZZ = ;(Qfmf(hw*hf)*ms(hs*hw)) (4.25)
0T

s (4.26)

Ohy
e~ Qw‘/wT; + TfLme

where () is the combustion power (MJ/s), ri; is the feed water flow (kg/s),
h., is the specific enthalpy of the water (MJ /kg), h is the specific enthalpy
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of the feed water (MJ/kg), 1, is the steam flow rate (kg/s), hs is the spe-
cific enthalpy of the steam (MJ/kg), o, is the specific density of the water
(kg/m?), V,, is the volume of the water (m®), m,, is the total mass of the
metal tubes and the drum (kg), and C), is the specific heat of the metal
(MJ /kgK).

4.2.5 Controller reconfiguration

4.2.5.1 Model-based FDI for the BioGrate boiler

4.2.5.1.1 Generalized Model-based FDI strategy: A discrete time linear

stochastic system is considered

x(k+1) = ®z(k) + Dyu(k) + Tyw(k) (4.27)

y(k) = Cx(k) + v(k) (4.28)

where x € R" represents state variables, u € R™ represents manipulated
inputs, y € R" represents measured output, and w € R? and v € R"
represent the state and the measurement noise with known covariance

matrices Q and R respectively. If no fault occurs, the Kalman filter is

used to obtain the optimal estimates of the state variables as follows:

&(klk — 1) = ®&(k — 1|k — 1) + Tym(k — 1); £(0]0) = £(0) (4.29)
z(k|k) = &(klk — 1) + K(k)v(k) (4.30)
v(k) =y(k) — Cz(klk — 1) (4.31)
where m(k) represents the controller output and K (k) represents the Kalman

gain matrix. Under a fault-free situation, the innovation v(k) is a zero

mean Gaussian white noise process with covariance matrix V (k)
V(k) = CP(klk —1)CT + R, (4.32)

where the matrix P(k|k — 1) is obtained from the Kalman gain computa-

tions:
K(k) = P(k|k — 1)CTV=1(k) (4.33)
P(k|k) = (I — K(k))C)P(k|k — 1) (4.34)
P(klk —1) = ®P(k — 1|k — 1)o7 + TLQT,,,. (4.35)

If a bias of magnitude b, ; occurs at time instant ¢ in the ith sensor, then

the measurement output is given by

y(k) = Cx(k) + v(k) + byieyi0(k — 1) (4.36)
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where ¢, ; is a sensor fault vector with its ith element equal to unity and
all other elements equal to zero, ¢ represents the time of occurrence of the
fault, and o(k — t) is a unit step function defined as
0 ifk<t
olk—1t)= (4.37)
1 ifk>t
The occurrence of a fault at time ¢ is detected if the test statistic e(N;¢)

exceeds the threshold:
t+N

e(Nst) =Y v (k)V (k) w(k) (4.38)
k=t

4.2.5.1.2 Detection of faults in the fuel bed height sensor: Two state esti-
mators in Fig. 4.4 utilize fuel moisture soft-sensor and combustion power
estimations, steam, temperature, drum pressure measurements, and al-
ternatively fuel bed height measurement and calculated fuel bed height
to filter the states of the system, Fig. 4.5. In order to detect faults in
the fuel bed height sensor, its filtered calculated value is compared with
the filtered measurement. The fuel bed height can be expressed from the
primary air flow rate and the thermal decomposition rate Equation (4.21)
as follows:

Cthd * Mpa * Bihd — Miha (4.39)
Cds '

lds =
If a bias of magnitude b, ; occurs at time instant ¢ in the ith sensor, then
the measurement output for this sensor is given by

y(k) = Cx(k) + v(k) + by ey i0(k —t) (4.40)

Furthermore, when a fuel bed height sensor fault occurs, the residual v (k)
and the two state fuel bed height estimates #(k|k) start to diverge from

each other.
v(k) =y(k) — Cz(klk — 1) (4.41)
z(k|k) = @(klk — 1) + K(k)v(k); 2(0]0) = £(0) (4.42)

The failure of the fuel bed height measurement is detected if the RM SEP

exceeds the detection threshold:

n
[2(i)1,1 — 2(i)1,2/?
1

RMSEP =\| = (4.43)

n
where n is the number of the samples in the test data set, #(i)1; is the

estimated fuel bed height of the first MPC configuration, and #(i); » the
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estimated fuel bed height of the second MPC configuration. The limit of
detecting the faults is set above the normal disturbances of the states.
Note that the fault isolation is implicitly done in the above fault detection

procedure.

4.2.5.2 MPC of the BioGrate boiler

4.2.5.2.1 Linear discrete-time MPC: The MPC utilizes the linear state
space system (Maciejowski, 2002):

x(k+1) = Axz(k)+ Bu(k) + Ed(k)
y(k) = Cux(k) (4.44)

where A is the state matrix, B is the input matrix, F is the matrix for the
measured disturbances, and C is the output matrix. According to (4.44),

the k-step ahead prediction is formulated as:
k—1
y(k) = CAF2(0) + > H(k — j)u(j) (4.45)
§=0

where H(k — j) contains the impulse response coefficients. Therefore, us-

ing the Equation (4.45), the MPC optimization problem is:

1
min ¢ = ZIIU ()IIS. + 5 1Au®)]S,

sta(k+1)=Ax(k

) + Bu(k) + Ed(k),k =0,1,...,N, — 1
y(k) = Ca(k), k =
<

0,1,...,Np (4.46)
Umin < w(k) < Umax, k=0,1,...,Np, — 1
Atpin < Au(k) < Aumax, k=0,1,...,N, —1
Ymin < Y(k) < Ymax, k= 1,2,..., N,
where r is the target value and Au(k) = u(k) — u(k — 1).
The original system of Equation (4.44) is augmented with disturbance
matrices to achieve the offset-free tracking in the presence of model-plant

mismatch or unmeasured disturbances (Pannocchia and Rawlings, 2003).

