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Distributed model predictive load frequency control of a multi-area power system
considering controllable load

FU Yang, SONG Yunzhong

(School of Electrical Engineering and Automation, Henan Polytechnic University, Jiaozuo 454003, China)

Abstract: Because of the large inertia of a synchronous generator, conventional centralized load frequency control is not
fast enough. Controllable load resources with fast response capability on the user side provide new opportunities for
system frequency regulation. In this paper, the load frequency control of a multi-area interconnected power system with
controllable load regulation capability is studied. Load frequency response and automatic generation control models of a
multi-area interconnected power system with controllable load are established. Based on a continuous time domain
alternating direction multiplier algorithm and the distributed model predictive control method, a distributed model
predictive optimal load frequency control model of a multi-area interconnected power system with controllable load
participation is proposed. Simulation is carried out based on the modified three-area IEEE39 bus system, illustrating that
the proposed model can significantly reduce the time required for the system to return to a steady state. The control
freedom of the distributed control strategy is higher, and this enhances the controllability of the system.
This work is supported by the National Natural Science Foundation of China (No. 61340041 and No. 61374079).

Key words: load frequency control; controllable load; distributed model predictive control; alternating direction method

of multiplier in continuous time domain

0 385

H 3l & H % il (automatic generation control,
AGC)J2 JSEI L 7] 2 G0 FaFA A7 g P SIE IS P48, R

HEH: B R AFF AT A #8h(61340041, 61374079) ;
T B ARAF A K8 (182300410112)

TIE L A3 5 1B 4% A S i D) SR AEFFE AR B I B 3
AR RGN T AGC LA S AR 5
(load frequency control, LFC)F14¢ %t i £ (economic
dispatch, ED)"!. LFC 2B HIEH /1 R G2 4hase
BATHIREE, LFC R i ) R G0 g AR A3 i
A DR, TR RGN LEREDUEE, JHIRRR
X SIR 24 28 AT e T AR R P, R ARAIE A L



-102 - B R GARY 524

A RA LA W5, BUHsiT—MEEFE.

NS AGC EHIE bR, EWAMEFEAN R C
P T VF 2 AR RN . BTN )2
P55 i) Bk 2 A B T B VA 1 LU B - RR 4y - Tk gy
(proportional-integral-derivative controller, PID){s#[[7)
BT 1 2R A8 2 0 B R 900 42 1] (modeel
predictive control, MPC)" ' =3, JEF 8 GEHI 1)
PID 5 il J 7522 /24 PID S6A b X 42 8% 240K
R R AT 8 e, DOk B s isshittne. BAr,
PID #1598 & AGC W E sl 77, (H4£%8 PID
BEHIARA RGENATIRE, HARTE KRGS HR i
17 PID MIENAS B FAEH TSR o BT
IR BRAR B4 1) 7 VA 2 4 2R BEAL A e L i 3
HHEE -, It 2 J7 1Rk B R S5 4 o SR
SR, X PRI HITE AR SR R m, AN
WP IR ZARBENLR KA.

MPC RefS b3 BA AR 2R « AN i T I A8 % 4
IPRF R I R, AR 2 AT AGC %
fil, BARGEMESRAC, EHIERRLG . ELmL
fEEE. REALHE LA B R B N
#arp s MPCMY, 43k MPC! R4 A X MpC )
%o B MPC & H ARG A i th BUIRES
RSN a7 el M ST vl P 1 3 i R B
MRGRERIAN, RAESEHWE R, HAETEE.
AIEEMSE T RE /I BR . Ak, SCER[12)@ % %
N AGC RS AZMEET RS, 1T E&F
PRI WSR2 Et MPC i, B EE &
XIRAN I MPC #5185 08 R SRS B X d 4%
1l % (area control error, ACE){5 5 it 515 2 A M
HEhl e, Foml XA AGC HLH, SCIHER
B AGC R G 7- iz 7342 MPC J7 %02 4%
grh At s G, it B R
R BV H T2, FHeR S b s iR ikl
B A, fEE B J) 240 LFC H BRI N A
W . ltn, SCER[1314H 1 2 IR L H R AGC
RGN 54 3 MPC Sl o SCER[ 14187 78 T BUAAL R
2 5150 A2 MPC #1560 . SCHR[15142H 1
T34 MPC 19 LFC 7%, (ERBN R T
I IEAZ B 7R BR B ALL SR04 o) e, gk T
MPC )5 & .

b5 AT AR BRVR R AN WO, &
SRR TG EORHRAR . A% Gt 8 A s
TR R AL RO, W] e S BUS N A8 0
O, i LA R S B 7 (R Rk T U R
G AL THLE . AL, AT S
REJ1H — 2 IR, HAXRGIYER “Hi” 200,

