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Decentralized Control of Two Subsystems with Overlapping Information
for Load Frequency of Power Networks

«T. Suehiro and T. Namerikawa (Keio Univ.)

Abstract— We propose a decentralized control of two subsystems with overlapping information for load
frequency of power networks introducing distributed power generations. The control objective is to min-
imize the cost function of load frequency control problem. We expand the state space of the system of
power networks and propose a decentralized state feedback control of subsystems including estimation and

adjustment of estimation error.

Then, we show the effectiveness of the load frequency control by using

the proposed decentralized control method through the simulation result of decentralized large scale power

network systems.

Key Words: Decentralized Control, Distributed Power Generations, Load Frequency, Overlapping Decom-

position, Power Network

1 0000

1970000000000000000000000
00000000,00,0000000000000
0000000000000000,00000000
0000000000000 2. 1970000000
00000000000000®4Y0,00,0000
000000000000 000000000000
00000000000000,0000000000
000,000000000000000000,00
000000000000O0O0O0 5678,

00,000000000000000000000
00000000000,0000000000000
00000000000000. 000,000000
000000000000000,000000000
000000000000000,000000000
000000000000000,00000000
00,00000I1T000000000000000
00000000000. 000000000000
000000,000000000000000000
09.0000,0000000000,000000,
000000000000000000000000
0000000,00000000000 101112 0
01¥00,0000000000000000000
0000000,00000000000000000
0000,0000000000.

gooboooooooooo,coooboooogo
gobooo,00boocooboobooooboooobon
000000000000 %, 0000000000
gboooooooooboo,boo,ooo0oo0oon
gboooboooobooooob.oo,10b0000
oobooobooooooboo,200000000
ooboooboooo,20000000000 100
oooooooobooooooo,0bboo0oooon
oboooooooobooboobobobooooon
00000000 ®, 00000000000000
ooooooo,bo0bobooboobooooobob.

1859

oobo,00000000000000000000
gboooooboooo,0cb00b0obo 20000
ggboodoboobbooboobuoobooaboa
gb.gooooobobob,bobobobobo
gooooo,bobboooobboooobbbgoo
gbooobogoobobobo.bob,0bobobo
gogbooboooboobboobuoobooboo
g,0ooboooooobooboog.obooon
ooooogooo. zyoooooooooooo. Re
Udn00000000DO0.

2 Dooooobboooooboo

gboogoz2000000000000000D00.
000,0000000 ()00 LrIgoooooo
goooo.

x(k+1) = Az(k) + Bu(k) (1)

O00,00k€Z,,00zecR*"0 2, €RY, 25 €
R™, ;e R O00000000,00000000

T T T]T

T = [$17$2,$3 (2)

n=mni+no+n3 (3)

00,00 uveR™0w eR™uweR™ 00000
obooo,m0O0000000D00.

u=[ul ull” (4)

m=mi + mg (5)

O0AeR™ BeR™™mQOQOUOOOOODOODO.

An Ay 0 Bu, 0
A= A Ap Ay | B=| 0 1 0 | (6
0 "Asx Ass 0 | Bs

gooooobooo,0bobo0 10000 », 0000 2
gobobezzs000,00 202000000000
gobood. od,2000000 w,ue O, 0000
goboooboooogon.

11PR0002/11/0000-1859 ¥400 2011 SICE



00001000 00000 20000000
0,00002000 2,00 20,00 2300000
000000O00.0000000000,00001
000,00 2,000000000000,000
02000 2,00 2,00 23000000000
000000000000000000000000.
000,00000000000000000,000
ooooooooooo.

J(xo,u) = Z(xTQx + uT Ru) (7)

k=0

000,z 0000000000,QeR™" 0000,
RERmmeDDDD,Ql ER"lxnl, Q2 e[Rn2><nQ7
Q3€Rn3xn3, Rl EleX"Ll,RQGRmQXWLQDDDD
ogooooooooono.

