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». �´,ù
�éPID���U?�{�õêÑ´é��ìëê?1N!,
¢Só�L§Ñu²L

5½öS�5�ÄJ±�â�²­ÅÄ�$1ó¹éPID��ìëê?1ª�3�N!.

�é¢Só�L§�E,5!Ø(½5±92��3��ÅÄ�Z6, �
ÄuÅìÆS!ÚO

ÆS�êâ°Ä���{�É�
2�'5[5∼8]. X©[7]òÀYÑY�þ�µd�I©)¤õ�©þ,

¦�z���þ�O(�éAz��I©þ, ¿3dÄ:þ¦^Äu£(G��ä(ESN)�õ�I�

�üÑk�Uõ
ÀY?nL§M)�ßÝÚ���ßÝ���5U. Cc, ©[8]æ^�«Äuõë

ê(¯Ý�O©Û�Ã�.g·A���{¢y
äk(��ëêÄ�Cz�ÀY?nL§���

êâ°Äg·A��. �´ù
�{�éE,, I��ï®²���PID��ì(�, =
æ^O��

d���E,��ì, Ï
J±$¤�/)ûykó�L§¥du�Å�²­Z6��PID��°Ý

Øp�¯K. Ïd, XÛ3ØUCykPID��ì���Ä:þ, æ^k��{J,ykPID���5

U´�«��²L¢^��{, ù�´�©ó�¤'5ÚïÄ�­:.

d	, Ä�PID�{3��õCþrÍÜÚ��5�ÅÄ�XÚ��3X��Ø�VÇ�Ý¼

ê(PDF)©Ù/G¥yõ¸�A5�¯K, 
n��¹eÄ�XÚÑÑØ��PDF©Ù/GA�8¥

�Ð. ©[9]�ÑÄ��ÅXÚ�ÑÑPDF©Ù�����Ñ\���', 
duPID�{=�Ä
Ä

�XÚÑ\-ÑÑ�	ÜA5, "yéXÚSÜG��(�&E�$^, Ïd��Ä�PID�{3¡é

õCþÍÜ��5Ä�XÚ���°Ý!Ä�5UJ±¼�-<÷¿��J.gKalmanòG��m{

Ú\�y���nØ±5,�±�B¦^Ñ\-G�-ÑÑ�ÏJ'X�«
XÚSÜ�(�A5,òX

ÚSÜ&E±G�Cþ�/ªÐ«Ñ5, ?
k�UõõCþ��5Ä�XÚ���5U. Äudg

�, Zhou�3©[10]¥�éPI���{3����5�ÅÄ�XÚ�5U���¯K,ÏL¦��`�

�5OÃÝ
�G�Cþ�¦��PI���Ö�Ñ\±dòG�Cþ&EÚ\���Ñ\¥,k�U

õ
'~-È©(PI)�����°Ý. Cc, ©[11]3©[10] �Ä:þ, òÖ���ìd�5OÃÝ
ÿ

Ð��±?1��5N��RBF ²�ä, ¼�
Ä�A5�`�Ö���Ñ\, ?�ÚJ,
PI�

��5UÚ·^��.�´,þãÄuÖ�üÑ�U?PI���{=·^uÄuPI(����/ª. é

õ¢Só�L§, 'XÀY?nL§!p¬õcL§Úpß�óL§, ÙÄ�A5�©E,, ��É

�ÅÄ�Z6���D(�K�, Ï
æ^(��é{ü�PI��J±¼�÷¿���5U, Ï~I

�éÙ?1PID��. ¢Sþ, éuäk�²­Ä�A5�ÀY?nL§, ÙL§���ÄO���{

Ò´PID��. Ï�3PI��Ä:þÚ\�©�U
Jp��XÚ��A�ÝÚ­½5U, ?
Uõ

Ä���5U. �d, �©3©[10]Ú[11]�Ä:þò��5Ö�ì�·^��ÿÐ�ÄuPID�Or

��/ª, =OrPID(En-PID), ¿òÙ^uÀY?nL§�p5U��, ±S�ù
Eâ3¡���

5!�ÅZ6!�²­ÅÄ�E,Ä�A5�éPID��ì�UõUå.

äN5`, �©ÏLRBF ²�äò*Ðk�ùÈÅì�O�Ä�XÚG�?1��5N�, ±

¼��éPID��ì��`Ö�Ñ\. ��PID��Ñ\Ö�ì�RBF ²�äÔöÌ�©�Û�¥

%�þàa¦�Ú�`ÑÑ����þ`zO�üÜ©: Äk, �éRBF�äÛ¹�¥%�þJ±¦

��¯K, æ^Kþ�àa�{¦�{¤Ñ\êâ8�àa¥%, ±d��RBF�äÛ¹��¥%�

þ, 
¥%�þêþÏLElbow�{(½; Ùg, �
`zRBF�äÑÑ����þ, �ï'u��Ø

�?¿��`z5U�I, ,�æ^FÝeü�{?1�äÑÑ��`zO�. ?¿�Ï~^u5ï

þ�|êâ�ÅÄ�¹[12,13], ��Ø�����K4�XÚ�­½5Ò�p���Ø���. nþ,

¤J�{3ØUCykPID�����Ä:þ, ÏLRBF ²�äéG�&E?1��5N�5¼�

L§¥��Ñ\�Ö�Ñ\&Ò, ±dü$��Ø��ÅÄ, wÍOr�kPID��ì���5U.
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2 OrPID��üÑ

3�kPID��Ä:þ,æ^*Ðk�ùÈÅ(EKF)�OEâÚ ²�äÖ�Eâ,JÑ�OrPID

��üÑXã1¤«, Ì��)Ä�PID��Ü©Ú ²�äÖ���üÜ©. ¤J�{ÄkÏL*Ð

k�ùÈÅEâ�OÄ�XÚ��G�Cþ, ¿òÙ��RBF ²�äÖ���ì�Ñ\. ÙgÏ

LKþ�àa�{¦�{¤Ñ\êâ�àa¥%, ±d��RBF ²�äÛ��¥%�þ. Ó�, �

ï��z'u��Ø���`z5U�I,ÏLæ^FÝeü�{¼��`�RBF ²�äÑÑ��

�. ��, òRBF�äÖ�ì�ÑÑ���Ö���Ñ\\\�Ä�PID��ì�ÑÑ, �Ó�^u¢

S��Ä�XÚ, ^uOrÄ�XÚ���°ÝÚ�N��5U. �ÄXe��5Ä�XÚ:

xk = f(xk−1, uk−1, wk), (1)

yk = h(xk, vk), (2)

ª¥: xk´XÚG��þ, yk�Ä�XÚÑÑ, uk���Ñ\, fÚhL«ü���5Ä�N�¼ê,

wkÚvk´ü��pÕá�þ��", ��©O�QkÚRk�D(�þ.

lã1��, ��5Ä�XÚ�nÜ��Ñ\�:

uk = u1k
+ u2k

, (3)

u1k
= kpek + kizk + kddk, (4)

u2k
= WT

k G(x̂+
k ), (5)

ª¥: u1k
�Ä�PID��ì���&Ò, u2k

´�©�O� ²�äÖ���ì�Ö�&Ò, ek = r −
yk��c�����Ø�, zk = zk−1 + ek��c��Ø��È©, dk = ek − ek−1��c��æ^�©

�{O��Ø��©, G(·)� ²�ä�»�Ä¼ê, x̂+
k�²k�ùÈÅì�Ñ�Ä�XÚG��O

�, 
WT
k �k��RBF�äÑÑ����þ.
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Figure 1 Control strategy of the proposed enhanced PID control

5¿�, RBF ²�ä2�^u��5Ä�XÚ�E£���, �´¡�XÛ�!:êÚ¥%�

þ!±9ÑÑ����þJ±`z¦)�¯K. �d, Äkæ^Elbow�{(½�äÛ�!:ê, ,�

ÏLKþ�àa�{¦�{¤Ñ\êâàa¥%5?1Û�!:�¥%�þ��. Ó�, 3FÝeü

�{�5U�I¥Ú\�`znØ5?��äÑÑ����þ. �ÅXÚ¥��Ø�����XÚ

3

Acc
ep

te
d

 https://engine.scichina.com/doi/10.1360/SSI-2022-0084



: Äu��G��O� ²�äÖ��OrPID���{

Ò�­½, Ïd�©Ú\�`z�nØ5)û�pd�ÅD(Z6�¯K, �k�ü$��Ø��Å

Ä. d	, �
�ï'u��Ø���`z5U�I, I�O���Ø�êâ�VÇ�Ý¼ê, �dæ

^Ø�Ý�OEâé��Ø���?1O�.

