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6.1 M3 CH= W Aof cHsh X 6ff ()
: 7F2 A A 7{H(GAUSS ELIMINATION)

6.2 M3 T3 S ALO] THE HHE Bl ()
. X} H| 9 7}2 A X}0|2(JACOBI and GAUSS-SEIDEL)

6.3 H|ME C{Z= ub& Alof Ci$H HHE 8jj(EH)
s re-HS(NEWTON-RAPHSON)

6.4 M2 X2 (POWER-FLOW) 25|
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H2(NEWTON-RAPHSON) 0f| o[t =5 &}

=
=

=
=

8 ZF9| dZ(SPARSITY;

6

= X2 (FAST DECOUPLED POWER FLOW; 11

6.9 1l

HEIMAH LG HE
CENTER FOR POWER IT

g Ete fu Ll
SUNG KYUN KWAN UNIVERSITY

e 1398 ;



m MEHA S ZF/FE M| fI5H AFE &= WH:
1. 2™ 7|9 &= 7|(Prime mover)2f 0§ X} H| 0 (excitation control)
2. HE AHIAIH 3, HE 2[AH S FX|E F2TH 24 7|(static var
system)2| 71|

3. B H3h(tap-changing) 3! T QF = 7| (regulating transformer)2| X| 0f

, = O
FIGURE 6.7 =]
L e W WU
Generator Thévenin iX "
. g
equivalent
E; = E; /8 G) Ve =V, [O°

— = L

© WY HAME EUBH0IA MOt WHT|0| s BEe 17 671} 2
SHEL

(@] o — - - =
| B Y 5 7}(Thevenin equivalent)
E e -V -
. HINJ|NMEBEL [=—2— i (6.7.1)
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| PRIME MOVER |

A mechanism that converts thermal or hydraulic ENERGY into mechanical POWER. For example, a
coal fired BOILER with a steam TURBINE is a prime mover as it converts the thermal ENERGY of
coal into the mechanical POWER to turn the TURBINE.

The rotor is connected to a prime mover, such as a steam or water turbine. The
prime mover provides the mechanical input power to turn the generator’s rotor.
As the rotor turns, a rotating magnetic field is created about the rotor. This field
induces an AC voltage in the armature coil that is embedded in the stator.
Figure 2-61 illustrates the process used to produce electricity in a typical power
generator. The rotating field coil induces an AC voltage in the stationary
armature coil. The excitation current is provided to the rotating field winding
via a brush and slip-ring assembly.
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—j& _ VE .7.3
S:P+jQ:Vt]*:I/t(Ege. I/t) P=ReS = )t(gSil’l5 (67 )
e (6.7.2) :

_V,E (jcosS +sins) - jV? Q=ImS = V(E,cos0-V)  (6.7.4)
- Xg Xg
A(6.7.4) : XD HXHLHE )& Ey 0l =018t 1) & 2588 Q= =}
=08 2HBOZRH, Es)| 282 Aot FAGtL, E€EI| AL &=
= SIHANZ I =2 &8N EE= St
X RIS => L) 28FH I} 0kJ|ots, XN E, = SOt
AlB.7.3) 22 2H, &EI| KEXE PE LG |XIAIZID| fAoiAE 0 9
2 A0 2 Ro6tHCH
MEXZ: AEUAN EH, &I AN SIF = &I AZ2E &Y
SBHO M 3I]2 S}

Meixp D2Ie J o 2 Wl e, 2O ot 22 RE
A2t Qo ZItE HAHEHT
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HE8 HINAIH W32 M5 HS 2402 FI12 S

- HES2 HEY SIH0l 2o 225 f8) Equivalent circut
- HIHAIEH ¢33 HZ O|™ = AKX SWIHE, RDENS2 Epy

— HIHAIE B3 HE 0I1&E = AQX SWEE, HWAIH 88 Ic = A
ote V, B[} 90 ¥HN

- HOIMH & : A¥X SWE &%= [ Vt >ETh

)

ALE 2EHUWA EH, 2ol280 HE HIHAIH
(negative reactive load)2 =JH0l CHS (N LESH

W3 =t
™,

HINAIH=E 82 R84

t—l-

HAXR TIZOY2 0 o H2 B0l [tet, 24 ®M 3019 SIHE A

SAGHH EE 2|HE 2 FII = 29| 228 £ok((positive reactive load)2l =}
Ol HES. ¥EXF T2, DA M 3|9 ZAE AL
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1"
ETh V’ C T Eh‘ -
R'r\,c
= - V,
(a) Equivalent circuit (b} Phasor diagram with switch SW closed

FIGURE 6.8 Effect of adding a shunt capacitor bank to a power system bus
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=2 56 Use of Voltage Control Equipment czzem

~ This section reviews the purpose and operation of equipment used to control
system voltage and describes how a system operator makes use of this equipment.

