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(67)  The present invention relates to a method and
system for optimizing the control of an industrial boiler.

An MPC control method is applied to an industrial
boiler (680) and an industrial boiler system (450) wherein
at least a couple of variable parameters (P, L) are con-
trolled through a supervisory cascade MPC control ar-
chitecture (400) for optimizing the boiler operation, for

instance the level (L) sensed by level sensor of the fluid
to be heated in the boiler and the value of the steam
pressure (P) produced by the boiler (450) and sensed by
pressure sensors. The MPC control is applied on the
pressure value (P) through a custom estimation algorithm
to tackle a quantization phenomenon affecting the pres-
sure sensors.
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Description
Technical field

[0001] The presentinvention relates to a model predictive control (MPC) method for an industrial boiler and to a boiler
structured for operating according to such a method.

[0002] As it is well known in this specific technical field, a boiler is a critical component in power systems because
steam mass rate, steam temperature and steam pressure affect to performance of the boiler itself and of the process
components downstream.

[0003] Although steam production setpoint is varied during operation, outputs of boiler, which are water level, drum
pressure and stream temperature, must be controlled at desired level.

[0004] Common controllers used in industry are so-called PID (Proportional Integral Derivative) controllers.

[0005] In more general terms a PID controller is a control loop feedback mechanism widely used in industrial control
systems and in a variety of other applications requiring continuously modulating control.

[0006] A PID controller continuously calculates an error value as a difference between a desired setpoint (SP) and a
measured process variable (PV) and applies a correction based on proportional, integral, and derivative terms.

[0007] In practical terms a PID controller automatically applies accurate and responsive correction to a control signal.
It has a simple structure and many tuning methods are available.

[0008] However, PID control is rather limited to single-input single-output processes. Moreover, it is well-known that
the performances obtainable with a PID control strategy are limited and far from what an optimal control system can offer.
[0009] For steam production of an industrial boiler the boiler outputs must be controlled at desired levels and optimal
control system is needed.

Prior art

[0010] For multivariable systems such as the industrial boilers the design of PID control is very complicated.

[0011] In this respect, it has been proposed to adopt an MPC (Model Predictive Control) method to improve the
performance of boiler while maintaining the control inputs, outputs and states within constraints.

[0012] Forinstance, a prior art solution has been disclosed in the Article by Pongsorn Keadtipod and David Banjerd-
pongchaiconcerning "Design of Supervisory Cascade Model Predictive Control for Industrial Boilers", disclosed in Taiwan
in November 2016.

[0013] That paper aimed to improve the performance of a boiler by applying cascade model predictive control to
multiple control loops including water level, drum pressure and steam temperature.

[0014] However, the theory exposed in that article cannot be applied with profit to a wide range of industrial boilers.
In fact, that theory has been developed and fitted over a simulated model only, thus lacking of a realistic implementation
strategy over any kind of industrial boiler.

[0015] Another solution has been disclosed in the US patent application No. US 2016/0320058 A1 relating to a method
and apparatus for controlling combustion in a furnace.

[0016] This documentrelatestoa BioGrate boiler wherein an MPC model is used to compensate the main disturbances
caused by variation in fuel quality such as the moisture content of fuel as well as variations in fuel flow.

[0017] Eventthis solution is limited to the fuel variations and does not take in due consideration other variables involved
in the steam production.

[0018] The technical problem at the basis of the present invention is that of providing a method and a corresponding
boiler apparatus having respective functional and structural features allowing to perfectly control the steam production
of the industrial boiler keeping multiple variables under strict control.

[0019] Another aim of the present invention is that of providing an industrial boiler having structural and functional
features allowing to be controlled in an easy and simple manner without modifying a possible PID control structure
already installed on the industrial boiler.

[0020] A further aim of the invention is that of providing a control method that could be cost effective and applicable
to existing plants including industrial boilers.

Summary of the invention

[0021] The solution idea at the basis of the present invention focuses on the adoption of a system including a cascade
of controllers, including at least an MPC controller, active on at least a couple of boiler output variables such as the fluid
level and the steam pressure.

