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Abstract—For unstability and backward control method of 
ceramic shuttle kiln control system, a kind of hybrid intelligent 
control method of ceramic shuttle kiln is proposed in the paper. 
According to firing process of ceramic shuttle kiln, intelligent 
hybrid model of firing process for ceramic shuttle kiln was 
established. Firing temperature curve of a kind of ceramic 
products was obtained from the knowledge base of expert control 
system. In the meantime, Kalman filtering algorithm was given. 
Kalman filter-based PID hybrid intelligent controller was 
designed by combination of traditional PID control method with 
Kalman filtering method, so as to realize intelligent control of 
calcining zone temperature of ceramic shuttle kiln. In the end, 
MATLAB-based simulation results demonstrate the effectiveness 
and feasibility of the controller designed. 
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I.  INTRODUCTION 

Many kinds of ceramic products which are exported to 
other countries and regions have been produced in China every 
year. However, energy consumption of ceramic kilns is great in 
the production process, especially, the structure, combustion 
system, energy recycling and control system of ceramic kiln are 
relatively backward compared with some developed countries. 
Hence, the improvement of the thermal efficiency of kilns is 
regarded as a key research and development technology by the 
relevant departments in China .Ceramic shuttle kiln[1-4] is one 
of the most widely used modern intermitent kilns in the 
ceramic industry. It is widely used for sintering sanitary ware, 
ceramics for daily use, art ceramics and special ceramics. Its 
detection and control method directly affects the quality of 
ceramic products and energy utilization efficiency. 

Ceramic shuttle kiln is a complicated plant with large time 
delay, strong nonlinearity and multi variable parameters. 
Temperature, atmosphere and pressure in it are influenced by 
many factors. Its production process is driven not only by 
continuous time signal but also by discrete event signal. Hence, 
it is a typical hybrid system. At present, the control mode of 
most ceramic shuttle kilns is semi-automatic control mode 
supplemented by artificial-look-fire. Relatively backward 
control method and unstable production seriously affect 
ceramic product quality, so it is necessary to study new control 
strategy to ensure the production stability of ceramic shuttle 
kiln. 

In the industrial production process, the commonly used 
control method is PID control method[5-6]. It is effective to 

control the plant with small lag link by the traditional PID 
control method. But it is difficult to achieve the ideal control 
effect by using the traditional PID control for the nonlinear 
hybrid plant with pure lag link. Compared with other filtering 
algorithms, the Kalman filtering algorithm[8-10] is with a very 
strong error control ability and can control the track error in a 
very small range. Therefore, both the PID control method and 
the Kalman filtering method is combined to realize hybrid 
intelligent control of ceramic shuttle kiln firing temperature in 
the paper. So far, there is no report on the research on the 
application of the kind of control method to ceramic shuttle 
kiln. Based on the above situation, Kalman filter–based PID 
hybrid intelligent control method is proposed in the paper, and 
the simulation research on this kind of control method is also 
given. The simulation results demonstrate the effectiveness and 
feasibility of the control method  proposed. 

II. THE ESTABLISHMENT OF FIRING PROCESS MODEL 

A. Ceramic Shuttle Kiln Firing Process 

The adaptability of ceramic shuttle kiln to firing products is 
very strong, and its furnace temperature is affected by many 
factors. The firing products quality is largely determined by the 
firing process, hence, it is greatly relevant to the firing process 
temperature. Its main firing process includes low temperature 
stage, oxidation and reduction stage, high temperature stage 
and cooling stage. Specific firing process is as follows. 

(1) Low temperature stage. This stage is generally below 
400℃, and its temperature rise rate mainly depends on the 
thickness and moisture content of the billet body before 
entering the kiln. The moisture in the ceramic billet body is 
mainly removed at this stage. Too fast temperature rise rate 
may cause too large water vapor pressure in the billet body so 
that the billet body is cracked. 

(2) Oxidation and reduction stage. The stage is generally 
form 400℃ to 900 ℃, and its temperature rise rate mainly 
depends on the mixing ratio of the clay, the flame nature and 
the airflow speed. The stage is porcelain forming stage. The 
amount of gas and oxygen can be increased, then the 
temperature in the kiln increases rapidly.  

(3) High temperature stage. The final temperature of this 
stage depends on the type of ceramics, and its temperature rise 
rate depends on the kiln structure and the density of the loaded 
kiln. Too fast temperature rise rate in large kiln will lead to a 
large furnace temperature differences so as to result in different 
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contraction of the billet bodies and the billet bodies 
deformation. 

(4) Cooling stage. At the stage, fast cooling of cease-fire 
and slow cooling ventilation make the furnace temperature 
gradually decrease. Finally, ceramic products are got. 

B. The Acquisition of Firing Temperature Curve 

Expert control system is a kind of intelligent computer 
program which includes some special knowledge and practical 
experience given by some fields’ experts. A specific expert 
system includes knowledge base, inference engine, working 
database, explanation machine, knowledge acquisition machine 
and user interface. The relationship among them is shown in 
Figure 1. 

