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Load Shedding and Generator Rescheduling By Quadratic

Programning — Part Il :

— Optimization Procedure and Its Application —

B'e

BRI pEmmiEE 97 ARy 2 SEEES

9 SRS Tt AELE QP (Quadratic Prog-
ramming) Fik-& #HAsHE Approach® {EHESIE L

=, o] Approach= Part [ol4 B#Es =&
{ER st

LSGRAGEEA N3l Algorithme. 2 FAel= LP
(Linear Programming) Approachzt 714 #Regel
Aow M=} ghont o] Fikel EEE BEH
FAAELS) #BoHY #IL (Piecewise Linearization)
o] whe} A5 Line Segment #{ wkE2 A R4
X fEfhe] BB FEEE ook kel =R LPHE
2] LS Hsld e & A&A kel Slack Variable
o A ok Fh7] o} Foll, LSGREGE sk LP
Pk mAe iy A2 ge] Beel 4R
Demensionality[Hliel] w=stAl =t}

LSGRA3EES] 8t Solution Algorithm% B
ol 9lel A EREHY Operationf5slell =teb FEEAHR
¢] Approach® HEstg.e= 2 miEft Leveld (i)
53 B 757 2587 (Optimal Load Shedding), (i) fo#
HEDEE 2 ()REEEFE S (Optimal Genera
—tion Rescheduling) &2 }re] Hdk shgiel

o] REEARS Approacht md{bitiEs k43t
A7 4 oohdel HERNE WA 29 7 Ak

2 JEHA BhEIE

L 3702 Optimization Levelell %t Za§{bAl-
gorithme] o=} 9l 17-bus % 50—bus Sys
-temel] & BEFIEGERT 12K Algorithm®|
HREEE )

NOTATIONS

ay, h1 : generation cost coefficients for
incremental power generation of
generator i

0a + diagonal matrix with elements a,

ay : proportional ratio between active
and reactive loads

P, Q : real and reactive bus injection
powers

F, G : real and reactive line flow

s : line flow

Vsp + specified bus voitage

[3 : bus voltage tolerance limit

"84 : phase angle of bus voltage Vy

835 = 8y =~ eJ : phase difference between bus volt
ages Vy and Yy

H, N, J, L : Jaccobian matrix

B : loss coeffiecient matrix

N : number of system buses

n=N-1 : dimensionality of bus admittance
matrix

A : incremental value

Y. G B : bus admittance, conductance and
succeptance

Y, 9. b : 1ine admittance, conductance and
succeptance

_10_



: sensitivities of power flow of
line k to real and reactive injec-
tion powers at bus 1

1 : a vector with all elements equal
to unity

control units of generator, Toad
and condensor

Kok, i Ko, i

subscript G, L, C:

subscript sp : specified
subseript u, ¢ : upper and lower 1imfts
subscript ove : overload

superscript o : evaluation at the ambient operat-

ing point
superscript M ¢ modified
underlined letter : a vector

upperdotted letter: a complex number

I. #% &

3ol = LSGRIEERNT & 13 FRo= FH
o HRBREET BT BREYS 445k BiE
ffFE o2 LPHEES FMste Aol 713 #Em
ol Hikes AA=e] geb(6—9) 22y o] K
#el s 2 Ethe BEARMENS SoMMRpt
( Piecewise Linearization)o] <pa 2 2 s o
olol = M BE THERe] BIMR HES o oF gl
t9-71 LP Algorithm®| #H<S sl & REEl
ol dlske] Slack Variable2- & AFled o} 17| o] -2
ol Matrix®| Dimension®] #x|= o]oll =z} pr#iil
BEE 2 Hh el FLe Hmakel

Chans} Yip[8 )-2 o] 2| g} Dimensionality [&iS
f#Hest 7] $13ke] Bartels-Golub Decomposition [10-
12)ell 712 % ® Sparse Linear Programming 5 ik
& BAE RESIT o, o] FHiE d4| Matrix
9] Dimensiorell ®l#5ke] FEEHES Wiz 22
ABAFMA ] BAL T RS b3 glv)

Subramanian( 3 ]-& Lagrangian Multiplierikel] 9
& Algorithme #2%FsHH .0} o] Hke Part [
A SRR akeh o], gt RS iASY
A ol] JIEEERe] wo) A el

