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Description
TECHNICAL FIELD

[0001] The present disclosure relates to a method of controlling a sintering process, an operation guidance method, a
method of producing sintered ore, a sintering process control unit, an operation guidance apparatus, a sintering operation
guidance system, and a terminal apparatus.

BACKGROUND

[0002] Inthe steelmaking industry, iron ore grades are declining due to years of mining. A higher proportion of fine ore,
which is dressed at the mine to have a high fineness ratio, is therefore in use, and the sintering process, whereby sintered
ore is produced by condensing fine ore before the ore is charged into a blast furnace, has become more important. To
secure gas permeability in the blast furnace, sintered ore with less than a predetermined grain size is not charged into the
blast furnace, but rather is sintered again in a sintering machine as return ore. The improvement of yield, i.e., the
percentage that is at least a predetermined grain size, is directly related to the productivity of the sintering machine. A
strong demand to improve yield therefore exists.

[0003] FIG.1isadiagramillustratingan overview of the sintering process. At the entry side of the sintering machine, fine
ore, coke breeze, limestone, quicklime, and the like are mixed and granulated into a sintering raw material (quasiparticles)
via a surge hopper. The sintering raw material is melted by the heat of combustion of coke breeze in the sintering machine.
Quasiparticles are then fused to each other, cooled by air drawn from the top, and discharged. The heat pattern during this
series of heating and cooling processes has a significant impact on product yield. The heat pattern is the temperature
distribution of the sintering raw material in the longitudinal and thickness directions of the sintering machine.

[0004] Although it is difficult to actually measure heat patterns, the Burn Rising Point (BRP) and Burn Through Point
(BTP) are known as feature values of the heat pattern that can be measured. The BRP is the position in the longitudinal
direction where the exhaust gas temperature in the wind box at the bottom of the sintering machine exceeds a threshold.
The BTP is the position in the longitudinal direction where the temperature of the exhaust gas measured at the wind box at
the bottom of the sintering machine is the highest.

[0005] Here, as conventional heat pattern control methods, Patent Literature (PTL) 1 and PTL 2 disclose methods to
control the position of the BTP to be constant.

CITATION LIST
Patent Literature
[0006]

PTL 1: JP 2005-187841 A
PTL 2: JP 2006-307259 A

SUMMARY
(Technical Problem)

[0007] Here, the controlin PTL 1 and 2 performs feedback control based on actual measured values. However, a time
delay of about 30 to 40 minutes exists between when raw material is charged into and discharged from the sintering
machine. Therefore, with conventional feedback control, the control accuracy may deteriorate due to the inherent time
delay in the process.

[0008] Itisanaim ofthe presentdisclosure to provide a method of controlling a sintering process, an operation guidance
method, a method of producing sintered ore, a sintering process control unit, an operation guidance apparatus, a sintering
operation guidance system, and a terminal apparatus that can present appropriate operation actions that take into account
the time delay of a process.

(Solution to Problem)
[0009]

(1) A method of controlling a sintering process according to an embodiment of the present disclosure is
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a method of controlling a sintering process using a physical model capable of calculating a state of the sintering
process including a temperature distribution of sintering raw material in a longitudinal direction and a thickness
direction in a sintering machine, the method including:

a first prediction step of determining a first predicted value of a control variable in the future for a case in which
current manipulated variables are maintained using the physical model; and

an operation amount calculation step of calculating an operation amount of at least one specified manipulated
variable, which is a portion of the manipulated variables, to reduce a deviation between a target value and a
superimposed predicted value of the control variable, the superimposed predicted value being based on the first
predicted value and a step response for a case in which the specified manipulated variable is changed by a unit
amount.

(2) As an embodiment of the present disclosure, (1) further includes

a second prediction step of determining a second predicted value of the control variable in the future for a case in
which the specified manipulated variable is changed using the physical model; and

a step response calculation step of calculating a step response for the specified manipulated variable based on
the first predicted value and the second predicted value.

(3) As an embodiment of the present disclosure, in (1) or (2),

the control variable is a feature value of a temperature distribution of the sintering raw material.

(4) As an embodiment of the present disclosure, in (3),

the control variable is the BRP or the BTP.

(5) As an embodiment of the present disclosure, in any one of (1) to (4),

in the operation amount calculation step, the operation amount of the specified manipulated variable is calculated to
minimize or maximize an evaluation function having a term corresponding to the deviation and a term corresponding to
the operation amount of the specified manipulated variable.

(6) As an embodiment of the present disclosure, in any one of (1) to (5),

the atleast one specified manipulated variable includes at least one of pallet speed, bed gas flow rate, agglomeration
agent ratio, and raw material water content.

(7) An operation guidance method according to an embodiment of the present disclosure includes

a guidance operation amount presentation step of presenting, as a guidance operation amount, an operation amount
of the specified manipulated variable calculated by the method of controlling a sintering process of any one of (1) to (6).
(8) A method of producing sintered ore according to an embodiment of the present disclosure includes

producing sintered ore using the guidance operation amount presented by the operation guidance method of (7).
(9) A method of producing sintered ore according to an embodiment of the present disclosure includes

producing sintered ore using the operation amount of the specified manipulated variable calculated by the method of
controlling a sintering process of any one of (1) to (6).