 
FIGURE I. EXPERT CONTROL SYSTEM 

The knowledge base in the expert control system designed 
for ceramic shuttle kiln firing temperature contains a variety of 
firing temperature curves of ceramic sanitary ware, ceramics 
for daily use, art porcelain, special ceramics and so on in the 
paper. Specialized knowledge and data required in the field are 
stored in the knowledge base. Some data in the knowledge base 
of the expert system is obtained from the practical experience 
of the ceramic kiln experts. The knowledge base in the expert 
system mainly includes theoretical knowledge and practical 
experience. The working database is used to store the initial 
data and the data generated in the reasoning process. The 
inference machine is mainly used to memory the rules used so 
that the whole expert system can work in a coordinated manner. 
The interpretation machine is used to interpret the behavior of 
the expert system for users. 

Due to different ceramics type, ceramics size, clay mix 
proportion, billet body thickness, water content of the billet 
body and ceramic kiln structure, the ceramic firing temperature 
curves are not the same. Therefore, these different factors 
constitute a wide variety of ceramic products. According to 
expert experience, their different firing temperature curves are 
stored in the knowledge base. Expert control system can be 
used to get more accurate firing temperature curve for a 
particular artistic porcelain. The firing temperature curve of 
some kind of ceramic product got by expert control system is 
shown as Figure 2. The firing temperature curve will be used 
for temperature reference input of ceramic shuttle kiln control 
system. 
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others are deliberate, using specifications that anticipate your 
paper as one part of the entire proceedings, and not as an 
independent document. Please do not revise any of the current 
designations. 

 
FIGURE II. FIRING TEMPERATURE CURVE SOME KIND OF 

CERAMIC PRODUCT 

C. Finite State Machine Modeling 

Finite state machine is a mathematical model for the 
transfer and action of the finite states when the event occurs. 
Therefore, the state change is driven by the event which can be 
external input signal or internal signal in the system, and the 
system can only be in one of the states at any moment. In 
ceramic shuttle kiln, the temperature rise process can be 
divided into work states of various stages, and the increasement 
of nozzle number one by one can also be regarded as external 
input signal in the temperature rise process, so the production 
process of ceramic shuttle kiln is driven not only by time signal 
but also discrete event signal and can be modeled by the finite 
state machine. 

A complete finite state machine design should include the 
design of 3 elements such as state, event and action The state is 
a pattern which is used to describe the event-driven system , it 
is changed between the activity and the inactivity based on the 
event and the condition. The event is an object which generates 
the action, that is, while the system receives the event, it can 
generate the corresponding action. The action is a part of the 
state conversion, which is performed based on the state activity, 
and indicates the state change. 

In a finite state machine, the state transition event is 
provided with the convertible state to construct a state 
transition diagram by a transition condition from a state to 
another state. In stateflow[7], the state and state transition is the 
most basic element. Finite state machine diagram is shown as 
Figure 3. In Figure 3, C denotes “Condition”. 

According to the characteristics of the above ceramic 
shuttle kiln firing process, ceramic shuttle kiln firing process is 
modeled by finite state machine. The system is roughly divided 
into two states, namely, the work state and stop state of ceramic 
shuttle kiln..The work state is parent state of three different  
temperature states such as High, Middle and Low. ‘Low’ 
denotes low temperature stage. ‘Middle’ denotes oxidation–
reduction stage. ‘High’ denotes high temperature stage. The 
system is modeled as shown in Figure 4 by using state-flow. 
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Figure 4 is the stateflow model of some kind of ceramic 
shuttle kiln firing process. When the ceramic shuttle kiln is in 
working state, at first, four nozzles start working, it means, the 
kiln temperature is in low temperature stage. When the 
temperature reaches 800 , the other two nozzles start ℃
working, and at the same time there are six nozzles working, it 
means, the kiln temperature is in oxidation reduction stage. 
When the temperature reaches 940 , the last two nozzles start ℃
working, and at the same time the total eight nozzles work 
together, it means, the kiln temperature is in the high 
temperature stage. 

 
FIGURE III. SCHEMATIC DIAGRAM OF LIMITED STATE MACHINE 

 
FIGURE IV. STATEFLOW MODEL 

III. CONTROLLER DESIGN  

A. Digital PID Control  

The control law of PID analogue controller is as follows 
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where, the function of proportional link is to accelerate the 
response velocity of the system. If there are system errors, the 
errors can be reduced by the controller. The function of integral 
link is to eliminate the steady state errors of the system. The 
function of differential link is to improve the dynamic 
characteristics of the system, to accelerate the response velocity 
of the system, and to reduce the adjustment time. 

In computer control system, it is necessary to discretize 
analogue PID controller to get digital PID controller. 
Substituting continuous time t with sampling time KT, integral 
with the numerical integral of the rectangular method, and 
differential with one order backward difference, we can get 
equations as followas. 
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Substituting the above equations (3)-(5) into equation (1) , 
we can get the position control algorithm of digital PID as:  
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where, /i p Ik k T , d p Dk k T . T is sampling period, k is 

sampling order number, ( )e kT  is error signal at t kT . In 
the application process, the coefficient of Equation (6) must be 
adjusted . 

