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ABSTRACT

Coal-fired power plants must be highly flexible aedponsive to accommodate changes in power
consumption. Regular feedback control alone fdltatsof maintaining boiler stability during these
rapid swings in power demand. A popular solutionifigproving the controllability of large power
boilers is the use of advanced regulatory con&8l¢) strategies in addition to simple feedback
control. Modern control systems support the buddatocks of ARC strategies as standard functions
making them straightforward to implement and optieni

This paper describes the application and optinopadif several ARC techniques for improving the
control performance of large coal-fired power b@lduring load transients. Various boiler control
subsystems are described, the limitations of feedbantrol only are discussed, appropriate ARC
strategies are introduced, and steps for desigroptichization of these strategies are given.

INTRODUCTION

While nuclear and renewable power plants are ndymah at their maximum generation capacity,
fossil fuel-fired power plants are ramped up andiito accommodate the hourly changes in power
consumption, and to provide minute-by minute fregpyecontrol for the power grid. Many coal-fired
power plants were originally designed for steadgehload operation, but because of economic
changes and environmental pressures, these plawtsperate in dynamic, load-following mode,
requiring them to be highly flexible and respongivehanges in power demand.

Regular feedback control alone falls short of mamhg boiler stability during these rapid swings i
power demand. Coal-fired power plants, originaldgidned for steady-state operation, but now loaded
cyclically, often experience boiler control problemesulting from the highly interactive boiler
subsystems, long time lags, inherent nonlinearitegsidly changing load set points, and wide
operating ranges.

Although advanced process control (APC) technokbmd promise for improving the control of
boilers [1][2], the power industry has been slovadopting it (Figure 1), citing economic justificat
as the leading barrier to implementation. Yet braitentrol challenges continue, and low-cost sohgio
implemented within existing distributed control ®ras (DCS) remain more attractive for the cash-
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strapped power industry. Modern control systemsigdethe building blocks for ARC strategies as
standard functions that are straightforward to enpnt and optimize.
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Figure 1. Relativeto DCS sales, the power industry lags behind other major industriesin adoption of APC. Adapted
from [3] and [4].

This paper describes the design and applicatie@wéral ARC techniques for improving the control
performance and stability of large coal-fired poweilers during transient operation. Various contro
subsystems are described, the limitations of feddbantrol only are discussed, appropriate ARC
designs are introduced, and steps for optimizaifdhese systems are given.

Although drum-type power plant boilers are the ¢agyocess of this paper, the ARC techniques
described here apply to other types of processesks

MAIN BOILER CONTROL LOOPS

The steam generation process may seem simpleigih éeleel, but boiler control designs quickly
become complex when all the subsystems and thenaictions and dependencies are considered. The
main control loops in a boiler control system aseed below.

Boiler Drum Level and Feedwater
Furnace Pressure

Steam Temperature

Generator Load

Throttle Pressure (Steam Pressure)
Fuel Flow

Air Flow

Excess Air (Oxygen in Flue Gas)

N~ WNE

The first five control loops listed above are dissed below to illustrate the application of ARC
strategies for improving control loop stability aperformance. The last three loops listed above and
many second-tier boiler control loops can also befrem advanced control strategies. The concepts
discussed in this paper apply to them too.
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DRUM LEVEL AND FEEDWATER CONTROL

Boiler water circulates through the evaporator suléng the furnace walls (also called water walls
where it is partially converted to steam. The wateam mixture returns to the boiler drum where the
steam and water are separated. The steam exisuime is superheated and flows to the turbine. To
make up for the water lost as steam, feedwatetdedto the boiler. The level of the boiler drum
serves as an indicator of the balance between dteanand feedwater.

Maintaining the boiler drum level close to its peint is critical - if the level becomes too lowet
boiler can run dry resulting in mechanical damaigin@® drum, boiler piping, and boiler water
circulating pumps. If the level becomes too hightev can be carried over into the steam piping,
possibly damaging downstream equipment.

The design of the boiler drum level control strgtegnormally described as single-element, two-
element, or three-element control. The three desige described below.

SINGLE-ELEMENT CONTROL (FEEDBACK CONTROL)

Boiler feedwater pumps supply water to the boilére feedwater flow rate is controlled by feedwater
control valves on the discharge side of the feadgsi The water level in the drum is measured with a
pressure and temperature-compensated level traesniihe drum level controller compares the drum
level measurement to the set point and modulatepdkition of the feedwater control valves to keep
the water level in the drum as close to set pamassible. Variable-speed boiler feed pumps are
sometimes used to control the level instead ofealv

The simple feedback control design described aswgalled single-element control, because it uses
only a single feedback element for control — theievel measurement (Figure 2).
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Figure 2. Single-element drum level control.
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TUNING CONSIDERATIONS

INTEGRATING PROCESS

From a controls point-of-view, the boiler drum rsiategrating process. This means that any mismatch
between inflow (water) and outflow (steam) will sala continuous change in the drum level.

