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Coordinated predictive control of air compressor units based on fuzzy
reinforcement learning
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(1. School of Control Science and Engineering, Dalian University of Technology, Dalian 116023, China; 2. Key
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of Technology, Dalian 116023, China)

Abstract: As the air compressor consumes a large amount of electric energy while providing driven-energy, its energy
saving and efficiency enhancement have attracted much attention. The demand of compressed air is with the property of
periodicity and intermittency due to the production rhythm, planned scheduling and other factors, which might cause the
operational mode change of air compressor units in a wide range. The manual scheduling has the property of slow speed
and energy consumption. Thus, aiming at the air compressor system of an industrial park, a coordinated predictive control
method of air compressor units based on fuzzy reinforcement learning is proposed. First, a multiple operational mode
model of compressed air group based on fuzzy identification model is structured by using the historical data of industrial
site and equipment operation mechanism. On this basis, a variable load predictive control method of the air compressor
group based on fuzzy reinforcement learning is established to ensure the safe and stable operation of the system under
complex operational modes, which aims to minimize the energy consumption in the production process and combines the
production process conditions, equipment safety and other constraints. Finally, the proposed method is verified by the air
compression simulation system in an industrial park and a good control result is achieved.

Keywords: air compressor group; coordinated control; fuzzy reinforcement learning; predictive control

5 B 4 [ % PB4 9 %o, FLBE AR TR T B H AR
SR AUV N TV AT B S R e 4 (i, SRBUA A RSN, 2021 4E 10 5, (55 Bk 1B

ks BEA: 2023-03-27; KA BHAR: 2023-06-08.
HEEWMHE: HEARREAESTH (61833003).
HERE: TR,

Tl IA/EH . E-mail: wanglinging@dlut.edu.cn.

2030 SERTTIRUEAT B J7 SIE A FH RS H At



2184 # % 5

xR %38 %

FE R B AT AR R A i % S P A AE Tk AR
Tz BB SR, Tk X 46 25 S 7 SR 2K, o 7
LA T ARG A I BALRE, A2 =T33 84T A
AR ) T B SN LALLE KV A T N isqT. =
WREE T X U0 (WA 42 1) 7 0 W R o 2, 42
P A, #E 2N LA K, (A ) A1 1T A 5 350 4
AL B, S SRR ALTE 2 T 008 6 A 1
LT SRR A 428 ) A2 P AR AR 1) D it ] .

Bt = SR ga LA IS AT AR AL 1), 2 B VA
BB KR, 38 SRR R B 25 RO 45 STk
[7-81 73 73R FH VR BE BN 2 Ak A0 S R s e BT T s 4
RS2 6 5 IR 4 ML I B 43 i 2R BL I F 98
A SCHR[9]. T %o 2 A 4 AL T 42 il (1 B 7, SCik
[10] 42 H — P B 222 | 3@ B3 i) 75 vk LA R 4t
A AT IR & AR S IR, SCHR (1] 3R R
RT3 B0 1 B A 4 1) 4, B L AP R O 4%
1l LA 5 1) ) 2 R R B R e . SR [12] 3
T Moore-Greitzer £ 8 £ th — 75 i 20 & e T 4%
il 75 V5 SR AL B A e ). R X B R R AR R
FEAENLL AT F 07 T AT T B i (R iE G —
e 1] JA A fif o, T B R T B A R B o, B
Al T7 1A 2 R 2 SR AR WL AT R 1 DL RCAN [ 1
2 [H AR B RGOS R, S BORIR 7 R 5 N R
e R B SR RGN FEF 44 F TR
0 [ AR Ak, RN 1% A A B DR L 22 0 M A
AR B, 3 75 23 SR AR AL B O Ak 2 1.

SRAL S 3] R — Rl 5 N B R Ak, H
AT OB 72 B R USY, ik 2 5156 P9 AR 858 A 1 3t
AT IR0 AL H B PR R SR i RIS T AR5 S o 2 3]
2 WL B Ty (14 2 6 B i FL I 25 2 0, 42 v R R HE TR
PR SCHR [15] R IR B2 5 A 2% SRR3Rt — Fh &5
A AT N F2 ) RTASEAA L A5 AR 2342 1) ) 2 Bk 4 1)
ZEK TR L R G A . SOk [16] 58— PR
FASORI B A, 2 = P B 2 B0 U T 52, et R 3
HLP 245 25 P RIS B 2 4 LA B AS [R1IE AT L. STk
(171 BRI R 4 5 oAk 2 ST ARG, S B 1 780K
PRAER A JE PR LA A f ger P ). AR BR 7 vE R
RO RS R AR 7N N B (AN
e, AE LA A0SR g Sk A A7 SR FH B WL 552 s, 7 T 1) s 4
SR 2 A] SR AR, AR AR 25 5 BN SR 8 B A1 SR s