[a:(k—i—l)] 4 Bd] [x(/f) . H i+ [E
n(k+1) 0 Aql| |n(k) 0 0

yh = o a)

w(k)
§(k)

d(k)+[ ] (4.47)

n(k)

] + (k) (4.48)

The w;, and v, are white noise disturbances with zero mean. Thus, the
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disturbances and the states of the system are estimated as follows:

klk) | |@(klE - 1)

aklk)| | AGkk— 1)

Ly
. (y(k) — C2(k|k — 1) — Cyi(k|k — 1)) (4.49)
n

and the state predictions of the augmented system of Equation 4.47 are

obtained by:
t(k+ 1|k A B t(k|k B E
s p] (a4l o] (8| B s
Nk + 1|k) 0 Agl| |n(klk) 0 0

Additional disturbances, 7, are not controllable by the inputs u. How-
ever, since they are observable, their estimates are used to remove their
influence from the controlled variables. The disturbance model is defined
by choosing the matrices B; and C,. Since the additional disturbance
modes introduced by disturbance are unstable, it is necessary to check
the detectability of the augmented system. The augmented system (Equa-
tion (4.47)) is detectable if and only if the nonaugmented system (Equa-
tion (4.44)) is detectable, and the following condition holds:

I—-A —-By
rank =n-+ny (4.51)
C Cy

In addition, if the system is augmented with a number of integrating dis-
turbances n, equal to the number of the measurements p (n,, = p) and if
the closed-loop system is stable and constraints are not active at a steady

state, there is zero offset in controlled variables.

4.2.5.2.2 MPC for the BioGrate boiler: Defining the inputs u, states z,
outputs y and the measured disturbances d according to Fig. 4.5, the

process models of the BioGrate are summarized as follows:

% = CdsT1 — CthdBhd2 + Cds,inti1 + W2 (4.52)
% = —cwevPuwer®2 + Cuind1 + w1 (4.53)
% = —3+ quy(ctnaBinduz — cgs®1) — 0.0244Cyep Buwevt2 + w3(4.54)
% = —x4+do (4.55)
% = %(zg — T4) + wy (4.56)
yi = 1+ (4.57)
Y2 = X3+ (4.58)
Y3 = x5+ U3 (4.59)
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The following continuous-time state-space matrices are then discretized:

[ e 0 0 0 o]
0 —CwevBwev 0 0 0
A= |—qus-css —0.0244cperBuer  —1 0 0 (4.60)
0 0 0 -1 0
L0 0 0.0020 —0.0020 0]
_Cds,in —CthdBthd |
0 0
B=1 0 quscnabina (4.61)
0 0
L 0 0 m
S
Cwin 0
E=|10 0 (4.62)
0 1
L 0 O_
10000
C=10010 0 (4.63)
00001

The designed system uses an input disturbance model where B; = B,
A4 is the unit matrix, and C), is the zero matrix. The set points r» and
rs for the combustion power and the drum pressure directly result from
procedural considerations. The set point for the combustion power is cal-
culated according to the steam demand and the drum pressure is kept
constant. An important process parameter is )y, describing the ratio of
primary air fed to the fuel bed and minimum amount of the air neces-
sary for a complete combustion of fuel. From the amount of dry fuel in
the thermal decomposition zone, the input variable 712, and the constant
parameters (cing, Bihd, Cds), the set point r; for the mass of dry fuel in the
thermal decomposition zone is calculated.

Cthd * Mpa * Bthd — Miha
Cds

(4.64)

mgs =

Two different MPC configurations are developed for the process operating

in two different modes, i.e. faultless or healthy mode and faulty mode.
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In the faultless mode, the primary air flow rate and the stoker speed are
the manipulated variables (u); the moisture content in the fuel feed and
the steam demand are the measured disturbances (d); and the fuel bed
height and the steam pressure are the controlled variables (y). While for
the faulty mode, the controlled variables are modified: i.e. the output y
is composed of the fuel bed height, the combustion power and the steam
pressure. Once the fault is detected and isolated using the scheme de-
scribed in Section 4.2.5.1, the controller is reconfigured from the healthy
mode to the faulty mode.
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5. Performance validation and
economic evaluation of the FTMPC
for the BioGrate boiler

In this chapter, the performance testing of the FTMPC and its different
modules for the BioGrate boiler are presented. First, the test results of
the method for determining the fuel moisture content and the thermal de-
composition of dry fuel are described. Next, the identification and valida-
tion test results of the BioGrate combustion model are reported. Thirdly,
the MPC control strategy is compared with the currently used control
strategy in the BioPower 5 CHP plant and finally, the test results of the
FTMPC for the BioGrate are presented and discussed.

5.1 Validation of the fuel moisture soft-sensor

In this section, the fuel moisture soft-sensor presented in Section 4.2.3.3
is validated with the industrial data. The moisture content of the fuel
is changed stepwise with different amounts of dry fuel, the accuracy and
dynamic performance of the soft-sensor with different moisture conditions

are recorded, and the results are analyzed.

