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A LINEAR PROGRAMMING BASED APPROACH FOR GENERATION
RESCHEDULING AND LOAD SHEDDING TO ALLEVIATE
POWER SYSTEM OVERLOADS
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Abstract: This paper presents a linear programming (LP) based approach for the alleviation
of line overloads by generation rescheduling and load shedding. The algorithm is based on
solving a linearized set of optimal equations. The objective function for generalion
rescheduling Is to minimize the lincarized system operating cost while satisfying the system
equality and inequality constraints. In respect to {oad shedding scheme, the objective function
is to minimize the total load demand to be shed taking into account the operaling constraints
of the maximum load that can be shed; to ensure a minimum service at each bus; and the slep
of load 10 be shed. The results for the 6-bus and 23-bus test systems are presented 10 show the
effectiveness of the proposed algerithm.

Kevwords: Power system overloads, Generalion rescheduling, Load shedding, Contingency,
Linear programming.
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1. INTRODUCTION

The operating point of a power system changes continually due to various contingencies and
disturbances on the system, If the system survives the outage, it will operate in a new steady
state in which one or more transmission iines may be overloaded. The problem of power
system line overtoads has obtained more aticntions in the modem power system. To meet the
load demand in a power system while satisfying the stability and reliability criteria, eilher the
existing transmission lines must be utilized more efficiently, or new lines should be added to
the system. The first alternative provides an economically and technically attractive solution
1o the line overload problem by using some efficient controls, such as generalion
rescheduiing, controllable series capacitors, phase shifters, and load shedding.

In the literature, many methods have been reported for determining a secure operating point
[1-5]. All these methods use oplimization techniques, which are complicated and time
consuming from a computational point of view, especially for large systems. Under
emergency conditions the operator, has to make quick decisions, with little concern for the
optimality of the operating point. Hence an efficient, reliable and direct method is always
required. Reference [1] develeped such a direct method for generation rescheduling and load
shedding to alleviate line overioads, based on the sensitivity of line overloads to bus power
mcrements. This algorithm is suffered from unnecessary and excessive load shedding, and in
some cases, a solulion may not be obtained at all. Mohamed and Jasmon [2] alse proposed
a direct method for generation rescheduling and load shedding to alleviate line overloads. In
this method, bus powers are modified at the terminal buses of the overloaded lines by an
amount equal to the line overload during each iteration of the load flow solutions. Hence, the
process will be time consurning, as a greater number of iteralions are required for the final
solution.

A number of research papers are available on the subject of base case optimization and
corrective rescheduling. Such methods [5,6] employ various performance indices for
optimization and utilize linear, nonlinear or quadratic programming techniques. Shandilya
et al [6] presented a local optimization based method for generation rescheduling and load
shedding to alleviate line overloads. The problem is solved by using the conjugate gradient
methed technique. This method is compulanonally expensive and the load shedding
procedure is not introduced.

From the literature survey it appears that simple and efficient algorithms are not yet available
for real time implementation. This is important because solution of this problem provides the
starting point for overall security constrained oplimization. For achieving this abjective the
following features are necessary::

(1) Exploitation of weak P-& and Q-V couphng to sclve the real and reactive power
separately. Th;s reduces the dimension of the problem.

(10 Tnexplicit representatlon of the network through loss formula and sensitivity
coefficients. ' This eliminates the need for computaticnally expensive explicit
network solutions during optimization process,

(ii) Al available algorithms in literature on security constrained optimization [2-5)
show that there is a possibility of producing new violations while removing
exisling violations. In the proposed approach alt important monitored quantities
are included in the solution algorithm.
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This paper handles power system line overloads by use of available controls such as
generation rescheduling, and load shedding. The optimal solution is obtained by solving a
linearized set of optimal equations for generation rescheduling and also for toad shedding
scheme, The proposed algorithm is tested on 6-bus and 25-bus test systems.

2. LIST OF SYMPOLS

. . real power generated at bus i.

[“|  :voltage magnitude at bus i.

i : voltage phase angle at bus i.

Gy :branch conductance between bus i and j.

Bij - branch susceptance between bus i and j.

P, :branch active power (low berween bus i an j.
C,  :costcoelficient of generator at bus i.

F. ... 1 maximum active power generation limit.
P, i . MINimMum active power generation.

£, maximum limit active power flow,

P . i minimum limit of active power flow.

Ng : number of system buses.

Ny : number of system lines.

P, 1o - €2l branch power loss between busiand j.
a, : coefficient of constraints.

b, : constraints bounds.

G : cost coeflicients.

Np : set of load buses.

APpy  : load shedding at load bus k in one step.

Pope  :real power load commitled at load bus k.

Ppimin : the lower limit of active power demand at bus k.
APy : the overall maximum active power demand thal can be shed in one step.

