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KT KR Z (Kalman) €M S A R f0 2 R S AT A G, PR A HEE b 4 W%+
s BN, NTTEER PID HH H A REANLERSELTINREHFH N, LK, XA K
HERREFRBG RN ARR T, DLAE K 4Z # % #F 4L (radial basis function, RBF) 44
MEAMERIRE ZHFORE; MEXTEHREZ BRI, RASE THRAESHE W%
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bR, eanis KA AR | P el i, & —ANBENLAE PR 2 R BB RS, FHL PID
PRI ) X e B 0% TR | A7 FESR RS AN v B R, A I 233 BRABUR B iR 22, TS A5-8%
LA PHARBR AR PN H BAIEAR. SR — R, 223 0 TR 2 et ) PID $2 5%k. Wnsck (3]
LI RA 22 N 2R R BB ALK PID #8824, DL & PID $2 I HIVERE. SCHR [4] 10 —K3h73
FePEREA R AT 26 AT AR A B 2 IR AR Ve ) S 250l AR, K — i T s O3 ) S ms B T PID 24
ST, NEIR R4S T PID ISR SEOATT I —RITE, N PID #6128 2800 T 8 ¢
f I RS AL TR I AR. (HAR, IXLEET XS PID Pl i BOdE 77 i K 22 sl e x4 il % 2 Bk A7 8 19, i
SEBR Tt AR T 22 B 22 4 1k 2 Rl DUR A AP A8 0 sl 3247 TLxT PID i 4% 2 Bt A7 4
BT

BEXS SERBR TV R 20 AN E R LR 2 AR E BN S T4, — SR THLA 22 4
TH2E 2] AR IR Sl i ) 7 2 8] 1 Tz 53k B8 sk (7] K15 K H KT S VAN 48 AR 20 il AR
ZAr R, AR E S X N A AR B, ARG AT T ] A ORES R4S (echo
state network, ESN) ) 22 FE 542l SIS AT RS 115 7K AL B Ik i V4 A 4 A 2 AR 28 00U JEE A4 ok
BE. MT4E, SCHR (8] KM — Mk T 2 S HUR BUSEH M 7 Hr i oA R B d AR VA eI 7 R4S
ZHEN A5 7K b PR B B XA E & AR ] (E X TR B, W B C AW
B PID $Z ] g8 454, Fe iR A THEACO BRI B 23 ) 25, DRI e DU A s R B Tl id R v
T RENLAE-F A2 40 53 PID 2R B A = f i) R, WA BRI PID Fiil &5 v B i
fifi b, RAAROERTIIA PID 561V /& — b N2 5 L T, X A SC AR pr ociE A
T 9T B R