5º1 �©ó�´3©z[10]Ú[11]Ä:þ�?�ÚòYÚÿÐ. ©z[10]Ú[11]æ^ ²�äÖ

�Eâ
J,
PI�{���5U. ,
, éõ¢Só�L§�Ä�A5�©E,, 'XÀY?nL

§!p¬õcL§�,æ^(��é{ü�PI��J±¼�÷¿���5U,Ï~I�æ^PID���

{é'�ëê?1��.ù´Ï�3PI��Ä:þÚ\�©�U
Jp��XÚ��A�ÝÚ­½5

U, ?
UõÄ���5U. Ïd, éuäk�²­Ä�A5�ÀY?nL§§ÙÄOÿÁ²��.�

L§���{Ò´PID��. �©�é¢Só�¥��ÅÄ�Z6�ÿþD(, &ÄXÛÄu ²�

äÖ���Eâ5UõPID�{���5U,ù�´�äÊ·5�5UOr���{. d	,3äN�

Ö�ì�{�O¥, ©[11]¤ã�{�Ö�ìÛ�¥%�þÏL²�À�, Ì*5r, �J±O(µ�

Ù¢S�J.
�©�{òêâ°ÄElbow�{±9Kþ�àa�{�(Ü,U
(Ü¢S$1êâ�

©Ù�A5(½Ün�RBF�äÖ�ìÛ�¥%�þ, ��`Ö���Ñ\Jø�Z�ä(�Ä:.

d	, ¤JOrPID���{�5U, �)Ö�ìÂñ5±94�XÚ­½5, þ®ÏLî�nØ©Û

��
�y.

3 OrPID���{

3.1 *Ðk�ùÈÅG��O

duÄ�PID���{=�Ä
Ä�XÚÑ\-ÑÑ�	ÜA5,"yéXÚSÜG��(�&E

�$^, Ï
Ä�PID���{3¡é��5ÍÜÄ�XÚ���°Ý!Ä�5UJ±¼�÷¿��

J. �´, /Ïuk�ù(Kalman)ÈÅEâéÄ�XÚSÜ��G�?1�O, �±�B¦^Ñ\-G

�-ÑÑ�ÏJ'X5�«
XÚSÜ�(�A5ÚÛ¹&E, l
òÄ�XÚSÜ&E±G�Cþ

�/ªÐ«Ñ5, ?
UõõCþ��5Ä�XÚ���5U. ¤J�{�
3���¿©|^Ä�

XÚ�SÜG�&E,�éÄ�XÚ���5!�²­ÅÄA5,�©À^*Ðk�ùÈÅ(EKF)Eâ

53��OÄ�XÚSÜ�G�Cþ[14, 15]. EKF3��O�{Ì�dýÿÚG��#üÜ©|¤, ä

NXe:

ýÿL§�{Xe:

P−k = Ak−1PT
k−1A

T
k−1 + Fk−1Qk−1FT

k−1, (6)

x̂−k = fk−1(x̂+
k−1, uk−1), (7)

ª¥: Ak−1 = ∂fk−1

∂x

∣∣x̂+
k−1 , Fk−1 = ∂fk−1

∂w

∣∣x̂+
k−1 .

G��#L§�{�:

Kk = P−k C
T
k (CkP

−
k C

T
k + ZkRkZT

k )−1, (8)

x̂+
k = x̂−k +Kk(yk − hk(x̂−k )), (9)

P+
k = (I −KkCk)P−k , (10)

ª¥: Ck = ∂hk−1

∂x

∣∣x̂−k−1 , Zk = ∂hk−1

∂v

∣∣x̂−k−1 , x̂−kÚx̂
+
k ©O´G��k��O�Ú���O�. 5¿�,

3¦^*Ðk�ùÈÅ?1G��O�, I�3zgS�¥�#G�OÃÝ
Kk.
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3.2 RBF ²�äÖ�ì�O

duRBF�ä3êâ[Ü¥äk�Û%CA5, ¿�(�{ü�O�þ�$, ·Ü3ó�y|¦

^, Ïdæ^RBF ²�ä¦��`PID��ìÖ���Ñ\. ��uÙ¦ ²�äÏL���þò

�äÑ\N��Û¹��m, RBF�äÏL»�Ä¼ê��Û¹�-¹¼ê, �±��òÑ\�m

?1��5ÿÐ. Ïd, �»�Ä¼ê�¥%�þ(½�, Û¹��Ñ\ÑÑN�'X�Ò�½e5.

RBF�ä��ªÑÑ´Û¹�ÑÑ'u���þWk��5\�Ú, Ï
ÑÑ�����þWk=�Ö

�ì�ä��Nëê[16]. RBF�ä�(�Xã2¤«, Ûõ��ÑÑΦ(x̂+
k )�âª(11)O�, ÑÑ��

ÑÑ∆u1|kXª(12)¤ã: Φ(x̂+
k ) = [φ1(x̂+

k ), φ2(x̂+
k ), · · · , φp(x̂+

k )]

φi(x̂
+
k ) = exp(−‖x̂

+
k−ci‖2
σ2
rbf

), i = 1, 2, · · · , p
, (11)

∆u1|k = WT
k Φ(x̂+

k )

Wk = [w1, · · · , wl, · · · , wp]T
, (12)

ª¥: exp(·)��ê¼ê, σrbf�Ø²w°Ý, Wk�ÑÑ����þ.

.

.

.

.

.

..
.
.

W 1u

mu

11x

12x

1lx

G

G

G

ã 2 RBF ²�äe�

Figure 2 The structure of RBF neural network

RBF�äÖ�ì�Ôö©�ü��ã. 1��ã�ÃiÒÆS, =(½RBF�äÛ�¥%�þc,

1��ã�kiÒÆS,=ÏL`z�{?�ÑÑ����þWk. �©ÄkÏLKþ�àa�{[17]¦

�Ñ\êâ8ÜX̂ = {x̂+
1 , · · · , x̂

+
i , · · · , x̂

+
k }�àa¥%, l
òÙ���Û�!:�¥%�þ. ½

ÂRBF�äk�{¤Ñ\êâ�8ÜX = {x1, · · · , xi, · · · , xk}, xk ∈ Rm×1,òÙ©�p�ØÓ�aGp¥,

KTp�a�¤é��8ÜX�y©,¿�÷vGi ∩Gj = ∅,
⋃p
i=1Gi = X,Kz�aGi�àa¥%�ci,

Pc = [c1, · · · , cp]�Ûõ�¥%. Ó�, 8ÜX¥z���^���êi = {1, 2, · · · , k}L«, z�a©

O^�êl = {1, 2, · · · , p}L«,�©^¼êC(i) = l L«ò��iN��la¥. 3þã½ÂÄ:þ, Kþ

�àa�ä¥%�þ(½äNÚ½Xe:

1)�ÅÀJp���:��Ð©��t = 0�àa¥%:

ct = (c01, · · · , c0l , · · · , c0p), (13)

2)é��?1àa, �½�½a¥%ct�`z8I¼ê�:

arg min
Ct

p∑
l=1

∑
Ct(i)=l

∥∥x̂+
i − ctl

∥∥2
, (14)

òz�������Ù�C¥%�a¥, ctl�1t��aGl�¥%, Ct(i) = l�t���y©¼ê.
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3)�#a¥%, �ét��àa(JCt(·), O��c��a¥���þ�:

ct+1
l =

1

nl

∑
Ct(i)=l

x̂+
i , l = 1, · · · , p, (15)

¿òT|êâ��#�a¥%.

4)XJS�ÂñKÊ�Ôö, K�`�¥%�þ�c = (ct+1
1 , · · · , ct+1

l , · · · , ct+1
p ), ÄKt = t + 1a

=Ú½2.

5º2 àa¥%�êþpÏLElbow�{(½, Elbow�{´�«^u(½êâ8¥àa¥%ê

þ�éuª�{, äN�{�ë\©z[18].

Ö���ìàa¥%(½�, ?�Ú¦^FÝeü�{[19]?��ä�ÑÑ���þWk. ù´�

«kiÒÆS,I�Äk�OÜ·�`z5U�I.�éuþ�Ú���~55U�I,�´ïþ�|

êâõ�5!Ø(½5Ú�Å5�k���{. Ïd,�ï'u��Ø���`z5U�I,±d?1

kiÒÆS5`zÚ?�ÑÑ����þWk. �|êâQi����H2(Qi)�±ÏLXeúª?1O

�[12]:

H2(Qi) = − log V (Qi), (16)

ª¥: Qi = {q1, · · · , qN}T��|ÕáÓ©Ù��Åê, V (Qi)�Qi�&E³.

lª(16)�±wÑ���H2(Qi)´&E³V (Qi)�üN4~¼ê,�
{zO��±ò`zØ�ek

��H2(ek)=z�`zÙ&E³V (ek). ��=U�A�|êâ�ÅÄ�¹,Ïd35U�I¥�I�

é��Ø�þ�\\��±��­½�l�8�. nþ¤ã, �éõÑ\õÑÑÄ�XÚ, ½ÂXe

5U�I:

Jk = −R1

m∑
i=1

V (eik)−R2Vjointk(ek) +R3

m∑
i=1

E(eik) +
1

2
R4uT

2k
u2k

, (17)

ª¥: m�Ä�XÚÑÑ�ê,æ^�lØ��þ�E(eik)5�x��Ø�Ì���, uT
2k
u2k
�L��Ñ

\��, R1, R2, R3, R4��½~ê. d	, eik�1i�ÑÑ�3k���\OÑÑØ�, ek = [e1k
, · · · , emk

]

�k��¤km�ÑÑ��Ø�, V (eik)�ÑÑ��Ø�eik�&E³, Vjoint(ek)�¤kÑÑ��Ø�ek�

éÜ&E³.