Integrating loops are difficult to tune, and casigabecome unstable if the controller’s integralé is
set too short (i.e. high integral gain). This psse@nposed requirement for a long integral time @sak
the loop slow to recover from disturbances to thardlevel.

INVERSE RESPONSE

To further complicate matters, the boiler drum laseotorious for its inverse response. If therdru
level is low, and more feedwater is added to ineeag the drum level tends to decrease first leefor
increasing. This is because the cooler feedwatesasasome of the steam in the evaporator to
condense, causing the volume of water/steam tedser hence the drop in drum level.

Conventional feedback control has difficulty in aapwith this inverse response. A control loop gsin
a high controller gain and derivative action maykwyell in other level applications, but it can
quickly go unstable on a boiler drum level. Stapiis best achieved by using a low controller gain,
long integral time, and no derivative. However sisettings make the controller’'s response very
sluggish and not suitable for controlling a procasritical as boiler drum level.

MAJOR DISTURBANCES

Drum level is affected by changes in feedwaterstedm flow rate. But because of the very slow
response of the feedback control loop, changesdd flow or steam flow can cause very large
deviations in boiler drum level. Single-elementrdrievel control can work well only if the residence
time of the drum is very large to accommodate #ngd deviations, but this is seldom the case —
especially in the power industry. For this reagba,control strategy is normally expanded to inelud
feedwater and steam flow.

TWO-ELEMENT CONTROL (CASCADE CONTROL)

Many boilers have two or three feed pumps thatbsaswitched on or off individually, depending on
boiler load. If a feed pump is started up or shaw, the total feedwater flow rate changes. This
causes a deviation in drum level, upon which therdievel controller will act and change the
feedwater control valve position to compensateesained above, the level controller’s response is
likely very slow, so switching feed pumps on anfloain result in large deviations in drum level.

A faster control action is needed for dealing vattanges in feedwater flow rate. This faster adson
obtained by controlling the feedwater flow rateltsin addition to the drum level.
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To control both drum level and feedwater flow ratscade control is used. The drum level controller
becomes the primary controller and its output drithee set point of the feedwater flow controllée t
secondary control loop. This arrangement is aleadtawvo-element control, because both drum level
and feedwater flow rate are measured and useafdrat (Figure 3).
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Figure 3. Two-element drum level contral.

THREE-ELEMENT CONTROL (CASCADE + FEEDFORWARD CONTROL)

Similar to feed flow, changes in steam flow caralause large deviations in drum level, and could
possibly trip the boiler. Steam flow rate is measlg and can be used to improve drum level control
very successfully by using a feedforward contratsgy. The combination of drum level
measurement, steam flow measurement, and feedhileasurement to control boiler drum level is
called three-element control.

For the three-element control strategy, steam flae is measured and used as the set point of the
feedwater flow controller. In this way the feedwétew rate is adjusted to match the steam flow.
Changes in steam flow rate will almost immediatedycounteracted by similar changes in feedwater
flow rate. To ensure that deviations in drum lea& also used for control, the output of the dravel
controller is added to the feedforward from stebow f(Figure 4).
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Figure 4. Three-element drum level controal.

PRACTICAL ASPECTSOF THREE-ELEMENT CONTROL

Although three-element drum level control is supetd single- or two-element control, it is nornyall
not used at low boiler loads. At low steam flonesa{for example during boiler start-up) steam and
feedwater flow measurements are not accurate erfoudgiiree-element control, so then only the drum
level measurement is used for control (single-el@mentrol.) Switching between single- and three-
element control can be automatic or operator ieitiadepending on the design of the control logic.

Boilers are normally fitted with a continuous bla@ewn system to get rid of any particular matter in
the boiler water. So the ratio between feed flod steam flow is not 1:1, but a slightly higher oati
This ratio can be easily determined on a runniagtpland the gain of the feedforward is set
accordingly.

Another factor to consider is that stirinkandswell With a decrease in steam flow and boiler firing
rate, boiling in the water walls is reduced, arel\trater/steam mixture appears to shrink, leadirag to
decrease in drum level. Conversely, swell occutls &an increase in boiler load, resulting in an
increase in drum level. Without any specific congaion for shrink and swell, the drum level
controller will eventually bring the drum level bato set point.