ToiR AL AT A T A P /i 2 . S
RR[ 1 7R s A FLATUAA U A AR 2 L 1 T 2 0 i X
PR WA N BN AR, BE— D3R I T ST IR
A T3 SCER[ 18T S 73 9 H R Uk AR AN
EBURIIPIS, FERCERRN b ST T S R R
AR, (HAZ AR RS GE CRAE SR AE BT IS 1T IRAS
NERVHUEE. ik, SCER[19120E 7 BRI,
FELVREA T 25 58 1 R MR AR RO A A7 4 (11
i, PRAIE T RSN RER K 2IBUE M. R,
FIRFE AP G LFC BB R B R AR — X
s g b Az, A U H PR 5 A )
YRS R TR RE, ERITRERER, fAE™
TS, JUES T RARE R T RGN
PR LI HL AN o 22 DXSSR LB AR 40 (R 4 X
ol ge)E T AR, R AR, R
it oAU LEC J7ik. BeAh, mI%E Gf B Y
IR T EA R RS, Bt oA U LEC 42
AR LA T A I & 2

ARSCHWEFC 1 25 RE R 42 A4 1 15 BE 70 1) 22 X L
WK B 7 22 48 00 A SRR T 0 Ao A0 5 1 1),
TSN SR AT 7 17 31100 73 A1 AR R U0 42 )
Jiid, MR E AR £ S 52 X
WK HL 7 28 G0 A1 2R 2R 000 e U0 7 A0 42 A A
Mo JEITIER 2 X LI AR E3a AT A A 4 47 ]
Qi 2 /0N, A P EE SR IA2 #5 Jy [r) 3fe 73R 0 A 3
AR RPN 5 ) 7 ik s L T 2 X LR L ) R G ) A
DL AR ], PRI BR R GRS -
1 BAERERRSEFEEREE

MTFHN AT RAWRAE RS, € X
G N AR RN R A B T et
SHE M RGIFERL LR, 52 L p NIRFERS

ARG RO, & A o 1 H ) R geAess
ED fER AT RIR N

min ) [a,(P*)’ +b,B*] (1)
ieG
st. Y B¥=(1+p)) P> )
ieG ieN
BGee[BG’EG]’ ieG (3)
gDee[ED,ED], ieN “4)
X POy PP ARRIFRIRER @ AN AR LA

hE. Siufis POy B 5 PP, PP 43 RN R AL
MR GG LIRS TR a o b, R K HBALT
MR R LR e FoRATHH R 1R E
ST H RGN B AR RAE, AR RN



£ B,

25 B8 AT AT 1) 22 X3 ) 28 8 A 2R R U0 47 A AR 42 - 103 -

KA DR R AT . RO, B RER
HUHLS g I 18] B A48 4k, R i i imad i
AT A A D R E A RIS .

2 ETHEPARBETNIEFIN AGC R
RE

P AIEHIMEZ T, 2 XBEKE RS
BB TR, W R GEsh A AT E SO

2H AW _ ps iy (14 p)PP(6) - DAG()  (5)

o, dt
¢ ? =—PY(t)+ (1) - Z—zAw(t) (©)
% =—z(t) - KAa(t) + PE (1) (7

KA Ao(t) NBEEE 05 FRDEE o 11
%; HNRGEER, D NRGRGEIE; R
FRG TR T N K 9 e
ﬁ;P%FZ@fm%%%EE%w$:
Wm:ZMgWQﬁﬁﬁaﬁﬁ;dﬂ%Amn§
Hl484, BDKs R SR flSZBrIh 28 ek 2 2%
HATR R B,

RN SRS R TSI 2%, ¥ RGsh 157
N(G)—2 ()5 IES T R M AR R 48, W=k
@)

%(t) = Ax(t) + Bu(t) ®)
b1y,
M M 1
A 4= 1 1 1 |; B=—(+p)|0];
R° 719 T° 0
-K 1 -1

R NRE x(0) =[Aw(0), PC(1),z(0)]" 5 T N

. WERERML, ETRE

N _2H
u()=P°(0); M ="

ED fAlffg, x*=[0,P*=3 P% z*=P*]"f
w=y B ELTAOM - AR, W
Ax*+Bu® =0

X AGC [z 4R 4 2(1) , 2(1) ¥4 BERT R A8 4L
WeshE) Yy, P XTGP, L AGC %
LR b W

PiGC(t) = aiz(t)
11

o, = 2— 1
ai

)

A, po R AGC #EHilIR L M /X BLH#l; AGC 4y
MRK @ 22 (0=, P i, X FAERieg,
BGC(t) :P[Ge Eijo
58 SCER A LAY T 25 1) &5 1) H A bR B0CH
D 2 G Ge\2
((x(1), u(t))=3[Aw(t)] + 2 (RO ()~ B) +
ieG
Zai(a[z(t)—Fl’.Ge)Q

ieG
HHE XRGRPRE LR ALK E SN
LN IR E SRR E A L el

(10)