3- PROBLEM FORMULATION
fn this paper the constrained rescheduling model uses the submatrix Jps of the full Jacobian
matrix 10 exploit the advantage of decoupling between bus power and bus voltage. The LP-
based algorithm with linecarized cost function and system conslraints has been proved to be
fast and reliable [4,7].
3.1 System Objective Function and Constraints for Generation Rescheduling
The system objeclive function is to minimize the tolal system operating cost as:

Min f=C'.APg {1
Subject to the following constraints:

(i) Equality constraints:

AP(_‘,-APD- APLO,-_;:O (2)



E. 25 M. E. El-Said

(ii) Inequalitv constraints:

apP, . < AP < 4P, 3
APG,min SA'PG SAJJG'.mu (4)

In the Newton-Raphson method of power flows given in pelar form, the linearized equations
are expressed as follows:

el

4P}, J[as] | ©
[45]=[V,_, ' [aP] . 7
[45]=[4][2P] ®

where [A]=[J,_;]". From equation (7), A8 is solved by LU factorization without inverting

the Jp.; submatrix and stored in factored form and any required row of this submatrix can be
calculated from the factored matrices.

The real power flow in a branch connected between bus i and j can be written as:

Pﬁj =|V= anj_|V-

‘VJ|.(G,.J. Cos(8, - 8,) + B, Sin(6, = 8,)) 9

The incremental flow can be represented as:

aPf, oFf, )
AP, = —2 A5 +—2L A5, 10
15" a5, " es, ©0 : (10)

Equation (10) can be written as follows:
|ap, =[clas)={cT4]ar)= [D][ar] (an
where

C, =¥, |(B,Cos(6, - 5 )~ G, Sin(8, - 5,)) (12)

and [D]=[c][4]
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3.2 Incremental Real Power Loss

The real power loss at a branch between buses 1 and j can be represented as follows:
2 2 .
Pyue= G (WL 47| 2|7 [Cos(s, -5, (13)

Following a procedure similar to equations (9) and (10), we can write the incremental real
gap q
power loss as follows:

(a7, )=[Flas = [F]4]ap]= [H]aP] (14
where

£, =2V |G,Sin(s, - 8,) (15)
and  [H]=[F]l4]

The total incremental system real power loss can be written from equation (14) as:

N

N
AP, = ZAPH.,{[H.}AE (16)

3.3 Calculation of Constraints limits
The limits for the incremental real power flow are given by:

P

F.mm

-P

-P, < 4P, <P X (17)

J.max
The limats on controt vartables are as follows:

P

. min

-PGSA‘PGS‘PG.max-PG (18)

3.4 Problem Formulation as Linear Programming

The LP problem can be defined as to find a vector of unknown variables
X=X, X ,X,] so as to minimize an objective function in form of equation (1)
represented in vector form as:

Min f =C"X (19

The constraint equations of the form shown in equations (2-4) are also represented in vector
form as:

al.Xzb (20)

4
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3.5 Load Shedding Scheme

Load shedding can be defined as a coordinated set of controls which results in decrease of the
syslem load. An optimal load shedding scheme will find a best stable operating point of
disturbed system with a minimum amount of load to be shed. The load shedding problem can
be represented by a linear optimization model as:

ND
Min f,=) 4P, (21)
k=1
Subject to:
P = By min 2 APy (22)
ful]
Z AP, <4F, ., (23}

k=1

Due to operating constraints there is a maximum limit to the load that can be shed at each bus
to ensure a minimum service, and the foad can only be shed in steps as for examptle 20, 40,
60% of the initial load [8,9]. The only unknown variables of the proposed load shedding
model as shown by Eqns.{21-23} are load reductions APp. Their calculation is performed by
LP technique till we alleviate the lines overload.

3.6 LP-Based Algorithm to Alleviate Lines Overload

To alleviate line overload the following sequence of control actions is expected from the
operator:

(1) Decrease the bus power injections at the sending end bus of the overloaded line.
This is incorporated by decreasing the generation at this bus and/or at the buses
feeding power to it.

(i)  Maintain the bus power injections conslant at the receiving end bus of the
overloaded line by increasing the generation at this bus and/or at the buses feeding
power to it.

(ii)  If the line overload is still not alleviated, curtail the load at the receiving end bus
of the overloaded line and/or at the buses to which the power is being fed from this
bus.

The proposed algorithm can be summarized as follows:

1- Input system data,

2- Given the contingency.

3- Solve load flow problem.

4- Calculate the branch flow.

5- Check the overicads? If 'No' stop, otherwise, go (o step 6.

6- Solve LP problem and update control variables.

7- Check convergence? If 'No' apply the load shedding scheme and go to step3, otherwise
go to 8.

8- Print optimal results.
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The feature of developed algorithim 1s based on solving a linearized set of optimal equations
which are solved very efficiently for real power comections and load shedding. In the
proposed algorithm the corection of generations is made first for the generators connected to
the sending end of overloaded lines, or at the buses feeding the lines connected to the sending
end of the overloaded lines. If the lines overload is still not alleviated then toad shedding may
have to be taken to remove overloads. Also, the procedure of load shedding is performed in
steps first at the receiving end bus of the overloaded line-and then at the buses to which the
power is being fed from this bus.

