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Electric heating coordinated load variation strategy for once through boiler
based on time-varying model predictive control
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Abstract: Under the background of “dual-carbon” goal, the combined heat and power units with once through
boilers are required to have the ability to quickly change load. To address this need, a strategy based on linear
time-varying model predictive control (LTV-MPC) for coordinating electricity and heat to change unit load is
proposed, which can simultaneously utilize boiler heat storage and heat network heat storage to improve the rate
of variable load. Firstly, the deviation of the heat load signal is integrated to establish an equivalent heat load
model, which is used as one of the controlled variables in the prediction model. Then, by taking rapid load
tracking, stable unit operation, and timely compensation for heating as the objective of MPC rolling optimization,
the optimal control law for each moment is solved online, and then it is applied to the unit. In addition, the
operational constraints of the unit are explicitly addressed to ensure that changes in the heating extraction flow
rate do not affect the operational stability of the low-pressure cylinder. Finally, simulation verification is
conducted on a 350 MW unit, and the results show that this strategy can accurately track the 5%Pe/min variable
load command. Furthermore, the heat load recovery time is reduced by 26% compared with that of the electric
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heating coordinated variable load strategy based on PID. The simulation results have verified the superiority of the
proposed strategy in improving the fast load changing capacity of heating units.

Key words: combined heat and power units with once through boilers; electric heating coordination; rapid load
change; heating load compensation; time-varying model predictive control
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Fig.1 Structural diagram of the heating part of the
extraction type heating unit
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Fig.2 Response characteristics of the unit with open-loop disturbance
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Fig.3 LTV-MPC structural diagram of the heating unit




5% 3 4

FRANVEL ST I AR TR ] K LA B A LZL L B P AR  A SR 83

7 R DNLH RN EAIRES 23 (B S T it
TR R RALVRFTHE T, DA IO HER IR ER . AL
HigATHa0E LS g S A M E R AL B A, F
FANLA M HRAS DL K W] BRI N, (EA IR
5k Py o AL i o AT TR, AR 2 E RS R
IR P S, e RECGE—HEHF 5 ER T,
1B N — ZIE & PR LR sh ik . LTV-MPC
UEZNVEIDN S AV AN B NN T S E o i
A, SR A DU R ER A R TR, 3R] LA d
R SRACH B> SR B AR T 2 e 4 vl
2.1 EY R AR TIREY

TE 38 I S50 A A VR O R O AL ZH K F B g
PR, FARER KRS A Bt e 2 A2 k.
T AHR IR B S P HEE ) A G, TR A
Ri AGC F84 )5, AXAUHEFRAE S R A7 (1) R HE
IR EE, ALy RiE17 e st
PR, DRI, AR SESCHR [19]0) i,
AL BN A HE R IR o rR i A s &

J, ot

ph,lm - t—to

s pram A [to 4 BEA B R 8RSl B
I B S R A R

HRHE R 7 S H S U R R g s e g A
AR RTAE SCPE FL A T S5 49 2 SN BRSHERIK ., ]
N DR UF 55 25 B A fmr P Sk R R R HE R i A 2 R
N
2.2 TRy

N7 EEHIRR AT, K RGREEE x TEN
X:[rB: Prns s Py Py ph,lm]T At E Yy E N Yy =.

[P,y Pt P P || ZETH 11 (g Ugg) A RS
Pl B o N U=u-uUg . WEBRERL XN
X=X = Xgq + (RESHIHE T N Y=y - Yy o JIL
I 25 30 P - 7 3 450 -0 0 I 4084 11718
(RZEEPERIR, A5 IR, TS

{ikﬂ = A X + Byl
Y = Ckik

)

3)