25 BT, A SR S SR AN 2 TR 6
T ) 1) L, 45 & AR EE X R (0 2 TS,
FEAENURF A B A RE AT 20 b 5 B0, 3 vy i 2 =)
SRS FE IR AT E M, $2 H — R T B R

5 2 F B VR I 43  J7 k. E He ALEE R  R
At 1, 25 RS R ok Tl A BT AR A S A AN E
AR T B e AT AL A AT TOL 24
Ve, My T RSO I 2 R AL 2 T
HRAL 2 8 AN R A= 0 T 2 S A 1 5 1 LA
EREHERL T HERUAS R G AR I 3, BT T
W5 P25 ST B A R AL 574 20 D7 4k, o — 2
HRORIHE BRI BRFAE, {9 A5 o] 1O S e P 2T
FRIPERT IOV, PR AR A= G 2
HLEF AL 0 A2 AT SRS BT 56T 22 T HUBL AL B
TN ) 2%, S SR A AU AL 57047 1) B 2 BR AT
HLALA RIS AT Lotz ).
1 SRR ALISAT ] i

Tk X 2 SRS R G 2 6 2 RS
e, FO i e A T RIS 78 U Y 2247, B
XL P i P X S i . SR LR AL
i 1R,

Gty Al
é%hk | - /R

1 TIWERX=SEGEHALN

BT R THRIHEREANZ AT 14 A sh A,
FEAE ARG RGAEANF TOL T IBAT, 45 A He S
VA RENLALIB AT D fr K 3 B0 UMY, 2 38 R B IRR
B, TR 1H R s o4 A b i I A8 7 4% 1) 2 2 AU 4 AR
48T BEAR I AR B B 2% AL A PPN A UK i
AU 2 A% 7 A 2 o1 TR I 4 ) A 1) 287 N R AR R
T FE R EAR AR, W L R B R S
R RE, FEANR] 00 M i AR G R BAT 318 AN R i
PE; 2) £ 77 S AR AR AL I, (R RN RAEAEAN g
il R R, L ALIs AT BOE OB 450, BATE HEA
BEALE, D] AL A R A A7 4y 42 ) PR AIE 2 U 4 &
gz ek e BT IR 3) B R M R G A A
ZAHUA, AR O iy Bt B ROs i 48 2 4
PR R TN 42 1 DR PR B R 48 2 A AR g 3B AT
2 ETEHELES N EEHUERA T

T

By U LA 22 000 AR S g 2 i 1 e, 2
— R TR R AL S ST ) RS A TR 2 P R T
PEHITTE. E B IR S ARG A i % s T4
EAIEAT O Z AR, S H — R T RO AR



% 8 H

I 16 F: A TGRS T 6 AR S HLER LB A TR 4 ) 2185

M2 TR 2 TOURR. £8 Jh LAl b, 5 8 A
[ A e T He i 2 B A 1A HLAL SR G RERKL 7
RERAS . RGU R A VESEIN 2, 18— 2 TR s At
S YA R AR L B R 0 5 1 vk, SRS TR T
ULF 2 B LA IR ], AT PRAE 2 TR AL R 58 %
EX YIRS
21 ETARRMPNERHNESSERENEEST
IREL ]
S G MU 2L ) 2 T 00 S A AE 28 ] 2 i
. A S SR A LR AL T 8 A DAL R B TR 4
PLIRAERL ) 2222, B 2 SR ZE HURF AL R S AR Y
SRR AR k.

‘@ ® @ uin

0 PRONEE 1=+
Gp%n
A . D BEB¥H
aBBa & A

B2 BEFTRURMPHRIZIEHN S TRERIESR

BT LRAERMNZENFEAFRNAHZT THK
I3 3 FEAFAE AN RE M, SR IR 1 SO T 0010 5 72
SNSRI ASE, I DABORI I 275 2 SUR AN LEF A
[F) 0 AR SR IR R 2R, AT 3T X ) — R BRI 12 4 R 48
(interval type-2 fuzzy logic system, IT2FLS)!8) g 37 7%
AURAENURF A G — e Lya . 8 R

rule; : ifz; is gb{z with By ... x,, 18 gbﬁm with E,,;

{Mi(t +1) = A;M;(t) + Biu(t),
then
7i(t) = C; M, (t).
(1

Horp i ABORIB KRG RER « NN 5 o2 SRS
BURIEE § MNIEAT Ll @ = (21, 22, . .., @) T R
FNVHHAF R R By N k&SR HEPIRES k=
1,2,...,m; Ex = 0,1, 25 5 ANLAIE AT S HLAS
R o, WG k& EAENLIESE 5 AL
SRR BB AR w(t) = [ui(t),u2(t),. ..,
U ()] 2SS G0 WLBE AL 1 428 1) A 8 s () R 4
AR M N SR AN AR ADIRS & A,
B, C; NTSEGENUBFA AR T AR S 4, @
T % = 2 (output error, OE) #5711 5115 331

BT OB HE R B 1 A SR 4 LR 2H
Al LAIAR

N
y(t) = Z GCiM;(t). ()
i—1

Horbre N ORI A B8R G D @ SR PRI 5
&, vl DL SR AR ¢ Y AU AT 1 5, RIE A
Gi = Mgy X Hgy X e X fhgr s )
Mol = He (g (1)), “
fgy NFN I K & EATHLER A~ LO0 T 3R
JEFERREL. TR RGN R 2 T oA,
1, py =max(pg ,pz »--
by = { o R

0, otherwise.

