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ABSTRACT
Flue gas purification of a domestic steel mill using activated carbon desulfurization process. Among them, the flue
gas treatment method of the adsorption tower is filled with activated carbon and flue gas permeated and adsorbed,
which is an important part of the desulfurization effect. The variables in the tower are complicated, non-linear, timevarying, coupled, and lagging behind in the control process Inertial characteristics, the controller construction and
control of the results posed a serious challenge. This paper first analyzes the environmental variables in the tower
and proposes an adaptive fuzzy control scheme. The experimental results show that the flue gas purification effect
has been significantly improved.
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1.

Introduction

As a recyclable and reusable adsorbent, activated carbon has attracted
more and more attention in the field of flue gas desulfurization. The
control of adsorption tower is a typical nonlinear, time-varying, large
interference system [1]. The difficulty of system modeling and the
uncertainties of many factors make the optimal control in the classical
control theory and modern control theory difficult to apply, while fuzzy
control is suitable for the control of such processes [2].
2. THE CONTROL PARAMETERS OF DESULFURIZATION TOWER
Adsorption of activated carbon in the adsorption tower is divided into
chemical adsorption and physical adsorption processes, and the result of
the physical and chemical reactions together [3]. The main parameters in
the control process are as follows: Flue gas flow into the desulfurization
tower 𝐺𝑖 (CFM), flue gas temperature 𝑇𝑖 (℃), SO2 concentration 𝜌𝑖 (mg/m3),
NH3 air inflow QNH3(m3/h).
The difficulties of control are:
a. There is a serious coupling relationship between the flue gas flow and
the temperature in the flue gas system. Under normal circumstances,
when the flow rate of flue and gas is insufficient, the temperature will
also be reduced accordingly. However, the pouring of cold air will
cause drastic temperature changes;
b. The chemical adsorption of activated carbon is a typical exothermic
reaction, the instability of the reaction environment makes the
reaction depth of activated carbon in chemical adsorption difficult to
guarantee;
c.

The adsorption tower is a large-volume reaction tank, and the
residence time of the activated carbon in the adsorption tower is long.
The lag of control effect makes it easy to overshoot control curve
whether adjusting the amount of NH3 gas or the moving speed of the
activated carbon;

d. There are many factors that affect the control effect, but the data that
can be measured directly are limited. Many processes that affect the
adsorption effect, such as the saturation of activated carbon, are

difficult to be collected directly.
3. CONTROL ALGORITHM DESIGN
Compared to ordinary fuzzy control, adaptive fuzzy control is divided into
two basic modules: common fuzzy control level and the adaptive
correction level composed of the performance measurement, control of
the correction amount and rules correction [4]. This paper adopts a
modified method which monitors controller performance online. In order
to improve the response speed of the system, a feedforward link is added.
The inputs of the feedforward link are three state variables, which are 𝐺𝑖 ,
𝑇𝑖 and 𝜌𝑖 . Its output is superimposed on the speed output of the variable
frequency rolling mill [5-7]. Among them, the performance measurement,
which is based on the relationship between input and output, uses the
language rules to describe the query table established and uses genetic
algorithms to optimize the table of performance measurement.
3.1 The design of FLC
When designing control algorithms, the more process information
entered, the more it is conducive to the integrity of the reaction control
process [8]. However, an excessive number of fuzzy inputs can cause an
exponential increase in the number of fuzzy rules, and largely slow down
the system's inference speed, and reduce control performance. Variables
that are easy to measure and cause significant interference to the system
are selected as inputs to the FLC: flue gas flow at the inlet 𝐺𝑖 , flue gas
temperature at the inlet 𝑇𝑖 , error 𝐸 and its changes 𝐸𝐶. The output is the
descent speed of activated carbon, the height of carbon layer and the flow
rate of NH3. According to the weak coupling between the three control
variables, it is decomposed into three MISO fuzzy systems, which specifies
the basic fuzzy control rules table. The basic Fuzzy control level structure
is shown in Figure 1. The execution order of algorithm of basic fuzzy level
is:
a.