Yieg
X(1)e X :=PY(t)=Y_P° (1) (11)

icg
Ec(t)e[BG’EG]

VieN
u(t)yeU:=1P°(1)= Y P°(1) (12)

P,'D(t) c Il:eéD’ED]
Rl, 2 T4 A B 2 42 il ) B — P [X

1, AGC RG] & SN

min jOT (x(0), u(t))dt

s.t. V1 e[0,T], () = Ax(t) + Bu(?) (13)

Vtel0,T], x(t) e X,u(t)eld

x(0)=x
A, FRRRGIIVIGIRS . FEERNLZ, W
R 13) % (& 7 o PR A i 100 B ) Y e, R
T =oco, DUIXH AR 2R S0 42 1l 2 BEAS 2 4 )R
At HARE 1), BARUE B W SCHR[20]. SR 7E SEFx
N A, JEPR A T fa] 2 S BB (13)/E 15
EARTAT . R, AR SCHERAN 53 B8 4 LA (]
(AT TR X B2 (A PRI RE, - DA 7~ 24 Tl Fsf
RAC T, St VAR TR o 92 1| 45 147 P A2 e e e

3 ZRXEEANRGSHARETN G50
RiTHIRE

B % K EKRE I RGUE | Ml=M A IX
s, T m AKX, M, For 5 X m ARE XK
kS, G, cGFRmKEm AFTA ZHEHLINES,
N, c N ZoRIX I m WA T s
3.1 ZXEAIIRTEHIEE

% DRI R GE R GEah 1 AR R AR B T
55 2 AP XA RGN T XA IR 2R



-104 - W) &GRSR 4

DA WX m 1K) R G130 ) IR N
2H,, dAw, (1) _

o, dt
PI() =1+ p,)P) () - Py*(t) - D,Aw, (1) (14)
dpP) (1) T,
TmG T = —PmG(t) + Zm(t) — RD A[()m(t)

X Ao, ) z,)~ p,~ Pt~ P°(t)~ D, -
T\ R 552 1KLL FAbs m ARE X m 17
&y P MK m S5AHE X IR m e M, IR
Bfli . e XS m RPRAS L AR LIRS
vagiIpy
X, = {Pf ()= P°(1),R°(1)e [BG B¢ ]»i € g}
i<Gy

(15)
u,={P (0= B°(0.P° (e[ PP .ie N}
ieN,,

(16)

BB B, s X3k m o 55 5 4 AR X 35

m'e M, NIRRT A, XiBm 5 m' AL
brIhRmzEE N AP, (1), N

mm

AP
d ('1”;1 (t) = Bmm’ (Awm (t) - Aa)m’ (t)) (17)
V.V, cos(6, —0))
K+, B, = Z(k,j)ezsmm, — V. 560 %

xkj

BN RL kSR R IR A A, NEREE (K, )
I Aw,, (t) R AHAB K m’ A5 1 B 0
HRWHEE o, MWZE. AGC #1154 2, (1) FPIRES

—dzgt(t) =-z,(0)~K,, A0, ()~ K,,FB,"(0)+ P, () (18)

ﬁq:‘ : Prr-rrie(t) :Zm'e/\/tm AIjmm'(t) 5 Klm N K2m %%Uj'g

DXI m BT IEF 1 28 o 8 SO m HPRES RN
{A0,0).P) (1),2,(0)]

{AP”lW (t)}me/\/t,m'e/\/Ln

{P,,? (t),2,/(t), P> (1), A, (1),

x, (1) =

T
{ﬂ“mm' (t)’ lumm’ (t)’ Aa)mm' (t)’ ACT)m'm (t)}m’e/\/lm ’

m'eM

m'eM

i, DRGSR u() = PP (1) AR
B, N EXIEEERE ARG A R R

1 T Dm o
s, ZML {T(A% ()" + D a,(B° ()= B*)" +
bl "

iegG,

> a(a,z, (r)—P,-DeY}dz

i€Gy
(19)
st. Vme M, Vte[0,T], (14), (18) (20)
VmeM, x,(t)=%, (21)
VmeM, Vie[0,T], P()eX, P)()el, (22)
Vme M,m' e M,,¥Vte[0,T], (17) (23)

