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Data-driven operational optimization control of industrial processes

LI Jin-na®2t, GAO Xi-ze!, CHAI Tian-you?, FAN Jia-lu?
(1. College of Information Engineering, Shenyang University of Chemical Technology, Shenyang Liaoning 110142, China;
2. State Key Lab of Synthetical Automation for Process Industries, Northeastern University, Shenyang Liaoning 110819, China)

Abstract: It is difficult to accurately model productive processes and describe relationship between operational indices
and controlled variables for modern industrial processes. How to design the setpoints by using only data generated by op-
erational processes for optimizing operational indices, without requiring the knowledge of model parameters of operational
processes, poses a challenge on operational optimization control. This paper focuses on a class of industrial processes that
can be linearized near the steady states and take different time scales adopted in the operational control loop and process
control loop into account. In this context, a Q-learning based suboptimal setpoint learning algorithm is proposed to learn
suboptimal setpoints by utilizing only data, such that the operational indices can track the desired values in an suboptimal
manner. A simulation experiment in flotation process is implemented to show the effectiveness of the proposed method.
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FE Tl Rz il o, vt i 4 il d8 AN 24 E B
AR, T E R I R B S N\, e E b
AT PR, BIZRAE™ S AE D0 T B i 4B A5 AR TR
Py IR TRFR REFE S PIRE A AR ), 1X
i 7 A as AT LA FE . B € 1A (setpoints)
AN 2, B 445 A8 B R R A0 8 AE, AN mT B AR
WIATHR R, PRI, BOEE BT 2 KB AT AL I —
AN ] U3, ARSI T AT TR A, 1 Al
AR PR R BT, TRUEBAT 48 FR LR I 77 2k 3
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DRTO) /7%, & il i v 4 4% 1 FE 0 B A d il 2%, ok
SEHLZAT FR AR AL, A, 1247 IR S i it R
B 1) RS A 9 B A A5 SR s AT AR Ak 1) AR A3 1R TR
M.

5 i E IR LU, UE B R B IE AT AL SR B
FEAZYGH, A BAE: R R voe e, iikiziTa
br: KB N I R W v I SRS, FR R i AR &
R B B B AE. SCRR [6-712R F SEI A4k (real time opti-
mization, RTO) /5 7%, 3& T &K /2 R 25 i 3o F2 45 78U 5K
L ERPAL R, NIRRT R AR, RS R TR Y
TR 7 il (model predictive control, MPC)$4 il # 42 4%
2 B WOEE. £ SCHR8-91 Y, EJZ 41 ik H RTOS
MPCHE B AR FRTOL i H S A5 i AR AME B L
W E fH, K JZ 6] 25 % H L %1 R 7 (proportional
integral, PI)¥% il 7, 48 4 il 4 B PRIER W 0. 1E 405
BR[1, 3148 i, RTOfd FH I, ZRAY R I BlRz e R
S A BIAT EEMATIUL RS, X S8 BRI
RS I T K, HoH T84T % &2 e —
5 B A R T R, £ EZE SRR A,
BOEAR N RE R AE MU, O R EATY AR R IR S5 2 ) 8
i, FEPTTH .

N R FE T XUZ B RTOIZ AT A AT AE 1
7] &, SR [10] A0 SCHER[11] 52 H 2 T 002 22 11
DRTOJ7i%, K DRTO 5MPCH R RS R4 SCilik
[12]H, F & 5FHEbr s S A in) B 5 MPCEE %, 7 |
JEWH B MPCHRA FIB AR IZ AT, JRJE R
4t (11 MPC 7 i BR 5% ¢ € (8. SCHR [13] 2 B RTO,
DRTO F1 E £ 4 ) MPC (nonlinear model predictive
control, NMPC) = Fh i R, &1 %75 /KA HE T iz 474k
e in) 8, 25 IS AT 4 I g . (02, B RTILAa 2
FHEAYYRTO, DRTOMMPC 7 EAEAE T B S BRI,
HAEW 3R ST e br s SRR AR i 10 1%
BUT, IBATTRFR LA IS5 ST BE AN REAk B BRAEDIRES .