5.1.1 Description of the industrial testing environment

All the experiments for the validation of the fuel moisture soft-sensor were
conducted at the BioPower 5 CHP plant, which produces 13.5 MW heat
and 2.9 MW electricity. The plant utilizes the BioGrate combustion tech-
nology presented in Fig. 2.1. Two fuels were used to test the moisture
soft-sensor: spruce bark with an average moisture content of 54% and a
typical bark composition (carbon 51% , hydrogen 6.2%, nitrogen < 0.2%,
sulfur < 0.2%, and ash 0.5%), and dry woodchips (spruce) with a moisture
content of 20%. The moisture content was changed stepwise by feeding
the dry biomass by means of the wheel loader onto the moving chain con-

veyor between the wet fuel through the extra feeding box. Three exper-
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iments were conducted to validate the fuel moisture soft sensor: In the
first test, 5m?3 of dry biomass was fed onto the chain conveyor. In the sec-
ond test, 10m? of dry biomass was fed. Finally, in the third test, 25m? of
dry biomass was fed onto the chain conveyor.

The calculations presented in Section 4.2.3 were performed to obtain the
current rate of water evaporation (fuel moisture soft-sensor value) and
the current rate of thermal decomposition of the biomass. Measurement
values of current air mass flows, current flue gas oxygen content, current
steam temperatures, current steam flow and current steam pressure, as
well as the results of the dry fuel analysis were used for calculations and
all values were recorded every second. The following assumptions were
however made: Excess air was used to enable the complete combustion of
fuel, and the composition of the dry fuel was constant.

The ability of the method to determine the fuel moisture content was
investigated as follows: Firstly, the effects of the fuel moisture on mea-
surements utilized by the method were analyzed and discussed. Secondly,
the accuracy of the method was tested by measuring the moisture content
with the FT-IR analyzer in the extracted flue gas and by sampling of fuel
feed every five minutes and comparing these measurements with the es-
timations of the fuel moisture soft-sensor. Lastly, the method was tested
with transients by step tests utilizing the measured moisture content with
the FT-IR analyzer.

5.1.2 Test results of the fuel moisture soft-sensor

In the following, the testing results of the fuel moisture soft-sensor are
presented and discussed. The results of the first test are shown in Fig. 5.1
to Fig. 5.4. The top illustration of Fig. 5.1 shows the values calculated
by the fuel moisture soft-sensor (thick line), the sampled fuel moisture
(stars), and the fuel moisture calculated from the FT-IR measurements
(thin line). Fig. 5.2 shows a more detailed description of the fuel moisture
measurements. There was a delay of about 20 minutes between when the
fuel moisture samples were taken before the stoker screw — as shown on
the right side of Fig. 2.1 — and when the moisture content of the wet fuel
in the centre of the grate was estimated by the fuel moisture soft-sensor
and measured by the FT-IR analyzer. Therefore, the sampled fuel mois-
ture was not directly comparable to the estimations of the fuel moisture
soft-sensor and the measurements of the FT-IR analyzer measurements,

but it gave an accurate measure of the moisture content in the fuel feed.
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Figure 5.1. Boiler measurements during the first test, including measurements of super-
heated steam temperature, superheated steam flow, drum pressure, and com-
bustion power responses to changes in the moisture content of the fuel flow.
The top illustration shows the values calculated by the fuel moisture soft-
sensor (thick line), the sampled fuel moisture (stars), and the fuel moisture
calculated from the FT-IR measurement (thin line) for comparison. (Publica-
tion II)
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Figure 5.2. The fuel moisture soft-sensor (thick line) and the FT-IR measurement (thin
line) responses to changes in the moisture content of fuel flow (the sampled
fuel moisture). (Publication II)

As it can be seen from Fig. 5.1, the temperature after the secondary su-
perheater and the drum pressure increased due to the addition of the dry

fuel and the resulting greater combustion power. Primary air was used to
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Figure 5.3. Boiler measurements during the first test, including furnace temperature,
flue gas temperature, and changes in flue gas fan speed, secondary air flow,
and primary air flow responses to changes in the moisture content of the fuel
flow. (Publication IT)

control the power of the boiler, and the primary air decreases due to the
control action as a result of increases in the drum pressure, as shown in
Fig. 5.3. As a result, the drum pressure and the secondary superheater
temperature decreased when the superheated steam flow was kept at a
high value. Furthermore, the flue gas oxygen content was kept at 4%
using secondary air, i.e., secondary air varied almost independently from
primary air and other variables. The temperature increases on the grate
ring 10 were due to dry fuel that moved to the periphery of the grate
increasing the furnace temperature as illustrated in Fig. 5.4. As a con-
sequence, the flue gas circulation fan speed increased when the control
action lowered the temperature.

The accuracy of the fuel moisture soft-sensor was investigated during
the three tests by sampling fuel feed in the BioPower 5 CHP plant, and
by using the FT-IR analyzer measurements. According to the fuel sam-
pling, the average moisture content of the wet fuel was 54.4%. In com-
parison, the soft-sensor estimated that the average moisture content of
the fuel was 54.6%. The average moisture content of the dry fuel was

25.9%, whereas the soft-sensor estimated that the average moisture con-
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Figure 5.4. Grate temperatures during the first test. A total of six temperature measure-
ment probes were installed radially on grate rings and these are numbered
from the center (grate ring 2) to the edge of the grate (grate ring 12). (Publi-
cation II)

tent of the fuel was 27%. This shows that the estimations of the fuel mois-
ture soft-sensor and the values of the moisture samples were very similar.
The standard error of performance (SEP) of the soft-sensor is 3.6% when
compared with the FT-IR that has the combined error of 3.3% (Bak and
Clausen, 2002).

The dynamic behavior of the fuel moisture soft-sensor was studied in the
BioPower CHP plant by producing a step function of moisture in the flue
gases by feeding portions of dry biomass in between portions of wet fuel.
The results, presented in Figures 5.1 to 5.4, show that the fuel moisture
soft-sensor responded to the step changes within 1 minute compared with
the FT-IR analyzer measurements. In addition, the fuel moisture soft-
sensor showed no sign of hysteresis, responding equally to both positive
and negative changes in moisture content. This verifies that this method
of detecting varying moisture is accurate and responsive enough so that
it can be used to control air and fuel feeds.