UbAh, FEA PID SRR ] 2 48 B AR & A AR AL BEHL N2 5 G0 I A7 78 55 128 1) 1 22 W 250 % 2 oy
% (probability density function, PDF) 7347 JEER S 3 22 0 A 45 14 1) [ L, T B ARG 0 T 2h 4 R Su i
RZH) PDF JpAf JEAR BB thoBl . SR (9] 7 i 3haSBENL R G RI% Y PDF A — B S EH A E
TR, T PID SECEIE T8 RGN — it BN, SRZ X0 RGN ARIRES 545 E 2
iz H, BRI SR EEEA PID SATE R 248 B G AR L5 S RGN S HIRE L | 28V REXE I3RS &
NERRR. B Kalman KRR LGSR RIS LK, FTLATEEAE RN — R3S - fath
HIRRL RO SR 4578 RGN BRI S5 I Re e, K RGN M5 B LRGSR B R UR R ok, #Em A e 2
B E RGN EHMRE. 2T B, Zhou % D01 £1x) PI &6 SyA 7Ry H HE L B L 3h &
RGN REAZE I ) B, e SR IR A0 0 e M0 2 6 P S IR S AR AR SR O P £l A M4 N LU
FREAEE B SIS AT, A 2GE 7] - #1497 (proportional-integral, PT) 32 il (1492 i Kk
. GEAESR, SCHR [11] AESCHR [10] BOFEAL L, R kb 242 ) 2 d 4408 2 0 [ 4 i D9 T DABEAT AR 2k
B 4% 7] 32 bR R (radial basis function, RBF) %qﬂéémé%, gft?ﬂa‘?iﬂ%q%fi%ﬁllﬁ’ﬂl‘%’}?%ﬁﬁ)\, 2
T T PLIEHIRITEREAE VO . (B2, iR TAME SRS At PT 42 A ICGE M T34 T PL 45
MR R AR 2 bR T R, Hanys K A B AR | m ki B R i i B A, LB AR+
Iy, W2 BN AN AP0 AR KN P B R, PRI A FH 465 R RE 0T 37 B B0 PT 421 e ARG 25 A0
PEfIPERE, W T 2N kT PID #26). S2br b, X BAA IR Sh SRR i KA B 1], Had 1R 4%
| AR AR P 1) 7 V22 PID 42, OATE PT FEil 36 b 51 NG TURE S 52 42 ) 28 558 1) A [0k P52
FsEVERE, RET S ASERIVERE. Jyt, ANSCAESTHR [10,11]) FOFEAN_EORE SRS A M2 &5 1 od F i L4
JE NFET PID (FB4sR %6, BIH5R PID (enhanced PID, En-PID), JfKH Fl T /K AbFE i R (1) v
PEREIE ], DA IR e RAE T G AR L BEL T AR AR IS A5 AR S R PRI X PID f20 2% (9
BB
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F AR, ASCEE RBF #4 MZCRT &R 7R 2 08B T I &S RGUIRS AT IR, L
RAFEE XS PID 42685 KR MAMEMN. 1EA PID #HIM AAMEER 1 RBF #2261 25 32 2243 9k
JZ G ) R SR SSR UM B ey Y R AUE R AL TSR PR . B 55, #EXF RBF MK ER S 2 b &
ECASR IR T, SR K 3B RS E SR I S AR SR 10 SRR mhty, BLUEAEDY RBF MR [R5 =
Ry rpCa i, T A A B RCRE L Elbow SARAE; FR, 4 T AL RBF W44 2 BUE A, H5E
REFEHPRZE BB KU PERETE AR, SRR B T RSt AT W 2% ot BLE DAL T 55 AR5
W TR AR A I O 12 131 R R 22 A JR N T PP 2R ) A A v L Ao R 2
N ER b, FIRUPAEASCEILA PID i BB AR b, B RBF M2 M XHIREE BT R
PR SRS SRAR UL R T P A AN AN NG 5, DLPRARIZ H R 2 s, B2 1G58 R A PID 42 3=
R4 Hll P e

2 858 PID 15HI5EME

TEJ5A PID #3EAl F, SR EE T R/ 2K (extended Kalman filtering, EKF) flitHHi A
A ZE 2 AME BRI 38 PID 1 SRS W& 1 R, EEEFRIEA PID $2 1 70 M 28 ) 28 b 2 458
HIMEL 7. FrigiiE | el BKF SR THEIE RGEARMIRE R, R HAEy RBF #4252
PSRN UG K SR RREOR B S A B 1 5t DUEAEDY RBF 4 /25 2
SRR . R, MR IMESS TR RIR ZE R LA TR TR b, 38 R A B B T P SRR SR AT A AL
[ RBF 22 240 tH EAUE. Ba, K RBE M2 fMa2 & 00 A A e B P A A MBI E A PID
el s i, SEEVER T 2P sh A R4, 1T 9R3h A RGURE RS BRI hIvERE. =5 &t
TEL IS E R G

= f(Tp—1, Up—1, W), (1)
Yk = h(zk, vi), (2)

Ht, zp, RGNS AR, o ANS ARG, we AEHEIN, £ b RoR PN AELIES A BT R 4L,
wy, A v RIS RIEAE, T7Z 358 Qr M Ry HIWE &
M1 AR, AR ESI S RGN LR SR N

up = U1, + ug,, (3)
uy, = kpex + Kz + kqdy, (4)
u, = WEG(E)), (5)

Hort uy, A PID FEH 88 EHIE T, ug, AT AR M ZE HMEAZ ISR AMES 5, e = r—up
NI 2R, 2 = 2i-1 + e NABTNZRRZIRD, di = e — e NHARIN LRI Z 2
FOET R RZEMIY, G(-) AR SR EL, 2 NERRZIEBEGS HAIEhE R GRS T
{8, 1 W' N k %] RBF 4840 H 2 RUE &

