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A Study on Voltage Stability Improvement by the Efficient Network
Reconfiguration Algorithm

Byung-Seop Kim*, Joong-Rin Shin**, Jong-Bae Park** and Yong-Hak Shin*

Abstract - This paper presents an optimal routing algorithm (ORA) for maximizing voltage stability
as well as for minimizing power loss in radial power systems. In the proposed ORA, a novel voltage
stability index (VSI) for real-time assessment is newly introduced based on the conventional critical
transmission path framework. In addition, the suggested algorithm can automatically detect the critical
transmission paths resulting in voltage collapse when additional real or reactive loads are added. To
implement an effective ORA, we have developed an improved branch exchange (IBE) method based
on a loss calculation index and tie-branch power flow equations, which are suggested for real-time
applications. The proposed algorithm has been tested with IEEE test systems as well as a large-scale
power system in Korea to demonstrate its effectiveness and efficiency.

Keywords: Branch exchange, Combinatorial optimization, Loss minimization, Optimal routing
algorithm, Radial power system, Voltage stability index

1. Introduction

There has been a growing interest in the optimal
operation of radial networks during the past few decades,
particularly in the area of distribution system automation,
all to increase economics as well as security. Some
transmission systems as well as distribution systems are
operated in a radial network structure. Therefore,
modifying the topological structures of the radial power
systems from time to time by changing the open/closed
states of the sectionalizing and tie switches to transfer
loads from one transmission path to another, can
significantly improve the operation conditions of the power
systems. If the loads are more efficiently rescheduled by a
suitable ORA, the voltage stability in a system can be
enhanced and power loss can be reduced as well along the
transmission paths. Recently, several analytical techniques
for real-world applications have been proposed to assess

the risk of voltage instability in radial power systems [1, 2].

Voltage stability is a very important issue in power
system operations and planning since voltage instability
may lead to voltage collapse and possibly a total system
black out [3]. Voltage instability can occur when a power
system is heavily loaded in the transmission lines and/or
insufficiently supplied by the local reactive power
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resources [5, 6]. Although the voltage stability problem is
in its nature a dynamic one, a greater part of the researches
have been devoted to the application of static methods for
real-time applications. A Thevenin equivalent circuit
framework is applied by Lachs et. al. to study voltage
collapse phenomenon at a load bus [5]). The intimate
relationship between voltage stability and power loss has
been tackled in [4].

In this paper, a new optimal routing algorithm (ORA)
not only to improve the voltage stability but also to reduce
the power loss in radial power systems is developed. The
suggested algorithm can efficiently perform rapid
assessment of the voltage stability margin when the
open/closed states of the sectionalizing and tie switches are
changed. The problem has been formulated as a
combinatorial optimization one, in which its objective
function is the maximization of a newly devised voltage
stability index (VSI) basically inspired by the conventional
approach {7]. Additionally, in the proposed ORA, we have
improved the conventional branch exchange method to
reduce calculation burdens. The suggested improved
branch exchange (IBE) method is implemented based on a
new loss calculation index (LCI) and a tie branch power
flow (TBP) equation to assess the impact on power loss
due to the branch exchange in an analytical manner. The
proposed ORA is resolved by genetic algorithm (GA) [13]
to overcome the local optimum traps existing in the
conventional branch exchange method. The proposed
algorithm has been evaluated with the IEEE 32-bus, IEEE
69-bus systems [11, 12], and the 148-bus system of the
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Korea Electric Power Corporation (KEPCO) [15] to show
its favorable performance.

2. Problem Formulation

In general, the network reconfiguration problem in a
radial power system is to find the configuration with the
minimum power loss while the system constraints are
satisfied [11]. However, in this paper, the optimal routing
problem is formulated as a network reconfiguration
problem that can result in voltage stability enhancement as
well as loss minimization. Therefore, the base network for
an optimal routing problem starts from a simple radial
petwork with series impedances of Z, =1, + jx,, constant
demands of S, =P, +Q,,, and a complex power flow of
5; =P+ jQ, as shown in Fig. 1.

Due to a large number of switching combinations during
the branch exchange processes, the optimal routing
problem is usually characterized as a combinatorial
optimization problem. In this paper, the objective function
and the corresponding constraints are formulated as
follows, which is also considered as a combinatorial
optimization problem.

max VSI(X) @)
XeQ
S.t
GE (X)=0

S;<8§™* i=1,,Ng

where,

X ={(S;,V)li=1-,Np},

Q={X"ILX")SLX), Gg(X")=0,X e A},
A={X;li=1,---,Nr},

VSI(- ): voltage stability index function,

L(- ): real power loss function of a network configuration,
Gg (- ): equality constraint of power balance equations,

Gg(- ). equality constraint of a radial network
configuration,

‘7, , V;: voltage phasor and magnitude at bus i,
r; : resistance of a branch connected with bus i,
S, =P+ JO;: complex power flow at bus i,

5% : complex power limits at bus i .