The calculation of the desulfurization rate lacks a fixed and accurate
calculation formula under different working conditions. The system
detects the SO2 concentration of flue gas at the outlet of the
desulfurization tower. The estimated value of the desulfurization
rate 𝛾𝑜 can be obtained after a fuzzy reasoning system;

b.

Calculate error E and error change EC;
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Take the error E and the error change EC, the flue gas flow 𝐺𝑖 and
2)
Correction of control amount
temperature 𝑇𝑖 at the inlet as the input variables of the FLC, and take
the appropriate transformation factor 𝐾𝑖𝑛 & 𝐾𝑜𝑢𝑡 into the fuzzy
According to the performance of measuring, the amount of output
quantity;
correction for each sampling period is measured. Combined with
the 𝐺𝑖 , 𝜈, 𝜌𝑖 and the evaluation value of the activated carbon 𝜉 saturation
obtained by the interval sampling, which are detected at the inlet. It can be
According to the fuzzy algorithm, the fuzzy output 𝑉̃ , ̃
𝑄𝑁𝐻3 , ̃
𝐻 is
obtained that the control amount is:
calculated;

c.

d.
e.

Obtain the exact descent speed of activated carbon maintained
height of charcoal layer, and gas flow according to fuzzy decisionmaking.

𝑣(𝑛𝑇) = 𝑎1 𝑉[(𝑛 − 1)𝑇] + 𝑎2 [(𝑛 − 1)𝑇] + 𝑎3 𝑀[(𝑛 − 1)𝜌] + 𝑎4 𝑃𝑖 (𝑛𝑇) + 𝑎5 𝑇𝑖 (𝑛𝑇)
{ 𝐻(𝑛𝑇) = 𝑏1𝐻[(𝑛 − 1)𝑇] + 𝑏2 [(𝑛 − 1)𝑇] + 𝑏3 𝑀[(𝑛 − 1)𝜌] + 𝑏4 𝑃𝑖 (𝑛𝑇) + 𝑏5 𝑇𝑖 (𝑛𝑇)
𝑄𝑁𝐻3(𝑛𝑇) = 𝑐1𝐻[(𝑛 − 1)𝑇] + 𝑐2[(𝑛 − 1)𝑇] + 𝑐3𝑀[(𝑛 − 1)𝜌] + 𝑐4𝑃𝑖 (𝑛𝑇) + 𝑐5𝑇𝑖 (𝑛𝑇)

Thereinto a1, a2, ... a5, b1, b2, ..., b5, c1, c2, ..., c5 is correction factor, T is the
sampling period (s), 𝑃𝑖 is correction amount of FLC output, 𝑇𝑖 is the flue
gas temperature at the inlet, 𝜌[(𝑛 − 1)] is evaluation of saturation of the
activated carbon of n-1 cycles.
3)

Amended control rules

Denote R by fundamental fuzzy relationship, it is R' after correction. △R is
correction amount of the fuzzy relationship. Then it can be expressed as
𝑅’ = 𝑅 +△ 𝑅. Set rule correction function is:
Figure 1: Block diagram of fuzzy control in desulfurization tower

∆𝑅 = 𝑓(𝐸, 𝐸𝐶, 𝐺𝑖 , 𝑇𝑖 , ∆𝐻, ∆𝑉, ∆𝐿)

For the desulfurization system, only the theoretical control method and
part of the operational experience can be obtained [9]. Therefore, the preestablished fuzzy rules may be rough and cannot meet all the
requirements of the working conditions. For example, the desulfurization
tower is designed as a multi-tower parallel desulfurization based on the
total amount of flue gas. According to the technical requirements, the load
of each tower may be inconsistent, and the addition of new activated
carbon will also change the desulfurization curve, so concentration of flue
gas at the exit cannot meet the requirements [10]. In order to obtain a
better control effect, the control rules must be corrected, and the structure
of fuzzy adaptive is shown in Figure 2.