A H-Z Wolfe’s Methodel Kuhn-Tucker The-
orydl| #fEE 271<19 QP Algorithms #Rsla
det ol QPEE:e] #A-L FEEAY Cost Functi
on# 7}7HE 2% Cost Function® %4 o 32 =
QPEEA ML mERs ks FEXY ®#S
Fozsd odolx|E2  jgkx QP Algorithm 2
LPHEEA A Bl il 3 EDEESES S

o 4 glvl. ol Frhvk Piecewise Linearize Cost
Functions] Aol Quadratic Cost Function2 {{F s}
B8 QP Algorithmell 42| Ri#i#t= LP Algorithm
of ot fguel o F2 BEAHS T FlgSE

s)ek.

I. BEEX S#E{t Hierarchical

Op timiza tion)

LSGRRE & Solution Algorithms Bi#Es)
=8 el Folal HEHER:FAA ke Cost
Function% #/MLsls #E Fst= A3 H8%E
Tab BB ¥ ERE NI EEHRAAS De-
couplingS o] &3}e] [MEFEfATE (Hierarbhy System)
= &H FEEER AwEe] FRIEszel =etel 3t
22 K PgdAe vk 28 Falfk @2
Level o] #E2= gix].

Level(l) : ATTERIES] Mae &R sk &l
B 87 Algorithm®]  H£ 5

Level(2) ! Bfrilcl RIAT AHELEEES B2 8
HE T dv REEHE L Alepri -
thm &] TFB,

Level(3) : 8884+ /2 She Ja§s8 # oy
Algorithm?] 8

LSGRAGE A& ZH\EES T3hs Program &
W% Contingency Analysis Program= @#ifs &
5l #Ffr=l™ _LEFE  Algorithm £3 Contingency
Program#te] 2] Interaction®] Figl 2 Flow Chart
o] Fo7 olv} Flow Chart BBl = #52] Load
Flow Programs /st JEHEMES sk
TRl = 834 madtel & SR e 3k
B =5 dhyel @t A e At
Algorithmoll ¢]8}s] a2 #g7} BT Model
o] 23ke] HE=Z wlFo)d olmole AHRE
Operating Point2 ZHo} Loop@ & wlel fEHEE
= ErEY 2ast gl skt o)l gk A9 Sys-
tem?| Disturbancer} 418t 73-$-oll FEdkc},

I. SEEFHEEYTLIS (Optimal
Load Shedding Algorithm)



50 to the (iv) B it (Load Constraints)
next cAts o 0 ( )
o mtine P.. -P/. <« aP,. ¢« P - P 5
goncy analysrs or Lei "L R AT RS

Qo

Li
AQL)' = q; APL)' where ay == (6)

there iny P

Lose © abnarmal vol Li

ages?

2 Formulationell 45 FBHEEMEEIRIELS] &
e s glos BipiEinee] SipEREL R
3 Mg S#51E (Optimal Reactive Bus Power Com-
pensation) Algorithmel] 4 &= Zejet.  shxIgk
Constraint(3r BEE 4Qc ¥ AQe:® W&
glelm, ol AL mEfRe Kilrl HdlAE AFE
E@?Algorithmﬂl- WLy TSRS Algorithm Afe| &) KB
HEAERe) pheEghe o]v]gir), oledt EETLE
FTERE NS "J"“’LDI WAzl ER, ARER =&
TorinaT Reacivve Fomar MBI GBS AESE =t BER
S — el o5kl vEedl Witk + AvkE B R A

x

] AQeE AQ T REHE, L WL HE A
Print: tha solution o] I i o U
g Eigel] gleiA sAsEste A4 1 ZEE

o) BATR. T WHE Fol BERHA o
A A= &QeE AQei7t Zerod 28 L (3) 4
T ) S R |

P A = = =] = T AT

Suppress ail abnorma
voltages by cum:luctmg
the Taad fi

Calculate sesitivity
coefficlents by using
gr

Loeo @

Upaate the olg
operating point
by the new state
resulting from
the last load
flow calcularion

Check validity of the
solution by the loag
flow caleulacton

ipvalid

Z{ka'i(APGi-APLi)-KQk,,i[1 - Igc(i)]aqy;)

