Office de la Propriete Canadian CA 2943023 A1 2017/03/29

Intellectuelle Intellectual Property
du Canada Office (21) 2 943 023
Un organisme An agency of 12y DEMANDE DE BREVET CANADIEN
d'Industrie Canada Industry Canada
CANADIAN PATENT APPLICATION
13) A1
(22) Date de dépét/Filing Date: 2016/09/22 (51) CLInt./Int.Cl. FOTK 13/02(2006.01),
(41) Mise a la disp. pub./Open to Public Insp.: 2017/03/29 FOTK 13/00(2000.01), FOTK 25/00(2006.01)
(30) Priorité/Priority: 2015/09/29 (US14/868 650) (71) Demandeur/Applicant:

EMERSON PROCESS MANAGEMENT POWER &
WATER SOLUTIONS, INC., US

(72) Inventeurs/Inventors:
CHENG, XU, US;
KE DHART RICHARDVV US:;
SCHILLING STEVEN J., US

(74) Agent: ROBIC

(54) Titre : CONTROLE D'ALIMENTATION AVANT DOTE DE REINITIALISATION INTERMITTENTE FONDEE SUR
L'INFORMATION D'ETAT ESTIME

(54) Title: FEEDFORWARD CONTROL WITH INTERMITTENT RE-INITIALIZATION BASED ON ESTIMATED STATE
INFORMATION

| | | s
LT R I R S— ) T 127 e ,
| L : : , | FEED 126A: \ MAN
i L ) 1 U ' | STEAM 115

' /-\ 1 A | I

T = XYY A Yy
|| ECONOMIZER ! [ 1 PRIMARY PRIMARY PRMARY DESUPERHEATER | RADIANT  HIGHTEMP 116
; i || SUPERHEAT ~ SUPERHEAT  SUPERHEAT | ' SUPERHEAT  SUPERHEAT
|| EGONO . |1 LOWER NTERMEDIATE UPPER — | :
|| ABSORPTION 1+ FURNACE | | ! PRIMARY SUPERHEAT ABSORPTION |  SUPERHEATABSORPTION |

. n »] « TURBINE

 WATER WALL » CONTROLLER

ABSORPTION €

--------------- 103 o

124/:%‘; n

SPRAY FEE rmmmT s mmm oo 3’

127 5 :"---108

Mg & v N—= 118

27 oespeRienrsr | | ppyiaRy PRIMARY PRIMARY HIGHTENP 12§B '
126A! REHEAT REHEAT REHEAT REHEAT |
i LOWER INTERMEDIATE UPPER
REHEAT ABSORPTION

'------&-—-—————-4--i-n-———————————nw-------------------d

o

100"

(57) Abréegée/Abstract:
An optimal feedforward control design for controlling equipment performs intermittent re-initialization based on estimated state
Information. A model-based constrained optimization Is explicitly performed during the feedforward calculation. During the course

AR .
ey . RN
et '\'l'.'.
AU ¥,
e [ [ [ 4
N
A

C an a d a http:vopic.ge.ca - Ottawa-Hull K1A 0C9 - atp.//cipo.ge.ca OPIC

OPIC - CIPO 191




CA 2943023 A1 2017/03/29

en 2 943 023
13) A1

(57) Abrege(suite)/Abstract(continued):
of operation of the equipment, state estimation Is continuously performed. VWhen a load target change Is detected, the estimated
state may serve as the new signal baseline.
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ABSTRACT

An optimal feedforward control design for controlling equipment performs intermittent
re-initialization based on estimated state information. A model-based constrained optimization 1s
explicitly performed during the feedforward calculation. During the course of operation ot the

equipment, state estimation is continuously performed. When a load target change 1s detected,

the estimated state may serve as the new signal baseline.
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FEEDFORWARD CONTROL WITH INTERMITTENT RE-INITIALIZATION BASED
ON ESTIMATED STATE INFORMATION

TECHNICAL FIELD

[0001]  The present disclosure generally relates to the control of process plants and power

generating equipment and, more particularly, to the implementation of variable rate feedforward

control ci-rcuitry to be used with varying load demand set point signals.

BACKGROUND

[0002] A number of industrial and non-industrial applications use multi-component power
generating devices. Industrial sites such as power plants may include a boiler-turbine unit in
which a tuel-burning boiler generates thermal energy such as steam to operate one or more steam
turbines, which in turns generates electricity. In these systems, one control objective is to adjust
the power output to meet demands while maintaining stream pressure and temperature within

desired ranges.

[0003] A typical steam generating system used in a power plant includes a boiler having
a superheater section (having one or more sub-sections) in which steam is produced and is then

provided to and used within a first, typically high pressure, steam turbine. To increase the
etficiency of the system, the steam exiting this first steam turbine may then be reheated in a
reheater section of the boiler, which may include one or more subsections, and the reheated
steam 1s then provided to a second, typically lower pressure steam turbine. Both the

furnace/boiler section of the power system as well as the turbine section of the power system

must be controlled in a coordinated manner to produce a desired amount of power.
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[0004]  Moreover, the steam turbines of a power plant are typically run at different operating
levels at different times to produce different amounts of electricity or power based on variable
energy or load demands provided to the power plant. For example, in many cases, a power plant
1s tied into an electrical power transmission and distribution network, oftentimes referred to as a
power grid, and the power plant provides a designated amount of power to the power grid. In this
case, a power grid manager or control authority typically manages the power grid to keep the
voltage levels on the power grid at constant or near-constant levels (that is, within rated levels)
and to provide a consistent supply of power based on the current demand for electricity (power)
placed on the power grid by power consumers. The grid manager may typically plan for heavier
use and thus greater power requirements during certain times of the days than others, and during
certain days of the week and year than others, and may run one or more optimization routines to
determine the optimal amount and type of power that needs to be generated at any particular time
by the various power plants connected to the grid to meet the current or expected overall power

demands on the power grid.

[0003]  As part of this process, the grid manager typically sends power demand requirements
(also called load demand set points) to each of the power plants supplying power to the power

grid, wherein the power demand requirements or load demand set points specify the amount of

power that each particular power plant is to provide onto the power grid at any particular time.

To eftect proper control of the power grid, the grid manager may send new load demand set

points for the different power plants connected to the power grid at any time, to account for
expected and/or unexpected changes in power being supplied to or consumed from the power

grid. For example, the grid manager may modify the load demand set point for a particular power
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plant in response to expected or unexpected changes in the demand (which is typically higher

during normal business hours and on weekdays, than at night and on weekends). Likewise, the
grid manager may change the load demand set point for a particular power plant in response to
an unexpected or expected reduction in the supply of power on the grid, such as that caused by
one or more power units at a particular power plant failing unexpectedly or being brought off-

line for normal or scheduled maintenance.