[0022] Advantageously, according to the invention the control of the pressure variable and of the fluid level is performed
by the MPC controller.
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[0023] A first embodiment of the present disclosure relates to an MPC control method for an industrial boiler wherein
at least a couple of variable parameters are controlled through a supervisory cascade MPC control architecture for
optimizing the boiler operation, for instance the level L of the fluid sensed by level sensors to be heated in the boiler and
the value of the steam pressure P produced by the boiler and sensed by pressure sensors, said MPC control being
applied on the pressure value P through a custom estimation algorithm to tackle a quantization phenomenon affecting
the pressure sensors.

[0024] The custom estimation relies on a backwards linear interpolation triggered by any change on the measured
pressure value.

[0025] Advantageously, said MPC control architecture is provided upstream of a couple of Pl controllers, one for the
pressure control and one for the fluid level control.

[0026] Moreover, the MPC control architecture is implemented by an MPC block receiving as input at least the feedback
value of the steam pressure.

[0027] This MPC block receives as a further input at least the feedback value of the fluid level.

[0028] The MPC block receives also as inputs a plurality of measurable disturbances of the boiler.

[0029] The MPC block performs an estimation of the states of the controlled dynamic process by a Kalman Filter.
Such an estimation based on said Kalman Filter is applied to fluid level-side of the boiler.

[0030] It must be noted that the MPC control applied on pressure-side is characterized by a peculiar cost function
having as sole objective the imposition of a particular profile for the fuel mass flow given by the following equation:

14
J(z) = Z{mfuel(k +ilk) — Mypyerrer(k + i)}z
i=1

Where my,, is the derivative value of the fuel mass flow.
[0031] A furtherembodiment of the present invention relates to an industrial boiler for producing steam at a measurable
pressure from a fluid to be heated, including:

- atleast a pressure sensor,
- atleast a fluid level sensor,

an electronic controller structured and programmed to implement the MPC control method previously mentioned.
[0032] The industrial boiler of the invention is so structured that said MPC architecture is provided upstream of a couple
of Pl controllers one for the pressure control and one for the fluid level control.

[0033] Features and advantages of the inventive method and boiler will be disclosed with reference to the enclosed
drawings relating to an indicative and a non-limiting implementation example.

Brief description of the drawings

[0034]

- Figure 1 shows a schematic view of a furnace for heating a water fluid and operating according to the principle of
a known method disclosed in the above-mention prior art Article;

- Figure 2 shows a schematic view of a possible structure of a supervisory cascade control applied to the furnace
boiler of Figure 1;

- Figure 3 shows a schematic view of a generic MPC controller;

- Figure 4 shows a schematic view of a hybrid MPC-PID control architecture installed on an industrial boiler according
to the present invention;

- Figure 5 is a schematic diagram showing the variation of the pressure parameters versus time in a boiler to which
the inventive method is applied;

- Figure 6 is a more detailed block diagram schematic view of the hybrid MPC-PID control scheme of the invention.
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Detailed description

[0035] With reference to the drawing figures and according to the present invention it will be disclosed hereinafter a
method for controlling in an optimized manner at least a couple of variable parameters in an industrial boiler.

[0036] The boiler to which the invention is applied is shown only schematically in Figure 1 and may be considered a
conventional furnace wherein a fluid is heated to produce a steam flow.

[0037] According to the invention, the control method is focused on a couple of operating parameters: the steam
pressure P and level L of the fluid inside the boiler.

[0038] The boileris provided with at least a pressure sensor and at least a fluid level sensor, not shown in the drawing
being of a convention kind.

[0039] However, the boiler is provided with an electronic controller structured to implement an MPC control method
of the present disclosure.

[0040] We will first consider the schematic view of the furnace boiler shown in Figure 1 and comprising a tube boiler
containing water. Considering the boiler as a system, it may be appreciated that the water fluid tube boiler 100 of Figure
1 has multiple inputs.

[0041] A first input 110 is the feedwater mass rate, a second input is the fuel mass rate 120 while a third input is
represented by the attemperator spray mass rate 130.

[0042] The boiler 100 has multiple outputs, namely: the water level, the drum pressure 150 and the steam temperature
160.

[0043] The control inputs are represented by manipulated variables, while process outputs are indicated and defined
in the following Table 1 under the label: process variables.