. Még’m);

)
Hq;i ’_ (zr) + ﬁ@i l(xk)
pg = 5 : : (6)
Hby, (o) € [0,/ p g, (o) € [0, 1] 705~
RBEHIER LR RIBIERHE ) (01) < Ty (2):
2.2 ETiEMRLE I S ELEHL BB BTN

EHRR

TS AKHE 73 518 AT R PR A (AN [ IR B 4
DR T REBLEE RALTFARGERL B bR, I8 A
R RG4S AT LR, I ORI 50 2 2 D7 V0 2
RIEGEHLEE A BT LT B L4 A 512 H
P B 1) 28 28 R W 8 2 H AR P T R B AL 1 S A A
HATAELANAL, [ 12 FH 2 HH AR 2 T RH 0 D 1) 55 g
AT IERT SR A 2 ) () SRR B AT AR AL, DU AS 3
WU BARIZAT A A RN RIS AT T d 5 2407
1847 T HUAH VLT ) 75 S AR WL 2B 2 DL e f 4%
) 2% 2 HUR S, TR A AR A HIE 4 20 B N K
5 SI B 5% 4 VAR R S0 42 o) 4 R AT AR ). SRV R A
R 3 s,

221 FEREFHASE SR

1) BAReR 2.

JE4E 7S kA r= B 3 1 Re IR A A I, 52
ATt EOR R SR S B R FIE AT LA
B LR EFH R4 T R R AT AR AL Re AL
Hr, 45 A L Br Tl B0 K Tk B A 82 57 H Ar bR 2,

min  Jeo =
Bty ()" °

1Y (Y Bt felm(®) + mSP. ()

t=1
Horr e NEAN; £ AVLALRERERL AL, &2 SR 4R HLAE
Fowi(t) = fr(ur(t)), we(t) N—"70 BeR v AR
8 By (t) IS THEAF 2 AR R BeFE N 2R F OE
B HRIREL, 3 15 RE RE AR IR 2250 bR B0 B i Al



2186 = % 5

%38%

oad
N A 0
== =3
r Y

2 3 4 5
t/(10°min)

//H%ﬁ%%
g

AL ST B A

mﬁﬁ@Hl%%%%ﬁ
RO BER

] Y

WL | PSR
IBITHEZ | BITHHL

_ Rt

i R R
| BiEEK — - - — L
| %iﬂﬂgﬁﬁ e R | TR ;5' |
$.+1) LT B
| y(0) |

REBRIE [

3 FrRH AL

73019 B e BB, MR Al 5 EEHEAT B SP
NSRRI BT, 4

sp— LS (3 Bt /ul0),

t=1 k=1
y(t) N SE LR A SEBRS
2) BRI Z R
D W& L AEIBITLIR.

TR ORI HE S B L e A AR, R
WEH 2R 18T, BABATIN T A e R
Uk,min < Uk (1) < Uk max, (8)
ZTmin < k() < Tk max- 9)
Fot wg i P oy 28 0 RAHUVEER) BT
T, 2 min M T e 770 UEHEHLHEFE R L
pZE 3
@ i TR ICHC LR,
D ARIE Fs 48 23 S 75 ST A/ Y R DA
) N AR A R, 4 R A s AL R P A R
[9(t) —d(t) — h(t)]| <e. (10)
Forbod(t) J b X 7 R 46 2 A SR &, B4 m3/min;
h(t) ASTEE W ) R e 48 25 A 40 2k &, 547
m?>/min; e KB IKIEE KLU
® i AT ILAC LR,
ik G LA R A5 R SR ML
R AR AR TR 25 tH HLZEIZ AT B [A] 2 3R 26 A, o LU
RT)min < 15 — 659" < RTjmax-  (11)

Hor: 43°P i 5tert 43 5] 9 25 SR AR HLAE (¥ 45 BL IS %)

AR B 25 RT g min A1 RT o max 73 39 2 B HEHLZH
3B AT o RN B A BN (1]

3) FE TR s A 2 ) 1) B SR AR LA AL,

S5G  S AR A A PRI AT 3R AR R H AN A B
T 4 25 S 7 SR, B TR A A 2 2 iR AT
SRR B A 4 AN A S s L0 T LA &-181T7
TR R S S RO R K. BRI A R A
ANELTHRSHE X N(Z, L, H,G). Hh: Z HHLA
BATHAE,L = [L1, Lo, ..., Ly |Y(Ly = o1 + vp, vy
N kG EAPLI R0 7= Sk &) A FENLHEAT
ffit; H A3 (2) s 105 241 1247 T 00 VLT ) 2%
SIEAWAE B, G RIS HORRS. IR R 5™
AR B K T A, M A AR N AR R4t
e AR, Rk, R — Rl T ROR s Ak 2 2 1 S
FE AL TAUARACTT 2, AR SREUAS [7] 2SR 4 Al
(R3S AT O, A8 H AR B AL T 1 B S /MK

