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Abstract: With an emphasis on delay tolerant electrical devices, the problem of scheduling the operations of these
smart devices is described as a stochastic optimization model. Then, based on Lyapunov optimization technique, a demand
response algorithm is proposed to determine when to response to electricity request and to calculate the amount of elec-
tricity to be discarded in real time. The proposed algorithm reduces the expected electricity bill and the influence on the
consumers by having to give up part of the electricity request because of short supply of electricity or overload of the grid
capacity. Third, through theoretical analysis, an explicit trade-off between the value of cost function and the worst-case
delay of any electricity request to be completed or dropped is obtained when the electricity request price, the amount of
renewable generation and the amount of electricity request are independent and identically distributed. Finally, Simulation
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demonstrates the effectiveness of the proposed results.
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PRSI, X EITVERIRT S & v A RelR . LR
KM AR ST HE B Se A v A, (2l T ] f
A= BEUE AN FL R SR B I s A AT AN AT SR 1, BRI X
LRI G it BARMEIREL. 4k, e H & T/
UL R GE. 9 1 iX — 3, Michael J. Neely4% A\ 7E
20104 B K F T filt v o 2k WX 25 BA B R Gt b Bl A 4%
il Il & (1 Lyapunov AL AL B AR 715 \ 2154 6 L W i,
2% e PRSI AR BE IR R FRL U 45 BN SE IR R A 1B A%
AR TR, W FUREAN I BN I R REVE RE 0 AT, AT
TE 50 VF I S5 K AE IR 22 N, B AIG 7 1 ) 33 | 3% 52
U0V PRz AR oy b, AR AR REYR G LR RE L
HAL 1 SR AR A2 S BE ALY, TG 7 AE EATTH 2B 5615 B
Lyapunovfi AL A IR 451 & FH T KL R 4. [F I,
AR SCHR [10]H B FEA R AR 1] 5, A 2% 5] &
IVER, —Ses2 2 A TR LA Al A E— DI 9. b,
SCHR[11-12175 18 FL A B i) AR 5 M, 5 T Lyapunov il
ACEOR, BT —PiAE L4z ) SR, {815 AT AE AN I B
SIS R SR R O B R A T AR R, A B
BTG5 AA 00 L BRI 1 H AR Guo e N3 it 7t
B T 22 A HL A AL A T P A R F I T TS
H, N5 I8 Z P AT oK 5 U RE A B 3, OF
P2 H — 5 T Lyapunov fRAL I TE 28 7 A X BRI,
ZhengZ: NUSUH) F LyapunovAift Ak 77 £ 78 1 25 1 1)
A P ) [ R, A4S AR AN 2 I P A7 I R (R TR R B
AL L R ) B .

R R g F EL A SR AT A AR e 8 ) A U FEE 11
BHEHE TR IS M E. ABEA TR G B W [
i, RIRE H R LA <X R DOV <X
HLREIR 7 P ORAR ST A - e dis KB TRl A
JUECRH P (RIS RO H R AR = RV 2 25, AT 22
F oz ] sl B pe L =8 5 B R R H
SN, AN R S PR A H B SR AN SR B HR I 2 e
PRGSO, EUAE BN, P AIA S A & 55 H
TR ARSO IX L8 o) U AT IR AT, 3R — P T
Lyapunovft A4 i S 75 R R 570925, = ZEoTikoA:

1) ZREH I8 FR AN R, Bert AemH S~ AT
B S H I F3 (10350 43 FH EE R SROGH At AT T3 S M (1)
AN BR L, K FH LT SR AT SR e SO P 52 £ U P )
ST R AR A e /My H BRI BE AL A S Y.

2) FFHLyapunov o A AR T —Ff 75 =R e )97 55
VR SIS T 2% FH FEL R SR ART IR A e 87 2 4% 45 7 1)
R R R, Friser M EEA R TR A 8
M A S 0 22 1 A 3 FH I SR g5 P A SR LR
i), 3 AR BF S 25 %o P 1 B B R B v AT Bt
AR F LK.

