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Figure 1 Control strategy of the proposed enhanced PID control
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3.1 HRFREEBIRSMHI

M T AR PIDIZ I FVA S IE 1 S R Gt A\ -H th KIAMREE, =X RGN ERIRES S 45015 2
fRI3z HY, A1 T 2 A PID% ) S0 A2 T 0 A 2RV Al 5 3h S RGUNHEHIRE L . Bl BEHE LASRAF i = 1 2%
R AEE, BT RR 2 (Kalman ) IEBE AN 207385 R G0N ERFPRSIEAT M1, AT DUT (48 A S A -HR
A PR R R ORHER T RGNS MR S5 B, TR EhE RGN HE B URESZ&E
s ik, ekt 22 B ARSI S RGMERITERE. Prie iy 7RI 7870 M Zh &
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KAELAGTHENZS RGN BB HPIRAS AR 804 15) EKFAEZAG TR0 32 2 TN AR SE 3w 8 - 4L, B
PRUTR:

TR RE LR -

P = Ak—lpg—lAg—l + Fk—le—leT—la (6)

&y = o1 (2], ur-1), (7)

. _ Ofk—1 |4t _ Ofk1 | at
A Ay = or ‘xk—l’ Fro1 = =55 |45y -

N B TBUR S RFYSE

Ky = P, CY(ChP; CT + Z Ry ZF) 7, (8)
& =+ Ki(ye — ha(3)), (9)
Pf = (I - KxCy)P,, (10)

K Cp = Lot |3, 2y = Dot |3 G MG S BRARASIER M T HEAS S b . R,
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H, R0 K RBF #1282 X 2655 3K B (L PTD 428 il % M 22 il Ban N . AR 0 T HC A ot 28 o) 48 i (L 1)
DX 2% g N\ B S5 B B B J2 2% (8], RBF W 2% 38 55 4% n] 2 bR BRI & JZ 305 BR 5, mT CLE b 4 N\ 25 1)
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RBF [P 4 i e 2 B HH A2 B J2 Ja HH 5 T BUE 170 = W, ) P BRI DR T i 1 2 B BUEL ) 520077, B A b
PEZRMZE 0] S 4000, RBFM 2% &5 an 2R, Baasl= rd i @ (20 R4 =X (1) 758, 21
iyt Ay g, 3 (12) T id:

() = [pr (&), b2 (@), -+, dp(df)] a1

6ua) = exp(- 1Py G 1 0
{ Auypy = WED (i)

Wk: [wlv"' y Wiy oo awp]T

(12)

K exp() NIBEREL, o AAZTIE 96 S, Wi %t JZBUE A &

B 2 RBF#ZME5EH

Figure 2 The structure of RBF neural network
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ite = [er, -, ] NEBE L. RN, £EXHREDFEAM DL = (1,2, k3R, 84K
EER = (1,2, p}RoR, ASCHBRELC (i) = | FoR BRI 212k rh . 72 B 5 SCREAE, KI5
1B R 2R 2% rhCo [ B E BAR R BRANT

1) BELEFEp MEA R RIIR I %t = OFF RSl
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3)EE L, XN ZI RGO (), WA FT AP AL E:
C§+1:ni Z jj’l: Y 2 (15)

FHW ZH B AE N2,

A) I R AEANSON LBV ZR, WA O e = (T, o™ bt e = ¢ + 18k
PR,

ERR2 BB EpIET Elbow BE T, Elbow k& —F H T8 2 Bl 5 vh 5 b0 ik
R &A%, BAREIVE SN0k [18).

AMERE A RO E fa, DA TR FE T B A OMIE I X 4 i AU W, X R —
FiE B, JEERRIEE NIRRT bR, AN T RME AT 2555 MM Re e b, 2t E 4
Kb 2 R . R e MR L A R k. DR, M O T R ZE R R AL v R b, DAIEREAT
A W2 SRR AL RS IE S R Wy, — SR QI I Ho (Q,) 7T LLIE It T A st 47t
),

Hy(Qi) = —1og V(Qi), (16)
KA Qi ={q1, -, qn} TN —HBMLF AR IBEILEL, V(Qi) NQ:HIfE B3