Control Inputs

u, Feedwater mass rate (kg/s)

u, Fuel mass rate (kg/s)

us Attemperator spray mass rate (kg/s)

Process Outputs

y4 Water level (m.)

Yo Drum pressure (MPa.)

y3 Stream temperature (°C)

[0044] Ingeneralterms, the above defined boiler system may be disclosed though a dynamic model wherein the inputs
and outputs from the boiler are applied to system identification algorithm.

[0045] The dynamic model obtained by the identification algorithm can be implemented in an MPC control architecture.
[0046] In thisrespect, Figure 2 shows a schematic view of a possible structure of a supervisory cascade control applied
to the furnace boiler of Figure 1.

[0047] The supervisory cascade control 200 of Figure 2 is structured with two or more controllers. The reported example
includes two control loops, an inner control loop 210 and an outer control loop 220.

[0048] The architecture of supervisory cascade control 200 includes a primary controller 230 representing the MPC
controller and a secondary controller 240 representing a Pl controller.

[0049] The block 250 is indicative of the boiler process G(s).

[0050] As itis known in this technical field, the Pl controller may be represented by a general state space equation
while the inner control loop 210 is used to form an augmented model in order to design supervisory MPC.

[0051] Focusing now our attention on the primary controller 230 representing the MPC controller, we may refer to the
example of Figure 3 to understand the principle of an MPC controller.

[0052] The principle of the MPC controller is that of finding the control signal which provides the output response close
to a reference signal by solving an optimization problem.

[00563] The cost function has a specific equation, while the constraints of control inputs are based on physical limitation
of operation.

[0054] The above-reported architecture of supervisory cascade MPC control gives a faster response if compared by
a simple Pl or a simple MPC controller.

[00565] Now, in line with the previous disclosure, the presentinvention relates to an application of a supervisory cascade
MPC control to an industrial boiler schematically shown in Figure 4 with the number 450.

[0056] The boiler 450 may be considered a conventional furnace heating a fluid and affected by measurable distur-
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bances, that will be later considered, as well as by unmeasurable disturbances that will not be further disclosed. Figure
4 shows schematically the overall MPC control architecture 400 of the present invention.

[00567] The MPC block 410 represents an advanced control technique based on an estimation algorithm later disclosed.
[0058] First of all, it should be noted that the output variables under control with the method of the present invention
are the boiler pressure P of the produced steam and the boiler level L of the fluid to be heated.

[0059] Briefly, the control architecture 400 performs an on-line optimization of a user-defined cost function.

[0060] Thanks to the chosen architecture different control objectives can be expressed by a mathematical function
relying on a dynamic model of the controlled process.

[0061] Moreover, the MPC block 410 can rely on an estimation of the states of the controlled dynamic process. This
estimation is performed by a Kalman Filter, even if other estimation technique may be adopted.

[0062] More particularly, the MPC block 410 exploits this estimation based on said Kalman Filter for the level-side L
of the boiler, meaning the output variable L for the boiler level of the fluid to be heated.

[0063] Advantageously, according to the present invention, a customised estimation algorithm is applied on the pres-
sure-side P so to tackle the quantization phenomenon affecting the pressure sensors.

[0064] In other words, the MPC control method of the present invention is applied to an industrial boiler wherein at
least a couple of variable parameters are controlled through a supervisory cascade MPC control for optimizing the boiler
operation. The two variable Output parameters are the level L of the fluid to be heated in the boiler and the value of the
steam pressure P produced by the boiler and sensed by pressure sensors.

[0065] The MPC control is applied on the pressure value P through a customised estimation algorithm to tackle a
quantization phenomenon affecting the pressure sensors.

[0066] A more detailed explanation of the control method is disclosed in the following lines.

[0067] In the recent past, the sophisticated nature of the MPC control quickly adopted by the industrial world has
provided some difficulties to be managed notwithstanding the initial promised advantages.

[0068] On the contrary the MPC-based control of the present invention has been developed to ease as much as
possible its integration on the real boiler systems.

[0069] The MPC control block 410 is provided upstream of a couple of Pl controllers 420 and 430, one for the pressure
control and one for the level control.