The greater amount of dry fuel used in the second and the third tests
caused fluctuation in the process variables. However, the same accuracy

and dynamic behavior were achieved in comparison with the first test as
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presented in Publication II.

5.2 Identification and validation of the BioGrate combustion model

The identification of the model of the water evaporation (Equation (4.22))
and the thermal decomposition of dry fuel (Equation (4.21)) was conducted
using the measurements from the BioPower 5 CHP plant. The thermal
decomposition model of the dry fuel was split into the identification of the
two submodels: models for the current mass of the dry biomass in Equa-
tion (4.20) and thermal decomposition rate in Equation (4.21). The aim of
the identification was to determine the model parameters cyev, Cw,in, Ctds
Cdss Cds,in> and cypg.

The input variables, stoker speed, primary air flow, and fuel bed pres-
sure were taken from the process data. From a total eight pressure sen-
sors available, the measurements of the fifth sensor — from the center of
the grate where the dry fuel locates — were collected and used for measur-
ing the fuel height. The thermal decomposition of the dry fuel was calcu-
lated according to Equation (4.10) and all samples were recorded at one
second intervals. The same arrangements as described in Section 5.1.1
were used to determine the fuel moisture content in the feed and in the

flue gases and the composition of fuel.
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Figure 5.5. The measured (dashed line) and estimated (solid line) water evaporation, and
input parameter, the moisture content of fuel feed in the identification. The
delay between input and output variables is 20 minutes. (Publication III)

Fig. 5.5 shows the estimated and measured water evaporation values.
The time delay ¢; in Equation (4.23) between the samples taken just be-

fore the stoker screw to the point were the water starts to evaporate was
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Figure 5.7. The model output variable, fuel bed pressure, and the model input variables,
stoker speed and primary air in the identification. (Publication IV)

20 min. The model performance is next illustrated in Fig. 5.6. The iden-
tified model works well also on the validation data series. The time delay
tq was 17 min, due to the double amount of dry biomass fuel used in the
validation tests compared with the identification. More detailed results
can be found in Publication III.

Fig. 5.7 shows the estimated and measured fuel bed pressure and the
inputs: total air flow, and stoker speed. The validation of the identified
model was performed on another measurement series. The performance
of the model for the validation data is shown in Fig. 5.8. The identified
model also works well using the validation data series.

The thermal decomposition rates for different primary air flow rates and

different fuel bed pressures are shown in Fig. 5.9. These results illustrate
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Figure 5.9. Thermal decomposition rates for different primary air values with the fuel
bed pressures (from thinnest to thickest line) 10-12 mbar, 15-17 mbar, 50-52
mbar, 70-72 mbar, 80-82 mbar, 85-87 mbar, 90-92 mbar, 95-97 mbar, 98-100
mbar, and 100-102 mbar. (Publication IV)

that an increase in fuel bed pressure requires an increase in primary air
flow to maintain the same thermal decomposition rate. In addition, the
amount of primary air required grows almost linearly, showing the behav-
ior as presented in Equation (4.21). More detailed results are presented

in Publication IV.
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5.3 Performance validation of the MPC strategy for the BioGrate
boiler

5.3.1 Description of the simulated process environment

To test the MPC strategy developed in Section 4.2.5.2.2, a simulation
model of the BioGrate boiler was built and the code for the MPC was
developed in the MATLAB environment (Publication I). The models in-
cluded the combustion model and the drum model for the BioGrate boiler,

including the parameters identified in Section 5.2.

5.3.2 Test results of the MPC strategy for the BioGrate boiler

The MPC strategy was compared with the currently used control strategy
in a MATLAB programming environment. The integrating disturbance
states 7 were 0.047, 0.072 and 4.8975 for the model of thermal decompo-
sition of fuel, the pressure model, and the water evaporation model, re-
spectively. These were determined by calculating the variance of the pre-
diction errors in the system identification and measurement disturbances
v, were approximately 1 %. The input limits were w1 min = 0, U1,maez = 5,
AU min = —0.03, and Auq ymq. = 0.03 [kg/s] for the stoker speed; uz ymin = 0,
U2,maz = 8, AUz min = —0.03, and Aug e, = 0.03 [kg/s] for the primary air.
The output limits were y1 min = 0, Y1,maz = 1 [m] for the fuel bed height;
and y2 min = 0, Y2.mez = 55 [bar] for the drum pressure. The MPC was

tuned with:

0. = 0.1 0 and Q, — 01 O
0 0.1 0 0.1
In the first simulation test, the moisture content in the fuel feed was
changed from 54% to 65% while the steam demand was 14 MW. The set-
tling time of the drum pressure in the current (original) control strategy
was about 2h (Fig. 5.10), whereas the change in the moisture content had
no effect on the drum pressure when using the MPC strategy, as shown
in Fig. 5.11. The MPC strategy employs the water evaporation model
(Fig. 5.12) and gradually increases the primary air flow rate, preventing
disturbances in the drum pressure.
In the second simulation test, the steam demand was changed from 12
MW to 16 MW while the moisture content in the fuel feed was kept at 57%.
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Figure 5.12. MPC strategy: Responses of the fuel bed height, dry fuel flow, and moisture
in the fuel to a change in the moisture content of the fuel flow. (Publication

V)
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mary air flow to a change in the steam demand. (Publication IV)

With the original control strategy, the change in the steam demand again

caused strong oscillations ( Fig. 5.13). With the MPC strategy, the settling
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time of the drum pressure is only 2 minutes, as shown in Figs. 5.14-5.15.
The error of the target pressure compared with the measured pressure is
due to the feed-forward compensation from the steam flow in the original
control strategy.