(10) A sintering process control unit according to an embodiment of the present disclosure is

a sintering process control unit for controlling a sintering process using a physical model capable of calculating a state
of the sintering process including a temperature distribution of sintering raw material in a longitudinal direction and a
thickness direction in a sintering machine, the sintering process control unit including:

afirst predictor configured to determine a first predicted value of a control variable in the future for a case in which
current manipulated variables are maintained using the physical model; and

an operation amount calculator configured to calculate an operation amount of at least one specified manipulated
variable, which is a portion of the manipulated variables, to reduce a deviation between a target value and a
superimposed predicted value of the control variable, the superimposed predicted value being based on the first
predicted value and a step response for a case in which the specified manipulated variable is changed by a unit
amount.

(11) An operation guidance method according to an embodiment of the present disclosure includes

a guidance operation amount presenter configured to present, as a guidance operation amount, an operation amount
of the specified manipulated variable calculated by the sintering process control unit of (10).

(12) A sintering operation guidance system according to an embodiment of the present disclosure is

a sintering operation guidance system including an operation data server, a sintering process control unit, and a
terminal apparatus, wherein
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the operation data server includes a database storing operation data acquired from each device in a sintering
process and operation control target values of the sintering process,
the sintering process control unit includes

a first predictor configured to determine a first predicted value of a control variable in the future for a case in
which current manipulated variables are maintained using a physical model capable of calculating a state of
the sintering process including a temperature distribution of sintering raw material in a longitudinal direction
and a thickness direction in a sintering machine,

an operation amount calculator configured to calculate an operation amount of at least one specified
manipulated variable, which is a portion of the manipulated variables, to reduce a deviation between a
target value and a superimposed predicted value of the control variable, the superimposed predicted value
being based on the first predicted value and a step response for a case in which the specified manipulated
variable is changed by a unit amount,

a guidance operation amount presenter configured to output a guidance operation amount including the
operation amount of the specified manipulated variable, and

an operation amount transmitter configured to transmit, to each device in the sintering process, the operation
amount of the specified manipulated variable calculated by the operation amount calculator or an operation
amount of the specified manipulated variable as corrected by an operator, and

the terminal apparatus includes

a guidance operation amount display configured to acquire and display the guidance operation amount from
the sintering process control unit,

an input interface for change in operation amount configured to acquire input of a change in the operation
amount of the specified manipulated variable from the operator, and

a transmitter for input of change in operation amount configured to transmit the input of the change to the
sintering process control unit.

(13) A terminal apparatus according to an embodiment of the present disclosure includes

a guidance operation amount display configured to acquire and display a guidance operation amount, including
an operation amount of a specified manipulated variable, from a sintering process control unit;

aninput interface for change in operation amount configured to acquire input of a change in the operation amount
of a specified manipulated variable from an operator; and

atransmitter for input of change in operation amount configured to transmit the input of the change to the sintering
process control unit, wherein

the operation amount of the specified manipulated variable is calculated by the sintering process control unit to
reduce a deviation between a target value and a superimposed predicted value of a control variable, the
superimposed predicted value being based on a first predicted value and a step response for a case in which the
specified manipulated variable, which is a portion of manipulated variables, is changed by a unit amount, the first
predicted value being a predicted value of the control variable in the future for a case in which current manipulated
variables are maintained and being determined using a physical model capable of calculating a state of a sintering
process including a temperature distribution of sintering raw material in a longitudinal direction and a thickness
direction in a sintering machine.

(Advantageous Effect)

[0010] Accordingtothe presentdisclosure,a method of controlling a sintering process, an operation guidance method, a
method of producing sintered ore, a sintering process control unit, an operation guidance apparatus, a sintering operation
guidance system, and a terminal apparatus that can present appropriate operation actions that take into account the time
delay of a process can be provided.

BRIEF DESCRIPTION OF THE DRAWINGS

[0011] In the accompanying drawings:

FIG. 1 is a diagram illustrating an overview of the sintering process;
FIG. 2 is a diagram illustrating input/output information of a physical model used in the present disclosure;
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FIG. 3 is a diagram illustrating predicted values of the BRP;

FIG. 4 is a diagram illustrating the step response of the BRP when the pallet speed is increased by a unit amount;
FIG. 5 is a diagram illustrating predicted values of the BRP;

FIG. 6 is adiagram illustrating the step response of the BRP when the bed gas flow rate is increased by a unit amount;
FIG. 7 is a diagram illustrating the change in the actual value and the estimated value of the bed gas flow rate;
FIG. 8 is adiagramiillustrating the change in explanatory variables in an estimation equation for the bed gas flow rate;
FIG. 9is adiagramillustrating the BRP, pallet speed, and quicklime ratio when operation guidance was implemented;
FIG. 10 is a diagram illustrating a configuration example of a sintering process control unit according to an
embodiment;

FIG. 11 is aflowchartillustrating a method of controlling a sintering process (operation guidance method) according to
an embodiment; and

FIG. 12 is a diagram illustrating a configuration example of a sintering operation guidance system according to an
embodiment.

DETAILED DESCRIPTION

[0012] A method of controlling a sintering process, an operation guidance method, a method of producing sintered ore, a
sintering process control unit, an operation guidance apparatus, a sintering operation guidance system, and a terminal
apparatus according to an embodiment of the present disclosure will be described below with reference to the drawings.
[0013] Asmentioned above, the BRP and the BTP are examples of feature values of a heat pattern. The BRP is used as
an index of the heat pattern in the present embodiment, and a control method to keep this index constantis described. As
anoverview, the method of controlling a sintering process according to the present embodiment uses a physical model of a
sintering machine to predict the heat pattern with high accuracy and to determine the operation amounts of manipulated
variables, such as the bed gas flow rate, so that the future BRP is maintained near atarget value. Here, the BTP can also be
used as an index of the heat pattern by replacing the BRP with the BTP in the description below.