D RIS R PR

45 R GA RN B LA 434 [OM;, OMsa,
-, OMyp| T, SR R i Ak 2 o) B> THLILAL 2
B, HRZ I B B A iR BB AR NI ES, B H LSRRG
KW i HEAT PEAN. B S S SR AR LR 1 )5 5 A
A AR ar P ] Y SR T B BE R & a N (e, w), Horh
e ANV EAT B, SIS I s PPAN 2 SLan

val(s) =Y _m(als) Y p(s|s, a)r(s, a, ') +yva(s)].
| (12)

Hrf o (s) WOEHE m FARA s 19 R i 7w(als) =
argmax Q(s, a) AR A s FIEFRAT 20 a 119 BE 5



% 8 H

I 16 F: A TGRS T 6 AR S HLER LB A TR 4 ) 2187

p(s'|s, a) NIRES s FIRFEEME o J5 RGHTT — R
5e s MIHEZ; r (s, a, ') WIRE s Nk Ea H RS
R — AR o A5 2 R RS, H r (s, a, 8) T
Gy, Hat 575 € SR r = e 7oy RATERF T

@ IS TT .

SIS 3] T VR R R R p 1 SR BE AL SRS,
BAE B, BRGNS MRS RN 8], 5,
BT T RUBOR B R SRR DU T Nk AT R
i, DT i re 5% W 126 458 (1) 48 [l 1P A0 H A . 2T~ Y
ORI 2 ) 2 SR i W LZEL 20 & B A e 7 P SRS, A

rule; : if dis S;, and pis p;, then Z;is £2;.  (13)

Horp:p NEAEER R G WK 1.9 8 py 40 3o e
RS R RS AR s K= DA S < B 7 DR
B2 NERESHI A2 1T H A T, 2
NEHZESEFIHABITAE THRES N =
{020, 2, 2,00 = 1,2,... . n AEITEMN,n =
> CLIINEEL CL, M om & LR AE

CB S 4, T . A O 0
S WLCHR [20]

U BV R L4 AL,
5 4 M IR, 2 L2 A BLALR T ] e, 75
SR |, 55 25 SR (211 B (0 B R 58 2 B
e, A Hh LR B R ) 52 25 B, T PR B
IR

® S 27

Gk 2 ER R ST ORI B4 1 e
W s S A A T (T B R B 25 08
S T

A7 ity v E A iRr

1: MIEEE Q(s,a),Vs € S,a € A(s)

2: for episode = 1 : Num

30 WHAMRES s CARTI ZIRES)

4: fort=1:T

5: HQu(s, a) MBS LSS 7, 455 3N (13) 1EH%1T N a
6: PATEAE o, HE T — DRFORE s/, THH S
JiE 7y

ik HQiy1(s,a) = Qi(s,a) + afrya+

ymax Qu(s', a’) = Qu(s, )] LH LK Qu(s, a);
8: H se1 BRI ZIRPIRAS s,

9: end for

10: end for

222 ZESEZEHURA A TR

N T RIERS 2 ARG % 4 ARz 4T W a5
G UL R A Tt 2 ), DA 4 2 ORGSR G di A
DN BRI 32 A ST 58 A, 30 3k AN ) 2 R e L ek A
) LA 280396 A2 s 45 2 0 £ 75 1 A SN0 4 ) 1 1k
RETEAR

P
HAliJI Jupc(t) = ; Bily*(t+ i) — gar (t + i)+

M
> BAwi(t+j—1), (14)
j=1
g (t +ift) =
m min(M,7)
Jot+ilt) + > Y b Aug(k+j—1).
k=1 j=1
(15)

Forh g 2 SRR ALEE LI 40, R R AR
st AL A8 s i, B PR A LB AL BLAR S AT T
WL B I PR R 45 75 R A B gy A TR (0
i, T LB I (15) 355 = [bi, b, . .., biype] FHR
[ B, 2 (2) P B Y SR SRR A1, B8 T 0 4
A AT 2 T UML), tyap e RS T 42 1] 5% 1
FEARI I P AT M 4y 5 TSR B 5 By i By Ay
R, S B 77 0 A 2 42 ) A8 L P4
i

T ARAE 23 SR AR WL AL 1) % 4 e B AT, 38
REIBATIN B L I AR et R

Uk, min < Uk g Uk, max

Auk;,min < Auy < AUk,maxa (16)

Ymin < J < Ymax-
Horp el B Ay T R WA FE AT BRI
T [ AU min, A max) T FUHHER R 75 2230 2 Hig 17
AR, R A IS F A R 7 1R SR A
3 PiESER

DU P9 6 Tl el X 2 SR 46 RGN TS 550, 56T T
AR PR B R A5 LB N R, A B 2 b i R A U 28
(APROS) i A4 1 2= SR WL L0 5K 6, 1
H ARG AW 4 Fros.