The real power loss function (i.e., L(- )) and the equality
constraint of a radial network configuration (i.e., Gg (- ))
in (1) are described in details as follows:

L(X)= Y18, P 1V}

ieNg
)
1ININ N IN IN
x0=(Na =338, }(F0-50 )1 E B,
L ' i j#

J4
where,

{l if bus i and bus j are connected with toge ther

n. =
Y Q0  otherwise
TN TN
1 if X ¥n; 20
B; = i

0 otherwise

In (1) and (2), Ny signifies the total number of feasible
network configurations to be composed during the branch
exchange processes, and Np corresponds to the number of
load buses except for the supply bus. Also, TN denotes the
number of total buses. Additionally, p means a set of buses
directly connected with both bus i and bus j.

v, v, v,

Z,
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Fig. 1 One-line diagram of a radial network.

3. Formulation of Voltage Stability Index
3.1 Critical Transmission Path

A radial transmission path with n buses incurs line loss
due to real and reactive loads. The loads at intermediate
buses cause voltage drops along the paths. The key idea of
the critical transmission path (CTP) is to project the
voltage drop phasor at bus » into the voltage phasor of the
supply bus [7]. Therefore, the CTP can be defined as a
series of buses with declining voltage magnitude, and the
critical bus (e.g., the end bus in the CTP) can be faced with
voltage collapse when additional real or reactive loadings
are required. In this paper, the idea of CTP has been partly
adopted for voltage stability assessment in a general radial
network system.

3.2 Derivation of Voltage Stability Index

The newly introduced voltage stability index (VSI) can
be derived from a sample power system with two buses as
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shown in Fig. 2 and can be expanded to a n-bus power
system without loss of generality.

V,Z0 V,£8
| 1 |
> r+ jx
{ LI tJx ] |1
P+ .
! i PD+./QD

Fig. 2 Diagram of a power system with two buses.

The proposition has been started from the formulation of
the system Jacobian matrix [J]. If we consider bus I as the
slack bus, the condition of the singularity can be derived
from the determinant of the Jacobian matrix. Since the
Jacobian matrix contains the state information of a network,
a critical operation point can be defined from its singularity
condition. From the power equation, the singularity
condition can be derived as (3).

3P, 30, 9P, 30,
Der 1220290 _ 0P, 90, _, 3
“73% v, av, 9 ©

The singularity condition of (3) can be finally arranged
as the following compact form, which is induced in
Appendix A.

2V, cosd =V, “

The derived (4) can be equivalently redefined as the
function of projected direct axis component, Av,, in the

phasor diagram of the two-bus system as illustrated in Fig. 3.

—J>>V_1
Fig. 3 Voltage phasor diagram of a power system with
two buses.

By Fig. 3, the singularity condition of (4) can be
equivalently replaced by the projected direct axis
component of the voltage drop phasor as (5):

0.5V, =AV, )

The projected direct axis component in (5) is converted
into equal power and impedance for applying the proposed
ORA. The voltage drop phasor in Fig. 3 can be expressed
in a rectangular form as follows:

AV =AV, +jAV, ©)

Additionally, the relationship between the voltage drop
phasor and voltage phasor in each bus, injected power, and
impedance of the two-bus system is described as follows:

AV = (r+ jx)(B — jo) IV, 0

Therefore, the projected direct axis component in (5)
can be replaced by the actual part of (7). Therefore, we can
obtain the voltage stability assessment information in the
two-bus system as follows:

0.5V, = (Br+Q,x)1V, (8)

For the general expression of (8), we should expand it as
a generic mathematical form with a n-bus system.
Consequently, the voltage stability index with n buses can
be generalized as follows:

VST =0.5V, (P, 1., +Qeqxeq)/V1 9
where,

P, =X (PFT +P5"), 0, =X +05"),
ry =S PSTHPL+Q0), X =205 HPL+0).

The equivalent impedance in (9) is described in
Appendix B. Here, (-)¢/* and ()" imply the power loss
and power load of branch (i) along the CTP. When this
index approaches zero value, the power transfer on the
critical transmission path becomes unstable due to the
voltage collapse.