5.6.1 Use of Capacitors and Reactors

The primary sources of voltage control are the system generators. Capacitors and
reactors are an alternate, versatile method of voltage control. Capacitors and
reactors are not as expensive as generators, and are easier to construct and locate
in the power system. Capacitors and reactors can be designed to be a permanent
part of the system (fixed, not switchable) or be switched in and out-of-service via
circuit breakers or circuit switchers.

HEIMAH LG HE
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oK

K &t (tap—changing)

D. &

Jl(phase—angle regulating transformer)
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&
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nected. Both tap-changing and regulating transformers are modeled by a
transformer with an off-nominal turns ratio ¢ (Figure 3.25). From the power-
flow standpoint, a change in tap setting or voltage regulation corresponds to
a change i ¢. The power-flow program computes the changes in Yy, bus
voltage magnitudes and angles, and branch flows.

Besides the above controls, the power-flow program can be used to in-
vestigate the effect of switching in or out lines, transformers, loads, and gen-
erators. Proposed system changes to meet future load growth, including new
transmission, new transformers, and new generation can also be mvestigated.
Power-flow design studies are normally conducted by trial and error. Using
engineering judgment, adjustments in generation levels and controls are made
until the desired equipment loadings and voltage profile are obtained.
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m] Of X 6.14

Determine the effect of adding a 200-Mvar shunt capacitor bank at bus 2 on
the power system in Example 6.9.

One e Five Four Q Three
385 MW 520 MW
-36 Mvar 160 Mvar
1.000 pu 1.005 pu 1.036 pu 80 MW
0.000 Deg -4.432 Deg -2.685 Deg 40 Mvar
1.050 pu
-0.415 Deg
0.959 pu woO
-19.779 Deg

800 MW
280 Mvar

184.0 Mvar

Total Real Power Losses: 25.37 MW

* Decreased the losses, from 34.87 to 25.37 MW.
* The bus 2 voltage increases from 0.834 to 0.959 per unit.
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m] M Z! el = (sparse matrix)

00| Ot @AE ApDO(XZZ0hH = A

@] Sparse matrix techniques
+ Reduce computer storage and time requirements
+ Compact storage method and reordering of the buses

(1.0 1.1 =21 —=31]
o 41 20 0 =51 -~
=61 0 30 0 (6.3.1)

71 0 0 40
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[ 1.0
—4.1
—6.1

—7.1

—1.1
2.0
0
0

-2.1
0
3.0
0

DIAG=[1.0 2.0 3.0 4.0]
OFFDIAG=[-11 -21 -31 -41 -51 -6.1 -7.1]
COL=[2 3 41 4 1 1]
ROW=[3 2 1 1]

-3.1
-5.1
0

4.0 |

21 SO| compact storage = 2|8l CI2 472 HIE{ 2 A S| X7/

(6.8.2)
(6.8.3)
(6.8.4)
(6.8.5)

(6.8.1)

Other sparsity 7|2 =» reorder buses

S =

(1.0 -1.1
0 -2.51
0 -6.71
0 -7.38I

-2.1
—8.61
—-9.81

-14.91

~3.1]
~7.61
~18.91
~18.01 |

SRR
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(6.8.6) After one Gauss elimination step
The original degree of sparsity 1s lost.

HEIMAH LG HE
CENTER FOR POWER IT

“GPIT

n Center for Power i1

15




v BM4321 1,2.3,4 2 Reordering 5} H,

[ 4.0 0 0 —7.1]
0 3.0 0 -6.1
Sreordered =
-5.1 0 20 —-4.1
—31 -21 -1.1 1.0 |
A(6.8.7)2 1H2| JIRA AN
(4.0 0 -7.1
w [0 30 0 -6l
reordered
0 0 20 —13.15
0 -2 —1.1 —45025

[ 1.0
o —4.1
(6.8.7) | -6.1
| —7.1
HE HXIH,

-1.1
2.0
0
0

—2.1
0
3.0
0

—3.1

5.1
0
4.0 |

(6.8.1)

(6.8.8) After one Gauss elimination step

Note that the original degree of sparsity 1s not lost in (6.8.8).
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One simple reordering method 1s to start with those buses having the
fewest connected branches and to end with those having the most connected
branches. For example, S in (6.8.1) has three branches connected to bus |
(three off-diagonals in row 1), two branches connected to bus 2, and one
branch connected to buses 3 and 4. Reordering the buses 4, 3, 2, 1 instead of
[, 2, 3,4 we have

Reordering buses according to the fewest connected branches can be
performed once, before the Gauss elimination process begins. Alternatively,
buses can be renumbered during each Gauss elimination step in order to ac-
count for changes during the elimination process.