Horp: ANFIRIX I m 1) Hhreasy, HAHE L
5132 ED BB ) T UURA R BEERL, BTN
PRk 0 5 R W2 e R, 58 i
IR BRS SRS AW Z AR E; =008k
AGC 55 z(r) GRS AW ZERFEE; X (20)—
KD MR EA X RGN 12 WlR
RE KEFPRELRMBANL T RERH)EXRX
ISR I AR 20
3.2 ETEGRERZE S EEFIERN S HRAKR
A% R R 38 S N 3 Y 58 T 1 3R T
(alternating direction method of multipliers, ADMM)™*"!
St A 2R A 22 DX A7 A3 42 AR 2 (19)— 30
(23)0 NI ATIORME, E RS LA (23)iHT
Y, BT E A, () Ad,, () AR
PELI R
Aw, (1) = A, (1) | 4,,(0) :
{Awmm,a):mmfm(o g oy TS
X, 4,00 p,, (O FoRPAKBIH T, RIXE
A, R, FEZIA(Q23) AT DA R R )T 2
Ll (ho,0-80,,0) @)
Pk, BGRB8 H R8T ROy
(26).

J = {Z a (B (0)~B*) + ) a(a,z,)~ B*)’ +%(Awm ) +
iG, i€g,
> [zlmm,(t)(Aa;m (O -Am,, 1)+ §|Aa)m (O-Aw,, (t)|2j + (26)

S|t OV, (1) = A, () + 2| A, (1) - A, (0 |} dr
2



£ B,

25 B8 AT AT 1) 22 X3 ) 28 8 A 2R R U0 47 A AR 42 - 105 -

A S 1) 85X (19)—3R(23) A A I Ho ok 1 4%
PR, ) SRR i T DA E gk SR AR K A Il
SR
max  min > T, (P (0).z,(0).B) (). Aw, (1),

G D
R SRR AN A ey

ot (0, (0,80, (0,808,,, 0}, )
Vme M, Vte[0,T], 20(14), 2(18)
VmeM,x, (t)=3%,
Vme M,Vte[0,T],P) () e X, ,PP(t)el,
Vme M,Vte[0,T], R(25)

(27)

L1 AT RIS 5 ADMM KA ]
QTIITEAZ IR H— DR T 1A rIER AL, @),
e (OB, (O} » FXIRIEAT R 17
(28). X RBANFIRTRNRZH 5, R
FE B AN DX I L SR g — A 3% 22 T (] Fy e 10 48 o 1]
R MAESEPRR R, AR TR ) b sy,
BETT SR AR — N FRAER ™ R R R A B
DX 350 i L (28) IR Aot (1) A8 28 I A 418 [X 35
meM,, HEBNBMASXIBNGEEE, F=0K
RN I (29), BEHRVG AR Aw) (1) « FET X
FRPR A DA B 35— 25 [ B8 AR, SR DU SB 4A IX 45K
PLIE AT 5 8 i R (30) . (31 T 8 A B
o O By (O} py, o TP R HHT I (KO0 A2
FIRLE AR XK R A RN Ko< T,
DU 1) R (2 7) 7 T 8 P 358 b 1, SCHR[21UE R T 5
2% 1 HABEHERIE.

HE 1. SRS, ADMM SR AR 7] FR(27).

WIa1L
(1200 (O 122, (. MG ()} ey, )+ P> 0. =0

.

1) & X35 m e M UAFAT 7 AL R AT 10 /R

(B 02 0.2 0,000 01 {200, )=

PS(1),z, (1), P> (),Aw, (1)
inJ
I 2t 0t (0.0, (0,00, )]
s.t. Ve €[0,T],(14), (18), (25)
x,)=x,

vie[0,TLPS (He X, ,PP(H)el,

(28)
2) T F RS MM, HXIBEmeM ¥
A@ki () RIEEHIABX Bom' e M, .

3) RS 1) 7L
Azl () =argmin A%, () (Aal" (1) - A, () +

280l 0= A,, ) +41,, )

(At () - A, (1) + g(Aw"“ ()~ A, (1)) =

'
mm

Ak >
ot O F Hor @ | & 1 () 4 Ao (0

mm

(29)
4 FT A X IR AT B RO AE ' (A ),
/ur/:;nl’ (t)}m’e/\/lm
A () = 20, (D) + p(Awy (1) = Ay, (1) (30)
Lo (1) = iy, () + P(A@L (1) =A@ (1)) (31)
5) B DXSBRE SR {207 (0), oy (D} epy, K
REEAHAR X I m' e M,
6) WB k=k+1, 4kstsg—1&.
4 HP o
HT IEEE39 WA R4, EHIEmEERA
Matpower 7.1, W& XTI 1 Frox, 27 3CHR[22]
B ARG N3N X AE— 6 B A 8 AL 21 Intel
Core 17-9700K, 3.6 GHz, 16 GB RAM (1 EHLH FI
7F Matlab R2020a #1511 Casadi 3.4.0 T.E45szi>,
TR IEEEECA 100 MVA, PR ) 52 16 SRAE R 8]
HNAT =0.1s, KR BOEEEGRAN, Blu@) =u, ,
te[kAt,(k+1)At] o FFH IR 22 L5 TN 7 258 K 3 S B)
[E AR TR B Ak, o BT AR ) 8 S TR AR TR S P P
k. wseE KA ED WE()KIHE RS NFE