4. Improved Branch Exchange Method

The branch exchange operation is initially introduced to
represent a switching option by closing a single tie switch
and opening a single sectionalizing switch to preserve the
radiality of the feeders [10]. Recently, Baran and Wu [11]
have developed an effective loss reduction formula.
However, Baran’s method requires a relatively long
computation time to identify the branches to be exchanged
since it considers every switching exchange in a loop
network at each search level and calculates the loss change
for each selected switching set using the load flow analysis.
Therefore, in this paper, an improved branch exchange
(IBE) method for the ORA has been developed to
overcome the aforementioned dimensionality problem as
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well as the calculation burden inherent in the studies.
4.1 Formulation of Tie Branch Power Equation

If a load on one side of the tie branch is transferred to
the other side due to branch exchange, the new power flow
along the closed tie branch will be enacted. The main
purpose of a tie branch power flow (TBP) equation is to
directly calculate the changed power flow along the closed
tie branch without iterative load flow analysis. After the
occurrence of a branch exchange, which is performed by
closing a single tie switch and opening a single
sectionalizing switch, in the L-side, a new power flow, P,
+ jQ, will be generated as illustrated in Fig. 4. In Fig. 4,
the branch (t') denotes a closed tie branch and the load, Pp,
+ jOp;, signifies a transferred load from the L-side to the
R-side due to the branch exchange.

t) P +jQ, V

L-sideJ W -— | R - side
T
Py, +jQp,

Fig. 4 Two-bus system diagram connected with a tie
branch (t").

The formulation for the TBP equation can be initiated
from the general power balance equation of a closed tie
branch (t') as follows:

|P,+jQ, I*
Vz

Pt+jQr =(r, +jx;) + Pp, + jOp: (10)

From (10), after classifying the real and imaginary parts,
a set of quadratic equations in terms of the power flow are
derived as follows:

(12 +x2)P? = (2x] Py, = 21,x,Qp, +V1)P,
+(xr2Pl§t +rt2Ql2)r —2r,x,PD,QD, +V2rtPDz) =0
(17 + 307 —(2x7 Qp, = 21,%,Pp, +V?x,)0,

+ (x:?P[%t + rtzQ%t - 2rtxtPDtQDl +V2xtQDz) =0

an

(11) has the quadratic form and one can find the real
roots of the real and reactive power flow equations,
respectively as in (12).

_ K, —\/Kz —4K  (x,Pp, _erDt)z —-4KZV27‘,PD,

P, =
2K, (12)
2 2 2
0, = K‘l —\/Kq _4Kz(szDr -r0Qp) —4KZV x,Op;
. 2K,
where,

Kp = 2xtzPDt _2’}erDr+V2’} >
Kq = 2’}2Q0t —=2r,x,Pp, +V2xt s

K, =r%+xt2.

In this paper, especially, we use the estimated TBP
equation by substituting V* for V? in the equation. The
estimated TBP equation can be effectively used as a
method to exclude iterative load flow calculations during
branch exchanges in a loop network system. The

approximate voltage square, V2 , indicates a value
obtained by the load flow calculation in the previous
search level. Implicit function forms of the estimation can
be expressed as follows:

ﬁt =P(rr7xt7PDr’QDt"72)

A ~n (13)
Qt = Q(rr,-xtapl)taQD[aV )
4.2 Selection of Optimum Branch via Loss Calculation
Index

In this section, a new loss calculation index (LCI) is
suggested to find the optimum branch to be exchanged.
The proposed index, which is based on the TBP equation,
can be applied to either the higher voltage side or the lower
voltage side in a loop network. Therefore, we can divide a
loop network into L-side and R-side, where the former
implies the part of decreasing power loss and the latter
implies the part of increasing power loss, respectively. If a
loop network is selected as the optimum loop, the
variations of real power loss due to branch exchange (BE)
between branch (t) and branch (t,con) are expressed as (14).
The subscript, tcon, implies the number of adjacent
branches, which are directly connected to the tie branch
before a branch exchange operation. In (14), the change of
real power loss due to a branch exchange between branch
(t) and branch (t,con) is expressed as a sum of a real part
loss, AP, and a reactive part loss, AQj,,. This index is
also explained in Appendix C.

ALCI},mn = APloss (S) + AQI()sx (T) (14)
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where,

~

[rt ’P:' ’Pt ’Pt,con’PDt]T’

S =
T= [V, ,Qi ,QAt th,con’QDt]T'

Here, P; and Q; denote real and reactive power flow in
branch (i) before a BE, respectively, and P, ., and Q, .,
imply real and reactive power flow in branch (t,con) before
a BE, respectively.