TEE R, RBF #Zep2) 2 1 T AR s & R GRS, (E2 1 B2 19 s o ot a)
&, DUR S R U 1 e DAL SK AR A o) R DBt 15 YR A Elbow ST E W 45 Fa2 1 R, 285
R K M IR OR AT s AN B SR R AT RRE T L R B RN, fERRRE N R
SLERITERETR AR B S AR AL B RAB IE M e R AUE & BENL RSt 2 R Z AR N R STt
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Figure 1 (Color online) Control strategy of the proposed enhanced PID control

RURASE, (RSO3 MO AR 36 F AR PR T (Gavss) BEHLMERS T8 1 FOAE, 7 AR f 2
SN, BAN, o T MR TR B0 0L PERE IR, 5 921 S 2 R 0 R L
ST PR T 5 H AR RV 22 O 1551

SR ASCL A RAESCHR [10,11) JER B9 5 AR SO (10, 1) AR R4S 3142
ORI T PLSUEAORBIERE. AT, 82 SCBR DAL B AR A ) 502, WS A AL 7
FiAP ARSI, SR 4 ATIRE AT 0 PT R LA O P G, S 7 R PID B
PSSR Z MO (7R, SCRTRDAE P FiIER 15\ S 1) 3R 5O S P AT
P, TR I A B, T EUR R TR RIS AL SR, ST (0
LR BL PID Rl A SCHERPSERR Tolleh OBEHLNA T4t S ROR 7, FR 50 T35 T4 2
[ MR R PID FEAIORI e, St B AR IOPE RS SRESHI T 5. JEY, 755,
RN B8 SRR U o, SCHR [10) P 0 B8 B o LA S, 0L 3, AL
A LSRR R, TSSO SIS Blbow IEULL K B BKHEAILE A, REa A5
RIE TR 05 SR PR TRSE & PRI RBE 4R 2 30 5o Lo B, A RO A Bl A SR D
4 ERIAERY, BA, FFSESER PID BRI RIOPERS, CREHME B LR RTR R SR, 19D
ML 4T 21 T R

3 138 PID THIEA

3.1 ¥ RFREEERSMHIT

A PID EHIFIE S IE VRIS RGN — it A AMERRE, sh=XF RGN EIRAS S 451
GREMIZ, FIM3A PID #2655 AE X AR MR S 3h & RGN G L . ShAEREXE LLRAT I &
FIRCR. HAZ, BT R/R BIEMEARXS ZIE RGN EARFARESIAT 1, 7T R IR -
o HE PR DR RO ZOR R 7R R 48 N IR I S A RF R AN B S (5 8, NITDRE B R e M5 2 LIRSS B A
JER R, BT EE 2 A2 B ARANME SIS RGN EHIVERE. Pridoridon 1 e HI 7e 0 R 3h& R 4T
WHBIREE S, BB RGUARLNE . AR P RRBBNRRIE, ASCEM EKF BORFELEAG T30 RGN B

718



FEB FEERE B3 % 4

PR AL & 14151 EKF FE LAl 5530 22 L o O AR R P i 70 4L, R R
TR R T

Pr = Ay PE AT 4+ F1Qr FE (6)
‘ilz = fkil(i'z_17u1€71)7 (7)
Hot, Aoy = 2=t |3y, Fioa = 25 3
REEH LN
Ky = P CY(ChP; CF + Z, Ry Z1) 7, (8)
& = a4 Ki(ye — ha(iy)), )
Pl = (I - KiCy)P;, (10)

Hefr oy = Pomt 5z = st g an A a4 BRI IR A THE RS Sl . VR,
TEASE ] EKF BEATRAS M, F B AR SRS B 2 A 1 K.