[0006] In any event, while the grid manager may provide or change the load demand set points
for particular power plants at any time, the power plants themselves cannot generally increase or
decrease the amount of power being supplied to the power grid instantaneously, because power
generation equipment typically exhibits a significant lag in response time due to the physical
characteristics of these systems. For example, to increase the power output of a steam turbine
based power generation system, it is necessary to change the amount of fuel being spent within
the system, to thereby increase the steam pressure or temperature of the water within the boiler
of the system, all of which takes a finite and non-trivial amount of time. Thus, generally
speaking, power plants can only ramp up or ramp down the amount of power being supplied to

the grid at a particular rate, which is based on the specifics of the power generating equipment

within the plant.

[0007] In turbine based power plant control systems needing multiple control loops, standard
multi-loop, single-1nput-single-output (SISO) strategies include turbine-following and boiler-
following configurations. In turbine-following approaches, a power output is controlled by the

boiler fuel input, and conversely, in boiler-following approaches, the power output is controlled

by a steam throttle valve position, as the power output is directly proportional to the amount of
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steam supplied to the turbine. Generally, the turbine-following approach provides good control in
the form of minimal variations of steam temperature and pressure, but the turbine-following

approach cannot track the load demand quickly due to the slow steam generation process
implemented 1in conventional power plants. In contrast, by controlling the throttle valve in the
boiler-following approach, different amounts of steam may be immediately supplied to the
turbine, but control is provided at the expense of depleting stored energy in the boiler, leading to
main-steam pressure variations. Accordingly, for conventional plants operating at base-load,
turbine-following approaches are preferred, while for conventional plants operating in ramp-load

modes, the boiler-following approach is preferred.

[0008] Moreover, in power plants that use a boiler to generate power, a power plant controller
typically uses a teedback controller to change a variable (commonly referred to as “trimming
action”) to achieve a desired result based on information from system measurements to account
for unknown system disturbances and process uncertainties. The power plant controller may also
incorporate a feedforward (or anticipative) controller which foresees (predicts) future changes
and provides quick action to increase or decrease the output power in response to an expected
change 1n a load demand profile, which may be made either locally or by a remote dispatch (e.g.,

by the grid manager).

[0009]  In current approaches, feedforward design is based on load demand profiles and is
sometimes coupled with a dynamic “kicking” action which increases the response rate of the

boiler as compared to a linear function of the load demand index. Feedback control often uses

proportional-integral-derivative (PID) controllers.
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[0010]  An immediate drawback of using current feedforward approaches occurs due to the
use of a steady-state load demand curve that does not provide guaranteed dynamic accuracy.
Further, when the load target changes in the middle of a load ramping process, the current state is
not taken into account in subsequent calculations. In other words, the conventional feedforward
calculation treats the new load ramping process as if it always starts from a steady-state
condition, and does not account for the present operational state of the equipment, which may

include a current variable as well as a rate of change in that variable.

SUMMARY

[0011] A teedforward control design is provided for use in a power plant control system, such
as a steam turbine power plant control system, which performs intermittent re-initialization based
on estimated state information. In this approach, a model-based constrained optimization is
explicitly performed during the feedforward calculation to assist in obtaining more optimal
performance. During the course of operation of the equipment, state estimation, which relates to
present operational conditions, is continuously performed. When a load target change is detected
during an ongoing load ramp process, the presently estimated state information is used in the
calculation of an updated control signal to be sent to the control system. As such, the updated
control signal is more accurate and may be used to properly adjust parameters affecting the

performance and output of the power plant.

[0012]  An approach for using a state estimation for calculating a modified load ramp control
signal 1s provided and may include determining, using a computing device, an initial model for
an 1nitial load ramp process based on a first load demand set point signal which indicates a first

desired output of the power generating unit. A state estimation is periodically performed on the
5
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initial load ramp process to obtain a current state estimation. Upon receiving a second load
demand set point signal (which indicates a second desired output of the power generating unit),
the current state estimation 1s used to calculate a modified control signal for the modified load
ramp process. The modified control signal is then used to operate the power generating unit such
that the unit reaches the second desired output specified by the second load demand set point

signal. The state estimation may be one of a linear or a nonlinear calculation process.

[0013] In some examples, an error value may be computed as the difference between the
target setpoint and an actual operational power output of the power generating unit, and may be
used to create a new modified control signal that minimizes the error value such that a

subsequently calculated error value 1s within an allowable threshold.

[0014] In other embodiments, a control system for controlling a power generating unit is
provided and includes a state estimation unit, a calculation unit coupled to the state estimation

unit, and a control signal generator. The calculation unit is adapted to receive at least a first load
demand set point signal that specifies a first load demand set point. The state estimation unit may
be adapted to measure at least one characteristic associated with a current operational state of the
power generating unit and to generate a current state calculation based on at least one

characteristic.

[0015] In some embodiments, the calculation unit 1s adapted to calculate a first set of
operational parameters based on the first load demand set point and to calculate a second set of

operational parameters based on the second load demand set point and current state calculation.
[n some approaches, the calculation unit only calculates the second set of operational parameters

upon recerving a load demand set point signal. The control signal generator generates a control

0
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signal to control the power generating unit based on at least one of the first and/or the second set

of operational parameters.

[0016] In some approaches, the characteristic includes at least one of an operational pressure
and/or power generation of the power generating unit. Further, the calculation unit may be
adapted to calculate an error value which represents a difference between actual operational
parameters at a given time and the second set of operational parameters at a given time. Upon the
difterence exceeding a threshold value, the state estimation unit is adapted to measure at least
one subsequent characteristic. The calculation unit is then adapted to calculate a subsequent set

of operational parameters based on the at least one subsequent characteristic and the output is
adapted to control the power generating unit based on the subsequent set of operational

parameters.

[0017] In other forms, an approach for controlling equipment in a plant is provided and
includes configuring an initial optimal operational model based on an initial load demand set
point signal which represents an initial load demand set point, controlling the equipment in the
plant using at least the 1nitial optimal operational model, and periodically running a model-based

state estimation on the equipment to obtain a current state estimation. The model-based state

estimation may be based on a plurality of operational values of the equipment.