3) I ERS AT, LA Y E T SR e R )
$5e RS AR N 1) 5 BTt 98 B AR Bk B0 2 T R A Ok
R, BRI BIE SRA W& F KA, Jhaid
15 EL S A TIRIE.

2 [ 8HEA (Problem formulation)

AR SCEF X R A TR P aOR P R
FIMRSS w2 NASF Pt e, BLARANH P 222 ] AR R
TR L, K22 4% rLRE AR 2 o 5 H At P =,
WE LR, NI HT, A 305 8 B O (] % BE
W 240, FLCAE A g e ] 1) B A .
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Fig. 1 The diagram of smart grid

2.1 H RS us(Power service station)

FA P 1) B 7 R 45 b T S P (¢) FRAL L, 7 S AT
WP (t)c(t), He(t) & 4uT sy, HE s
E HAEHBI coax, 10 < c(t) < Cnax. HT TR
Z- i RERE TR AL 1 L AR 52 B 2, ST Py N R
Bl P FE AR A5 i T B A B R L, D

0 < P(t) < Puax- (1

2.2 H PRI (Consumer model)
H P EAAEE Qi B2 Fos, B 37 TH N2
1) TR B EA AR D ER &N
—2K, AP & n R, fdk ()RR bk
R LT BIERE, H d* (1) < (d*)max HF
) (% ) e 28775 % BE A O 3K LB SR AR, I 1T
T SR AT il 72 AH B BB R, 808 S 1t S L e s ).
L pF ()2 AT B P n RIS kS & IR T FL A,
LA P () < (08 o> FEH (08 ) o BRI BER AT 23
B 211 B K FELBE. 25 RE 21 22 FEL BB AN ISR B3 L X AR 4R
R PR FH P AT AN AR A 8 330 43 FH RV SR A
Beak (1) < (d¥) masr P i 88 k2% 5 24 7 75 4 37
(A FIE SR &, (R, FH HIE SRAFAEBA S QF () 1 58
HRERTRR A
Qr (t+1) = max {Q; (t)—pj (t)—al(t),0} +
d¥ (t),vn, k,t. )

HR¥ELyapunovilt AL AR, b RaE—AN FH BTG K i
M AR BRI, BN BABI N R AR e ), B

_ T—1
Q= Tim sup = 3" E{Q}(H)} <00, Vo, k, ()
T—o0 T t=0
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o4
FP IR} BN, R4, 2RI A
S k() = ha(t) > 0, Y, 1, @)
k=1

HrA B h,, (¢) R 411 Bogs - n i a] H FLRE.

2) AIEAERRIR AR S 2 g, (t) 2 P nifn]
AL RRIR R G Y T R R, T AT AR BRI SE IR
ASARTZIREBOR, Sebr & BTN T HAUE (H g,
BI0 < g (1) < g™, T, ASCBRBCAT A2 RE
TRAE F R T A, T2 SR ] 7 (Y R 225 S
A REVR AL F AR R 1R O

3) HAMER MR MERAMES H, 4
P A AR eV R L i g, (8) 7 Bcgs P AT H
HLRE R, (8) A2 1) LD AR ) (522 P &, () TR A2

hn(t) = gn(t) +pn(t)v VTL, t, )

HA#p,, (t) AT IEAT 4. Hp,, (6) N IER, Fom i
AT PR AR REYE R S SR E R H S H R, TR
L5 T SCHe; A BB, SR B P ) ] FEAE R IR R HE
S ET T R R A, BV 2 R HRERE LA E
A 21 F o A =2 .
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Fig. 2 The diagram of consumer model

