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Abstract-- An improved Fast Decoupled Load Flow calculation
method for distribution systems with high R/X ratio is proposed.
This method is based on a coordinate transformation in Y-matrix
for Jacobian matrix in the load flow method. The biggest
advantage of so-called Fast Decoupled Load Flow(FDLF) method
over the conventional Newton-Raphson method is the short
computation time for large power systems which is achieved by
the reduced size of Jacobian matrix. However, it is said to worsen
conver gence characteristics for distribution systems with lines of
high R/X ratios compared to the conventional Newton-Raphson
method. In order to overcome the problem, the authors employed
a coordinate transformation in Y-matrix of the Fast Decoupled
method. Better convergence processes in the improved Fast
Decoupled method are demonstrated and some discussions are
given in case of the analysis of the distribution systems with high
R/X ratio lines.

Index Terms- Power flow calculation, Newton-Raphson
method, Fast decoupled load flow, Distribution systems

|. INTRODUCTION

S a solution to global warming, the penetration of

renewable energies such as the PV and the wind
generation are expected to increase rapidly. With the increase
of the amount of generation from renewable energies, the
advanced fast calculation methods which can apply to any
types of power systems will become more important in the
construction of the optimal operations on the smart grid.

For distribution network, Backward/Forward Sweep
method[2] is usually employed because it is simple in
algorithmic structure, and is suitable for radial systems with
many P-Q specified nodes.

Newton-Raphson method(here, we call smply N-R method)
isnow utilized in alot of power flow analysis for transmission
systems. In distribution systems, however, convergence
characteristics by N-R method, especially Fast Decoupled N-R
method, is said to be poor compared to the cases of
transmission systems due to their high R/X-ratio lineg1]. The
transmission systems consist of many loops and P-V specified
buses as well as P-Q specified buses. Thus, N-R method has
no restrictions in network topology and bus specifications, and
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then, it is desired to employ N-R method also for distribution
systems and to extend the N-R applications.

The Fast Decoupled load Fow method[5],[6](FDLF
method) is based on the Newton-Raphson method which is
commonly used in power flow analysis. The biggest advantage
of the Fast Decoupled method over the Newton-Raphson
method is the short computation time. This is achieved by the
omission of Jacobian matrix utilizing the strong couplings
between active powers and phase angles, and between reactive
powers and voltages. However, usual distributed systems have
high R/X ratio-lines, which is said to worsen the convergence
characteristics of the Newton-Raphson method, especially of
the Fast Decoupled method. In the Fast Decoupled method, the
reduced couplings between active power and bus phase angle,
and between reactive power and bus voltage caused by high
R/X ratios will result in hardness in fast computation and the
reduced convergence characteristics.

Il. THE MODIFIED FAST DECOUPLED LOAD FLOW

A. Fast Decoupled Load Flow

The rate of change of the computational complexity of
matrices is larger than the rate of change of the size of the
matrices. This means that by reducing the size of matrices used
in computation will greatly reduce the computational
complexity. A well-known method that utilizes this
characteristic is the FDLF method. The basic concept of the
FDLF is similar to the N-R method, but utilize the strong
couplings between active powers and phase angles and
between reactive powers and voltages in the power systems.
This characteristic alows the omission of some of the
computational process in iterative calculation, which greatly
reduces the computational complexity. The modification done
is as follows. In N-R method, calculation of AP and AQ is
done as shown on (1),
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This modification allows great reduction in computational
complexity and thus increases the computational efficiency.

B. Mathematical Procedures

This section discusses the improvement on FDLF method in
two steps. The first step is the reduction of bus admittance
matrix. The reduction is done by the equivalent transformation
of the admittance matrix by phase rotation. The second step is
the combination of the conversion performance improvement
techniques and the inclusion of the real part of the admittance
matrix in calculation of the Jacobian matrix.

