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Abstract— Bus admittance matrix is invariably usedfor the power flow solution. In this paper, power fow analysis
that makes use of only impedance parameters is prsted. The inverse of Jacobian matrix ( J*) is obtained very

easily by doing simple mathematical operations onhe bus impedance matrix of the transmission networkThis
constant J-* matrix is used to update the solution in each itation. The proposed method is tested on IEEE system

and found to give good results. As compared to tHeast Decoupled Power Flow method, the proposed otekes lesser
number of iterations to get the exact solution. The@roposed power flow method can be extended to selpower flow
problem associated with large power systems, usimgecewise solution technique.
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I. INTRODUCTION power system components are specified in impedance.
Further, when system model is developed in impeel&iaecne,

the voltage solution can be obtained much fastesrtircuit
analysis employing the bus impedance matrix isaadihg
example. It will be advantageous if the power flamalysis
?Iso could be conducted using bus impedance matrix.

Power flow analysis is the most vital study carmed by
the power companies. It aims to calculate the bliages for
a specified set of bus power injection. The matheah
model being a set of non-linear algebraic equatitestive
procedure is followed to get the solution. At firs )
Gauss-Seidel iterative procedure was introduced ther It may be noted that the matricBsand B used in FDPF
power flow solution [1]. Though this procedureiimle, itis method are of admittance in nature. These matrares
not recommended because of poor convergence cédstict inverted and multiplied with the error vector tandi the
Followed by this, Newton-Raphson (NR) method [2]swechanges in the bus voltage magnitudes and phadesang
introduced. Exact problem formulation and goodhus the inverse of the Jacobian matrix is of ingvee in
convergence characteristic are the merits of theshod. In nature [4].
each iteration, the elements of the Jacobian matexto be In this paper, the inverse of the Jacobian matsix i
calculated and the inverse of the Jacobian masritoibe obtained from the bus impedance matrix of the trassion
obtained. The amount of calculation involved in reametwork by performing a few simple mathematicalratiens.
iteration limits the use of NR method for powemflanalysis This constant inverse of the Jacobian matrix isdute
for on-line applications. Fast Decoupled Power HB®WPF) compute the changes in the bus voltage magnitutteplaase
method, that was introduced subsequently [3], ubes angles. This formulation includes the resistances o

constantB and B matrices. Computationally this method igransmission lines while forming the constanf Jnatrix,

simple. But a number of assumptions are made toemaksulting in substantial reduction in the numbeitefations.

Band B as constant matrices. Particularly, line resistanc! ne developed method is successfully tested on iEsEms
are assumed to be much less as compared to thetanees [O Prove its validity.

while forming B and B matrices. FDPF method takes more || FUNDAMENTALS NECESSARY TO DEVELOP
number of iterations to get the final solution. POWER FLOW MODEL

Most of the power flow methods make usehaf bus

admittance matrix simply because this matrix can be The performance of the transmission network can be
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off-diagonal elements [5]. The following assumptoare
now made.
211 412 4N || 1 V1 0
Zy1 Zyo 2N I2 B V2 4 1. All the bus voltageg a.re equalla0 p.u.. .
: : : : 2. The power system is in base case condition.
7 7 7 | vV 3. There is no shunt element at any bus.
N1 “N2 NN N N This really means that the Jacobiarcamputed at the
Without loss of generality bus 1 is taken as thelsbus. base case point neglecting the shunt elementseabubes.

Then we delete the first row and first column¥ef ,c matrix Under this condition, the Jacobian matrix becomes

. - B B' G'
and the resultant matriXpg, o, given by J = [_ G' B B} (15)

Yoo Yo3 YoN

Y. Y. Y where G and B'are as given in equation (7). The inverse of
— 32 33 3N

(5)the above Jacobian matrix is

: : : : ., X' i R'
W2 YNz NN J o= {R- x'} (16)
is useful in power flow calculations. - )

The above result can be verified by checking that

Bus

The corresponding g o matrix, which is the inverse

| & o < R _ U o .
of Yg,g Matrix, is obtained fromZpg o by performing |-G -B R X 0 U
Kron’s elimination with respect to the first row daffirst when eqgns. (10) and (11) are used.

column takingZ,, as the pivotal element. Thus It is to be noted thag ~* matrix as given in equation

Z

: Z, ; - _
N S S ¥ foriandj=2,3,...N ®) (16) can be assembled, onggy ,; matrix is computed using

11
The above can be generalized for any two matricasédre
inverse of each other. Kron’s elimination performed

equation (6). When thd _1, inverse of the Jacobian matrix
is known, changes in state variables are calculétech
equation (14).