©
—_30 37 ‘
— 25 26 28 29
v =27
T 1 ; 38
T e Ty T
®] | 6 21
15 + I
Kl 24 ©
—Iv——[—4 14I B __36
------------ 5 13 23¢
9= 6 12
, J—-11 i 19
";V— 10 'Iv"zo 22
8 31 0 —-344-33 35
v Ov ©® ©

B 1 =[X13 [EEE39 F5 sthiME
Fig. 1 Topology of three-area IEEE39 bus



- 106 -

W) R Gk B

B, BT AR A P s — Py DX 4 1) B o 2
R FTII  oh) 45 AR 22 X3 P 43 A RS 2R ot 4 o 48 1
MR mJE TR g S X EE S SR o Am
SRR LR T BN (AR AS [F TN ) T 4 et
4.1 B—PEXE5 % FE XA E T

AT I T T B — P A X3 ) £ SO A
OIS i 5 5 8 T 2 A X 3 AT A 2R o) 4
HIPEAEAH R TR K T = 2.5 s TEEI N I R G R
EME. B 2—& 5 TRAE e BT R P X
I T2 Pl X IR AR Tz ] RS KL 2 s Ji
PO A1 PP # AT LARSETE HERZS ED BT AT Hf 2 1 &
Gifads, HPREHHIIZE PN 64.1 pu., AL
A[¥E G PPN 62.54 pau.; TTAH Eb T B — P4l [X 5
RAMBEEE, ZXBRATRAMVBIEEEZIL
PIFRA TR LI [A) 2 2 ek, R R 75 3Ar RIATIA
PIFEDHEE @« Hoh, TP X E =
ABE AR 47 1) 2% 5 22 P48 DX 33k 1 29 A SABE A ol 4%
Hl 2 P A G, 10 &K AL B DI 2R3 A 1
THhZ Al 6 A 7 B

80 -
R0 I
l\ - = XIRAGC
0P \ - = ZXIHAGC
i =
R I
I L
r ]
|I
soH
1 1 1 1 ]
0 1 2 3 4 5

t/s
2 B S ZXIEEFIBERI L — & B E
Fig. 2 Comparison of single-area and multi-area control

method—generator output

80 -
0 ZRiF Y
In - = B IEAGC
0 - = ZXIKAGC
1\
=
& [LAR
=
) S
I
1
soft
1 1 1 1 ]
0 1 2 3 4 5

tls
3 BXI 5 % XISEHIMIRXT L — A= fafey
Fig. 3 Comparison of single-area and multi-area control

method—controllable load

x103
0F I G
1 - = HXIRAGC
—_ - = Z[XIAGC
S I~
k2 , ~ o
R -
. 25F -
® 1 7
£ 1
=
Pad) \
20 -
1 1 1 1 ]
0 1 2 3 4 5

t/s

B4 BXiE5ZXEIEHHERE—EB R A

Fig. 4 Comparison of single-area and multi-area control

380
378

2

3

E

3
376
374

method—total operation cost

_ Zo
v - = HXIRAGC
n - = ZXIRAGC-XIK1
I = = ZXIAGC-IX12
B ZIXIHAGC-X 13

t/s

5 BXES S XIEEHHREE—IREEE

Fig. 5 Comparison of single-area and multi-area control

@ Bus 30

@ Bus 3] e Bus 33

12

10

8

PS/p.u.

e

<

method—inertial speed

Bus 32 esss= Bus 34 emsms Bus 36 ess== Bus 38
Bus 35 ess== Bus 37 Bus 39

(=]

[\
~
=)}
oo
)

tls

6 BXIEIEHIR & AL TR F T L

Fig. 6 Dynamic regulation curve of generator output

in single-area control mode



£ B,

25 BT P AR 1) 22 DX ) 28 558 00 AT OB T S A 4 s ol - 107 -

@ Bus 30 Bus 32 ess=Bus 34 e Bus 36 e Bus 38
o= Bus 3] e====RBus 33 Bus 35 em===Buys 37 Bus 39
12
10 L
an
8
=
S
& 6
A
4
2
¥
0 I | 1 | 1 J
0 2 4 6 8 10

t/s

B 7 ZXETHIR A BRI ETRIZ
Fig. 7 Dynamic regulation curve of generator output

in multi-area control mode

SN 5 R, TR AT 2 T X
A PR R FHEINF2 ] 5 2 ) R R e B0 it 2 2 6 25
ANT AL Gk B DX sl ) £ SR TR U 4% )
a, IR W T AT 2 P X 20 AT R R £
HESPIER B I RS AR E S AR, (5
ARG AT T 5
4.2 FRMEHC AR BY T FE I 25 B S

