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Abstract— This paper demonstrates on the development of
weak bus identification method using novel reactive power tracing
index for determination and selection on appropriate buses for load
shedding purpose. Power tracing principles using downstream
looking algorithm is utilized for the development of a novel reactive
power tracing index known as LOP_LT. The results obtained from
the weak bus identification from various power system
contingencies are analyzed for determination of the load shed
amount. Optimization on the total amount of load shed is
customized based on multi-objective functions via backtracking
search algorithm. The objective functions are set to minimize the
amount of load shedding and to minimize the total LOP_LT indices
for all buses. A standard IEEE 57 test bus system is used as a data
platform for the power flow simulations carried out in MATLAB
environment. The results obtained post- load shedding for the
proposed method is found to be robust, efficient and reliable for the
implementation and execution of optimized amount and location
selection for Under Voltage Load Shedding scheme in large
network.

Keywords—reactive power tracing; back
tracking search

load shedding;

1. INTRODUCTION

Power system stability has gained much attention and has
been acknowledged as an important problem for secure system
operation [1]. Many major blackouts occurrence due to power
system instability have demonstrated the importance of this
phenomenon [1-5]. Initially, angle stability has been of primary
concern to power utilities. However, in the last two decades
power systems have been operating under more stressed
conditions than previously due to several factors such as
continuing growth in interconnections and integration of
emerging new technologies. Limitations to install new
generating plants due the environmental pressures and
economical reason caused the transmission lines to operate
near the loading limits in order to cater for the electricity power
consumption in heavy load areas. In addition, the system
loading pattern due to deregulation in the electricity market, the
growing use of induction machines and large penetration of
renewable energy sources in distribution systems have made
local coordination control system to appear more complex. All
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these stressed conditions in a power system exhibit a new type
of unstable behavior which is known as voltage instability.

Voltage instability has been regarded as one of the major
cause of power system insecurity. A voltage instability
phenomenon takes place when the receiving end voltage
decreases well below its normal operating point. Severe
voltage instability may lead to voltage collapse which is the
process by which the sequence of events accompanying voltage
instability leads to a blackout or abnormally low voltages in a
significant portion of a power system [6]. Table I shows the
documented voltage collapse incidents resulting from voltage
instability as a principal cause for system blackouts.

TABLE I. DOCUMENTED VOLTAGE COLLAPSE INCIDENTS [6]
Date Location Time Interrupted Remarks
Frame Load
Voltage collapse in
11 Brazil and 685 (after 24731 MW part of the system.
November Parasua initial Number of people
2009 EUY 1 event) affected: 87
million.
Southern
12 July . Number of people
2004 Greece 30 min 9,000 MW affected: 5 million
. Estimated cost:
United s
14 August | Statesand | 39 min 63,000 Mw | USS7-10billion.
2003 Canada Number of people
affected: 50
million.

In order to prevent power system from wide-spread voltage
collapse situation, load shedding is applied as a final safety
measure in the mitigation plan. Generally, load shedding can
be categorized into two types; under- voltage load shedding
(UVLS) and under-frequency load shedding (UFLS). The main
goal of UVLS scheme is to shed load in order to restore
reactive power relative to demand and to contain the voltage
problem within a local area rather than allowing it to spread in
geography and magnitude [7].

This paper presents on the development of weak bus
identification method using novel reactive power tracing index
named as LQP LT index, for determination and selection on
appropriate buses for load shedding purpose. The results
obtained from the weak bus identification from various power
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system contingencies are analyzed for determination of the
load shed amount. Optimization on the total amount of load
shed is customized based on multi-objective functions using
back tracking search algorithm (BSA). The results obtained for
post — load shedding by implementing this new method is very
promising and would be suitable for online implementation for
under- voltage load shedding scheme (UVLS) for large
network.

II. DESCRIPTION OF THE SYSTEM STUDY

The power flow model analysis for the system is performed
using MATPOWER in MATLAB. The transmission network
studied consists of 57 buses, 80 lines, 7 generators and 40 load
buses. The network model of the standard IEEE 57 test bus
system [8] is shown in Figure 1. The base case simulations and
contingency simulations for power flow are carried out using
optimal power flow. The system generates 1278.66 MW and
321.08 MVAR while the load demand is 1250.80MW and
336.40MVAR at base case.

Fig. 1. Single line diagram of IEEE 57 bus system [8].

III. REACTIVE POWER TRACING CONCEPT AND FORMULATION
FOR NOVEL LQP_LT INDEX

Load tracing is defined as a task to trace the power
contributed by an individual load.

A. A. Formulation of LOP_LT index

A transmission line can be either absorbing or generating
reactive power. The transmission element’s contribution to the
reactive power flows depends of its  equivalent circuit and the
voltage magnitude at its terminals. In order to make the
complexity of reactive power tracing accurate, a generalized n
equivalent model were developed by considering all possible
reactive power flow directions, which are either generations or
absorptions, at both terminals of sending and receiving, as well
as inside the series impedance of the network elements of the
14 bus system.