[0014] The physical model used in the present disclosure is the same as the model of the method described in the
reference Yamaoka et al., ISIJ International, Vol. 45, No. 4, pp. 522. That s, the physical model consists of a set of partial
differential equations that take into account the physical phenomena of combustion of coke breeze, thermal decom-
position of limestone, and evaporation of moisture, and that can calculate the state inside the sintering machine. In the
present embodiment, this physical model is a two-dimensional non-steady state model that can calculate the state of the
sintering process, including the temperature distribution (heat pattern) of sintering raw material in the longitudinal direction
and thickness direction in the sintering machine. The BRP can also be known from the calculated heat pattern.

[0015] Asillustrated in FIG. 2, among the input variables given to the non-steady state model, the main input variables
that vary with time are the pallet speed, exhaust gas flow rate, raw material bulk density, raw material water content, raw
material limestone ratio, and raw material coke ratio. These input variables can be the manipulated variables or
manipulation factors of the sintering machine. Here, as discussed below, direct operation may be difficult depending
on the type of exhaust gas flow rate. The pallet speed is the speed at which the pallet of the sintering machine on which the
sintering raw material is placed moves. The exhaust gas flow rate is the flow rate per unit time of the exhaust gas from the
sintering machine and can be regulated by an exhaust fan, forexample. The raw material bulk density is the bulk density of
the sintering raw material as calculated from the layer thickness, sintering machine width, and the like. The raw material
water content, raw material limestone ratio, and raw material coke ratio are the ratios of water, limestone, and coke,
respectively, in the sintering raw material. Coke is the main agglomeration agent, and the raw material coke ratio is also
referred to as the agglomeration agent ratio.

[0016] The main output variables of the physical model are the BTP, the exhaust gas composition, and the BRP. The
exhaust gas composition includes the ratios of O,, CO,, and CO. The output variables, which change from moment to
moment, are calculated using the physical model. The time interval for this calculation (the time difference between "t + 1"
and "t" in the physical model equations described below) is not particularly limited, but may be one minute as an example.
[0017] The physical model can be expressed by Expressions (1) and (2) below.

[Math. 1]
xt+ 1) =f(x@®,u@®) (@
y@©) =c(x@®) (2

[0018] Here, u(t) represents the aforementioned input variables, which can be manipulated by the operator of the
sintering machine, and x(t) represents state variables calculated in the physical model. The state variables are, for
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example, the heat pattern in the sintering machine, the coke reaction rate, and the gas fractions of CO, CO,, and the like.
Also, y(t) is the aforementioned output variables, such as the BTP, the O, ratio in the exhaust gas composition, the CO,
ratio, the BRP, and the like. In the present embodiment, y(t) includes at least the BRP. Here, the output variables of y(t),
such as the BTP, the exhaust gas composition, and the BRP, are also referred to as control variables. Control variables are
variables that should be controlled during operation, but which are difficult orimpossible to manipulate directly and are thus
changed via correlated manipulated variables.

[0019] A model predictive control system is constructed to control the BRP using the physical model in Expressions (1)
and (2). The detailed configuration of the model predictive control system (control unit) is described below, whereas the
processing is described here. In the model predictive control system, the future BRP is predicted first assuming that the
currentinput variables hold in the future. The BRP(y((t; + k)) is determined under the fixed condition that u(t, + k) = u(t,) with
the current time step as t;. The response y(t) determined in this way is called the free response. Hereafter, the predicted
value in the free response is also referred to as the "first predicted value". FIG. 3 is a diagram illustrating predicted values of
the BRP. The BRP is indicated by the distance [m] from the surge hopper position in the movement direction of the pallet. In
the example in FIG. 3, the pointin time at which the prediction is made (the aforementioned "currenttime”) is indicated by t;
=0, and the prediction is made for 90 minutes ahead. Thatis, in u(ty + k) = u(ty), kis from 1t0 90. In FIG. 3, the free response
is indicated as a solid line ("no action" in FIG. 3).

[0020] Inthe model predictive control system, predictions are made by changing a portion of the manipulated variables
(corresponding to the specified manipulated variables described below) among u(t), which are the aforementioned input
variables. Hereafter, the predicted value when a portion of the manipulated variables is changed is also referred to as the
"second predicted value". Inthe example in FIG. 3, the pallet speed was changed (increased) by APS,. The BRP(y’(t, + k))
was determined under the condition that u(t, + k) = u(ty) + Au,, where Au, is the change in the input variable corresponding
to a change of APS in the pallet speed. The predicted values of the BRP in this case are illustrated by the dashed line
("pallet speed increase" in FIG. 3).

[0021] Furthermore, the step response of the BRP is determined in the model predictive control system. FIG. 4 is a
diagram illustrating the step response of the BRP when the pallet speed is increased by a unit amount. By taking the
difference between the solid and dashed lines in FIG. 3 and converting the APS, of the pallet speed to a unit amount, the
step response of the BRP is obtained as illustrated in FIG. 4. The step response, Spg(Kk | ty), is illustrated in Expression (3)
below.