3.2 RBF #HZMEIMERFIRIT

HT RBF MZSAEREE & B 4 RE TR, I B R 58 HoH RIS, & &7 DI Ia fd
HI, BIHR RBF A2 W28 KU AL PID f2 i & kB2 il N AT oA s 22 o 4 a8 el U ) B
K R 2% iy NS B B2 5 2 A5 1A), RBF 2838 1 K A2 11 5 R B0/ O B 5 JE s R 2, 7T DAL B N
LIRS . TR, 4 PSR B s o R, B 2 0 A% 3 i K
7. RBEF ISR R ARG R T W, A0 INEUR, BTt 2 RO BL TR W
By 28 45 i mT i 240 061 RBF WM s i & 2 Fos, B2 st o (@) e (11) i
S R R Ay Wt (12) rid:

¢Z(‘i‘2—) = eXp(_ijz%i”)v 1= 1’27 R 2
Aul\k = WkT‘I’(i%Z)a (12)
Wk = [wl,...,wl,...,wp]T,

Hort exp(r) NIREREL, o LTI T, W, N EBUE &

RBF W4 AMEZRRIN SR AN B. SB—FrBOA IR E %2, BfiE RBF W4EE F 0
& oo, B BOVA RS, Rd AR B B EAUE R E W, ASCE el K BEESR
Bk DT SREURMABRSES X = (&7, ... 2 ..., 20} MR, WK AR &R T A i
. € X RBF W% kAN LEABIENES X = {z1,..., 24, . .., 21}, 2, € R EEGH] p A
AR G, o, W% p MRS FEALE S X IR, FH#E GinG; =0, U, G = X, N
A G WMREPOLHN ¢, 18 ¢ = [a1,...,c) NEBZEF0. RN, 65 X PEEDMFEARH A%
Boi={1,2,... kY For, BN 1= {1,2,...,p} T, AXHEE C>G) =1 BaBREA
Wit ) 1 28, 78 Bk SO B KOYIAE RS 2 Hp s ) R R B T R D BRI T

(1) BEHLIERE p DA STENVIGARIZ] ¢ = 0 RS0

ct:(c(l),...,c?,...,cg). (13)
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2 RBF HZM%54H
Figure 2 The structure of RBF neural network

(2) MFEAHATRIE, BUEREIRF O ¢ FIH A AR R ECN

P
argminy_ > a7 —f|[” (14)
I=1 Ct(i)=l
KR REARIRB] S SRR 0 06 h o M ¢ 21K Gy IR0, O (i) = 1 9 ¢ 2R 4 s
(3) EHHAL, B ¢ AR AR (), TEART b R

1

1 _ o+ _

q ey g 7, l=1,...,p, (15)
Ct(i)=l

A Z BRI L.

(4) A RIEARWCSIN = LG, MR AT OIER ¢ = (. ), =t 41
B 2P IR (2).

ERR2 BEPOMEE p L Elbow BVARNE, Elbow HIFE — R T & B 45 h B2t
B ¥ e R A5, AR 2 WOCHR [18).

AMERE AR RO e, BB R R RS DO B TE MG 1 AUE R & W, X —
T WA 5] B O S E A R RE TR AR AR T ME AN 7 2255 I e 8T, W2 i — 4
AR ZREE . R ERTBEALIE AT 2 7. DR, MO T H iR 22 A P e R b, DAL HEAT
AW SR RVS IE S ERUE B Wy, — 48R Q0 IS Ho(Q,) P LA i R 2 ik
A 2

Hy(Q;) = —log V(Q:), (16)

H, Qi = {q, ..., qn}" N—HMSL R AT IBENLEL, V(Q:) N Qi KI5 B

M (16) FTEAE HH B Ho(Q:) =45 8% V(Q) MHREIRA L, Jy 1 W H AT LUR L
WRE e K Ha(er) FANIAIAZ RS V(en). (EIHIAES M —HBHE R IE DL, PRIULETERERS
o s 7 S A R AR I ON PR DA IK 2R 5 BRER I H 1. 5 B IR, BEx A sh S R4,
SE LU PERETE AR

m m 1
Jp = —R; Z V(es,) — RoVioint,, (ex) + Rs3 Z E(e;,) + §R4ngu2k, (17)
=1

=1
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Hob, m WA RS, RARBRE NI E(es,) KBRS KA, of uy, F03
BSIININ, Ry, Bo, Ry, Ry J9U8 2080 BLAN, e NE5 i AMRIITRLE b B 2000 B4 i 2%,
er = [e10r s eme] Kk WEIFTE m MERIURE, V(e ) SMHIBIRE 0 BO15 B3, Vi (er)
KT PSR o HOTELHE 3.
FUSK, — LR 2 S DRI 1 B SR R AT B
{ V(Qs) = [ ~2(q)dg, -
Vient(Q) = [+ [ (70 (Q1, Q2+, Qm))?dQ1Q2 - - Qi