Q = diag{Q17 Q27 Q3}a R= diag{Rla RQ} (8)

3 bUbObOobobb20000000o0o00
oo
3.1 00OO0O0O0DOOO0

00000000000000000,000000
0000. (1)0000000 000 000000
000 (7)D0000000 (p,J)00000. (p,J)

00000o00U0ooOoooooooo (o,J)0oo
0.00,00<z0 20000000000000.

T T

T = (xl y Lo )T’ Ty = (sz,xg)T

(9)
00,00000000.

~ ~T)

T = (77,73 (10)

obooobouobo eOO0bOoooooon.

i(k +1) = Az (k) + Bu(k) (11)
(t)eR"00000 ¢000000,AecR™ Be
R*>™*™ O00000000. a=n+2na+ns000.
ooooooooo,

J(o,u) =Y (#7QF +u” Ru) (12)

k=0

ooo00. % 00000 ¢O00000, Q €
R™™ 0000, R e RM™™™m OOOO0, Q €
]R(nlJrnQ)><(n1+n2)7 QQ c ]R(TLZJrnZS)><(n2+n3)7 Rl c
R™M>ml R, e RM2Xm2 O0OQQ00000000O0
ooQ.

Q = diag{Q1,Q2}, R =diag{Ri,Ro} (13)
oo, doooobooooooon.
zT=Vz (14)

VeR¥™¥OOOOOODDOO.00VOOOO,
gbooboobooaoboabooood.

1860

001490000000, (@J)0 (e,J)000.

‘%OZVSL'O (15)

gboooovbhoooobo200000.
x(t; xo,u) = UZ(t; To,u), for allt >0 (16)
J(z0,u) = J(z0, ) (17)

0o0o,v0vooooooo (U= wviv)-tvho
00,U,VvoUv=I0000.

(2,7)0 (¢, /)00D00000, (¢,J)0 (p,J) 0

00, (p,J)0 (¢, J)00000000000.
M,N,My,N; 00000000 000O000O,

(p, )0 (p,J)DODODOODODODODODOOO.

A=VAU + M (18)
B=VB+N (19)
Q=UTQU + Mg (20)
R=R+ Ng (21)

ooboo,o0boooboboooboo, boooogon
oo.

00 19 (¢,J)0 (p,J)00000,0020000
00O00ooo0O0oooooo.
() 00 400000.

MV =0 (22)

N=0 (23)

VIMoV =0 (24)

Nr=0 (25)
(ii)i=1,2,---,A000000 500000.

UMV =0 (26)

UM™'N =0 (27)

MMV =0 (28)

MoM™'N =0 (29)

Nr=0 (30)

0000010 )ODoooooo,000ooooo
gooo.

0 I;, 0 0 0
1
v=| QR0 y_| ol 1 0 (31)
0 I 0 2 2
00 Is 00 0 I
0 %Alz —%Alg 0
0 5A22 —5A22 O
N=0, M= 2 32
0 f%AQQ Azp 0 (32)
0 —§A32 §A32 0
0 0 0 0
0 1@ -1 o
Ngr =0, Mg = 1 4 33
" @ [0 Q2 Q2 0 (33
0 0 0 0



I1712,I3[| $1,$2,x3DDDDDD~D;DDDDDD
O.0000,0000¢000A, BOOOOOO
ao.

Ay Ajgy 0 Ay

3.2 20000000000000C

ooboooobobo o000, 000000000 ¢p
oooooo.

#(k+1) = Api(k) + Bpu(k) (36)
ooo,Ap, BpOOOOOODODODOOOO.
o Ay Aipy 000
i Ay 0 } A A! 0 0
Ap = |- 200 S 1 b2 37
P [A21A22 Aor 0 Ao Az (37)
Az1 0 'Asz Asz
o Bii) 0
5 By, 0 0"0
= |2 = e 38
P [321322] 0 : 0 (38)
B31'Bsa

0000 ¢gp 0000000000 (1T)OOODO. O
obooobo10b000 2z, 00000020000 24
gboo.boboob 10, 000000,00000
ob20 z;,z. 000000000000 gpO0On
gbooobOoboooooboooooon.

