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Abstract— Power system engineers are continually faced witthé problem of handling large-scale networks
arising due to system expansion and greater interomections. Large-scale systems can be solved usipigcewise
solution technique wherein the original system isorn into several subsystems, each subsystem is smlvindependently
and the solutions of subsystems are tied up to obitathe total solution. In the proposed method, impdance
parameters are consistently used to solve power floproblem of large power systems. The inverse of ¢hJacobian
matrix of each subsystem is derived from the bus ipedance matrix of that subsystem. The effect of theut elements
are accounted through proper power injections. Theproposed power flow method is successfully testexh IEEE

standard systems and found to give good results.
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I. INTRODUCTION

number of iterations to get the final solution.
In the power flow method that uses impedan
parameters, bus impedance matrix is constructet Binlike

Power flow problem consist of calculation of busthe bus admittance matrix, the bus impedance masrix
voltages in a power system for a specified set 0§ b generally full with all non-zero elements. For agkscale

conditions. The results of power flow study arefulséor

power system, large amount of computer storageesied to

several operational and planning problems. The Newt store the bus impedance matrix. With a limited cotap
Raphson Power Flow (NRPF) method [1] and the Fashemory, power flow solution of large-scale powestsyn

Decoupled Power Flow (FDPF) method [2] are useabtain
power flow solutions. Both these methods make dskeus
admittance matrix. NRPF method takes only a fevaiiens.
However, for each iteration, lot of computationffiods is
needed to compute the elements of the Jacobiaixraatt to
invert it. FDPF method makes use of constdhtand

B matrices that are obtained from the bus admittamatzix.
The computer time required for each iteration imiess.
However, this method takes more number of iteratfon the
solution to converge [3,4,5].

Power flow solution can be carried out using impega
parameters [6]. In this method, the inverse of lheobian

becomes a challenging problem.

Piecewise solution is a method used to solve laogde
problems [7]. The large system is torn into seveudlsystems
by removing a few elements from the original systdme
removed elements are called cut elements. The matical
model has a special structure which requires less@puter
memory. Further, this special structure is suitalibe
piecewise solution procedure.

For a 1000-bus power network, the bus impedance
matrix will be of size 1000 x 1000. If the powertwerk is
torn into 5 subnetworks of equal size, 5 number&0af x 200
matrices with a few more matrices of smaller sare, to be
handled and this needs lesser computer storags. pemer

1 . . .
matrix, J,~ is derived the bus impedance matrix of thedescribes the power flow solution of large powestems,

transmission network and it is used as a constattixmin
getting the solution. As compared to FDPF methiwel power

flow solution using impedance parameters takesefess
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using the bus impedance matrices of different sstiesys.

. DEVELOPMENT OF POWER FLOW MODEL

Let the given large power system network is toto n
numbers of subsystems by removit, numbers of cut

elements. While tearing the network, it is to bswred that (i)
each subnetwork is individually connected (i) each
subnetwork contains the ground bus and (iii) no ualt
coupling is present between the subnetworks. Irargel
practical power system, it is not difficult to addewith the
above requirements [8]. Each subnetwork is alstedan
area.
In the multi-area case, the real and reactive pdloers
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in the cut elements are treated as additional problariables. In the above formulation, the power losses in thteetements

These powers are written as a function of the lnltsges and are neglected. Then onl, andQ , real and reactive
the cut element parameters as . :

power in the cut element 1, will be the power fi@aw out at
Fe = pc(V.d,2c) (1) .

busp and Fa and -QC1WI|| be the power that flow out at bus
Qc = dc(V.d,2c) 2) g. The power loss in the cut elements are inclwdaite
where calculating the mismatch powers as discussed later.
P.= vector of real power flows in the cut elements In the power equation constraints shown in equafén

V(i),o() i = 1,2,..., m andF; and Q; are the problem

variables. Linearizing this equation and neglectimg higher
order terms, we get

Qc = vector of reactive power flows in the cut elensent

z.= impedance vector of cut elements
V = vector of bus voltage magnitudes

S = vector of bus voltage phase angles. [oP@) oPQ E K@) (0] ras@] [ aP@ ]

Each cut element is a link between two subnetwdrks. 25(1) gv (1) :
connectivity of the cut elements is shown by the insidence QO - 20 ) K'@ || AV(E) AQ(Q)

. ) as@) v ' . ;
matrix. In a N-bus power system, if there are twbetements, ! : : :
the first one is from bug to busg and the second one is from oP(m)  oP(m) :K(m) [o] AS(m) | | AP(m)
busr to buss, the corresponding bus incidence mat#x,is as(m) ov(m) =

_ - Q(m) aQ(m) | 0]  Kk'(m ||AV(M| |AQm)
110 0 25(m) ov(m) !
210 o0 o, op. . _OR o,
com. v o v L PR )0
. . . 0QC 0QC . 8qc 8qc : [0] iy
p|l1 0 |os@® av() as(m) av(m) LA J [ o |
(5)
k=4 -10 (3) Where
: g 2 AP(i) = Pyg (1) — PO{S(),V (i)} - K()R, ()
r :
A R AQ(i) = Qg (1) = QUXa (i), V(i) - K (1)Q, (1)
s| o0 -1 [0] = zero matrix of appropriate size (8)
U = Unity matrix of appropriate size 9)
N|lO O The matrixK'(i)differs from the matrixX (i) . Suppose