[Math. 2]

y,(t0+k)—37f(ta+k)
Sps(klty) APS, (3)
[0022] Asillustrated in FIG. 3, as the pallet speed increases, the BRP moves to the exit side of the sintering machine.
Here, in the present embodiment, the predicted value yielded by changing a portion of the manipulated variables is also
determined when determining the predicted value of the free response of the BRP, and the step response is calculated from
the difference of these predicted values. However, it is also possible to use values calculated beforehand (in advance).
[0023] In the examples in FIGS. 3 and 4, the manipulated variable to be changed is the palette speed, but other
manipulated variables may be changed. The following describes a case in which predictions are made after changing the
bed gas flow rate in the model predictive control system. Here, the bed gas flow rate is one specific example of the exhaust
gas flow rate and is the flow rate of exhaust gas in the lower portion of the sintering bed.
[0024] Inthe model predictive control system, the predicted value of the BRP in the free response is determined in the
same way as above. FIG. 5is adiagram illustrating predicted values of the BRP. In FIG. 5, the free response is indicated as
a solid line ("no action" in FIG. 5).
[0025] In the example in FIG. 5, the bed gas flow rate was changed (increased) by Av,. The BRP(y'(t, + k)) was
determined under the condition that u(t, + k) = u(ty) + Au,, where Au, is the change in the input variable corresponding to a
change of Av, in the bed gas flow rate. The predicted values of the BRP in this case are illustrated by the dashed line ("air
flow rate increase" in FIG. 5).
[0026] Furthermore, the step response of the BRP is determined in the model predictive control system. FIG. 6 is a
diagram illustrating the step response of the BRP when the bed gas flow rate is increased by a unit amount. By taking the
difference between the solid and dashed lines in FIG. 5 and converting the Av, of the bed gas flow rate to a unitamount, the
step response of the BRP is obtained as illustrated in FIG. 6. In this case, the step response, S, (k | ty), is illustrated in
Expression (4) below.
[Math. 3]



10

15

20

25

30

35

40

45

50

55

EP 4 545 661 A1

Y (to+k)=y(to+k)
Avy (4)

Sv (k I t()) -
[0027] As illustrated in FIG. 5, as the bed gas flow rate increases, the BRP moves to the entry side of the sintering
machine, because sintering proceeds more quickly.
[0028] Inthe model predictive control system, the evaluation function J is used to determine the operation amounts of the
manipulated variables, for which the step response was determined, so as to reduce the deviation between the predicted
value and target value of the BRP. For example, in a case in which the step response of the BRP when the pallet speed and
bed gas flow rate are increased by a unit amount is determined, the operation amount of the pallet speed (APS) and the
operation amount of the bed gas flow rate (Av) are determined using the evaluation function J. To reduce the predicted
deviation of the BRP in the prediction interval (from the time of prediction to 90 minutes ahead in the above example), and
also to reduce excessive manipulation of each manipulated variable (an excessive operation amount), the evaluation
function J can be Expression (5) below, for example.
[Math. 4]

J =Sty (Yrey = Yore (b0 1)) +a(8PS)? + b(av)? ()

[0029] Inthe model predictive control system, the operation amount of the pallet speed (APS) and the operation amount
of the bed gas flow rate (Av) are determined so as to minimize the evaluation function J in Expression (5). The weight
coefficients, a and b, in Expression (5) may be used to adjust which manipulated variables are selected or combined. For
example, by settingb =0, itis possible to manipulate only the pallet speed. Here, y,¢is the target value of the BRP, and Yore
is the predicted value of the BRP. As an assumption for predictive control using this physical model, it may be assumed that
the future BRP can be approximated by superimposing the response y(t), which is the free response, and the step
response. The predicted value of the BRP, i.e., Yore (superimposed predicted value), can be expressed by Expression (6)
below.

[Math. 5]

Vpre(to + k) = yr(to + k) + Sps(k|to) X APS + S, (k|ty) x Av  (6)

[0030] Inthe following, a portion of the manipulated variables for which a step response is obtained in a case in which the
manipulated variables are changed by a unit amount are referred to as "specified manipulated variables". The terms in
Expressions (5) and (6) for the operation amounts (APS and Av) can be increased or decreased depending on the specified
manipulated variables. For example, in a case of further determining the step response of the BRP (Scr(k | tp)) when the
agglomeration agentratio is increased by a unitamount, a term for the operation amount (ACR) of the agglomeration agent
ratio is added. In other words, the term "+c(ACR)?2" is added to Expression (5) with ¢ as a weighting factor, and the term
"+Scr(k|tp) X ACR"is added to Expression (6). For example, in a case of further determining the step response of the BRP
(Swr(k | tg)) when the raw material water content is increased by a unit amount, a term for the operation amount (AWR) of
the raw material water content is added. In other words, the term "+d(AWR)2" is added to Expression (5) with d as a
weighting factor, and the term "+S,yr(k | t) X AWR" is added to Expression (6). For example, in a case in which the step
response of the BRP when the pallet speed is increased by a unit amount is not determined, the term "+a(APS)2" may be
excluded from Expression (5), oramay be setto 0, and the term "+Sps(k | t) X APS" may be excluded from Expression (6).
[0031] Here, Expression (6)is a linear expression for the operation amounts (APS and Av) of the specified manipulated
variables, which are unknown variables, and the evaluation function J is a quadratic expression for the unknown variables.
Therefore, APS and Av can be determined by quadratic programming.