WA TR IS AT A ) O R AE S bR
IR Tolb i FR iz A7 Pi Ak 3 il B A AT AR AE AR K i )= R
PE, T ZESR BRERE 1 AR AL 2 T REAIE AT R b A B
AL W R SHG RS, FEOHEEIT R We kR
A IBATHEARASBEORUESE . SEFR TV ISR, Wi
IR BN R AR IR A 5 1 U BN B
AR CA B FLAh Az 7= I 55 ARk 14 5 M) JHL B3 A5 R AR o
WoRgR R LA T R = AR R R B A= &
FAS LIRS RERKERE L, Hr¥H a6
SR EE T IR B (i AT Ak s ik 7 -2 14160 5
Mk [1-2, 14, 16198 4% Tl ik R 5 H B UK A0 1 7R 44
e IBAT AL IS ) T 18, H T R HEFE (case-based
reasoning, CBR) 575 A1 PI ¢ 45t 25 ill, PAAT A 15 kb
R AME, A T RS, HA2E, SCHR[1-2, 14, 16]H
WA 5 Ve (B AR IE S USCSRU IR B . STk [15] BA

B/AMEIZITHEbR S EARISAT R I 22 B Aw, 2K
FARRZE X2 A T H e R e (. 1R R, SCER 151 A %5
22 IsF 1) U ) .

et IRz i) TV R AT A Az I B 7T I Ab T4
b B BN R, AR SCR I AUZ R RGER, &
8 Z B & (dynamic programming, DP), Q-2 >J (Q-
learning) 77 7%, % H T 1oL 3 & M %l (approximate
dynamic programming, ADP) /5 7%, 24 Tk it #2 #& tH
— PP T Q- S T R R IR S I B E B T T
F. R K FIPHE HI A%, 18 4F 3 i f th ERER B R ¥t
HIVBCEME, SEIIE AT Rabr AL 77 sCER R 3 AR A .

EEETER JJZ L R A

E— |
[ |

e MINETR Y W
Tk: B : jjji Y,
L QS !

K1 Dk s T e tedztl
Fig. 1 Operational optimization control for industrial

processes

ASCTTERAN T 1) AT EETERA s T f s
7%, ASCHEH — M Q-2 S SHE, AT etz
TR S EAEAT AR s S SR, ek THgE >
AR EME, B AT S EOANG I, H 2RI IE1T
A2 1] T BRI 5 K R VR AR R T 2) 3 A 3 5
BR[1-2,14, 16 R BCEEAZ EFN, H 2 aMEAE
IR BOE . AT ICHR[1-2, 14, 16], A3CRH
Q- 21Tk, Haks XA ¥E A 2 7 3. B H Ay
NIk, RFA SR FEEE R s i) T s AT
A ) A A A AR
2 ] @R (Problem descriptions)

AEI S R E PRI, R 2 B AT R AR
A AN, B IR S AT AR A il ) i
2.1 JE B &2 # 5] 25 # K (Modeling the lower-

layer process control loop)

PR DMV R A ARG B A Y, SR E AT
WEAERAT AMIERAESIZAT, RRAERaS M et Ak,

E Py R OO It

{xn+1 = Az, + Bu,,

v, = O &)

Hr: z,=2(nTy) € R™, u, =u(nTy) e R™ My, =
y(nTy) € R™ 43 RN GORZS L il AFn4z 6
. A, BRCONGE e, TyoR & 25t R A K
R, n(n = 1,2, ) NIEEE. WE2F7R, KH
R Pz #5
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Up = ern + KiEn7 (2)

Forb: K ONPHZE SR 0 EU B 3380 KGONPLZ HIlE AR
7 REG en = wn — Yn, e RS WOE H 5 12 il Hi

B2 B, =S e, B i HOPT ] 52 76 95 (R4 e 2
1=0
ST R H it s S R (.

