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Abstract—Pulverizing system is an important part in the
clean and efficient utilization of coal in thermal power plant, the
optimal control of the system is an important way to achieve this
goal. This paper presents a stair-like multivariable generalized
predictive control scheme for a pulverizing system. This scheme
focuses on the problem of predictive control algorithm in
practical application, especially when it incorporates feedforward
control ideas. Simulation results showed that the scheme are able
to realize the decoupling control of the pulverizing system, avoid
the problem of matrix inversion, reduce the amount of
calculation, and has certain engineering application value.
Predictive
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1. INTRODUCTION

“Rich in coal but poor in oil and gas” is a distinctive feature
of China’s present energy structure. The National Potential
Assessment of Coal Resources shows that China’s total coal
resources are 5.9 trillion tons, which accounts for 94% of the
total primary energy resources; however, the oil and natural gas
resources account for only 6%. The total energy consumption
in 2016 is about 4.36 billion tons of standard coal, of which,
2.7 billion tons of coal were consumed, which accounts for
62% of the total energy consumption; in which, the coal
consumed for power generation accounts for 53% .. Further,
Coal-fired power generation capacity accounted for more than
60% of the total installed power generation capacity in China
(about 14 billion kilowatts). Therefore, the clean and efficient
use of coal in China is crucial, especially in coal-fired power
plants, which will be of great significance in alleviating the
pressure on China's resources and the environment, and will
ensure the sustainable development of the China’s energy
system.
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In coal-fired power plants, the clean and efficient use of
coal is affected by many factors, such as coal quality, type and
dryness, distribution of primary and secondary air, burner
structure, operating conditions of units, etc. These factors
involve the pulverizing, air distribution, desulfurization,
denitration, dust removal, and coordination system, which
make it difficult to analyze them integrally. In this paper, we
mainly study the optimization control of pulverizing system to
improve the stability and economy of boiler combustion,
thereby achieving the clean and efficient use of coal in coal-
fired power plants.

The pulverizing system is a typical three-input, three-
output, nonlinear, and time-varying system, and there is a
serious coupling between each variable. The traditional control
system generally consists of three independent single-loop, that
is, the mill outlet temperature is controlled by the cold air
valve, the primary air flow is controlled by the hot air valve,
and the output of the pulverizing system is controlled by the
coal feeder, this control method fails to achieve decoupling
control of pulverizing system; the output of pulverizing system
is generally controlled by the coal feeder indirectly, and its
control accuracy is very poor. In addition, the mill outlet
temperature is the main factor affecting the degree of dryness
and ignition heat of pulverized coal, which is affected by both
the raw coal moisture content, the coal feed flow, the primary
air flow and the primary air temperature. Among them, the raw
coal moisture is an uncontrollable variable, the coal feed flow
is controlled with the change of unit load, the primary air flow
is controlled with the change of coal feed flow, none of the
three can be used as control method for mill outlet temperature,
thereby, the mill outlet temperature is essentially controlled by
primary air temperature at the inlet of coal mill. The higher the
primary air temperature at the inlet of the coal mill, the lower
the pulverized coal moisture at the outlet of the coal mill, the
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lower the latent heat of vaporization and the ignition heat
required for the combustion, which is more conducive to the
safe, stable and economical operation of the boiler; however,
the excessive primary air temperature at the inlet of coal mill
may cause spontaneous combustion of pulverized coal or even
an explosion accident, which seriously affect the safety of
milling equipment. Therefore, it is of great importance to study
the optimal control technology of pulverizing system to realize
the safe, stable and economical operation of milling system,
and improve the stability and economy of boiler combustion.

Recently, some advanced intelligent control algorithms has
been applied to the design of pulverizing control system.
Combined the PID algorithm and the predictive control
algorithm, Sun! et al. proposes a PID-GPC predictive control
algorithm, Based on this algorithm, a control scheme for the
pulverizing system is designed. The simulation show that the
algorithm has better robustness than general feedforward
decoupling PID control and GPC control, however, this
algorithm fails to consider some practical engineering
problems and is not conducive to engineering applications. On
the basis of a T-S fuzzy model of a pulverizing system,
Zhang' et al. present a tracking control scheme for a
pulverizing system, and some important performance
indicators was considered to ensure the real-time performance
of the control system, the simulation verified the effectiveness
and real-time performance of the control system, However, this
cannot achieve decoupling control of the pulverizing system.
Considering the effect of coal moisture on the energy balance
of the coal mill, Zeng"! et al. established a dynamic model of a
coal mill and designed an optimized control scheme for the
coal mill, the simulation results also show the accuracy of the
model and the effectiveness of the control scheme, However,
the control scheme is only for the coal mill, the control variable
is the inlet primary air temperature and primary air flow, which
are not direct control variables of pulverizing system. Through
modeling and analysis, Gao'® et al. proposed an estimation
signal for pulverized coal flow at the outlet of coal mill, and
this signal was integrated into the design of an intelligent
control scheme for the pulverizing system. Finally, a control
scheme for the pulverizing system based on state space
prediction control was designed, the simulation indicated that
the output control precision of the pulverizing system was
improved and the ability to resist disturbances was enhanced,
however, the control scheme does not consider matrix
inversion and tracking switching issues from an engineering
perspective, Therefore, it is not conducive to engineering
applications.

