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Fuzzy-model predictive control on water level of
U-tube steam generator
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Abstract: In a nuclear power plant, the water level of the U-tube steam generator (UTSG) is an important process pa-
rameter which must be maintained in a safe range. Traditional control methods encounter difficulties due to the complexity,
strong nonlinearity and inverse response dynamics, especially at low operating power levels. In this paper, the steam gen-
erator water level dynamics is modeled into a set of fuzzy rules to represent its nonlinear dynamics. Quasi-min-max fuzzy
model predictive controller (FMPC) with constraints handling is then developed. In order to reduce the online computation-
al burden, a bank of ellipsoid invariant sets together with the corresponding feedback control laws are obtained by off-line
solving some linear matrix inequalities (LMIs). Based on the UTSG states, the online part is simplified to a constrained op-
timization problem with a bisection search for the corresponding ellipsoid invariant set. Simulations, considering both the
water level set-point tracking and the power-level changing, are given to show the effectiveness of the proposed controllers.
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Table 1 Component of PWR
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F55 A F50 0 #% 1] (model predictive control, MPC)
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(robust model predictive control, RMPC), 2 4 #5 7Y
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R R SR I 28 VR R AR B AR 2R Bh 2. SC[16]11R
PR AR BEA T E BB ER T 2% 1)
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ation, PDC) S I& R A4 i S PR ABDRI 2 1 45 T AFZAIROR
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BRI HROMT7™ FRE 2 A 18 K bR B PR AR 1 DR ST . 3C[22)
He T - N ORI Wi T FMPC. 3C[23 1% B
B E S EAFF AN B B R G5t T &
i AR T 42 1] (robust fuzzy model predictive
control, RFMPC). REMPC 4k 7& | MPC 145 #1554
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IE T RGEHIREENE. T /KALRRZS BT 5 R 3L,
SN 2 5 20 R SE 4 (oK A P, wT LAl
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2 UTSGAH G MBI R (UTSG system and
its fuzzy model representation)
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Fig. 2 The diagram of UTSG
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Fig. 3 Membership functions of the UTSG T-S fuzzy systems
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Fig. 4 Steam flow-rate
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2y AR QT EE25 5 B B AL B (robust posi-
tively invariant set, PRIs) &5 ¥4 JF 35 & T M 19 2%
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Vi(a™) = Va(e) < —[lallgy = 1Aul3, + 7lld]3,
(10)
Hrbr A 2T E AR A X UTSG R S PERESR
PREZIA ) . SR FHPDC RIS, B35
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TR AR ), QR AR, T BAE T 2%
3R L )
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1 1
;Hx*ll%a“+ - ;kua <0. (12)
0(12) 7T LLFH S—procedure % {4 4: FAE IE KPR E N,
2



1708 B oW H w5 M OH FERE
o By~ llalf) A3~ ) <0, WRCOTAMVi(a(k) RIe(0)iH LR, LS
Y g g VEAEAR SRR ISR LRI, I FLRAME% .
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He: P, —Z 1i(0) P, Py —Z i (0 )P BN § ,uZmTPZ-m <. Q1)
EIIE%#%EMEG %%XX 7P‘ K =FG; R =1
(13) 7] LAFEAL BRLMIs 25141231 I FV, (2) = Zﬂz TP, o2

_ T Y.

(FLHNE@HC=X) = BFVi(x) < vy RHEARIERR 0 L5 SRR I

0 -5 *|s0 (14)  @imin~y, s.t. Vi(x) < 7.
AiGj+B;F} Wi =X Vi(z) < yBI78 5 A4 0T LLS N LMIs:

Hrb:i, g, € ©, Ay, By, Wist ] 1A (5) % ML S
WP S

A1 \ERCHSE WRENLEEE, (142
WBAEFEPEA LG (BMI). DA I — LR F2% (] LIPENBMI)
AT AN 28 1 AN 5
Ffeltt, 10y 7] DAL A LMIS:
—XZ-—G;-f—Gj * * * *

0 —Ty * *

AZ'Gj—I—BiFj YW; =X % * <0. (15)
QG; 0 0 —Q =
| RF; 0 0 0 —R
KT ERIZIR || Au(k + k) |l2 < Atmax AKX
AR [y + 1) 12 < Yona T ELZET AT
A, 1 F;
max > 07 16
* G; + Gz‘T — (16)
. T _ Xi
G+ G, S =0 an
C(AiGj + BiFj)  Ymax!