äN5`, �|êâ�&E³±9éÜ&E³æ^eª?1O�: V (Qi) =
∫
γ2
q (q)dq

Vjoint(Q) =
∫
· · ·
∫

(γQ (Q1, Q2, · · · , Qm))
2
dQ1Q2 · · ·Qm

, (18)

ª¥: Q = {Q1, · · · , Qi, · · · , Qm}�m|êâ, γq�êâq�VÇ�Ý¼ê(PDF), γQ�êâQ�éÜ

VÇ�Ý¼ê. �du��Ø�PDF±9éÜPDF��, I�æ^Ø�Ý�OEâ[20]¦���Ø�

�PDF. äN/, �éêâQiÚQ�PDF±9éÜPDF ©Oæ^eªO�: γ̂Qi
= 1

N

N∑
i=1

κσ(q − qi)

κσ(q) = 1√
2πσ

exp(− q2

2σ2 )

, (19)


γ̂Q = 1

N

N∑
i=1

κΣ(Q−Qi)

κΣ(Qi) =
m∏
i=1

κσi(qi)
, (20)

ª¥: κ(·)�pdØ¼ê. ùp, æ^ª(19)O�üÑÑCþ�PDF, æ^ª(20)O�õ�êâ�é

ÜPDF.
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�(½ª(17)¤ã5U�I�, �©æ^FÝeü�{Ôö ²�äÖ�ì����þWk. d

uT�­=´�äÛ¹�ÚÑÑ��m��«�5|Ü, Ïd�y
�äk��(½��`), Ø�

3BP ²�ä�ÛÜ4��¯K. äN�FÝeü`z�{Xe¤«:

1) Ð©z�­W!ÆS�Çη!�.�ε̃.

2) ¦�FÝ:

∇Jk =
∂Jk

∂Wk−1
|Wk−1, (21)

ª¥: Jk�µd���J�5U�Iª(17), ∇Jk��c��5U�I�FÝ,ÏL�©�{?1O�.

3) XJ∇Jk∇JT
k < ε̃, K�`��­�Wk−1, ÄK?1Ú½4).

4) �âFÝ��#�­:

Wk = Wk−1 − η
∂Jk

∂Wk−1
|Wk−1 , (22)

5) �£Ú½2).

¼��`����þWk−1�, =��âª(3)O�RBF�äÖ�ì��ªÑÑ, l
��PID��

�Ö�þ, �Ó�^���Ä�XÚ, ±Or��5U.

3.3 �{¢yÚ½

nþ, ¤JOrPID���{�äN¢yÚ½X�{1¤«.

�{ 1 Enhanced PID(En-PID)control method

1: Initialize system parameters;

2: Using Eq.(6)-(10), the state estimation value x+k is calculated using the EKF technique;

3: Using Eq.(13)-(15), the K-means clustering technique is used to calculate the cluster center c of the neural network

compensator;

4: Construct the optimized performance index of control error entropy shown in Eq.(17);

5: Using Eq.(21)-(22), the gradient descent algorithm is used to obtain the weights Wk−1 of the optimal compensator;

6: Calculate u1k using Eq.(4)§and calculate u2k using Eq.(5), then calculate uk using Eq.(3);

7: Bring uk into a dynamic system, then k = k + 1§and turn to Step 2.

4 5U©Û

©[11]æ^4í©Û�{3þ�¿Âe�Ñ
OrPI���{��Ø�±9*Ðk�ùÈÅì�

Âñ5©Û.éu¤JOrPID���{¥�Ö�ì, PID�{¥�©�Ú\��uPI�{�­½5�

�
Jp. lª(17)¤«'u��Ø���5U�I�±wÑÙÂñ5���Ø�������',

�!5U©ÛÜ©Ì��)Ö�ìÂñ5©Û±94�XÚ­½5üÜ©.

4.1 Ö�ìÂñ5©Û

duRBF�äÛ¹�¥��æ^pdØ¼ê, ÏdÖ���ìÛ¹�ÑÑk.. RBF�ä��ª

ÑÑ´Û¹�ÑÑ'u�­Wk��5|Ü, Ïd�äRBF�äÖ�ì�ÑÑ´ÄÂñ�I�ä�ä

ÑÑ����þWk´ÄÂñ=�. �Bu©Û, �±òª(17)¤«'u��Ø���5U�I3�`

��NC?1���V©), ��eª:

Jk ≈ Jk(W ∗)−∇JkW̄k, (23)

ª¥: W ∗ = arg min Jk, W̄k = W ∗ −Wk.
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½n1 ½Â`z5U�IJk����ê�R = ∇2Jk, æ^FÝeü�{�âª(17)¤ã5U�

IéÑÑ���Wk?1?�, �ÆS�Çη ±9R�A��λi÷vXe'X�:

0 < η <
2

max{λi}
, i = 1, 2, · · · , p, (24)

¤JL1�{�±(�ª(5)¤ãRBF�äÖ�ì�ÑÑ3þ�¿ÂeÂñ.

y²: Äuª(23), �â∇Jk = −RW̄k, ��W̄k�4í'XXe¤«:

W̄k+1 = (I − ηR)W̄k, (25)

Ó�, l½ÂR = ∇2Jk��R�HessianÝ
, Ïd�3QÚΛ¦�:

R = QΛQ, (26)

ª¥: Q´���¹R¤kA��þ�IO��Ý
, Λ��¹¤kA���é�
, �A��^S

ÓQ¥�A��þéA.

òª(26)�\ª(25), ��eª:

W̄k+1 = Q(I − ηΛ)QTW̄k, (27)

�
Bu©Û, òª(27)�ªmý¥QTW̄k�XeO�:

Ωk = QTW̄k, (28)

ª(27)�ªüý�¦Q, ��eª:

Ωk+1 = (1− ηΛ)Ωk, (29)

duΛ´'uA��λi�Ý
, �±òÙlSÜÐm, ÓnΩk��±Ðm, ��eª:

Ωik+1
= (1− ηλi)Ωik , i = 1, 2, · · · , p, (30)

Äuþª, Kª(30)þ���/ª�±L«Xe:

E(
∥∥Ωik+1

∥∥2
) = (1− ηλi)2E(‖Ωik‖

2
), (31)

�âþã©Û,¤JÖ�ìÂñÓÑÑ����þWkÂñ´���. ?�Ú�âª(28)��, Ωkª

uÂñKWk�ªuÂñ. Ïd,�yΩk�Âñ=��yÖ�ì�Âñ,
ΩkXJÂñKÙþ��A÷

vXe4í'X:

E(
∥∥Ωik+1

∥∥2
) < E(‖Ωik‖

2
), (32)

�âª(31)��, ��÷vª(32), 1− ηλi�ýé���u1, =÷veª:

|1− ηλi| < 1, (33)

Ïd, ÆS�ÇηI÷vXe'X:

0 < η <
2

max{λi}
, i = 1, 2, · · · , p, (34)

�½n1�y.

4.2 4�XÚ­½5©Û

�Bu©Û4�XÚ­½5, ­#½ÂCþ: εk = [xT
k , z

T
k ], ª¥xT

k���Ø�, zT
k���Ø��

È©.

b�1 XÚ(1)-(2)�±ÏLeã�{Cq:

xk ≈ Axk−1 +Buk−1 + Fwk + ∆fk−1 (xk−1, uk−1, wk) , (35)

yk ≈ Cxk + Zvk + ∆gk (xk, vk) , (36)

ª¥: A,B, F,C, Z�ÏLé��5XÚ�5z¦��·��ê�Ý
, 
∆fk−1Ú∆hk���5Ä�

XÚ�5z���ï�Ä��.
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b�2 XÚ(1)-(2)¥��ï�Ä��∆fkÚ∆gk�3eãØ�ª'X:

∆fk 6 L1 ‖xk‖+ L2 ‖uk‖+ L3 ‖wk+1‖ , (37)

∆gk 6 L4 ‖xk‖+ L5 ‖vk‖ , (38)

ª¥: L1 ∼ L5��~ê,�Ä�∆fkÚ∆hk�ª(1)-(2)¤ãXÚ3ó�:?�5z��ï�Ä��,�

�@�∆fk Ú∆hk��ê?3�������S, Ïdo�±ÏLÀ�·���~êL1 ∼ L5, ¦�b

�2¤á.