X 2 SR AR HURF2E R I 3] (AL A% 2 R0
TR R G R B OGS BT e L R 1
MF 2R, L2 Ay By C; A EZENEFAA
A ToL T B S, M s SR ANV ARG AR
B0 = 1,2,...,256 AEGENL BRI AT T & 5], R
TRME AT iR S 508 & B ARHUE.



2188 # # 5 x K %38%

1 & )
RMSE = \| = > (5 — )", 17

t=1

MAPE — 10;% |yt|_gt| (18)

= |nl

1 T Ek(t)wk(t)
SP = — — 19
T;; y(t) (1

T m

s BC =3 ¢(3 o Bunts). 0

i
WA A3 ) S A

4 FEEHNBANETEEN

#1 EHTSEZZEELBEHERAA
WML e BEE i
L#IRFF RSB SA-120W 20m?® A Bz il
24 IEFT FE4R AL SA-250W 40m® AR AT
SHHIRFT 4R SA-250W 40m® AR AT
A IEFTEAEHL 0GD61/8 60m?® A SE
V& T AL RC0200 20m® -
24 AT RC0400 40m® -
AT RN RC0400 40m® -
A AT RC0600 60m® -
1# ~A# {5 - 4m?3/1.1 Mpa -

x2 WMATUMERREXRESEEN

AR RS N BUEME AU
ui(t) 1# R AN t/min 2970 Pt
us (t) 28 R AE Ll t/min 1480 &
us(t) 3 IRAEHLEGH t/min 1480 Pt
ug(t) A R AR r/min 2980 Pl
y(t) JE4E# & m®/min 160 W i
It JEA4E S SBUE m®/min 160 TR
d(t) T e R m®/min 160 A r
A; RGHEIE - - B2
B; P AR - - B2
C; i AR - - B4
M; ARZSHE B - - REAL

N T B IR T B T A R, A T R R
7 (root mean square error, RMSE) Fll°F- ¥4 244 %} 7 43 Lk
1% 7 (mean absolute percentage error, MAPE) {F ¥
raghe, X4 th @7 iR M T Re AT 20 A, BBk, B
EE Dy M G 5F A N TR bR, 45 & i 4% 5% (genetic
algorithm, GA)!. % 43 ¥t 1k (differential evolution,
DE)22 50335, Xif B At B 72 L - ol 4 of| A5 7Y ) 4
. FRFEFRETHE DTN

For: SP Oy 23 R i L RE 4 BE T 2 (B A kW/mB/
min), EC A7 U EAaHUE2H H 455 liAs (A7 7T).
31 =EREHENEASTRERERS
NS UE P 4 AR TV A RO, i U
Fe L R &= AL (least squares support vector machine,
LSSVM)IB!, — BI85 R i (type-1 fuzzy logic
system, TIFLS)?*, OE 5 A1V Ayt L 5 vk, S50 A
REE 43R 3 firs. AR LSSVM BAR Y 5 40d it 48
B0 VE RN S8 VE AT 1 B, OB #5224 (B e ik D1 it iy
S D ST R AT % B, T1IFLS AT 4 7 vk i) T
MW HCE L HIZAT TR H S 1531

*F3 BESHEEFE
B ZH Jingic
e 20 %
LSSVM e i B R 80
TR 1
TIFLS e 256
AT U 256
OE R Ik 4

5(a)~ ()~ (&) N SURAENLLAE 3 Fh 3L 2 T30
R A I 4 SR, B 5 (b)~ (d)~ (F) St B 3 R F
AN A T 5 R AR % Z X L M &5 SR v LR
H AN TS F, Brde s 7R TIFLS 7758 LSSVM
FATOE M HAT B /NYiR 22, A 7 #E— B R W Ard
JTE R ERE, 2 4 45 AN [F AR T2 2SR 2
T A TR 45 5. fE RMSE Al MAPE f5 45 |, AT i
HH v B A ) O 1 R