%]
zi—

2 PI fzfilds
Fig. 2 PI controller
SIS, = (2 EN)T, T3 R )2 7 i 21
GiEZEELIERA R

Mn+1 :AhT]n+Bhwn7
3
{yn:ChnTH ()
HH: A, = A+ BKC,C, =[C 0],
_ A 0 _ B
A: B:
l_c I ’ [01’

Q

0 I

_|-C o
- I

) Bh = lBKP‘| ) K = [Kp KJ

2.2 1817 T8 #5 4 Bk B 72 (Generation trajectory of
operational index)

AV AR AT R bRE 7 5 R R HI R h
A SR T L g AT R b AR R E s i ot
FHIZ T TadR, H SRR HIR T R R Ay

T, = My, “4)
Ht:ry, = r(kT) € R™NIBATIRFR, T HIBATHa bR
SRR, k(k=1,2,- - ) NIEREHL FEFEM Jy&E4ErE
M. sebr TV e, bR ISAT 6] 5 R R A 34
AR AN R e 1) RUE . AR B R I8 AT Faber T
SR BTy R 2 72 ) 2R R T BN,
%, BT = NoTy. 1 %8 B FH O 7 #5 (zero order
holder, ZOH) ) H (/204 1 4 FHr REFE AT A )
B SPRAE. T RS2 RAFEE R, 117 _E =460 )
BOEMAME 5 MRS, FTEVE IR R AR OL:
wy, = w(kT) = w(NokTp) =
w((Nok 4+ 1)Tp) = =
w((Nok + No — 1)T). )
2.3 AT AL [al & H 3A (Operational optimi-
zation control problem formulation)

H3)(5), H
n((k -+ 1T) =
n(No(k +1)To) = n((Nok + No)Tp) =

Aun((Nok + No — 1)Tp) + Byw(kT) =
AZn((Nok + No — 2)Tp) + ApByw(kT) +

ANop(kT) + Ngo " Al Byw(kT), ©)
gEkeN
M1 = Ao + Bowy, (7
ﬁ¢u%:@@&:§§%apmﬁ@4uﬁ
Tk - Conk, ®)

H Cy = MOy, SIS AT 18 br R R B AR IZ 4T F4
Frr*, 78 U PEREFRbR:

1 o]

3 2= 7 (e =) TQri = r7) - wi Rux), )
HAr: v (0 <y < 1) R T, HEQF RS N
e 0E PR AN I H R B =X(7)-9), 153 N etk
T URERER (linear quadratic tracking, LQT) (7] @i:
min % i Y (re—r*)TQ(ry —r*) +wi Rwy,),

k=0

s.t. (7) — (8).
(10
FE1 JEEF, LQTHAE(10) 54 8 ILQT i) AN ],
HLARFEF T RENR Sy, AT LS KA ETE.
WA wy, MK RGURZS n MEISATHE R, 1817
BhRE B R AL R AP RCR | Rk SRS B
HEERE R £0. WAWMHEy=1 K, HEREFRFR(O) T RETL T,
FILHO < v < 1.

3 KA ¥ %€ 1 % 11 (Suboptimal setpoint de-
sign)

AR d 2% B s A2 Bt e M8, 18 AR R Z 5 6 i
PREFREAE, SEISATHRbR LR 77 2R R AR (A
DR] sb A S0 75 R A AL 0] B (10). A58 70 15 Je R oK
FELQT I /5 A oy SR fige FL AT 47 411 R - i et — ki
5 (linear quadratic regulator, LQR) 7] &%, 48 & 5] A
DUR ST HE RWE5 /R 0 ok K, B T 3R 77 A1
SR )RS R AR BOE BT T .