00 2% XO00ODO0O0OOODO0OoODoooooooo
googd.

X=Q+AEXAp
~ATXBp(R+ BEXBp) 'BEXAp (39)
KOOoooooooooo.
K =(R+B5XBp) *BLXAp (40)

oobO,YOoOOoooooooooooooooooo
goo.

Y = Qo+ ALY Ay,
— ALY By (Ry + BLY Byy) "' BLY Ay, (41)

0O0,JOo00DO0DOooooo.

J = (Ry+ BLY By,) ' BLY Ay (42)

1861

gboo,00ooboooobooon.

ur(k) = =K (k) — Kian(k) (43)
ug(k) = —Ko1i1 (k) — Kogn(k)

+J(n(k) — #5(k)) (44)

n(k+1) = (Ax)2a1Z1(k) + (Ax)22n(k)  (45)

O00.000,Ax=Ap—BpKOOO. pk)0 &
O0D0D00O0 (k) 0000000.

3.3 UO0OO0OOObOOO0OO0OobOOoDbO

gboboboooobooboobobobobaoo
gboooobogo,obooooon.

o] [ ) (2
- [ Koy — j} n(k)
n(k +1) = (Ax)2121(k) + (A )22n(k)

goboooooooboooooboooo,b0bo0ooooon
gboooooooo.

[ ur (k) ] __ [ E@u)l (K11)210 0 ] [

(46)

(47)

us (k) Ko1)1 (Ka1)2'J1 Jo T2 (k)
- [ 1?2{;1:2 j} n(k) (48)
n(k+1) = (Ax)2a1Z1(k) + (Ax )22n(k) (49)

gbooooboooooboobooooobooo,

| |

(K _ (K20

(K21)1 (Ka1)2 + 1 Jo

n(k+1)

goo.

4 DO0O0OOOoOoOooObOoOoOooOoboo
4.1 0000004

oo0boo0oooobooon Fig1OO00O. 00000
gbobogoobooobooobo,gboaobooboooba
gobooboo,goboioobooboboobo
O0000. Areal DO0DO0OO0OODOCOOO, Area2
gbooooooobobobo.boooooo,bo
gogoo,gboogob,0oobobooboo,boo
goboooobooo,booooboo,oboooooon,
gbobooooooooboobobobooooon
gbooooooo.

4.1.1 000000

00000000000000000,000000
0000000 AP,(t)0000000000 AP.(t)
000000, (52)000000000.

dAf (1)
dt

M = AP, (t) — AP.(t) (52)



Controller
System

1 1 Afa
Mais+Dar

Generator Model

2 1 Afaz
Ma:stDaz

Generator Model

Fig. 1: Power Network Model

MOUOOOODOOODOOOO,Af)000D000OO
oopoooobobo.oo,00bogboooooooobo
gobooboooobo,booobogobooo.gobo
0000ooooooo, (3)0oooouooo.

AP,(t) = APL(t) + DAS(?) (53)

AP, (t)J0O0O0OOOOO,DOO0ODOOOOOODOO
uggboobood. gbbouoabobooabobgoboboad
gboboouboooboobooboobo,boobgaba
Fig2000000000000DOO0O00OO0DOO0O0O0O
100000000000000000000. M.,0O
gobool1boooboobooboob.

APm ——> +
APm2 ——> +
A.Pmn .—) -;»
APL ——> -

Fig. 2: Equivalent Generator Model

1
Meqs+D

Af

4.1.2 0O0O0O0O0OO

Area2 00 Areal 0000 Pue(t)0,000000
00 (h4)00oooo.

(6as(t) — b (1))

Xr
Xr00000000000000, 641(t), 642(t) 00
00000000000. 000 Pye(t) 000 APye(t)
O Areal, Area2 000000 Afa1(t), Afae(t) 00
OO0 (55)0000000.