5. Solution Procedure

The solution procedure for the optimal routing problem
is described in Fig. 5. In the flowchart, the Distflow
method [12] is adopted as a load flow analysis tool. In Fig.
S, the proposed loss index module is carried out by the
following steps;

Step (a) Calculate ALCI due to the BE between the
current tie and its adjacent branch in all loop
networks.

Step (b) Determine the highest ALCI as a temporary
optimum loop network in the present search
level.

Step (c) Perform a BE between (t) and (t,con) for the
temporary optimum loop network.

Step (d) Calculate 2., Q, .

Step (e) Calculate AP, (S) , AQ),(T) , and ALCI, ,, .

Step (f) If all branches in the tentative optimum loop are
considered, select the best candidate satisfying
the constraints, otherwise go to step (c).

‘/Inpul initial network data ]
L2

L Construct initial radial networks by GA |

l Perform BE of the selected optimum branch J
e

L Renew state vector by DistFlow Loadflow t
h

Calculate PLCTP ,QETP,PngngTPanCTP

End

Check the
improvement of
VSI(X)

Check the
improvement of
L(X)

Fig. 5 Solution procedure of the proposed algorithm.

6. Case Studies and Discussions

The suggested framework is tested with the IEEE 32-
bus and IEEE 69-bus radial power systems [11, 12] and the
148-bus power system [15] of the Korea Electric Power
Corporation (KEPCQ). The ULTC action is blocked and
the loads are considered to be constant power ones. The
algorithm is implemented in a Pentium-400MHz IBM
compatible PC. In the following tables and figures, the
standard units are second (sec.), per unit (p.u.), kW, and
kVar, respectively. Table 1 shows the brief summary of the
test systems.

Table 1 Summary of Test Systems

Test | No.of | No.of | No.ofLoop
Systems! Buses | Branches | Networks Total Demand
32 Bus 33 37 5 3715 +j2300
69 Bus 70 74 5 3802.2 + j2694.6
44292.8 +
148 Bus| 149 167 19 215107

6.1 VSI Assessment Results

Table 2 illustrates the obtained results of the CTP of the
148-bus KEPCO system, which are obtained by the
proposed algorithm. In Table 2, we can observe that the
buses along the CTP are composed of the descending
orders of the bus voltage magnitude. In Table 2, 3 Sp crp
and 2 S crp denote the complex power load and complex
power loss along the CTP and the critical voltage and V',
indicates the voltage of the last load bus in the CTP.

Table 3 shows the comparison of the voltage stability
index between the proposed VSI and the conventional VSI
(JVSI) [9] on the 69-bus system. Although both results
have shown similar transitions, the proposed VSI has
provided very reliable results. For example, when the
critical voltage was 0.599 in the case of the loading rate by
3 times, the values of VSI and JVSI are 0.011 and 0.737,
respectively. This means that the margins to reach the
voltage collapse are 1.1% in VSI and 26.3% in JVSI,
respectively. These results indicate that the proposed VSI
can effectively detect regional information on voltage
collapse compared with the JVSI.

Fig. 6 shows the VSI curve of the 69-bus system. In this
case, the open/closed statuses of all switches are equally
maintained in the initial network. The loadings of all buses
are simultaneously increased by the ratio of S/S-base
where S-base is set as the total complex load in the initial
network. When S/S-base becomes 3.07, the VSI, the
detected critical bus, and the critical voltage are 0.041, 54,
and 0.6014, respectively. Also, the CTP is composed of 0,
1,2,2¢,3,4,5,6,7,8, 42,43, 44, 45, 46, 47, 48, 49, 50,
51, 52, 53, and 54 buses. If we apply the Newton-Rapshon
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load flow method, it diverges when the S/S-base has
reached 2.5 where the corresponding VSI and the critical
voltage are only 0.32236 and 0.719, respectively.