F4 ZFEEFBNEHEZ TAAETUNE RS T
(A RMSE MAPE/ %
R 0.712 0.91
LSSVM 1.01 1.21
T1FLS 0.157 0.18
AT 0.141 0.16

3.2 REBRULFEIMEERSH
B RO 5 A0 5 S I R g ML T
TIE BN GRAHE LA P 70, 9 T S8 i 52



%84 I B A TSRS 3 69 AR Y8 HUEE YA R 4 2189
s 34 OE f#i#) —= LSSVM — 3 OE % —= LSSVM — 60 OE ##] —= LSSVM
‘s —=— TIFLS —— K3k fig ‘s —#— TIFLS — A3 Jjik £ 55 == TIFLS — A3 Jjik
B 30pAco AU £ ‘ & Phloa, —— JEGH
& & E 50t
ﬂ\E 30 plrennF ‘H\H #E 45
& K &
2 20 40 60 40, 20 40 60
t/min t/min
(a) L1 ST T (b) T 1AL TR 22 (c) T2 g & T
- 6 OE #i%f! —— LSSVM - 68 OE #i%} —=— LSSVM - 3 OE #i%f! —— LSSVM i
£ —— TIFLS —— A7k £ 66| 7 TIFLS —— KTk K= —— TIFLS — A J7ik \
E 4 E o= IEAE S i E
E Eoeap M E
K = ¢ K
605 20 40 60
t/min
(d) T2 i TR 22 (e) TLHL3 Ffu i T () T3 R R 2
E 5 Z=RESHVARETNGSER
L b 1 ML e 0 41 9 ~
H 77 4 5 AN 6 T B ST 5 - =] 2
Gram il 5 2] TR T LU SR A3 Tk X 20204 6 R I Lt =
. e " . % 39¢t 18 E
H o~ T AR SR N e AT i s, Lo A 1 H ~7 = =
1092016 N $di s A U 5850 7 V1 2 5 | |, =
FIBEM A FHIMa = 0.45,7 = 0.7. S50 BIMIHR L B e
2 ST (RO B B 24, [l 640 th T 2 Rk 2 = -

> RVRR R 5 A 27 > Bl ith 2 x bl A AR RT B
H, P f 28 B e Ak B WCSCIR S, (B AR A (R 24
SR B s AL 22 51 7 ik WSO 2 20 v e Al 2
ITRERI 245 AR IGE 1 TR H VAR A .

0.75

@ 0.70

=S

K 0.65

Gy

B —o— A
0.60 o gl
0.55

0o 2 4 6 8 10
ERRE10°
Bl 6 ARIFFEF TR

WEAh, R T SR UE BT 3 H SR S AL 27 ) TR AR AR
T B R, B BT 3R H 5 25 5 4% G GA R DE #4746
bl SR FH AR 1R 14 E b o8 50 (3), e B HE 7 A LE T AL
R E T 4300 XN 0.55F110.45. B 745 H T ISR
A IS NP RIS EZY &Y rv e i S =)
Bl AT LUE H, BT 775 GA R DE J7 V2 I e #EFH
e Th e oL, vT LAy 3 Fl g v AT TR S5 A Ak 45 2.

N T R BT O ELE AR 7 T AR, 2R
502 T 3MTTEAE LA H WA R L3 &N -3
ST HRbR LI AT FARR G-Ik as R, AR
SHAT AR L FERI S SR, th TR v A

NTiHE GA  DE AR3Cjik
E7 ARG EESEENEREFEIT L ST
A e m U, HAE AR B T S AR B B/ T
GA HDE 75 i%, B PR Jy 2 < e HLAE 4 32 11t i
PLEIIREETT 5.

x5 AERMBRUTEERERTEL

P FE bR GA DE ATk
BN BEFES SRR ARG 215.97 217 215.62
EE T #/ (kW/(m® /min)) 6.22 6.25 6.212
FEMF/ s 1514.63 9683 8.03

W BT 4 H 73 B T 3 M B (XA R A
H AR, 78 18] B 7 1 R AT PR RE IR, HETER 6
H AL Ak P T S S BT RE FR AR B AT LU, SR AL
AT N TR B2 A B, 3 BB AR AL S 1) R GE L Th R 3R Tt
4.26 %, A & BF A T % 5.65 %.

* 6 WAMILEIE X BIEIRATEL

WA R fefbmr  Ak)E
LEIh 2/ (kW/(m®/min)) 7.27 6.96 T+ 4.26 %
H REREL D Fa bR/t 39764 37517  [#{%5.65%

3.3 ETUNERI T RS RS

N T BRI H 5 9 R b T £ R 1 e R T
PR T i 5 AN A R 5K 8 E B B AT RS LE. IR
T, S5 & bR, R 7 R gr 3 A R AL 3
ol 2 SRS 10 47 ) 45 25 e BB HL 42 Ay b X 2 (1



N

2190 # % 5

xR %38 %

RMSE FflIMAPE {4 hr 5t b, I3 7 R mf LLE L, AS
5] T8 T BT S50 B A [R], 4% 147 H 7 RMSE
FIMAPE A B & 72 )], 2 T 5 KA B0 1) S 0k £ 500
A1 2 W0 R 71, K] b s b s 3 AR 1T AR S
D5 BE AR I 4 2= S 4 il AR Ak, R sz B 4 il
RSN AR A5 VR, LRAIE L 32 il H ¥ RMSE 13
/N, MAPE K. B8 45t | 8 B i& M #48 5 %
F AT S HURE 147 B 45 S0 b, B ] DUE H,
T FCAN [ 0N 42 ) 2 B30 W Bk 1) () 4 1R RO 22 7
B . DR, 76 2 SRR HLALIZ AT Lol D)4, frde
T3 i [ A ) S R 0% S I 4 A AT TR
THORE T BREE.
#7 TRIILATERKREEMAL T EMELER