1. Equivalent transformation of the admittance matrix
The basic idea of the phase rotation of the admittance

matrix is shown on Fig.1. By setting the angle of rotation asy; ,
the diagonal component of the admittance matrix asg; , and

the phase after the rotation as¢, , from Fig.2, relationships of

these parameters can be expressed as
¥=p-9 (4)

Thepower § at nodei after equivalent transformation is

ey =el {Vi Zn:YiiVi] (5)

i=1

By rewriting (5),
§=M2 YV, (6)
j=1
by expanding (6)
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Using (7) and (8), convert matrices of active power P, reactive
power Q, and Y, and perform power flow analysis. Note that
the phase rotation can is applied only on P-Q specified nodes.
Convergence test is done by specifying the power at node i

asPy. i Q. and using formulas
AP’ =P, -V, Zk:vj (Gj cos(6-6,)+B;sin(6-6,))  (9)
=
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2. Smplification of Jacobian matrix
The FDFL method is a method that utilizes the strong
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Fig. 2. Theimage of the phase angle rotation of Y matrix

couplings between active powers and phase angles, and
between reactive powers and voltages. Thus, we focused on
the simplification of Jacobian matrix.
AP =B'AO (11
AQ=B"AV (12
Equation (11) and (12) holds. FDFL method assumes that
G, << B, istrue. In the existing FDLF method, the increase in

the value of the real part of the admittance matrix led to the
decrease in convergence performance. To counter this problem,
the Jacobian matrix was cal culated based on method explained
in [10]. The method is as follows.

, O.3Gi.2

Bj =—-B, —04G, - :
B.
i (13)
BI,I = _Z Blj
i#]

Bur = Guj - Blj

, (14)
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In the existing FDLF method, only the change in Q value
was considered to analyze the change in voltage, however,
to improve the convergence performance, the change in P
value also needs to be taken into the account. By combining
the equivalent transformation and the simplification of the



Jacobian matrix, the proposed FDLF method has much
better convergence performance compared to that of the
conventional FDLF method. The procedure of the proposed
FDLF method is as follows.
Step 1. Input Data
Step 2. Use (7) and (8) to convert P, Q, and Y matrices
of P-Q busses
Step 3. Calculate AP and AQ . Repeat until converge.
Step 4. If Step 3 done not converge, calculate
A6 and AV using (13) and (14).
Step 5. Update the answer using A@ and AV values
calculated in Step 4.
Step 6. Return to Step 3 and repeat until converge.

The calculation process of the proposed FDLF method is
not so different from that of the existing FDLF method, but the
proposed FDLF method is capable of calculating networks
with high R/X ratio. Since the mgjor change in the procedure
is the inclusion of the transformation of the admittance matrix
by the phase rotation, the effect on the computational
complexity is small, and the proposed FDLF method till holds
the characteristics of the short computational time of the
conventional FDLF method.

C. Demonstration using Smple Power System

This section shows the performance of the proposed FDLF
method. The test was performed on a simple power system
with 2 buses. As shown on Fig. 3, the load power factor was
set to 0.9, the active power of the load was 0.5 (p.u), and the
absolute value of the impedance of the transmission line |Z]
was 0.3 (p.u). To compare the performance the proposed and
the existing FDLF methods, load and impedance of
transmission line were set to constant, and analyzed the
convergence performance by performing power flow analysis
by changing the R/X rate of the transmission line impedance.

The phase angle of the diagonal element of the transformed
Y matrix was set to ¢ =—-90[deg], and the threshold of the

error of the convergence was set to 0.0001 [p.u.].

The testing result with the focus on the R/X ratio of
transmission line impedance and the convergence performance
is shown on Fig. 4. From the figure, it is observable that in the
existing FDLF method, the number of iterations required for
convergence increases as the ratio of R/X increase. On the
other hand, in the proposed FDLF method, the number of
iterations remains constant. This result suggests that the good
convergence performance of the proposed FDLF method at
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Fig. 3. Simple power system
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Fig. 4. Convergence characteristics of sample bus system by the
modified FDLF method[10] and the proposed FDLF method
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Fig. 5. Convergence characteristics of the sample bus system by the
modified FDLF method[10] and the proposed FDLF method with the
R/X ratio of line R’X=1.5
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Fig. 6. Convergence characteristics of the sample bus system by the
modified FDLF method[10] and the proposed FDLF method with the
R/X ratio of line R/IX=2
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high R/X ratio. The convergence processes of R/X value set to
1.5 and 2 are shown on Fig 5 and Fig 6. These figures also
proves that the high convergence performance at high R/X
ratio of the proposed FDLF method. These results show that
the phase rotation of the admittance matrix alows the
proposed FDLF method to be applied not only the analysis of
the transmission system but can be expanded to the network
with high R/X ratio.