HT T 45 JE R 4 1 S B 2 B 10 3 R A7 A
BORMIAEIR I, (Rt D9 fE i Reis A
WRIEBIATTH RGE& I TTHIN, A SORIER 445
TRMNIREZRE, A

http://rlfd.cbpt.cnki.net

ikﬂ Ak - 0 Bkl )_(k
AUB,k . o -0 0 AlTB,k 1
AUB,k-m 0 - 10 AUB,k—r
Bi. Bi: B
1 0 0 0 |_
: I"lk (4)
0 0 0 O
X,
- Alg,
Yo = |:Ck lend:' E;k '
Al"IB k-7

A AU, =0y, — Uy, » ARBEEHIE T, £ %)
k I3 B AR | M EDIRAS BRI
KRR, i=1,2,3,4.
(@) i -
{):(ku :~'~5‘k)~(k + ékak )
¥ = CX
HRE 20(5) AT DK A ki Hh B AT T . s SCF
WA p, FEHIR A m, w115
Vi = CrorXes =CuA X, +C, B0, +
é|<+1|§|<Aak
yk+2\k = ék+2 )~(k+z = ék+2Ak+1Ak )~(k + ék+2 ’
(A,B +B,.)(0,_, +AG,) +
C~k+2 Bk+1AGk+1

o (6)

yk+p|k = Ck+p)~(k+p = Ck+pHAk+i Xk +

i=0

k¢imj&Jmm

j=0 i=j+1
(G, , +AG, )+

kMZKﬁ&J%m

j=m-1 i=j+1

Al]ka-m—l

e g N2 KRR k1 (B, LB




84 kA% e

2025 4F

p AT mRRHUE T4 1 2R G ) B A R A
FZ, p BUNBEMS SR R R VERE, (Ha RIS
P, — R i R G L EASE DRI m S 22 A
S O T 1 1/5~1/4.

SE AL Z] k T p 2B AR Yie RoK
m DA EY AU, Bl

{Yk =[yk+ukv"'a yk+p|k]T
AU(K) =[AG,, -+, AG,,, T
s A6). A(7), W
Y, =F:X +F0_, +F,4U,

B C~k+lAk

Ck+2Ak+l'&k
P = :

(")

Fo = : (8)

C~k++2 [ékﬂ. +
Ak+l Bk]

1

C~k+mg -
F = 1=0 C

AT — _ k+m ~k+m-1

(i:ri;[_jl'&kﬂ )Bk+j ]

~
0.

- 1 p-1

p
Ck+p Z‘4[ Ck

j=0
p-1 ~
(izlgrlAk“)BkH]

2.3 LR EIZIT
LTV-MPC 7EREMI ZIE LK il — A PRI 18T
IMRAR R, T R BRI TR T RE )
FoRo W FE B AR I BERWLZH,  BEELRIENL
Heptp YU IREREUR Z B e, BRI E
BA7. SPAHZIEHIFR R, AR T WS IR
min J,
AUy , ) (9)
3 =Wy (Vi = RO + Wiy 4U |
A RONFER ZI k #fE KRR p PR S &S

i
k=]

g

—

j=m-1

(71408

http://rifd.cbpt.cnki.net

EAH, Ri=[ress, s Nep]™s Yo R ATERZI k F 1)
KK p AR EIRER R Wy AERERRZE
BUCERAERE, BT RGBS HMENEES, Wy
XF AR TT R RN & AR R IR R ZE AL, i
ff iR ZEA R, MIHEREE AGC $5 4 [ RE /b,
{FL [ B 9, 2 S e At ) =2 PR PR RSO, HUEAS
7 St s ) B R ZAR A . Wau AT E 1Y &
PR ERE, )BT RGu il 2 PR EE YT, Wau
N AR TC R R SR R E IACE, vl
RECHLE R T RIZIARL, 2 AN T3 A N
B K TR, (E R SR ENLZ A 2 8511
PO AR R e ), BN AR LR, RAE
PR R H R R PG, 0 5o R N\ A H AR
KNS SEIL ) R G0 R B A& PR i
2.4 HLEEBITAR
241 R EAH R