Tie

= 5 (Afaalt) = Afas(0)
T, 0O0O0ODOOODOO, 50HzOOOOO Tye =
1007/X,000.

4.1.3 0OO0OO0OOOOOOO0O

0000000000 000000,0000,00
00000,00000000000000,00000
0000000000000 00000000000,
00000000000 0000 100000000
00. 0000000000000000 Fig300O
O.

APr..,(t) 000000000, Ry, 000000,
T,,00000000,7,000000000000.

Piie (t) = (54)

APe(t) (55)

1862

Afar

1| APr

R ‘ 1 ‘ AXgat ‘
\

| Tous+l | Trstl |
Governor Turbine

Fig. 3: Thermal Power Plant Model

APreom

4.1.4 0OOO0OO0OOOOOOOOOO

00000000000000000000,000
000000000000000000000000
00000000000000000,0000000
000000000,00000000000000
00000010000000000. APgeom(t) 0
00000000,T,,, 00000000,T000
000000000. 00000000000000
00000000000000,7T;0 Tr00000.
4.1.5 000000

0000000000000,0000000000
00000,0000000000000. APgeon(t)
000000000,7;0000000000000.
00,0000000 zp(t)00000 APg(t)000
000 Kp0OOOODOO0O0O00000.

tp(t) = —KpAPg(t)

4.1.6 OO0OOO0OO

gboooboooooboooboooooboooo, o
obobooooooboooooboooooobooo, oo
obobooooooooooooobobobooon
oboooooob.obooooboboooon.
obobooood Fig4OOO.

1
1800s+1

LPF

White Noise 300s

HPF
Fig. 4: Load Change Model

(56)

APL

4.1.7 OO0OO0OOOOOOOO

oboboboooooooooboobooboooboon
guboooobobooaooo. bogboboabod
ggboooboobbooboobuoobooaboa
gubooboooboodaboa. ggobooobod
gboob.00booo0ooob0obon Fighooo.

_1
10000s+1

White Noise LPF
Fig. 5: Wind Power Plant model

Gain APw

4.1.8 0O00O0OO0OOOOOO
goooooooooooo,ooooooooog,
000000000 Uai(t), Uax(t) 00000 . Areal
OFFCOO, Area2 0 TBCOOODOODOO.

Uar(t) = —Kar fAfar(t)
Uaa(t) = —KazfAfaz(t) — APyc(t)

(57)
(58)



000, Ka, KapOODDDO, 000000,
Afai(t), Afax(t) 000000000,
Area200000000000C00,0000000
0 APaseonn(t) 0000,0000000000,00
00000000000 Se, Ss,000000000
oooo.

S

A-PGz:mn (t) = SGTGSBAPAQCOWL (t) (59)
S

APchn (t) = SG%SBAPA2COWL (t) (60)

4.2 0000O0O0OO0OO0DOOOOO

00000000000000000000000
0 (61)0O00O000o0.

&(t) = Acx(t) + Beu(t) + Hw(t) (61)
ooo,
[ Afar(t) T
APr(t)
A:EgAl(t)
S Ua@)_
z1(t) CAPye(t)
x(t) = | x2(f) | = | Afax(t) (62)
x3(t) APg(t)
AmgAQ(t)
z5(t)
APg(t)
L Ua2(t)
= |owar(®)) | _ |L APreom(t)
U(t) B |: (E) - A-PAZcom, (E) (63)
= war(®) | [ APw(®) = Prai(t)
w(t) = { wan(®) | = A= P as(t) (64)
Aetn etz | O
Ac CAc21 1 O D ages | =
0 Ac32  Ac33
_Dai 1 Sag
AT wryy © 042_'1\41413,41‘ 0 0 0 0 0 o0
0 7ﬁ ﬁ 0 o 0 0 o 0 0 o0
-1 __1
Ty a1 Fal 0 Tya 0 0 : 0 0 0 0 0 o
—Kaqf 0 0 0 1 o 0 0 0 0 o0
—Thie 0 0 o‘r 0 J Tyie O 0 0 0 o0
777777777777 I'”_ 1 Dy 1 1
0 0 0 0\ M 42 MA; Lz O Oy 0
0 0 0 0] 0 Tlc % 0 0 o
‘ 1
0 0 0 0, 0 0 0 —72250 0o o
0 0 o ol o 0 0 0 0-Kpgo
|
1
0 0 0 0 0 0 0 0 0-7-o0
0 0 0 01 —1  —Kuof O 0o 0 0 o0
(65)
o 0
¢ 0
T,
PITIRTE  E S
Be = | _0_ -~ —0~ 7| = 0 0 (66)
0 . Besz 0 I Sg
I Tga2(Sg+5B)
0 0
0 - S
o 1 TB(S%‘JFSB)
1,
Mer
0o | 0
Hp oo o 1 —o— -
H 7(}1’U’:’707JM1 (67)
0  Hzz o | Qa2
o 1 0
0 0
0 | 0
o , o0