Fig.1 LSGR Program Flcw Chart, < Sk (7)
20VE
= Fie 1 SystemFHofeft Toll 4 B R U5 N
where
Be ='-'fJ'\_‘r_ oH: Algorithm$ TURskL /.0 14if bus i has any reactive power-
Optimization [ f# e PartIol4 78 B2 ds gggeritlg% fac]AE'll-:y_(SOI)nCE
i 1T - e
AToRM, vheat o] AR + vk A ‘se (si 0, aQ% = 0)
Minimize 0 otherwise (since AQGi = 0, aQgy =
JL=3. AP, e (1) 8RR (Loss Coefficient) Vector ,‘9% HFAYgo S
Subject to A, BHBMBIEER) = ohgal o] 4 5 oot &
H T bfn
(i) WIEMEM (Power Balance Condifion (- ﬁt)] - ]T aP, (8)
T T 0 01T
1'aP. - 1'aP, - 2[P5 - P']' B[aP. - aP,] = 0 (2) T 0
-G L —&5 =L —G L whereg a 2B [—G BL]

(il) ik wlmal #oig e (Line Flow Constraints)
T [Kpg, i (aPg;-aPy4)
* K1 (805 #0000 )] < = S, o0 3 T Dok

for all overloaded or vulnerable lines k.

232 K6)E A7)l fUAsk ohgal zbe] el

AP -{Kp f+ca;1[ 1)]l<Qk ;18P 5]

< =5
(i) Z#E.E, TFHMEM (Power Generation k.ova (9)
Limits) K25, Optimisstion ({61 WHOIEHF (5
(4]
Pori = Paj € aPg < Pgy - PR (4) OBkl ()& BMEsts MBR zsieel,

=12 -



V. SE8YEH#EE (Optimal Reac

tive Power Compensation) Algorithm

Al =ls A% % S EREEE §
& 3 ewel ol 2 3hr] S5t EERIEE B
< Wik Aol BB

B AR HeEs BAMRE =l2s e
T2, 1ol = W (Load Flow Caleulation)
Programel] 154 17303 ek #ENFR) o) 2
2= g gk (4—-8)

ool A RS RHRERERES BRI
L15te] B EFEREESE (Least Square Error Meth
~od) B EASE Algorithm? R

Hifioll 48] 38 B FEETAlgorithm & FFgo 2
A & Bl AL HEAIEEC) RESY  Fela)
B BEFER TN A fRERENHES oLt
zrol AR + 2ok '

2
Minimize JV = f AVi (10)
subjact to
vy [AQGCI - A():l)/v1
iy . 1=
. c .
avy (AQGCn - AQLn)/vn

8Qqe ¢ € AQge; € BQgpys 3 151:2senesn

(11)
where
8Qgc; = 005 — a0y
- o _ o]
Meei = Qg5 = Qg0 8Qgy5 = g5 - Ug;
8Qny = Qups = Q% y a0 . = Q. . - OO
cei = Yoei 7 Qe 8%y = gy - Qg
(12)

A0 SEE bR /) g #elk (Least Square De-
viation method)E A4l def4 oF &4 App-
roach® ==}

(a) % FHgol A MAENB LY TEMETH

gkt
() & BigolA B e wptsld &

k]
AQqe = 894 for all buses { (13)

o]wl, o] REE/F REEHENEHEH HR
2 TR
@) ()8 e MEA7A $omd Stepb)
£ #isteh
(b) EHEHe) LD Bl N BRI
R IMERS KA AT RDEE
ol 2stel aQ=*E A 4bEteh
k2 Approachel] gled4] Step (b)F ot T
o2 avid west vk EEENY T
8 Bl Agk HERAE BEYR oA AFR
2017 Matrix® Az} b, R{plAel WHED
b OFIRESS Bk @ A PAkIA FRE
Az e, RH0-0102 @l e okt 2l
Ak,

Mipimize J = L AV‘? (14)
Subject to
Aav = adf (15)
A4, 199 FoE & =
A_\{* -y [‘I‘-\I\T]_1 AQI (16)