2.3 HEEILE (Energy share)

BRI g FH R 75 SR AT A BEUR IS BAT — 7€ B s,
BT AU F P 202 o 0 H e e o e [5 = F A 0L
A P 1) e SE I R RE L =2, At e 2 e e e R FH R0,
NI 21390/ Fia, 9 S HHORT FH P SR 7 B H Y, A
R RIS 225 F P 8] A S P-4 ) A,
I D B T T FE O, AT 8. AR
SR P A] SEAT B R L = 1) 3R A H A S R BE ()3
/DD L, BEARRRL B SCHY s AN, AT REgR A H P AT
FI F F T SR B OHBA T3 B SE . SR T, X PR 2
[EAFAE—E P &, Eetn, iz F P AT F L oK
Fr IR, (E R AR B SO VR R ) IR 25 ot B F 78 A2 1 2%
PEF, SR AT RE 2 M ) L) R 5k I S LR TR,
% LS AU 9 2 PRI I AAN BR

3 1 T-1
C = lim — > {E{aic(t)P(t)+
T—oo T =0

N ny
o2 3 3 Hiar ()}, ©
Forbts o Flog AU REL, HE () o & 2 (0 i L3

SROGHH P 3 B2 T R A DR P 5 37 1 FH B SR
ey N 165167 Qb AU RIER <\ N ER i ==t N e C
T SR B 3G N, X FH P 3 B RS U SRR i, B
CLEF(-) MR FRIREBIE 1™ R 5 H HE(0) = 0.
2.4 HEAEHIZIH (Power transmission constraint)

FH T A DLRZ TR b A P BRI T 5,
BRI, DB T2 A, AT SR A B 2 R AL 43 A FL
WX R A D2 R

P(t) Pa(t)

1]‘0— 1]'"— Z qu(t):(), VJEJ,t,
T q€R(j)
@)
0.(t) —0,(t . )
pjg(t) = ]()bq” Vi€ dJ, qe 2(j),t, (®)
Jq
piq(t)| < P, Vi € J, q € 2(4),t, )

b B P RS kR AR B SRR T A, IR
JERINEATIEES Lo (L) 2R 5 HRE, T rij 2l
JIRGFEERI P )i, 150(15,)5 11, BNNO; 2(5) 72
55 5 BEAE R RS 0,(6) 270 /g ER4ET
F s A AR b R I ARIE TS f g Fllg 2 18] ) AR A 4R,
E BT pjq (8) MIpex oy S RAR R 2Rl L AT ZE
(1A DA i R AR B 1 B R DIl
2.5  BEHLLALAE R (Stochastic optimization model)
ZR b, AR SR FT R T SR e S (7] &R 7R pichn T Bl
PR ALY

min ,
0Pk (1) (P Y max,0<ak (1) (A Jmax

s.t. (1) = (5)(7)—(9), (10)
F dyy(t), ga(t), o) 2@y (t) & A HTMN A, pf (1)
Fak (t) N2 s As &, I H— X ANE E e, &
Bh, (1), pig(t), P(t), 0,(t) Kp, (t) FEARHAE.
3 Hikiih(Algorithm design)
3.1 Lyapunovfii4k i i) 5558 £ R (Key techniques
in Lyapunov optimization)
25 tH Lyapunovflt At H 18 FHER, FR7E R A&
il b, 3R 5 A SR 7T iRl AR SR A 5| BN LS 12
B, E SRS
Z,(t+ 1) =max[Z,(t) — p,,(t) — ay(t) +
s lgn >0, 0], Vn, k, (11)
b MRS EL, JUE W n i3 RSB 10
JH LT SRABE I 82 1) e K545 I ) ABE AL AL 1 L (10)
() HAREREUA: 1ok (1) >0y AT T BREL, Z9QF () K T0
I, B9, ANN0. 25— 5 0 R SR A
S ()5 KA AR I (AR G ] EOT,
SIFB 1 (RS AE— P R R NS 0g, Xve, 2
A QE(t) < (QF)max F1 ZE(t) < (Z)mas T 1 9
(QF ) max M ZF ) max SR IEFEHL, W& A A K5
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AR LRI R SEAFIN T (0 ) s

(6§)max — ’V(Qn)max + (Zn)max

Sn

B, fRPELyapunovift AL ) w-only P £ Bl AL 2K
W11, 25 B 2T I L 10) F) T AR B A LR s 5 | B