AT R T A T A1 DX B U Y
AU 42 1) 555 2 T 2 P X 20 A AR o 42
HESAEA R T A T T8RS EHITERE. W
R SCHINR, T = oo X 7 FRIASE AR 0 42 fl) 255 218 4%
xR HAE M. & XV AV, 73l RE
A TR U 25 1 2 -5 2 A R TR 0042 ) 6% 14 P 3 Al
ARRE BT YR, 0T RAUE Y Ry, AR
X R 7 AR S5 e R A 2R N4 o 4 A AT A B
TP Hor, EAbR “ol” AR IR AL TR
SRR, o RoBERL TN AR 45 I PR IS AR
o AT BT BEAL T = oo I 0T LR AT il 45 21
WG R A, KA LB KRB, BT =
20 s IS A0 B 45 RAF N EALK 1V A7,

V- Z:(;J-T(Zl).m {%(Awd 0)* + zai (EG,CI (t) -

ieG

(32)
PiGe)Z + Zal—(aizd(t) _ PI»Ge)z}dt
ieg
100 ¢ (z41).A0 Dm o ) o
AV R ESUCHOEDWIGRIO
- - (33)

PeY 4 Y a0 - P,.Gef}dt
ieG,

1 DTGNS AR AN [ 42 1) 245 28 e PO 52 10 %o
oo W3R 1 W50, Joigdd T i — P X sk S ot
Pl S o 2 P4 DA PR A A ) 2%, PR A
S E PSR o R BE AT 4 BE A U IS R 888 i
BERTE. AT =10s i, Azt S5 8Eh X
P 20T LR PR A v, B Y, S aRAAE v A
X IRZIMRT 1% HHECT 50— P4 X S
U FI ) &, 221487 DX AP A OB 2 T
P 0 PR I PR REAE TR/ (0 =1 ) AR
BRRIUE S, R B2 T 2 P4 X g 73 A1 2K
BRI P ] o PR B PR Sy, REAE R GE AT
e

R FUEHC X R EHE S5 1 BRI R ARAT EE

Table 1 Influence comparison of different controllers

in different prediction time

TR 7/s 1 3 5 10
W, =V 53.74% 14.06% 3.24% 0.32%
W, =VHIVy 29.24% 10.75% 1.37% 0.08%

4.3 EPREZLZERETESERIE ADMM 5 HR
HIEXIEE

AT LG T A8 SR A 2~ 1l DX 3 ) e AT 7 A A
P ) A, ARG B IR AT T
LS, ADMM H A St EOTEETHEACE E
225t . I BENLAE R 100 DMIIEIRAS, XA R
T 7, BT T 100 RS2E, LISREEA
GuiteEm R b, 8 Wk, MK T
BN, ARG rh A E O AL SRR ) B —
SEMIRSA, TBEE T K T RSN, Frigt
()3 F 4L 18, ADMM ({00 A7 it 8B R
F1E] B Az R k. Hop, 4T =10s i,
I3 A s S, ADMM . 535 Al 75 B P g i) ok
AR R 50%, TiX—PERE R AR S
BEE T K T (3G A4 52 3% . (EfSE R
A&, W 8 iSRRI L, BT 0 2 A 2R
THEINERNG I T 48 E 7 AR X IREE B2
SR A

5 SR AR FE AR A AR B 7E 43 A N AR
FEFRE S RME S, @il thie i 9 arel
RIL, Frid 3t FiEL s, ADMM A Rt
HONEER R R RO, HitEvEge
Bt B5ETt . AR, 290600 Ai LS5 ADMM
BV 1) SR AAEHE T AR 50% I, e Bk ) e L F A
IS BRI A SR 22 Tl ) 40%~50%0 17 H., 243K Ak i 5
KA, a4 2 E 7R TS R R AR5 A
ST NfaE . AN, B 9wk, K E ARG
T 1 SRR MR AR, SR IE 820 18, ADMM



- 108 -

W) R Gk B

BT 2 A SRARA TSR S 2T LU
SRR R ARG 4-5 f, TT7E SCRR TRBIA
LA IR AR 1072 (LA EL 28 e ik
K.