T " SRR MAPE
S ZHUR g RMSE
et Hisiens (P, M) (%)
LR 1 (28,21) 5.24 3.11
TRl EEKREE2 (16,4) 5.49 34
LR 3 (8,6) 6.59 451
AT (30,4) 4.87 2.82
TR AW 1 (30, 12) 6 3.09
Two  EERES2 (20, 10) 5.17 2.72
LR AN 3 (15,12) 5.04 2.75
VNSO RN (16,6) 4.99 27
LA 1 (29, 10) 6.06 3.6
Tm3  EERE2 (20, 16) 6.08 3.84
LN 3 (10,8) 6.42 431
VNS RN (24,4) 5.86 3.59
160 —
— RITTiE
- — | —EFm
EE 120t ‘ w BN
E 8 / L3
g g0t — B
HZ
&
w40
0

0 10 20 30 40 50 60
t/min

B8 ARG FAXGESERERMERIIEL

4 & @

Sl 2 SR AEALEE AL 2 T8 e 42 ) i, 4
i TR SR 2 T 1 2 S LI 2 R 4
) k. % V3 PR TR 2 SR A LR
2 T IUREAY, LA AR T T 25 R A LR 4L ) T
W28, 2B =R A LG A, £ 1
LR, S — e T ORI R AL 2 ST 1 2 SRS L
SR ST B R B R 7 VR, A R IR 41 7 S 2 SR
BB S E AT, I 4 B B T S 2 U
Y LA 1 378 G e 42 ). DA P B T I [X 5 A5
AL 0 BLT- £ R 6 8] B 07 2L R 4009091, il 2R

G R JA T REFE AR S B, BAIE 1 T e th T iR A 2
P

2 Z 3 Hk (References)

(11 MR T, o E 2SR 48 HLAT M BURER B 23 Hr 5 K
Ji& % T 4% 75 [EB/OLY]. (2022-08-09) [2023-03-15].
http: // www.163.com/dy/article/HEB63LPHO518H9Q1.
html.

(2] A NRICANE E 5B Jp 2 7. 55 B 5T Bl & 2030

R BRIA VAT B 7 SR K (4 (2021123 5)[T].
AN B 5 55 B 24 1), 2021(31): 48-58.
(General Office of the State Council, PRC. Circular of the
state council on printing and issuing the action plan for
carbon dioxide peaking before 2030 Chinese full text[J].
Gazette of the State Council of the People’s Republic of
China, 2021(31): 48-58.)

(B3] 752%, y i BUAR R « BRI E CRAT 2 U 4
B R e HR R 75 i (7). DR HIIE R 5 2 4%, 2019,
269(4): 150-156.

(SuX, Lul. Atlas copco fixed screw air compressor failure
and elimination methods[J]. Modern Manufacturing
Technology and Equipment, 2019, 269(4): 150-156.)

[4] Wright S, Somani M, Ditzel C. Compressor station
optimization[C]. Proceedings of the 30th Annual
Meeting. Denver: Pipeline Simulation Interest Group,
1998.

[5] Mahmoudimehr J, Sanaye S. Minimization of fuel
consumption of natural gas compressor stations with
similar and dissimilar turbo-compressor units[J]. Journal
of Energy Engineering, 2014, 140(1): 04013001.

[6] Zhang X R, Wu C C, Zuvo L L, et al
Dynamic programming based algorithm for compressor
station optimization[C]. Proceedings of ASME 2014
International Mechanical Engineering Congress and
Exposition. DOI: 10.1115/IMECE2014-36289.

[7] Cortinovis A, Mercangdz M, Zovadelli M, et al. Online
performance tracking and load sharing optimization for
parallel operation of gas compressors[J]. Computers &
Chemical Engineering, 2016, 88: 145-156.

[8] Zagorowska M, Skourup C, Thornhill N F. Influence
of compressor degradation on optimal operation of
a compressor station[J]. Computers & Chemical
Engineering, 2020, 143: 107104.

[9] Adamson R, Hobbs M, Silcock A, et al. Steady-state
optimisation of a multiple cryogenic air separation unit
and compressor plant[J]. Applied Energy, 2017, 189:
221-232.

[10] HanJ, Yu S, Yi S. Adaptive control for robust air flow
management in an automotive fuel cell system[J]. Applied
Energy, 2017, 190: 73-83.

[11] Zhao D D, Gao F, Bouquain D, et al. Sliding-mode
control of an ultrahigh-speed centrifugal compressor
for the air management of fuel-cell systems for
automotive applications[J]. IEEE Transactions on
Vehicular Technology, 2014, 63(1): 51-61.