Den_oting th_e variables belonging to the differentthat thej th bus in subsystemis a voltage controlled (P-V)
subsystems by proper subscripts, the power equatigfys thenK (i) is obtained fromK (i) by deleting itg th row.

constraints are written as Necessary deletion of row and column correspontbntpe
slack and P-V buses must be carried out in thehjaanatrix

PO{VD, o0} +KOFR-Pyg® =0 N\ of different subsystems. In equation (5)
D{V(@,oQQ K@ - ) =0 oP(i oP(i
A ){. @00} + _()QC et @ o —ag(f) PO _ Jacobian matrixly (i) (10)
: : : (i) ov()
P(M) {V(m), (M } + K (m) Pe — Pygge (M) = 0 > @ Q) - ()
oo6(i) oV(i
QUM {V(m), 5(m) } + K (m) Qg — Qpyeg (M) = O R
K@ [0 | _ .
pec(V,6) - P =0 0] K-(i) = B(i) (11)
dc (V,6) - Qe =0 J -
where RS0 12)
o AV (i) 0
0 =vector of appropriate size with all elements zero L

P(i) = vector of real bus powers flowing out through the _APC} - Ax 13)
transmission network in subsysiem AQc ¢
Q(i) = vector of reactive bus powers flowing out thrbug -
the transmission network in subsystem AP(I_)} = AS(i) (14)
K (i) = portion of bus incidence matrix corresponding to L AQ()
subsystein
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9P 9Pc

as() V@) | _ .

Gag g | =0 (15)
a5(i) oV (i)

Now, from equation (5), the power flow deb in
diakoptic structure is obtained as [9]

3@ B0 [men] | 50
AME) BQ || 2@ |2 A :() (16)
3,(m) B(m) Axg (m) | [.AS(M). |
LD L@ Lm -U [ Tax [0]

The elements oL matrix in the above equation are

computed as discussed below. For a transformer
transmission line, between busésand j, having series

impedance ; + jx;;, shunt admittance g+jb  at both the
ends and off nominal tap settiray with tap setting facility at

bus i, the power flows are given by
g.

P|j =Viz(a—g+ gsh)_%(gij cos§ij +bij sinéij) a7)
b. V.V,

Q; =—viz(i+bsh)—%(gij sing;; b, coss, ) (18)

where

9= 1/ (rf+ %) (19)

byy=-x/ (rf+x5) (20)

8;; =8;-9 (21)

Let thek th cut element be between buses i jamuses
andj will be in different subsystems. The functionsviyich
the power flows in the cut elemdnare calculated are:

2 9i Vi
4L _ i 22
Pk = Vi (a2 +gsh) " (gij coséij +bij sméij) (22)
V.V.

b..
-2 L L i _
Ao = Vi (é12 + bsh) a (gij S|n5ij bij cos&ij) (23)

0Py _ ViV -
o) - (gjj sindjj by cosdiy) (26)
9 Pek Vi i
avj = —:(g” COS5ij + bij Slné‘ij) (27)
dq V: V;
— ek __ 1) (gjj cosdjj + by singj;) (28)
05I a
99k bij Vi
—K = N (—5 +bg,) - —(gii sind;; — by coss;) (29)
v i a2 sh a U 1] tﬁJ 1
aq Vi Vi .
—650'( :—J(g” COSé‘IJ +b|] S|n5”) (30)
oroo; a
q Vi
—Ck:——l(glJ sinéij _blj COS§ij) (31)
oV a

j
The columns corresponding to the slack and P-V $use

are to be deleted from thematrix. With this, all the elements

in the power flow model shown in equation (16) deéned.

lll. SOLUTION OFPOWER FLOW MODEL

The power flow model as shown in equation (16) has
diakoptic structure and piecewise solution procedis

followed to get the solution. Equation (16) in caapform is

A
3 B |[ax]_[as 2
L -U AXg 0
From equation (33)
Axg = Iy 11AS - B Ax:] (35)
ie. Axy(i) = Jy() T AS() - B Ax ]
fori=21,..m (36)

The matrix Jv(i)_1 is the inverse of the Jacobian

four variabless; , V;, & i and Vj . The elements df matrix
are the partial derivatives of pand g, with respect to the

variabless;, V;, 8 ; and V, . Thus they are computed from

op V: V:
?Ck:%(g” sinéij _bij COS5ij) (24)
i
2 P gij Vi
- Ly gL g cossy +1y singy)
V. i a2 sh’ = 4 M 1) tEJ J

[
(25)

impedance matriXZg (i) of the subsystem carrying out the

following steps [6].