[0032] In the present embodiment, the case in which the specified manipulated variables are the pallet speed and the
bed gas flow rate is specifically described, but the specified manipulated variables are not limited to these. For example,
the specified manipulated variables may include at least one of the pallet speed, bed gas flow rate, agglomeration agent
ratio (raw material coke ratio), and raw material water content, or other variables may be used. Although the unknown
variables are determined for the case in which the evaluation function J is minimized in the present embodiment, the
evaluation function J may be designed so that the minimization of the deviation between the predicted value and target
value of the BRP and the minimization of the operation amounts of the unknown variables correspond to the maximization
ofthe evaluation function J. In other words, the operation amounts of the unknown variables may be determined so that the
evaluation function J is minimized or maximized.

[0033] The specified manipulated variables are not limited to manipulated variables that can be directly manipulated by
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the operator. In the case in which the bed gas flow rate is used as a specified manipulated variable, an operation amount of
a manipulated variable that is correlated with the bed gas flow rate and can be directly manipulated is further determined,
since itis difficult to manipulate the bed gas flow rate directly. A case in which the operation amount of the quicklime ratio is
calculated to manipulate the bed gas flow rate is described below.

[0034] The bed gas flow rate depends on the gas permeability resistance of the sintering bed. The gas permeability
resistance can be suppressed by mixing the fine ore that is the raw material with quicklime, which acts as a binder, to form
quasiparticles. To quantify the sensitivity of the quicklime ratio relative to the bed gas flow rate, aregression formula, i.e., an
estimation formula for the bed gas flow rate (v), can be expressed by Expression (7) below.

[Math. 6]

v =Y pix + g (7)

[0035] Here, Mis the number of explanatory variables and is assumed to be "5" in the present embodiment, and p;and g;
are coefficients. The manipulated variables x to x5, which are correlated with the bed gas flow rate (v), are the damper
opening degree, quicklime ratio, layer thickness, return ore ratio, and raw material water content, respectively. The damper
opening degree is the degree of opening of the air flow rate control damper for adjusting the air flow rate under the bed and
is, forexample, 100% when fully open. The quicklime ratio is the percentage of quicklime in the sintering raw material. The
layer thickness is the thickness of the layer of sintering raw material on the pallet. The return ore ratio is the percentage of
return ore in the sintered ore after firing. The raw material water content is the percentage of water in the sintering raw
material. These explanatory variables are non-limiting examples, and any combination of factors that affect the bed gas
flow rate may be adopted.

[0036] FIG. 7 illustrates estimated values using Expression (7) and actual values. FIG. 8 also illustrates the changes in
the five manipulated variables over the same estimation period as in FIG. 7. The changes in the five manipulated variables
are illustrated as differences from typical operating conditions. With a. .o as the partial regression coefficient of quicklime
in Expression (7), the operation amount of the quicklime ratio, i.e., ACaO, is determined by the formula "Avy/ac,o". Here,
AVqpt is the optimal operation amount of the bed gas flow rate as calculated by the above processing using the evaluation
function J.

[0037] The model predictive control system outputs the optimal operation amounts determined by the above processing
so that the process computer that manages the sintering process can reflect the optimal operation amount. Here, the
output of the optimal operation amounts includes output as guidance to the operator who is operating the sintering
machine. During output as guidance, not only information on the optimal operation amounts, but also, for example,
information on the free response prediction curve as illustrated in FIGS. 3 to 6, the prediction curve in the case of changing
a portion of the manipulated variables (specified manipulated variables), and the curve illustrating the step response of the
BRP may be outputted. In other words, the information outputted as operation guidance includes at least the guidance
operation amounts (optimal operation amounts) and may be displayed on a display that can be seen by the operator.
[0038] FIG. 9illustrates an example in which the optimal operation amounts of the pallet speed and quicklime ratio are
determined by the above control method, presented to the operator as guidance information, and then reflected in the
sintering process by the operator’s final decision. In the example illustrated in FIG. 9, it was possible to keep the BRP near
the target value (approximately in the range of -1.0 m to +1.0 m relative to the target value).