[0070] More particularly, the output pressure value P is feedback applied to one input of the MPC control block 410.
[0071] Similarly, the output fluid level L is feedback applied to another input of the MPC control block 410.

[0072] A further input of the MPC control block 410 is represented by a plurality of set-point values.

[0073] The MPC block 410 produces at least a couple of outputs. A first output O1 is dedicated to the predictive
pressure control and is applied to an adding node receiving also the feedback output pressure value P.

[0074] A second output 02 is dedicated to the predictive fluid level control and is applied to an adding node receiving
also the feedback output fluid level L.

[0075] The respective outputs of the adding nodes are applied to the corresponding PI controllers 420 and 430.
[0076] The first Pl controller is a decentralized controller for the pressure control, while the second PI controller is a
decentralized controller for fluid level control.

[0077] Therefore, it may be appreciated that the MPC control block 410 is installed upstream of the pre-existing typical
control structure, i.e. the couple of decentralized PI controllers 420 and 430.

[0078] The output of the first Pl controller 420 is a value mfue, representing a command for driving the fuel mass flow
inside the boiler.

[0079] The output of the second PI controller 430 is a value m,-w representing a command for driving the feedwater
inside the boiler.

[0080] In this manner, it is possible to keep the possible existing and already installed Pl controllers in their original
position.

[0081] In other words, it has been applied an MPC control on an existing structure including old Pl controllers thus
avoiding any substitution of one controller with another. A possible substitution of this kind could be detrimental and
could have an unbearable impact for an industrial context.

[0082] Therefore, the architecture 400 shown in Figure 4 may be considered a hybrid MPC-PID control structure.
[0083] Differently from the prior art solution, the architecture of the present invention separates the variables on which
the predictive control can be applied. The result of this solution is a hybrid MPC-PID control architecture of a peculiar
simplicity.

[0084] The dynamic model implemented in the MPC controller 410 has been developed so to maximize its simplicity.
This model envisages just one boiler parameter at a time on the pressure side and one on the level side.

[0085] It must be noted that the MPC block 410 can receive also as inputs a plurality of measurable disturbances that
must be taken in consideration for a more precise predictable estimation. For instance, one of those measurable distur-
bances is represented by the steam flow.

[0086] The modelhas been verified in the premises of the Applicant and it has been found suitable for the boiler control
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purposes. The simplicity of such a model can represent an enormous advantage in an implementation phase.

[0087] The impact of the control action of the hybrid MPC-PID MPC controller of the invention can be decided through
a simple parameter k<[0; 1].

[0088] More specifically, the k parameter is used by the MPC only on the pressure branch. As to the level branch,
another parameter WL is used. This last parameter has an impact on the MPC operation of the level branch.

[0089] Therefore, we may consider the presence of two independent parameters kp e kl having a similar excursion;
that is to say:

- a"1"logic value would completely deactivate the MPC (thus letting the PID controller/s to work alone), while
- a"0"logic value would let the MPC block to have full control of the plant.

[0090] For completeness of disclosure it should be remarked that the model of the pressure-side boiler process is
represented by the following formula:

P = IGP * mfuel — IGP * dp
Where IGp is the only boiler-related parameter, describing the impact of a fuel mass flow change on the pressure
derivative.

[0091] Any kind of disturbance impacting on the boiler pressure is represented by the unmeasured variable dp.
[0092] A similar model is exploited for the level-side boiler process:

L :IGL*me_IGL*dL
[0093] The level-side MPC cost function captures two traditional "objectives":
* Imposing a specific set-point to the drum measured water level;

* Maintaining the imposed level set-point - i.e. the level set-point computed by the MPC and transmitted to the level
PI controller - close to the "real" level set-point - i.e. the desired level set-point imposed by the operator.

[0094] The mathematical formulation of these objectives is expressed in the following equation:

P
J(z) = Z {wY[Spprpar (k) — Lk + i|k)]}2 +

i=1

p-1
+ E{Wu[SpL,REAL (k) — Sppmpc(k + i|k)]}2
i=0

[0095] The level-side state estimation is performed through a Kalman Filter. As an alternative, a possible different
estimation filter may be adopted.

[0096] The pressure-side MPC is characterized by an unusual cost function defined by the user of the boiler.