HH, Q=1{Q1,...,Qi-.,Qu} N m HEHE, v, NEHE ¢ FIEFREERE (PDF), vo NEHE Q MEL
EHER R HH TSR Z PDF LS PDF RA, 75 RS T EOR 20 SR E ]
WRZE ] PDF. BARHL £33 838 Q; A1 Q 1) PDF LALAECE PDF 435Kk A X aH 5

i=1 (19)

=1 (20)

Hrb w() Nz s X8, RA (19) HERHEH A RN PDF, KA (20) TH5E 2 45048 (15
4 PDF.

Mt (17) FridYERETebr G, A SCR A BRE T BRI Zrh 48 W 28 M2 AUE R & Wy,
FAZAEASE P & E A 2 2 18— Fh 2k P2 &, DRI ARAIE 1 WA 8 A ME—Bff 5 I i A AR, A7
1E BP #1480 28 (1) J A /ML o) R B RO R BRI A B34 F s

(1) HIAWALE W 203K . Ik FE &

(2) SKREUEFE:

a.Jx
OWy_1
Hrb, T NN EHISCR MR E RN (17), VI, N 4RI Z M BE SR AR AL, I 2 4 O VR kAT
.
(3) WK VI VIE < & MEMRPIEN Wiy, BUHATDE (4).
(4) R4 Ao B BT A

Vi =

| Wi_1, (21)

0Jx

Wi =Wgp_1 — naWk ;

‘kal- (22)

(5) RSB (2).
SRIURAR BB I Wiy 5, BATRE R (3) 1 RBF W44 LS R4, A TTifE PID
P RS R, SE R SRS R, DM MR,

3.3 EBEXAIMPRE
g b FrRBan PID 4% H Sy 1) BAK S Ilb BanE2: 1 k.
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&% 1 Enhanced PID (En-PID) control method

1: Initialize system parameters;

2: Using (6)~(10), the state estimation value x: is calculated using the EKF technique;

w

: Using (13)~(15), the K-means clustering technique is used to calculate the cluster center c of the neural network-based
compensator;

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

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

: Calculate w1, using (4), calculate u2, using (5), and then calculate uj, using (3);

N O Ut

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

4 ERESHR

SCHR [11] SRS BT AL T B S g 7398 PT P 7 i iR 72 DL Ji& R /R 2 80K
A S E A X T TSR as PID FEM U7 i K AME &, PID Sk R TSI AARET P HIAN
FsETER R 73R, MK (17) Pron sk T MR ZE R VERETE b T LUt F IS S e 5 42 ) 1R 22 1) K/
FLAEANSS, AT PERE 7 M 8070 2 B AR AMa USSR 70 M LA AR AR e A e PE A 0 2
4.1 FMEIBRYCEE ST

HT RBF ML REE 2 o — R i ek A, DM ] e Fa & 2 far A7 7. RBF 4R 1) iR
LA RS E T RE W, IEMEA S, I RBF [0 4% 4M2 s 04 2 S8R & 40
W0 285 Y2 B ) W, 2 USSR AT, 8T 204, AT LRl (17) Fom o6 THs il 2 v se fabn
FE R BUE PRI BEAT — I R B 0, 19210 F 5

Jr = Jk(W*) - VJka, (23)

Hrp W* = argmin Ji,, W, = W* — W,
E1  w XM tERETEAR T B S HCN R = V2 U, KPR NSRS (17) Fridttae
fetrxt it ZBUE Wi, TR, 2220 g DL R WRHIEE N W62 00T 8 R I

1,2

—_—, = 24
max{)\i}’ ? ) &y » Dy ( )

0<n<

FrRsk 1 AT AR RS (5) TR RBE W45 kM2 28 i A2 25005 73 R ek,
HERR T30 (23), R¥E VI, = —RWy, ATE1 Wy, HIISHESS R 40F Fis:

Wk+1 = (I - UR)V_V/@, (25)
FI, ME X R = V2J, %1 R N Hessian 5%, RAALE Q Fl A fH15
R = QAQ, (26)