[0039] FIG. 10 is a diagram illustrating a configuration example of a sintering process control unit 10 according to an
embodiment. As illustrated in FIG. 10, the sintering process control unit 10 includes a memory 11, a first predictor 12, a
second predictor 13, a step response calculator 14, an operation amount calculator 15, and a guidance operation amount
presenter 16. The sintering process control unit 10 acquires the actual values and target values in the operating process of
the sintering machine from the operation data server 60. The actual values may include various measurement values and
current manipulated variables that indicate operating conditions. The target value is the BRP target value. The operation
data server 60 is capable of communicating with the sintering process control unit 10 via a network and may, for example,
be realized on a computer that manages the production of sintered ore. The network is, for example, the Internet. The
sintering process control unit 10 executes the aforementioned processing, i.e., processing to predict the BRP using a
physical model and to determine the operation amounts of specified manipulated variables, such as the bed gas flow rate,
so that the future BRP is maintained near a target value. In the present embodiment, the sintering process control unit 10
includes a function to include the operation amounts of the specified manipulated variables in the guidance operation
amounts for presentation via the guidance operation amount presenter 16, thereby functioning as an operation guidance
apparatus. A display 30 displays the guidance operation amounts outputted from the sintering process control unit 10
(operation guidance apparatus). The sintering process control unit 10 may be configured by a computer separate from the
operation data server 60 (for example, a process computer that manages operation of the sintering machine, or a sintering
process control calculation server 10A as in the example in FIG. 12). The display 30 may be a display apparatus suchas a
liquid crystal display (LCD) or an organic electro-luminescence panel (OLED panel). The display 30 may be realized by the
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display of a terminal apparatus 30A (see FIG. 12), such as a smartphone or tablet. The terminal apparatus 30A can
communicate with the sintering process control unit 10 via the network. A sintering operation guidance system may be
configured by the sintering process control calculation server 10A that has the functions of the sintering process control
unit 10 and the terminal apparatus 30A that has the function of the display 30. The sintering process control calculation
server 10A and the terminal apparatus 30A may be in the same location (for example, in the same plant) or physically
located apart. The sintering operation guidance system may be configured to include an operation data server 60.
[0040] The components of the sintering process control unit 10 are described below. The memory 11 stores a physical
model. The memory 11 also stores programs and data related to control of the sintering process. The memory 11 may store
the acquired actual values and target values. The memory 11 may store various types of information (for example, the
characteristic curves illustrated in FIGS. 3 to 6) obtained by the processing for controlling the sintering process. The
memory 11 may include any storage devices, such as semiconductor storage devices, optical storage devices, and
magnetic storage devices. A semiconductor storage device may, for example, include a semiconductor memory. The
memory 11 may include a plurality of types of storage devices.

[0041] Thefirstpredictor 12 determines afirst predicted value of a control variable in the future for a case in which current
manipulated variables are maintained using the physical model. The control variable is the BRP in the present
embodiment.

[0042] The second predictor 13 determines a second predicted value of the control variable in the future for a case in
which the specified manipulated variables are changed using the physical model. As described above, the specified
manipulated variables are a portion of the manipulated variables, and the step response of the BRP is determined in the
case in which each of the specified manipulated variables is changed by a unit amount.

[0043] The stepresponse calculator 14 calculates a step response for the specified manipulated variables based on the
first predicted value and the second predicted value.

[0044] The operation amount calculator 15 calculates the operation amounts of the specified manipulated variables to
reduce the deviation between the target value and the superimposed predicted value of the control variable based on the
first predicted value and the step response. The superimposed predicted value is calculated using Expression (6) above. In
the presentembodiment, the operation amounts of the specified manipulated variables are calculated using the evaluation
function J. As in Expression (5) above, the evaluation function J has a term corresponding to the deviation and a term
corresponding to the operation amount of the specified manipulated variable.

[0045] The guidance operation amount presenter 16 presents, on the display 30 as guidance operation amounts, the
operation amounts of the specified manipulated variables that were calculated. In addition to the guidance operation
amounts, the guidance operation amount presenter 16 may output, to the display 30, information such as the free response
prediction curve as illustrated in FIGS. 3 to 6, the prediction curve in the case of changing a portion of the manipulated
variables (specified manipulated variables), and the curve illustrating the step response of the BRP.

[0046] The operator may change the operating conditions of the sintering machine based on the guidance operation
amounts displayed on the display 30. Such operation guidance for the sintering machine can also be implemented as part
of a production process for producing sintered ore.

[0047] The sintering process control unit 10 can be realized by a computer as described above, for example. The
computer includes a memory and hard disk drive (storage device), a CPU (processing unit), and the like, for example.
Programs can be stored on the hard disk drive and read from the hard disk drive into memory when the programs are to be
executed by the CPU. Data during processing is stored in the memory and on the HDD as necessary. The memory 11 may,
for example, be realized by a storage device. The first predictor 12, second predictor 13, step response calculator 14,
operation amount calculator 15, and guidance operation amount presenter 16 may, for example, be realized by the CPU
reading and executing programs.

[0048] FIG. 11 is a flowchart illustrating a method of controlling a sintering process according to an embodiment. The
sintering process control unit 10 calculates, and outputs as guidance operation amounts, the operation amounts of the
specified manipulated variables according to the flowchart illustrated in FIG. 11. The method of controlling a sintering
process illustrated in FIG. 11 is also an operation guidance method and may be executed as part of a method of producing
sintered ore.

[0049] The sintering process control unit 10 acquires actual values and target values (step S1). The first predictor 12
determines a first predicted value of a control variable in the future for a case in which current manipulated variables are
maintained using the physical model (step S2, first prediction step). The second predictor determines a second predicted
value of the control variable in the future for a case in which the specified manipulated variable is changed using the
physical model (step S3, second prediction step). The step response calculator 14 calculates a step response for the
specified manipulated variable based on the first predicted value and the second predicted value (step S4, step response
calculation step). The operation amount calculator 15 calculates the operation amounts of the specified manipulated
variables to reduce the deviation between the target value and the superimposed predicted value of the control variable
based on the first predicted value and the step response for the specified manipulated variables (step S5, operation
amount calculation step). The guidance operation amount presenter 16 presents, as guidance operation amounts, the
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operation amounts of the specified manipulated variables that were calculated (step S6, guidance operation amount
presentation step).