[0018] These approaches may further include determining whether a new load demand set

point signal 1s received, the new load demand set point signal representing a new load demand
set point. Upon receiving the new load demand set point signal, the approach may compute a

new optimal operational feedforward control trajectory using the current state estimation. The
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equipment may then be controlled using the new optimal operational feedtorward control

trajectory.

[0019] In some embodiments, a feedback control calculation may be run in addition to the
model-based state operation. This feedback control calculation may include any one of a
proportional-integral-derivative controller, a lead-lag controller, a model predictive controller,
and a linear-quadratic-Gaussian controller. Other examples are possible. The equipment may

then be controlled using the feedback control calculation.

[0020] In other embodiments, the approach may determine whether the equipment has reached
the new load demand set point. Upon determining the equipment has not reached the new load
demand set point, a subsequent optimal operational feedforward and teedback control trajectory

using a model-based state estimation representative of a current time may be computed.

[0021] In yet other examples, a boiler operated power plant includes a turbine, a boiler
coupled to the turbine which operates to create steam to drive the turbine, a control unit
communicatively connected to the boiler, and a control signal combiner. The control unit
includes a feedback controller which produces a feedback control signal and a feedforward
controller that produces a feedforward control signal. This feedforward controller includes a state
estimation unit, a calculation unit, and a feedforward control signal generator. The state
estimation unit measures at least one characteristic associated with a current operational state of
the power generating unit and generates a current state calculation based on at least one

characteristic. The calculation unit receives at least a first load demand set point signal that
specifies a first load demand set point and a second load demand set point signal specitying a

second load demand set point and calculates a first set of operational parameters based on the

8
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first load demand set point and further calculates a second set of operational parameters based on
the second load demand set point and the current state calculation. The feedforward control

signal generator produces the feedforward control signal which includes a first response
characteristic after receiving the first demand set point signal, the first response characteristic
based on the first set of operational parameters, and generates the feedforward control signal
which includes a second, different response characteristic upon receiving the second demand set
point signal. This second response characteristic is based on the second set of operational
parameters. Finally, the control signal combines the feedforward control signal and the teedback

control signal to create a master control signal for controlling the boiler.

[0022] The feedback controller may be one of a proportional-integral-derivative controller, a
lead-lag controller, a model predictive controller, and a linear-quadratic-Gaussian controller.
Other examples are possible. The feedforward controller may be adapted to produce a control
signal only upon receiving a load demand set point signal. In some examples, when the state
estimation unit is described by a nonlinear dynamic process, a nonlinear calculation unit 1s used.
Conversely, when the state estimation unit is described by a linear dynamic process, a linear

calculation unit 1s used.

[0023] So configured, the control system may accurately determine the current state of the

equipment and generate a new control signal used to control the equipment to meet the moditied
load demand. By incorporating the optimal feedforward control design described herein, the

major control signals (boiler master control and turbine master control) will directly position the

megawatt (MW) output and steam pressure to their desired levels without requiring significant
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movement from the feedback control portion of the system, thus reducing potential process

oscillations induced by poor feedback design and/or tuning.

BRIEF DESCRIPTION OF THE DRAWINGS

[0024] The above needs are at least partially met through provision of a feedforward control
design described in the following detailed description, particularly when studied in conjunction

with the drawings, wherein:

[0025] FIG. | illustrates a block diagram of a typical boiler steam cycle for a steam powered

turbine system in accordance with various embodiments of the invention;

[0026] FIG. 2 illustrates a schematic block diagram of a control circuit used to provide both

feedforward and feedback control in a power plant having a boiler and a turbine and being

configured in a turbine-follow mode in accordance with various embodiments ot the invention;

[0027] FIG. 3 illustrates a schematic block diagram of an optimal feedforward controller
utilizing a state estimator to intermittently recalculate control based on the load ramp process 1n

accordance with various embodiments of the invention;

[0028] FIG. 4 illustrates a schematic block diagram of a typical boiler operated power plant in

accordance with various embodiments of the invention;

[0029] FIG. 5 illustrates a flow chart for controlling equipment in a plant 1n accordance with

various embodiments of the invention; and

[0030] FIG. 6 illustrates a hypothetical signal diagram associated with the use of the control
approaches described with regards to FIGS. 1-5 in accordance with various embodiments of the

invention.

10
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[0031] Skilled artisans will appreciate that elements in the figures are 1llustrated for simplicity
and clarity and have not necessarily been drawn to scale. For example, the dimensions and/or
relative positioning of some of the elements in the figures may be exaggerated relative to other
elements to help to improve understanding of various embodiments of the present invention.
Also, common but well-understood elements that are useful or necessary in a commercially
feasible embodiment are often not depicted in order to facilitate a less cluttered view of these
various embodiments. It will further be appreciated that certain actions and/or steps may be
described or depicted in a particular order of occurrence while those skilled in the art will
understand that such specificity with respect to sequence is not actually required. It will also be
understood that the terms and expressions used herein have the ordinary technical meaning as 1s

accorded to such terms and expressions by persons skilled in the technical field as set forth above

except where different specific meanings have otherwise been set forth herein.

DETAILED DESCRIPTION

[0032] Referring now to the drawings, FIG. 1 illustrates a block diagram of a once-through
boiler steam cycle for a typical boiler 100 that may be used, for example, 1n a thermal power
plant. The boiler 100 may include various sections through which steam or water flows 1n
various forms such as superheated steam, reheated steam, etc. The boiler 100 includes a master

control 103 for regulating fuel input, a furnace and a primary water wall absorption section 102,
a primary superheater absorption section 104, a superheater absorption section 106 and a reheater

section 108. Additionally, the boiler 100 may include one or more desuperheaters or sprayer
sections 110 and 112 and an economizer section 114. During operation, the main steam

generated by the boiler 100 and output by the superheater section 106 1s used to drive a high

11



CA 02943023 2016-09-22

pressure (HP) turbine 116 and the hot reheated steam coming from the reheater section 108 1s

used to drive an intermediate pressure (IP) turbine 118. A turbine master valve 115 1s responsible
for adjusting the input to the turbine to regulate its power. Typically, the boiler 100 may also be

used to drive a low pressure (LP) turbine, which 1s not shown.

[0033] The water wall absorption section 102, which is primarily responsible for generating
steam, includes a number of pipes through which water or steam from the economizer section
114 is heated in the furnace. Of course, feedwater coming into the water wall absorption section
102 may be pumped through the economizer section 114 and this water absorbs a large amount
of heat when in the water wall absorption section 102. The steam or water provided at the outlet
of the water wall absorption section 102 is fed to the primary superheater absorption section 104,
and then to the superheater absorption section 106, which together raise the steam temperature to

very high levels. The main steam output from the superheater absorption section 106 drives the

high pressure turbine 116 to generate electricity.