Zg,s-0n row i and column i with ii as pivotal elemertnc The presence of voltage controlled ( P-V ) busés far
also be thought of grounding bus i and finding tihedified  certain modification on the) ™ matrix as discussed below.
bus impedance matrix. Equations (13) and (14) are written as
Separating the real and imaginary parts, matric ' '

‘ p .I g Imaginary parts I 58 G As| _ [aP
Ygus @nd Zg gare written as _G -B|lav]| ™ |AQ (18)
Yo o= G+jB @) Tas C ST Tap

e [ }= X8 [ } (19
Zpys = R +j X | LAY R X |[AQ

o o In any voltage controlled bus, reactive power

Then [G+jB]J[R +]jX]=[U] (9) specification is not specified and the voltage nitagie is

specified. These are to be accommodated in the(@ghsind

Therefore [G R - B X ] =[U] (10) (19). Suppose bus k is a voltage controlled bugnTlhe
[BR +G X ]=]0] (11) equation corresponding t6Q, is to be deleted andvk
must be removed from the list of variables. Thisants to
I1l. DERIVATION OF Jv’1 MATRIX deletion of one row and one column in thematrix,
In Newton-Raphson method, we have [_ B. G } in equation (18). The corresponding change
- -B

J, J AS AP

I3 I4|lav] T |aQ
oy [as] = [ap 3

A AV AQ by using Kron’s elimination. This process needéadpeated

Here J is the Jacobian matriChanges in the state variablesor all the voltage controlled buses. The resultAnt matrix
namely A5 and AV are obtained from

in J7! matrix, [x. B R} in equation (19) is carried out,
R X

5 5 is called asJJlmatrix. Once theJJlmatrix is computed,
[A } = J_l [A } (14) changes in voltage magnitudes and voltage phadesaage
AV AQ calculated as
Elements ofJ,, J,, J; and J, matrices are calculated

from the standard expressions for the diagonal and
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AS _1[aP FDPF method, elements of bus admittance matrixuaes

(20)  while computing the calculated powers. In the wamrdsented
AQ in this paper, only impedance parameters are wseghtpute
Normally, at the voltage controlled buses, the g&toe the calculated powers as discussed below.
reactive powers are to be kept within certain km#t every The element considered in power flow analysis n&ag b
iteration, the generator reactive powers at thesedare to transmission line or a transformer between busesd j. A
be calculated and checked against the limits. #ingtbus the transmission line is represented by the series dimpee

regctive power violates the Iimit.s given, thgn lhes pre is i +i%; and equal shunt admittan@sh ny bsh at the
switched from P-V to P-Q bus with the reactive gatien set ') )
at the appropriate limiQy;, o Quay - When such a receiving and sending ends. A transformer is repres by

the series impedancqj +j Xij and off-nominal turns ratia

switching occurs,\];lmatrix has to be recalculated startin%’. . . . . .
ith tap setting facility at buis For such a transmission line /

from J_l matrix. Thereafter, checks are to be made to seansformer, taking the bus voltages\as/5; andV; Z&

: , C o =%
whether the reactive generation backs off the liagiain; if . .
this occurs, then the bus type should be switclzexk from tg:ﬁr:iﬁlgand reactive power flows are computedtmas:
P-Q to P-V and thelglmatrix has to be recalculated from

2 .2
the lastJ,, “matrix available. s
bij:_xij /(r” +Xij ) 22Q
IV. SOLUTION PROCEDURE
. Jii =8 -0 ; (25)
The solution procedure for the power flow study is ! ! J
summarized below. we get
o 2 9 ViV
Step 1:Read the element (Transmission line andtransf()rmeﬂlj =V, (72+gsh)*7(gij €OSd jj *bij sin6ij) (26)
data and bus data. Assume flat start. Constrigt matrix ab a
" V: V.
of the network using the bus impedance building@ilgm Q; :‘Viz(izmsh)‘g(gij sing j; ~bjj oS3 j ) 27
! a
[6]. Once knowing the slack bus, calculate thg, matrix a VY
_ C_v2(g. ST g cosS e —bi sing ) (28
using Kron’s elimination. Assemblé 1 matrix as shownin " Ji =i (i) +9gn) a (gjj cosdjj ~bjj S'MIJ) (28)

equation (16) and store it. Knowing the voltage toated Vi V.

_ L 2 L g sing 4 by .
buses, compute,, “matrix using Kron’s elimination. Qji =-Vj (byj +bgy) +——=(gjj sindjj +byj cos;) (29)

For transmission linea is set to 1 and for transformer
Step 2: Calculate the line flows. Compute the reactivegsh and by, are set to zero.
generations at the voltage controlled buses anckolibether
switching of the bus type occurs. If switching as;ugo to
step 3; otherwise go to step 4.

Calculated real and reactive powers at bus k are
computed from

R = Z R 30§
Step 3: If there is switching from P-V bus to P-Q bus, forall i's connected to k
calculate\];lmatrix starting fromJ L matrix. If there is a Q = ZQki 13

switching back from P-Q bus to P-V bus, simply tectate forall s connectedto k
-1 : -1 : .
Jy ~matrix from the latest,, “matrix available. 2. In the transmission network, generally there téla few
shunt parameters connected between the bus amgdhed.