Utilizing [9-11], with appropriate modification performed
for the purpose of reactive power flow derivation, the flow Q;,,
on line I-m can be expressed as a summation of load
components as in equation (1), where n is the total number of
loads in the network.
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Qun = Qim + Q2 + Qi + -+ Qi (1)

The component of load defined as Q;;on line 1-m is expressed

as a fraction X[, of load Q; and written as follows:

I = Xim - Qui 2)
thus,
Qun = 22 Xy - Qi 3)

Applying the above concept into LQP LT of line I-m for
summation of individual load components, gives Eq. (4):

LQPyr,, = LQPiy + LQPi; + LQP;, +
.+ LQPL! )

or can also be written as:

. 2
LQPLTlm =4 (%[ 1{21 er',lm] + %) ®)

The index LQP LT computed for every line should remain
within a value between 0 and 1. Index value ‘0’ indicates very
stable while index value ‘1’ indicates unstable. The algorithm
is developed in MATLAB environment to automate the
reactive tracing in the system study and the power fraction
contribution computation for LQP_LT index is formulated
accurately for contingency analysis computation.

IV. UNDER VOLTAGE LOAD SHEDDING OPTIMIZATION USING
BACK TRACKING SEARCH (BSA)

The BSA algorithm used in this study is a new Evolutionary
Algorithm (EA) that is implemented for under voltage load
shedding scheme assessment. It is developed by [12] in order
to solve numerical optimization problems. The development
of BSA is based on random mutation strategy. Figure 2 shows
the general pseudo code for BSA processes.

Fig. 2. General Pseudo Code of BSA [11]

It consist of five main processes namely, initialization,
selection-/, mutation, crossover and selection- //. Utilizing the
above codes for the optimization algorithm development in
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MATLAB, the following multi- objectives function shown in
Eq. 6 is formed in order to solve the under voltage load
shedding problem.

f =min(} LQP.r, Y7, (Pshed; + Qshed;)) (6)

The objective function above is programmed as bi- level
programming whereby the first problem are constrained to be
the optimal solution of the lower- level problem. To obtain a
feasible solution for the bi- level optimization function
defined, the following constraints were established.

PG — Pp; +4 Po; = X4 |Vil|Vy|[Yij|cos(8y; + &; — 6) (7)

Q% — QB +4 Qp; = X IVil|V;||Yij|cos(8i; + 65 — 6) ®)

APp; _ AQp; fixed power factor ©)
APy AQp;
Vi,lower = Vi = Vi,upper (10)

Parameters Pp; and Qp; terms refer to the real and reactive
load demands on bus I, while

Pg; refers to the real power from a generator bus i. Index “0”
refers to parameters at initial stage. The control variables that
leads to an optimal solution are APp;and AQp;. The
operational constraint which is the system voltage is defined
as:

0.85 <Vi<1.06 (11

The system is considered stable if the all the bus voltages lies
within 0.85 p.u. to 1.06 p.u.

With the above formulas, the BSA algorithm is
programmed to deliver precise, robust and simplified
optimization solution.

V. CASE STUDY AND SIMULATION RESULTS

The methodology proposed is simulated using two different
case studies. The first case is for heavily loading conditions
while the second case is for heavily loaded with N-1
contingency conditions.

A. Heavily Loaded Conditions

The base case loading is increased with constant power
factor for all load buses. The generations maintains at base
values so that demand exceeded generations and voltage
collapse is encountered. At loading factor of 2.00, the system
is at verge of instability and lowest voltage is recorded at bus
30, 31, 32 and 33 with values of 0.719 p.u., 0.650 p.u., 0.703
p.u. and 0.697 p.u. Further increase on the load buses with
total loading factor of 2.188 has stressed the system beyond its

convergence limit. At this point, the system is facing voltage
collapse. Figure 3 and Figure 4 shows the voltage profile at
verge of instability and after voltage collapse. The maximum
real and reactive powers that need to be shed are computed as
179.393MW and 88.527 MVAR. The reactive power tracing
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Fig. 3. Voltage profiles at loading factor of 2.00
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Fig. 4. Voltage profiles at loading factor of 2.188

index is computed from the power flow analysis for maximum
loading factor before system collapse. The total LQP_LT for
the system at this point is 78.96. Table II shows the priority
ranking results based on maximum LQP_LT computed at each
load buses. These are the buses selected for under voltage load
shedding implementation. Figure 5 shows the LQP LT index
computed at each line due to loads in the system. Load
amounts on the selected load buses are shed and optimized
using the proposed BSA algorithm. The system attains all the
objectives set at 50" iterations. The voltages at all buses
increased to a minimum value of 0.85 and maximum value of
1.06. The total LQP LT computed after load shedding is
57.129 and the minimum amount of load shed is 68.228MW
and 71.816MVAR. Figure 6 shows the LQP LT index
computed at each line due loads after load shedding is
performed. The index values at all lines has reduced to a much
lower value comparatively. At this point, the system
convergence is also achieved.
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TABLE II. PRIORITY RANKING RESULTS FOR WEAKEST LOAD BUSES
Rank Load Buses LQP LT
1 33 0.40281932
2 25 0.37748132
3 57 0.30618249
4 31 0.30027011
5 30 0.29396103
6 18 0.28268256
7 32 0.27620438
8 42 0.22566778
9 56 0.21328637
10 49 0.19594214
11 41 0.18659278

LGP, T Corrgutm fr Line doe o i Lood B ses

Fig. 5. LQP_LT index computed at each line

Lop T

Fig. 6. LQP_LT index computed at each lines after load shedding
optimization using BSA

Table III shows the minimized LQP LT index ranked from
highest to lowest for the part of the load buses. Figure 7 shows
the voltage profile improvement recorded at every iteration
until system convergence is achieved. The voltages are seen to
have increased and stayed within the desired stable region at
the end of the load shedding optimization process.