Additionally, on the test system, resulting matrix of the
matrix transformation had O values on the real part. This
means that the phase rotation converted the network with high
R/X ratio was converted to the transmission system with O
resistances. The new FDLF method can be thought as a FDLF
method that can analyze wider range of R/X ratio.



I11. LoAD FLow CALCULATION FOR 126-BUS SYSTEM

A. The comparison among the proposed method, conventional
FDLF method and N-R method

The proposed FDLF method was tested on a distribution
system to examine the convergence performance. The
evaluation was done by comparing the convergence
performance with that of the existing FDLF and the
conventional N-R method. The N-R method is based on polar
coordinates. The test system used was a 126-bus radial
distribution system [11] which is shown in Fig.7. The test
model is not ill conditioned since the voltage and the phase
solutions for a distribution system can be computed by the N-R
method. The iteration counts, calculation time, and ¢ of the

proposed FDLF method, the FDLF method, and the N-R
method are listed in Table I. The convergence threshold of
power mismatch of the iteration process was set to 0.0001
[p-u]. All P-Q specified nodes in the system have the same ¢, .

The calculations are conducted on a computer with Intel®
Core™ i7-2600, 3.40GHz, and 8.00GB of RAM.

As shown in Table II, the proposed FDLF method could
get convergences with 7 iterations. Moreover, the computation
time of the proposed FDLF method have the shorter
computation time than that of the N-R method. By contrast,
the FDLF method is needed many iterations to converge and
calculation times in distribution system with high R/X ratios
due to the reduction of strong couplings between active
powers and phase angles, and between reactive powers and
convergences with 7 iterations. Moreover, the computation
time of the proposed FDLF method is shorter than that of the
N-R method. By contrast, the existing FDLF method requires
more iterations to converge and longer calculation time.
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Fig. 7. 126-bus distribution network model[11]
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TABLE|I
The Comparison of Calculation Results among the proposed method,
FDLF methods and the N-R method

Proposed Modified | Conventional N-R
method FDLF FDLF method
Method[10] method
Calculation | 39 3.978 ; 0.047
time[g]
Iteration 7 826 divergence 4
counts
o [deg] -89.94 - -
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Fig. 8. Convergence characteristics of 126-bus distribution system by
the proposed FDLF method with changing ¢

Additionally, the existing EDLF method diverges when
applied on distribution systems with high R/X ratios due to the
reduction of couplings between active powers and phase
angles, and between reactive powers and voltages. The results
show that the proposed FDLF method can be used to analyze
the distribution system.

However, in case of the 126-bus distribution system, the
optimal ¢ is different from the sample power system.
When ¢, =-89.94[deg] , the proposed method showed the best
convergence performance in the distribution system, while
when ¢ =-90[deg] , the process diverged. These results
indicate that the optimal ¢ in the power systems is not
constant. Fig. 8 shows the convergence performance of the
distribution system with varying ¢, . From Fig.8, the optimal
@ 1S -89.94[deg] , and other ¢ makes the convergence
performance worse or diverges. As a result, it is necessary to
set specify the optimal ¢, for each power systems to apply the
proposed method on distribution systems.

B. The relation between rotation phase angles and the
convergence characteristics

In order to assess the detailed characteristics between the
convergence performance and , values of R and X of the 126-
bus radia distribution system, the R/X ratios of line
impedances were modified under the conditions as follows.