B. PID Hybrid Intelligent Control Based on Kalman filter  

Considering process noise and measurement noise, the 
general model of linear discrete system is 
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where, ( )x k  is estimated state variable at KT, ( )vy k  is 

observation variable, ( )A k  is state transition matrix, ( )B k  is 

noise input matrix, ( )C k  is measurement matrix, ( )w k  is 

process noise, and ( )v k  is measurement noise.  

In view of the above model, the recursive formula of the 
Kalman filter is as follow. 
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Estimated covariance: 

              kBkQkBkAkPkAkp TT 11   

Filter gain:  

                1
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Mean square error matrix : 

        kpkCkMIkP n ][   

Optimal estimation of state variables : 
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Error covarianc is 

     TCkCPkerr cov  (12) 
where, ( )Q k  is observation noise covariance, ( )R k  is 

measurement noise covariance, I  is unit matrix. 

Based on Equation (8)-(12), we can get the following 
Kalman filter algorithm. 

(1) Calculating initial state (0)x  

Initial state can be obtained from the system. Assuming its 
estimated value as the expected value, that is, 

(0) [ (0)]x E x  

From ˆ ˆ(0) {[ (0) (0)][ (0) (0)]Tp E x x x x   , we can 

get  (0) var[ (0)]p x . 

(2) Calculating  (1)p  and (1)nM  

             1011011 TT BQBAPAp  

               1

n 1111111
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(3) Calculating the optimal estimate 
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(4) Calculating mean square error matrix (1)P  

According to the known (1)p  and (1)nM , we can get 

       1]11[1 pCMIP n
. 

(5) Repeating (2), (3) and (4) 

we can get the best estimate ˆ( )x k at any time. 

(6) I n the end, utilizing  ˆ( ) ( ) ( )ey k C k x k , we can get 

output value ( )ey k  of each moment. 

The PID control system structure of the ceramic shuttle kiln 
based on Kalman filter is shown as Figure 5. The temperature 
reference input rin of the system is got by the expert control 
system designed in the paper. The digital PID controller and 
Kalman filter are combined to realize the firing temperature 
control of the ceramic shuttle kiln in Figure 5. 

 
FIGURE V. PID CONTROL SYSTEM STRUCTURE BASED ON 

KALMAN FILTER 

IV. SIMULATION  

Ceramic shuttle kiln is a complicated plant with large time 
delay, strong nonlinearity, multi variable coupling and variable 
parameters. Its reference model is 
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Approximately discretizing the above plant model with 
process noise by using Z transform, we can get the discrete 
state space equation of the ceramic shuttle kiln control system 
as 
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The output of the controlled plant with measurement noise 
is 
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, [1,0]C  . 

The Amplitude of both control interference signal ( )w k and 

measurement noise signal ( )v k are 0.002 white noise signal. 
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Choose the covariance of ( )w k  as 1Q  and the covariance 

of  ( )v k  as 1R  . 

By MATLAB simulation, we can get firing temperature 
curve of PID control-based ceramic shuttle kiln shown as 
Figure 6.  

It can be seen from Figure 6 that the overshoot of firing 
temperature response curve is large and the adjustment time is 
longer. In order to reduce the overshoot and to improve the 
temperature control effect, both Kalman filter method and PID 
control method are combined to control the firing temperature 
of ceramic shuttle kiln. Based on MATLAB simulation, the 
firing temperature curve of the ceramic shuttle kiln by using 
PID control based on Kalman filter is shown as Figure 7. 

The dotted line in Figure 7 is the firing temperature curve 
obtained by using PID control based on Kalman filter. From 
the simulation curve, it can be seen that the system is with 
smaller overshoot, shortened adjustment time and good 
robustness. The simulation results show that the PID control 
effect based on Kalman filter is better than pure PID control 
effect. 

 
FIGURE VI. FIRING TEMPERATURE RESPONSE CURVE BASED ON 

PID CONTROL 

 
FIGURE VII. FIRING TEMPERATURE RESPONSE CURVE BASED ON 

PID CONTROL WITH KALMAN FILTER 

V. CONCLUSION  

The firing process of ceramic shuttle kiln is modeled by 
using finite state machine, and the firing temperature curve of 
ceramic shuttle kiln is obtained by using the expert control 
system. Kalman filter-based ceramic shuttle kiln hybrid PID 
control method is proposed by combining expert control system 
and PID control based on Kalman filter, and at the same time 

Kalman filtering algorithm is given. In the end, For the model 
of ceramic shuttle kiln, Kalman filter-based PID hybrid control 
method is used to control the firing temperature of ceramic 
shuttle kiln. The simulation results show that Kalman filter-
based PID hybrid control method is better than the pure PID 
control method. This control method will provide a theoretical 
basis for the effective control of ceramic shuttle kiln process 
and is with important application value. It will provide new 
method for intelligent temperature control ceramic shuttle kiln. 
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