Sparsity techniques similar to those described in this section are a stan-
dard feature of today’s Newton—-Raphson power-flow programs. As a result
of these techniques, typical 30,000-bus power-flow solutions require less than
[0 megabytes of storage, less than one second per iteration of computer time,
and less than 10 iterations to converge.

HEIMAH LG HE 60
CENTER FOR POWER IT

_CPIT

_Center for Power IT

6/\53.&&&:&

SUNG KYUN KWAN UNIVERSITY



EXAMPLE 6.16 Sparsity in a 37-bus system

To see a visualization of the sparsity of the power-flow Ybus and Jacobian
matrices 1n a 37-bus system, open PowerWorld Simulator case Example 6_13.

SCatus: I P

w ¥ e ——a 2 e - - .
Ble2)els s i 7 B8 =

— [ csc Infapwation | Doy Optic =
| '
‘-i_L L1 %

S
& ? = Hetwork — —=—t
1104
% | oegeion - AX
odel AreafZone Limit . Difference Simulatar aus Substanion Open
Explorer.. Filtars Monitoring . Solution Deils - Elewws ~ Options .. Custom Casc Info... | AUKExport FarmatDesc . Wiews. . Vi ey Windows -
Views

Casc Description... Powver Flow . List.,. -

| Case Summan, Ouick Power Flow List

Case Data

Aatrix)

CED En ol 32 44 g8 |- We- ¥ Bh- §E o BB | Options -

I Fllter advanced = Bus - * Find. . Remove

% Records » G=o - Set~ Columnc -

= [ hestwork
[ _J Brarches By Type
4H sBrarches nou
8 Brarches State
4 Buses
2H oo Transmission Line:|
= iR Generstors
%ﬂ Impedarce Correction
48 unesronts

=} g Loads
Mismatches
® H8 sur-rermunal ox

H4H Switched Shunts
3 Thies-Winding Transt|
48 Trarsforrer Controk
3 Aggregetions
4H avees
& 5 Injecton Grouo:s
® # Intsfazes
48 rslancs
g8 muitiSection Lines
#H v Transactions
& 38 Nomograms
dH owvirers
ﬁ Substations
g8 super sreac
dH Twlines betwoon Aredf
4H Teines betwessn Zon
g8 rrarsfer Directions
ﬁ Zones
= [ Soltion Detais
i Bus Zerc-Impedance
HH Fast Decouplod EP M
4 Fast Decoupled EPR B
g Mismatches 1l
Eﬁ Cutages
H8 past Power Flow Sola
i Power Flow Jacobian
5H Romotelr Regulated 1|
48 subnets
H4H sSuperbuses
:m Tive Step Actions

__37e i | r 1 !
-1.1L-3.0€ I ] -zax | I —

10.06€ | | -s.a4 | ] | | |
289.1-83.1 | | 16,0 | I | | | I | | | | | -zr0.)
I I -33.1 W2E I -19.7 I |
~4.11 17 3% -13.2 |
|55 -3.16 I ! | 158.7 ! i | | | -151.
-3.78 -13.2

Lofoo [samin] o i fn

10.42 ~602 “6.J3-5.70
1712 -17.1

| -6 19.4¢ 1 | | 346

== -8 I I ==

m

047727 i -3.0% | i | -11%5 i | i | -ZEE
| 153 -1z.1 | | 270
== i — 1 | | | 1 -2.09 L 1as1 | | 033 625

S “E.02 ! 1 ! AL : { ! | 3 1 !
033 +.22 -1.32 -1.%7
-151. 151.q

£.33-17.1 | | [ | I | 0523415 974
5,70 I I 1 EE - | 1 | | 965 |
| =39.1 337:-054
-270. | 374 -0.54285.1-5.84
-2.56 -5.048.33
2.3 1.9 43

@ [ Casc Information and Au:
F [[3 Cortingency Ansysis

= [ Fauk Analsic

= Aok

: fearch Scorch Now Options —

FIGURE 6.13 Screen for Example 6.16



major concern

9
= &= el £= 1 O|ol=E =7 of M5

=> X3 H|QF gl E(Jacobian matrix)e| ZHEHS}O|| 7| =

(1) 21(6.6.6)2] I, (i) , J; (i) £ R A&} B, C}S 28 443 A (decoupled equations);

JiOAS@) =AP@E) 7Dy | )] [l
J,DAV (@) =A0G) (69.2)  [13) | J40)||AVG)

AP(i
AQ()

(6.6.6)

k
J
L 1 L |
Al | 61
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(2) Xk H| QF 38 O| additional simplification = A AA|ZHE ZEA THs

The computer time required to solve (6.9.1) and (6.9.2) 1s significantly less
than that required to solve (6.6.6). Further reduction in computer time can be
obtained from additional simplification of the Jacobian matrix. For example,
assume Vi~ 'V, ~ 1.0 per unit and o ~0,. Then J; and J4 arc constant
matrices whose elements in Table 6.5 are the negative of the imaginary com-
ponents of Ypus. As such, J; and Js do not have to be recalculated during
successive 1terations.