ferprsl
' -
z 100 - !
E —
£ sof ‘ |
& = w
3 = T -
0k —==— — . . .
T=2s T=3s T=4s T=5s T=10s
FARIEN
T T T T p
. 60F —
£ =
ié 40+ -
{md —+
g 20¢ o =
—_—
— \ . . .
T=2s T=3s T=4s T=5s T=10s
B 8 &EHhRSHHRBEERITE B
Fig. 8 Comparison of calculation time of centralized
and distributed method
S A KEEE107
é 20F T T T T ——
= 15F ——
Z 10t —
=
N 5+
9 g o . . .
I=2s I'=3s T=4s T=5s 7=10s
S KEEE107
2 w0 ‘ : : : —
= -
Uf; 20r e 7
14 0 —_— ——— 1 1 1
I=2s I'=3s T=4s T=5s 7=10s

9 TREIRMEET A HRNE AT EE X EE
Fig. 9 Comparison of calculation time of distributed method

in different solution accuracy
ﬂ: N
5 42 1%

ASCHFFT T 25 FE AT 4% 47 af Y 19 e 01 22 X3k B
55 L 1 2R 090 A AR TN 571 i A0 42 ] v, R
TIELLR I, ADMM A543 4=l MPC, 2t —Fh % &
AT B35 510 2 X 38 H 1 R G050 A R T
MEAR A AR A AL, @R IE SR B R Gy
FRAS TR AR 7 e /1N, I FH A7 OB FR000 42 1) 7
RS2 X 38 R G0 1) e e A e s ], R Y Bk
AR B MBI LS 1) iTREkAE S
A S SRS AR G R R R, HOE G E
FERHK; 2) A FELLRH ADMM Sk al a4 B
s 43 AN R AT 7 SR AR 1) 22 A [X 338 I A4
W, $EESHOE R, EINIE A SERRE 2 X

HEH RS

S 30k

(1] ZEFE, T, KK%, 55 HETRREEHEZERNE

Wk ) R GE AT AR AR [T]. ) RS R T S,
2021, 49(16): 151-160.
LI Zhijun, WANG Shuo, ZHANG Jia’an, et al. Variable
universe fuzzy logic-based load frequency control in an
interconnected power system[J]. Power System Protection
and Control, 2021, 49(16): 151-160.

(2] Zk, KEXL, A, & SRHABEEIRGEH

RFE S AR [I]. B R R SR, 2023,
51(2): 77-88.
LI Mofa, ZHANG Zhiwen, LIAN Honghai, et al. Sampling
load frequency control of power systems with doubly-fed
wind power[J]. Power System Protection and Control,
2023, 51(2): 77-88.

(3] #pfaedt, #iGE, B, & T KRS BH

B ges AR 4% ) IS AL (9], B0 B Bk B4, 2019,
39(3): 200-206.
YANG lJianwei, DONG Hongzhi, LIAO Kai, et al. Joint
optimization of load frequency control considering
auxiliary frequency regulation of electric vehicles[J].
Electric Power Automation Equipment, 2019, 39(3):
200-206.

(4] ARUZAR, Hodh, FKICTE, 4. T CPSOGSA HIEHI M-

/N 7K PR AR PR A7 A 3 F A H2/H o= 8- 2 1 0],
ML R Gy 545, 2022, 50(11): 42-51.
Z0U Yidong, QIAN Jing, ZHANG Wenying, et al. Optimal
H2/Hee robust control for the load frequency of a
microgrid including wind power-photovoltaic-small
hydropower based on CPSOGSA[J]. Power System
Protection and Control, 2022, 50(11): 42-51.

(6] ZEE, T, Kx%, & FHETERBHEHZEKE

WEHL ) R A SRR 4B (7], FB ) RG IR S 1,
2021, 49(16): 151-160.
LI Zhijun, WANG Shuo, ZHANG lJia’an, et al. Variable
universe fuzzy logic-based load frequency control in an
interconnected power system[J]. Power System Protection
and Control, 2021, 49(16): 151-160.

(6] Fte, Figh, YUSLHE, 5. 1A oK & AR Rl X A

BiER ) 73 5B PID FE IR 7] HEFIEAR, 2020, 44(4):
1410-1418.
SHAN Hua, HE Jing, FAN Lixin, et al. Research on
fractional order PID control of regional load frequency of
pumped storage power station[J]. Power System
Technology, 2020, 44(4): 1410-1418.

(7] BEAR, BREY, dKEWM, 55 HETIREERILA I 2 6
AN 2R GE A AR AR A SRS (D). L TR R,



£ B,

25 RS T 45 ST ) 22 DX L g 38 0 0 A AR T 7 A A0 4l

- 109 -

(8]

[10]

[11]

[12]

[13]

[14]

2022, 37(7): 1768-1779.

LIANG Yudong, CHEN Luan, ZHANG Guozhou, et al.
Load frequency control strategy of hybrid power generation
system: a deep reinforcement learning-based approach[J].
Transactions of China Electrotechnical Society, 2022,
37(7): 1768-1779.

h5E, el BT MRS & 2 B XK
TR G A AR R [T]. b E AL TR 4, 2014,
34(16): 2676-2683.