MR (16) AT AE H B Ho Q) Fe 5 BFAV (Qy) ISR IR R K, N T Rl it 5T LUK R Z ey,

(995 Hy (er ) B NARAL AT BV (er). TERIAN RE S N —ZH B AU B IR L, TR L 7E 1 B F s v 0 e

S92 #1582 A (R DN PR 1 LASE SR BRER IO B . 28 ERIR, 41X 2R ZMHBIA RS, & LT
(EE LAY > N
Jr=—R1 Y _ V(ei,) = RaVioint, (ex) + Rs Y Ees,) + %ngku%, (17)
i=1 i=1

st m N RGNS, T ERER M B (e, ) RIT R MRE A AN, uT g, R
AKIN, Rus R, Ry, Ry TEREL BAb, en AN RHITRLE KA 2000 BRI, e = (1,0 em]
NI m AR R TUEZE  V (es, ) MR LRI e TSI, Vioime (e) NP S B BIE 2 e, 1
A (5 B9,
FUAIKUL, — SSRGS A3 B3R P 2T 5
{ V(@) = [23(0)dg

Vioint(@) = [ (70 (Q1, Q2.+ , @) dQ1Q2 - Qo
K Q = {Qu, s Qire s Qu ) ImALER, 7, W HCR IR 3 B 5 (PDF), 7o MAURQUIBE &
W B BRHL. (FL 1 T 12 25 PDF DA J B A PDF A, 75 B 50 PR MG 2 {5 R0 SR I i 2
FIPDF. Bk, £ 50EQ, AIQITPDF Bl & A PDF 48 BIR A F 2 iH1:

(18)

o= & 3 Kola - a9
{ TQ: = N P Rolqd — G4 ’ (19)
Ho(q) ﬁ p(_20-2)
N
So= 3 m(@- Q)
= ; (20)
ks (Qi) = 1;[1 Ko, (gi)

A w(NEITZ RS X E, RARQ9)THE R A2 FIPDF, KA 2(20) 15 2 455045 5
4 PDF.
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Mt (LT FTIR M REFE AR 5, A SCRFBE BE T FE EVE I 250 28 9 288 A M 28 I BUE M =W, B
TR ELUE B E R E 2 (B —Fh & A, DRIORIE T 28 fE— 8 e s L i, A7
TEBP #2825 (1) Je A /IMEL i) /. BRI 6 B R B A4 SRk Bl s

1) FIHGHALEW | 2% 33 %y Ik SHEE.

2) SREUEHFE:

OJ
OWi—1
S T VPN I I RO T REFE bR 20(17), VT N A RTI Z0 1 RE R AR (PR B, Ji i 22 o vt AT
3) ARV L VI < & NSRRI ERNW, 1, BT PR,
4) MR HE A P A S B AN

Vi =

| Wi_1, (21)

Wy = Wi_ [Wi_1 , (22)

5) i [H] 2 5R2).

SRR IBUE M B W), J5, BEATARHE R (3) T S RBE W 2% f M 4% 11 B 24t NI /E A PIDF il
IR, SRS BB A R G, DAYE smds | VERe.
3.3 BEATLIMLE

gi b, BT PRI aR PTDFE i) 92 i 2R S RN B 1 Fos.

H% 1 Enhanced PID(En-PID)control method

1: Initialize system parameters;

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

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

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

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

: Calculate u1, using Eq.(4), and calculate uz, using Eq.(5), then calculate uj using Eq.(3);

N O Ot

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

4 ERESHRT

SR IS HE 7 B 7 iRAE Y 07 B ST 4 T 3 s PIR ) J7 iR 1) 1R 22 A S e R /R 2 B I 2 1
WS PE 53 B, T BT s A PID S 1) 7 v R B RME 8, PIDBEIE HH Ao TG | NAHAS T PIEVE I RS e 115
B UAR e (7)) B ok TSR ZE 05 A PR BE TR BR AT AR LSSl B P i 1R 22 1 R/ LR A 5K,
AT R A AT 43 EL AT AME BRSSO 43 B DL PR R G s MR 2
4.1 AMEB|UWEE SR

H T RBF W28 &5 2 o — MR H s iz s 8, DR A4 ) 2 B 2 2 3 AT 5. RBF 28 1) fe 2%
iy R B R O T RCE W, MR &, DRI ) TR B I 2% 1 52 255 PR it & 5 WS SI0UR 75 4 I 199 %
iyt R AUAE 1) B W T WS AT DT 2 A, AT DK =X (17) s S0 T4 o R 22 R POV e i s 7E e 110
BUB I 36T — B 288 70 fi, 7538 F =X

Jk ~ Jk(W*) — VJkV_Vk, (23)
H: wr = arg min Jg, Wi, = W* — W
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EIE1 € MANEREIEFR T I I SECAR = V2, RABE T REREERIEX 7 ik ie s
BRX S BUBE W, AT B IR, 25 51 Ay U&RE’J%EEA#%EQDF%%N:

0<n< { = b2 (24)
g L LT LU R (5) BTk RBFH?%%1”4%§E’JEHIJ$E1’JE %XTLI&@I

WEB: 3EF30(23), RIEV I = —RW,, W HIW, FIIEHER R W T FR:

Wit1 = (I —nR)Wy, (25)
AN, ME X R = V2J, 7] H1 R NHessian b [, B AEE QA AfHi 45
R = QAQ, (26)

s QFE — AN RITA RFAE 1) B AR IE SR RE, AN B8 BT Re AR B A0S A B, HL AR AR AR
[ Q HH PRI RFAE: [F) 58 5% 7.
¥ (26) RN (25), ATf5 T

Wkﬂ =QU — nA)QTWk, (27)
T IETF 47, $538(27) 2 R A M b QT VW et B e
Q. = Q™ Wy, (28)
A (27)EAXPM A IRQ, 71145 T =
Qi1 = (L —nA)Qy, (29)
T AR TRIMEEN BIAERE, 7] DUR I R T, 13RO, ] LU TT, 1931 7 =
Qipy = (1 =1X)Q,,i =1,2,--- ,p, (30)
LT F R, T (30) 3 7718 HOTH 28 7T DA 3
E(|[Qi ) = (1= 222 B(124, 1), (31)

AR bR A, P e e W S e JE A ) B W O — B i — AR (28) W A, Qi
TUEIW B TUCSL B, PRAEQ, RIS BT AT GRAE KM &3 ARSI, T €, SRS SAU) HE 85 75 (1 26
AT I HESR A

E(|[Q% . IP) < BU2%017), (32)
AR 2 (31) AT 0, FARH AL 7(32), 1 — p\ A RHE BN T1, Bl 2 T =
I1—n\| <1, (33)
BRI, 2 ST T L U R L R
0<U<M7i:172a”'7pa (34)

A E BEASHEE.
4.2 HRRGREMSH
FET A RGARE N, EHE LB E: o = 2], 28], Rl AEHIRZE, 2 iR ZER
Ry
%1 RG(1)-(2)nT LLE S N IR T LU e
g &~ Axg—1 + Bug—1 + Fwp + Afp—1 (Tr—1, Uk—1, W) , (35
yr =~ Cxp + Zvg + Agr (Tk, vk) , (36
K A, B, F,C, Z @ id T JE 4t R G LR SR BUPE A 4E 50 AR, A fo_ 1 FIAR RAEL SIS
R B AR BB A T

=
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BRig2 RG(1)-2) T HIREBSNETA fir A g AFAE N IRANTERK R

Afy < Ly |lzkl + Lo [Jurl| + L [[wea |, (37)
Agr < La ||zl + Ls [Jvell, (38)

KA Ly ~ Ly NIEHEL, FERIA £ AR, N (D)-(2) FTiR RGAE TAE AL AL ) R BB I, —
FANAIA fre FIAR FITEEAEAE — A BN BTG P, R e AT DU IS 3 BOE 2 K L, ~ Ly, (15HE
BE2RLAL.
SIEE1  FEAR B2 ARG b, 20(3) s il 4m A we b2 ik A
Jurll < [1pll Il + Millexll + Mz vl + Ms llex—1 ]l + My log—all + [[uz, ||, (39)
- My = k[ IC + kallICH 4 LadllEpll + kall) + kil , Mo = [kpll | Z]] + [[Eall 121 + Ls (I kpll + [[all)
* My = (|kall IC] + 1kall Za), M = (kall |1Z]] + kall Zs)
1E || 7] PAE— B3R v an N A
[Afell < L [Joe || + Le [lugll + Ls [[we ||
< (L + LoMy) |leg|| + Lo Ms |leg 1] + Lo My [Jug|| (40)

+ Lo My |Jop—1 |l + L3 [wia |l + L [[kp || [I7]] + Lz [Juz, | ,
51382 fEfRveentat b, || Agl|i 2 T IdA SR
[Agell < Ms [ler—all + Mg [|ex—2l + Mz ||| + Ls [lvx]
E
My = Ly ||Al| + Ly || B)| My + Ly(L1 + LoMy), Mg = Ly || B|| M5 + LqLoMs
A My = Ly ||B| kyl| + LaLa |yl , Ms = Ly | B Mo + LyLo M,
Mgy = Ly ||B|| My + LaLoMy, Mg = Ly | F|| + LyLs, M1y = L4 || B|| + LsLo
51 B AN G B2 FK R B 73501 2 LB s AR B SR B.
N AT IR Ry, = [, 2T ERHER R, ESEE W 3, AR 20 (35) AT A
xp ~ Azp_1 + Bk, (r — Cxp—1 — Zvg—1 — Agr—1) + Bkizi_1