B. Heavily Loaded with N-1 Contingency Conditions

The optimal load flow simulation for the single line
contingency, N-1, is performed in the same method carried out

588

as the first case. Line connection from bus 22 to bus 23 is set
to be offline.

bl (o 1)

vz Suses

Fig. 7. Voltage profiles recorded at every iterations when performing load
shedding optimzation uisng BSA algorithm

TABLE III. PRIORITY RANKING RESULTS FOR WEAKEST LOAD BUSES
POST LOAD-SHEDDING
Load
Rank | oo LQP LT
1 19 0.19567890
2 18 0.188701689
3 17 0.16071992
4 25 0.158208105
5 33 0.156603837
6 49 0.147148026
7 31 0.143793466
8 57 0.132941795
9 56 0.122751281
10 50 0.12261890
11 42 0.122522827

C. Heavily Loaded with N-1 Contingency Conditions

The optimal load flow simulation for the single line
contingency, N-1, is performed in the same method carried out
as the first case. Line connection from bus 22 to bus 23 is set
to be offline. The load increments were performed in stages
with constant power factor, and it was found that the system
can have a maximum loading factor of 1.7266 before the
system achieve divergence state. The systems become voltage
collapse when the loading factor is increased to 1.7439. Figure
8 shows the voltage profile at voltage collapse. The maximum
real and reactive powers that need to be shed are computed as
21.60MW and 5.81 MVAR. The total LQP_LT for the system
at verge of instability is found to be 67.354.

Figure 9 shows the LQP_LT computed at every line due to
heavy loads and line outage. Table IV shows the priority
ranking results based on maximum LQP_LT computed at each
load buses. The top five load buses are selected for under
voltage load shedding implementation. Load amount on the
selected load buses are shed and optimized using the proposed
BSA algorithm. The system attains all the objectives set at 17
iterations. The voltages at all buses increased to a minimum
value of 0.85 and maximum value of 1.06. The total LQP_LT
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computed after load shedding is 53.4220 and the minimum
amount of load shed is 9.944MW and 3.053MVAR. Figure 10
shows the LQP_LT index computed at each line due loads
after load shedding is performed. The index values at all lines
has reduced to a much lower value comparatively. At this
point, the system convergence is also achieved.

until system convergence is achieved. The voltages are seen to
have increased and stayed within the desired stable region at
the end of the load shedding optimization process.

1.15
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Fig. 8. Voltage profiles for N-1 contingnecy at Voltage Collpase

e Loas Buses:

Fig. 9. LQP_LT index computed at each line at verge of instability
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Fig. 10. LQP_LT index computed at each lines after load shedding

Table V shows the minimized LQP LT index ranked from
highest to lowest for part of the load buses. Figure 11 shows
the voltage profile improvement recorded at every iteration

TABLEIV. PRIORITY RANKING RESULTS FOR WEAKEST LOAD
BUSES IN N-1 CONTINGNECY
Rank | Load Bus LQP_LT
1 25 0.37432002
2 31 0.35677248
3 33 0.334199388
4 30 0.283343264
5 57 0.243293417
6 18 0.241823738
7 32 0.236724676
8 56 0.200286334
9 42 0.176282688
TABLE V. PRIORITY RANKING RESULTS POST LOAD SHEDDING IN
N-1 CONTINGENCY POST LOAD- SHEDDING
LOAD LQP LT
BUSES MAXIMUM
18 0.245061111
9 0.224280125
57 0.189122591
25 0.182136199
56 0.181216469
33 0.177398107
42 0.165236686
49 0.161157683
31 0.149543534
41 0.148841083

Valtage Prfle Improvement Post. Load Shedding va BSA Optimzaton

Fig. 11. Voltage profiles recorded at every iterations when performing load
shedding optimzation uisng BSA algorithm

VI. CONCLUSIONS

To summarize, a new approach of multi-level optimization
for under voltage load shedding has been recommended. The
method implements line stability factor, LQP_LT which has
the ability to trace the stressed lines contributed by individual
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load in a system. Enabling the priority ranking list based on
the traced LQP_LT, system operator can perform an accurate
selection of critical load bus prior to performing any corrective
action against voltage instability condition. The optimization
results obtained on the amount of load to shed via BSA
algorithm simulated on a large network has provided the best
global minimum solution to recover the system from stressed
conditions and improve the overall system voltage stability.
The BSA algorithm is found to be effective and robust in
providing the optimum solution. Finally, this study has
established the capability and implementation of power tracing
techniques with BSA optimization solution in a large power
system network for under voltage load shedding scheme.
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