SERRRGE, P R R AR
b, DR T L DAL R

umin < uk = l'Imax
- - - (10)
{Aumin < Al < A,

T Umin AT Umax 73501 D9 428 i) B fi /M P B ORAHL
Ay T Ao 73790 428 ] 1G5 e /M AT e K AB
H 2 i B A T e B AN I I, B

Upax — L~jk—l —Uoy
|:L :|AUk < umalx - L’]ker—l —Uipa
-L Uy + Uy — Upip
L Gk+m—1 ~ Uim-1 — Unin i
Al]max
_ 11
T Al (11)
AU, <
-T ~Unin
__umin |
1, 0 - 0]
L
1 I
1,0 0
Lo
0 0 L, |




%34 R/ANEE S5 T IR T4 ] ) LR A LZE R A R A A S 85
A ng AR EL kp, -P<-b (14)
242 g4 R EE AV ) IO I S S O G I

ASCHTFTIIRE 350 MW ML 24tz A7V [ an & 4
FiRe B 4 AL S R R/ HE g 2R 2 ) e g
R KZE R BRI BARFRIR T e, AEREhyRIR
B RS S EOE NMEE SRR &R, WS
FOR H AT B 2 BEAR . HLATERFF R KRR &
HARBNEUE LT 0, HH D)2 PR 325 MW,
ST PE 4 s A, EI A A BARER T A A T
MEEEHRE R SR TR LR fRIE—
SE R B AR IS AT AR 0E , 7EAE A Tl
T, HUHBARHE IR 281 MW, XK 4 s
B. [AIH, T¥ C KRl /e AL fifr N Aede
BE B BERGIAI R . Ik BC oItk L i fiT
T, ARFHRIERRR ST, AR ERRIA R
() B K Bl

A& 5 B R 42 41 07 2O UL IR T B AR A I A
A 4 FHhZ@O. E@OFTR. FIFH AR E #
FH A KRR A 2R @) k@R, Zid AR
TR IMIE RV R A R Th R, — AL
HigTRE M. A, TERE R, A
MEE RS FBUREEAEAE, WihLe. i
LOFT~. S R HALH 22 418 T 5
LA TRREE, BRI RR ZEEA R LH A R4
FPL AR B AR ATE ] . 6 Tz, ik BC
[t Dy e m] o oA .

P =0.406 2D, +126.491 0 (12)

350 >
SN 2
= 300 @
Z - ~
2 55 e B
S 250 )
2001 il @ A%
¢
150 —T . .
0 200 400 600
D/(th")
B 4 SAHEREETER

Fig.4 Safe operating range of the heating unit

A1 QL) AT, FE R REFR KA A [B] 7K B AN
BRI, R E R SR IA G, B
I, @)k s A

P=kp, +b 13)
e ke b 23R R - DA 3 5 5 e

Mk, B 4 PRt H 2 21 7 F 290

Al LA RN

Ciim=[0,0,0,k,~1,0]", 132 LA Ciim i tHi A5 L4 (1 T
TN

Y jim Uy +FaimdVY,  (15)

AAS)HE TR S A ()KL #H—25, Ik (14)
I i 2R R R B BL AU, O AR R A T

= Fsim & * Faim g, lim

DB 3k P
Feiim Xk + FajimUk 1 + FaaimdUy <
b- CIim yeq (16)
: - F)’(,Iim )~(k - FG,Iimuk—l
b- CIim yeq

U, B T S ) L2 A 1 7
25 61 1 KU A4, g SRR 0 N R 40 R B —
QB AR L S5 AR AU, 1055 — AN s A
VEFITaEbent G, 74—/ RREM %I & kit
T, SCBURTBEER R EERI AL
3{FEIUE