(1) Obtain |Z| and 6 from R and X of each line
impedance
|2| 26 =|Z|(cosé + jsind) = R+ jX (15)
(2) Obtain & =6+A6 tosimulate high R/X ratio lines for
A6 =10(deg.), 20(deg.), 30(deg.), —10(deg.) .
(3) Obtain R and X' using |Z| and & for each line
impedance
R+ X =[2|26 =|Z|(cosd + jsiné) (16)
R/X ratios of the origina line impedance[10] and R/X
ratios of the modified line impedance, +10(deg.) , +20(deg.) ,
+30(deg.) , and —10(deg.) are shownin Fig. 9.
Fig. 10 and Fig. 11 represent the relationship between
iteration count and the optimal ¢ in case of the 5 branch

conditions. Especialy in Fig. 11, the convergence



characteristics of the values near optimal ¢ are shown. The
optimal value of the ¢ was set t0—89.94(deg.) for al branch
conditions. The optimal ¢ have no influence on the size of
R/X ratios of lines in the distribution system. The relationship
between iteration count and ¢, islinear and highly sensitive to
the change of the phase angle. If the value of the ¢ is varied
by +£0.01(deg.) , the iteration count is changes greatly. The

correct choice of the rotation angle is critical when applying
the proposed FDLF method to distribution networks.

C. The optimal rotation phase angle for the special case of
an identical R’X ratio in all distribution lines

Lastly, the evaluation of the optimal ¢, and the distribution
of the impedance were conducted. All of the branch
impedances were fixed for each combination. The test system
is the 126-bus distribution system, and there are four R and X
combinations; [Z| max, [Z| min, & max, and 8 min. Fig. 12
shows the iteration counts for cases; |Z| max and |Z| min with
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varying ¢ . Similarly, Fig. 13 describes the case with € max
and @ min with varyinge, . In Fig 12 and Fig 13, al of the

selected combinations resulted in the optimization at
, = —90(deg.) . Table Il shows the |Z| and & values of

combinations of R and X. The result show that the optimal
phase ¢ is -90(deg.) for the constant branch impedances for
al branches. On the test system with high [Z]| values, the
iteration count increases for the proposed method due to the
heavy voltage drop. In contrast, the change in the phase angle
of the same system had no effect on the number of iterations.
These results suggest that variation in values of resistance and
reactance in the power system one of the factors that
determines the optimal ¢, .

The tested results indicate that the proposed FDLF method
is able to get good convergence characteristics in calculating
their voltage solutions in distribution systems with the
appropriate ¢ . The optimization of ¢ is critical in order to
achieve the better convergence processes in distribution
systems. This is due to the difference of the optimal ¢ for

each power system and high sensitivity between ¢ and the
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TABLE Il
The Combination of R and X Utilizing The Evaluation of
Convergence
[Z[[p.u.] 6[deg.]
Max |Z| | 6.37x1072 | 42.45520
Min|Z| | 311x1074 | 42.39744
Max 0 | 5.88x10~% 58.20109
Min® | 7.15x1074 | 42.16589




convergence characteristics. The issues to be addressed are the
evaluation of ¢ characteristics and the investigation of the

optimal ¢, for each power system.

V. CONCLUSION

In this paper, the authors proposed and evaluated an
improved Fast Decoupled Load Flow method for the
distribution systems. The results will be summarized as
follows;

1. The proposed FDLF method has a feature of
combining the phase angle rotation of Y-matrix and
the omission of Jacobian matrix including the real
part of Y-matrix. It was found that the proposed
method has the potential to achieve the good
convergence characteristics in the distribution
systems as well as high-voltage transmission systems.

2. The convergence characteristics are significantly-
affected by selection of phase angle ¢ which is the

predicted optimal phase angle of the diagonal
elements of Y-matrix after the phase conversion of
the matrix. The &above facts were found in
computations by the proposed method for the well-
conditioned 126-bus distribution system.

3. The optimal phase angle ¢ to get the best

convergence process is changeable among power
systems. In addition, the convergence characteristics
are too sengitive to the selection of the value of ¢ .
For a special case that the R/X ratio isidentical for all
lines in distribution network, the optimal rotation
phase angle g, is -90(deg.). However, for the 126-bus
model distribution network with various R/X ratios of
lines, optimal phase angle ¢, is dightly different, -
89.94(deg.). Thus, the variation in the values of
resistance and reactance in the distribution networks
may be one of the key factors to consider the best
phase angle g, .

4. The future works for the application of the proposed
FDLF method in the distribution systems with high
R/X ratio-lines will be to investigate dependency of
convergence characteristics to phase angleg, and to

find simple and theoretical way how to obtain
optimal ¢, for each given distribution network.
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