[0034] Once the main steam drives the high pressure turbine 116, the steam 1s routed to the

reheater absorption section 108, and the hot reheated steam output from the reheater absorption
section 108 is used to drive the intermediate pressure turbine 118. The spray sections 110 and
112 may be used to control the final steam temperature at the inputs of the turbines 116 and 118
to be at desired setpoints. Finally, the steam from the intermediate pressure turbine 118 may be
fed through a low pressure turbine system (not shown here), to a steam condenser (not shown

here), where the steam is condensed to a liquid form, and the cycle begins again with various

boiler feed pumps pumping the feedwater through a cascade of feedwater heater trains and then

an economizer for the next cycle. The economizer section 114 1s located in the flow of hot

12
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exhaust gases exiting from the boiler and uses the hot gases to transfer additional heat to the

feedwater before the feedwater enters the water wall absorption section 102.

[0035] A controller 120 is communicatively coupled to the furnace within the water wall
adsorption section 102 and to valves 122 and 124 which control the amount of water provided to
sprayers in the spray sections 110 and 112. The controller 120 is also coupled to various sensors,
including temperature sensors 126 located at the outputs of the water wall adsorption section
102, the desuperheater section 110, the second superheater section 106, the desuperheater section
112 and the reheater section 108 as well as flow sensors 127 at the outputs of the valves 122 and
124. The controller 120 also receives other inputs including the firing rate, a signal (typically
referred to as a feedforward signal) which is indicative of and a derivative of the load, as well as
signals indicative of settings or features of the boiler including, for example, damper settings,

burner tilt positions, etc.

[0036] The controller 120 may generate and send other control signals to the various boiler
and furnace sections of the system and may receive other measurements, such as valve positions,
measured spray flows, other temperature measurements, etc. While not specifically illustrated as,
the controller 120 may include separate sections, routines and/or control devices for controlling

the superheater and the reheater sections of the boiler system.

[0037] FIG. 2 illustrates a detailed flow diagram of a control system 200 that may be used 1n

power plant 100 of FIG. 1 as part of the controller 120 to control a boiler/turbine process 250.
The control system 200 includes a load demand signal 201, a teedback controller 208, a
feedforward controller 210, a boiler master signal combiner 212, a turbine master signal

combiner 214, a pressure set-point 222, and a boiler/turbine process signal 250. It 1s understood

13
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that the control system 200 may include additional components and/or generate additional
control signals, but for the sake of clarity, they are not illustrated in FIG. 2. Further, while a
single feedback controller 208 and feedforward controller 210 are provided for producing both a

boiler master control signal and a turbine master control signal, it will be understood that
separate feedback controllers 208 and/or feedforward controllers 210 may be used for the

generation of each of the boiler and turbine master signals if desired.

[0038] The load demand 201 represents set point signals which include load demand set
points. The load demand 201 is used as the primary control signal to control the power plant 100.
A load demand index is produced using the load demand via any combination of computational
devices. This load demand index 1s then used to control operation of the turbine 102 and the
boiler 106, which may include any number of valves, pumps, and other equipment to generate
power. Similarly, the pressure set-point 222 includes information and/or any number of signals
relating to the amount of steam pressure to be generated by the boiler to power the turbines to

meet the desired load set-point.

[0039] As illustrated in FIG. 2, the load demand 201 and the pressure set point 222 are

connected in a turbine-follow mode. In other words, the power output (typically presented in
Megawatts or MW) is controlled by the boiler fuel input. It 1s understood that a boiler-tollow
mode may be utilized in some approaches, whereby the power output is controlled by the throttle
valve position as the power output is directly proportional to the amount of steam supplied to the

turbine. In other case, the turbine-follow mode may be used because this mode provides minimal
variations to steam temperature and pressure. However, the turbine-follow mode cannot quickly

track the load demand due to the slow steam generation in conventional coal-fired power plants.

14
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Instead, by opening and/or adjusting the throttle valve, different quantities of steam may be
immediately supplied, but this is at the expense of depleting energy stored in the boiler, which
may in turn lead to main-steam pressure variations. Accordingly, for conventional coal-tired
plants operating at base-load, the turbine-follow mode may be preferred, whereas power plants
which are operating in a ramp-mode (e.g., AGC mode), the boiler-follow mode may be

preferred.

[0040] The feedback controller 208 may be any type of controller such as, for example, a
proportional-integral-derivative (PID) controller or any variant thereof, although other types of
controllers may be used. Generally speaking, the feedback controller 208 compares the actual
load being produced (e.g., in megawatts, pressure, and/or a percentage capacity) by the
boiler/turbine process 250 to the load demand index generated by or indicated by the load
demand signal 201 to produce an error signal. This error signal may be generated by a process
model (not shown) which may be generated by the feedforward controller 210 and/or the
boiler/turbine process 250. The feedback controller 208 uses this error signal to produce a first
turbine control signal which is provided to a boiler signal combiner 212 and a turbine signal

combiner 214. One such example of signal combiners are those that perform summing functions.

Other examples are possible.

[0041] The feedforward controller 210 also operates on the load demand 201 and produces a

feedforward control signal which also is provided to the boiler and turbine signal combiners 212,

214. The combiners 212, 214 combine these signals, e.g., by summing these signals, to produce a
boiler master control signal and a turbine master control signal to be used as inputs 1n operating

the boiler/turbine process 250. In some approaches, the combiners 212, 214 may scale the

15
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summed signals if necessary to produce an appropriate master control signal for the boiler

system or may combine these signals in other manners (e.g., averaging, multiplication, etc.).

[0042] The boiler master signal generated by the boiler master signal combiner 212 and the
turbine master signal generated by the turbine master signal combiner 214 may be combined
using a master signal combiner (not shown). Alternatively, the boiler and turbine master signals

may be sent directly to components of the boiler/turbine process 250 to control its operation.

[0043] It is understood that any or both of the signal combiners 212, 214 may pertorm
averaging, weighted averaging, and/or scaling of the received control signals to produce the

master control signals.

[0044] Turning to FIG. 3, a plant system is provided which uses a state estimator to calculate a
present operating condition of the plant. During normal operation of the plant, the plant may be
operating in a steady-state (i.e., non-ramping) manner when a load demand set point 1s received.
Upon receiving the load demand set point, components of the plant use operational
characteristics relating to the steady state of the plant to determine control signals which cause
the plant to be driven towards the set point. In the event that a new load demand set point 1s

received while the plant is ramping towards the first load demand set point, the present operating

condition of the plant is useful because it provides a more accurate baseline for use in calculating
a modified control signals. In a general sense, the state estimator will receive power, pressure,

and/or any other variables, measurements, and characteristics to obtain a state estimation of the
plant. This state estimation is then used in calculating the modified control signal to drive the

plant towards the second load demand set point.