+ Mg ||lvk—1ll + Mo |2l + Mo [Jwi|| + My ||ug, _,

+Bky[—Cxi_1 — Zvg_1 — Agg—1 + Cxp—2 + Zvg_o + Agr_2] + Bug, , + Fui + Afi_1,

i i 7 SHITIEC

rp ~ Axp_1 + Bk r— kaC{L‘k,1 — Bk'pZ’Uk,1 — kaAgk,1 + Bk;zp_1 — BkyCxp_1

—BkgZv_1 — Bk‘dAgk_l + BkyCxy_o + BkyZvi_o + BkgAgr_o + Bu2k71 + Fuwg + Afp_1
CIEC RS2

~ (A — Bk:pC - Bde)J}k,1 + BkyCxp_o + Bkizi_1 + kar + BkgZvg_o (44)
—(BkypZ + BkqZ)vi—1 + Fwy, — (Bky + Bkq)Agr—1 + BkgAgr—2 + Afr—1 + Bus,_,
AU, 2, FRIBAE IS RN P
2k R Zp—1 t ek

~zp_1+r— Cxy — Zu — Agg,



o BT AREVIRAG TH 5 P22 I 25 A M2 B SR PID #2817 12

Bl (44) 7 AN (45) 0, AT LA 3R R
2 ~ (I — CBk;)z_1 — C(A — Bk,C — BkqC)z)_y — CBkyCxy_o + (I — CBky)r
—Agy, + C(Bky + Bka)Agi—1 — CBkqAgy—2 — CAfy_1 — Zvy, : (46)

—l—C(kaZ + Bde)Uk,1 — CBkgZvy_o — CFwy, — CBUQk_l
1E_ b b e B HESR R U0 R FTR:
ex = Areg_1 + Aseg_o + Bus, | + Rr + H1Agy, + HaAgy_4

_ _ _ _ _ > : (47)
+H3Agr—o + HiA fe—1 + Frog + Fovi—1 + Favp—o + Fawy,
A
_ A— Bk,C — BkyC BE; _ Bk,C 0 y B _ Bk,
Al = A2 = ’B = s frnd
fCA+OBkPO+CBde I — CBk; —CBEkysC 0 —CB I — CBk,
_ 0 _ —(Bk, + Bk _ Bk _ I
o, = ,Hy = (B, 2 ,Hy = ¢ JHy =
—I C(Bk:p + Bkid) —CBkEy —C
_ 0 _ —(BkyZ + BkyZ _ Bk,Z _ F
F = = (Bky aZ) I — d JFy =
7z C(BkyZ + BkaZ) _CBk.Z _CF

EIE2 AR (D)-2) TR RE, “UAEFE > 0,p0 > 0,p1 > 0, Ty = p1 < 1/2,||To|| =
po < 1/2, LLRH /R 4N 8 F
max(E{|z0l’}, E{lle1]*}) < 82,
E{[ITall 7]l + I T3l |z, | NTall lomll + W5 lonsall + IToll orsall + 1 Tr Hwgral]*} < (1 - Pl(— 3)0)2527
48
A
I Toll = ||Au|| + || Hu || 1 Ms]| + | H|| [ Lall + | Hal| (1L [l + [ L]l | M),
| T1]| = ||A2|| + ||FI1|| || Ms|| + ||H3H | Lall + HH4H | La |l || M3]|
T2l = ||R|| + ||I:-’1|| | M7 + ||H4H | Lall [[kpll s I T3] = ||BH + HH1H | M| + ||H4H | La ||
T4l = Hf_le | M| + HE?,H | Ls || + Hﬁ4|| (| Lol || Myl + HF?,
I Ts|| = || Ha|[ | Ls]l + || Hu || 1Ms]] + || Fo|| + || Hal| | Z2]l [| 2]
I Tell = || Fr|| + || H1|| L]l 1 T7)| = || Hy|| | Mol + || Hal| [ L] + || Fy]]
MR TR 46 55T, of ARIER(1)-(2) Frid KA T A RS AR HEE T 20 1.
WEH: 2 WS C.
AR MM RGREMEEAMEAE S M BEAOC, MHAEA TP A A IME S, Btk e B2
(1) S AT 2 T LA A2 1), R EE 09 e R /R 2 B A AR PE R R B i) DL 25 30 [11)45 H, B TR
PRI, 1X AR,