Table 2 Results of The CTP of The 148-Bus System

g‘(‘f Vol B“f Vol. 1%‘(‘)5 Vol. ﬁ‘(’f Vol. g‘(‘f Vol.
1.000] 34 0.970] 63 [0.963] 102 [0.974] 136 [0.975
1.000] 35 |0.966] 69 [0.073] 103 [0.974] 137 [0.063
1.000] 36 [0.976] 70 10.974] 104 [0.073] 138 [0.952
1.000] 37 [0.075] 71 [0.970] 105 [0.973] 139 [0.954
1.000] 38 ]0.975] 72 [0.972] 106 [0.971] 140 |0.973
1.000] 39 [0.972] 73 10.972] 107 [0.968 141 0.973
1.000] 40 [0.972] 74 |0.971] 108 0.061] 142 [0.975
1.000] 41 [0.972] 75 10.960] 109 [0.970] 143 0968
0.989] 42 [0.972] 76 [0.970] 110 [0.975| 144 [0.973
0.977] 43 [0.971] 77 [0.970] 111 [0.975| 145 [0.973
0.976] 44 [0.970] 78 ]0.970] 112 [0.975] 146 [0.973
0.971] 45 [0.970] 79 [0.973] 113 [0.971| 147 [0.074
0.979] 46 ]0.970] 80 [0.974] 114 [0.968| 148 [0.973
0.976] 47 [0.966] 81 [0.974] 115 [0.960
14 _[0.973] 48 [0.975] 82 [0.970| 116 [0.972
15_[0.976] 49 [0.074] 83 [0.973] 117 ]0.970
16 10.971] 50 10.973] 84 [0.972] 118 [0.975
17 [0.970] 51 10.971] 85 0.968] 119 [0.975
18_[0.978] 52 [0.972] 86 [0.970] 120 [0.971
19 10.977] 53 10.972] 87 [0.970] 121 [0.963
20 [0.976] 54 [0.969] 88 10.970] 122 [0.955
21 [0.972] 55 [0.970] 89 [0.972] 123 |0.960
22 [0.971] 56 [0.971] 90 [0.975] 124 [0.972
23 [0.976] 57 [0.970] 91 [0.974] 125 [0.970
24 [0.971] 58 [0.964] 92 [0.974] 126 10.970
25 [0.971] 59 [0.074] 93 [0.073] 137 [0.975
26_10.968] 60 [0.975] 94 [0.973 128 [0.968
27 10.976] 61 [0.971] 95 [0.971] 129 [0.954
28 [0.976] 62 [0.972] 96 ]0.963] 130 [0.960
29 10.976] 63 [0.072] 97 [0.968] 131 [0.960
30 [0.972] 64 10.970] 98 10.062] 132 [0.972
31 [0.972] 65 [0.970] 99 0.071] 133 [0.973
32 [0.971] 66 [0.970] 100 [0.975] 134 [0.970
33 ]0.971] 67 [0.970] 101 [0.975] 135 [0.970
crp |0 1.3. 7, 11, 17, 26, 35, 47, 58, 68, 98, 108, 115, 122,

s [y oy Py = ST BT EC A [N NS COR PN P Y

129, 138
VSI 0.45796 2 Spcre | 8271.850 + j4003.476
v 0.95220 2 Siere 301.763 + j540.238

Table 3 Comparison of Voltage Stability Indexes in The
69-Bus System

Loading rate (1 time) Loading rate (3 times)
P(l)wer Critical vsI | 1vsI Power |Critical vsI | 1vsI

oss | voltage loss | voltage
225.00 | 0.909 10.384]0.188[4165.49] 0.599 [0.011/0.737
138.94 | 0.925 10.449{0.160[1824.94] 0.723 [0.309|0.538
128.27 | 0.925 10.449]0.153]1716.20] 0.741 {0.322]0.512
123.04 | 0.926 [0.452[0.147 [1664.69] 0.741 [0.322[0.507
100.76 | 0.941 |0.46210.121[1645.19] 0.741 ]10.322[0.503
100.68 | 0.941 10.462]0.121(1363.49] 0.794 {0.362]0.424
100.68 | 0.941 [0.462]0.1211278.01] 0.794 {0.363]0.426

0.50
0.45
040 :
035 !
0.30
0.25
0.20
0.15
0.10
005 |
0.00 - - e [ [——

10 12 13 15 L7 18 20 22 23 25 27 28 30

S/ S-base

VSI

Fig. 6 VSI curve of the 69-bus system.
6.2 Results of the IBE Method

Table 4 shows the obtained results from the TBP
equation when real power loadings are sequentially
increased. In Table 4, case 1 denotes the results obtained
by the load flow analysis, which are considered as the
reference case for comparisons. Case 2 denotes the results
from the derived TBP equation of (12). From the results of
case 2, we can see that the derived TBP is perfectly correct
(i.e., all error rates are 0%). Case 3 shows the results
obtained when the approximated voltage in (13) is applied.
In case 3, errors at higher voltage levels over 0.9 are