3.1 LQR|A&E &R (LQR problem formulation)

S5IE1 4X,=[n r]" LQTH E(10)ZH T
a0~ BA I T ILQR ji
{ min % kij:o VX T A Xy, + wi Rwy,),

W

R R (11)
s.t. Xk+1 = A()Xk + Bo’wk,

AJ == OTQO, é: [Co —I],

1210: AOO ,BOZ BO .
0 I 0

Horr:
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e A (®), IF HARSE G i X, [105E 3
HRA0ON

1 o
=0

T A SO R AT Fabn A AL, Bt bAry,, = g
o, 2%, A7
Xiy1 = Ao Xy + Bywy. (13)
Hx0(12)-(13), 22 (1D). IEEE.
MRAEA D) Rt b, & SUERECH
V (X, wi) =

1 [e’e)
3 kz Y(XTA; X, + wl Rwy). (14)
=0

SIER 2 EXTRAHE TR LQT 19 (10), %
THREE
wy, = — KXy, (15)
Hrb: —K X, =K+ K.r*, K, MK, N 8CEE 5
P o, WA B (14) AT AR
Vinort) = V(X = SXTPX 16)
Horb PoYIEE AR,
WE TERVESRALSCHER (18], BE.
3.2 SRFELQRIA & (Solving LQR problem)
JNSRAFLQR R AR(11), Ffbctn R R %
B 1 (Ay, VA7) FTH.
H(14), 321401~ DR 2 (Bellman) /7 #2:
V(i) = 5 (XF A X+ wf Ru) +
YV (Xpg1, Wiet1)- (I7)
¥Rae A1), H
XIPX, = XFA; X, + wif Rwy, +
VX1 P X, (18)
(CE NN ISR @
H(X)) = XF A3 X, +wp " Rwy, +
VX PXpor — X PXy. (19)
SFFLQR (1), etk el
w; = —K* X, (20)
Hrft K*=(R+~BYPB,)*vBY PA,. 3+ HHikE P
RN A B R R U7 #5 (algebraic riccati equation,
ARE):

EH1

Ay — P4+ ~AYPA, —4*AYPB,-
(R+~BIPB,) 'BIPA, = 0. (21)

WE BT AR BRI
BH(X;“ U)k) o

8wk
anJrl )T av(Xk+1) _
Owk 8Xk+1

2Rwy, + 2yBY PX;41 = 0. (22)

# XA K, 15 3] K20). # K (13)20) A N
R0, FHX2D). EEE.

2 BB LQT MBI, & Loy g =72 epp, Fth
er = Cony — ri A ERER R ZE. SCHR[18] 2 2 UE JARE(21)
?%@JH@&;“EET%EJL%O ey, =0, JF H. 5 /MELQTIH & (10)
HPEREFERR.

A3 ZHSCER 18], WL E V(X ) - VI(X)
_ %XE(—AJ ~ KTRE)X;, < 0. th Ay = OTQC T 4,
1ESEFEFE QI IBUE B K, (H BB, €, T I AL
bR DRI, T DLECEG /N () A& 24 K Q e, p, EA AR
FRR/INAT R T RE/D.

J9RMEARE 2D)H B IEE R RE P, W DLt R
S0, DMESRAFLQR 7 (1) .

Bk 1 BT RO SRR IA AL

1) SRBSVPAS HEARREPI T, 5 =1,2---).

Pt = A+ (K)"RK? +~(Ay — BoK’)" -

2 Rw+(

PI*Y Ay — ByK?). (23)
2) REEHUE.
Kt = (R +~yBI P+ By)~t.
BYpiti 4, (24)

E 4 ERUNERER A, ERIGEKOREEE
ZS13)15 @R ARE(23), THEIE EAEREPI T B
Bl wl ™ = —KITLX,, BB, W Jim with = w;
= —K* X, SHFBASHCR M) R5313), HERGH
R Ag=AN + AA, By=By+AB, K AAMABR
A1 TEXAMEOLT, TDCR Gt & 7k, SR T T
W2, BIASRIYIAAE KOO,

S RO, AR A i Tl R
SRR AR R IE T, A4 Fi% 12 S48 B R
1, ROtk e m iR, MR R ig TR —
e AR, SRAERME. ettt ab B T7 206 T Tlgf7 ik
Azl —FhiRi BAS . 55 SR k=23,