4. APPLICATION AND TEST RESULTS

The algorithm developed in section 3 for alleviating ling overloads has been implemented on
6-bus and 23-bus test systems. The detailed data of 6-bus system is given in appendix while
the data of 25-bus test systern is found in [1]. There are two approaches for testing the
proposed algorithm to alleviate line overloads. These are:

{1) Turn the base case into an overload system by selting line power Limits below their
base-case values.
(i) Induce overloads by removing loaded lines from the system.

4.1 The 6-Bus Test System

The base case overloads are created by reducing the lines power limits by 30% from its rated
values. Table 1 shows the results of this case in respect to overloaded lines and the percentage
of overload value. The control action taken in this case is to reschedule the generators. The
corresponding corrective rescheduling is given in table 2. Table 3 shows the power flow in the
overloaded lines with no load shedding and no line is ovetloaded in the svstem. Another
contingency is applied to the 6-bus test system. This is represented by removing line #2. The
resulis in table 4 show that line #1 is overloaded by about 24.55%. The control action in Lhis
case is to correct the generations as given in table 5 and 10 shed a toad by 10.23 MW at bus #6
as shown in table 4.

Table | The overloads of 6-bus test system (Base case)

‘rOverloaded Real power {flow | Power limit | Overload
| _line | (MW) (MW) %
4 -5.6 ) 4.0 30
5 _k -20.3 15.0 35.33
o | 16.18 150 ¢ 786

L

Table 2 Generation rescheduling
| - -
: Base case | Corrected value
Bus # * ;

| Pg(MW) Pg(MW)
[ 33.62 44.72
L2 38.01 26.02 |

Table 3 Overloaded lines in new operating state
Line flow | Load shedding

Line # MW) MW) Remarks |
4 1.24 !
5 | 13.83 0.0 . No line 15 overloaded
6 | 1127 | |
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Table 4 The 6-bus system (Line # 2 is removed) - I
Overloaded | Power flow | Power limit | Overload | Line flow after = Load shedding
l line (W) (MW) % | correction(MW) |  (MW)
L 33.63 27.0 2455 22.18 10.23

Table 5 Generation cotrection
T

Bus # Base case Corrected value |
P (MW) Pc(MW) |
1 33.62 22.18
2| 38.01 38.33

4.2 Results of 25-Bus Test System

The developed algorithm has also been employed for alleviating line overloads of the 25-bus
test system. The system has 35 lines and 5 generator buses namely 1,2,3,4 and 5. The base
case power limit is lowered by 10% for all lines. Table 6 presents the lines flows in the
overloaded lines and the percentage of overload across each line. The generation correction is
given in table 7 to alleviate the overloads shown in table 6 with no load shedding. Finally,
table & gives the new operating state of the overloaded lines.

Table 6 Overloaded lines of 25-bus test system (Base case)

Overloaded Real power Power Hmit | . qo.
lines flow (MW) (MW)
12 -48.6 43.0 13.02
17 57.8 53.0 9.056
Table 7 Generation correction
Bus# | Basecase | Corrected value Pc (MW) |
Pc (MW) Pc (MW) Min Max
l 267.3 2723 50.0 300.0 |
2 99.3 93.6 20.0 1250 |
3 147.9 151.3 300 175.0 |
4 39.1 48.0 10.0 75.0
5 193.0 178.4 40.0 250.0
Table 8§ Overloaded lines in new operating state
| Line # | Line flow.(MW) | Load shedding (MW) | Remarks
|12 408 0.0 No line is overloaded in the
Y 50.6 i ' system. |

5. CONCLUSION

A developed linear programming based algorithm for rescheduling of real power generation
and load shedding to alleviate line overloads is presented. The feature of developed algorithm
is based on solving a linearized set of optimal equations which are solved very efficiently for
real power corrections and load shedding. Inclusion of ineguality constraints on aclive power
line flow limits and equality constraint on real power balance assures a solution representing a
secure system. Transmission losses are also taken into account in the constraint function. Test
results for the various test systems are presented. The obtained results ctearly show that the
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proposed algorithm is superior, as a new secure operating condition is obtained with
significantly less load shedding and with a little deviation from the pre-contingency system
state. The developed algorithm can be successfully applied in operational planning, security
analysis and will be a good aid to the load dispaicher.

6. APPENDIX
Data for the &-bus system (at 100 MV A base)

Table 9: Lines data
’ Line # l Bus to Bus

| Line parameters (p.u) |

R X
[ 1 1 6 0.123 0.518
2 l 4 0.08 0.37
] 4 6 0.097 0.407
4 | 6 5 0.0 0.3
5 5 2 | 0282 0.64
6 2 3 0.723 | 1.05
7 4 3 0.0 | 0133

Table 10: Load data
Bus# i Demand (p.u) —i
.'

Pp Qo

1 00 [ 00
| 2 0.0 . 0.0
[ 3 0273 |- 0.065-
| a 0.0 | 00"
I 0.15 | 009
|6 025 [ -0.025
Table 11: Generators data’
| Generator Pg (p-w)
' Bus Max Min

] | L
— 2 | 1o | o1 |

The operating costs of the generators are:

C) =Pg) + 0.05P5,*

C}_ = Pg-_A + 0.1 P(_;;_z -
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