Table 4 Examinations of The TBP Equation for The 69-
Bus System

Load flow analysis (case 1)

Real power Branch power flow
loading (rate) Voltage Real power flow
280 (base) 0.992 281.958
1400 (5 times) 0.957 1435.803
2800 (10 times) 0.907 2967.961
4200 (15 times) 0.845 4680.618
5880 (21 times) 0.721 7659.434

TBP with voltage considered (case 2)

Voltage Real power flow Error rate (%)
0.992 281.958 0.000
0.957 1435.803 0.000
0.907 2967.961 0.000
0.845 4680.618 0.000
0.721 7659.433 0.000

TBP with voltage estimated (case 3)

Voltage Real power flow Error rate (%)
0.992 281.958 0.000
0.966 1433.246 0.178
0.917 2963.591 0.147
0.859 4661.584 0.407
0.733 7551.397 1.411

100.68 | 0.941 |0.46210.121]1251.86] 0.794 [0.362]0.405

TBP with voltage neglected (case 4)

99.621 | 0.943 |0.463]0.119]1251.31] 0.794 [0.362]0.405
1217.67| 0.794 |0.3620.407
1191.75] 0.794 10.362]0.401
1190.39] 0.794 |0.362]0.401
1165.23| 0.800 |0.367]0.393
L 1162.46| 0.800 10.367/0.392

Voltage Real power flow Error rate (%)
1.000 281.937 0.007
1.000 1432.684 0217
1.000 2935.100 1.107
1.000 4519.815 3.436

1.000 6552.484 14.452
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ignorable (e.g., 0.147% at 0.917 and 10 times loading),
which indicates that the TBP equation can be used in
estimating the new tie power flow during a BE. At the
lower voltage levels, error rates are below 1.5% (e.g.,
1.411% at 0.7337). These results show that the TBP
equation of (13) can effectively replace the conventional
{oad flow analysis in a practical sense and can dramatically
reduce the computation time. In case 4, the voltage
magnitude is considered as a constant and the error rates
are relatively large when compared with case 3.

Table 5 and Table 6 show the comparisons between the
proposed IBE method and Baran’s method [11] in terms of
the average computation time and the convergence
probabilities. The results are based on the average values
from one hundred trials. Especially, in these case studies,
an initial radial network of Baran’s method is determined
through a random creation, on the other hand, the proposed
IBE method is configured through the GA method [13].

Table 5 Comparisons of Convergence Probabilities

Optimization method 32 bus 69 bus 148 bus
Baran method with initial
network by random function 91.32(%] | 87.231%1 | 75.091%]
o
Proposed IBGEAmethod with 100 [%] J 99'51[%)1 90.52(%]

Table 6 Comparisons of Average Computation Time

Test systems Iteration | No. of loaq flow Cqmputation
B anumber calculation time [sec)
32 | 1] | S 26 6.006
Bus | Pro. 8 9 2311 |
69 u}ﬂ 5 26 8.611
Bus | Pro. 9 10 3.681
148 [11] 16 457 4871 |
Bus | Pro. 29 30 36.825

- Pro. : Proposed method.
6.3 Results of the ORA

Table 7 provides comparisons between the proposed
IBE method and the conventional studies to show the
reliability of the proposed algorithm. Table 8 demonstrates
the convergence characteristics of the VSI and power loss
in the TEEE 69-bus system. Fig. 7 also illustrates the
convergence characteristics of the KEPCO 148-bus system.
In the 69-bus system, the VSI has increased from 0.38409
to 0.46349 (ie., VSI and loss improved 20.41% and
55.72%, respectively). la the 148-bus system, the VSI
increased from 0.3316 to 0.4580 as well (i.e., VST and [oss
improved 38.11% and 61.19%, respectively) due to the
application of the suggested ORA.,

Table 7 Comparisons of BE Methods

Test Tie branch number Pow;‘
system (sending bus, receiving bus) loss
7(6,7), 9(8,9), 14(13, 14), 32(31,32),
“ [11] 37(24.8) 139.549
7(6,7), 9(8,9), 14(13, 14), 32(31,32),
Pro. 37(24.98) 139.549
15(13,14), 59(47.48), 62(50, 51), 70(10, 70),
[14] 71(12.20) 99.66
6 PmT 15(13,14), 58(46.47), 62(50, 51), 70(10, 70), %9 621
| 71(12,20) |
34(25,34), 39(29,39), 41(30,41), 56(46,56),
75(64,75), 83(72,83), 90(80,90), 95(84,95),
98(87,98), 110(100,110), 112(102,112),
V48| Pro. | 413104,113), 116(109,116), 128(121,128), | 716-937