[0097] In this cost function, the only objective is the imposition of a particular profile for the fuel mass flow, for instance:

P
J(z) = E{m(k +i|k) — Myyerrpr(k + i)}z

[0098] This fuel mass flow profile is computed by exploiting a particular estimation algorithm that will be disclosed
hereinafter.
[0099] A study performed by the Applicant has considered a quantization phenomenon acting on the pressure sensor.
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These studies have concluded that the quantization phenomenon may negatively affect the measure of the pressure
parameter P.

[0100] In fact, the cause of two main drops in the pressure control performances can be traced back to the quantization
phenomenon itself. In particular, the quantization phenomenon reduces the stability of the steam pressure during a
stationary state, i.e. when the disturbances acting on the boiler are constant and the system is expected to reach a fixed
equilibrium. Moreover, the information on a possible pressure change caused by the action of a disturbance on the boiler
is delayed, denying the pressure PID controller the possibility of an optimal corrective action.

[0101] The estimation algorithm proposed by the invention may be applied when a useful information on the pressure
can be detected or when a pressure variation is measured.

[0102] However, the above-mentioned studies have also revealed that when the pressure sensor is outputting a
constant value, there is no way to measure how the pressure is really behaving, since its real measure is hidden behind
the quantization phenomenon.

[0103] From this assumption and relying on the aforementioned simplified pressure-side model, a customized event-
based estimation algorithm has been developed.

[0104] Firstly, this estimation relies on a backwards linear interpolation triggered by any change on the measured
pressure value P, as represented by the Figure 5.

[0105] As it may be appreciated, the diagram reports the variation of the pressure P versus time. At the instant k-1
there is a first step keeping stable the pressure value P for a period of time defined by the interval [k-1, k].

[0106] Asecondraisinginthe pressurevalueP atthe subsequentinstantk brings the pressure levelto anew stable step.
[0107] A possible interpolation between the two steps may allow to estimate the raising of the pressure in a predeter-
mined time interval.

[0108] This interpolation will constitute the pressure estimation during that past time interval.
[0109] Along with a constantly updated measurement of the average fuel injected in the boiler system during the
interval [k-1, K], it is possible to estimate the disturbance dp with the following formula:

_ p
dp = Meyel AVERAGE — 1G.
P

[0110] Considering the MPC control model of the presentinvention, itis possible to see that the value of the disturbance
dp coincides with the value of fuel mass flow needed to stabilize the pressure, i.e. to have a constant pressure.

[0111] This estimation can then be used to produce an optimal fuel mass flow trend. This fuel mass flow trend is fed
to the MPC controller, which in turn manipulates the pressure set-point so to obtain the desired fuel mass flow trend.
[0112] A symbolic flow diagram is presented in Figure 6 highlighting the different phases concerning the pressure-
side MPC functioning.

[0113] Figure 6 shows in more details and in a block diagram 600 the phases of the method of the present disclosure.
[0114] The left side of the block diagram is dedicated to the measure and control of the steam pressure P while the
right side of the block diagram is dedicated to the measure and control ofthe level L ofthe fluid to be heated in the boiler 680.
[0115] Focusing the attention on the left side of the block diagram, it may be appreciated that a block 610 is dedicated
to the measure of the pressure value P o

[0116] If the pressure value is changed, then the method proceeds in block 620 through an evaluation of the pressure
raising based on a linear interpolation, as previously illustrated with reference to Figure 5.

[0117] The result of this interpolation is used for computing the optimal fuel mass flow profile in block 630. Then, in
block 650, the MPC controller takes care in issuing a first output O1 to be applied to a pressure controller 660 and
obtained on the predictive model of the pressure value of the MPC controller. The pressure controller 660 is active on
the boiler 680 regulating the fuel mass flow.

[0118] Similarly, on the right side of the block diagram 600, the fluid level is measured and applied in block 640 to a
Kalman filter estimating the status of the fluid level. This value is fed to the MPC controller 650 that takes care in issuing
a second output 02 to be applied to a level controller 670. This second output 02 is obtained on the predictive model of
the level value of the MPC controller.

[0119] The level controller 670 is active on the boiler 680 regulating the feedwater supplied to the boiler 680.