6 RS ST IR W AN SR RS2 4 1 R )
A0 BB AT AR S 458 A O AR, SRR Tl
BATERE, BT I REESE 4R, BT EETSEAE AR A,
BRI R S8 3T Q-2 S B SR Bh Fe L e (B 27 ST BV
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4 HFTQ-EAMMM Mt (Subopti-
mal setpoint approximation based on Q-
learning)

A E > R Q-2 2 J7 ik, 58 A I Hdhs, 45 th A

WA SRR B B S Bk,

4.1 Q-pRAH(Q-function)

HF DUR 7 FE(17), 7 X Q-R%HN

1 1
Q(Xk,wk) = §XkTAJXk + §’ngU}k +

1
31X P X (25)
B R255(13), S5 R(25) N
Q(Xka wk) -
11X, Ay +yATPA, ~ATPB, ][x,
2 | wy, V(AEPBO)T R+~BIPB, || wy |’
(26)
K, 58 X
Q(anwk:) -

T
2 Wi, Wi
1[x] [ H H X
- k XkaT kak k , (27)
2 W (Hkak) Hwkwk Wy

HXka_ = AJ+ ")/AEPA(),
Hx, w, :’y(AOTPBO)T, (28)
Hyw, = R+~B{ PBy.

Xkawk>

e QTR 8Q(8w _ 0.
k

wz = _(Hwkwk)_lekaXk' (29)
X (28), (20)BAL, B
wi = —(R+~vBYPB,)"'yAL PB, X,.

3
K}

(30)

42 T Q-% 3] 5 KR MR LQT il & (Solving
LQT problem based on Q-learning method)
NSRBUASCRIETE H bR: AR I 1 R T 24
M ATRbR AL AR S Bl TH R BOE (8, R4
SE HIQ-BRH(25), 4 MK I~ R (13) B S
A Al T D0 RE E 1Y Q-5 2 Bk Q-BA (25)
e
Q(Xy, wy) = %(X,;fAJXk + wy Rwy) +
’YQ(XkJrlawarl)' (€2))

N 1
X 2= X w713 QX ) =5 2

HZy, BUS5HETQ-REUN VURZHEG DN
ZrYHZ), =
XkTAJX;€ + wEka + vZkTHHZkH. (32)
N EQ-RE AR R H, LMEARHE 0Q29) HH Lt i
SEHwy, K RIS IEA T, i L2,
k2 Q-ESIEE
1) SREEVPAL.
ZFHM 7, = XTA; X + (wl)" Rw) +
V2 HP T 2y (33)
2) SREK .
Wi = = ((Hup )" ™) 7 (Huox, ) X
(34)

AT BRI G w] | DR R .
SRR, B Tl FR S AT e i B M S S
B, sE AR, DOERm 7 i SRR E T, e
(w0l T T BT B S B N B R 2 S R R, R R
JEPIHERI S E RN, Bl R i PR R RS I BOEME,
AR Vg AT I R . R R AR A, AT PR,
SPIRD, BRI (. AR AT ER B S w] T 8k

A8 UL A HUTE 2R L, WY A
Gr(13) i BN A BEEBIE B Xy, Zye, Zpoy1, KR
/N T3l ¥ (recursive least squares, RLS) B¢ # it 5 /) — Ffe vk
(batch least squares, BLS) fti 1[5 HIT1 ffg 1824 4 f%E o
& (nz + nr 4 2ny) X (ne + np + 20y ) 4ERFRFERE, BA (ne
+np 4 2ny) X (ng 4 np + 2ny + DA BT, F I TE
ATRLSEL & BLS J7 ¥ §1 & > 7% W (ne + nr + 2ny) X
(na4nr+2ny+1)208dE. I H, AHIERGE3)F HI T g
HERAfL T, BOREHE 785y, PUAT RIS T2 BOEE R
FESRBURY. FEEEURN AR A 5% (s 5 )

F9 R E3) BT REBE R A T, GG
w PRUFIZAT e bR AR E FO AT, 2T Sk IEART7 110 Q-
5 S 2R AR B TR R () T ST VA
E(E IS, B lim wf;rl = wj.