The reason for the fast settling time of 2 minutes in the response of the
developed MPC strategy is that the fuel bed is controlled independently
from the combustion power. This fast response is then achieved by ma-
nipulating the primary air flow rate while keeping the fuel bed height at
a desired level. The combustion power was calculated by utilizing the fuel
moisture soft-sensor and oxygen consumption calculations for water evap-
oration and thermal decomposition of dry fuel respectively. More detailed

results are presented in Publication IV.

5.4 Performance validation of the FTMPC for the BioGrate boiler

5.4.1 Description of the simulated process environment

The same model presented in Section 5.3 was used to validate the FTMPC
for the BioPower 5 CHP process. Additionally, the FTMPC presented in

Section 4.2 was developed.

5.4.2 Test results of the FTMPC for the BioGrate boiler

To demonstrate the effectiveness of the proposed FTMPC strategy, the
performance of the FTMPC was evaluated using the BioGrate boiler sim-
ulator in a MATLAB environment.

The input limits were uimin = 0, U1, mar = 4, AU min = —0.03, and
AU maz = 0.03 [kg/s] for the stoker speed; u2 min = 0, U2 maz = 4, AUz min =
—0.03, and Aug ;e = 0.03 [kg/s] for the primary air.

In the nominal case, the output limits were yi min = 0.2, Y1,mae = 1 [m]
for the fuel bed height; and y2 ymin = 0, Y2,maz = 55 [bar] for the drum pres-

sure.

01 0 01 0
Q.1 = and  Qu =
0 01 0 01

In the reconfiguration, the output limits were yi min = 0.2, Y1max = 1
[m] for the fuel bed height; y2 min = 0, Y2,mez = 30 [MW] for the combus-

tion power; and y3 min = 0, ¥3,maz = 55 [bar] for the drum pressure.
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bias fault in the fuel bed height sensor without the FTMPC active. (Publi-
cation V)

The first test scenario had a downward step-shaped fault in the fuel bed
height measurement of 100% of the nominal value and the power demand
was changed from 12 MW to 16 MW after 200 seconds. The fault was
introduced into the fuel bed height measurement after 500 seconds. Then,
the power demand was changed from 16 MW to 12 MW during the time
period of 800 - 1000 seconds. As it can be seen from the Figs. 5.16-5.19,
the fault resulted in the high values of the primary air and the fuel bed
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V)

0.06

0.05-
/

Il ol
o o
> =
T T
L

RMSEP index
o
o
N
T
.

v L L L L
0 200 400 600 800 1000 1200
Time (second)

Figure 5.20. Scenario 1: RMSEP index of fuel bed height state of MPC 1 and MPC 2.
(Publication V)

60



Performance validation and economic evaluation of the FTMPC for the BioGrate boiler

2 T T T T T
3E
-1
Eh=)
R,
k]
< 0 L L L L L
0 200 400 600 800 1000 1200
Time (second)
2 T T T T T
EE]
2Z 4L 4
> = W
23]
0 . . . . .
0 200 400 600 800 1000 1200
Time (second)
2 T T T T T
E5
23
£
2310 1
@ —
B8 N N e T
== 0 L L L L L
0 200 400 600 800 1000 1200

Time (second)

Figure 5.21. Responses of the moisture in fuel, dry fuel flow, and fuel bed height to drift
fault in the fuel bed height sensor without the FTMPC active. (Publication

V)

= 505 T T T T T

©

S

g s

2

¢

& 495 . . . . .

0 200 400 600 800 1000 1200
Time (second)

s g 20 T T T T T

%S 151 J
3

5]
g % 10+ 1
Oa 5 L L L L L
0 200 400 600 800 1000 1200
Time (second)

3

5
§E
Ez
€=, ! . ‘ .

0 200 400 600 800 1000 1200
Time (second)

Figure 5.22. Responses of the pressure, combustion power, and primary air flow to drift
fault in the fuel bed height sensor without the FTMPC active. (Publication

V)
2 T T T T T
3E
SE 1+ B
5
ERe;
¢ b = 0 ]
< 0 L L L L L
0 200 400 600 800 1000 1200
Time (second)
2 T T T T T
32
2241 ]
2z W
oo
= 0 L L L L L
0 200 400 600 800 1000 1200
Time (second)
2 T T T T T
c~
=%
25
221t 4
23
23 R N e S

o

400 600 800 1000 1200
Time (second)

o
N
=3
S

Figure 5.23. Responses of the moisture in fuel, dry fuel flow, and fuel bed height to drift
fault in the fuel bed height sensor with the FTMPC active. (Publication V)
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height. Fig. 5.20 shows the RMSEP index of the different fuel bed height
state of MPC 1 and MPC 2.

In the second test scenario, the power demand was again changed from
12 MW to 16 MW after 200 seconds. The effect of a ramp-shaped fault
in the fuel bed height on the closed loop performance of the system was
evaluated with and without the FTMPC strategy active. A ramp-shaped
fault was introduced into the fuel bed height measurement, starting from
the time step 500 seconds. Then, the power demand was changed from
16 MW to 12 MW during a time period of 800 - 1000 seconds. As it can
be seen from the Figs. 5.21-5.24, without the FTMPC the drift fault had
the effect that both the primary air and the fuel bed height started to
increase rapidly. With the FTMPC, both the primary air and the fuel bed
height remained within their normal operation limits, thus improving the

reliability of the control system. Compared with the first test scenario,
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the detection of the ramp-shaped fault was delayed as shown in Fig. 5.25.