Hp, Q & —MEE R rARHER BRIFREESSH R, A & Pra RHEE B R, HAEE IR
A Q FIRRFALE 1) B0 1.
¥ (26) RN (25), ATfF

Wk—i—l = Q(I — nA)QTWk (27)
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RNTEF 28T, Kl (27) ZXAGMH QT Wy, filn % .
Qi = QTW,. (28)
3 (27) MM AR Q, w15 T
Qk+1 = (1 — 77A>Qk (29)
T A X THREME N MAERE, AT LB LSRR TT, B Q, trT LU TT, 38 T =

Q = (1 - 77)‘i>Qik7 1= 1,2,. ey P (30)

Fe 3, MK (30) B E AR IR R W T
E(|90.117) = (1 = nA)*E((192,11%)- (31)

WA L i, Prig e as sl Rl i B Z BUE R W, Y80 — 8. B3 RAE R (28) AT
Q BT WS Wy, T8 DI, GRIE Q. AOWSCSRD AT GRAEAME 83 UL, T n RUCSION
IT7AE R 2 R I AR AR
E(|Q%,0 %) < B(I19,1)- (32)
MRAE (31) w, ARG R (32), 1 — A MAXHEZNT 1, B2 R
I1—n\| < 1. (33)
BRI, 22 TRy FE e IR K A

0<n< , D (34)

max (] i1=1,2,...

4.2 AR RGIREMS
NET M ARG RGENE, HHE R ) = [, 2 ], FeH o NIEHIRE, 27 NEHIRZER

jF/E{/\.

BIRL A5 (1)-(2) W OB R AT
o = Arp—1 + Bup—1 + Fwp + Afp—1 (Tp—1, up—1,wi) , (35)

Y ~ Cxp + Zv, + Agk (xk,vk) s (36)
Hrh, A, B, F,C, Z il AR 4t R G AN SR B @ S 4B R R, T A fro—1 A1 Ak, NARZNMES)
A& RGN G B AR EAR S AT
Big2 AL (1)-2) FRREBRBET Afe Al Agy 778 FRFERKR:

Afe < Lokl + Lo lJull + Ls [[wrall, (37)
Agr < La |[wll + Ls [Jox]], (38)

Ht, Ly ~ Ls NIEWHL, R Afy M Ahy, 3 (1)-(2) Prid RGUHE TAF miALLAEL IR BB 3
T, — BN A fre A Aby, FIVEEAEAE—ANE/INRTE R Y, PRI E AT DO I S OE 24 R # Ly ~ Ls,
AR 2 )AL
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5131 e 2 BZEAE, 2 (3) FranfE il we W2 FIRASER:
Jurll < WEpll el + My llell + Mz [Jogll + Ms llex—1 [l + Ma log—a [l + [Juz, I, (39)
Hrp,

My = [[kp[HIC + [kall IO+ La(llkpll + Vkall) + lkill , Mo = [[kp[[ 1 Z]] + [ kall 1211 + Ls ([1Kpll + ll%al)),
Mz = (|[kall [Cll + kall La), Ma= (Ikall 1Z]l + llkall Ls).

FEBCEERY b, BB 2 19 (|A fil| W RARE— P oot N ASE R

[Afell < L |ogll + Lo [lug |l + La lwr ||
< (L1 + Lo M) |lek|| + LaMs |leg—1] + Lo Mz [Jvg||
+ LoMy [Jvg—1|| + L [lwy || + La [[kp|| [|7]| + Lz [luz, || - (40)

5132 ek 2 EEAE, |Age| W2 TEAZE

[Agell < Ms |ler—1l| + M |lex—2ll + Mz |[r|| + Ls ||Jvg |
+ Mg [[vg—1]l + Mo [lvg—2|| + Mo [[wgll + My ||uz,_, ]| » (41)

3
)

Ms = Ly ||Al| + Ly || Bl| My + La(Ly + LoMy), Mg = Ly || B|| M3 + LyLoMs,
M7 = Ly || B|| [|kp|| + LaLz [|kp|l , Mg = Ly || B|| Mz + LaLo My,
My = Ly ||B|| My + LaLoMy, Mg = Ly ||F|| + LaLs, M11 = L4 ||B|| + LaLo.