Ún1 3b�2�Ä:þ, ª(3)¤«��Ñ\uk÷veãØ�ª:

‖uk‖ 6 ‖kp‖ ‖r‖+M1 ‖εk‖+M2 ‖vk‖+M3 ‖εk−1‖+M4 ‖vk−1‖+ ‖u2k
‖ , (39)

ª¥:
M1 = ‖kp‖ ‖C‖+ ‖kd‖ ‖C‖+ L4(‖kp‖+ ‖kd‖) + ‖ki‖ ,M2 = ‖kp‖ ‖Z‖+ ‖kd‖ ‖Z‖+ L5(‖kp‖+ ‖kd‖)

M3 = (‖kd‖ ‖C‖+ ‖kd‖L4),M4 = (‖kd‖ ‖Z‖+ ‖kd‖L5)

3dÄ:þ, b�2�‖∆fk‖�±?�ÚL«�XeØ�ª:

‖∆fk‖ 6 L1 ‖xk‖+ L2 ‖uk‖+ L3 ‖wk+1‖

6 (L1 + L2M1) ‖εk‖+ L2M3 ‖εk−1‖+ L2M2 ‖vk‖

+L2M4 ‖vk−1‖+ L3 ‖wk+1‖+ L2 ‖kp‖ ‖r‖+ L2 ‖u2k
‖ ,

(40)

Ún2 3b�2�Ä:þ, ‖∆gk‖÷veãØ�ª:

‖∆gk‖ 6M5 ‖εk−1‖+M6 ‖εk−2‖+M7 ‖r‖+ L5 ‖vk‖

+M8 ‖vk−1‖+M9 ‖vk−2‖+M10 ‖wk‖+M11

∥∥u2k−1

∥∥ , (41)

ª¥:

M5 = L4 ‖A‖+ L4 ‖B‖M1 + L4(L1 + L2M1),M6 = L4 ‖B‖M3 + L4L2M3

M7 = L4 ‖B‖ ‖kp‖+ L4L2 ‖kp‖ ,M8 = L4 ‖B‖M2 + L4L2M2

M9 = L4 ‖B‖M4 + L4L2M4,M10 = L4 ‖F‖+ L4L3,M11 = L4 ‖B‖+ L4L2

Ún1ÚÚn2�y²©Oë�N¹AÚN¹B.

e¡©Û�þεk = [xT
k , z

T
k ]�4í'X, Äk�éxkÜ©, �âª(35)��:

xk ≈ Axk−1 +Bkp (r − Cxk−1 − Zvk−1 −∆gk−1) +Bkizk−1

+Bkd[−Cxk−1 − Zvk−1 −∆gk−1 + Cxk−2 + Zvk−2 + ∆gk−2] +Bu2k−1
+ Fwk + ∆fk−1,

(42)

?�Ú�n��:

xk ≈ Axk−1 +Bkpr −BkpCxk−1 −BkpZvk−1 −Bkp∆gk−1 +Bkizk−1 −BkdCxk−1

−BkdZvk−1 −Bkd∆gk−1 +BkdCxk−2 +BkdZvk−2 +Bkd∆gk−2 +Bu2k−1
+ Fwk + ∆fk−1

, (43)

��eª:

xk ≈ (A−BkpC −BkdC)xk−1 +BkdCxk−2 +Bkizk−1 +Bkpr +BkdZvk−2

−(BkpZ +BkdZ)vk−1 + Fwk − (Bkp +Bkd)∆gk−1 +Bkd∆gk−2 + ∆fk−1 +Bu2k−1

, (44)

aq/, zk�4í'X\e¤«:

zk ≈ zk−1 + ek

≈ zk−1 + r − Cxk − Zvk −∆gk,
(45)
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òª(44)�\ª(45)¥, �±��eª:

zk ≈ (I − CBki)zk−1 − C(A−BkpC −BkdC)xk−1 − CBkdCxk−2 + (I − CBkp)r

−∆gk + C(Bkp +Bkd)∆gk−1 − CBkd∆gk−2 − C∆fk−1 − Zvk

+C(BkpZ +BkdZ)vk−1 − CBkdZvk−2 − CFwk − CBu2k−1

, (46)

3þªÄ:þ, εk�4í'XXe¤«:

εk = Ā1εk−1 + Ā2εk−2 + B̄u2k−1
+ R̄r + H̄1∆gk + H̄2∆gk−1

+H̄3∆gk−2 + H̄4∆fk−1 + F̄1vk + F̄2vk−1 + F̄3vk−2 + F̄4wk
, (47)

ª¥:

Ā1 =

 A−BkpC −BkdC Bki

−CA+ CBkpC + CBkdC I − CBki

 Ā2 =

 BkdC 0

−CBkdC 0

 , B̄ =

 B

−CB

 , R̄ =

 Bkp

I − CBkp


H̄1 =

 0

−I

 , H̄2 =

−(Bkp +Bkd)

C(Bkp +Bkd)

 , H̄3 =

 Bkd

−CBkd

 , H̄4 =

 I

−C


F̄1 =

 0

−Z

 , F̄2 =

−(BkpZ +BkdZ)

C(BkpZ +BkdZ)

 , F̄3 =

 BkdZ

−CBkdZ

 , F̄4 =

 F

−CF


½n2 �éª(1)-(2)¤ãXÚ, ��3~êδ > 0, ρ0 > 0, ρ1 > 0, ¦�‖T1‖ = ρ1 < 1/2, ‖T0‖ =

ρ0 < 1/2, ±9÷vXe'X�:

max(E{‖ε0‖2}, E{‖ε1‖2}) 6 δ2,

E{
[
‖T2‖ ‖r‖+ ‖T3‖

∥∥u2k+1

∥∥+ ‖T4‖ ‖vk‖+ ‖T5‖ ‖vk+1‖+ ‖T6‖ ‖vk+2‖+ ‖T7‖ ‖wk+2‖
]2} 6 (1− ρ1 − ρ0)

2
δ2,

(48)

ª¥:

‖T0‖ =
∥∥Ā1

∥∥+
∥∥H̄1

∥∥ ‖M5‖+
∥∥H̄2

∥∥ ‖L4‖+
∥∥H̄4

∥∥ (‖L1‖+ ‖L2‖ ‖M1‖),

‖T1‖ =
∥∥Ā2

∥∥+
∥∥H̄1

∥∥ ‖M6‖+
∥∥H̄3

∥∥ ‖L4‖+
∥∥H̄4

∥∥ ‖L2‖ ‖M3‖

‖T2‖ =
∥∥R̄∥∥+

∥∥H̄1

∥∥ ‖M7‖+
∥∥H̄4

∥∥ ‖L2‖ ‖kp‖ , ‖T3‖ =
∥∥B̄∥∥+

∥∥H̄1

∥∥ ‖M11‖+
∥∥H̄4

∥∥ ‖L2‖

‖T4‖ =
∥∥H̄1

∥∥ ‖M9‖+
∥∥H̄3

∥∥ ‖L5‖+
∥∥H̄4

∥∥ ‖L2‖ ‖M4‖+
∥∥F̄3

∥∥ ,
‖T5‖ =

∥∥H̄2

∥∥ ‖L5‖+
∥∥H̄1

∥∥ ‖M8‖+
∥∥F̄2

∥∥+
∥∥H̄4

∥∥ ‖L2‖ ‖M2‖

‖T6‖ =
∥∥F̄1

∥∥+
∥∥H̄1

∥∥ ‖L5‖ , ‖T7‖ =
∥∥H̄1

∥∥ ‖M10‖+
∥∥H̄4

∥∥ ‖L3‖+
∥∥F̄4

∥∥
KL1¤ã���{e, �±�yª(1)-(2)¤ãXÚ�¤kG�Cþ3þ��¿Âe´k.�.

y²: ë�N¹C.

5º3 4�XÚ­½5�Ö�&Ò!D(���',
Ù3�©¥Ñ´k.�&Ò,Ïd½n2¥

�^�Ñ´�±÷v�, Ó��é*Ðk�ùÈÅì�­½5�Ón�±ë�© [11]�Ñ, du�Ì

��, ùpØ2�ã.