SR THI B0, r) AT 3] /N i 24 PR
min max tr(X;), (18)
le®
s.t. 7 (14) — (17).
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3.2 I 5K#E (Control strategies)

3.2.1 7EZRE % (Online algorithm)

R4 553,079 19 A 4, 2R A kSR ORE I %1,
UTSG ARG HPIRAS (k) € 02, HAKFH s il
Au(k +ilk) = Kux(k + ilk), NPT AL

Vilx(k+ 1+ 1lk)) — Vi(x(k + i|k)) <
—U(k+ilk). (19)
ERA) WA RN Hi = 0 — cokfilin, £33

Jo- (k) := %ak +ilk) < Vi(z(k)).  (20)

x(lk) ;l] >0,l¢c0. (22)
TERAES 2 ke, TR SR AR 1) R

X, ,r(gljig,j et (23)

s.t. 2(14) — (17)(22).
TERAER 2 K, Pkﬁf#ﬁl]%lﬂ] Wl (23) 15 245K E
B Au(l) =Koa()= 3. (O} FiG; a(b). 45

Au(k)RRAEIFK(S), ﬁr?ﬂx(k‘—l— 1), R FARTTE.
3.2.2  # B LRHE VL (Partial off-line algorithm)

TELR SIS AE AN R AFE I 2 1E 42 5K i in) #(23)
BBV, SR 28T & 75 2 — EARE Y,
Pl as A aeds i REUIRESE AN BIFRAS S i yE
W, BT DAY R SR ik N 23X 56 B I, 4k 2ok
FE ) R (23) AR FE AN EL )5 Sy — 7 T, FH TR AR

RO 7 AR RSORAA 25 AL 5 R pR B, 1) 23) TR AR 2k
KAR KB AILMIs, IXBEAS T 6 23 ) S, ArbA, 2

LT
BB A T RIS G Y Ad), b =1,
. RAERRELS), FERGOREIVMEN ) =
W () Ady,, S8J5RARMAL 7] R

min , 24
Xi,hij,hij,thhfyh 4
s_.t.

L (25)
| zh X -
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A
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Xl,h—GEh—Gl,h * * *

AiGh—l-BiFj,h _Xl,h * *

QGjn 0 —m@
RF; ) 0 0

<0, (29)
R

14
22O, ={z| Y ui:cT]3i7hx <y PRI O (4 i 2
i=1

2 L Pop, X, Koy} Xon = mP, s Kjn =
FipGy 't R(25) 2 B R 1% 1 I N B4k 20 3R 50
(27)—28)FRIF T 45 /KL EAKAL LI :(26) PRIE
T R E AR, RQo)H KT LI, %
i
(A; + BiKjp) " Pop(A; + BiKjp) — Pip <
~K},RK;n — Q. (30)

FEZ T B RRAERFERS 2 &, (k) € 25, 5
Au(k) 2 1E B B2 &, R kI 20 1 32 6 2 4
Au(k +ilk) = K, px(k +ilk), x(k+ilk) € (2,
K Z(S) BB AR D T R AT AE LR AL -

z(k+1)= A0)z(k) + B(0)Au(k) +
W (0)Ad(k). 31)
FEERz(k) = z(k), Bao6)HEH
J(k) = [lz(k)[IE + | Au(k)||F +

8

0k +ilk), (32)
1

Hehl(k +ilk) = |2k + ilk) |3+ | Aulk + i|k) || %-
H30(30) T LATH 2
[Z(k + i+ k)3, , — 2k + k)P, , <
—[Z(k + k)13 — | Au(k + i) 7. (33)