1863

goobo.0o0oooboroboobooo,oboooon
go.

xz(k+1) = Az(k) + Bu(k) + Hw(k) (68)

00O0o0o (9 0000000000000000,
Areal 0000000000000,00000000
APreom(t) 0 21(t), 22() 00000, Area2 0000
000000000,00000000 APageom(t)D
() 00000000000, 0000000000
0, Q = diag{100 0 0 10 10 100 0 0 10 0 10}, R = 51
ooo.

oo

J(xg,u) = Z(J:TQx + uT Ru) (69)
k=0

00o00o0o00oo0oooOoooooooo,o0o (31)
00@B3)00000o0o0o0ooooUooooo
gboogoboobgoboo,gboobobo,boobo
gobgoooooooon.

i(k+1) = Ai(k) + Bu(k) (70)
J(Fo,u) = > (#"Q% + u" Ru) (71)
k=0

000,0000000,0000000000000
0000000. 00000000 ¢000,000
000000 ¢p00000,000000000 20
00000000000 00000,0000000
00000000000,0000000000.00
0,Ap, BpO (37)0,(38) 000000000

i(k+1) = Apz(k) + Bpu(k) (72)

gboooooooOoboobobobobooooon
gboooboo,0obooobooobo,0coboobn
oobooooooooooooo,0obbooooooon
gboooooooooooboobobobooboo. O
000000000000 00 Table1OOOOODO
oo.

Table 1: Simulation Parameter

SEEEENET 50
Areal 0000 Sa[MW] 3000
Areal 0000 Mals] 10
Areal 000000000 Dasp-u.] 1
Arcal 0000 Kai[% MW] 0.1
Areal 0000000000000 Tps] 9
Areal 000000000000 Tyasfs] | 0.25
Areal 00000000000 Ray 0.05
Area2 0000 Sa2[MW] 900
Area2 0000 Masls| 10
Area2 000000000 Daslpul] 2
Area2 0000 Kao[% MW] 0.1
Area2000000000 Tgls| 1
Area2000000000000 Tyazls| 1
Area200000000000 Tl 1
Area20000000000 SgMW] 900
Area20000000 Sp[MW] 200
Area200000000 Kpg 0.94
000000 Teels) 2.0
000000 75 1




4.3 00OO0O0OO0OO0OO0ODOOOOO
4.3.1 0ODO00OODOOOOOO

000000000 Matlab R2011a 0, 1200[s] O O
000. 00000000000000000000
00000000 Fig6, Fig700O00000. Fig6
0()00000,00000 Areal 00000, 00
00000000000, 000000000000
0,00000 Areal 0 Area20000000000
00.Fig6O (b)00000,00000 Area2 00
000,00000000000000000,000
000000000,00000 Areal O Area2 00
0000000000. 0000000,000000
00000000000000000,000000,
0000000000000000,00000000
0000,000000000000.0000000
000000000000000000000000
0000000000000000. 00, Fig700
000000000000 +0.2HZ 000000, 0
ooooo0O00O0oooo.