16
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[0045] As such, FIG. 3 provides a schematic block diagram of an optimal controller unit 300
utilizing a state estimator to intermittently recalculate a control signal tfor controlling a boiler
master or a turbine master valve based on the load ramp process. In FIG. 3, the teedforward
controller 210 of FIG. 2 is 1llustrated with individual components. It is understood that the
feedforward controlier 210 may include any number of fewer or additional components than
illustrated. The controller unit 300 may begin by receiving power (MW) and pressure set points
at an optimal feedforward calculator 302, which may be any type ot feedforward calculator
known to those having skill in the art. The feedforward computation may be treated 1n a

multivariable manner if desired.

[0046] The feedforward calculator 302 then generates turbine and boiler control signals to be
sent to the process model 308 and the boiler and turbine master signal combiners 212, 214 which
may be those illustrated in FIG. 2. The process model unit 308 creates or implements a process
model of the boiler and/or turbine process to generate predicted process outputs in the form of,

for example, power (MW) and throttle pressure.

[0047] During the boiler and/or turbine process, sensed, measured and/or calculated power
measurements 304 and throttle pressure measurements 306 are sent to summers 310 and 312,
respectively. The power and pressure measurements 304 and 306 provided to the summers 310
and 312 may be sensed and/or calculated using any number of sensors and/or other devices. The
summers 310 and 312 compare the measurements 304 and 306 with the predicted process

outputs to produce difference or error signals at the outputs of the summers 310 and 312. The

calculated difference between measured and predicted values are subsequently sent to the

feedback controller 208 (which may be the feedback controller 208 of FIG. 2), which produces

17
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control signals to be sent to the boiler and turbine master signal combiners 212, 214. The boiler
and master turbine signal combiners 212, 214 then combine the signals at their respective inputs

to create and send to the boiler and turbine master controls 330.

[0048] The preceding description described the operation of the control unit when a target set
point is received during a steady state, that is, when the boiler and/or turbine process 1s not in a
load-ramp condition. During this operation, the state estimator 314 is continuously run in
addition to any number of real-time feedback controllers 208 of FIG. 2. As such, the state
estimator 314 also receives power measurements 304 and throttle pressure measurements 306
during operation of the boiler and/or turbine process. In the event that a new load demand 1s
received while the boiler and/or turbine process is currently in a load ramping operation, upon
receiving new power target and throttle pressure set points, the state estimator 314 uses current
power and throttle pressure measurements 304, 306 and the predicted process outputs from the
process model unit 308 to calculate the equipment’s current state to be sent to the optimal
feedforward calculator 302. The optimal feedforward calculator 302 then uses this state
information to generate new turbine and boiler control signals to be sent to the process model

308 and to the boiler and turbine master signal combiners 212, 214. It 1s understood that in some

examples, the state estimator 314 may not be run continuously, rather, the state estimator 314

may be run periodically or at various times throughout the process as desired.

[0049] In some examples, the initial model is state-variable based, and may be generically
denoted as y = f{x,u), whereby “y” represents the controlled variables (or “CV”) which may

include, for example, power in megawatts and pressure, “u” represents the manipulated variables

(or “MV”) which include the boiler master fuel input and turbine master throttle valve, and “x”
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may denote intermediate state variables. In linear multi-input and multi-output cases, the model

may be defined by the following state space equation:
x(k+1) = Ax(k) +Bu(k)
y(k) = Cx(k), where
x(k) e V", u(k)eR™, y(k)eR’

[0050] where 4, B, and C have appropriate dimensions. In particular, 4 represents the system
matrix having dimensions of »n x n, B represents the control matrix having dimensions of n x m,
and C represents the output matrix having dimensions of p x n, where n denotes the number of
state variables, m denotes the number of control input variables, and p denotes the number of

process output variables.

[0051] As previously stated, if the feedback controller 208 is state-variable based, a standard

state estimation approach may be applied, such as, for example:
x(k|k)=(A-K,CA)-x(k—-1| k -—-1)+(B—K6CB)°u(k—1)+Key(k)
[0052] where £(k|k) represents the estimated state and K. represents the pre-calculated state

estimator gain.

[0053] Upon receiving the load demand change, the optimal feedforward protile calculator

302 may perform the calculation according to an exemplary optimization formulation:

Minimize / = Z?é:-:o{”}’p‘(ku + i”{o) — Ysat U{o T ilkojuq + [l (ko + ilkt})lR + |l g“W]

[0054] where the minimization calculation is subject to the following constraints:

Initialization: Xy =X, = X(K|K)
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State constraint ¥ (kg +1lkg) = f(3P (kg + 1 — Lkg),x? (kg +Elkg),u? (kg T ilkg))
Input constraint: U,.;, < wP (ke + tlkg) €U, 0x
Input change constraint: [[|Auw? (ky + ilkg) il < AU,

Output constraint: |37 (kg + il k) — ¥pequirea (Ko + ikl < &

[0055] In these equations, k¢ denotes the initial time, or the time when a load target change is

detected, and xy denotes the initial state condition at the initial time which 1s set equal to the

estimated state at the particular time. Likewise, x? (k4 + i|k,) represents the predicted state,
v?(k, + i|k,) represents the predicted output (CV), and u? (&, + i|k,) represents the input
(MV) in the optimal feedforward profile calculation. Furthermore, ¥, ., and U, _, represent

minimum and maximum values for control inputs. In many examples, the fuel input 1s usually
scaled between 0 and 100, and the throttle valve opening is similarly scaled between values ot 0

and 100. AU_ . represents the maximum allowed movement for the control input during each

MGEX

sampling interval. ¥, ouirsa (Ko T & Ky) (=1, ..., N) represent intermediate load levels along the

trajectory which is requested by the load dispatch center for the current power operational state.

[deally, this value is where i=N is equal to the target load level. Additionally, the weighted 2-

norm on a positive definite matrix P is defined as |x| , = Vx' Px .