WU Liang, YANG Jinming. Load frequency control of
area power system with multi-source power generation
based on differential games theory[J]. Proceedings of the
CSEE, 2014, 34(16): 2676-2683.

BRI, R, ¥k, SR KO I IXUZ

ARG BRI, B RGRT S58EH], 2021, 49(3):

1-9.
XUE Shuai, GAO Houlei, GUO Yifei, et al. Bi-level
distributed active power control for a large-scale wind

farm[J]. Power System Protection and Control, 2021,

49(3): 1-9.
ZHE, FRA, Fhk, 2 BT BEHUSR TR )
WIS REEN]. H B3tk 4%, 2019, 39(7): 30-36.

LI Hui, WANG Zhidong, WANG Xiao, et al. Coordinated
dispatch of power grid based on stochastic model predictive
control[J]. Electric Power Automation Equipment, 2019,
39(7): 30-36.

MRKZE, FAE, BRI, . SEEMSLIM AR S A4
PR RE UL R A R R LR RSN I [0]. R I RS Bh
1k, 2018, 42(3): 40-47.

CHEN Laijun, WANG Ren, ZHENG Tianwen, et al. Model
predictive control of virtual synchronous generator to
improve frequency dynamic characteristic of isolated
microgrid[J]. Automation of Electric Power Systems,
2018, 42(3): 40-47.

LIU X, ZHANG Y, LEE K Y. Coordinated distributed
MPC for load frequency control of power system with
wind farms[J]. IEEE Transactions on Industrial Electronics,
2017, 64(6): 5140-5150.

BIETT, MRE, Vs, & ST BT MR Tk o)
A 2 G A s ] SRS (). PR DB, 2021, 42(11):
125-132.

LI Lingfang, CHEN Yixuan, XU Yan, et al. Distributed
optimal load frequency control strategy based on alternating
direction method of multiplier[J]. Electric Power
Construction, 2021, 42(11): 125-132.

AR, BT, TR, S5 BT oA SRR T 2
MR Z S AGC 2l J7 k0] "MECAR, 2019,
43(9): 3261-3270.

YE Lin, CHEN Chaoyu, ZHANG Cihang, et al. Wind

(15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

farm participating in AGC based on distributed model
predictive control[J]. Power System Technology, 2019,
43(9): 3261-3270.

JEVE, B, skiG. RO R B ) 43 AT SRR SR
S eI [I]. $5 LFE, 2020, 27(7): 1238-1246.
QU Bin, YANG Peng, ZHANG Yi. Coordinated distributed
MPC for load frequency control of power system with
wind farms[J]. Control Engineering of China, 2020, 27(7):
1238-1246.

WANG Z, LIU F, PANG J Z, et al. Distributed optimal
frequency control considering a nonlinear network-
preserving model[J]. IEEE Transactions on Power Systems,
2018, 34(1): 76-86.

ILIC M D, XIE L, KHAN U A, et al. Modeling of future
cyber-physical energy systems for distributed sensing and
control[J]. IEEE Transactions on Systems Man &
Cybernetics Part A Systems & Humans, 2010, 40(4):
825-838.

ZHAO C, TOPCU U, LI N, et al. Design and stability of
load-side primary frequency control in power systems[J].
IEEE Transactions on Automatic Control, 2014, 59(5):
1177-1189.

TRIP S, DE P C. Distributed optimal load frequency
control with non-passive dynamics[J]. IEEE Transactions
on Control of Network Systems, 2018, 5(3): 1232-1244.
RAWLINGS J B, MAYNE D Q, DIEHL M. Model
predictive control: theory, computation, and design[M].
Nob Hill Publishing Madison, 2017.

BURK D, V'OLZ A, GRAICHEN K. Towards
asynchronous ADMM for distributed model predictive
control of nonlinear systems[C] // 2021 European Control
Conference (ECC), June 29-July 2, 2021, Delft,
Netherlands: 1957-1962.

PERNINGE M, SODER L. A stochastic control approach
to manage operational risk in power systems[J]. IEEE
Transactions on Power Systems, 2012, 27(2): 1021-1031.
ANDERSSON J A, GILLIS J, HORN G, et al. Casadi: a
software framework for nonlinear optimization and
optimal control[J]. Mathematical Programming Computation,
2019, 11(1): 1-36.

WS HER: 2022-11-02;

{&EIHER: 2023-01-30

EEEN:

A FE(1993—), B, MEARE, TEMRTTEOAHG
R AR F

E-mail: 594707561@qq.com

F A LR E 4% . E-mail: songhpu@126.com

(%h#% # )