2.2 Folal, od =& REEEEEES ©HL

3t R,

2" = [AE}I. Aaz.....Aﬁ:]T

PR
dzlq aQlE

AQ: = ¥ 2] for all f (18)
24 FoAH, 9B ¥d EERTVHELS
chgol Slaked sHELAC,

Mgy = AQ +aQ,  for all i (19)
oi7lell 4 AQac.E L5 B4 BHE £ W)
2] WapEHL - TIREG WEETT BiTs o okst
o, ol AL okl BEe whel EiTEleh
() #19-190 A ZE AQecE FITEIREE

_.13_



E AQeci7t k- TIRIENS WEAZIR &
& #Tekm, 2%8Ha geoed Step (i) F
shet,

(1) _E'—F]SIM&H:‘% HEA] 7] A e AQee: o]
it S 25 @sted 1 gl g EEE
- SE TS R0oel sk Step(i) &
g, 2 A0 Figdl AQiE rhgatk 7

o] Ekvl,
oif - { (8Qgp, a0y 5) /Y] » 1F 8Qge;> 8¢5
(8Qgey 80 3/V5 » FF aQgei € Algey
(20)

EE2Y B ARl 48k Flow Charte Fig. 2
o et

Stary wits the oreviously
dutarmined Auu‘l

the

Commiete reactive

gwer COMDENSALID:

pos3ible
»

Set up wouality comstraints 45 ane

derarmine A and 0
Set 2gp* 24
for all buses i

o

Calculate 51-

Cateulaze 20" and &0
<

Modify i and .*.g_(

in the sguality

constraines (L5)
e

l Gq tg the next sTeo.

Fig. 2 Optimal reactive power compensation

algorithm.

V. ERBEHES (Optinal Genera-
tion Rescheduling) Algorethm

A fiel e, fngat Lzl gl At g
2 sHRTSE 2 SREIWUTIAA, BEEA
T mAOE S AuEl e MBS DURdte

Part Jofl 4278 fMEE-4 A4do24, Rif
REAROHES &5 o] L4k drh

L. 1 .7 T
Minimize J. =3 aP. D_aAP. + b AP (21
subject to 6 276 "2 %6 =6 )

HIFTIERE
(i) THF4LEMAE (Power Balance Condition)

T *
(1-8°] apg=(1-¢ ]TABL (22)
(i) #BE&EH 4 (Line Flow Constraints)
F Kk, 18%61) € (Sx our ~ 8S10,4) (23)

for all overloaded and vulnerable lines,
where
+a

*
850,k = (Kpy s Kok,i) 8Ppy - 85q 4

(i) #E L - TRAEMH (Power Generation

Limit)
o Q
Pari=Pai < 8Pgi < Pgyi~Pgi

for all buses i (24)

LRC BB bR 2 Kuhn-TuckerBlimS ff
Ao 24 & 5 gle, old] |3 Lagrangean
Function) 2 v}-&=3 7ro| Fol zjc}

L{aPgs 340 A) = -é— AEGT D, &Pg * b AP,
T
=g ([1-8,] aP; - aP)

T M
A (K oy + A5 4] (25)
where
K = ¢coefficient matrix for all
inequalities in (29)
04T p*
o, =[l-87] AR
85¢,0ve ™ Sk ove ~ Mo,k (26)
H#IE LTS Lagrangean Functionol]  f14:4] 7]

w202 Multiplier® Eolsiof stoE HEREE
o] EFAs el & PrEAE RS Lag-
rangean Functioll A= #EE Al SHiLH
ol Hate] Mo FEMS IRt sl REpAR
Hel el

#h= B8 Kuhn-Tucker?] = 8x:28 P3bd
I LS,
aAEG -
or
0 A-a*!’.'lo [1-8]-ka=0 (27)
2 A, ABNE Sel APt FrERn)
%
Ay =0 (a1 T
Pe =Dy (A, [L-87]+K 1 -b) (28)

_14__



A @), 06 R B0zl A, AE KalA $l4)
A Zf Matrix Usg oh-gsb zbo] sgggdhel

Ua: diagoral matrix with elements given by
o if ABE satisfies the strict in

U.i =
i 1 if AEG satisfies the equality
of 1i-th constraint in (26)
28, Bl 00 oheel 2709 AR
vorel & = gleh
* M
Uy {KaPg + S50 =0 (29)
[U-0](Kaps+S } <0 (30)
P\ 3 “ove -