SIFR 2 WRBENLILAC IR R (10) 2 RTAT R, R4,
SHERH He > 0, BT, s Ui
FA P nf 56 kg & 1 g SR & d® (¢) R LR
TEAERABI QF (#) BAHNEEFARAT Z5 (¢) « AT FEAE BB R
HL R R HL TR g, (6) DA SCERAS FELAT (8, T —Fh 20 B
S H P B R IR OF () TR B F I HIE
REar (ORI R, 115

“ , Vn, k. (12)

B{arc(t)P(t)+az 3. 35 (D)) <om -t
(13)
E{d(0)} < E{pL(1) + @ (D)} + <, (14)

%EP: opt L NBEHLAAL 8] B (10) ) H A5 bR R AUE,
P(t)hpk (¢) B . #ER@— ST, B
~ N ng N
szggﬁw—;mw (15)
B2, i 0(t) =[{QF}, {ZF} | v 2w B 45 F
T8 SRAFfitt BB AL AR 2R 400 BA B 1) 1m) =2, 9 08 XK
Lyapunovl%liﬁ(

L(O(t))= nZlkZ; {(QE®)*+(ZE(t)*}.  (6)
52 X —BrLyapunov-F-# pR £

A(O(t)=E{L(O(t+1))-L(O(1)|O1)} AN
B0, B0 H AR AR D S
—r Lyapunov$5FZ BN, 15 2| Lyapunov-F-# R 4L

—In—TE T R B
P(t)= A(@( ))+VE{aic(t)P(t)+
% Z S HNaE1))OWm)).  (8)

n=1k=1
Hep VvV > 0 EnASE. TSI ESH o (¢) 1L
IER(EAEER
SIFE 3 AEREHLOLAL I E10) AT AT IR, X T
R P S k2R A 24 a0 BT F EL A pF (1) &

HEEFMHBEREC (1), WhH
D(t) <
B+ 5 S5 B{QU()E (1) + Z5 (1)t +
n=1k=1

0.5(6,)* + (P (t)* = {sy + Z3 (1) + @ (1)} x
(pn(t) + an (1) O(1)} + VE{awc(t) P(¢) +

+
ox 35 8% Hi(as )|O(0), 19

%34 %
Hrp
1 N Nk
Bmaxzf Z Z{4(p§z)max(dﬁ)max+3(d§1)12nax}'

2 pZ1k=1

UES B AE ]S RE T WP AL
3.2 ZETFLyapunovit b 1) 75 3K M B2 8 7% (Demand

response based on Lyapunov optimization)

B Lyapunovft AL H I, BT h— b 7 SR
UL 4 BT PP 55 e 2K 46 P LR ikl (1)
Je L RAFAE S QF (¢) 5 BEAUBASI Z5 (1) W] H
AR g, (1) B (t), 76 A7 340 A
P B kSR A IR ok () PN T & A A R R &
ak (t), AT B/ MESR (19) A4 5 4 ARk .
DyER, B AOANETAHULRILX, /55

P(t) <

B + B(t) + E{S 55 {VanHA (ak (1))~

n=1 k=1
ar (t)x{ck + Zi(t) + QE (1)} O()}} +
B{Y 3 ({Vane(t) — <& — Z5(t) -
n=1 k=1
Qi ()} x pi(t) + (P (8))*1O(t)} }, (20)
HrP B(¢) 5 AR AT S

B(t)=B{Y SS{QL()

n=1k=1

dy(t) + ZE(t)sy +

058}V X arega (0|60} 2D

e, MR ik &1+J?U"Jﬁ=¥ﬂﬁﬁzkﬂmﬁ%;/£*?
R
HE1 VIIHQE(0)=2%(0)=0,Yn, k, 3%

Sk Vn, k V. 8K JE, X Ve B R e(t), dE (1), QF (1),
ZE(t), gn(t), Y, KIOE, AT FTHTHE.