In summary, the above research content are hard to apply
to engineering practice, and only remain in the simulation
stage. This article will directly address the engineering
applications: 1) the multivariable generalized predictive control
algorithm is adopted to realize the decoupling control of
pulverizing system, thereby avoiding the coupling fluctuations
of the controlled variables; 2) the stair-like solution idea is
adopted to solve the control law of the predictive controller,
thereby avoiding the inversion problem in the process of
solving diophantine equation, and 3) The feedforward
experience in traditional control schemes is integrated into the
design of this control scheme.

This paper is organized as follows. Section 1 provides a
brief introduction for pulverizing systems and simulation
models. Section 2 deduces the stair-like multivariable
generalized predictive control algorithm. Section 3 designs an
optimized control scheme of the pulverizing system on the
basis of the algorithm deduced in the former section. Section 4
simulates and verifies the proposed control scheme. Section 5
presents the conclusion of this paper.

II.  BRIEF INTRODUCTION FOR PULVERIZING SYSTEMS AND
SIMULATION MODELS

A typical positive-pressure, direct-fired, pulverizing system
is mainly composed of a coal feeder, a coal mill, a primary fan,
a sealed fan, a separator, and a burner (see Fig. 1). The raw
coal is fed into the coal mill via a coal feeder, and then ground
to pulverized coal; the primary air is boosted by a fan and
divided into two parts, one part directly enters the cold air duct,
while the other part is heated by an air preheater and then
enters the hot air duct. These two parts of wind are mixed and
then sent to the coal mill. The mixed primary air temperature
and primary air flow are controlled by a cold air valve and a
hot valve, these two valves cooperate to complete the drying
and conveying tasks of the pulverized coal. In addition, the
sealed fan is used to seal the coal mill to prevent the pulverized
coal from leaking.

1.boiler furnace, 2.air preheater, 3.air blower, 4. coal feeder, 5.
coal mill, 6. Separator, 7. primary fan, 8. sealing fan, 9. burner
Fig.1 Schematic of a medium speed mill, positive-
pressure, direct-fired pulverizing system

The research work in this paper is based on a model of a
MPS  positive-pressure, direct-fired, pulverizing system
established in [5]. This model which is established based on the
mass balance and energy balance of a coal mill, the specific
form of the model is as follows:

Where, W,;,. is primary air flow, kg/s; 6, is primary air
temperature, kg/s; M is raw coal content in coal mill, kg; M,
is coal powder content in coal mill, kg; 6,,,; is coal mill outlet
temperature, °C; u; is valve opening of cold air, %; uy is
valve opening of hot air, %; W, is coal feed flow, kg/s; M, is
raw coal moisture, %.

The input of the model are u;, uy, and W.. The output of
the model are W,;,., 6., and W, ¢. The states of the model are
Oin> Wair, Mg, Myyf, and 6,,,,. The time-varying parameters is
M,
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In consideration that predictive control algorithms generally
perform well in strong coupling multivariable systems without
being decoupled *'%), such an algorithm is adopted as the core
of the control system design in this paper, and a stair-like
solution idea was adopted to avoid matrix inversion problems.

OPTIMAL CONTROL OF THE PULVERIZING SYSTEM

A. Stair-like multivariable generalized predictive control
algorithm

Assume that the system is based on the following discrete-
time CARIMA model *':

Az V)y(k) = B(z u(k — 1) + §(k)/A “)
Where y(k) is the system's m-dimensional output; u(k) is
the system's p-dimensional input; (k) is the system's m-
dimensional noise vector; and:
Az =1+Az7" + -+ A, 27",
B(z7')=By+Byz7' + -+ B,,z7",
Where A; is a m X m dimension matrix, and B; is am X m
dimension matrix.

Assume that the objective function of the control system is
as fellow:

N
J = D30k + 510 = yalk+ DI, +
j=1

e laulk +j - DI )

Where y(k + jlk) is a j-step prediction for y(k); A is a

positive  semi-definite  matrix, generally take A=

diag(A4,++,4,), and A; =2 0; y,(k+)) is the softening
sequence vector of the set value, which generated by:

{yd (k) = y(k)

yik+))=ay,(k+j-1D+U, - )y, (k) G=1,-,N)

(6
Where a = diag(a,, -, ;) , and 0 < a; < 1; y,.(k) is an
m-dimensional set value vector.
Introduce the following Diophantine equations:

I1=EM+77F, j=1,-,N,

0.45( _1.1Mar
Bout < 0.45—100>
Oout

EjB=6j+z‘ij j=1,--,N,
Where,
Ei= EO® + EMz-1 4 ... 4 EU-Dz-0-1)
F;= FO  FOz-1 4 ... 4 F(a)z~a
G = GO + Wz 1 ... 4 gU-DZz-G-1),
H, = HO + HOz 1 4 o B0~ z~00-1),

And E®O | F® are m-order square matrixes, G, H® are
p X m dimension matrixes.