In the formula, 𝛥𝐻, 𝛥𝑉 and 𝛥𝐿 are the incremental changes of the rule of
increment ν of feed rate per unit time, height of carbon layer H and feed
rate of NH3, respectively. Considering the inherent lag of the system, set
𝐸(𝑘𝑇 − 𝑑𝑇), 𝛥𝐸(𝑘𝑇 − 𝑑𝑇), 𝛥𝐸𝐶(𝑘𝑇 − 𝑑𝑇), 𝑈𝐻(𝑘𝑇 − 𝑑𝑇), 𝑈𝑁(𝑘𝑇 −
𝑑𝑇), 𝑈𝐿(𝑘𝑇 − 𝑑𝑇) before d samples and dT is the lag time length. Suppose
the process performance at the sampling moment has the greatest
influence, then the control quantity at (k-d)T is 𝑢(𝑘𝑇 − 𝑑𝑇) + 𝑃𝑖(𝑘𝑇).
̃, U
̃, EC
̃, V
̃ are the variables being after fuzzified. For one of the outputs, the
E
control rules Before and after the modification are written by fuzzy
relationship matrix form:
̃ 1(kT) = ̃
̃(kT − dT) × U
̃ (kT − dT)
R
E(kT − dT) × ∆E
̃ 2(kT) = E
̃(kT − dT) × ∆E
̃(kT − dT) × V
̃ (kT − dT)
R
The method of rule correction is:
̃ (nT + T) = (R
̃ (nT)but not R
̃ 1(𝑛𝑇))else R
̃ 2(nT)
R
After written a logical relationship:
̃ (nT + T) = (R
̃ (nT) ∩ R
̃ 1(𝑛𝑇)) ∪ R
̃ 2(nT)
R
E is obtained by sampling and EC by calculating, after fuzzification and the
correction, fuzzy relation matrix R integrates fuzzy control quantity 𝑢̃(𝑘𝑇),
and then an accurate control quantity 𝑢(𝑘𝑇) is obtained by de-fuzzifier.
After many sampling calculations, the rules are amended, it gradually
meets the accuracy requirements of the control object.

Figure 2: Fuzzy control block diagram modified by rule
Adaptive level algorithm steps are:
1)

Performance measurement

The rule correction requires multiple cycles to complete, and the sampling
value of the outlet flue gas is obtained in each sampling period [11]. The
error E and the variation EC are calculated as the input of the FLC, and the
correction amount P(nT), T of the output characteristic is calculated as the
sampling period according to E and EC. The performance measurement
rules described by linguistic variables are Table 1.
The errors E(nT), EC(nT), and P(nT), which is the output of discourse
domain, is determined as:
E(nT) = { -6, -5, -4, -3, -2, -1, -0, +0, +1, +2, +3, +4, +5, +6};
P(nT) = EC(nT) = { -6, -5, -4, -3, -2, -1,0, +1, +2, +3, +4, +5, +6};
Table 1: The adjustment rules determined by E and EC
P EE
C
NB
NM
NS
ZE
PS
PM
PB

NB
PB
PB
PB
PM
ZE
ZE
ZE

NM
PB
PB
PM
PM
PS
ZE
ZE

NZ
PB
PM
PS
PS
ZE
ZE
ZE

PZ
ZE
ZE
ZE
ZE
ZE
NS
NM

PS
ZE
ZE
ZE
NS
NS
NM
NB

PM
ZE
ZE
NS
NS
NM
NB
NB

PB
ZE
ZE
AW
ZE
NB
NB
NB

After constant looping correction, new rules with new conditions are
added to the fuzzy rule base, and rules with different preconditions will be
replaced. The output correction 𝑃𝑜 (𝑛𝑇) is an important factor that affects
the performance of closed-loop control. A common method is to store the
performance indicators, which are designed according to the controlled
process, in tabular form in the memory of the controller. Correction
amount is obtained by looking up the table. This approach is easy to
implement, the disadvantage is that the versatility and flexibility of the
controller are greatly reduced. In this paper, genetic algorithm is used to
update and optimize the data of the performance index table.
4)