5.5 Economic evaluation of the FTMPC for the BioGrate boiler

This section discusses the economic benefits of the enhanced control strat-
egy addressing the problem of variations in fuel quality, described in Sec-
tion 1.1. Several cases are reported in Section 5.3.2, which are used to
evaluate the economic benefits of the enhanced control strategy over the
current strategy. In the first case, the fuel moisture content was changed
by 11 %, which caused a deviation of 5 bars in the drum pressure and
a power loss of 3 MWh while using the current strategy. Note that the
deviations in the steam drum pressure exceeding 6 bars leads to turbine
shutdowns that in general causes almost 50% of the total energy produc-
tion losses. With the enhanced control strategy, no effects on the power
generation and the drum pressure were observed in simulations under the
same scenario. In addition, with the enhanced strategy, the deviations in
the drum pressure are kept below the safety limits, and therefore, the
turbine shutdowns are completely avoided.

The developed FTMPC incorporates the fuel bed height sensor into the
control strategy that allows to maintain the optimal ratio of the primary
and secondary air flow rates. Golles et al. (2014) showed that keeping this
optimal ratio leads to the reduction of harmful particulate matter emis-
sion by 20% and CO emissions by 3 times compared with the conventional

control strategy.
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6. Conclusions

In this thesis, the FTMPC strategy considering fuel quality and fuel mois-
ture content has been developed for the BioPower 5 CHP process. First,
the BioGrate process and its control strategy were presented. Then, a lit-
erature review in state-of-the-art control of grate boilers was presented.
Second, the FTMPC for the BioGrate boiler and its modules were devel-
oped: The developed MPC utilizes combustion power and moisture soft-
sensors and models of the water evaporation and thermal decomposition
of dry fuel. Furthermore, the developed FTMPC accommodates the fault
in a fuel bed height sensor by active controller reconfiguration. The fuel
moisture soft-sensor was tested at the BioPower 5 CHP plant. Validation
of models of the water evaporation and thermal decomposition of dry fuel
was conducted using the measurements of the BioPower 5 CHP plant.
Then the MPC strategy was compared with the currently used control
strategy. Finally, the performance of the FTMPC was evaluated with the
simulated BioGrate boiler.

The hypothesis presented in Chapter 1 is: The availability and prof-
itability of the BioPower 5 CHP process are improved by integration of
fuel moisture content and combustion power estimations into a fault-
tolerant model predictive control (FTMPC) scheme. This hypothesis has
been verified by the results acquired in testing the fuel moisture soft-
sensor by the industrial tests in the BioPower 5 CHP plant in Section 5.1,
testing the proposed MPC with the simulated BioGrate boiler in Sec-
tion 5.3, and testing the proposed FTMPC with the simulated BioGrate
boiler in Section 5.4.

First, the results showed that developed fuel moisture soft-sensor pre-
dicts the moisture content in the furnace with a good precision, and that
the method was able to detect variations in the moisture content of the

furnace within seconds. The standard error of performance (SEP) of the
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soft-sensor is 3.6%. Second, it was shown that water evaporation and ther-
mal decomposition of dry fuel can be estimated by utilizing fuel moisture
soft-sensor and oxygen consumption calculations respectively. The fast
settling time of 2 minutes in the response of the developed MPC strat-
egy was achieved by regulating the primary air while keeping the fuel
bed height at a desired level. In comparison, the settling time in the re-
sponse of the currently used control strategy was 2 h. On the basis of
the simulation results, the proposed FTMPC was able to counter the most
typical fault in the BioPower 5 CHP plant that is caused by the unknown
fuel quality and the status of the furnace (amount of fuel in the furnace).
Therefore, the performance and the profitability of the BioPower 5 CHP
plant would be significantly enhanced if such an FTMPC strategy is im-
plemented.

The FTMPC outlined in this thesis has been developed for the BioGrate
process. Nevertheless, due to its general applicability it could be used for
other similar processes and thus the same advantages could be achieved
in other plants regardless of the fuels and burning methods used. The
greatest benefits can, however, be attained in plants fuelled with inho-
mogenous fuels, such as peat, coal, bark and waste. In the future, the
FTMPC can also play a major role in controlling, for example, the next
generation of small-scale biomass boilers.

In this thesis, a model predictive fault tolerant scheme for the BioGrate
boiler was reported, where the model was identified using the industrial
test results. The next step in this direction is to experimentally validate
the effectiveness of the developed FTMPC scheme by integrating it in the
industrial automation system. In addition, the applicability of the devel-
oped FTMPC scheme is worth investigating for faults occurring in a wider

class of boilers.

66



Bibliography

Anon (2014). BioGrate Technology. Available from: http:/www.valmet.com [Ac-
cessed 1 June 2014].

Axrup, L., Markides, K., and Nilsson, T. (2000). Using miniature diode array NIR
spectrometers for analysing wood chips and bark samples in motion. Journal
of Chemometrics, 14(5-6):561-572.

Bak, J. and Clausen, S. (2002). FTIR emission spectroscopy methods and pro-
cedures for real time quantitative gas analysis in industrial environments.
Measurement Science and Technology, 13(2):150-156.

Bauer, R., Golles, M., Brunner, T., Dourdoumas, N., and Obernberger, 1. (2010).
Modelling of grate combustion in a medium scale biomass furnace for control
purposes. Biomass and Bioenergy, 34(4):417-427.

Blasi, C. D. (2000). Dynamic behaviour of stratified downdraft gasifiers. Chemi-
cal Engineering Science, 55(15):2931-2944.

Boriouchkine, A., Sharifi, V., Swithenbank, J., and Jamsi-Jounela, S.-L. (2014).
A study on the dynamic combustion behavior of a biomass fuel bed. Fuel,
135:468-481.