However, a faster and more effective method of camsption for shrink and swell is achieved by
placing a lag function in the steam-to-feed flowd&rward to delay the response of the feedwaler [5
Although the initial shrink and swell will still cese the drum level to deviate, a properly tunedndlg
delay the feedwater response just enough thaetle teturns to set point without requiring any
further control action.
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CONTROLLER GAIN SCHEDULING

The feedwater control loop should be tuned forsa fesponse so that it rapidly rejects disturbantes
feed flow and meets the demand of the drum levefrobler. The change in feedwater flow rate
obtained from a given change in controller outpepehds on the number of feedwater valves in
service. To get a consistent feedwater control legponse regardless of the number of feedwater
control valves in service, it is necessary to immat gain scheduling. This will change the gaithef
feedwater controller based on the number of feeelwantrol valves that are in automatic control
(Figure 5).
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Figure5. Feedwater controller gain scheduling.

The simplest way to design the gain scheduler farie the feedwater flow controller with one valve
in service, and use that as the base gain sefting.setting is then dynamically divided by the ren

of feedwater control valves in service and runnmgutomatic control mode. The resulting number is
used as the final controller gain for the feedwétaw controller.

FURNACE PRESSURE CONTROL

Most large power plant boilers have two or moreéardraft (FD) fans and two or more induced draft
(ID) fans [8]. These will normally be run in pagensisting of one FD fan and one ID fan. The FD
fans force air into the furnace while the ID famgr&ct the post-combustion gasses from the furnace.
Air flow rate through the fans can be manipulatethwanes, dampers, or by changing fan speed.

Air flow through the FD fan is controlled baseded goint derived from the fuel flow rate and the ai
to-fuel ratio. The flow through the ID fan is mauigted to control the furnace pressure. Furnace
pressure is maintained at a slightly negative gagssure (slightly below atmospheric pressure) so
that fuel, ash, and flue gas won’t escape througteice inspection doors and other crevices.

Under normal operating conditions the furnace pmesacts like an integrating process. If there is a
mismatch between draft in and out, the furnacesomreswill change and continue to change until the
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high or low pressure trip point is reached. Consedy, the flow rates in and out of the furnacestnu
be dynamically balanced so that the furnace ren@ose to its set point. A large deviation from set
point will result in a boiler trip to keep the ptasafe.

The furnace pressure controller changes the inddcdtflow rate to keep the furnace pressuresat it
set point. If air flow rate is measured at the #Dd, a cascaded flow controller can be implemeiated
improved control (Figure 6). If air flow rate istnmeasured, the furnace pressure controller will
manipulate the control element directly.
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Figure 6. Furnace pressure control including feedforward.

FEEDFORWARD CONTROL

Because the FD flow is manipulated based on foel,fit can be expected to change often, since fuel
flow is manipulated to control either generatord@a steam pressure. Changes in FD flow can cause
large deviations in furnace pressure unless thigol is changed at the same time to keep induced an
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forced drafts the same. This is a requirementtdsle boiler operation and an important applicatbn
feedforward control.

Depending on the boiler design and the locatiomstftumentation, the feedforward controller can use
the sum of the primary and secondary air flow deshggnals, the total air flow measurement, or the
total air flow demand to establish the set pointtfie ID flow controller (Figure 6).

FAN CHARACTERIZATION

Because the relationship between air throughputfamdpeed, vane position, or damper position will
most likely be nonlinear, a characterizer shouldi®¥ed to obtain a linear relationship. Fan speadev
position or damper position can be recorded abuarlevels of total air flow to obtain the flow
characteristic of the control element. This chaastic is then inverted and implemented in a fiorct
generator to obtain the linear relationship (Figtire

Set Point |

Characterizer ,// - — o

[
|
[

Y

/,"/ q»
Fan Air Flow
Damper
Figure7. Characterizer for final control element linearization.

GAIN SCHEDULING

The process gain of the furnace pressure will ceaggpending on the number of ID fans in service
and in auto. To ensure fast loop response andestantrol loop in all cases, gain scheduling $thou
be implemented on the furnace pressure contrditez.controller should be tuned for minimal or no
overshoot with one fan in service. The controllgingshould then be divided dynamically by the
number of ID fans in service or automatic contralde.
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STEAM TEMPERATURE CONTROL

After separation from the boiler water in the druhe steam is superheated to improve the thermal
efficiency of the boiler-turbine unit. Modern ba#eraise the steam temperature to around ZF©00
(538°C) [6], which approaches the creep (slow defornrmatpmint of the steel making up the
superheater tubing. Steam temperatures aboveethag even for brief periods of time, can shorten t
usable life of the boiler. Keeping steam tempertiomstant is also important for minimizing thermal
stresses on the boiler and turbine.