1. If subsystemi contains the slack bus, matriZBuq(i) is

computed fromZg (i) performing Kron's elimination at
slack bus; otherwisdBus(i) =Zpys()-
2. Seperating the real and imaginary partsZ)éuq(i) as

Z;3u<(i) =R+ X |, matrix J(i)_1 is assembled as
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) Vv Step 5: Compute the elements df matrix. Calculate
J(i)_l P |x -R a7 Axc from equation (40). For each subsystem, determine
Q |R X Axq (i) from equation (36) and update the bus voltagesoGo

3. Perform Kron's elimination in the region Q-V step 3.
corresponding to all the voltage controlled bus&be
Step 6:Compute the line flows, bus powers and line lgs$es

resultant matrix i§v(i)_l. - ‘
necessary. Print the results and stop the computati

The corrections on the state variables as givereduation

(36) can be computed only if the value &% is known. V. RESULTS

Substituting equation (35) in equation (34) we get The developed method is tested on IEEE systems usin

Axg =L J\71AS L 3\715 Axe (38) MATLAB. The results for the IEEE 14-bus system are
presented. Initially the system is kept as one amishown in

From the above

1 1 1 Fig. 1.
Axc=[U + L Jy,"B] = L J,"AS (39)

A

_ m U O [ LU I .
= +i§1L(I)Jv(I) B(i)] El"(')‘]"(') AS(i) (40)

In any iteration, for the calculated mismatch powextor AS,
the vectoni\x. is first computed from equation (40) and then

the vectorAxois calculated from equation (36).

It is to be observed that the elementsLofmatrix in
equation (16) are voltage dependent. Since thereoaly a
few non-zero elements, it will not be difficultéwaluate thé&
matrix in each iteration.

While formulating the problem, the power loss ie tut
elements are assumed as zero. However, while camypihe
calculated powers, cut element powers at the sgretid and
the receiving end are evaluated and added to tiverpitows
out in each bus through all the connected transomdmes.
This will enable us to calculate the correct valoesismatch
powers.

IV. SOLUTION PROCEDURE

The following solution procedure is followed to caout
the power flow solution of large power system thas been
torn into smaller subsystems.

Fig. 1 IEEE 14-bus single unit system

Power flow solution is obtained using impedance
Step 1: For each subsystem, read the element data and bus

data; read the cut element data. parameters [6], whereidglmatrix, which is derived from

the bus impedance matrix, played a key role inirgptthe
Step 2:Construct the bus impedance matrix of the subsyste solution.

: -1 . The IEEE 14-bus system is torn into two subsystbyns
and obtainJ,, (i) ~matrices. For each subsystem Compu'[eremoving the elementsy4-7, 4-9 and 5-6. The rerss)t./nmg]
B(i) matrix. area system is shown in Fig. 2. Area 1 containeddsto 5

and includes 7 elements. Buses 6 to 14 with IDethes form
Step 3: For each subsystem, calculate the line flows an@rea 2.
compute the reactive generations at the P-V buséxleck
for switching of bus type; if there is switchingyitably

recalculate\]\,(i)_1 matrix [6].

Step 4:From the calculated line flows and the power flows
the cut elements, compute the mismatch powers. If
convergence is reached, go to step 6; otherwiséncen
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12

13

Fig. 2 |IEEE 14-bus two area system

Power flow solution of this two area system is ieatout
following the procedure presented. The final solutéxactly
agrees with that of single area system. The reavttshown

in Table I.

TABLE |
BUS VOLTAGES

Elés Slr;g;lse}eAr;ea Two Area System

1 1.060020 1.060Q20

2 1.04507-4.9853 1.0458-4.9853
3 1.01002-12.7395 | 1.0108-12.7395
4 1.01557-10.2836 | 1.0158-10.2836
5 1.0183/-8.7599 1.0183-8.7599

6 1.07007-14.2183 | 1.0700-14.2183

7 1.06057-13.3377 | 1.0608-13.3377
8 1.09004-13.3377 | 1.0900-13.3377

9 1.0550©/-14.9184 | 1.0550-14.9184
10 | 1.0502/-15.0801 | 1.0502-15.0801
11 | 1.0565/-14.7801 | 1.0565-14.7801
12 | 1.0551/-15.0725 | 1.055%-15.0724
13 | 1.0502/-15.1511 | 1.0502-15.1510
14 | 1.03497-16.0210 | 1.0349-16.0210

The number of iterations taken is shown in Tahle Il

TABLE Il
NUMBER OF ITERATIONS

Single Area System

Two Area Syste

9

14

3

VI. CONCLUSIONS

It is well known that the bus impedance matrix
successfully used in short circuit analysis. Tdrbéne with
this, it is better to use the impedance paraméetbe power
flow solution also. In the proposed method, busddgnce
matrices of the subsystems are effectively usegktting the
solution.

From the results shown above, it is demonstratathie
multi-area power solution procedure discussed i phaper,
gives exactly same results as that of single aystes. As
compared to single area system, multi-area systemgected
to take more number of iterations.

Multi-area system will require lesser computer ater.
The study on very large power systems will revaalactual
saving in computer storage. When the system sizeesls
beyond certain level, solving it as a single usihot possibly
because of excessive computer storage requirerirethat
situation, multi-area solution is the answer.
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