[0056] Additionally, in the optimization function, the symbols Q and R represent matrices for

weighting factors on the process output and control input, respectively. The symbol W represents

the weighting factor which penalizes an output constraint violation. The symbol ¢ represents a

variable which is automatically determined by the optimization solution which limits violations

to the output constraint.
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[0057] As previously noted, no specific state estimation method 1s required 1n the
embodiments described herein. If the boiler and turbine process is described using a linear

system originally, a standard linear state estimator may be utilized as previously described. If the
system is described using a nonlinear dynamic system, a nonlinear state estimator may be used,
such as, for example a Kalman filter. It is also noted that, unlike conventional model predictive
control processes, the state estimation is not utilized at each sampling interval. Rather, the state
estimator is only used once to determine initial conditions at the beginning of the feedtorward
calculation. Further, in some examples, the optimization calculation 1s only performed once at
the beginning of a load ramp process when a new target is detected. The entire calculated control

profile will be applied at this time.

[0058] Further, it is understood that the prediction horizon (denoted by the character “*N7) 1s
not fixed. Rather, the prediction horizon is dependent on the distance between the current load
level and the target load level, and may vary between load demand levels. Specifically, the

prediction horizon may be calculated using the following equation:

N = |Target load level — Initial load level| / Required Ramp Rate / Control Sampling_Time

[0059] It is understood that the described output constraints may be treated as “soft™

constraints. These constraints may be handled using a variety of different approaches, such as,

for example, by incorporating output constraint violations as penalties in the objective tunction.

[0060] FIG. 4 illustrates a high-level power plant 400 schematic having a turbine 402
including a turbine master (such as, for example, a governor valve) 403. The turbine 402
generates calculated, sensed, and/or measured values 404, which may include power or other

values. The plant 400 further includes a boiler 406 including a boiler master (such as, for
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example, a fuel input) 407 and generates calculated, sensed, and/or measured values 408 which

may include operating pressures or other values. The plant 400 further includes a control unit

420 which may be the controller 120 of FIG. 1. The control unit 420 includes a feedback
controller 422 (which may be the feedback controller 208 of FIGS. 2 and 3), a feedforward
controller 426 (which may be the feedforward controller 210 of FIGS. 2 and 3) which, in turn,
may include any of the previously described components such as a calculation unit 428, a
process model 430, a state estimation unit 432, and a control signal generator 434. The control
unit 420 also includes a control signal combiner 436 which creates the master control signal 438.
[t is understood that the plant 400 may include any number of additional components and/or
elements required for operation. More specifically, it is understood that the turbine 402 and the
boiler 406 may include any number of components known to those having skill in the art, and

accordingly, for the sake of brevity, will not be discussed in further detail.

[0061] The control unit 420 may include any combination of hardware and software elements
selectively chosen to execute a particular task. The control unit 420 may be communicatively

connected to the boiler 406 and/or the turbine 402 to control their operation. In some examples,

the feedback controller 422 may use a proportional-integral-derivative (PID) controller or
controllers which calculate an error value, or the difference between a desired setpoint and a

measured variable, commonly referred to as “trimming action.” Other examples of feedback

controllers 422 are possible, such as a lead-lag controller, a model predictive controller, and/or a

linear-quadratic-Gaussian controller. The feedforward controller 426 operates to foresee or
forecast (predict) upcoming changes to the power plant 400 and allows for tast changes to

operation of the control system 420.
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[0062] The state estimation unit 432 is adapted to measure at least one characteristic
associated with a current operational state of the power generating unit or power plant 100. It 1s
understood that any known state estimation method and/or approach may be used by the state
estimation unit 432 such as those previously described herein. For example, if the power plant
100 has a boiler and/or turbine process defined by a linear system, a standard linear state
estimator may be applied. In other examples, when the boiler and/or turbine process is described
or modelled by a nonlinear dynamic system, any type of typical or known nonlinear state
estimator or calculation unit may be utilized. For example, an extended Kalman filter, or other
estimator may be used for this purpose. The characteristic utilized by the state estimation unit
432 may include power and pressure values 404, 408 generated by the turbine 402 and boiler
406, respectively. The state variables calculated by the state estimator may include the rate of
change of those measured output variables or higher order derivatives of measured output

variables. Other examples are possible.

[0063] The calculation unit 428 may include any combination of hardware and software
elements. For example, the calculation unit 428 may comprise a combination of processors,

hardware, and/or memory devices. This calculation unit 428 may be located remotely from the

other components of the control unit 420 or may alternatively be centrally located.

[0064] In operation, the feedforward controller 426 may perform a model-based constrained
optimization in response to an input signal 410 representing a first load demand set point signal

which specifies a first load demand set point is received by the calculation unit 428. During
operation, the calculation unit 428 calculates a first optimal feedforward control signal and

transmits the signal to the control signal generator 434 (which transmits the generated control
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signal to the control signal combiner 436). The control signal combiner 436 creates a master

control signal 438 which in turn causes the plant 400 to operate in a load ramping manner to
achieve the desired load. In other words, upon receiving the first load demand set point signal,
the calculation unit 428 calculates a first set of operational parameters based on the first load
demand set point. The feedforward control signal generator 434 then generates a teedforward

control signal to include a first response characteristic.

[0065] Should the desired load change during a load ramping process, the calculation unit 428
may subséquently receive a second input signal 410 specifying a second load demand set point.
Upon receiving the second input signal 410, the feedforward controller 426 determines whether
an ongoing load ramp target change is occurring. If an ongoing load ramp target change 1s
occurring, the state estimation unit 432 receives the values 404, 408 from the turbine 402 and

boiler 406 as well as the model created by or stored by the process model unit 430 to generate an
estimation of the present operating state of the plant 400. This estimation 1s then transmitted to

the calculation unit 428, which calculates a second optimal feedforward control signal using a
second set of operational parameters received by the state estimation unit 432. The tfeedtorward

control signal generator 434 then generates a second feedforward control signal to include a
second response characteristic. This signal is sent to the control signal combiner 436 to create a

master control signal 438 used to control the plant 400 to achieve the second desired load output.

[0066] During this time, the feedback controller 422 also receives the values 404, 408 and
generates a feedback control signal to send to the control signal combiner 436. The feedforward

control signal is combined with the feedback control signal via the control signal combiner 436

to create a master control signal 438 which controls the power plant 400. In other words, the
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master control signal 438 will include information from both the feedback controller 422 and the

feedforward controller 426 to accurately map the subsequent operation of the plant.