)

5 SKAIEFIEIEEPIDITHISLI

Bt B TV R OK SRS K HEBCRE 80, |2 3T 5 /K AR B2 fle it 3 B A B R 9 (1 S 22
B DA 5 K AL B e R il il TE SR B KA B A AT e R, F s RS JR iR 2
AT AR PR R K i B S 7K AR BT, A I3 Fs, W IS eIk To /K AL B Rl 0 7r =2, Herp— 2 Ak PE
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Figure 3 Flow chart of sewage treatment process

H1 TSI B i K A BRI R A2 o) S 06 S R IE 0 A 7, 22 BRAS RCOK, PR TR e I B 7K 5 2 A1
BR B R EHOR S SR AL ZUIL R I R B AT B SR AL L 2075 7K AL R e 17 0-F 5 BSM1Z T BEAT 125 1) 52 46
BSM 12 H #T P A{5 /K AR B AR 7 iR i F 6. BSM1IBCE T =MASFEIREAT 0L, 7300 R R
K BRI AR RTREOL T 14K MRE K5 B, i RAE R v 1508k, Hrp B 00T BT 7R A KSR
i REE, 209- 1 ROVIELLFE IR, T8 M T80 B AZREE HEB 10 R AR 12 R RO -1, 5k
NTRIUERSIE. Dy 7T I P B 2 ) S0 T X BE ALAR T RS B B I T PID# ] I AMERCR, A
SCUEHCER R T T B AT IR, RIS 7 =M R BTN SR b5, I DA B AN R 1 S 1R 42 )
RER, W F fios:

ty
ISE = / e2dt, (49)
to
ty
ME:/ |, (50)
to
Dev™™ = max{|el|}, (51)

K, e AL EMERBEE IR Z, toflt, 20 NGRS (8], FoR iR 22 8 A 70 58 g A 15 45 S JURH ) 1)
Wy RCARIA], S K )R 22 1% FISE, W] /MR 2% FIAE, MDev™< 0] [k N KRG fa e . EEF,
T HR DL AN [R5 25 Pk Be AR bRt A7 12 1) 28 2 B e i), ATfS 31 R G IR S RUR A —FE.

5.1 $THISEIT

N T SIS M R BUA SRR A R, Pt SR TR A 7 RAE B DR 3 (4) Ak B AR PIDSE ], J5 7R
FEPIDFZ A A Al EANIAA S 830 (5) Pk i AMa P il ae 347 X Bl St PIDFE I 48 i 2 Hik
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*1 HBBPXDMER

Table 1 Canonical correlation analysis result

Control method Dy Dg X7 Xg XBH XBa Xp Dnpy Dnp XnND Dark
0.24*D075—0.45*DN0’2 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*DN072 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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B4 NFE RS T Do s M Do 2 BOEAE FREREHICR, B5 AN BT M i 38 5 20 (17) st
RefR bR AR it 26, 6 9 i AN A2 45 il 25 1 J5 15 1 A2 B Qo M K 1o s AN HT N A il 42, WT LA
B 7R A AU FIPID SR B 5N 3 Do s M Do 2 WBNEOR, 724 TRCR IS HIRZE. a7k
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Table 2 Optimal performance and cost comparison of Do 5 under different control methods

Control method TIAE ISE Deymax Cost
PIDI28] 0.218* 3.11 x 10~ 3* 0.1885*
Ns-PID3] 0.159 2.97 x 1073 0.1796 High
En-PIt1] 0.135 2.91 x 10~3 0.1713 Low
En-PID 0.121 2.85 x 1073 0.1674 Low
6 ZEip

B TV RE th T 52 BEHLAR- PRI sh S50, 2 2L SePTD 2 il Xk LA B e PR e 2 i, & i 2%
A FEARRR AN B FL AN LR, i, FEA AR PID S ) 1 B R AL b, $2 H — M@ RBE AR Z W 2% 1
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R 3 Dno FANEHEHFE T M REIEFRARIESI R AL (* AS5E ik h ik S LB M BESEHT)

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

Control method IAE ISE Devmax Cost
PIDI29] 0.220* 1.44 x 10—2* 0.2584* =
Ns-PID3] 0.172 9.73 x 1073 0.2426 High
En-P1!] 0.169 9.20 x 10~3 0.2401 Low
En-PID 0.153 8.18 x 1073 0.2387 Low
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PebISeI0 R $ IO B PIDSEAEAT M IRE 45 2 et bl 22, 125 i3 SE AR PID S ZE B HLAE T
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HRA S, AR R
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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

20