Steam temperature is one of the most challenging@doops in a boiler because it is highly
nonlinear and has a long dead time and time lagir&gto the challenge, steam temperature is
affected by boiler load, rate of change of boitexd, air flow rate, the combination of burners in
service, and the amount of soot on the boiler tubes

Steam temperature is normally controlled by spraywater into the steam between the first and
second-stage superheater to cool it down. Watection is done in a device called an attemperator o
desuperheater. The spray water comes from eithiet@mmediate stage of the boiler feedwater pump
(for reheater spray) or from the pump dischargegéperheater spray). Other methods of steam
temperature control include flue gas recirculatitue gas bypass, and tilting the angle at whieh th
burners fire into the furnace. This discussion fatlus on steam temperature control through
attemperation. The designs discussed here wilyapphe reheater and superheater, but only the
superheater will be mentioned for simplicity.

BASIC FEEDBACK CONTROL

The simplest method for controlling steam tempeeaisi by measuring the steam temperature at the
point it exits the boiler, and changing the spratex valve position to correct deviations from the
steam temperature set point (Figure 8). This cbfdgop should be tuned for the fastest possible
response without overshoot, but even then the Watbpespond relatively slowly due to the long dead
time and time lag of the superheater.

Distributed with permission of author(s) by ISA 201
Presented at ISA Automation Week; http://www.isg.or



Main Steam

[———————— Temperature
Set Point
S VG T .
| |
| Main Steam |
Temperature I
Spraywater Controller I Main Steam
> Jemperature
Spraywater
Control Valve
Y
—» Desuperheater ~}———p >
- - | |
Steam High-pressure
| | Turbine
| Furnace |
Boiler
|  Drum |
| 1% Stage 2™ Stage |
| Superheater Superheater |
L - - - - - - - - _ 1]

Figure 8. Simple steam temperature control.

CASCADED STEAM TEMPERATURE CONTROL

Because of the slow response of the main steameiertype control loop, improved disturbance
rejection can be achieved by implementing a seagn@aner) control loop at the desuperheater. This
loop measures the desuperheater outlet tempeatdrenanipulates the control valve position to
match the desuperheater outlet temperature tetifgant coming from the main steam temperature
controller (Figure 9).
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Figure 9. Cascaded steam temperature control.

Because the spray water comes from upstream dédasvater control valves, changes in feedwater
control valve position will cause changes in sprayer pressure, and therefore disturb the spragrwat
flow rate. The desuperheater outlet temperaturéraidoop will provide a gradual recovery when this
happens. If the spray water flow rate to the attenaor is measured, a flow control loop can be
implemented as a tertiary inner loop to provideyvast disturbance rejection. However, in many
cases spray water flow rate is not measured ahtiigdual attemperators and this flow loop cannot
be implemented.

GAIN SCHEDULING

The process dead time of the superheater incr@atiea decrease in boiler load because of the slowe
rate of steam flow at lower loads. This will haveegative impact on the stability of the main steam
temperature control loop unless gain schedulingyEemented. Step tests need to be done at low,
medium, and high boiler loads, and optimal congradlettings calculated at each load level. A gain
scheduler should be implemented to adjust the cldertisettings according to unit load. Becausenef t
changing dead time and lag of the superheatemtegral and derivative times must be scheduled in
addition to the controller gain.
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The gain of the desuperheater outlet temperatagewoll be affected greatly by steam flow rate.
Changes in steam flow rate will affect the amourdamling obtained from a given spray water flow
rate. Less cooling will occur at high steam flowesa In addition, at high loads the pressure difigal
between the feedwater pump discharge and stearsupeesill be lower, reducing the spray flow rate
for a given spray valve position (assuming the abs@f a flow control loop on the desuperheater
spray flow). To compensate for these nonlinear biehacontroller gain scheduling should be
implemented on the desuperheater outlet temperktopetoo. Similar to the main steam temperature
control loop, step tests must be done at low, madand high boiler loads to design the gain
scheduler.

DEAD TIME COMPENSATION

Because of the long dead time in the superheatmith Predictor can be used to compensate for the
dead time and allow much more responsive contrali@ing without the risk of instability [7]. The
design of the Smith Predictor must take changelead time, time lag, and process gain into account
and it must allow these parameters in its modektapdated dynamically based on steam flow rate.