07 ELS2B HE T SE BRI 5 350 MW ELL i 24
PERNLLL, SN TR TR T, SERER
J1 s, WEIL 2 MFad TR 1. 2 BT IR,
BB R L 1, AR L 2.

F1 BLEESMANTEE

Tab.1 Input variable values for each equilibrium point

wel(kg s7%) 1% Drwl(t hY) un/%
Al 103 78 670 42
B2 159 93 1020 45

®2 BTHEnmbTEE
Tab.2 Output variable values for each equilibrium point

P/MW hm/(KJ kg™) ps/MPa pr/MPa
Ml 198 2621 21.46 0.42
&2 278 2476 24.56 0.62

http://rlfd.cbpt.cnki.net

£ MATLAB T & ¥ LTV-MPC 755 DEB
2 i1 75 2B A A A A M B HL A X PID
CPL R AR A H B s B bR 7 s T 6 B,
BOUEATT A BN AT7 R B AR 7EORE
BLALIZ AT o8 AT B R AT BE 42 my AL 2H 728 A7 A i3
2, A RIEAE P D) 2R B 5 A5 3 R, i
2 AR, &ARE LTV-MPC #2524
W TR p=80, m=5, IR EFiRZE N E
W, =[0.5,0.02,8,5150]" , #% fil & A& {k & & &




86 kA%

W, =107 x[1,1,1,1]" - 5bx CCS H, 5l & J H i
EARETCIRE AR, il el K5 51 kR %
Sk, R, KRR HLALSZ BRHURRR T DL X6 AL
It E, HUEN ZFH MR,
XML P & F R v, =[200,100,1 500,100, &
R u,,, = [95, 70, 500, 35]"; #=iil &1k & LR
Al =[5, 4, 15, 41", FIR AT, =[-5, 4, -15, -
417 HH AR = (1) R
3.1 AL e SR

WUl 5 138474 50 s B, Jitihin 17.5 MW/min
(5% Pe/min) F+HififE 4, Hit ThZ i 198 MW |
FEZ 228 MW, 3 Fziil 7 = pt PR i E M D)
RILB AL TR 5 From. &% H & R R

Kl 6 Fise.
240
> 220 4
=
& — LTV-MPC
200 LA

GARIBATIN
h ’

DEB

260 280 300 320 340 360
D/(th")

5 Aot R E- IR ZE
Fig.5 The variation process of heating extraction flow
rate-power during load rising process
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Fig.6 The variation process of various output quantities
during load rising process
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Tab.3 Performance indicators of partially controlled
variables during load rising process

i RIS R /MPa
il
P Ph,im Pst pn
DEB 175 0.83 0.03
B R AR 117 577 0.26 0.16
LTV-MPC 100 427 0.09 0.13
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SFi%# (mean absolute error, MAE) X & #i4% & i3
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Tab.4 AGC and MAE indicators under load rising
command testing

S INEGLI DI DEB M AA A LTV-MPC
Ki 0.41 0.94 1.00
Kz 1.82 1.80 1.97
AGC
Ks 1.53 1.68 1.87
Kp 1.14 2.85 3.69
PIMW 1.99 1.20 0.13
hm/(kJ %g?) 0.15 0.10 0.32
Omae ps/MPa 0.20 0.06 0.02
pr/MPa 0.01 0.05 0.04
Phim/MPa 0.01 0.04 0.03
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Fig.7 The variation process of heating extraction flow
rate-power during load descending process
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Tab.5 Performance indicators of partially controlled
variables during load descending process

o U RELNIETE W IEEEIMPa
il 773
P ph,lm pst ph
DEB 164 0.95 0.03
LTV-MPC 103 560 0.38 0.20
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Tab.6 AGC and MAE indicators under load descending
command testing

Eizta Opes LTV-MPC
K1 0.51 0.97
Kz 1.86 1.93
AGC
Ks 157 1.87
Kp 150 3.49
P/MW 1.67 0.26
ha/(kJ kg ) 0.16 0.16
Omae ps/MPa 0.22 0.06
pr/MPa 0 0.08
Phim/MPa 0.01 0.06
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