—APLAL
— APw

@
3

g ol ah J E 10|
T i (R 5 s
g L A i - T
B R A T R =
T 20 it AW Y T s
Tl | Ea

-60 \J -15

5200 40 60 80 1000 1200 25 2w 600 800 1000 1200

t[s] 1]
(a)Areal (b)Area2

Fig. 6: Power Fluctuation

0. 0.

o o
o © B
Qb &

Frequency Deviation[Hz]
o
o
2]

Frequency Deviation[Hz]
b
L (=]

o
e
@

ooy

TF0 200 400 600

e s
(a)Areal (b)Area2
Fig. 7: Frequency Deviation
4.3.2 0O0OO0OO0OO0OO0OO0OO0OOO

k=800[s] 00000000000 Fig80O0OOO0O

0.000,Fg80000,CO00000,Ce000
00000, Co000Y0000000,CdOO0
000000000000000000000000
00,Cp000O0000O0O0OO0OOOOOOOOOO
0,Areal 000000 Area2 0000000000
00000000000000. 000000000
0000000000000000000000,00
000000000000000000000000.
00000000000000,0000000000
000000000000000000000000
000,000000000000000.

5 Lugg

obobooooooooooobooooobooobon
oooooooo,000o0o0c00 200000000
oboobooooooooobooboobooboog. O
oooo,0000000b0000000000000

800 1000 1200

o

200 600

800 1000 1200

1864

goooobo.oooboobooobboo,o0bo0ooDon
gbobooooooboobobobobooooon
g,gooooooooobo,oooooobooobn
goooooooo,oobooooboooooon
gboooooa.
ooooooooobo,oobooocooooboboooon
gboboooooooooobooog.

2277

& o

C Cc Co Cd

Cp

Fig. 8: Cost(k=800)

ggob

1) Y. C. Ho and K. C. Chu, Team Decision Theory and
Information Structures in Optimal Control Problems-
Part I, IEEE Transactions on Automatic Control,
AC-17-1, 15/22 (1972)

D.D. Siljak, Stability of large-scale systems under
structural perturbations, IEEE Transactions on Sys-
tems, Man and Cybernetics, 2-5, 657/663 (1972)

00 00,0000 oooooooooooo

0,00000, 46-11, 841/846 (2007)

M. Ikeda, D.D. Siljak, and D.E. White, Decentralized
Control with Overlapping Information Sets, Jour-
nal of optimization theory and Applications, 34-2,
280/310 (1981)

A. Rantzer, Linear Quadratic Team Theory Revis-
ited, in Proceedings of the American Control Confer-
ence, 1637/1641 (2006)

M. Rotkowitz, Information structures preserved un-
der nonlinear time-varying feedback, in Proceedings of
the American Control Conference, 4207/4212 (2006)

M. Rotkowitz and S. Lall, A characterization of con-
vex problems in decentralized control, IEEE Trans-
actions on Automatic Control, 51-2, 274/286, (2006)

J. Swigart and S. Lall, An explicit state-space so-
lution for a decentralized two-player optimal linear-
quadratic regulator, in Proceedings of the American
Control Conference, 6385/6390 (2010)

Charles E.Fosha and Olle I.LElgerd, The Megawatt-
Frequency Control Problem: A New Approach Via
Optimal Control Theory, IFEE Transactions on
Power Apparatus and Systems, PAS-89-4, 563/578
(1970)

og oo,00 0bbo,00 0bbo,000000o0oga
0o0o000000bO0o0oOoooboooooooobooo
oo0oooOo,o00ooooo, 128-12, 1513/1521,
(2008)

00 00,00 00,00 0O0,FFC-TBCOOOODO
oo oooooao,
oooooooo, 128-7, 953/960 (2008)

00 0,00 00,00 00,00000000040

gooooooooooooooo
000ooooo, 130-3, 338/346

10)

11)

12)

13) 00000,000,000000000000000
ooooooooooooooooo,os30o0o0o0

00000, 1085/1090 (2010)