Step 4: From the calculated line flows, compute the so, the bus impedance matriz g, of the transmission
mismatch powers. Check whether the convergence i
achieved. If the convergence is reached, go to $ep
otherwise continue.

is .
network (with ground as reference) can be consrlct
without any difficulty. On the other hand, if thaeeno shunt
parameter in the transmission network, the grouuns is

Step 5: Calculate A and AV from equation (20) and isolated and g, matrix does not exist. In such a special case,
update the bus voltages. Go to step 2. shunt impedance of the order —j200 p.u. may bediutced at
a bus other than the slack bus to ensure the agistef the
Step 6:Compute the line flows, bus powers and line lo#fses, g jmpedance matrig g . This fictitious element can be
necessary. Print the results and stop the compntati .
V. SPECIAL ASPECTS removed once thel , . matrix is formed.

Bus

1. In the above stated procedure only impedance peeam
are used in all stages. Generally in NR method e as
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VI.

The developed power flow method is tested on séve

RESULTS

standard systems to check its validity. It is maghil to

compare the proposed method with the two well known
methods namely Newton-Raphson Power Flow (NRPF)
method and the Fast Decoupled Power Flow (FDPFhoalet

The results obtained on the IEEE 14-bus, |IEEE 39dnd
IEEE 57-bus systems are given in the following €abl

TABLE |

BUS VOLTAGES (IEEE 14-BUS SYSTEM)

IEEE 57-bus system, by the three methods are albleq
}s(ij{nilar to the results for the IEEE 14-bus system.

VII. CONCLUSIONS

In NRPF method the elements of Jacobian matrix are
voltage-dependent. Each iteration requires  more
computational effort. Use of this method on largetems for
on-line study will result in computational problems

In FDPF method, assumptions are made to make the
elements of Jacobian matrix independent of busages.

While forming the constant matricd® and B it is assumed

Bus | Newton-Raphson| Fast Decoupled Proposed that the resistances of transmission lines andfoamers are
No. Method Method Method much less as compared to their reactances. Thewstand
1 | 1060020 1.06020 1.060020 matrices are inverted once. In each iteration tlaeyg
2 | 1.04502-4.9853 | 1.0450-4.9853 | 1.04504-4.9853 | multiplied with the corresponding mismatch powectoe to
3 |1.0100£-12.7395| 1.0108-12.7395| 1.0108-12.7395| get the improved solution. FDPF method has poor
4 1.01557-10.2836 1.0158-10.2836| 1.0158-10.2836 convergence characteristic [5’6]
5 |1018%-8.7599 | 1.0183-8.7599 | 1.0183/-8.7599 Since short circuit study is conducted using bus
6 | 1.0700s-14.2183 | 1.0708-14.2183| 1.0708-14.2183| impedance matrix, it is better to carry out powewfanalysis
7 1.060%7-13.3377 1.0608-13.3377| 1.0608-13.3377 also using the bus impedance matrix.
8 |1.09002-13.3377 | 1.0908-13.3377| 1.0902-13.3377 In the proposed method the inverse of the Jacobian
9 |1.0550/-14.9184 | 1.0558-14.9184| 1.0558-14.9184| matrix is obtained from the bus impedance matrixthe
10 | 1.0502-15.0801 | 1.0502-15.0801| 1.0502-15.0801| transmission network. The resistances and reactaote
11 | 1.056%-14.7800 | 1.0565-14.7800| 1.0568-14.7801| transmission lines and transformers are takeneysdte. The
12 | 1.0551-15.0724 | 1.0552-15.0725| 1.055%-15.0725| inverse of the Jacobian matrix is computed at base point
13 | 1.0502¢-15.1510 | 1.0502-15.1510| 1.0502-15.1511| neglecting the shunt elements at the buses. In iezration,
14 | 1.0349-16.0210 | 1.0348-16.0210| 1.0348-16.0210 o 1. o )
the constant Jacobian inverse ma.llr\p(1 is multiplied with
the mismatch power vector to get the correctiordaden the
TABLE Il _
COMPARISON ON IEEE 14-BUS SYSTEM bus voltages. Since the matn}g,lis better than the inverse
Fast of B and B matrices, the proposed method takes lesser
Newton-Raphsorf Decoupled Pl\;olf[’r?sgd number of iterations to get the exact solution. TR time
Method Method etho for the proposed method is less than that for dasbupled

No. of 3 28 9 method. The results shown above indicate the mefithe
iterations proposed method.

Max. error 9.2413x 10 | 8.6210 x 10 | 6.9127 x 18 Piecewise solution technique can be used to solve
CPU time 0.0915 sec 0.1129 se 0.0971 sedarge-scale power system problems. The power fl@thot
TABLE Il presented in this paper can be extended to soherpiow
COMPARISON ON IEEE 30-BUS SYSTEM proble;m of Iqrge power systems using piecewisetisolu
technigue. This work is reported in another paper.
Fast Proposed
Newton-Raphsor) Decoupled Me?hod VIIl. ACKNOWLEDGEMENT
Method Method . . . .
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