5 ÀY?nL§OrPID��¢�

�X·Ió�¢Y!¢	ÀYü�þÅc4O, 2�?1ÀY?n´r?·I�¸�o�­�Ã

ã. ykÀY?n�k���{Ò´ÏL+�Ú6�ÀY?n�¥?18¥©), Ù¥¹5ÀY{´

8c?n¢Y�~^ÀY?n�{. Xã3¤«, ¹5ÀY{ÀY?nL§Ï~©n?, Ù¥�??n
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ÏLWßm!Ð�³�Ú½ÐÚ?nK��!�f�~��N¢Ô¶�??nÌ�´±)z�A�n,

ÏL��!Ð��)z�A, �¤kÅÀ/Ô�©)¶n??nÏL\\Åí!¹5(�?�Ú©)

�??n�U���Ø��!kÅÔÀ/�, ��òÙü\��g,¥[21∼23]. ÀY?nL§¥K�

ÑY�þ`���'�L§CþÌ�´�??n¥)z³��«1�ü����ßÝDNO,2ÚÐ�«

1Êü�M)�ßÝDO,5. ùÙ¥,DO,5Ì�ÏLÊ«M)�=�XêKLa,5?1N!, 
DNO,2Ì�

ÉÊ«£6��«S£6þQa�K�. ���¹e, DO,5L$¬¦)ÔékÅÔ�©)�Çü$
�

�ÀYÈ\, ��K¬��©)�ÇL¯, ü$¹5ÀYé,��áN5. 
DNO,2L$¬����

z�A��Ýü$, DNO,2LpK¦�©)���Çü$[24∼26]. �d, æ^¤J�{éÀY?nL§

�DNO,2ÚDO,5?1p5U��.

DS

K

Q

ã 3 ÀY?nL§6§ã

Figure 3 Flow chart of sewage treatment process

du¢SÀY?nL§��¢�¬K��~)�, ²L¤���, Ï
æ^dISY��¬Ú

î��ÆEâ�Ü�|��Ómu�c���zó²ÀY?nÄO�ý²�BSM1[27]?1��¢�.

BSM1´8cµdÀY?nL§���{�Ì6²�. BSM1��
n«ØÓ�$1ó¹, ©OéA�

U!Ò�Ú���¹e14U�?Y&E, êâæ�m��15©¨. Ù¥Ò�ó¹ec7U�\Yêâ�

�Uêâ, 19-11U�ëYü�L§. 
��ó¹e�\Yêâ¥110UÚ112U�[âu��,Úå

\Y6þ-O. �
�é5�ÿÁ¤J���{3¡é�Å�²­ÅÄ�éPID���Ö��J, �

©À���ó¹e�êâ?1ÿÁ. Ó��½
n«ØÓ�µd�I, ^±ïþØÓ���{���

�J, Xe¤«:

ISE =

∫ tf

t0

e2dt, (49)

IAE =

∫ tf

t0

|e|dt, (50)

Devmax = max{|e|}, (51)

ª¥, e�¢S�Ú�½��Ø�, t0Útf©O�å©�m. þãØ��I3�½N!ìëê��é�

|µØÓ, é³���Ø�À^ISE, 
³��Ø�À^IAE, 
Devmax��AXÚ�­½5. 5¿�,

Uì±þØÓ�Ø�5U�I?1��ìëê�½�, ¤���XÚ4����JØ��.

5.1 ��¢�I

�
��ß/Ðy�©�{�k�5,��¢�I¥c7U��=æ^ª(4)¤ãÄ�PID��,�7U

3PID��Ñ\Ä:þ\\�©¤Jª(5) ¤ã�Ö���ì?1é'¢�. PID��ì�ëê�
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L 1 ;.�'©Û(J

Table 1 Canonical correlation analysis result

Control method DI DS XI XS XBH XBA XP DNH DND XND DALK

0.24*DO,5-0.45*DNO,2 0.12 3.03 0.01 -0.01 -0.01 -0.11 -0.03 -0.04 -3.99 0.01 -3.05

-8.6*DO,5-0.14*DNO,2 0.26 15.2 0.01 0.04 -0.01 -0.03 0.01 0.38 -60.5 4.77 0.76
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Figure 4 Set value tracking curve of DO,5 and DNO,2

ã 5 5U�ICz­�

Figure 5 Performance index change curve
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ã 6 KLa,5 ÚQa�Ö�Ñ\­�

Figure 6 Compensation curve of

KLa,5 and Qa

ã 7 DNO,2�ÑÑØ�PDFüz

­�

Figure 7 PDF evolution curve of

output error of DNO,2

ã 8 DO,5 �ÑÑØ�PDFüz

­�

Figure 8 PDF evolution curve of

output error of DO,5

�Xe: M)�ßÝ��£´�'~!È©Ú�©Xê©O�200!15Ú12, 
���ßÝ��£´

�'~!È©Ú�©Xê©O�10000!3000Ú100. �
÷vÖ�ìÂñ½n1±94�XÚ­½

5½n2, ª(17)¤ã5U�I¥�ëê���R1 = 0.1, R2 = 0.1, R3 = 0.2, R4 = 0.3, η = 0.001.

æ^Elbow�{ÀJRBF�äÛõ�¥%�þ�êþ�3�. �
l¯õÀY?nL§Cþ¥(½K

�DO,5ÚDNO,2�'�G�Cþ��RBFÖ�ì�Ñ\, æ^;.�'©Û{é500|{¤êâ?1

©Û, ¼�XL1¤«�Cþ�m��­'X. �±wÑ´M)Ôü)kÅÔßÝDS±9�ü)kÅ

�DNDéDNO,2ÚDO,5K���, Ï
òÙ��RBF�äÖ�ì�Ñ\.

ã4���UíeDO,5ÚDNO,2�½��l���J, ã5�\\¤JÖ���ì�ª(17)¤«5

U�I�Cz­�, ã6�\\Ö���ìc���CþQaÚKLa,5�Ö�Ñ\Cz­�. �±wÑ

c7U¥=¦^PID¦���Ñ\��DO,5ÚDNO,2ÅÄ��, �)
�����Ø�. 
�7UÏL

3�kPID��Ñ\Ä:þ\\ã6�Ö�þ, ¦�OrPID��XÚ3¡éâu����¹e���
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Figure 9 Optimal number of hidden layer nodes

ã 10 {¤Ñ\êâ�àa¥%

Figure 10 Clustering centers of historical input data

0 2 4 6 8 10 12 14
Time(day)

-1.5

-1

-0.5

0

0.5

1

W
ei

gh
t

w
11

w
12

w
13

w
21

w
22

w
23

0 2 4 6 8 10 12 14
1

2

3

4

5
D

S(m
g/

L
)

Real
Estimated

0 2 4 6 8 10 12 14
Time(day)

0.6

0.8

1

D
N

D
(m

g/
L

)

ã 11 ÑÑ����þwk?�L§

Figure 11 Correction process of weight vector wk of

output layer

ã 12 G�Cþ±9G�Cþ��O�

Figure 12 State variables and estimated values of s-

tate variables

JEk²wUõ, �Ö�ì�5U�I3Ôö���mÅìü$¿ªuÂñ. �
��¡£ã��

Ø�êâA5,æ^Ø%²w�Ý�OEâ¦�Ú±���Ø��VÇ�Ý¼ê(PDF)/GCz­�,

Xã7Úã8¤«. lã¥�±wÑæ^¤J�{\\Ö���Ñ\�, ��Ø�PDF©Ùd�k��

©Ñ!¥yõ¸/G�/ª=C��\8¥!ü¸��p�G�. ù¿�X, Ö���Ñ\�\\k

�ü$
�kPID�����Ø�, Jp
DO,5ÚDNO,2���°Ý.

ã9�æ^Elbow�{±��ØÓÛ�!:êþe��I­�, Ù¥Y¶�¤kêâ�Ù¤áq¥

%�ål²�Ú, X¶�àa¥%�êþ. �±wÑ,3Û�!:ê�3�äk���=ò:,�=/·0

:, ÏdRBFÛ�!:êþÀ�3. ã10�æ^Kþ�àa�{¦��{¤Ñ\êâ�àa¥%, lã

¥�±wÑKþ�àa�{éÑ\êâk�¢y
3�a�y©. ã11�æ^FÝeü�{?�ÑÑ

����þWk�L§, �±wÑ���þÅìªuÂñ, �3���âuUíK�e, �=k��Å

Ä�Òé¯ªuÂñ. O(�G�Cþ�O´RBF�äÖ�ìk�$1�Ä:, ã12�æ^EKFEâ

éG�Cþ�3��O­�, �±wÑ¤J�{U
¼�G�Cþ�O(�O�.
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Figure 13 Set value tracking curve of DO,5 and DNO,2
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ã 14 ØÓ�{e���Ñ\­�

Figure 14 Control input curve under different algo-

rithms

ã 15 ÑÑ����þwk?�L§

Figure 15 Correction process of weight vector wk of

output layer

5.2 ��¢�II

¢SÀY?nL§¥,Ï~I��â\Y6þ�ó¹Cz±9$1�¦é'�CþDO,5ÚDNO,2�

�½�?1`zN!,±�y3ÑYY��I��¹eÓ�ü$UÑ.Ïd,?�Úé¤J�{?1�

½�Cz�¹e���5UÿÁ.¢�¥,M)�ßÝPID��ìëê�'~!È©Ú�©Xê©O�

��200!20!12,
���ßÝPID��ìëê�'~!È©Ú�©Xê©O���10000!3000Ú100.