12 1A 2 WHIEB 2 UL % A A1 B.
THIHT R e, = [2f, 2] BB R, 1 REX o #05, HR3E (35) AT %,

xp ~ Axp_1 + Bk, (r — Cxp_1 — Zvg—1 — Agr—1) + Bkizp—1
+ Bkq|—Cxp_1 — Zvg—1 — Agr—1 + Cxp—o + Zvg_o + Agr—2] + Bug, , + Fwp + Afp_1.  (42)

prini % <SEIIEE

T ~ A{Ekfl + kar - kaCI’k,1 - kaZUk,1 - kaAgk,1 + Bkizk,1 - Bdexk,l - Bde'Uk,1
— BkgAgy_1 + BkqCrr_o + BkgZvg_o + BkaAgr_o + Bug, , + Fwy + Afi_1. (43)

QRN

Tp ~ (A — Bk:pC — Bk‘dC)xk_l + Bk Cxp—o + Bk;jzi—1 + kar + BkgZvg_o
— (BkpZ + BkqZ)vi—1 + Fwy, — (Bkp + Bkqa)Agr—1 + BkaAgi—2 + Afy_1 + Bug, _,. (44)

KA, 2, HUERIESR R UWF F:
2 R 2p—1 e = 21+ 1 — Cxp — Zv, — Agy, (45)
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$530 (44) WA (45) o, ATRAEEI TR

zi = (I — CBk;)zi—1 — C(A — Bk,C — BkqC)xy—1 — CBkqCxp_o + (I — CBk,)r
— Agp + C(Bky + Bkg)Agr—1 — CBkgAgr—o — CAfr—1 — Zvg
+ C(Bk‘pZ + Bde)Uk,1 - CBde’Uk,Q — CF’LUk - CB'U/Qk_l. (46)

£ BRI B, e HEIHESR R U PR

€ = A16k71 + Azgkfz + Bu2k_1 + Rr+ HlAgk + ﬁzAgk,1

+ H3Agg—2 + HyAfr—1 + Fyog + Fovg—1 + Fvp—o + Fawy, (47)
N qjj
_ A— kaC — BkyC Bk; _ BEk,C 0 _ B
Al = ) Ag = , B= )
—CA+ CBk,C + CBksC I — CBk; —CBEkysC 0O -CB

_ Bk _ 0 _ —(Bk, + Bk _ Bk _ I
R= ? y Hl = 3 H2 = ( P d) y H3 = ¢ 5 H4 = 3

- CBk, I C(Bk, + Bky) —CBky —c
_ 0 _ —(Bk,Z + BkyZ BkyZ _ F
F = , By = (Bky aZ) = d , By = )

—7 C(Bk,Z + BkyZ) —CBkyZ —CF

EIE2  EFXTE (1)-(2) TR REGE, MAFEFEE 6> 0,p0 > 0,p1 > 0, 18 ||T1]| = p1 < 1/2,|To|| =
po < 1/2, VLR 207N K &I
max(E{[eo]*}, E{lle1]|"}) < 6,
E{(I Tl 17ll + 150 otz || + IZall okl + IT5 ) onsall + 1T6 | Honsall + 177 wrsz ]}
< (1= p1 = po)?0?, (48)

Hr,

| Toll = [| A || + [[Huo|| 1Ms]| + || Ha|| 1Lall + || Hal| (1L ]| + [ L2l [ M),

170l = ([ A2 + 1B 1Ml + (| A [ Zall + [[Hal I 1051

IToll = (| B]| + (| A [ 1327 |+ [ Eal [ Lol Rl T = (B + A Bl + [ a2
T4l = ||f_f1” | My]| + HFISH | Ls || + HELLH (| Lol || M| + HFB} )

|T5 1| = [|Ha|| [ Ls || + || Hy || | Ms || + || Fa || + ([ Hal| [ Z2]l [1M2]]

IT6ll = || E1[| + | EL [ 1 Ls |l 1Tl = (| H || (1Mol + || Ha || |1 Zs]] + [ Ea]] -