FEEDFORWARD CONTROL

During boiler load ramps in turbine-following modke firing rate is changed first, followed by a
change in steam flow rate a while later. With theréase in steam flow rate lagging behind fuel flow
rate, the additional heat in the furnace can leddrge deviations in steam temperature. To
compensate for this, a feedforward from the bailaster to the steam temperature controller can be
implemented.

The feedforward can use the rate of change infloml or one of several other derived measurements
[8] to bias the steam temperature controller’s outm essence, when boiler load is increasing, the
spray water flow rate will be increased to coutiterexcess heat being transferred to the steam, and
vice versa. The feedforward can be calibrated bgsmeng the extent of steam temperature deviation
during load ramps.

GENERATOR LOAD AND THROTTLE PRESSURE CONTROL

The highest-level control objectives for a powempl(also called front-end controls) are contrgllin
the generator load (megawatts produced) and tanotdssure (main steam pressure).
BOILER-FOLLOWING MODE

It is intuitive to use the turbine governor val¥es controlling generator load, and fuel flow réoe

controlling steam pressure. This is called boitdlefving mode, i.e. the turbine controls the load a
the boiler has to follow with its pressure controls
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The boiler-following arrangement results in theottle pressure loop being an integrating loop. The
generator load controller will keep steam flow dans regardless of pressure while any mismatch
between fuel input and steam flow will result i tihrottle pressure ramping up or down continuausly
As said before, integrating loops are difficultéme, and long integral times must be used to ensur
stability, which then reduces the disturbance-teyaccapability of the loop.

Although boiler-following mode results in fast apigecise generator load control, large deviations in
throttle pressure can occur during load ramps. iBhiiecause the generator load controller draws
steam from the boiler to meet its load demand witliegard for steam pressure or lags in the boiler.
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Figure 10. Boiler-following mode.

IMPROVEMENT WITH FEEDFORWARD

Due to the slow response of the pressure feedb@tkat loop and the known, measurable disturbance
acting on it (steam flow), pressure deviations lsameduced by using a feedforward from steam flow
rate or first stage turbine pressure. This becaimesnain driver for boiler fuel flow set point, vidni

the throttle pressure controller simply trims thelfflow to make up for deviations from its setroi

If the generator load controller is in manual cohtnode, the feedforward provides positive feedback
that can quickly cause boiler instability. The fld/ard needs to be disabled when the generatdr loa
controller is in manual control, or one of sevathler feedforward strategies can be employed [5],
[10].

In addition to the pure feedforward, the derivaiidirst-stage pressure or steam flow rate can be
added to the firing rate to obtain overfire andenfide during load ramps [5]. The derivative
feedforward will add additional fuel during upwaaimps and withdraw additional fuel during
downward ramps, which compensate for lags in thiedb@sponse.
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TURBINE-FOLLOWING MODE

The alternative to boiler-following mode is turbif@lowing mode in which the boiler firing rate is
manipulated to control generator load, and the guowevalves are manipulated to control boiler
pressure. This results in very stable throttle gues control, but imprecise and slow-responding
generator load control [11].
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Turbine
Figure 11. Turbine-following mode.

COORDINATED MODE

A very good alternative to boiler-following and time-following modes is coordinated control mode.
In this mode the turbine valves and firing rate mamnipulated in unison to regulate throttle pressur
and generator load. It achieves the responsivesfdssler-following mode but with the stability of
turbine-following mode [11].

Many different designs exist, of which some arey\aamplex [5], [10], [11]. However, the essence of
the designs is that both boiler and turbine loageats must predominantly be based on a unit load
set point. The boiler and turbine must be calilotagainst this load signal to produce (i.e. boiten)
consume (i.e. turbine) exactly as much energy @asotd signal specifies. Additionally, due to the
inherent boiler lags, a dynamic rate compensatoulshbe implemented to provide overfire and
underfire during load transients (Figure 12).
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SUMMARY

The stability and performance of boiler controlsidg transient conditions rely greatly on the
application of ARC techniques. Due to long timeslagteractions, and nonlinearities present indsoil
subsystems, techniques like cascade, feedforwaddradio control, as well as gain scheduling and
characterization should be applied to achieve #@st possible control performance over the widest
possible range of boiler loads.

Although APC holds promise of even better conteffgrmance, it has not been adopted widely in the
power industry due to the difficulty justifying it®st. ARC strategies rely on building blocks aliea
available in a modern DCS, making it a cost-effectnethod for improving boiler control
performance.
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