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Abstract

Aiming at the problems of delay and couple in the sintering temperature control system of lithium batteries, a fuzzy neural network
controller that can solve complex nonlinear temperature control is designed in this paper. The influence of heating voltage, air inlet speed
and air inlet volume on the control of temperature of lithium battery sintering is analyzed, and a fuzzy control system by using MATLAB
toolbox is established. And on this basis, a fuzzy neural network controller is designed, and then a PID control system and a fuzzy neural
network control system are established through SIMULINK. The simulation shows that the response time of the fuzzy neural network
control system compared with the PID control system is shortened by 24s, the system stability adjustment time is shortened by 160s, and
the maximum overshoot is reduced by 6.1%. The research results show that the fuzzy neural network control system can not only realize
the adjustment of lithium battery sintering temperature control faster, but also has strong adaptability, fault tolerance and anti-interference
ability.
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the sensitivity of the sintering furnace temperature control system,
the stability of the heating voltage, and the insulation effect of the
sintering furnace lining. The mutual influence of the sintering

1. Introduction

The main processes of industrial production of lithium battery
cathode materials are loading, feeding, sintering, crushing and
unloading. The temperature accuracy control of the sintering
furnace directly affects the storage performance and service life of
the lithium battery. If the sintering temperature beyond the control
range will lead to a decline in product performance and a
significant increase in the rejection rate, which not only causes
extreme waste of resources such as energy, raw materials and
production costs, but also causes the performance of lithium
batteries to fail to meet the application requirements of the current
industry. The factors affecting the sintering temperature include

furnace makes the sintering temperature field have a serious
coupling relationship, and has the characteristics of time-varying
and nonlinearity, which makes it difficult to establish an accurate
mathematical model for the control of the sintering temperature
[1-2]. Common types of temperature control mainly include PID
control, fuzzy control, neural network control and their combined
control models. PID control has the characteristics of simple
algorithm and simple structure, but it relies too much on the
establishment of mathematical models and manual real-time
adjustment, and the parameters cannot be adjusted automatically
after the model is built, which leads to the weak adaptive ability
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of the control system. Both fuzzy control and neural network
control belong to the category of modern intelligent control. They
are suitable for control occasions where it is difficult to establish
precise mathematical models. They can automatically adjust and
optimize control parameters, have strong adaptability and
robustness, and can adapt to various nonlinear control system.
But fuzzy control relies too much on expert experience and actual
operating experience, and the fuzzy rules and membership
functions are all manually formulated, resulting in unstable
control performance and poor self-learning ability. Neural
network control has problems such as lack of reasoning logic,
long training time and poor dynamic adaptability [3-4].

A certain factory uses an improved PID temperature
controller to control the sintering temperature of lithium battery
cathode materials. However, in recent years, industrial
development has placed higher and higher requirements on the
performance of lithium batteries. The original PID control system
is difficult to achieve precise control of the sintering temperature,
resulting in production the raw materials cannot meet industrial
demand. The combination of fuzzy control and neural network
control can not only use the powerful self-learning and
optimization capabilities of the neural network to adjust the fuzzy
control rules designed by expert experience, but also apply the
fuzzy control rules and fuzzy inference to the entire self-learning
network [5]. To further enhance the logical reasoning ability and
online self-adjustment ability of neural network. Therefore, in
order to improve the temperature control accuracy of the sintering
furnace in the lithium battery production process, the article
proposes to combine fuzzy control with neural network control to
design a fuzzy neural network intelligent temperature controller
based on the principle of fuzzy neural network control. And
through MATLAB establish a simulation model to verify and
optimize actual production parameters to ensure that the
performance of lithium batteries meets application requirements
and reduce sintering energy consumption.

2. Sintering control process and
influencing factors analysis

The sintering temperature control process of the existing
lithium battery cathode material is shown in Figure 1. In the
figure, the factors that affect the temperature change of the
furnace are heating voltage, air inlet speed and air inlet volume.
Therefore, the factor that has the greatest influence on the
temperature, that is, the heating voltage, is used as the input of the
control system, and the air inlet speed and air volume are used as
interference factors. In the control process, the PID monitoring
system makes real-time adjustments according to temperature
changes, and realizes the control of the sintering temperature
under the combined action of manual adjustment and feedback
adjustment. The sintering furnace uses high-temperature heating
resistance wires to generate heat. Excessive heating voltage will
cause the temperature in the furnace to rise. Excessive sintering of
the raw materials will make it difficult to break during later
processing, and even destroy the chemical properties of the raw
materials. The heating voltage is too low and the sintering
temperature cannot reach the reaction temperature of raw
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materials will seriously affect the pass rate of the product [6]. The
inlet air volume not only provides an oxygen-rich environment for
heating in the furnace, but also provides oxygen required for the
mutual reaction of raw materials. The air inlet speed can affect the
residence time of the heat in the furnace, and the air inlet speed in
the sintering zone is relatively slow. The purpose is to ensure the
uniformity and stability of the sintering temperature field and
reduce heat loss. The faster air intake speed in the cooling zone is
to accelerate the cooling rate and prevent the sintered agglomerate
material from generating stress and causing structural damage.

Arr mlet volume }—b
Furnace
| PID temperafure Display screen
Air inlet speed }—btemperatme control

i

‘ Heating voltage H Voltage Regulator Manual adjustment
Fig. 1. Sintering temperature control process

The improved PID controller is used by a certain factory to
adjust the sintering temperature in the sintering process of lithium
battery cathode materials. The control principle is shown in
Figure 2. PID control mainly realizes temperature adjustment
through proportional (Kp), integral (K,) and derivative (Kp)
coefficients. The function of proportional coefficient is to adjust
the response speed of the system and eliminate the static error in
the control process. The function of integral is to adjust the
overshoot of the system, the function of the differential coefficient
is to adjust the stability of the system [7-8]. The control principle
is as follows:

1 de(t)
u(t) quo+njqnm+1x ] )
In formula (1), T, and Tp, are the integral and derivative time
constants respectively. In actual control, real-time temperature
data is collected through PID. When the control system needs the
increment of input voltage, the sampled value is discretized,
through numerical integration method and recursive principle [9].
The PID incremental control principle can be introduced as
follows:

u(k) =u(k —1) + u(k) (2

u(k)=K p[e(k) —e(k -]+ Kie(k) + Ky[e(k) - 2e(k -D +e(k -2)] (3)
Informula (3), Kj =K, 1T, Ky = kp xTp.

ec(t) ult) Furnace
+ PID controller » temperature
—> e(t)
T— Feedback temperature

Fig. 2. PID control principle
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3. Design of Fuzzy Neural Network
Controller

3.1. Design of fuzzy controller

Fuzzy control is the product of the fusion of mathematical
logic reasoning and classical control theory. Compared with
traditional classical control theory, fuzzy control is an intelligent
control theory, which is based on expert experience-based fuzzy
logic reasoning and fuzzy rules. It has strong fault tolerance and
can use fuzzy language variables to solve the temperature control
of nonlinear systems. The principle of fuzzy control is shown in
Figure 3.

ec(t) ult)

Fuzzy

A/D :
reasoning

D/A

e(t)

Fig. 3. Fuzzy control principle

In the figure, e(t) is the variation between the set value and the
measured value of the sintering temperature during actual
sintering, ec (t) is the rate of change of the difference between the
set value and the measured value of the sintering temperature, and
u(t) is the increment of system' s output and directly affects the
adjustment of the sintering temperature. The process of fuzzy
inference is to transform the defined variables into fuzzy
language, namely A/D. Secondly, after inference by fuzzy rules,
the fuzzy value output is transformed into the precise value which
can directly control system, namely D/A. The inference system of
fuzzy control is mainly composed of fuzzy sets, membership
degrees and fuzzy rules of each variable [10]. According to the
actual production parameters of sintered lithium battery cathode
materials in a certain factory, a new fuzzy controller is
established. Among this, e(t) and ec(t) are taken as the input of the
system, and u(t) is taken as the output of the system. The fuzzy
domain of e(t) is {-10,950}, the fuzzy domain of ec(t) is {-12,0},
and the corresponding fuzzy set is
{NB,NM,NS,ZO,PS,PM,PB}[11]. According to the actual
operating experience of experts, the membership function is
expressed by trigonometric functions. The membership functions
of e(t) and ec(t) are shown in Figure 4 and Figure 5, respectively.
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Fig. 4. Membership function of e(t)
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3.2. Design of fuzzy neural network controller

-14 -12 -10 -8

Neural network control is an intelligent control algorithm
developed by simulating the brain nervous system. In this
algorithm, a large number of neurons are connected to each other
through weights. It not only has online self-adjustment and self-
learning capabilities, but also can approximate any non-linear
functions and solve complex non-linear furnace temperature
control problems. Combining fuzzy control with neural network
control can not only track and optimize control parameters online,
but also increase the fault tolerance, response speed and system
stability of the control system. It further makes up for the
problems of poor autonomous learning ability, poor adaptability,
poor optimization ability and poor generalization ability of neural
network itself in fuzzy control [12]. In order to improve the
temperature control accuracy in the sintering process, a dual-input
single-output fuzzy neural network controller is designed, and its
structure is shown in Figure 6.

Input layer fourth layer  output layer

Fuzzy layer rule layer

Fig. 6. The structure of the fuzzy neural controller

In this structure, the input layer has 2 neuron nodes, and the
purpose is to transmit the error between the sintering temperature
and the measured temperature and its rate of change to the fuzzy
layer of fuzzy control. The input and output formulas are:
oM =x@{=L2k=1..7) (@)

The fuzzy layer transform the precise values from the input
layer to the fuzzy language recognized by the system through the
fuzzy rules defined by the expert experience. According to the
number of fuzzy subsets of e(t) and ec(t) in the fuzzy controller,

there are 14 neuron nodes in the fuzzy layer, and they all
represent the input of different membership functions, and the
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functions are represented by Gaussian functions. The output value
of the Gaussian function is:

01(2) = (% —;)*/26; ;% = 3 (%) (5)

In formula (5), Cjjand &; are the center value and width value
of the table membership function, and a; is the output of the rule
layer. According to the fuzzy control rule of u(t), there are 49
neuron nodes in the rule layer, and each node represents a control
rule of sintering temperature, and its function is to dynamically
identify and adjust the heating intensity of sintering temperature.
The output formula is:

0;(3) = ay (X)) x 8z (Xp) x ... X g9 (Xag) (6)

The fourth layer is the overall calculation of the variables after
fuzzy inference, and the output formula is:

49
0(4)=A=a/> a(=12,..49) ™

i=1

The output layer is to re-output the precise value of u(t) after
the fuzzy results calculated in the first layer are defuzzified. The
output formula is:

49
0i(8) =u=> cjA(i=12,..,49) )

i=1

The fuzzy neural network controller realizes the overall
regulation of the sintering temperature control by the
characteristics of fuzzy inference rules, self-learning and self-
adaptation. In order to reduce the temperature fluctuation of the
system caused by accidental disturbance and further improve the
stability of the control system, the control parameters need to be
optimized. Among this, when realizing sintering temperature
control, the learning objective function of the system is [13-14]:

y(t) =e(t) x e (t) ©)

e(t)=g(t) x[ux (t) —u(t)] (10)

Among this formula, y(t) is the objective function of the
control system self-learning, and g(t) is the control quantity
function. The adjustment formula for optimization parameters is:

6y (t+D =050 -n X0 (1)
ij
o0+ = o3 (0) - -2 (12)

acij(t)
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In formula (13), w; is the weight between each transmission
layer in the control system.

4. Simulation results and analysis

4.1. Sintering temperature control function

Most of the heat generated by the resistance wire heating in
the sintering furnace is used for the sintering of the positive
electrode material of the lithium battery, and the remaining heat is
mainly used for the absorption of the furnace body and the
exchange with the environment. When the sintering temperature
field meets the control requirements, the entire sintering
temperature field can be regarded as a dynamic and stable system
that compensates each other. At this time, the sintering furnace
can be regarded as an independent temperature control system
[15]. According to the law of conservation of energy, the heat
calculation formula is:

T-T, (14)

dT
=C—+C
Q dt R

In formula (14), Q is the total heat, t is the heating time, C is
the furnace heat capacity, T is the furnace temperature, R is the
resistance, and TO is the air temperature. The actual sintering
temperature value of lithium battery cathode material is much
greater than the air temperature value in the enclosed space, so the
air temperature value in the heat calculation formula can be
ignored, and the adjusted formula is subjected to Laplace
transformation [16], the formula after transformation is as
follows:

6 R (15)
R(s) Rx(Cs+1)

When the above transfer function is used in actual sintering,
the delay and instability of the control system need to be
considered. The formula after adding the time delay factor is:

_Ye __ K

G(S)_U(s)  Ts+1

e (16)

In formula (16), K is the system adjustment coefficient, t is
the system delay coefficient, and T is the time coefficient.
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4.2. Controller structure and simulation analysis

4.2.1. Fuzzy Neural Network Controller

The different temperature zones during the sintering of the
lithium battery cathode material are controlled by solid state
relays, which can realize separate temperature control of the upper
and lower temperature zones. The existing PID controller in the
factory is a Japanese Omron E5EC intelligent instrument, which
can not only automatically track the set optimal PID value, but
also has temperature compensation and automatic adjustment
functions. But there are problems such as poor fault tolerance,
inability to realize online self-learning and optimization of PID
parameters, etc. In order to improve the temperature control
accuracy of the sintering furnace, a method of combining fuzzy
control and neural network control is proposed, and a fuzzy neural
network temperature controller is designed. Its structure is
shown in Figure 7.

ecit) ] Fuzzy Neural
rif) 4 elt) MNetwork Controller
I | Feaedback temperanire }"

Fig. 7. Fuzzy neural controller structure

* youtth

U“l{ Sintering fumace

temperature

In this figure, r in(t) and y out(t) are the input signal and
output value of the controller respectively, and u(t) is the actual
heating voltage applied to the sintering furnace after the fuzzy
neural network control adjustment [17]. The control process is a
combination of fuzzy control and neural network control, the
error value and change rate of the target expected value and the
actual output value are used as input signals. The fuzzy neural
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control system fuzzifies the error between the feedback
temperature value and the expected value and its rate of change,
and then the fuzzy rules perform fuzzy inference on the fuzzified
error value, and convert the fuzzy inference value into an accurate
value. The system judges the precise value of the fuzzy control
output according to the experience generated by self-learning, and
optimizes and adjusts the width value, the center value of the
membership function and the weight between each output layer
through online optimization and adjustment.

4.2.2 Analysis of simulation results

Aiming at the problem of poor temperature control accuracy
during solid-state sintering of lithium battery cathode materials, a
fuzzy neural network controller based on fuzzy neural network
control theory is designed. In order to verify whether the fuzzy
neural network controller can achieve the expected results in the
control of the sintering temperature of the lithium battery, first use
the fuzzy neural network toolbox in MATLAB to establish the
fuzzy neural network controller, and then use the SIMULINK
module to establish an improved PID control system and fuzzy
neural network control system. The simulation model is shown in
Figure 8. In the figure, the values of K, t, and T in the transfer
function are 2.618, 30, and 108, respectively. K, K;, and Ky in the
PID controller are 0.5, 0.005, and 5 according to the Z-N
empirical formula [18]. The simulation results of the controller
can be obtained as shown in Figure 9. The controller of curve 1 in
the figure is a fuzzy neural network, the controller of curve 3 is
PID, and the curve 2 is the target temperature. The simulation
structure after adding interference only needs to switch the switch
in Figure 9. The numerical value of each index of the control
system is shown in Table 1.

L*\

B

2.618
1085+ 1

FID E’
FID/

FID

1A

2618 |
1085+ 1 (7] S,

Fig. 8. Simulink simulation model

ARCHIVES of FOUNDRY ENGINEERING Volume 21, Issue 1/2021, 23-30 27



1200

1000 | ‘ e 1 .

<]

Q

[=]
5
I

Fuzzy Neural Network

temperature/*C
[+2]
8

400
— — —Target Temperature
200
————— PID
0 I
o0 100 200 300 400 500 600
Time /s

Fig. 9. Simulation curves of different controllers

The industrial production of lithium battery cathode materials
generally adopts the solid-state sintering method. The sintering
temperature is between 900 and 1200 °C, but the commonly used
temperature is between 900 and 1000 °C. In order to make the
simulation closer to the temperature control of sintering during
production, the actual output value of the step response is set to
950°C. According to the analysis in Figure 9, the sintering
temperature control system of the fuzzy neural network controller
has the characteristics of smaller rise time, smaller overshoot,
smoother and smoother curve and faster system stability than the
control system of the improved PID controller. According to the
analysis in Table 1, the simulation curve with the improved PID
controller as the control system reaches a stable time of 600s, and
the maximum overshoot is 8.2%. The simulation curve with the
fuzzy neural network controller as the control system reaches a
stable time as 300s, the maximum overshoot is 2.1%. Through
comparative analysis, it can be seen that the fuzzy neural network
control system responds faster to the sintering temperature control
of lithium batteries, and the time for the system to stabilize is
shorter. It further shows that the fuzzy neural network controller
can not only effectively compensate for the coupling interference
in different sintering temperature ranges. At the same time, it can
better realize the precise control of the sintering temperature of
the lithium battery.

In addition to the heating voltage, the factors affecting the
sintering temperature of lithium batteries are the air inlet speed
and air volume in the sintering furnace. Therefore, in order to
verify the anti-interference ability of the system, a disturbance
signal is added to the system when the temperature control is
stable. Under the condition that other simulation settings remain
unchanged, the simulation curve after adding interference is
shown in Figure 10. It can be seen from the figure that when the
control system adds interference at 400s, the system starts to
respond after a delay of 30s. After the disturbance is added, the
fuzzy neural network control system quickly recovers to stability
after 32s, and the time to achieve stable adjustment is much lower
than the adjustment time of the PID control system. It shows that
the fuzzy neural network control system has strong anti-
interference ability.
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Table 1.
Numerical value of each index of the controller
Response  Adjustment  Overshoot
Time /s time /s 1%
Fuzzy Neural 136 280 2.1
Network
PID 160 440 8.2
1200
1000 7,:':“‘%-‘\_}_,, 1
[®]
%5 800 4 1
E J:J
® 500 | ! ! ! ! ! -
g /
5 400 |
= Fuzzy Neural Network
200 |- — — —Target Temperature
—-—-—PID

O 1 1
0] 100 200 300 400 500 800
Time /s

Fig. 10. Simulation curve after adding interference

The main factors affecting the stability of the lithium battery
sintering temperature control system are heating voltage, air
intake, air intake speed, conversion rate of materials inside the
furnace, insulation effect of materials inside the furnace, and
mixing degree of sintered materials. Therefore, the sintering
temperature control system for lithium batteries actually changes
all the time, that is to say, the values in the transfer function
model established according to the characteristics of the industrial
furnace and the delay link are not accurate. In order to verify the
fault-tolerant ability of the fuzzy neural network control system
and the adaptive ability to deal with model errors, a verification
experiment was performed when the increments of K and T in the
transfer function were within 2% [19]. When the size of K and T
are 2.65 and 110, the simulation results to verify the adaptability
of the controller are shown in Figure 11.

3
1
i
i
i
f
i
i
|
1
i
|

g

— Fuzzy Neural Network

temperature/°C
E g

——-Target Temperature

- .
~—-PID
00 1(‘:{‘ 2{‘)0 00 400 500 800
Time /s
Fig. 11. Simulation curve to verify the adaptability of the
controller
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From the analysis of the figure, after the fuzzy neural network
control system changes the transfer function, the stable time is
290s, the response time to reach the standard temperature is 138s,
the maximum overshoot is 2.1%, and the time for the system to
stabilize again after adding interference is 26s. Compared with the
simulation results output by the original fuzzy neural network
controller for the control system, the initial stabilization time of
the system is 10s longer, the response time is different by 2s, and
the maximum overshoot is not different, but the time to stabilize
the system after anti-interference is shortened by 4s. The
comparative analysis verifies that the fuzzy neural network
control system can not only quickly realize the accurate control of
the sintering temperature of the lithium battery, but also has
strong adaptability and fault-tolerance.

5. Conclusions

1) The article analyzes the influence of heating voltage, air
inlet speed and air inlet volume on the sintering temperature
of lithium batteries and the performance of sintered
products. Aiming at the delay and instability of the existing
PID temperature controller, a fuzzy neural network
controller that can realize temperature control of the
nonlinear system is designed.

2) The characteristics of the fuzzy neural network control
system. On the one hand, the neural network performs
online training and optimization of fuzzy control rules and
membership  functions for lithium battery sintering
temperature control. On the other hand, the fuzzy reasoning
of fuzzy control enhances the reasoning ability of neural
network control. The combination of the two improves the
dynamic response characteristics, robustness and error
control accuracy of the lithium battery sintering temperature
control system.

The simulation model of fuzzy neural network controller

and improved PID controller is established through

MATLAB. The simulation results show that the fuzzy

neural network controller can effectively solve the problems

of nonlinearity and delay in sintering temperature control,
and further enhance the adaptability, fault tolerance and
anti-interference ability of the temperature control system.
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