133(124,133), 151(38,59), 153(47,66),
159(105,113), 165(72,144) J

Table 8 Optimal Routing Results in 69-Bus System

Branch exchange |
Search! Sefected Critical
levels| loop |closelopen VeI Voltage Power loss
network
1 - 0.38409 | 0.9092 | 225.0038
2 2 73 | 53 | 0.44923 0.9245 | 138.9474
}___3 4 72 | 14 | 0.44924 | 0.9245 * 128.2733 t
4 2 53 ) 59 j 0.45157 | 0.9263 | 123.0399
s |3 174641046237 [ 09414 | 100.7649
[ 4 14 [ 15 | 0.46237 | 0.9414 | 100.6846
7 3 64 | 63 | 0.46237 | 0.9414 | 100.6846
8 59 | 58 1 0.46237 | 0.9414 | 100.6846
63 | 62 | 0.46349 | 0.9428 | 99.6208 |
Initial tie branch sets obtained from GA 70,71, 72,73, 74
Final tie branch sets after BE 15, 58, 62,70, 71

2L AL L L2000 0000000000000

|
g 2100 JJ
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‘—; 1900 ¢ i~ Power [05S
8 1700 l,‘
= .« - -& - .VSI* 5000
8 1500
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& 1300

1100 }
Q00 bkt et
1 3 5 7 9% 11 13 )5 7 19 21 23 25 27 29
Iteration number of branch-exchange

Fig. 7 The optimal routing process of the 148-bus system.

Fig. 8 shows the network topology in the initial step of
the 148-bus system. Fig. 9 displays the obtained result in
the final step considered as the optimal solution of the
system. In both figures, bold lines signify the detected CTP
and dotted lines imply opened tie switches. As shown in
Fig. 8 and Fig. 9, we can see that the CTP is successively
connected in a radial topology. Fig. 10 illustrates that
voltage profiles of the 148-bus system are highly improved
in all buses following the optimal routing processes.
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7. Conclusions

This paper has proposed a new optimal routing
algorithm to maximize the voltage stability as well as to
minimize power loss in radial power systems. The main
features of this paper can be summarized as follows:

+An effective VSI has been developed to assess the
voltage stability, which is suitable in frequent
switching options. As shown in the case studies, the
voltage stability of a radial system can be rapidly
assessed by the suggested VSI. Furthermore,
information of all buses along the CTP and the critical
bus can be automatically detected during the BE
process. Also, it is assured that the power loss is also
minimized when voltage stability is maximized.

« Additionally, the IBE method is proposed to reduce
calculation time. The developed IBE method is based
on the loss index derived by considering a proportional
relationship between real power flow and real power

92 81 J
192 91 8p l-m
-
L g

112 1186 100 9%
p &

118 8

119 1127 136 101 |12

5‘{’31_”” C 78f :" loss. The index can be used as an effective measure to

*LG o PN O U assess the variation of power loss without solving the

2 meede L5 iss I“—‘ﬂ s Js iterative load flow during the BEs in a loop network.

oz g1 DUPLIY For the estimation of the new tie branch power flow

Uz _ils 400 298 H
4 @

resulting from load transfer during the BEs, the newly
derived TBP equation is used. From case studies, it is
verified that a TBP can be used within reasonable
errors,

g 8 4 [2
[

119 {127 136 1 |12 18 27

me er J 37

¢’ b «The ORA also has adopted the GA as a global search
LD LT ["—’I"s algorithm. As shown in numerical experiments, it is
[ Y A —o—g" r also assured that the hybrid method is relatively
1%: “»-9 effective in larger-scale systems.
—e-g—e" e ' ?L The proposed algorithm has been successfully tested
= 1:4_14» ' o ol e with the IEEE 32-bus, 69-bus systems, and the large-scale
hd . KEPCO 148-bus system.