FBE2 EREI N ORI R, T AT
T A P n )3 k2 B 1 m] F B RE of (2):

min 3 55 {(05(1))? + ok (1) ¥

Vaue(t) — o — 25(0) — QE())),
b (1))~ (5)(7)— (9),
0< PE() < ()

SBT3 R AR, THE SR
B P n 2R kR TR G R R & ak (¢):
min Z S5 {Vas HE (ak (1)) —
n=1k=1
{on + Zi(t) + Qr(t)}ar (1)},
s.t. 0 < af(t) < (dF)max-
B4 HRQUDIHEHQE (1), ZE(1).
Mt IR, Bk BB DU R
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1) M ER2H (g oAk i) &5 ] i, 4 B B R
o HR OB R 0 BB IR SR A B A T35 2 RS, B9
AN AT XHZ B B A B SR A i B, I T8
G FH P A fR, AT D L B S L H 2 L
SRAFAEPANBBGHI, SR A A B B 4% 2 TiC HLBE,
WG 2 (1 37 F LR SR 45 P s SR PR E RS

2) MG BRI A Ak e T R, 24 PR D R X A
B[] 5 P R 4%l 1 (4t L R 3 R A o T R
RS ELAE RS 25 I, S AR Ve A 0 FH P
(1) B AR P s (AT N < 7 4 02 f F H T oK. L,
E R ANT F  BOEFAR IS, T 24 3 i R SR A7
PAFIRS A AR 550, 1O SRt Sl 7, {7 xt A
JUE BV T AT B RE MM 2 (R R %
it FH P RO AR K, Tl — B4 f R SR A7 it BA 51
25 IR, A & a& e I EIE R, BRI R
e B R S A oA A P 11 A 152 2% F H v SR 5/ B
FELBE FE AL, S8 RN A B 4% 4% 16 R 17 SR .
3.3  HiEMERE(Algorithm performance)

EE1 WHF()EH FECRNE (x), I AT
Y= X0 () max)- H5 (05 )max = (A )mass H ¢} AL
0< cF< B(d®), W ZHc(t)MdE(t), g, (t), Yn, kAR
SEIE M, i H IR R SR B RE BT DL PR RE:

1) Ve, P nff s ks 4 (1 ri sRAZ g A1
QF (t) B AL EEIIBAF ZF (¢) 253 12

Qn (1) <(Q)maxs Zn(t) <(Z))maxs Y, K, (22)
H: (Q Jmax = Vaoy)y —¢f +(d) )mass (Z))max =
Vagvyk.

2) F Pl B0 k2 1 45 10 FE R SR 1 87 P B K
EEFEIT AN (07 ) e I

()= {2‘/042%’? —;’fﬂdﬁ)m

3) Aak (1), pk(t), Vn, k& A% S I 75 5K i B
TG, o ARAHRL VIR I AN PR B, pope FoRBENLIEAL
1] 8 (10) FIEReAI HARBREUE, o5 o pe Z IR AL

N ne
Bmax+ Zl kz_:l {(pﬁ)iax+05(§7]’f)2}
V

w . Vn, k. (23)

QDg +Soopt-

(24)
4) Un 2R HL A R L H T R 55 Rt L e
B R R, B3R n i 58 kSR8 I T R K
SOl ORI, BLH ()i 2

dyy)max + 4(p},)
k 0 ( n/max n ) max
Xn(0) > o sV

TR, ARSI FP R 5 SR S S ORAE 1228 1
R SR A& 7.

1G5 FRARTUE I R DB SRB.

SEHLIRELE c(t)FdE (1), g,(t), Y, KIRAMIRST [H]

2051 Cmax

;o (25

I3, WU R P FEL U SR e S92 Py i R S5 AR B 1)
R M BB EE 2 (B AFAEARUT R R, HEHSEV fi gl
Vn, k3L ERE, BRI AR SRR S 1 B RS Ar  A]
VRGIER S ek s b, AR s BE 5 H iz
MM ZEE SV U Sk iEt. Fril, #H R E VIR
K SFIR/IN, HReTS 2 TC IR B2 T F AR A A BR 2
B, H R FLTE SR i . R S AR ) TR 22 ARG S Fn,
NAZARYE P R RS E e 1HIE.
4 HEAiHE (Algorithm simulation)
4.1 fiE S (Simulation parameter)

AT B R R R L EE T 0 . DA 25/
e IEFEHBINSEEE W T:

1) (BB —H, BEKEN0.5 h.