[0067] It is understood that, in some approaches, the state estimation unit 432 1s not utilized at
every sampling interval. Rather, the state estimation unit 432 may be used initially at the onset ot
the feedforward control signal calculation as well as when subsequent load demand set points are
received during load ramp changes. So configured, the state estimation unit 432 may provide
complete state information at the beginning of each feedforward signal calculation. Because this
state information serves as the initial state for the feedforward trajectory, the accuracy of
subsequent optimization calculation for the feedforward control signal 1s improved. Further, 1t 1s
understood that any number of load demand set point signals 410 may be sent and accordingly
received by the calculation unit 428, and as such, the operation of the power plant 400 may

continuously be adjusted to suit the present load demand.

[0068] Turning to FIG. 5, a control process 500 for controlling plant equipment that may be
used in the systems of FIGS. 1-4 is provided. First, at a step 502, the initial boiler/turbine model
is prepared or stored. At a step 504, the feedback control and model based state estimation are
continuously run during operation of the plant or power generation system. At a step 506, the
process 500 determines whether a load ramp target change has occurred. If a load ramp target
change has not occurred, the process 500 returns to the step 504 and continues to continuously

run the feedback control and model based state estimation.

[0069] If aload ramp target change has occurred, the process 500 proceeds to a step 508,
where an optimal feedforward trajectory is calculated using the previously described state

estimation determined by the state estimation unit. In this manner, a new state estimation 1s
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obtained and used to calculate a new feedforward trajectory. At a step 510, upon performing the
optimal feedforward profile calculation while taking the current estimated state into account,
feedforward and feedback control signals are combined and are used to control the power
generation system in accordance with the concurrent and continuous state estimations. As
previously described, the feedforward control signal is calculated and remains fixed until a
subsequent load target change is detected. Any number of feedback controls may be

implemented, such as, for example PID, lead-lag, MPC, and LQG.

[0070] At a step 512, the process 500 determines whether an updated load target is received. If
a new load target is received, the process 500 returns to the step 508, where the optimal
feedforward trajectory is computed. Otherwise, the process 500 determines whether the current
load ramp is completed at a step 514, and if it is not completed, the updated control process

returns to the step 510 and is executed until the load ramp 1s over and the load target is met.

[0071] Upon the load ramp completing, a step 516 determines whether the current process
model is satisfactory. As an example, the root-mean-squared error between the actual power and
pressure outputs are compared to the predicted outputs. If the root-mean squared error 1s greater
than a threshold value, the process 500 proceeds to the step 518 where the process model 1s
updated based on the collected data. If, at the block 516, the process model 1s determined to be
satisfactory, the process 500 returns to the step 504. It is understood that any number of specitic
model identification approaches may be used, and thus these approaches will not be described in

substantial detail.

[0072] Turning to FIG. 6, an exemplary load demand/target profile 600 1s provided. In this

example, three different target values are requested. The optimal feedforward calculation 1s
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performed at the beginning of each load ramp upon detecting a new target. Accordingly, upon
receiving the first target value (i.e., Target 1), at time T2, since the boiler/turbine process was
previously operating in a steady state manner (i.e., during time T1), the present state information
of the boiler/turbine process is used to calculate the optimal feedforward profile. During this
time, the state estimator is not needed for optimal feedforward recalculation, however the state

estimation calculation continues concurrently. In the profile 600, the plant ramps up to the new
load Target 1 during time T3 and reaches Target 1 at a time T4. Thus, in this profile, Target I 1s

met before receiving a new load target.

[0073] At atime TS, the boiler/turbine process receives a new target (1.e., Target 2). Because
the boiler/turbine process was again operating in a steady state manner, the state estimation 1s not
needed (though it is continuously being estimated). The optimal feedforward calculation

calculates the control signal to meet the new load target.

[0074] During the course of meeting the second load demand target, at time T6, a third load
demand target (i.e., Target 3) is received. Because the boiler/turbine process 1s undergoing a load
demand ramp to meet Target 2, data collected at T6 from the state estimation unit 1s used by the

optimal feedforward calculation to adjust the control signal to meet the new load target. By using
the estimated state information, the boiler/turbine process 600 does not need to rely on the

previous steady state and/or previous load demand values. In addition, because the continuously
run state estimator accurately estimates the present state of the boiler/turbine process at all times
during operation of the plant, information relating to the present state may be used to create

control signals that efficiently obtain the desired load values. As illustrated in Fig. 6, the state

estimation at time T6 is used by the control system to ramp the plant load down to Target 3
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which 1s reached at a time T7. Generally speaking, use of the continuously operating state
estimation unit in this manner enables the control system to reach the Target 3 more quickly than
previous approaches which did not use a continuously (which may be periodically) scheduled
state estimation unit which, instead, simply treated the current plant condition as the steady-state

to perform load ramp calculations.

[0075] While the forgoing description of a feedforward control circuit has been described in
the context of controlling a power generating plant and, in particular, a boiler and turbine

operated power generating plant, this control method can be used 1n other process control

systems, such as in industrial process control systems used to control industrial or manufacturing
processes. More particularly, this control method may be used in any process plant or control
system that receives numerous set point changes and which controls slow reacting equipment,
and additionally may be used to produce feedforward control signals or other types of control

signals 1n these or other environments.

[0076] Although the forgoing text sets forth a detailed description of numerous different
embodiments of the invention, it should be understood that the scope of the invention is defined
by the words of the claims set forth at the end of this patent. The detailed description 1s to be
construed as exemplary only and does not describe every possible embodiment of the invention
because describing every possible embodiment would be tmpractical, 1f not impossible.
Numerous alternative embodiments could be implemented, using either current technology or
technology developed atter the filing date of this patent, which would still fall within the scope

of the claims defining the invention.
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What 1s Claimed i1s:

1. A method of controlling a power generating unit, the method comprising;:

receiving, at a computing device, a first load demand set point signal indicating a first
desired output of the power generating unit;

determining, via the computing device, a control signal to be used to drive the power
generating unit to operate to generate power according to the first load demand set point;

periodically performing a state estimation while the power generating unit is ramping to
reach the first load demand set point to obtain a current state estimation of the power generating
unit;

receiving a second load demand set point signal indicating a second desired output of the
power generating unit before the power generating unit has reached the first load demand set
point;

using the current state estimation to calculate, via the computing device, a moditied
control signal for a use in driving the power generating unit to operate to generate power
according to the second load demand set point based on the second load demand set point signal;
and

using the modified control signal to operate the power generating unit to drive the power
generating unit towards the second desired output specified by the second load demand set point
signal.
2. The method of claim 1, wherein performing the state estimation comprises a performing a

linear state estimation process.
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3. The method of claim 1, wherein performing the state estimation comprises performing a

nonlinear state estimation process.