W@ AR H = 1 — coflii, 35

f‘lz(k +ilk) < ||z(k + 1|k)|y§3m. (34)

KRCHRAKGE)H
T(k) < [le(B)1G + | Aulk) 1% +
|1Z(k + 1[F)[13, ,- (35)
oy B A EE R AR A R ZISK R T itk
i R, Ami(rkl) 7,8t J(k) <7, |Au(k)] < Atumax.
o i — B RRAE (e, AL R T LU 4
R AR T I LMIsB:

i 36
fmin 0
s.t. [Au(k)| < Aupax, 37)

1 * * %
- —1
z(k+1lk) P, = >0, (3%)
Qx(k) 0 7Q x

RAu(k) 0 0 4R

£l R SEL ST

A

Step1 EHAd,, h=1,--- ,n.

Step 2 RfF(24), 15 IS L &) A 2, Fl
XN RFERESHL Py X, Kihy Y}

FELHER 3
Step 1 7EkIS %I, 3 BIUTSG R GUIRE 2 (k), 7
F|Step 2;

Step 2tz (k)€ 2y, M AMNITE R S8 E R
HAu(k)=K,2(k), ¥%5|Step 4, %0, #FStep 3.

Step 3 R IHA, [H152(k) € 2,/02,1,
KRAFOLAL 1) #L(36), 15 2142 i) B Au (k) HEIN 2] R4,
%3Step 4.

Step 4 KFERTEIE = Kk + 1, IR [A]Step 1.

3.3 fELR B LR 24 FE 4 M (Analysis of the online
computing time complexity)

3 (23)(36) # T B AE 28 1T 5 LMIs, K fif ixX L
LMIsEAO(MN3) A ER, MELMIsIATHL,
N RN fELFIEQ23) MEZRE NO((8a?
+ 402 + 2a)N}), Ny = 450 + 2, o = 2N BEHHIR
J& B R A AN AR B A6,
RINE I E NO(n2logyn), ng = 5REIREZ &N
A3, FHESRIRLMIsHI & 24 FE N0 (4AN3), Ny =
2, FIT LR o0 B8 2R VR BAR ) 44 2 MO (n2 logy n
+4N3). B Flogy nill # A4 KK, I HNy > Ny,
T DA 0 B 28 50025 1) B PR [] ORI
4 i EHF 5 (Simulation study)

12 FE S 7K AL 98 ) 1R R AR AT 55 02 e IR 2R VR R
) T B AT R B AT B T KA AE E . ) BT
FOKAL BB (B ERER 5 2RI =P80 LA S R AR £ e
RAKBL R HIROR, 5 2 B ) 7123k T B,
115 ELAF 1) /& MATLAB YALMIP T B4, iZ 47 H1
2% Intel i3 3.4 GHzitHHHL.

E 1 KA e ERE S 2R mEN ). ik
RBWURIS ZIAEAES % i tar IR EIRES, FEEE2020K
FER 2], 27K A7 15 fE Y BK b F+ 2120 mm, 7525150
AN KAERS ZII 25 T 28R LR 30 kg/s I BRI SN 45
KR IE B LI N 10 kg/s, /KAZZTHR 90 mm, AL
HipEQ = diag{0.1,0.1,0.1,0.1,1}, R = 0.1. 2%
T AR SCRISC[25 18 ) 2 S B E EL. A Ady, =
LOXS B 1 48 24 SRAEFE RN
[ 617 —286.7 208.4 8.8 64.5 ]

—286.7 1454.9 —931.4 —54.8 —491
208.4 —931.4 779.9 26.9 —76.4 |,
88 —54.8 269 29 224
| 645 —491 —76.4 22.4 1735.9)
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DAGSAIE B 24 e v ) 2 i AN AR SR 6 S B X DU S Bt
PRI i R 45 K R AR AL 295 B e A
SEPERAF(10). IXERW] T ASCHEH FIRFMPCAE i A2
PIERLTAR AR PRAIE T REE E.