104

H
120 1 95 74 1214 14
p——-llig 4

Fig. 9 The CTP in the final stage of the 148-bus system, 8. APPENDIX

8.1 Derivation of Det J in (3)

099 -
‘ e e . .| —erbranch exchange
= 098 . o - - = - Before branch exchange The partial derivative terms in (3) are described as
Z g Lo = - Before branch exchange _ P
3 0 k follows:
2
g ; o e —2§Q—2=V12V2(Bzzlcos26—G221 sin? &)
g 095 SRR a6 9V, (Al-a)
2 . el .
> 094 [ ; ‘ ‘; +2V,V; B, (G, sin 8 + B,; cos &)
0.93 L,, — U S )l)
1 16 31 46 61 76 91 106 121 136 149
Bus number P, 90, =V{’V,(G3, cos® § — B sin” §)
oV, 06 (Al-b)

Fig. 10 Comparisons of voltage profiles of the 148-bus 5 )
system before/after BE. +2VIV3 G, (G, c08 + By sind)



66 A Study on Voltage Stability Improvement by the Efficient Network Reconfiguration Algorithm

Here, G and B imply the real and imaginary parts of bus
admittance matrix, respectively. By using (Al), the
determinant of the Jacobian matrix in (3) can be finally
expressed as follows:

Det J =V V, (B}, —G}) +2V\V; cos8(B,,B,, — Gy Gyy) (A2)
=V\V,(G} — B3)(2V, cosS —V;)

8.2 Derivation of equivalent impedance in (9)

If a CTP in a radial system is composed of constant
power demands as illustrated in Fig. B1, each branch
causes line power losses.

v, | Py | Py%ily, | PL3+jQL3|
s=pP+jo |1 H '11 IZ;. - "
=vr . . . ) .
PytiQpr  PpptiQp Pp4iQp; Py iy, PyatiQps
Fig. B1 Simple network of a critical transmission path.

In Fig. B1, P;; + jO,; denotes line power loss, and S = P
+ jQ indicates the injected power flow in the first sending
end. From Fig. B1, we can define the equivalent network
of the current driving point as shown in Fig. B2.

P +i20n
i=1

i=l

n

Ppi+ 2 Op:i
i=1

]

i=]

Fig. B2 Equivalent network of the driving point.

In Fig. B2, we can define the correlative equations as
follows:

P=3P,;+X Py, 0=20,+X0pn (Bl-a)
=1 P pa P

I_ZZeq ZZ;PLi+j§;QLi (B1-b)

[=P-jo)IV" (Bl-c)

By substituting (B1-c) to (B1-b), the following equation
can be obtained.

(P2 +0)IVAZ,, =3 P+ 30, (B2)
i=l i=1

In general, the first sending end voltage has unit
constant value (V=1.0 [p.u]). We can finally derive the

equivalent impedance of the simple network as follows:

Zoy = oy e = (S P+ IS QPP 40 (B3)

i=1 i=1
8.3 Derivation of Loss Change Index in (14)

To determine the optimum branch in a loop, it requires
estimating loss changes after branch exchanges. Since the
real power loss of branches before a BE are known, we can
estimate the power loss changes in each branch (i) due to a
general BE between a tie branch (t) and an adjacent branch
(t,con). The derivation of this index starts from the
proportional relationship between real power loss and real
power flow. First consider the simplified real power loss of
the branch flow equation. In (C1), P; ;5 and ;s denote
the real part loss and reactive part loss of a branch (i) as
described in IV. B, respectively.

—~ I n n
PL =z’;(P12 +Qi2)=ZPi,loss +2Q[,[05s (Cl)
i=1 i=1 i=l

For general branch exchanges, the changes of real part
loss and reactive part loss in the branch (i) are described as
follows:

P-P_ )
APi,Iioss = Pi,loss {( l P;CU'l) - 1} (l c L)
i

(P.+P)?
APi,Ileoss = Pi,loss {—I—)Zt—' -1

(C2-a)
(ie R)

(Qi —gé,con)H _1} (ie L)

! (C2-b)

(Q+Qf_%
2

i

L
AQi.luss = Qi,loss{

AQI'I,QIO.YS = Qi,l{)ss{ (l € R)

After loss changes in each branch have been evaluated,
the updated power flow covering all branches can be
calculated in both the L-side and R-side as follows:

P =F-P,, (€l

N (C3-a)
> =P, +P, (ieR)
'=0.-0 . e L
0=0-Qun (D) ()
0,=0,+0, (ieR)
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Therefore, the total real power changes of a general BE

can

be calculated in a loop network as in (C4). Using these

equations from (C2) to (C4), the total real power changes

due

This work was supported by MOCIE through the IERC

to each BE in a loop can be calculated as follows:

AP, =Y AP +(P, -P,

Jdoss
iel

+ Y AP

Jdoss
ieR

(C4-a)

,con )

AQlasx = EAQiI,‘loss + ZAQfloss + (Qt - Qt,con) (C4'b)

el ieR
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