00
10 FEER, SR [1-2, 14, 16 Tl AR K
UK B FR) VR 2% 8 B 3B AT A0 Ak 5 1 92k, K 4 B ARV R
PIEHIZE &, AT RIBRME AT S kM, R e (. (B2, ¥
SE fHAZ I (¥ 3 2 535 AR PR 4 A 2 10 0 2. A AT SOk
[1-2,14,16], AT Q%2 J7 ik, 4tk ¥ e d % 21 5
V2, e N 4R VR AF LR 1 228 B R, 5 SCHR[1STER AL, S
R (151K I AR 28 I 258 ik v B B0 e M, SR C PR REFR AR 1Y
AR, TSR TAVIZ AT I F 7 ZARA A ML R AR b e RAB £
AEARKN. FEH., SCHR 15154 7 18 2 I [a] FRUZE ) 7.

FE AL R R P PR P ) 2 T LSRR
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T, Z-NBRUE e S . s bR F P 3 2
BORT LA ph A 003 DAL, AR SCORB TUR R A 1
PRPI IS i, S WF AL b B AT B R R AR B (i
] .

SERR Tl I A4 i AR A g L R e —
V‘j Eﬂymm < Yn < Ymax > N R IR — Q’Jﬁi A
NG TE SR 2 SR B Ve . ) T R it
RSB R A B E .

B 1 205 g <

E 3

+1 ~j+1
] ymaxa %BQ\ Uji =

wlt
k B2 0w <y B W > Yoo, A
] =wit].
T2 fEEHEHO > 0, i LR H0 5 2 1%
] R R 3T T
[ = will < A (39)
W ER R 2,
0 =0l (]t —wl™h), 66
Hrbo = 0801 . Hah
[t = wi|l <
it = will + oty =il 3D
HHYES T A, e > 0, A
[ — will <e. (38)

YT IR IEAR T VEEWIIG EHw ) SRR IZ 1T Fe brAa s 1)
AR R, B UGE R hw] T REEUE ERIB 1T IR
W, A EE e >0, H

lwify — wi ™ < (39)
B = e + o, FI(37)-(39), (35)KL. IEEE
5 SEI0{ H(Experiment simulations)

PAVF 3% Tl FE A B, B UEAR SO VR A R
Xt T AN, VI AR R B A Ry (8-0.17.21)

FEAR AR K EIIR, A AP R ALK A
B REZ MG mEANE X TIKERKT R
41(3), LREVIIERIRAS Ny =[16.7 1124 4.56 0.2 0.1

[—17.9624 0 65.6
u 0 —0.1024 0
S T 0 —65.9474
0 0.04 0
[ oo 0 0.0832-3.6501
Y= 10.0203-0.0004 0 0

ZREUNEE: BEIREN A DAV RIS AT A% ) 1589
dMZ . QT
p _ 7 l
dt (ks + (1—¢,)Ah, )M+
kgMe’ + anl
dM! 4 e ,
e — _ kl M’L
@ ket g am gy Mt
ke, Mg,
(40)
Hor: KA
Mgl + MZg?
ch = M§+Me2 chua 41)
B AN
M;ge, + Mg
Lig = "M‘; n M‘; 2 Leus (42)
MR R &= (t) MR, qu N T IR

i B (m?® - min~'), b ﬁﬁf*ﬁ(ﬁum}#(m). i=1,2
I3 M RAT AN SR (E N AT )M A2 (E
EONRKA). B R N53.2 x 3.2 m3, SR 3K
AL g, = 0.417, BKAH R P 3l i A g2, =
0.0034, ik} b A7 (B 8 B 2R R ik A ™ 2% v o 4
B0)Hg, = 0.0234, FEHIHHEEH AL, = 0.421,
FoAth B SO IUE WA 112,