[0050] FIG.12isadiagramillustrating a configuration example of a sintering operation guidance system according to an
embodiment. The sintering operation guidance system can be configured to include the operation data server 60, the
sintering process control unit 10, and the terminal apparatus 30A. Here, in the example in FIG. 12, the operation data
server 60 includes a database storing operation data acquired from each device in a sintering process and operation
control target values of the sintering process. In the example in FIG. 12, the sintering process control unit 10 is realized by
the sintering process control calculation server 10A, which is a server computer that can communicate with the operation
data server 60 and the terminal apparatus 30A via a network. As in FIG. 10, the sintering process control calculation server
10Aincludes the memory 11, the first predictor 12, the second predictor 13, the step response calculator 14, the operation
amount calculator 15, and the guidance operation amount presenter 16. The sintering process control calculation server
10A furtherincludes an operation amount transmitter 17. The operation amount transmitter 17 transmits, to each device in
the sintering process, the operation amounts of the specified manipulated variables calculated by the operation amount
calculator 15 or operation amounts of the specified manipulated variables as corrected by the operator. Here, the operation
amounts of the specified manipulated variables as corrected by the operator are obtained from the terminal apparatus 30A.
The terminal apparatus 30A includes a guidance operation amount display 31, an input interface for change in operation
amount 32, and a transmitter for input of change in operation amount 33. The guidance operation amount display 31
acquires and displays the guidance operation amounts from the sintering process control calculation server 10A. The
guidance operation amounts include the operation amounts of the specified manipulated variables calculated by the
operation amount calculator 15 and are outputted from the guidance operation amount presenter 16. The input interface
for change in operation amount 32 acquires input of a change in the operation amount of a specified manipulated variable
from the operator. The input interface for change in operation amount 32 may, for example, be realized by a touch panel
included inthe terminal apparatus 30A. The transmitter forinput of change in operation amount 33 transmits the input of the
change in the operation amount of a specified manipulated variable to the sintering process control calculation server 10A.
The transmitter for input of change in operation amount 33 may transmit a signal indicating no change to the sintering
process control calculation server 10A in the case of no change by the operator. The operation amount transmitter 17
transmits, to each device in the sintering process, the operation amounts of the specified manipulated variables after
correction by the operator, butin the case of acquiring the signal indicating no change, the operation amount transmitter 17
may transmit the operation amounts of the specified manipulated variables calculated by the operation amount calculator
15.

[0051] As described above, the method of controlling a sintering process (operation guidance method), the method of
producing sintered ore, the sintering process control unit 10 (operation guidance apparatus), and the sintering operation
guidance system according to the present embodiment can present appropriate operation actions that take into account
the time delay of the process. The terminal apparatus 30A according to the present embodiment is used to present
appropriate operation actions that take into account the time delay of the process. For example, the operator can change
the operating conditions based on the indicated guidance operation amounts to keep the feature values of the temperature
distribution (heat pattern) of the sintering raw material near the target values, thus improving the yield in the production of
sintered ore.

[0052] While embodiments according to the present disclosure have been described with reference to the drawings and
examples, it should be noted that various modifications and amendments may easily be implemented by those skilled in
the art based on the present disclosure. Accordingly, such modifications and amendments are included within the scope of
the present disclosure. For example, functions or the like included in each component, each step, or the like can be
rearranged without logical inconsistency, and a plurality of components, steps, or the like can be combined into one or
divided. Embodiments according to the present disclosure can also be realized as a program executed by a processor
included in an apparatus or as a storage medium having the program recorded thereon. Such embodiments are also to be
understood as included in the scope of the present disclosure.

[0053] The configuration of the sintering process control unit 10 as illustrated in FIG. 10 is an example. The sintering
process control unit 10 need not include all of the components illustrated in FIG. 10. The sintering process control unit 10
may include components other than those illustrated in FIG. 10. For example, the sintering process control unit 10 may be
configured to further include a display 30. The second prediction step (step S3) and the step response calculation step
(step S4) may be omitted in the flowchart of FIG. 11 when the step response calculated in advance and stored in the
memory 11 is used.

[0054] Inthe above embodiments, the calculated operation amounts are presented as guidance operation amounts and
are reflected in the sintering process through a final decision by the operator. Such operation guidance has been described
as beingimplemented as part of a production method for producing sintered ore. Here, the sintering process control unit 10
may directly output the calculated operation amounts of the specified manipulated variables that were calculated to the
facility for producing sintered ore, and the manipulated variables may be automatically updated by the facility. In other
words, the calculation of the operation amounts of the specified manipulated variables in the method of controlling the
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return ore ratio according to the present embodiment may be performed as part of a production method for producing
sintered ore, without having to pass through the stage of operation guidance to the operator. Here, the equipment from
which the operation amounts operating volume of the specified manipulated variables are outputted may, for example, be
the sintering machine or a process computer that manages the sintering process. In the case in which the manipulated
variables are automatically updated by the equipment, operations can be carried out without operator intervention, freeing
the operator from the task of determining the operation amounts so that the operator can concentrate on monitoring the
entire process for the stable production of high-grade sintered ore.
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Claims

Sintering process control unit

Sintering process control calculation server
Memory

First predictor

Second predictor

Step response calculator

Operation amount calculator

Guidance operation amount presenter
Operation amount transmitter

Display

Terminal apparatus

Guidance operation amount display

Input interface for change in operation amount
Transmitter for input of change in operation amount
Operation data server

1. A method of controlling a sintering process using a physical model capable of calculating a state of the sintering
process including a temperature distribution of sintering raw material in a longitudinal direction and a thickness
direction in a sintering machine, the method comprising:

a first prediction step of determining a first predicted value of a control variable in the future for a case in which
current manipulated variables are maintained using the physical model; and

an operation amount calculation step of calculating an operation amount of at least one specified manipulated
variable, which is a portion of the manipulated variables, to reduce a deviation between a target value and a
superimposed predicted value of the control variable, the superimposed predicted value being based on the first
predicted value and a step response for a case in which the specified manipulated variable is changed by a unit
amount.