Definition:
y(k + 1]k)
Y(k) = ( : ) ,

y(k +jlk)

mxXN

Au(k)
AU (k) = ( s )
Au(k + N, — 1)

Resolving the Diophantine equations,
predictive equations can be obtained as fellow:

PXNy
and then the

Y(k) = GAU(k) + Yy (k), (7
Yo(k) = Fj(z")y(k) + Hi(z")AU(k - 1), (8)
G© 1
| 6W GO |
o : I
Where 6 = iG(Nu_l) GNu-2) ¢ |
| gv-v  gwv-2 G- |

Let the increment of future control variables be : Au(k) =
8, Au(k+i) =BAu(k+i—1) =8, 1<i <N,
AU (k) = (Au(k) Au(k + 1) -+ Au(k + N, — 1)T
= (8BS - BYE) = (1B - f)TS
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Therefore, the predictive equations can be written as fellow:

Y(k) = G8 + Y, (k), )
= (G8+Y,(k)—Yy) (G8+Y,(k)—Y,) +

min 5 2 2(Ny—1)\ K2
AQ+pB+-+B )8

(10
)

Minimize the objective function % = 0, and then obtain the
control law as:
_ G"(Yy—Y,)
TCTC+ A(L + B2 + -+ + p2(Nu=1))§2
In the control process, only the current control amount
Au(k) = Au(k — 1) + 8 is implemented.

B. Overall control scheme

Considering that the pulverizing system is a multi-input,
multi-output, and non-linear system, the inputs and outputs are
strongly coupled, in order to fundamentally realize the
decoupling control of the coupled system, a multivariable
decoupling control scheme for milling system is designed
based on multivariate predictive control algorithm; since the
change of coal feed flow affects both the primary air
temperature and primary air flow, the coal feed flow is used as
feedforward to improve the accuracy of the prediction model.
The details are as shown in Fig.2.
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Fig.2 Overall control scheme for the pulverizing system

IV. SIMULATION AND VALIDATION

In order to verify the effectiveness and accuracy of the
control scheme, a simulation experiment was conducted on the

mill outlet temperature, primary air flow, and coal powder
flow at the outlet of the mill respectively, and a 1% white
noise was added to the coal supply to reproduce the internal
coal disturbance. The specific verification process is as
follows:

(1) At 500 seconds, the set value of the pulverized coal flow
rate at the mill outlet was increased from 9.67 kg/s to 11.36
kg/s, while keeping the other set values constant. As can be
seen from Figure 6, the opening of the cold air valve is
reduced, and the opening of the hot air valve is increased, this
is due to the increase in the amount of coal feed flow requires
more energy to dry the raw coal (Figs.3); the increased coal
feed flow causes the action of cold and hot air valve, thereby
resulting in a temporary deviation of primary air flow and mill
outlet temperatures (Figs.4); and it can be seen from Fig. 5
that since the set value of mill outlet temperature is constant,
the pulverized coal moisture quickly recovers after a
temporary deviation.

(2) At 1500 seconds, the set value of mill outlet temperature
was increased from 71.98°C to 75.98°C, while keeping the
other set values constant. as can be seen from Figure 3-4, the
opening of the cold air valve is reduced, and the opening of
the hot air valve is increased, the mill outlet temperature rises
and stabilizes to its set value; as the temperature of the mill
outlet rises, the pulverized coal is sufficiently dried, resulting
in a decrease in pulverized coal moisture and stabilizing to a
new steady state value (Fig. 5).

(3) At 2500 seconds, the set value of primary air flow was
increased from 24.6 kg/s to 28.91 kg/s, while keeping the
other set values constant. As can be seen from Figure 3-4, the
hot and cold air flaps are opened at the same time, and the
primary air flow rate increases and stabilizes to its new set
value.
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Fig.3 Curve for control variables
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Fig.5 Moisture of Raw coal and coal powder

V. CONCLUSION

In this paper, a control scheme for the pulverizing system
based on stair-like multivariable generalized predictive control
algorithm is designed. This scheme focuses on the problem of
predictive control algorithm in practical application, the
pulverized coal at the outlet of coal mill is proposed as a new
control target of the pulverizing system’s output. Simulation
results showed that the scheme can realize decoupling control
of the pulverizing system, avoid the problem of matrix
inversion, reduce the amount of calculation, and has certain
engineering application value, which is of great significance
for realizing the clean and efficient utilization of coal in

thermal power plants.
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