[0120] A skilled person in this art will understand from the previous disclosure that the supervisory cascade MPC
control system and method of the present invention may be implemented in a relatively easy way in already installed
industrial boilers.

[0121] The studies performed by the Applicant have allowed to obtain simulated output responses for comparing the
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performances of the MPC control method of the present invention with the known solutions including just a standalone
MPC.

[0122] These results show that supervisory cascade MPC gives superior output performance.

[0123] Moreover, when considering input constraints, it has been demonstrated that the inventive method allows
performing advanced control strategies with respect to conventional controllers.

[0124] The advantages of supervisory cascade MPC control method of the present invention are summarized by:

- the facility to implement to MPC architecture on an already installed controller;
- the possibility to apply the method to control a variety of processes.

[0125] No measurable disturb is used and this is a further advantage.

[0126] The fact that the control can be performed avoiding the burden of measuring further possible disturbances
sources allows obtaining a simpler and more economic control algorithm.

[0127] Moreover, several different algorithms of MPC may be adopted according to the user’'s needs, in particular to
minimize the cost function.

[0128] Further advantages are given by the minimization of disturbances on pressure and fluid level; the improvement
of the pressure stability in the steady state and the reduction of the feedwater solicitation.

[0129] Virtually any desired behaviour concerning the aforementioned boiler variables can be imposed in the MPC
cost function. In this way, the installed MPC is able to serve multiple control objectives at once while preserving its ease
of implementation in an industrial context.

Claims

1. An MPC control method for an industrial boiler system (450) and/or boiler (680) wherein at least a couple of variable
output parameters (P, L) are controlled through a supervisory cascade MPC control architecture (400) for optimizing
the boiler operation, (at least) the level (L) sensed by level sensor of the fluid to be heated in the boiler and the value
of the steam pressure (P) produced by the boiler 680 (450) and sensed by pressure sensors.

2. Themethod ofclaim 1 wherein said MPC control is applied on the pressure value (P) through a customised estimation
algorithm to tackle a quantization phenomenon affecting the pressure sensors.

3. The method of claim 1 wherein said MPC control architecture (400) is provided upstream of a couple of Pl controllers
(420, 430), one for the pressure (P) control and one for the fluid level (L) control.

4. The method of claim 1 wherein said MPC control architecture (400) is implemented by an MPC block (410) receiving
as input at least the feedback value of the steam pressure (P).

5. The method of claim 4 wherein said MPC block (410) receives as a further input at least the feedback value of the
fluid level (L).

6. The method of claim 3 wherein said MPC control architecture provides at least a first output (O1) dedicated to the
predictive pressure control level and at least a second output (02) dedicated to the predictive fluid level control.

7. Themethod of claim 1 wherein said MPC control architecture (400) is implemented by an MPC block (410) performing
an estimation of the states of the controlled dynamic process by a Kalman Filter block (640).

8. The method of claim 7 wherein said estimation based on said Kalman Filter block (640) is applied to fluid level-side
L of the boiler.

9. Themethod of claim 1 wherein the MPC control applied on pressure-side is characterized by a peculiar cost function
having as sole objective the imposition of a particular profile for the fuel mass flow given by the following equation:

p
J(z) = Z{mfuel(k +ilk) — Myye rer(k + i)}z

i=1
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The method of claim 1 wherein said custom estimation relies on a backwards linear interpolation triggered by any
change on the measured pressure value (P).

An industrial boiler (680) for producing steam at a measurable pressure P from a fluid to be heated, including:

- at least a pressure sensor,
- at least a fluid level sensor;
- an electronic controller structured and programmed to implement an MPC control method according to claim 1.

The industrial boiler of claim 11 wherein said MPC control is implemented in said electronic controller by an MPC
architecture (400) provided upstream of a couple of Pl controllers (420, 430), one for the pressure (P) control and
one for the fluid level (L) control.

The industrial boiler of claim 12 wherein said MPC control is applied on the pressure value (P) through a customised
estimation algorithm to tackle a quantization phenomenon affecting the pressure sensors.

The industrial boiler of claim 12 wherein said MPC control architecture (400) is implemented by an MPC block (410)
receiving as input at least the feedback value of the steam pressure (P).
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