2) DASEE ] FAR RR IR S0 = R AN 8 TS AL
i [X S 38) 5 3B 1 S BH 4 8 (solar irradiance, ST)%R
UM AT AL REIR R FLIN S5 (R SCEFR 2012412
HATH R F6 520124512731 H M 1255 (0 5 ), I
A5 AN 6] BE A8 R SR R AEAS [F] P B AT 54 e 1
& (A S, R AT PR AR R R 2 (RN A Py 42
B EAE Arand [5, 10] x ST x 60 x 304:.

3) LHEAPEN B, AP IA RS R
ManE 1R,

&1 AR PR A& KA

Table 1 Device categories that each consumer has

/P 1 2 3 4 5 6 7 8 9 10 11
1 v v VAR v 4 A A
x52 NNV VAN
2903 J A J NN, J
254 Y N Y VN NV

4) ERFNIREPY, B A SR E G L) A

dk (1) = 242 xrand[0, 1], 6:00 ~ 21: 00,
"7 7] 0.54-0.5xrand|[0, 1], 21 : 00 ~ 6 : 00,

[IESFNGE- AT SN R UVER 5 SN R i D
(dﬁ)max = 4MWh;Fn(pr)maX = (dﬁ)max-
5) FH B EL T SR A 7 5 e 25 At s SR AN 1) 52
HE(x) = ¢"2* +uFx, Vn, k, (26)
Horprgh fluk 2= FH P ) 88 kSR B0z A P i 2
HSH AN EE: Mne{l,2,3,4,56} i, ¢ =
rand[0, 1], «* = rand|0.5, 1]; 4n € {7,8,9,10, 11}
i, ¢* = rand[1, 2], u* = rand[1,2].
6) A7 e(t) = rand[0.5, 1//kWh.
4.2 A HHIERAEFFHIIZ5(Scenario with dropp-
ed electricity request)
T A IR S5 B AR A I R P PR A B R L RE
Prax = 60 MWh, B-A& 522 1) B 5T S H i BE AR 3
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R DB AN R 27N, HE 3% S H AT P 52 pR 2
FIRLE ZE A oy = 0.5 ay = 0.5. 37 Ei
UE T 2R N Tk — R Hbis 2 P AT H i SR, B
FA P ATIASRAS G 72350 43 F HIE SR T T 20501 A L
REFEE. VA Vn, KXW EIERIE R TITS.

£ 2 BAEME A SR RIS

Table 2 Reactance and capacity of transmission line

Bk 1 2 3 4 5 6 71 8 9 10

iPT 0.058 0.098 0.05 0.12 0.092 0.17 0.059 0.101 0.072 0.063
FRZ 28.8 24 168 144 348 18 204 132 72 3.6

Bk 11 12 13 14 15 16 17 18 19

HHT 0.161 0.0850.078 0.038 0.029 0.178 0.208 0.059 0.105
IR 84 96 6 72 96 96 84 144 192

4.2.1 F H1iF K 4 3¢ & (The amount of dropped
electricity request)

WHEV =100, ¢k =E(d*), Vn, k. X FH P 6RHH -
Q)& 2% (e ATTAE D 318 1 P 1 e v SR &R B0
6], 43 ) & 3280.3, 3300.2, 3288.0, 3272.4, 3255.6 Al
3243. 1) H HLE SR & 7l AT LR, W3 FR. A3
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for example)
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when there is no dropped electricity request
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5 25 (Conclusions)
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Mk A 5|3 3 FUEB (Appendix A Proof of
Lemma 3)
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Theorem 1)
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