AT R bR RN TR I A R R FLA I ] H
PRGN a1 AR B N e K = b, S 45
o, Wu = (hy, qa); B H KGN A L, 5 R 5
B L, Bly=(Leg, Lig). 18 B 0< Leg <1, 0< Ly <
1. wy = (Leg, Lig) FIPERE SON SR VR Sk 2
W L BOE A RS AR BN T K ot B 5 iR o &, B

= (M}, M)

FER VPR IBAT 260N, S PRk R i — A
SR =V

[hy qa] = [2.8 17],

[M) M2 M} M2]=[16.8 824.266 4.56 0.104].

(43)

TEZ P RO (40)—(42) MR B0 T R4

0 0.3746 0.1549
316 18.3790 3.0484
x + U,
0 ~396 0
—316.247 —0.0903 0 (44)
X.

—0.2)T, JRZE R R IT) = 6 s. B JZIEAT
FEHIPRREE R T = 30 min, S5 FES 1T
&, BUM = [100 — 10], FEARZ SRR r = 26.
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IQ = 100, v = 0.6, R =

10
i
WIRRFE AN
- [0.0001 ~0.0000 —0.0006
0.0001 —0.0000 —0.0005

0.0239 0.0088 —0.0095 0
0.0205 0.0073 —0.0079 0
PATE IR 2, B3 25 HH Q- bR AU B H RN B T {4
K HSCREER, 13 2B B (3 2
K [0.0003 —0.0000 —0.0003
0.0003 —0.0000 —0.0003

0.0211 0.0008 0.0001 —0.0149
0.0176 —0.0005 0.0014 —0.0068 |

k1 SRS L AL

Table 1 Parameters and values
ZH YR H MH

k) =17.9 min~!
kg = 0.04 min~!

k! = 65.6 min—!

k! TKIE
o HkEE k% = 316 min—!

qr i 9.3 m3/min
5g 1’? e é& 0
A B 53.2 m?

X} =0.1549 t/m3
1
g x2 = de Syt
ga - gcp
3.0484 t/m?

XL IR

qc FEW W KnE 7.392 m3/min

H SY =i 3.2m
50 T T T T
40 — |IK-K"|| A
_— -—H-H |
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o \
- - - |
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\
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K3 Q-2 245k
Fig. 3 The results of Q-learning
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Fig. 4 The tracking results of ore grades
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TEAN TG TP 00 fe 18 5 1. A SCR FH B8 B
Q-3 Nk, W F e TN AT AE —%
(I EFEPE.

F R A AR R A SRR, AR AR B
BAE AN (40)—(42). X (43) AFH A — AT
i, AR P RN

[hp qa] =[2.8 14.5],
(M) M2 M} MZ]=[75 1318 2.04 0.2].

VT AR VR T B AR T ANk
IEFERPIRAS, PR 3 2 B A It B
ANVRIE IR AN, 325 il A PR TR
W LA . S ERAEA IR)  ake 1 FR, AT
Rk 2, AR B AR BCEE. BXCM = [100 0 100
—10], P25 a5 P MR AR RS A S AL A S — A
FE AR B RAT S AL AR G, B AR 22 BRIl afir = 30,
[ SR S IEE e e 1 (ENTY 2 VAN =Y T I L E
TS B BB P AL 1) it 2.

6 45iE(Conclusions)

AR E SR IBAT ST T ARSI 1T, RETERR S I
IR T FE AN — LBk S fa b, % EEis
1T T AR 2 )06 2 DA S Bl s i FRAR AR
B, EL BB S ORI )8, S T — A
WA SR IQ-2% SIS, Al ih kIR e (. &
SR IB AT R A RILQT ) 8L A SRBLE AT 48 bR A
UAR B J7 AR R ARME, Bl sl RI Tk AQ-2
77, 4 T Q-rR AT TR 2 5 SR FH S ik
R, 2 H Q- 2 Bk, Al kAR B e . e J5 ik
REFE T RIS RN ERS /M R B T ARSI %
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