�÷v½n1Ú½n2¤ãÂñ^�,ª(17)5U�I¥�ëê���R1 = 0.1, R2 = 0.1, R3 = 0.2, R4 =

0.3, η = 0.001. æ^Elbow�{�IÀJRBF�äÛ�¥%�þêþ�3, RBF�ä�Ñ\CþÓc¡

¢��±��. d	, 3�Ó^�e\\¤J�{Ó©[3]¤Jæ^ ²�äéPIDëê?1N!�Ns-

PID�{, ±9Ó©[12]æ^RBF�ä¦�PI��ìÖ�Ñ\�En-PI�{���5U?1'�.

ã13���Uíe��½��l���J, ã14��A���Ñ\­�. �±wÑ3Ä�PID�

�e, DO,5ÚDNO,2��½��m�Ø�ÅÄ��, 
�©¤JEn-PID�{�k�³���Ø��Å

Ä. Ó�, �ykNs-PID�{±9©z[10]Ú[11]¥En-PI�{����J�', ¤J�{3�½�l�
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ã 16 {¤Ñ\êâ�àa¥%

Figure 16 Clustering centers of historical input data

ã 17 G�Cþ±9G�Cþ��O�

Figure 17 State variables and estimated values of s-

tate variables

ÝÚ��°Ý�¡k�½`³, X�N��!��­�'�²­. ã15�æ^FÝeü�{?�ÑÑ

����þWk�L§,�±wÑ���þWkÅìªuÂñ,�3���âuUíK�e, Wk�=k�

�ÅÄBªuÂñ. ã16�æ^Kþ�àa�{¦��{¤Ñ\êâ�àa¥%,lã¥�±wÑKþ

�àa�{éÑ\êâ¢y
3�a�y©. ã17��«DS±9Ê«�DNDG�Cþ��O�, lã

¥�±wÑ*Ðk�ùÈÅEâéG�Cþ¢y
­½�O, °Ý�p, l
�y
¤J���{�

k�5.

�
?�Ú�y¤J���{�k�5, ò¤JEn-PID�{�Ù¦~^���{?1�'ÚO

�I'�, XL2ÚL3¤«. (Üã139L2ÚL3, �±wÑ¤JEn-PID�{��
�p���°Ý,

AO´�éu©z[10]Ú[11]�En-PI�{, ¤JEn-PID�{3Ä�PID��Ä:þÚ\Ö���Ñ\,

¦���5Uk
²wJ,,X�Nþ9IAEÚISE�ÚO�Iê�þ~�,��²­5O\. d	,d

u¤JEn-PID�{=IÏL3ÄOPID��Ñ\¥\\Ö���Ñ\B�Uõ���J,
ÃI�ï

ykÀY?nL§PID����, Ïd¢y¤�$u'��Ns-PID�{. nþ¤ã, �éÄ�PID�{

3ÀY?nL§DO,5ÚDNO,2��¥É�Å�²­6Ä�����J���¯K, æ^RBF�ä?1

��Ñ\Ö��En-PID�²wUõÄ�PID���5U, �¢y¤��$, äk�Ð�¢^5.

L 2 DO,53ØÓ���{e5U�I±9��¤�é'(*�ë�©z¥¤ã�`�5U�I)

Table 2 Optimal performance and cost comparison of DO,5 under different control methods

Control method IAE ISE Devmax Cost

PID[28] 0.218∗ 3.11× 10−3∗ 0.1885∗ -

Ns-PID[3] 0.159 2.97× 10−3 0.1796 High

En-PI[11] 0.135 2.91× 10−3 0.1713 Low

En-PID 0.121 2.85× 10−3 0.1674 Low

6 (Ø

E,ó�L§duÉ�Å�²­6Ä�K�, ��DÚPID��J±¢yp5U��, E¤�ª

)��IÅÄª�$�Ø�I. �d, 3ØUCPID�����Ä:þ, JÑ�«ÏLRBF ²�ä?
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L 3 DNO,23ØÓ���{e5U�I±9��¤�é'(*�ë�©z¥¤ã�`�5U�I)

Table 3 Optimal performance and cost comparison of DNO,2 under different control methods

Control method IAE ISE Devmax Cost

PID[29] 0.220∗ 1.44× 10−2∗ 0.2584∗ -

Ns-PID[3] 0.172 9.73× 10−3 0.2426 High

En-PI[11] 0.169 9.20× 10−3 0.2401 Low

En-PID 0.153 8.18× 10−3 0.2387 Low

1��Ñ\Ä�Ö�±Or�kPID��5U�OrPID(En-PID)���{. ¤J�{æ^*Ðk�

ùÈÅéL§$1���G�?13��O, ¿òG�Cþ�O���Ö���ì�Ñ\, l
ò~

5PID���{¿�¦^�L§G�&EÚ\���Ñ\±J,��5U. RBF�äÖ�ìÔö�,¦

^Elbow�{¦�Ûõ�¥%êþ, æ^Kþ�àa�{(½Û�¥%�þ, ±9¦^FÝeü�{?

�ÑÑ����þ, ¦�RBF�ä��ªÑÑ�k�Ö��Å6ÄéPID���K�. ÀY?nL§

��¢�L²: JÑ�En-PID�{Uk�ü$Ä�XÚ��Ø�, wÍUõÄ�PID�{3�Å�²

­6Äe��½��l��5U,äkûÐ°�5. Ó�,¤J�{ØIUC�kPID����Ï
¢

y¤��$, äk�r¢^5.

ë�©z

1 Wang W, Zhang J T, Chai T Y. A survey of advanced PID parameter tuning methods. Act Autom Sin, 2000, 26(3):

347-355 [��, Ü¬7, �Un. PIDëêk?�½�{nã. gÄzÆ�, 2000, 26(3): 347-355]

2 Jafari, Raheleh, Sina R, et al. Control of flow rate in pipeline using PID controller. In 2019 IEEE 16th International

Conference on Networking, Sensing and Control (ICNSC), 2019: 293-298

3 Fu W T, Wu L, Wang L L, et al. Dissolved oxygen control system based on the neural network PID. Computers and

applied chemistry, 2013,30(10): 1135-1138 [G©ë, É|, �ss, �.  ²�äPID�M)���XÚ. O�Å�A

^zÆ, 2013,30(10): 1135-1138]

4 Zhang Y J, Wei C, Chai T Y, et al. Un-modeled dynamics increment compensation driven nonlinear PID control and

its application. Act Autom Sin, 2020, 46(6): 1145-1153 [Üæ�,�Ô,�Un,�. �ï�Ä�OþÖ�°Ä���

5PID��9A^. gÄzÆ�, 2020, 46(6): 1145-1153]

5 Guo L. Estimation, control, and games of dynamical systems with uncertainty. Sci Sin Inform, 2020, 50:1327:1344 [H

X. Ø(½5Ä�XÚ��O!���Æ�. ¥I�Æ: &E�Æ, 2020, 50: 1327-1344]

6 Emil P, Dan S T. A multivariable robust-adaptive control strategy for a recycled wastewater treatment bioprocess.

Chemical Engineering Science, 2013, 90: 40-50

7 Qiao J F, Bo Y C, Han G. Application of ESN-based multi-indices dual heuristic dynamic programming on wastewater

treatment process. Act Autom Sin, 2013, 39(7): 1146-1151 [zd�, �HS, ¸2. ÄuESN�õ�IDHP��üÑ

3ÀY?nL§¥�A^. gÄzÆ�, 2013, 39(7): 1146-1151]

8 Zhang S, Zhou P, Xie Y F, et al. Improved model-free adaptive predictive control method for direct data-driven control

of a wastewater treatment process with high performance. Journal of Process Control, 2022,110:11-23

9 Zhang J, Ren M F, Wang H. Minimum entropy control for non-linear and non-Gaussian two-input and two-output

dynamic stochastic systems. IET Control Theory and Applications, 2012, 6(15): 2434-2441

10 Zhou Y Y, Zhang Q C, Wang H. Enhanced performance controller design for stochastic systems by adding extra state

estimation onto the existing closed loop control. 2016 UKACC 11th International Conference on Control, 2016

11 Zhou Y Y, Wang A P, Zhou P, et al. Dynamic performance enhancement for nonlinear stochastic systems using RBF

driven nonlinear compensation with extended Kalman filter. Automatica, 2020, 112: 108693

12 Kang H, Zhang X F, Zhang G B. Generalized phase permutation entropy algorithm based on the two-index entropy.

Sci Sin Inform, 2019,49(9):1205-1216 [x�, Ü�Â, Ü1R. Äuüëê��2Â� ü���{. ¥I�Æ:&E

�Æ, 2019,49(9):1205-1216]