Edlund, K., Bendtsen, dJ. D., and Jgrgensen, J. B. (2011). Hierarchical model-
based predictive control of a power plant portfolio. Control Engineering Prac-
tice, 19(10):1126-1136.

Effenberger, H. (2000). Dampferzeuger. Springer-Verlag Berlin Heidelberg New
York, pp 20-69.

Frank, P. M., Ding, S. X., and Marcu, T. (2000). Model-based fault diagnosis in
technical processes. Transactions of the institute of measurement and control,
22(1):57-101.

Golles, M., Bauer, R., Brunner, T., Dourdoumas, N., and Obernberger, I. (2011).
Model based control of a biomass grate furnace. In Proceedings of the 9th
European conference on industrial furnaces and boilers, pages 1-10, Estoril.

Golles, M., Reiter, S., Brunner, T., Dourdoumas, N., and Obernberger, 1. (2014).
Model based control of a small-scale biomass boiler. Control Engineering Prac-
tice, 22:94-102.

Goémez, M. A., Porteiro, dJ., Patifio, D., and Miguez, J. L. (2014). CFD modelling of
thermal conversion and packed bed compaction in biomass combustion. Fuel,
117(Part A):716-732.

67



Bibliography

Haghani, A., Jeinsch, T., and Ding, S. X. (2014). Quality-Related Fault Detection
in Industrial Multimode Dynamic Processes. IEEE Transactions on Industrial
Electronics, 61(11):6446—6453.

Hermansson, S., Lind, F., and Thunman, H. (2011). On-line monitoring of fuel
moisture-content in biomass-fired furnaces by measuring relative humidity of
the flue gases. Chemical Engineering Research and Design, 89(11):2470-2476.

Incropera, F. P., DeWitt, D. P.,, Bergman, T. L., and Lavine, A. S. (2007). Funda-
mentals of Heat and Mass Transfer. John Wiley & Sons, pp 501-530.

Jaakkola, P. T., Vahlman, T. A., Roos, A. A., Saarinen, P. E., and Kauppinen, J. K.
(1998). On-line Analysis of Stack Gas Composition by a Low Resolution FT-IR
Gas Analyzer. Water, Air, and Soil Pollution, 101(1-4):79-92.

Jegoroff, M., Leino, T., and Heiskanen, V.-P. (2013). New method for control-
ling combustion in a grate boiler. In Kovéacs, J. and Hultgren, M., editors,
The proceedings of the 18th Nordic Process Control Workshop, Oulu, Avail-
able from: http:/www.nt.ntnu.no/users/skoge/prost/proceedings/npcw2013/
18th_NPCW_proceedings.pdf.

Johansson, R., Thunman, H., and Leckner, B. (2007). Influence of intraparticle
gradients in modeling of fixed bed combustion. Combustion and Flame, 149(1-
2):49-62.

Kallioniemi, dJ. (2008). Utilising process monitoring methods in BioPower plant
process. Master’s thesis, Helsinki University of Technology, Espoo, pp 21-40.

Kettunen, M. and Jiamséi-Jounela, S.-L. (2011). Data-Based, Fault-Tolerant
Model Predictive Control of a Complex Industrial Dearomatization Process.
Industrial & Engineering Chemistry Research, 50(11):6755-6768.

Kohonen, T. (1990). The self-organizing map. Proceedings of the IEEE, 78:1464—
1480.

Kortela, J. and Jamsé-Jounela, S.-L. (2010). Fuel quality soft-sensor for control
strategy improvement of the Biopower 5 CHP plant. In Proceedings of the
Conference on Control and Fault-Tolerant Systems (SysTol’10), pages 221-226,
Nice.

Kortela, U. and Lautala, P. (1982). A new control concept for a coal power plant.
Control Science and Technology for the Progress of Society, 6:3017-3023.

Kortela, U. and Marttinen, A. (1985). Modelling, Identification and Control of a
Grate Boiler. In Proceedings of the 1985 American Control Conference, pages
544-549, Boston.

Lehtomaiki, K., Kortela, U., and Luukkainen, dJ. (1982). New estimation and con-
trol methods for fuel power in peat power plants. Control Science and Technol-
ogy for the Progress of Society, 6:3039—3044.

Ledo, R. P. S, Barroso, G. C., Sampaio, R. F., Almada, J. B., Lima, C. F. P., Rego,
M. C. O., and Antunes, F. L. M. (2011). The future of low voltage networks:
Moving from passive to active. International Journal of Electrical Power &
Energy Systems, 33(8):1506-1512.

68



Bibliography

Leskens, M., van Kessel, L. B. M., and Bosgra, O. H. (2005). Model predictive con-
trol as a tool for improving the process operation of MSW combustion plants.
Waste Management, 25(8):788-798.

Li, W, Yue, H. H., Valle-Cervantes, S., and Qin, S. J. (2000). Recursive pca for
adaptive process monitoring. Journal of Process Control, 10:471-486.

Lu, S. (1999). Dynamic modelling and simulation of power plant systems. Pro-
ceedings of the Institution of Mechanical Engineers, Part A: Journal of Power
and Energy, 213(1):7-22.

Lu, S. and Hogg, B. W. (2000). Dynamic nonlinear modelling of power plant by
physical principles and neural networks. International Journal of Electrical
Power & Energy Systems, 22(1):67-78.

Maciejowski, J. M. (2002). Predictive Control with Constraints. Prentice Hall,
Harlow, pp 36-150.

Nordell, A. and Vikterlof, K. J. (2000). Measurements of moisture content in
wood fuels with dual energy X-ray. Virmeforsk, Stockholm, Available from:
http://www.varmeforsk.se [Accessed 1 June 2014].