(= RGO AL ZgEE (U—U.l2 Zero-rowdl
e A uk A e
boohvzl, e 2 R§E K@l LA

[1-5°7 05t 3,1 - £°) + k' -

k-]
Rkl

= APD
7t 5, AE U A% HESH=
xg{[1-8%) 07 (1-6°15+{16"1 0
A7A o

o

B Xg Qe

0 Tg-1r T
4 LK U,a-b] = AP,

n )
S ol L (31)

2 $d, Ak ohes ol 4 4 g
T

T

2o = oy [-[1 - 87 07t (KT u a - 8] +ary)

(32)

1714 Aoz Incremental Unit Generation Cost %
+ #2l&kuk gn)

KR 2 62 K09 £ AFIEL, Zero-Multiplier
%} Dependent Equation®2 EREIFOEH of2 &
RE gdurh

Dew i (ophe - (2 - %010 - 6%y

* aPp]} =Shy) (33)
o 7] A M-& oh23t Zbe] =™ Nonsigular N
Matrixe] o},

- Aol T -1
M=, K[D - 03(L - 8%ay (L - °}D ]Ku,\
(34)

AB3)2 el fRAS Ak g, aPs

equality of i-th constraint in (26)

7t REE B HERCh asu o714 GRS
APee fFEX o 8 (0% WEsteA wET &
= ol ok goh. Kuhn-Tucker Condition® 2 K-8
ARYe MRdte aP2l g Uot 293
sk o)aldt Ust Trial and Error Methodd] 2
she] 2L o glv), =R RSl wARE 249
et R flehe] BAERER g U8 #
M= ATEeshe),

A HiFEL, AP FAERE Welsd
A% ehgml gro] ERteh

(g 1f aPg > 2P .

P*
AFgi =

| AP (33)

o Ged if

aPgy < aPgy,
mkek AP % ol dhielE k- FRMEE @
Foabebel, @IRMER @A 2L Joelal AP
E2 vha) FHEEojof Tl 223 MBS AP
ol wste] e BRE KETLEH  BRER]
2 E AP;7} Feasible Regeionfd] 5o =&
ok et webd & Bl A whg B o
el Eel A
@) XA Ysted BE APS FHEsiel
ek BB APt B WE HEAY HE
£ Tk YA ¢ew Stepl)E ek
@) E- TEMES dovs 8 AP 458
WRESY row weha, L =infcl ez &
ol #3te] Feasible SolutionfEfEfiZES Che-

ck3}el, 3714 Feasible Solutiono] 75#eA]
e AL 3T gls AP HAEEE

Md 4 goh L. THRES deld AP §
Z MR AL BY HRER B
Step (iii) 2 & 7te}.
(iii) %#2) Parameters) SPHELE BESI
Step (i) 2.2 7}lat
1Y 34 Flow Charts SRESEEFEFRTUINE
& sk JAmst Aelvh

VI. BfEfaR

LSGR Fi#E8 E@feE Tsled el LP(Li-
near Programming)® QP (Quadratic Programming)
HRY ZREe) Fig 4 )l gle=, QP
el e 3 FTEAIEA RS ReferenceZ
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Cnogaa snother
praper A

Chacr the daiftesck o
fun:la.n :u u: ans Yor
g ant

k

\,_,«
Fig. 3 (btimal! Generation Rescheduling
Algorithm.
R Unity® E#H{Ls St
o2 g Hgek Nio, Mrot LPodX
M 2 FTEREAS Rl 44 sHE Line Segment
o #E vebil®, 50-Bushl k2l BES 73 %

EEEME 2 HiE

2e%E3

el e Nyo® 420 Mrow 325 A& R
2 vebytch, LPHENA obEaaiat #8847
dalH-e, #% EEAMAEEEA A3k HL% 4
A8 Line Segmentr} a3t 28 Efgsld QP2
el LPRe} HFHE o ¢ glcl o7 ehd Fig
4 (B)oll A Hel F50] QPERL LPEAK Hcof
o & BEWUMAS &+ oA &l ok
QP v el £ 0 & Wolfe’s Method7} glot} LP
| &t Q@:Structure— Zkwm glem g T A
Hrgeell 44+ Kuhn-Tucker
Teststgi e, Table] of

o v
BES Mo Flog &

el gt ol ne]Sg

= oo] F ikt MECEAES HEHEY ok
T, M c
.
L; e - \\m‘,
- My 2
T qp
. ‘ @ .
N (5 N N

(b) Generation cost
Hor : Nr of line gegme
Vert; Generation cost

(a) Computation time and wemory
Hor : Nr of line segments
Vert: Coap time and memory

Fig. 4 Comparison of QP and LP.