16

Acc
ep

te
d

 https://engine.scichina.com/doi/10.1360/SSI-2022-0084



¥I�Æ :&E�Æ

13 Yin X, Zhang Q, Wang H, et al. Rbfnn-based minimum entropy filtering for a class of stochastic nonlinear systems.

IEEE Transactions on Automatic Control, 2019, 65(1): 376-381

14 Zhou Y Y, Zhang Q C, Wang H, et al. Ekf-based enhanced performance controller design for nonlinear stochastic

systems. IEEE Transactions on Automatic Control, 2018, 63(4):1155-1162

15 Dai B, He Y Q, Gu F, et al. Multi-sensor fusion for unmanned aerial vehicles based on the combination of filtering

and optimization. Sci Sin Inform, 2020, 50: 1919-1931 [�Å, Û��, �´, �. (ÜÈÅ�`z�Ã<ÅõDaì

KÜ�{. ¥I�Æ:&E�Æ, 2020, 50:1919-1931]

16 Liu S J, Liu X R. Fast Hermite radial basis function surface reconstruction. Sci Sin Inform, 2014, 44:1409-1421 [4�

�, 4#V. ¯�Hermite»�Ä¼ê­¡­�. ¥I�Æ: &E�Æ, 2014, 44: 1409-1421]

17 Likas A, Vlassis N, Verbeek J J. The global k-means clustering algorithm. Pattern Recognition, 2003, 36(2): 451-461

18 Syakur M A, Khotimah B K, Rochman E M S, et al. Integration k-means clustering method and elbow method for

identification of the best customer profile cluster. IOP Conference Series: Materials Science and Engineering. IOP

Publishing, 2018, 336(1):012017

19 Cao Y, Gu Q. Generalization bounds of stochastic gradient descent for wide and deep neural networks. Advances in

Neural Information Processing Systems, 2019, 32:10836-10846

20 Paarzen E. On estimation of a probability density function and mode. Ann. Math. Statist., 1962, 33:1065-1076

21 Du R, Peng Y Z. Technical revolution of biological nitrogen removal from municipal wastewater: Recent advances in

Anammox research and application. Sci Sin Tech, 2021, 51:1-14 [ÚH, $[�. ¢½ÀY)Ôø�EâC�:��R

�z�ïÄ�¢�#?Ð. ¥I�Æ:Eâ�Æ, 2021, 51:1-14]

22 Yan P, Guo J S, Xu Y F, et al. Sludge reduction induced by adenosine triphosphate yield in electron transport

pathways with different terminal electron acceptors. Sci Sin Tech, 2019, 49:1-14 [y+, H§t, M�¸, �. ØÓ>

fÉNp�¹5ÀY)Ô�S
~þ. ¥I�Æ:Eâ�Æ, 2019, 49: 1-14]

23 Samsudin S I, Rahmat M F, Norhaliza A W, et al. Two-time scales matrix decomposition for wastewater treatment

plant. In 2012 IEEE 8th International Colloquium on Signal Processing and its Applications, 2012, 347-351

24 Han H G, Wu X L, Qiao J F. A self-organizing sliding-mode controller for wastewater treatment processes. IEEE

Transactions on Control Systems Technology, 2019, 27(4): 1480-1491

25 Phuc B D H, You S S, Hung B M, et al. Robust control synthesis for the activated sludge process. Environmental

Science Water Research and Technology, 2018, 4: 992-1001

26 Wei W, Zuo M, Li W, et al. Control of dissolved oxygen for a wastewater treatment process by active disturbance

rejection control approach. Control Theory and Applications, 2018, 35(1): 24-30 [��, �¯, o�, �. ÀY?nL

§M)�ßÝ�g|6��. ��nØ�A^, 2018, 35(1):24-30]

27 Alex J, Benedetti L, Copp J, et al. Benchmark simulation model no. 1 (BSM1). Report by the IWA Taskgroup on

benchmarking of control strategies for WWTPs, 2008:19-20.

28 Ayesa E, Sota A D L, Grau P, et al. Supervisory control strategies for the new WWTP of Galindo-Bilbao: the long

run from the conceptual design to the full-scale experimental validation. Water Science and Technology, 2006, 53(4/5):

193-201

29 Qiao J F, Han G, Han H G. Neural network on-line modeling and controlling method for multi-variable control of

wastewater treatment processes. Asian Journal of Control, 2013, 16(4): 1213-1223

N¹ A Ún1�y²

òª(4)�\ª(3)¥, �±��eª:

‖uk‖ 6
∥∥u1k∥∥+

∥∥u2k∥∥
6 ‖kp‖ ‖ek‖+ ‖ki‖ ‖zk‖+ ‖kd‖ ‖ek − ek−1‖+

∥∥u2k∥∥
6 ‖kp‖ ‖r‖+ (‖kp‖ ‖C‖+ ‖kd‖ ‖C‖) ‖xk‖+ ‖kd‖ ‖C‖ ‖xk−1‖+ (‖kp‖ ‖Z‖+ ‖kd‖ ‖Z‖) ‖vk‖

+ ‖kd‖ ‖Z‖ ‖vk−1‖+ (‖kp‖+ ‖kd‖) ‖∆gk‖+ ‖kd‖ ‖∆gk−1‖+ ‖ki‖ ‖zk‖+
∥∥u2k∥∥

, (A1)
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òª(38)�\þª, �±��eª:

‖uk‖ 6 ‖kp‖ ‖r‖+ (‖kp‖ ‖C‖+ ‖kd‖ ‖C‖) ‖xk‖+ (‖kp‖ ‖Z‖+ ‖kd‖ ‖Z‖) ‖vk‖+ (‖kp‖+ ‖kd‖)(L4 ‖xk‖+ L5 ‖vk‖)

+ ‖ki‖ ‖zk‖+ ‖kd‖ ‖C‖ ‖xk−1‖+ ‖kd‖ ‖Z‖ ‖vk−1‖+ ‖kd‖ (L4 ‖xk−1‖+ L5 ‖vk−1‖) +
∥∥u2k∥∥

6 ‖kp‖ ‖r‖+ [‖kp‖ ‖C‖+ ‖kd‖ ‖C‖+ L4(‖kp‖+ ‖kd‖)] ‖xk‖+ [‖kp‖ ‖Z‖+ ‖kd‖ ‖Z‖

+L5(‖kp‖+ ‖kd‖)] ‖vk‖+ ‖ki‖ ‖zk‖+ (‖kd‖ ‖C‖+ ‖kd‖L4) ‖xk−1‖+ (‖kd‖ ‖Z‖+ ‖kd‖L5) ‖vk−1‖+
∥∥u2k∥∥

6 ‖kp‖ ‖r‖+M1 ‖εk‖+M3 ‖εk−1‖+M2 ‖vk‖+M4 ‖vk−1‖+
∥∥u2k∥∥

,

(A2)

=Ún1�y

N¹ B Ún2�y²

3b�2�Ä:þ, ��:

∆gk 6 L4 ‖xk‖+ L5 ‖vk‖ , (B1)

�âÚn1, ±9òª(35)�\þª¥, ���:

∆gk 6 L4 ‖Axk−1 +Buk−1 + Fwk + ∆fk−1‖+ L5 ‖vk‖

6 L4 ‖A‖ ‖xk−1‖+ L4 ‖B‖ ‖uk−1‖+ L4 ‖F‖ ‖wk‖+ L4 ‖∆fk−1‖+ L5 ‖vk‖

6 L4 ‖A‖ ‖xk−1‖+ L4 ‖B‖ (‖kp‖ ‖r‖+M1 ‖εk−1‖+M2 ‖vk−1‖+M3 ‖εk−2‖+M4 ‖vk−2‖+
∥∥∥u2k−1

∥∥∥)

+L4 ‖F‖ ‖wk‖+ L4[(L1 + L2M1) ‖εk−1‖+ L2 ‖kp‖ ‖r‖+ L2M2 ‖vk−1‖

+L2M3 ‖εk−2‖+ L2M4 ‖vk−2‖+ L2

∥∥∥u2k−1

∥∥∥+ L3 ‖wk‖] + L5 ‖vk‖

, (B2)

?�Ú�n, �±��eª:

∆gk 6 [L4 ‖A‖+ L4M1 ‖B‖+ L4(L1 + L2M1)] ‖εk−1‖+ (L4 ‖B‖ ‖kp‖+ L4L2 ‖kp‖) ‖r‖

+(L4M2 ‖B‖+ L4L2M2) ‖vk−1‖+ (L4M3 ‖B‖+ L4L2M3) ‖εk−2‖+ (L4M4 ‖B‖+ L4L2M4) ‖vk−2‖

+(L4 ‖B‖+ L4L2)
∥∥∥u2k−1

∥∥∥+ (L4 ‖F‖+ L4L3) ‖wk‖+ L5 ‖vk‖

= M5 ‖εk−1‖+M6 ‖εk−2‖+M7 ‖r‖+ L5 ‖vk‖+M8 ‖vk−1‖+M9 ‖vk−2‖+M10 ‖wk‖+M11

∥∥∥u2k−1

∥∥∥
, (B3)

=Ún2�y.