J1()Ad(i) = AP(i)  (6.9.1)

HEIMAH LG HE 61
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Vi &2V, x~1.0 per unit and o, x 9,

Assumce

TABLE 6.5

Py . e .
-”kn = As VkYann Sll'l(()k —Op — ()kn)

oy,

Py . .
I 2 ~ ViY i c08(0x — 0y — Orn)

oV,

Q, . .
-'3kn ?I‘ = -VkYknvn COS(()k — O — {}kn)

COp

cQ, D N
J4, 1QA = Vi Y Sm(()k — Op — ()kn)

Vy

Py N o
J 1k E = —Vy Z YinVn sin(og — 0, — Opy)

YK n=1

n#k

Py X .
I 2 = 5= Vi Yik cos Opic + Z Yin Vi cos(dx — 0y — Opn)

oV —

0Q, Al L
J 35k 20, = Vg Z Y Vs COS(()k — 0Oy — ()kn)

K n=1

n#k

cQy, . N PP

J4; v, = —Vi Yk sin Oy + Z Yin Vi Sll](()k — Op — Okn)

n=1

Elements of the
Jacobian matrix

k.n=23,....N




m == M= XX (DC power flow) ¢
e X

|
Mol 37|71 1.0[pul 2 ¥ESIEELD 7PEoE, IHEF Ao X5 Q-V

equationS FA|SIEZ2 A S ZIEHS}

« BMiE BEH BM KK B8 dE(reactive) X ;, & A= MEMNO| =RE,

9,79 (6.10.1)

1}%

o O Mad W] Y Al(real power balance equation)2 &M M 22X 2 A

—BS=P (6.10.2)

0.

rx
1o
02
B
ne

(slack bus row and column)= ||

« Form is similar to that found in solving dc resistive circuits = “DC power flow"
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Records v Geo ~ Set~ Columns ~ BF~ |gor WA F BHv W g FR | optons +

. z * Find.. R=moys
] O A| 6.17 Buu 1 | Bws 2 | Bus 3 | Bus 4 | Bus 5
Determine the dc power flow solution 3./3-149.72 3.73+1H9.72
2,68 - 28.46 08941992 -179 +{19.84
for the five bus from Example 6.9. 7.46-100.44 746 + 9944
Sol) 0.89 +§0.02 -7.46 +99.44 11.92 - j147.96 -3.57 + {30.68
With bus 1 as the system slack 373 + 49.72 -1.79 + j19.04 -3.57 + j39.60 9.09 - {108.50
—BS=P (6.10.2) Bus Input Data
-30 0 10 20 | -8 TABLE 64 V1 =10.01=0
B O _100 100 O P 44 2 2 P2 :PG?._PL?. :—8
= = Input data and Q2 =Qc2 — Q2 = —2.8
10 100 -150 40 0
3 unknowns for V3= 105
| 20 O 40 _1 10_ B O | Example 69 P3 - PG3 - PL3 — 44
] ) ] 4 Py =0, Q4 =0
—0.3263 —18.70 | 5 Ps =0,Qs =0
. 0.0091 . 0.5214
oO=—B"P= radians = degrees
—0.0349 -2
—0.0720 —4.125 |
C Ad o1 3m , HEITAUH Y/ G E
6 5 £ Of Sl ' cagwpwlw]. CENTER FOR POVCV>ER IT 23

139 )} SUNG KYUN KWAN UNIVERSITY



520 MW
1.000 pu 1.000 pu 80 MW
0.000 Deg -4.125 Deg -1.997 Deg 0 Mvar
1.000 pu
0.524 Deg
1.000 pu Two
-18.695 Deg
800 MW
0 Mvar
o
(/8= et HEITOI2 U ME] -4
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T SH QD YN DpQrMoE DEHE

HEY 7 E87| > 54 d8) 10 ST M =F 7Hs)

0|50 A}t H & 7] &7 7|(DFAGS)
Ol Xt S = &YX 7|(DFAGs) = PV 2oz mHE 2|

SEf4:HS7| WH7| D PV oMoz DU
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AU CHOF HHITOI= 4/ M E
6 R e i) NN CENTER FOR POWER IT 26/60

v
:
z
c
Z
2
m
-
e
2



38 6.16 | erxel

24 i &9
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Questions
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