[12] Torrisi G, Grammatico S, Cortinovis A, et al



% 8 H

I b F R TARRIERAL S 3 09 R R SRR L0 PR TR 42 )

2191

[13]

[14]

[15]

[16]

[17]

(18]

[19]

[20]

Model predictive approaches for active surge control
in centrifugal compressors[J]. IEEE Transactions on
Control Systems Technology, 2017, 25(6): 1947-1960.
Sutton R S, Barto A G. Reinforcement learning: An
introduction[M]. Cambridge: MIT Press, 1998.

Foruzan E, Soh L K, Asgarpoor S. Reinforcement
learning approach for optimal distributed energy
management in a microgrid[J]. IEEE Transactions on
Power Systems, 2018, 33(5): 5749-5758.

Zhou J H, Liao Y H, Liu J, et al. Deep reinforcement
learning guided cascade control for air supply of polymer
exchange membrane fuel cell[J]. Energy Technology,
2021, 9(9): 2100149.

ZhaoJ, Liu Y, Pedrycz W, et al. Spatiotemporal prediction
for energy system of steel industry by generalized
tensor granularity based evolving type-2 fuzzy neural
network[J]. IEEE Transactions on Industrial Informatics,
2021, 17(12): 7933-7945.

Liu Y, Zhao J, Wang W. Event-triggered adaptive
parameter control for the combined cooling, heating,
and power system[J]. IEEE Transactions on Industrial
Electronics, 2022, 69(12): 13881-13890.

Wang Y F,MaB X, Chai TY, et al. Type-2 adaptive fuzzy
modeling and oxygen excess ratio control for PEMFC air
supply system[J]. Acta Automatica Sinica, 2019, 45(5):
853-865.

Liu T, Dong S J, Chen F W, et al. Identification of
discrete-time output error model using filtered input
excitation for integrating processes with time delay[J].
IEEE Transactions on Automatic Control, 2017, 62(5):
2524-2530.

R, BRI, LR, 5. il 2A A RN ] E &
S [XC i) — 2R RORA  H4 J 5: PMISML ] il 2 1 (7). 4% il
5k, DOIL: 10.13195/j.kzyjc.2022.1216.

(Liu Y, Li Q S, Jiang Y C, et al. Finite-time adaptive
IT2 fuzzy output feedback PMSM servo control based

FHE TR

on output constraint[J]. Control and Decision, DOI:
10.13195/j.kzyjc.2022.1216.)

[21] Bagheri P, Khaki-Sedigh A. Tuning of dynamic
matrix controller for FOPDT models using analysis of
variance[J]. IFAC Proceedings Volumes, 2011, 44(1):
12319-12324.

[22] Price K V, Storn R M, Lampinen J A. Differential
evolution—A  practical  approach to  global
optimization[M]. Berlin: Springer Science & Business
Media, 2006.

[23] Suykens J A K, Vandewalle J. Least Squares support
vector machine classifiers[J]. Neural Processing Letters,
1999, 9(3): 293-300.

[24] Kofinas P, Dounis A I, Vouros G A. Fuzzy Q-learning
for multi-agent decentralized energy management in
microgrids[J]. Applied Energy, 2018, 219: 53-67.

[25] Lee E R, Noh H, Park B U. Model selection via Bayesian
information criterion for quantile regression models[J].
Journal of the American Statistical Association, 2014,

109(505): 216-229.

fEE RN

T4 (1955-), B, #3%, A TN, NERE TlkgE
G HIM N TR ReBAR K FH P H %058, E-mail: wangwei
@dlut.edu.cn;

ik (1992—), 2o, Ak, ASEIE T 20 I3 i
B ARG PR ) S0 9T, E-mail: zhonglulu@mail.dlut.
edu.cn;

XIFE (1990-), 55, L5, I Db Re R w1 R e dz
ill 5 12 4E FI9F 40, E-mail: liuyang _dlut@mail.dlut.edu.cn;

BXIE (1981-), B, 8%, 44 T 0m, WFERE T4
PRI SR EE L TSN G . R BRI AL
FIENIR B 2046 25T 78, E-mail: zhaoj@dlut.edu.cn;

TR (1985-), 2, BIBEZ, WiLA I, NFHRET
WA= RIS RAGTRFE . TF BN G . HLAS 2% 2 S50
4, E-mail: wanglinging@dlut.edu.cn.

FAH5, 1982 4. 1984 4FH1 1988 443 HITE AR ALK % B2 R Tl B sl Llkgk T
St W RO AT, B S 7E R AR 2 E ST 70 CAT BT . 0 AN 22, 2000 4E 2T
KEHE T RGBS S TR, BRB N EER SRR H MhE A ES S
A B, [ B oI R T B B AT, AR E S B BUM R R E R 3R
Bl SRR 7“9 E” HR%

[

l ~
}(N
L ERHE
L e
|

(

|
|

P ERARUE, 335 52 Bk E, AR A (0 AR SR BE NN S 4, A0AR A4S K3 1 2 ) i