2. The method of controlling a sintering process according to claim 1, further comprising

a second prediction step of determining a second predicted value of the control variable in the future for a case in
which the specified manipulated variable is changed using the physical model; and

a step response calculation step of calculating a step response for the specified manipulated variable based on
the first predicted value and the second predicted value.

3. Themethod of controlling a sintering process according to claim 1 or 2, wherein the control variable is a feature value of
a temperature distribution of the sintering raw material.

4. The method of controlling a sintering process according to claim 3, wherein the control variable is BRP or BTP.

5. The method of controlling a sintering process according to any one of claims 1 to 4, wherein in the operation amount
calculation step, the operation amount of the specified manipulated variable is calculated to minimize or maximize an
evaluation function having a term corresponding to the deviation and a term corresponding to the operation amount of
the specified manipulated variable.
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The method of controlling a sintering process according to any one of claims 1 to 5, wherein the at least one specified
manipulated variable includes at least one of pallet speed, bed gas flow rate, agglomeration agent ratio, and raw
material water content.

An operation guidance method comprising a guidance operation amount presentation step of presenting, as a
guidance operation amount, an operation amount of the specified manipulated variable calculated by the method of
controlling a sintering process according to any one of claims 1 to 6.

A method of producing sintered ore, the method comprising producing sintered ore using the guidance operation
amount presented by the operation guidance method according to claim 7.

A method of producing sintered ore, the method comprising producing sintered ore using the operation amount of the
specified manipulated variable calculated by the method of controlling a sintering process according to any one of
claims 1 to 6.

A sintering process control unit for controlling a sintering process using a physical model capable of calculating a state
of the sintering process including a temperature distribution of sintering raw material in a longitudinal direction and a
thickness direction in a sintering machine, the sintering process control unit comprising:

afirst predictor configured to determine a first predicted value of a control variable in the future for a case in which
current manipulated variables are maintained using the physical model; and

an operation amount calculator configured to calculate an operation amount of at least one specified manipulated
variable, which is a portion of the manipulated variables, to reduce a deviation between a target value and a
superimposed predicted value of the control variable, the superimposed predicted value being based on the first
predicted value and a step response for a case in which the specified manipulated variable is changed by a unit
amount.

An operation guidance apparatus comprising a guidance operation amount presenter configured to present, as a
guidance operation amount, an operation amount of the specified manipulated variable calculated by the sintering
process control unit according to claim 10.

A sintering operation guidance system comprising an operation data server, a sintering process control unit, and a
terminal apparatus, wherein

the operation data server comprises a database storing operation data acquired from each device in a sintering
process and operation control target values of the sintering process,
the sintering process control unit comprises

a first predictor configured to determine a first predicted value of a control variable in the future for a case in
which current manipulated variables are maintained using a physical model capable of calculating a state of
the sintering process including a temperature distribution of sintering raw material in a longitudinal direction
and a thickness direction in a sintering machine,

an operation amount calculator configured to calculate an operation amount of at least one specified
manipulated variable, which is a portion of the manipulated variables, to reduce a deviation between a
target value and a superimposed predicted value of the control variable, the superimposed predicted value
being based on the first predicted value and a step response for a case in which the specified manipulated
variable is changed by a unit amount,

a guidance operation amount presenter configured to output a guidance operation amount including the
operation amount of the specified manipulated variable, and

an operation amount transmitter configured to transmit, to each device in the sintering process, the operation
amount of the specified manipulated variable calculated by the operation amount calculator or an operation
amount of the specified manipulated variable as corrected by an operator, and

the terminal apparatus comprises
a guidance operation amount display configured to acquire and display the guidance operation amount from

the sintering process control unit,
an input interface for change in operation amount configured to acquire input of a change in the operation
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amount of the specified manipulated variable from the operator, and
a transmitter for input of change in operation amount configured to transmit the input of the change to the
sintering process control unit.

13. A terminal apparatus comprising:

a guidance operation amount display configured to acquire and display a guidance operation amount, including
an operation amount of a specified manipulated variable, from a sintering process control unit;

aninput interface for change in operation amount configured to acquire input of a change in the operation amount
of a specified manipulated variable from an operator; and

atransmitter for input of change in operation amount configured to transmit the input of the change to the sintering
process control unit, wherein

the operation amount of the specified manipulated variable is calculated by the sintering process control unit to
reduce a deviation between a target value and a superimposed predicted value of a control variable, the
superimposed predicted value being based on a first predicted value and a step response for a case in which the
specified manipulated variable, which is a portion of manipulated variables, is changed by a unit amount, the first
predicted value being a predicted value of the control variable in the future for a case in which current manipulated
variables are maintained and being determined using a physical model capable of calculating a state of a sintering
process including a temperature distribution of sintering raw material in a longitudinal direction and a thickness
direction in a sintering machine.

13
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