WS 1 P s AR, WTRMRIES (1)-(2) AN RS A RS R RBAR TMERE U =H .
WEBR Z LR C.
RS MM ARGRENE SAMEE T B EHAN R, MHAR L PHEAFNES, FItEH 2
HH R ST I T LA AR FD, TR 0 9 R R 2K 2 i e s RO R E Pt R B AT BA 22 Sk Y 25 i, il
Fi g BR ], X EASEVEIR.
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BSM1 & H B PFA {5 /K Ab BRI 1 7 i BT 6. BSML BB 1 3 FAFE K2 AT AL, 73 5% B
R IR AR RS OL T 14 REBEKE S, BllaRFEE IS 15 min, HAPRAN TOFAT 7 REIAK
B S R, B 9~11 ROVESEFER IR, M2 TO0 T IAKEHE 5 10 A1 12 REMRA 2%
W, SUEAGKUTE B, Dy 78X Al 5242 ) S5A A T B AR PRz s i Xt PID 42 1 A M=
ROR, ASCIE LR TO0T BRI, RN 255 1 3 PR BT Fa AR, HY DL A [R]85
IRIPERECR, R B

ty

ISE = / e2dt, (49)
to
ty

TAE — / le|, (50)
to

Dev™™ = max{|e|}, (51)
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Table 1 Canonical correlation analysis results
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&2 Dos HENEHEHIGETMEREIBIRIARIERIBMAIIEL (* IEE oIk &A% REFEHT)

Table 2 Optimal performance and cost comparison of Do 5 using different control methods

Control method TIAE ISE Dev™max Cost
PID [28] 0.218* 3.11 x 10—3* 0.1885* -
Ns-PID B3] 0.159 2.97 x 1073 0.1796 High
En-P1[11] 0.135 2.91 x 10~3 0.1713 Low
En-PID 0.121 2.85 x 1073 0.1674 Low

& 3 Dno, EREHTHITGETMHEIBRUARIERI AL (* ASE P AR RILAIEEEIEIR)

Table 3 Optimal performance and cost comparison of Dno,2 using different control methods

Control method TAE ISE Devmax Cost
PID [29] 0.220* 1.44 x 10~2* 0.2584* -
Ns-PID B3 0.172 9.73 x 1073 0.2426 High
En-PI1 1] 0.169 9.20 x 1073 0.2401 Low
En-PID 0.153 8.18 x 1073 0.2387 Low

L PID A SR IR A ARG 5 B SN BIEE A DR THERIVERE. RBF W28 A M2 a3 Il 2k
B, A Elbow J5 2R ECEGEZ 0 Hcs, SR K AR EE e R ZE o m g, UM AT
B SAE IR Y 2 BB T B, 645 RBF 28 1 e 28 H 7] A R EE BT  PID 28] IS0, 75
KA R I Se 8 R W SR I En-PID SUAREA RIS R Gz MR ZE, B 505 A PID &
AEBEHLART R 08l T I BOE EEREAZEHIVERE, AT RIFEEIE. RN, it iiEi AR ScE i A PID
1) 8 L DA T S B PRAS A, AT B sk A

SE 0k
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Enhanced PID control method based on unknown state
estimation and neural network-based compensation

Xiaoyang SUN & Ping ZHOU"

State Key Laboratory of Synthetical Automation for Process Industries, Northeastern University, Shenyang 110819,
China
* Corresponding author. E-mail: zhouping@mail.neu.edu.cn

Abstract The proportional-integral-derivative (PID) control has been the most widely used industrial control
technology. However, for a class of coupled, nonlinear dynamic systems, the basic PID algorithm cannot obtain
a satisfactory control performance because of the lack of internal state information as well as the use of only the
external characteristics of the input -output data of dynamic systems. In this paper, we propose an enhanced PID
(En-PID) control method based on unknown state estimation and neural network-based compensation without
changing the original PID control settings. The method can significantly enhance the performance of the basic PID
algorithm. First, the extended Kalman filtering technique is used to estimate the unknown state. The estimated
state is then used as the input of the neural network-based compensation controller, so that the process state
information, which is not used by the basic PID control algorithm, is introduced into the control input. Next,
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 radial basis function (RBF) neural network-based compensator.
Then, the optimization performance index about the control error entropy is constructed, and the gradient descent
algorithm is used to optimize the weight vector of the output layer of the RBF compensator. Finally, to achieve
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, RBF neural network, control compensation,

entropy
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