Genetic algorithm optimization

According to the fuzzy subsets of E and EC, the performance measurement
table is encoded into 49 independent GA sets. N is the number of cells of
the performance indicator. Each GA set contains 7 randomly generated
individuals, and assign the same fitness value for each individual. At each
sampling moment, perform optimization and iteration on the individual
containing a set of sub-collections of the current activation rule and selects
crossover and sorting according to the selection criteria. When the best
relevant individuals are obtained according to the fitness function, the
corresponding parameters in the performance index table are modified,
and other GA individuals and subsets and their corresponding
performance index are maintained. At each sampling moment, do the
following for different GA sets:
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to establish data exchange. Figure 4 shows the execution sequence of each
function block.

Figure 4: Flow chart of control algorithm

Figure 3: Genetic algorithm optimization
1）Using genetic algorithm, the cell indexed by 𝑋𝑖,𝑗 Which is activated
at sampling time nT-mT, is called again at the current sampling moment.
The best individual is obtained by calculating fitness of each individual in
the corresponding set.
2）Update Performance Indicators Table: When one Performance
𝑋𝑖,𝑗 is activated again, the individual of highest fitness is used to replace
the original and a new modification 𝑃′(𝑛𝑇) is obtained;
3）Modify basic fuzzy control rules: Invoke cells 𝑋, indexed by E(nT)
and CE(nT) and select modification values generated by individuals in the
individual set with the highest fitness to infer modification 𝑃𝑖(𝑛𝑇) of
lower simple fuzzy logic.
3.2 Introduce feedforward compensation
The disturbances, such as flow rate and concentration, associated with
inlet flue gas status, can be measured and its disturbance to the system is
significant. Consider adding feedforward to the closed-loop control to
improve the control effect.
Select the typical interference amount, such as 𝜌𝑖 , 𝐺𝑖 and 𝑇𝑖 as the
feedforward input. The control amount is superimposed on the variable
speed rolling mill speed, and adjust the descent speed of activated carbon.
The multivariate linear regression and least square method are used to fit
the feedforward model. The fitting relationship model obtained is:
𝐱𝟏 = −

𝒀 + 𝝃𝟏 𝒙𝟐 + 𝝃𝟐 𝒙𝟑 + 𝝃𝟑 𝒙𝟒
𝝃𝟓

Table 2: Calculation result of multiple linear regression
Model variable

Unstandardized Coefficients

Proof test value

Constant

-15.879

-41.945

𝜌𝑖

-0.213

-65.444

𝐺𝑖

0.382

82.410

𝑇𝑖

0.763

423.151

By measuring the change of the relevant variables, the variable v is used
to make up the interference compensation of the control effect of the
Desulfurization efficiency, ensuring the stability of the concentration of
sulfide in the outlet flue gas so as to improve the robustness. It should be
noted that feedforward compensation is not always activated during
system operation.
4.

PROGRAM IMPLEMENTATION

Hierarchical system includes: process control layer and human-computer
interaction monitoring layer. The switch logic control of the process
control completion system controls loop performance evaluation,
parameter optimization and continuous process control. The humanmachine interaction monitoring layer provides interactive access for the
monitoring system, which configures control parameters, to complete the
system data monitoring, data recording and analysis reports and so on.
Taking the PLC's data capacity and the difficulties to achieve the algorithm
into account. The high-level language or special software can be adopted
to complete the algorithm in the host computer. OPC and PLC are adopted

5. CONCLUSIONS
This paper analyzes the characteristics of desulfurization rate control of
activated carbon desulfurization adsorption tower. An adaptive FLC is
designed according to the characteristics of dry desulfurization
adsorption tower t of activated carbon. A method using genetic algorithm
to optimize its performance is proposed, and the implementation in S7400PLC is briefly described. Experimental results show that the adaptive
FLC has better control effect for uncertain control objects.
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