2 BHRBESH
Table 2 The controller parameters

AL SC[25150 %
Ad = {10,20,30} n; =3, y1 =107
A=01,6=05 n9=2, v =10*

H1EI5—67 th, TR B 2 A AR RE 2 )2
KR EAEAF AL AR REAE S % S (R BEE AB BT (H 2
TEL IR R EO(MN3) I KT8/ B Ik
SRS B LSRR 2 B S I U VE RESR b _E SR
WAL 7 S AT 2k, DR — AR T AR S
(RIFR I B LR B
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100 -
90 -

80
70
60

50 1 1
0 50 100

— fetk
- WAL
------ BAREN -

Q,/ (kg-s")

1 1 1 1 1
150 200 250 300 350 400
RAEMZ

Kl 5 5%t T eaKimeE3et
Fig. 5 Feed-water flow-rate performance of the proposed

controller (5% power)
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Fig. 6 Water level performance of the proposed controller
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Table 3 Comparison of controller complexity

(=S M N BATHSTE]/s
TELR 84 92 34.2
=57 4 2 2.6
Y[25188 4k 12 7 45
x10°
8 L T T
T oLk
& — i
g
;]’E .
B
3H 4
éO 80

FAEI %)
K7 PEREfRRS LA, #1ME = [0,0,0,0, —20]

Fig. 7 The upper bounds of the infinite horizon cost function
estimated by different control strategies with

z =10,0,0,0,—20)

R 2 RBHAR AT T, 7ESERRA% B K A7 5
il H, W T B A AR e R K ALAETE E
YO RN, IR TR Ay 260 T U A R, 5
TEAS ST ) 8 AR 2R S0 2 o 2% A 1, 1 B,
12 H15% LAS %o/min ) I8 2R | T+ 2230%. 5 il 25 A5
KSHIEFE S E—AHH.

KI8—9I R T RS /K AL FNEE 7K it 5 1) Wi 97 ok
T, ASCHE W I SRR 24 | £ e K, 15 28—
LR DL T B 4 2 ARG { O ), AR KT A
) RGEANE DL IR, i RELSH, F
LR A — AT L 2R A 1) R, 428 ) 25 /K L = PR
UG 275 = (1 10). BE10H: [B 2 N 5 2k 28 i
AL G} “ o7 Aaa(k —1); “X” A za(k);
{0, A 2 A AR 2 A ) B B A 0. AR HY
T AR SR BB R AN [ 47 A X [E] BAS %o/min
BT PRI B T) RN AR T e o AR ) e R 28R
Peshya Rl Hrp i KZERm ER 3l @ SO 2 K AL
MLEKIMEBELIRF T, 15 RGFE R HI7&
RIRE LB KN, P 8] B 5 SRt [y (8) My
<2% Y.
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Fig. 8 Feed-water flow-rate responses to power ramp-up from

5% to 30%
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Fig. 9 Water level responses to power ramp-up from

5% to 30%

@ ///‘ | I

- | I

1 1

| | | |

Raln 1 | I

7 | | I |

| | 1 |

i~ : : L
5 0, - 6 0w - O 30

G 1 %

K10 oy B ks seng

Fig. 10 Partial off-line control strategy
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Table 4 Control performance for UTSG

/% AT BBEIRAM(% - minT L)
5 10] 106 [—1.5 +1.5]
(10 20] 205 [~1.5 +1.5]
20 30 162 [-6.5 +6.5]

e 3 S&MEhl i, Bk aa+
5%t N IR IR, 7658204 RFERS ZI, In N 25
R TRAE 30 ke/sIF BT, I HLDA2 ke/s 1)
B ETFE187.4 ke/s. EH 170 KAERS ZII),
IKAT FI B 2 AE I RS A 50 mm. A S H 5 ATk
15 BT — B0 A SR R 7 B 2 gz il 2% S5 4%
FLQRULA K 3C[25] (54T LA, 1 .45 SR an &
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5 %58 (Conclusions)
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