Table L  Essentis! Memory Requiremants
uUnit : byte words
No. of line
seqments for Memary
SZ?E:M a?dggfi:m each genera- 1
kil tor cost Requirements
function
2 2392
P 3 2456
10-bus system with n 068
20 Yines
§ generatars [ 1974
8 loads
3 capacitars
Qr(1) 2364
qeitl) i)
2 16,696
w 3 20,236
S0-bys System with
100 lines 4 25,016
20 generatars ® 37,496
35 Toads
1% capacitors
qrI) 21.760
Qr(Il1) 5,600

LP linear programming

Qr(1) quadratic programming based on Wolife's
method.

QP(II): gquadratic programming based on Kuhn-

Tucker's theory.

HEEsl QPlnel &L Fig 59 17-Bus®#t o
Fig. 69 50-BusFifiel sl TestHodosd =
fER7F Table o] M=ol glvh FHFRAHES
17-Bus Systemol] o5} 1.6% LB Z 50- Bus
Systemell wldte]lE= 6,527 FrEN gl o) AL £
o] LPedmz|&ol o3 FamsMe] wishe] A

5 HEA HBRE 2o Fx Ytk

LR RN
BPA9|

®E  Computer Program
Cyber System(CDC CYBER 170-230) %
CDC Systemell 2]3}e] #fr= olel,

- 16 —-



Fig. 5 17-Bus System Configuration.

Fig. 6 50-Bus System Configuration.

Table IT  Summary of Numerical Results
FauLT OVERLOAD OVERLOAD SUPBRESS1ON COMBUTATION TIME {Seconds)
SYSTEMS EETR
CASES SITUATION HEASURFS LORD ) ey | Lscn | O
FLOM | awag ysys T
Line nutage | Ling 63 30.0T
on Line 22 | Lioe 19: 0 9% | Generator Rescheduling | 0.5 | 0.4 [RA K
Line gutage Genergtor Rescheduling,
Lise 9 612
e Rl Load Sheratng st s 11 | P3| 00 | e | o2)
Lare o3| Lioe 7: W0t | Generatar Reschedulton | 0.5 | 03 | na| 1
SYSTEN  (ravator P
outage At Mo gverload 0.5 ———— —_— '
Bus 1y
e ta3®] Lt 20: 0153 cemerater mevenesulton | 0.8 | om0 | a2
Gerarator Gensrator Wescheduling,
outvee at | Line 36 2.8t| Lond Shedding at e 0 27| &0
L) a3 7 ane s 10
Load sutses Gerator Reychedulima, 14 11 2.4 [ X
SO-BUS | wt Sys 11 | Lo 36: 20.0%] Load Shesing at Bus 7 :
Uine guteye] . Gerprator Reschedul Ly
sysron | on Uine 37 | L1 52 ISTEL foug coneding 4t Bus IR AR 23 6
Lint outase) | \p 01: 77,31 Generator Rescheults | 3.4 | 1.4 1.6 6.4
on Line 29

VI. 5 &

A mRe BRE

(i) LSGRREIM = F QP B FH
8 L Rghe] #Es|gler],
5 %ﬂo% pezRe] LPgaeE s
#s gl el

QPEES MA-E LPHEA #lshs

BB
Program Test
> Bob gl

F_

(i1) AT EAF
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(i) 80 7 (R oL

¥ ETEE RS HEE ATeskAl @
Bt 5% ’%ﬁﬁﬁf\ Eﬁﬂ&i e gl
LSGRed 2] &4
gl TR ﬁfm@?oﬂ w2 EHEE MR
+ RN
(v) @ %) T4 HERMRY HHEE
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