Nystrom, J. and Dahlquist, E. (2004). Methods for determination of moisture
content in woodchips for power plants—a review. Fuel, 83(7-8):773-779.

Okamura, S. and Zhang, Y. (2000). New method for moisture content measure-
ment using phase shifts at two microwave frequencies. Journal of Microwave
Power and Electromagnetic Energy, 35(3):175-178.

Paces, N., Voigt, A., Jakubek, S., Schirrer, A., and Kozek, M. (2011). Com-
bined Control of Combustion Load and Combustion Position in a Moving Grate
Biomass Furnace. In Proceedings of the 19th European Conference on Control
& Automation (MED), pages 1447-1452, Corfu.

Pannocchia, G. and Rawlings, J. B. (2003). Disturbance Models for Offset-Free
Model-Predictive Control. AIChE Journal, 49(2):426-437.

Patwardhan, S. C., Manuja, S., Narasimhan, S., and Shah, S. L. (2006). From
data to diagnosis and control using generalized orthonormal basis filters. Part
II: Model predictive and fault tolerant control. Journal of Process Control,
16(2):157-175.

Prakash, J., Patwardhan, S. C., and Narasimhan, S. (2002). A Supervisory Ap-
proach to Fault-Tolerant Control of Linear Multivariable Systems. Industrial
& Engineering Chemistry Research, 41(9):2270-2281.

Qin, S. J. (1998). Recursive pls algorithms for adaptive data modeling. Computers
and Chemical Engineering, 22(4):503-514.

Rosenberg, E., Schatvet, dJ., and Hgydal, K. (2001). In-kiln measurements of
moisture content in timber at moelven valer as. In Proceedings of the 3rd
European Cost E15 Workshop on Wood Drying : With the Theme Softwood
Drying to Meets Needs of Further Processing and Specific End-uses, pages 1-9,
Helsinki.

Saastamoinen, J. J., Taipale, R., Horttanainen, M., and Sarkomaa, P. (2000).
Propagation of the ignition front in beds of wood particles. Combustion and
Flame, 123(1-2):214-226.

69



Bibliography

Sourander, M., Vermasvuori, M., Sauter, D., Liikala, T., and Jdmsé&-Jounela, S.-
L. (2009). Fault tolerant control for a dearomatisation process. Journal of
Process Control, 19(7):1091-1102.

Strém, H. and Thunman, H. (2013). A computationally efficient particle sub-
model for CFD-simulations of fixed-bed conversion. Applied Energy, 112:808—
817.

Astrém, K. J. and Bell, R. D. (2000). Drum-boiler dynamics. Automatica,
36(3):363—-378.

Thunman, H. and Leckner, B. (2001). Ignition and propagation of a reaction front
in cross-current bed combustion of wet biofuels. Fuel, 80(4):473-481.

Thunman, H. and Leckner, B. (2003). Co-current and counter-current fixed bed
combustion of biofuel—a comparison. Fuel, 82(3):275-283.

van der Lans, R. P,, Pedersen, L. T., Jensen, A., Glarborg, P., and Dam-Johansen,
K. (2000). Modelling and experiments of straw combustion in a grate furnace.
Biomass and Bioenergy, 19(3):199—-208.

Venkatasubramanian, V., Rengaswamy, R., Yin, K., and Kavuri, S. N. (2003). A
review of process fault detection and diagnosis: Part I: Quantitative model-
based methods. Computers & Chemical Engineering, 27(3):293-311.

Winterton, R. H. S. (1998). Where did the dittus and boelter equation come from?
International Journal of Heat and Mass Transfer, 41(4-5):809-810.

Yang, Y. B., Ryu, C., Khor, A., Yates, N. E., Sharifi, V. N., and Swithenbank, J.
(2005a). Effect of fuel properties on biomass combustion. Part II. Modelling
approach—identification of the controlling factors. Fuel, 84(16):2116—-2130.

Yang, Y. B., Ryu, C., Khor, A., Yates, N. E., Sharifi, V. N., and Swithenbank,
d. (2005b). Fuel size effect on pinewood combustion in a packed bed. Fuel,
84(16):2026-2038.

Yang, Y. B., Yamauchi, H., Nasserzadeh, V., and Swithenbank, dJ. (2003). Effects
of fuel devolatilisation on the combustion of wood chips and incineration of
simulated municipal solid wastes in a packed bed. Fuel, 82(18):2205-2221.

Yin, C., Rosendahl, L. A., and Keer, S. K. (2008). Grate-firing of biomass for heat
and power production. Progress in Energy and Combustion Science, 34(6):725—
754.

Zhang, Y. and Jiang, J. (2008). Bibliographical review on reconfigurable fault-
tolerant control systems. Annual Reviews in Control, 32(2):229—-252.

Zheng, C., Patton, R. J., and Chen, J. (1997). Robust fault-tolerant systems syn-
thesis via LMI. In IFAC Safeprocess’97, pages 347-352.

70



ISBN 978-952-60-6079-8 (printed)
ISBN 978-952-60-6080-4 (pdf)
ISSN-L 1799-4934

ISSN 1799-4934 (printed)

ISSN 1799-4942 (pdf)

Aalto University

School of Chemical Technology

Department of Biotechnology and Chemical Technology
www.aalto.fi

BUSINESS +
ECONOMY

ART +
DESIGN +
ARCHITECTURE

SCIENCE +
TECHNOLOGY

CROSSOVER

DOCTORAL
DISSERTATIONS




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (Coated FOGRA39 \050ISO 12647-2:2004\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 2.00000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 2.00000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
    /SUO <>
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice




