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a b s t r a c t

In this paper, a new model free adaptive control method based on self-adjusting PID algorithm (MFAC-
SA-PID) is proposed to solve the problem that the pH process with strong nonlinearity is difficult to
control near the neutralization point. The MFAC-SA-PID method also solves the problem that the pa-
rameters of the model free adaptive control (MFAC) method are not easy to be adjusted and the effect is
not obvious by introducing a fuzzy self-adjusting algorithm to adjust the controller parameters. Then the
convergence and stability of the MFAC-SA-PID method are proved in this paper. In the simulation study,
the control performance of the MFAC-SA-PID method proposed in this paper is compared with the
traditional MFAC method and the improved model free adaptive control (IMFAC) method, respectively.
The results show that the proposed MFAC-SA-PID method has better control effect on the pH neutrali-
zation process. The MFAC-SA-PID control performance also outperforms the traditional MFAC method
and IMFAC method when step input disturbances are added, which indicates that the MFAC-SA-PID
method has better robustness and stability.
© 2024 The Chemical Industry and Engineering Society of China, and Chemical Industry Press Co., Ltd. All

rights are reserved, including those for text and data mining, AI training, and similar technologies.

1. Introduction

As an important indicator in industrial processes, pH is widely
used in chemical production, wastewater treatment and biological
processes. Since the quality of pH process control can directly affect
the safe operation of the whole system, its precise control has
important practical significance [1e5].

Since the beginning of the 20th century, scholars have been
studying pH process control. With the rapid development of com-
puter technology, more control methods have been proposed. But
taking into account the economic cost, production environment
and other conditions, PID control method are mostly used in in-
dustrial practice. Because the pH process has serious exponential
nonlinearity, large hysteresis and high sensitivity near the
neutralization point, and there are also uncertainties in the flow
and concentration of the neutralized liquid in the actual process,
the traditional PID control method is limited by the problem of
parameter tuning, so it is sometimes difficult to achieve a satis-
factory control effect. As a result, the control of pH process has been
a difficult problem in industrial process control at present [6e13].

For many years, pH process as a typical representative of
nonlinear system, the research on pH process control method has

received extensive attention from scholars at home and abroad. A.
Nejati et al. compared the performance of adaptive inverse con-
trollers and global linearized controllers in pH process control
[14]. Chen et al. [15] proposed a sliding mode control method
based on the closed-loop transfer function recovery method for
the equivalent first-order model of the pH neutralization process.
Although the above control methods achieve stable control of the
pH process to some extent, most of them adopt model lineariza-
tion treatment and the design of the controller relies on an ac-
curate mathematical model, which results in poor control
performance when the system has strong nonlinearity and
uncertainty.

Predictive control is a new class of computerized control algo-
rithms developed in recent years, which is also widely used in pH
process control. Wu et al. [16] designed a model predictive control
(MPC) method based on decentralized fuzzy inference to solve the
problems of strong nonlinearity, large hysteresis and uncertainty in
pH process. Estofanero et al. [17] designed a predictive controller
applied to pH neutralization process and determined the model
predictive controller by trial. Zou et al. [18] extended the model
algorithm control to nonlinear pH processes, and simulations
showed that the proposed method has good control effect even
with large modeling errors. However, the complex nonlinear pro-
gramming techniques used in these nonlinear predictive control
algorithms are time-consuming in the solution process, and it is
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difficult for them to meet the real-time requirements in industrial
processes.

With the development of computer science and technology,
data-driven modeling methods, represented by BP and RBF neural
networks, are powerful tools for controlling nonlinear systems
[19e21]. However, these data-driven control methods, especially
when modeling based on neural networks, will lose some of the
information of the original data and tend to overfit the model,
which in turn makes the control performance poor.

Considering the strong nonlinearity and uncertainty of the pH
neutralization process, it is difficult to establish an accurate
mathematical model. Therefore, in this paper, the MFAC method
was firstly adopted to establish the dynamic linearization model of
the controlled system. However, the traditional MFAC method also
has the problem of difficult parameter tuning and optimization,
model-free adaptive control methods based with self-adjusting
algorithms have also been studied by some scholars. The adopted
self-tuning algorithms can be mainly classified into two categories:
(1) intelligent optimization algorithm-based parameter adjustment
strategies, such as particle swarm optimization algorithm [22]; (2)
neural network-based parameter adjustment strategies, such as
radial basis function neural network [23]. Although the use of these
self-adjusting algorithms can achieve good control results to a
certain extent, but when using intelligent optimization algorithms,
the convergence of their algorithms will sometimes be too long;
and the parameter adjusting algorithm based on neural networks is
very much dependent on the network structure as well as the se-
lection of the initial parameters, which also has a certain impact on
the stability of the algorithm.

Therefore, then this paper proposes a MFAC-SA-PID method,
which changes the system error of MFAC input to the proportion
plus integral plus differential of system error. Meanwhile, MFAC-
SA-PID method tunes the parameters of the controller by intro-
ducing a fuzzy self-adjusting algorithm. This fuzzy self-adjusting
algorithm has less computation and complexity than the above
two self-adjusting algorithms, and has better real-time perfor-
mance and stability. Then, taking pH process control as an example,
the control performance of proposed method, traditional MFAC
method and IMFAC method [24] is compared respectively, and the
anti-disturbance capability of the three methods under step
disturbance is analyzed.

The paper is organized as follows, in Section 1, the background
and current state of research on the control of pH neutralization

process is presented. In Section 2, the mathematical model of the
pH neutralization process is presented. In Section 3, the MFAC-SA-
PID method proposed in this paper is introduced and its stability is
analyzed. Then the simulation study is carried out in Section 4.
Finally, the conclusion of this study is given in Section 5.

2. Description of the pH Process

The pH process for the acid-base neutralization reaction in the
continuous stirred tank reactor (CSTR) is shown in Fig. 1.

In Fig. 1, the neutralization stream q1 represents the nitric acid
(HNO3) solution, the buffer stream q2 represents the sodium bi-
carbonate (NaHCO3) solution, the process stream q3 represents the
mixed solution of sodium hydroxide (NaOH) and sodium bicar-
bonate (NaHCO3), and the effluent solution q4 represents the so-
lution after its neutralization reaction.

Let Wa1, Wa2, Wa3, Wa4 denote the ionization amount of the so-
lution respectively, then at equilibrium equation is obtained as
follows

Wai ¼ ½Hþ�� �NO�
3
�� �HCO�

3
�� 2

h
CO2�

3

i
(1)

Similarly, let Wb1, Wb2, Wb3, Wb4 denote the amount of carbide
ions in solution respectively, and at equilibrium we have

Wbi ¼ ½H2CO3� þ
�
HCO�

3
�þ hCO2�

3

i
(2)

where, i ¼ 1, 2, 3, 4, H2CO3 is a weak acid, let its primary ionization
constant Ka1 and secondary ionization constant Ka2 be

Ka1 ¼
�
HCO�

3
�½Hþ�

½H2CO3�
(3)

Ka2 ¼
h
CO2�

3

i
½Hþ�

HCO�
3

(4)

From Eqs. (1)e(4), the mathematical model of the pH process of
the acid-base neutralization reaction can be established as follows.

_Wa4¼
1
V
½ðWa1�Wa4Þq1þðWa2�Wa4Þq2þðWa3�Wa4Þq3� (5)

Fig. 1. pH process of acid-base neutralization reaction.
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_Wb4¼
1
V
½ðWb1�Wb4Þq1þðWb2�Wb4Þq2þðWb3�Wb4Þq3� (6)

Wa4 ¼10pH�14þWb4
1þ2�10pH�pK2

1þ10pK1�pHþ10pH�pK2
�10�pH ¼0 (7)

where V is the volume of the continuous stirred tank reactor, pK1 ¼
� lgKa1, pK2 ¼ � lgKa2, considering q1 as the control input and pH
as the output, the single-input, single-output pH process model can
be obtained. Table 1 gives the model parameters and initial oper-
ating conditions of the single-input, single-output pH control
system.

3. Model Free Adaptive Control with Self-adjusting PID
Method

3.1. Introduction to traditional model free adaptive control method

Consider a general single-input single-output nonlinear
discrete-time system as follows:

yðkþ1Þ¼ f
�
yðkÞ;/; y

�
k�ny

�
;uðkÞ;/;uðk�nuÞ

�
(8)

where u(k), y(k) are the input and output of the system at k, nu, ny
are the input order and output order of the system, k ¼ 0, 1, 2, $$$,
f($) are unknown nonlinear functions.

The following assumptions are made about the system:

Assumption 1: There exists a continuous partial derivative of f($)
with respect to the ðny þ2Þ nd variable except for finite moment
points.

Assumption 2: System (8) satisfies the generalized Lipschitz
condition that for any k1sk2, k1; k2 � 0 and uðk1Þsuðk2Þ with

jyðk1 þ1Þ� yðk2 þ1Þj � bjuðk1Þ�uðk2Þj (9)

where yðki þ1Þ ¼ f ðyðkiÞ;/;yðki � nyÞ;uðkiÞ;/;uðki � nuÞÞ, b> 0 is
a constant.

Theorem 1: For the nonlinear system (8) satisfying Assumptions
1 and 2, there must exist a time-varying parameter fcðkÞ2 R, called
the pseudo partial derivative (PPD), when DuðkÞs0, such that the
system (8) can be transformed into the following tight-form dy-
namic linearized model:

Dyðkþ 1Þ¼fcðkÞDuðkÞ (10)

where fcðkÞ is bounded for any moment k, DuðkÞ ¼ uðkÞ � uðk�1Þ
is the input increment at two adjacent sampling moments, and
Dyðkþ 1Þ ¼ yðkþ 1Þ � yðkÞ is the output increment at two adjacent
sampling moments.

Consider the following two control performance criterion
functions:

JðDuðkÞÞ¼ ðydðkþ 1Þ � yðkþ 1ÞÞ2 þ lðuðkÞ � uðk� 1ÞÞ2 (11)

JðbfcðkÞÞ¼ ðyðkÞ � yðk� 1Þ � bfcðkÞDuðk� 1ÞÞ2þ
mðbfcðkÞ � bfcðk� 1ÞÞ2

(12)

The MFAC method based on tight-format dynamic linearization
can be obtained as follows [25]

uðkÞ¼ uðk�1Þ þ rfcðkÞ
lþ fcðkÞ2

ðydðkþ1Þ� yðkÞÞ (13)

f
∧
cðkÞ ¼

8>>>>>>>>>>>>><>>>>>>>>>>>>>:

f
∧
cð1Þ;When jf∧cðkÞj � ε orjDuðk� 1Þj � ε or

sgn
�
f
∧
cðkÞ

�
ssgn

�
f
∧
cð1Þ

�

f
∧
cðk� 1Þ þ hDuðk� 1Þ

mþ Duðk� 1Þ2
 
DyðkÞ�

f
∧
cðk� 1ÞDuðk� 1Þ

�
; Otherwise

(14)

where m>0, l>0 , r2ð0;1� , h2ð0;1� are the step factors, fc
∧ ð1Þ is

the initial value of fc
∧ ðkÞ, and ε>0 is a sufficiently small positive

number. The step factor is introduced to increase the generality of
the MFAC method, while the PPD reset algorithm is introduced to

make fc
∧ ðkÞ have a stronger tracking capability for time-varying

systems.

3.2. Introduction to model free adaptive control based on self-
adjusting PID algorithm

The traditional MFAC method can be regarded as a time-
varying integral controller, which is difficult to get the ideal
control effect for some complex systems with large lags and
nonlinearities due to the simplicity of the control law. There-
fore, this paper improves the above traditional MFAC method,
further extends the expression form of MFAC control law by
combining incremental PID algorithm, and introduces fuzzy
self-adjusting algorithm to adjust the controller parameters.
Finally this paper gives the stability and convergence proof of
the MAFC-SA-PID method.

Let yd be a given constant expectation signal, and note the error
eðkÞ ¼ yd � yðkÞ at the moment k, then Eq. (13) can be rewritten as

DuðkÞ¼ rfcðkÞ
lþ fcðkÞ2

eðkÞ (15)

From Eq. (15), it can be found that the control law of the tradi-
tional MFACmethod is essentially doing dynamic integration of the
error e(k) with an integration gain of rfcðkÞ=ðlþ fcðkÞ2Þ, which can
be extended with reference to the incremental PID control algo-
rithm for MAFC.

The control expression for the incremental PID control algo-
rithm is written as

KFpðeðkÞ� eðk�1ÞÞþKFieðkÞ þ KFdðeðkÞ�2eðk�1Þþ eðk�2ÞÞ
(16)

Table 1
Model parameters and initial operating conditions of the pH process

Parameters Value Parameters Value

pK1 6.35 pK2 10.25
Wa1 0.003 mol Wa2 �0.03 mol
Wa3 �0.00305 mol Wb1 0.0 mol
Wb2 0.03 mol Wb3 0.00005 mol
q1 16.6 ml$s�1 q2 0.55 ml$s�1

q3 15.6 ml$s�1 V 2900 ml
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Therefore the input error e(k) of Eq. (15) can be changed to e(k)
or DeðkÞ as input and combined with the control mode of incre-
mental PID, the control law of MFAC-SA-PID can be obtained as
follows:

uðkÞ ¼uðk� 1Þ þ rfcðkÞ
lþ fcðkÞ2

�
KFpðeðkÞ � eðk� 1Þ Þ þ KFieðkÞþ

KFdðeðkÞ � 2eðk� 1Þ þ eðk� 2Þ Þ �
(17)

The performance of the control system can be improved by
adjusting the parameter KFp, KFi, KFd without adjusting the five
parameters m, l, r, h, ε, which only need to be satisfied: m > 0, l > 0,
r2ð0;1�, h2ð0; 1�, ε > 0. The online adjustment equation for KFp,
KFi, KFd is as follows:8<:KFp ¼ Kp0 þ KDp$DKp

KFi ¼ Ki0 þ KDi$DKi
KFd ¼ Kd0 þ KDd$DKd

(18)

In Eq. (18), Kp0, Ki0, Kd0 is the initial value, KDp, KDi, KDd is the scale
factor of each component, KDp, KDi, KDd are the adaptive control
quantities. In this paper, the inputs of the fuzzy self-adjuster are the
system error e(k) and the error variation De(k). Where the fuzzy
self-adjuster affiliation function is in the form of a triangle with
uniform symmetric distribution, and the fuzzy self-adjusting rules
are shown in Table 2.

The SA-PID-MAFCmethod is composed of Eqs. (14), (17) and (18),
and its system control structure is shown in Fig. 2. From Eq. (17), we
can seewhen KFi¼ 1 and KFp, KFd are zero, theMFAC-SA-PIDmethod
is consistent with the expression of the traditional MFAC method,
which also shows that the traditional MFACmethod is a special case
of theMFAC-SA-PIDmethod. Therefore, the proposedMFAC-SA-PID
method has wider applicability than the traditional MFAC method,
and The fuzzy self-adjusting algorithm is introduced to make the
MFAC-SA-PID method have better control accuracy and anti-
disturbance performance.

3.3. Stability of the system

The following assumptions continue to be made on the basis of
Assumptions 1 and 2:

Assumption 3: The pseudo partial derivatives fcðkÞ of the
nonlinear system (8) are constant in sign and non-intrusive. In this
paper, we assume 0<fcðkÞ � f0, where f0 is the upper limit of the
pseudo partial derivatives fcðkÞ.
Assumption 4: KFp, KFi, KFd are all greater than zero and that the

following conditions are satisfied: KFd <
1
2
KFi, 2KFp þ 3KFi <

4
ffiffiffi
l

p

f0
.

For the nonlinear system (8) satisfying Assumptions 1e4, there
are two theorems when the MFAC-SA-PID method proposed in this
paper is used as follows.

Table 2
Fuzzy self-adjusting rules base for KDp, KDi, KDd

e De

NB NM NS ZO PS PM PB

NB PB/NB/PS PB/NB/NS PM/NM/NB PM/NM/NB PS/NS/NB ZO/ZO/NM ZO/ZO/PS
NM PB/NB/NS PB/NB/NS PM/NM/NB PS/NS/NM PS/NS/NM ZO/ZO/NS NS/ZO/ZO
NS PM/NB/ZO PM/NM/NS PM/NS/NM PS/NS/NM ZO/ZO/NS NS/PS/NS NS/PS/ZO
ZO PM/NM/ZO PM/NM/NS PS/NS/NS ZO/ZO/NS NS/PS/NS NM/PM/NS NM/PM/ZO
PS PS/NM/ZO PS/NS/ZO ZO/ZO/ZO NS/PS/ZO NS/PS/ZO NM/PM/ZO NM/PB/ZO
PM PS/ZO/PB ZO/ZO/PS NS/PS/PS NM/PS/PS NM/PM/PS NM/PB/PS NB/PB/PB
PB ZO/ZO/PB ZO/ZO/PM NM/PS/PM NM/PM/PM NM/PM/PS NB/PB/PS NB/PB/PB

Fig. 2. System structure of MFAC-SA-PID method based on pH process.
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Theorem 2: The output tracking error of the system is convergent,
that is lim

k/∞
jeðkÞj ¼ lim

k/∞
jyd � yðkÞj ¼ 0. Where yd is the given

desired value.

Theorem 3: The system control input sequence {u(k)} and output
sequence {y(k)} are bounded and the closed-loop system is BIBO
stable.

Proof of Theorem 2:

Noting fðkÞ ¼ fcðkÞ2
lþ fcðkÞ2

, we have

eðkþ 1Þ ¼ yd � yðkþ 1Þ ¼ yd � ðyðkÞ þ fcðkÞDuðkÞ Þ
¼ ðyd � yðkÞ Þ � fcðkÞDuðkÞ
¼ eðkÞ � fðkÞ�KFpðeðkÞ � eðk� 1Þ Þ þ KFieðkÞ þ KFdðeðkÞ�

2eðk� 1Þ þ eðk� 2Þ Þ �
¼ �1� fðkÞ�KFp þ KFi þ KFd

� �
eðkÞ þ fðkÞ�KFpþ

2KFd
�
eðk� 1Þ � fðkÞKFdeðk� 2Þ

(19)

From 0<fcðkÞ � f0, we have 0<fðkÞ � f0
2

lþ f0
2. And further

from lþ f2
0 � 2

ffiffiffi
l

p
f0 we have 0<fðkÞ � f0

2
ffiffiffi
l

p by deflating fðkÞ.
Let: a1ðkÞ ¼ fðkÞðKFp þKFi þKFdÞ, a2 ¼ fðkÞðKFp þ2KFdÞ, a3 ¼

fðkÞKFd. a1ðkÞ>a2ðkÞ þ a3ðkÞ>a2ðkÞ>a3ðkÞ>0 can be obtained
from KFi >2KFd >0 in Assumption 4.

Taking absolute values for e(kþ1) and using the absolute value
inequality aswell as themaximumvalue inequality to deflate there is

jeðkþ1Þj¼ jð1�a1ðkÞÞeðkÞþa2ðkÞeðk�1Þ�a3ðkÞeðk�2Þj

� j1�a1ðkÞkeðkÞjþa2ðkÞjeðk� 1Þj þa3ðkÞjeðk�2Þj

� ðj1�a1ðkÞjþa2ðkÞþa3ðkÞÞmaxðjeðkÞj; jeðk�1Þj;

jeðk�2ÞjÞ (20)

Let: bðkÞ ¼ j1�a1ðkÞj þ a2ðkÞ þ a3ðkÞ , obviously bðkÞ> 0, then

jeðkþ 1Þj � bðkÞmaxðjeðkÞj; jeðk�1Þj; jeðk�2ÞjÞ (21)

Two scenarios are discussed:

(1) When 1� a1ðkÞ � 0

Since the previous analysis yields a1ðkÞ>a2ðkÞ þ a3ðkÞ, then

bðkÞ¼ j1�a1ðkÞj þa2ðkÞþa3ðkÞ¼1�a1ðkÞþa2ðkÞþa3ðkÞ
<1�ða2ðkÞþa3ðkÞÞþa2ðkÞþa3ðkÞ¼1

(22)

(2) When 1� a1ðkÞ<0

Construct the intermediate function gðkÞ ¼

a1ðkÞ þ a2ðkÞ þ a3ðkÞ, and since KFd <
1
2
KFi, 2KFp þ 3KFi <

4
ffiffiffi
l

p

f0
and

0<fðkÞ � f0

2
ffiffiffi
l

p in Assumption 4, we have

gðkÞ¼a1ðkÞþa2ðkÞþa3ðkÞ¼fðkÞ�KFp þKFi þKFd
�þfðkÞ�

KFp þ2KFd
�þfðkÞKFd ¼

fcðkÞ2
lþ fcðkÞ2�

2KFp þKFi þ4KFd
�� f0

2
ffiffiffi
l

p �
2KFp þKFi þ4KFd

�
<

f0

2
ffiffiffi
l

p �
2KFp þ3KFi

�
<

f0

2
ffiffiffi
l

p �4
ffiffiffi
l

p

f0
¼2

(23)

This leads to gðkÞ ¼ a1ðkÞ þ a2ðkÞ þ a3ðkÞ<2, at which point we
have

bðkÞ¼ j1�a1ðkÞjþa2ðkÞþa3ðkÞ¼a1ðkÞþa2ðkÞþa3ðkÞ�1

¼gðkÞ�1 < 1 (24)

In summary, from the Eq. (22), Eq. (24) can be obtained b(k) con-
stant less than 1, let b1 ¼ max(b(k)).

Then we have bðkÞ � b1 <1 , at this time by the Eq. (20) have

jeðkþ1Þj � b1 maxðjeðkÞj; jeðk�1Þj; jeðk� 2ÞjÞ (25)

The recurrence of Eq. (25) for jeðkÞj, jeðk�1Þj , and jeðk�2Þj gives

jeðkÞj � b1 maxðjeðk� 1Þj; jeðk�2Þj; jeðk� 3ÞjÞ (26)

jeðk�1Þj � b1 maxðjeðk�2Þj; jeðk�3Þj; jeðk�4ÞjÞ (27)

jeðk�2Þj � b1 maxðjeðk�3Þj; jeðk�4Þj; jeðk�5ÞjÞ (28)

From Eqs. (26)e(28) and the maximum value inequality, we
have

maxðjeðkÞj; jeðk� 1Þj; jeðk� 2ÞjÞ �
b1 maxðjeðk� 1Þj; jeðk� 2Þj; jeðk� 3Þj; jeðk� 4Þj; jeðk� 5ÞjÞ

(29)

And since b1 <1, obviously jeðk � 1Þj> b1jeðk � 1Þj, jeðk �
2Þj> b1jeðk � 2Þj, then Eq. (29) is further organized to obtain

maxðjeðkÞj; jeðk�1Þj; jeðk�2ÞjÞ
� b1 maxðjeðk�3Þj; jeðk�4Þj; jeðk�5ÞjÞ (30)

Substituting Eq. (30) into Eq. (25) yields

jeðkÞj � b1 maxðjeðk� 1Þj; jeðk� 2Þj; jeðk� 3Þj Þ

�

8>>>>>>>>>>>>><>>>>>>>>>>>>>:

bk=31 maxðjeð0Þj; jeð1Þj; jeð2Þj Þ;
When k mod 3 ¼ 0;

bðk�1Þ=3
1 maxðjeð0Þj; jeð1Þj; jeð2Þj Þ;

When ðk� 1Þmod 3 ¼ 0;

bðk�2Þ=3
1 maxðjeð0Þj; jeð1Þj; jeð2Þj Þ;

When ðk� 2Þmod 3 ¼ 0:

¼ b½k=3�1 maxðjeð0Þj; jeð1Þj; jeð2Þj Þ

(31)

where [x] denotes the integer for x2R and k¼3, 4, 5,$$$, such that
c1 ¼ maxðjeð0Þj; jeð1Þj; jeð2ÞjÞ, c1 is a constant value greater than
zero, then we get
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lim
k/∞

jyd � yðkÞj¼ lim
k/∞

jeðkÞj � lim
k/∞

b½k=3�1 c1 ¼0 (32)

In summary, the output tracking error of the system is convergent,
and Theorem 2 is proved.

Proof of Theorem 3: From Eq. (17), we get

jDuðkÞj¼ fcðkÞ
lþfcðkÞ2

		�KFpþKFiþKFd
�
eðkÞ��KFpþ2KFd

�
eðk�1Þ�þ

KFdeðk�2Þj� fcðkÞ
2
ffiffiffi
l

p
fcðkÞ

j�KFpþKFiþKFd
�
eðkÞ

��KFpþ2KFd
�
eðk�1ÞþKFdeðk�2Þj

� 1

2
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2
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�
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2
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l
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�
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(33)

Taking the absolute value of Eq. (34) and using the inequality to
deflate according to the known conditions we have

jDuðkÞj ¼ fcðkÞ
lþ fcðkÞ2
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�
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�
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2
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l

p
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� 1

2
ffiffiffi
l

p �
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�jeðkÞjþ�
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� 1

2
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l
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�
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jeðk� 2Þj Þ

<
1

2
ffiffiffi
l

p �
2KFp þ 3KFi

�
maxðjeðkÞj; jeðk� 1Þj; jeðk� 2Þj Þ

(34)

Let b2 ¼ 1
2
ffiffi
l

p ð2KFp þ3KFiÞ, then we have

jDuðkÞj<b2 maxðjeðkÞj; jeðk� 1Þj; jeðk�2ÞjÞ (35)

where k¼2, 3, 4, $$$, then juðkÞj can be expressed as follows

juðkÞj ¼ jðuðkÞ � uðk� 1Þ Þ þ ðuðk� 1Þ � uðk� 2Þ Þ þ/

þðuð2Þ � uð1Þ Þ þ uð1Þj

¼ jDuðkÞ þ Duðk� 1Þ þ/þ Duð2Þ þ uð1Þj

� jDuðkÞj þ jDuðk� 1Þj þ/þ jDuð2Þj þ juð1Þj (36)

Let 2ðkÞ ¼ jDuðkÞj þ jDuðk � 1Þj þ jDuð2Þj, then from Eqs. (31),
(32) and (36), we have

2ðkÞ ¼ jDuðkÞj þ jDuðk� 1Þj þ/þ jDuð2Þj

� b2 maxðjeðkÞj; jeðk� 1Þj; jeðk� 2ÞjÞ þ b2 maxðjeðk� 1Þj;
jeðk� 2Þj; jeðk� 3ÞjÞ þ/þ b2 maxðjeð2Þj; jeð1Þj; jeð0ÞjÞ

� 3b2


b½k=3�1 þ b½k=3��1

1 þ/1
�
maxðjeð2Þj; jeð1Þj; jeð0ÞjÞ

(37)

From b1 <1 and the properties of the isoperimetric series we have

2ðkÞ�3b2


b½k=3�1 þb½k=3��1

1 þ/1
�
maxðjeð2Þj; jeð1Þj; jeð0ÞjÞ

<
3b2

1�b1
c1

(38)

where b2 ¼ 1

2
ffiffiffi
l

p ð2KFp þ3KFiÞ �
2
f0

, c1 ¼ maxðjeð0Þj; jeð1Þj; jeð2ÞjÞ
are constant values that do not vary with k, it is obtained that 2ðkÞ is
bounded and from Eq. (37) we have

juðkÞj� 2ðkÞ þ juð1Þj< b2
1� b1

c1 þ juð1Þj (39)

Therefore, |u(k)| is also bounded, so the control input sequence
{u(k)} and output sequence {y(k)} of the system are both bounded,
and Theorem 3 is proved.

4. Simulation Study

4.1. pH neutralization control

Considering the large gain of the pH process near the neutrali-
zation point, the set value of the pH process control is 7 in order to
verify the effectiveness of the MFAC-SA-PID method.

Firstly, considering the case without adding disturbances, the
MFAC-SA-PID control method proposed in this paper is compared
with the traditional MFAC method and the IMFAC method in the
Ref. [24], respectively.

The initial conditions for all three methods are set to fcð1Þ ¼
0:01, ε ¼ 0:00001, and the controller parameters for all three
methods are set to: h ¼ 1, l ¼ 1, m ¼ 1, r ¼ 0:4.

The initial parameters of the fuzzy self-adjuster for the MFAC-
SA-PID method are Kp0 ¼ 0:1, Ki0 ¼ 1:2, Kd0 ¼ 0:01, and the
scaling factors are KDp ¼ 0:1, KDi ¼ 3, and KDd ¼ 0:01, respectively.

The simulation results are shown in Fig. 3, Fig. 4, and Fig. 5. Fig. 3
shows the control effect of pH, Fig. 4 shows the variation of input
acid flow rate q1, and Fig. 5 shows the variation of MFAC-SA-PID
fuzzy self-adjusting parameters.

From the simulation results, the overshoot of MFAC-SA-PID
method is smaller than that of traditional MFAC method and
IMFAC method, and MFAC-SA-PID method has faster regulation
time, so MFAC-SA-PID method has better control performance for
pH process with serious nonlinearity.

4.2. Adding 1% step input disturbance

Consider the step disturbance of adding 1% (Dq1 ¼ 0.166 m$s�1)
to the input acid flow rate q1 at 60 min, at which time the control
effect of pH value under the three methods, the variation of acid
flow rate, and the fuzzy self-adjusting parameters of MFAC-SA-PID
method are shown in Fig. 6, Fig. 7, and Fig. 8.

From Fig. 6, the MFAC-SA-PID method can overcome the
disturbance faster than the traditional MFAC method and IMFAC
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Fig. 4. Input acid flow q1.

Fig. 5. Fuzzy self-adjusting parameters of MFAC-SA-PID.

Fig. 6. The control effect under the addition of 1% step interference.

Fig. 3. Control effect of the three methods.

Fig. 7. Acid flow rate of the input with the addition of 1% step disturbance q1.

Fig. 8. Fuzzy self-adjusting parameters of SA-PID-MFAC.
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method when a 1% step input disturbance is added at 60 min. And
its control performance is better than the traditional MFAC method
and IMFAC method, which also shows that the MFAC-SA-PID
method proposed in this paper has better anti-disturbance per-
formance. From Fig. 7, it is easy to find that the acid flow input is
regulated faster under MFAC-SA-PID method when there is a step
input disturbance. Fig. 8 shows the adjustment process of the fuzzy
self-adjusting parameters of the MFAC-SA-PID method under the
step disturbance.

4.3. Adding 5% step input disturbance

To further compare the effectiveness of the three methods,
consider adding a step input disturbance of 5% (Dq1 ¼ 0.83 m$s�1)
to the input acid flow rate q1 at 60 min, at which time the control
effect of pH value under the three methods, the variation of acid
flow rate, and the fuzzy self-adjusting parameters of MFAC-SA-PID
method are shown in Fig. 9, Fig. 10, and Fig. 11.

From the above simulation results, even under the case of large
step input disturbance (Dq1 ¼ 0.83 m$s�1), the MFAC-SA-PID
method can overcome the disturbance faster and its control effect
is better than the traditional MFAC method and IMFAC method,

which further shows that the MFAC-SA-PID method proposed in
this paper also has better anti-disturbance performance and sta-
bility under different degrees of disturbance.

4.4. Uncertainty of model parameters

To verify the robustness of the proposed method, additive un-
certainty is added to the system, i.e., the parameter uncertainty of
the controlled process objects. Consider the pH neutralization
process when the model parameter q2 is changed to further
compare the effectiveness of the above three methods. Assuming
that the flow rate of the buffer stream q2 is increased by 10%
(Dq2 ¼ 0.055 m$s�1), 50% (Dq2 ¼ 0.275 m$s�1), and 100%
(Dq2 ¼ 0.55 m$s�1) at 60 min respectively. The results of pH control
under the three methods at this time are shown in Fig. 12, Fig. 13,
and Fig. 14.

As shown in Figs. 12e14, the control effect of the MFAC-SA-PID
method is still better than that of the conventional MFAC and
IMFAC methods at 60 min when the model parameter q2 of the pH
neutralization process is changed. This further shows that the

Fig. 9. Control effect with 5% step disturbance added.

Fig. 10. Acid flow rate of input with 5% step disturbance added.

Fig. 11. Fuzzy self-adjusting parameters of MFAC-SA-PID.

Fig. 12. Simulation results of the three methods with 10% increase in q2.
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MFAC-SA-PID method has better robustness when the model pa-
rameters are changed.

5. Conclusions

In this paper, a MFAC-SA-PID method is proposed for the
problem that the pH process with strong nonlinearity and large
time lag is difficult to control near the neutralization point. The
MFAC-SA-PID method, which solves the drawbacks of difficult
parameter adjustment and poor control performance of MFAC
method by adding self-adjusting PID-parameters online. And the
stability and convergence of this method are proved in this paper.
Simulation studies show that the dynamic performance of the
MFAC-SA-PID method is better than that of MFAC and IMFAC
methods. It also shows that the MFAC-SA-PID method can better
utilize the error information so that its fuzzy self-adjusting pa-
rameters can be adjusted online according to the fuzzy rules, which
solves the problem that theMFACmethod has a large impact on the
control performance by adjusting the parameters. Therefore, the
MFAC-SA-PID method has good control performance and
robustness.

CRediT Authorship Contribution Statement

Kang Liu: Data curation, Formal analysis, Investigation, Meth-
odology, Project administration, Validation, Visualization, Writing
e original draft, Writinge review& editing. You Fan: Data curation.
Juan Chen: Funding acquisition.

Declaration of Competing Interest

The authors declare that they have no known competing
financial interests or personal relationships that could have
appeared to influence the work reported in this paper.

Acknowledgements

This work is supported by the National Natural Science Foun-
dation of China (61771034).

Nomenclature

e(k) the error at moment k
De(k) the amount of error change
f($) nonlinear systems
Ka1 primary ionization constant of carbonic acid
Ka2 secondary ionization constant of carbonic acid
KFp fuzzy self-adjusting parameters
KFi fuzzy self-adjusting parameters
KFd fuzzy self-adjusting parameters
Kd0 initial values of fuzzy self-adjusting parameters
Ki0 initial values of fuzzy self-adjusting parameters
Kp0 initial values of fuzzy self-adjusting parameters
KDd scale factor
KDi scale factor
KDp scale factor
DKd fuzzy self-adjusting volume
DKi fuzzy self-adjusting volume
DKp fuzzy self-adjusting volume
nu input order of the system
ny output order of the system
q1 nitric acid solution flow rate, ml$s�1

q2 sodium bicarbonate solution flow rate, ml$s�1

q3 flow rate of mixed solution of sodium hydroxide and
sodium bicarbonate, ml$s�1

q4 solution flow rate after neutralization reaction, ml$s�1

Dq1 the amount of change in the nitric acid solution, ml$s�1

u(k) the input of the system at moment k
V volume of continuous stirred tank reactor, ml$s�1

Wai the amount of ionization in solution, mol
Wbi the amount of carbide ions in solution, mol
y(k) the output of the system at moment k
yd desired signal
fcðkÞ pseudo partial derivative

fc
∧ ð1Þ initial value of the pseudo-partial derivative
f0 upper limit of the pseudo partial derivative
m step factor of MFAC
ε a sufficiently small positive number
h step factor of MFAC
l step factor of MFAC
r step factor of MFAC
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