4. The method of claim 1, wherein using the modified control signal to operate the power
generating unit comprises calculating an optimal feedforward trajectory according to an
optimization formulation.

5. The method of claim 4, wherein using the modified control signal to operate the power
generating unit comprises using the modified control signal to generate a predicted process
output.

6. The method of claim 5, wherein using the modified control signal to operate the power
generating unit further comprises combining the predicted process output with a measured
process value to generate a combined process output and sending the combined process output to
a feedback controller to produce a control signal to operate the power generating unit.

7. The method of claim 1, further comprising using the modified control signal to compute an
error value between the second load demand setpoint and an actual operational power output of
the power generating unit and creating a new modified model which minimizes the error value.

8. A control system for controlling a power generating unit comprising:

a calculation unit adapted to receive at least a first load demand set point signal
specifying a first load demand set point and a second load demand set point signal while the
power generating unit is ramping to reach the first load demand set point signal, the second load
demand set point signal specifying a second load demand set point;

a state estimation unit coupled to the calculation unit, the state estimation unit adapted to

measure at least one characteristic associated with a current operational state of the power
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generating unit while the power generating unit is ramping to reach the first load demand set
point, the state estimation further adapted to generate a current state calculation based on the at

least one characteristic;

wherein the calculation unit is adapted to calculate a first set of operational parameters
based on the first load demand set point, the calculation unit further adapted to calculate a second
set of operational parameters based on the second load demand set point and the current state
calculation; and

a control signal generator adapted to generate a control signal to drive the power
generating unit towards the first desired output based on the first set of operational parameters,
the control signal generator further adapted to generate a modified control signal to drive the
power generating unit towards the second desired output based on the second set of operational
parameters.
9. The control system of claim 8, wherein the calculation unit is further adapted to calculate an
optimal feedforward trajectory according to an optimization formulation.
10. The control system of claim 9, wherein the control signal generator 1s further adapted to
generate a predicted process output using the modified control signal.

11. The control system of claim 10, wherein the control signal generator 1s further adapted to

combine the predicted process output with a measured process value to generate a combined
process output and send the combined process output to a feedback controller to produce a
control signal to operate the power generating unit.

12. The control system of claim 8, wherein the at least one characteristic associated with the
current operational state includes at least one of an operational pressure of the power generating

unit and an operational power generation of the power generating unit.
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13. The control system of claim 8, wherein the calculation unit 1s adapted to calculate an error

value representing a difference between actual operational parameters at a given time and the
second set of operational parameters at a given time, wherein upon the difference exceeding a
threshold value, the state estimation unit 1s adapted to measure at least one subsequent
characteristic, the calculation unit 1s adapted to calculate a subsequent set of operational
parameters based on the at least one subsequent characteristic, and the output 1s adapted to
control the power generating unit based on the subsequent set of operational parameters.
14. The control system of claim 8, wherein the calculation unit 1s adapted to calculate the second
set of operational parameters only upon receiving a load demand set point signal.
15. A method of controlling equipment 1n a plant, the method comprising:

configuring an 1nitial optimal operational control based on an initial load demand set
point signal representing an initial load demand set point;

controlling the equipment in the plant using at least the initial optimal operational
control;

periodically running a model-based state estimation on the equipment to obtain a current
state estimation, the model-based state estimation being based on a plurality of operational
values of the equipment;

determining whether a new load demand set point signal 1s received, the new load
demand set point signal representing a new load demand set point;

upon recerving the new load demand set point signal while the equipment is being

controlled using at least the initial operational control, computing a new optimal operational

feedforward control trajectory using the current state estimation; and
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controlling the equipment in the plant using the new optimal operational feedforward

control trajectory.

16. The method of claim 15, further comprising running a feedback control calculation 1n
addition to the model-based state operation, the feedback control calculation comprising one of a
proportional-integral-derivative controller, a lead-lag controller, a model predictive controller,
and a linear-quadratic-Gaussian controller.

17. The method of claim 16, further comprising controlling the equipment in the plant using the
feedback control calculation.

18. The method of claim 15, further comprising determining whether the equipment has reached
the new load demand set point, wherein upon determining the equipment has not reached the
new load demand set point, computing a subsequent optimal operational feedtorward and
feedback control trajectory using a model-based state estimation representative of a current time.
19. The method of claim 15, wherein computing the new optimal operational feedforward
control trajectory comprises performing a minimization calculation involving at least one of an
initialization parameter, a state constraint, an input constraint, an input change constraint, and an
output constraint.

20. A power plant, comprising:
a turbine;
a boiler coupled to the turbine that operates to create steam to drive the turbine;

a control unit communicatively connected to the boiler to control the operation of the

boiler, the control unit including;

a feedback controller that produces a feedback control signal;
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a feedforward controller that produces a feedforward control signal, the

feedforward controller including;

a state estimation unit which measures at least one characteristic
associated with a current operational state of the power generating unit and

generates a current state calculation based on the at least one characteristic;

a calculation unit adapted to receive at least a first load demand set point
signal specifying a first load demand set point and a second load demand set point
signal specifying a second load demand set point, the calculation unit adapted to
calculate a first set of operational parameters based on the first load demand set
point, the calculation unit further adapted to calculate a second set ot operational
parameters based on the second load demand set point and current state

calculation; and

a feedforward control signal generator that produces the feedforward
control signal which includes a first response characteristic upon receiving the
first demand set point signal, the first response characteristic based on the first set

of operational parameters, and that generates the feedfoward control signal which

includes a second and different response characteristic upon receiving the second
demand set point signal, the second response characteristic based on the second

set of operational parameters; and

a control signal combiner that combines the feedforward control signal and the

feedback control signal to create a master control signal for controlling the power plant.
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21. The boiler operated power plant of claim 20, wherein the feedback controller comprises one
of a proportional-integral-derivative controller, a lead-lag controller, a model predictive
controller, and a linear-quadratic-Gaussian controller.

22. The boiler operated power plant of claim 21, wherein the teedforward controller 1s adapted to
produce a control signal only upon receiving a load demand set point signal.

23. The boiler operated power plant of claim 20, wherein when the state estimation unit 1s
described by a nonlinear dynamic process, a nonlinear calculation unit 1s used.

24. The boiler operated power plant of claim 20, wherein when the state estimation unit 1s
described by a linear dynamic process, a linear calculation unit 1s used.

25. The boiler operated power plant of claim 20, wherein the calculation unit 1s adapted to
receive the second load demand set point signal and calculate the second set ot operational

parameters while the power plant is ramping towards the first load demand set point.
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