N¹ C ½n2�y²

3b�2±9Ún1Ú2�Ä:þ, Ó�du�©�9��©�, Ïdlk = 2�m©©Û:

E{εT2 ε2} = E{(Ā1ε1 + Ā2ε0 + B̄u21 + R̄r + H̄1∆g2 + H̄2∆g1 + H̄3∆g0 + H̄4∆f1 + F̄1v2 + F̄2v1 + F̄3v0 + F̄4w2)
T

(Ā1ε1 + Ā2ε0 + B̄u21 + R̄r + H̄1∆g2 + H̄2∆g1 + H̄3∆g0 + H̄4∆f1 + F̄1v2 + F̄2v1 + F̄3v0 + F̄4w2)}

6 ‖T0‖2E{‖ε1‖2}+ ‖T1‖2E{‖ε0‖2}+ 2 ‖T0‖E{‖ε1‖} ‖T1‖E{‖ε0‖}

+E{(‖T2‖ ‖r‖+ ‖T3‖ ‖u21‖+ ‖T4‖ ‖v0‖+ ‖T5‖ ‖v1‖+ ‖T6‖ ‖v2‖+ ‖T7‖ ‖w2‖)2}

+2 ‖T0‖E{‖ε1‖}E{‖T2‖ ‖r‖+ ‖T3‖ ‖u21‖+ ‖T4‖ ‖v0‖+ ‖T5‖ ‖v1‖+ ‖T6‖ ‖v2‖+ ‖T7‖ ‖w2‖}

+2 ‖T1‖E{‖ε0‖}E{‖T2‖ ‖r‖+ ‖T3‖ ‖u21‖+ ‖T4‖ ‖v0‖+ ‖T5‖ ‖v1‖+ ‖T6‖ ‖v2‖+ ‖T7‖ ‖w2‖}

6 [ρ0δ + ρ1δ + (1− ρ0 − ρ1)δ]2

6 δ2

,

(C1)

3þãØ�ªÄ:þ, ���3~êθ2, 0 < θ2 < 1, ÷veãØ�ª:

E{εT2 ε2} 6 θ22δ
2, (C2)

18

Acc
ep

te
d

 https://engine.scichina.com/doi/10.1360/SSI-2022-0084



¥I�Æ :&E�Æ

aq�, �ék = 3��:

E{εT3 ε3} = E{(Ā1ε2 + Ā2ε1 + B̄u22 + R̄r + H̄1∆g3 + H̄2∆g2 + H̄3∆g1 + H̄4∆f2 + F̄1v3 + F̄2v2 + F̄3v1 + F̄4w3)
T

(Ā1ε2 + Ā2ε1 + B̄u22 + R̄r + H̄1∆g3 + H̄2∆g2 + H̄3∆g1 + H̄4∆f2 + F̄1v3 + F̄2v2 + F̄3v1 + F̄4w3)}

6 ‖T0‖2E{‖ε2‖2}+ ‖T1‖2E{‖ε1‖2}+ 2 ‖T0‖E{‖ε2‖} ‖T1‖E{‖ε1‖}

+E{[‖T2‖ ‖r‖+ ‖T3‖ ‖u22‖+ ‖T4‖ ‖v1‖+ ‖T5‖ ‖v2‖+ ‖T6‖ ‖v3‖+ ‖T7‖ ‖w3‖]2}

+2 ‖T0‖E{‖ε2‖}E{[‖T2‖ ‖r‖+ ‖T3‖ ‖u22‖+ ‖T4‖ ‖v1‖+ ‖T5‖ ‖v2‖+ ‖T6‖ ‖v3‖+ ‖T7‖ ‖w3‖]}

+2 ‖T1‖E{‖ε1‖}E{[‖T2‖ ‖r‖+ ‖T3‖ ‖u22‖+ ‖T4‖ ‖v1‖+ ‖T5‖ ‖v2‖+ ‖T6‖ ‖v3‖+ ‖T7‖ ‖w3‖]}

6 [ρ0θ2δ + ρ1δ + (1− ρ1 − ρ0)δ]2

6 (ρ0θ2 + 1− ρ0)2δ2

,

(C3)

�±wÑ�3~êθ3, 0 < θ3 < 1, ÷veãØ�ª:

E{εT3 ε3} 6 θ23(ρ0θ2 + 1− ρ0)2δ2, (C4)

�k, k > 3�Ûê�, ½ÂXeCþ:

Θ2
k = (ρk−2

0

∏k−1

i=2
θi + · · ·+ 1− ρ0 − ρ1)2, (C5)

K�k��, ÷veãØ�ª:

E{εTk εk} 6 θ2kΘ2
kδ

2, (C6)

�k + 1�óê�, ½ÂXeCþ:

Ξ2
k+1 = (ρk−1

0

∏k

i=2
θi + · · ·+ 1− ρ0 − ρ1)2, (C7)

K�k + 1��, ÷veãØ�ª:

E{εTk+1εk+1} 6 θ2k+1Ξ2
k+1δ

2, (C8)

?�Ú�ék + 2��:

E{εTk+2εk+2} = E{(Ā1εk+1 + Ā2εk + B̄u2k+1
+ R̄r + H̄1∆gk+2

+ H̄2∆gk+1 + H̄3∆gk + H̄4∆fk+1 + F̄1vk+2 + F̄2vk+1 + F̄3vk + F̄4wk+2)T

(Ā1εk+1 + Ā2εk + B̄u2k+1
+ R̄r + H̄1∆gk+2 + H̄2∆gk+1

+ H̄3∆gk + H̄4∆fk+1 + F̄1vk+2 + F̄2vk+1 + F̄3vk + F̄4wk+2)}

6 ‖T0‖2E{‖εk+1‖2}+ ‖T1‖2E{‖εk‖2}+ 2 ‖T0‖E{‖εk+1‖} ‖T1‖E{‖εk‖}

+ E{
[
‖T2‖ ‖r‖+ ‖T3‖

∥∥∥u2k+1

∥∥∥+ ‖T4‖ ‖vk‖+ ‖T5‖ ‖vk+1‖+ ‖T6‖ ‖vk+2‖+ ‖T7‖ ‖wk+2‖
]2
}

+ 2 ‖T0‖E{‖εk+1‖}E{
[
‖T2‖ ‖r‖+ ‖T3‖

∥∥∥u2k+1

∥∥∥+ ‖T4‖ ‖vk‖+ ‖T5‖ ‖vk+1‖+ ‖T6‖ ‖vk+2‖+ ‖T7‖ ‖wk+2‖
]
}

+ 2 ‖T1‖E{‖εk‖}E{
[
‖T2‖ ‖r‖+ ‖T3‖

∥∥∥u2k+1

∥∥∥+ ‖T4‖ ‖vk‖+ ‖T5‖ ‖vk+1‖+ ‖T6‖ ‖vk+2‖+ ‖T7‖ ‖wk+2‖
]
}

6 [ρ0θk+1Ξk+1 + ρ1Θk + (1− ρ1 − ρ0)]2δ2

= Θ2
k+2δ

2

,

(C9)

Ïd�3��~êθk+2, 0 < θk+2 < 1, ÷veãØ�ª:

E{εTk+2εk+2} 6 θ2k+2Θ2
k+2δ

2, (C10)

Ïd�k + 1��÷vØ�ª^��, �±�Ñk + 2���÷vþãØ�ª, �½n2�y.
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Abstract PID control has been the most widely used industrial control technology. However, for a class of

coupled nonlinear dynamic system, the basic PID algorithm is difficult to obtain satisfactory control performance,

because of the lack of the internal state information and only using the external characteristics of the input-output

data of dynamic systems. Without changing the original PID control settings, this paper proposes an enhanced

PID (En-PID) control method through unknown state estimation and neural network driven compensation, which

can significantly enhance the performance of basic PID algorithm. First, the extended Kalman filter technique

is used to estimate the unknown state, then the estimation of state is used as the input of the neural network

compensation controller, so that the process state information, which is not used by the basic PID control

algorithm, is introduced into the control input; secondly, the K-means clustering algorithm is used to obtain

the cluster centers of the historical input data, which are used as the center vectors of the hidden layer of the

RBF network compensator; Then, the optimization performance index is constructed about the control error

entropy, and the gradient descent algorithm is used to optimize the weight vector of the output layer of the neural

network compensator; finally, to achieving high-performance control, the compensation control input obtained

by the RBF network is integrated with the basic control input of the original PID controller as the final control

input. Theoretical analysis and wastewater treatment process control experiments verify the advancement and

practicability of the proposed method.

Keywords Enhanced PID control, Extended Kalman filtering, BBF neural network, Control compensation,

Entropy
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