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OPTIMAL CORRECTIVE RESCHEDULING OF REAL AND REACTIVE
POWERS FOR POWER SYSTEM SECURITY ENHANCEMENT
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ABSTRACT

This paper presents an optimal technique for solving the corrective rescheduling
problem in power systcm. A snecessive dual linear programming approach is used with
linearized power flow model. The system real and reactive power generations and
transformer tap ratios are optimized within their operating limits so that no Limit
voilations of the line flow and bus voltage magnitudes in either the base case and
contengency cases. The test results on IEEE-30 bus test system show that the proposed
* technique can be successfully employed in conjunction with any fast security assessment
scheme for a fast on-line security assessment and control.

1- INTRODUCTION

The operating point of a power system will change due to various contingencies and
disturbances on the system. If the system survives the outage or disturbance, it will
operate in a new steady state in which one or more transmission lines may be overloaded

and hence voltage constraints at some buses may be violated. System dispatchers will
resort 1o corrective rescheduling for removing constraints violations.

The operating state of a power system is characterized by two sets of constraints. The
first type of constraints is the power flow cquality constraint. The second type is the
operating  (inequality) constraints which represents the capability limits of generating
sources and the limits on bus voltage magnitude and line flow variables, Additional set
of constraints can be impesed on the power system. operating conditions to ensure
specificd Tevel of security. These constraints generally referred to as security constraints,
describe the ability of the system to survice major disturbances such as forced ontages of
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generators or lines or fault conditions. For a given base case operating state of the
system, security assessment scheme detects the potential overloads and unaceeptable
voltage levels for contingency conditions. Assuming that the base operating state could
be eorrecied for the insecurity without modifying the network configuration, then the
problem isa correction control to reschedule the controllable system quantities in such a
way that the operating state of the system is steady state secure.

Though efficient nenlinear programming procedures with exact models have been
proposed for the corrective rescheduling problem [1,2]. These technigques are not
suitable for online applications because of problem size, problem dependent
convergence characteristics and long solution time. An alternative is to use the
linearized equations with linear programming technique. References [3,4] utilized de
power flow models. Recently in [5], a proposed successive linear programmiag
formulation using a decoupled linearized ac power flow model is presented. All the
above procedures considered only the real power control neglecting the reactive power
and voltage conirel considerations.

The objective of this paper is to present a practical procedure (o solve the corrective
rescheduling problem for on line application. To achieve the objective, a successive dual
linear programming approach is proposed which uses a linearized ac power flow model.
In this rescheduling problem, the controllable system quantities (real and reactive power
generations and transformer tap ratios) are optimized within their limits so that no limit
violations of the line flow and voltage variables oceur in either the base case or
confingency cases of system: operating conditions.

2- POWERSYSTEM MODEL

Consider the following well-known linear power flos equation :-

AP| |H N Ad . . 0

AQ) |J Lf|avev
Where P and O are the active and reactive power, §and ¥ are the bus angles and voltage
magnitudes, and H, N, J, and L are the submatrices of the Jacobian matrix of the power

flow equations evaluated at the operating point,

If transformer tap ratios are also considered as additional variable, an additional term
" appears in Eqn.] to account for the changes in the transformer tap positions At as :-

ME AR

where X and M are the corresponding sensitivity matrices. Rearranging equation (2), we
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Let the incremental control vector Au for a given system configuration (p) defined as :-

AP
Au=| AQ 4
Atle
Then the system state vector 4x is given by :-

Ax = [S ] Au .
where /5] is the sensitivity matrix evaluated at (X", +°, p7).

)

3- PROBLEM FORMULATION

The contingencies that can eccur in & power system are outage of transformer,
transmission line, and generator, The control applied to the &, network outage is the
same as that applied to the base case (k=0) state, i.e. &* = +° . But the system
configuration represented by the parameter p and the state vector x changes for the
network outage. This is reflected in the sensitivity matrix {S]. Then base case state (k=0)
and the outage states (k=/,2,.......No) are characterized by the individual modc! as :-

ax* =[s*]au , k=012,........NO (6)
where ;- NO = Number of outage states.
This model is used to generate the security related constraints like line flow and bus

voltage magnitude limits.
The corrective rescheduling problem can be stated as follows ;-
3.1- Ohbjective function

Determine the incremental control du such that the new base case control (u° + Au)
minimizes the total system cost of generation. Representing the system cost of generation
by a quadratic function, the objective function is :-

fild
S=(a, +b,F, +¢,.P2) + 3 (a,+b.P;, +c,P3) (7)
in]
linearizing this cost function around the base case (xo, u’ ), the incremental cost function
i5 :-
&f = d) AP, +d) AP +d} 8P .. +dy AP, (8)
where: —the subscript s denotes the slack busand o} = b , +2C, R‘: _r j=172 ............... Np:

NP =number of generating units
The netwark losses for the optimization process are taken into account by considering
the changes in the slack bus real power due fo changes in control variables. This is
achieved through differential relation as :-

AP, =(8P,, 1 8x) AX° =(3P,, 1 20)[S°) AU = @\ AP, + oo + PO, +7,.80, 160 (9)
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Eqaation (9) is called the slack bus loss penalty factor and this equation is used in
economic dispatching procedures [S]. Substituting (9) for APgs, in (8), the linearized
objective function in terms of the incremental control is :-

MNP Wi NT
Af =3 (d} +d}.a,).AP + id}.ﬁJ.AQJ + ) d) .y, ALl (10)
=] =1 Inl
or:— A =4d".Au an
where:~ d ';'srhe newificremental cost vector.

3.2- Constraint Equations

The incremental control Au must be determined such that the new base case control
( «&”+ Au) minimizes the total cost of generation and satisfies :-
(i) Control variables constraints

#™ i’ 4 Ausu™ 12
(ii) The slack bus power constraints
PE < PR +AP, 5 P™ (13)
o S 05 +A Qg S OB ' (14)
Where 4Pg, and AQg, are respectively the changes in the slack bus real and reactive
powers,
(iii) DBus voltage magnitude and line flow variables constraints
o S (4%, p% )+ A0° < 17 (15)

(iv) Security Constraints

The security constraints imposed on bus voltage and line flow variable due to the next
system contingencies are :-

AN G N SRR L
k=12 ,NO : (16)

where 44° and 4#* are the changes in the line flow and bus voltage variables in the base
case and network outage conditions due to implementation of the incremental control
AU applied to the basc case of system.

3.3 Linear Programming Problem

The main requirements in the linear programming (LP) technique is that the probiem
variables are restricted to be non negative. But in the formulation proposed in this
section, (he incremental control du is unrestricted in sign (equation 12). To overcome
this difliculty, a non-negative vector Y is defined as :-

Y=Au-Au™ (17
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where 4™ < ™ . & . Then the linearized objective function after neglecting the
constant terms due to ™, is as follows :-

- M =dY (18)

The incremental inequality constraints (12),(13),(14) and (16) are expressed in terms of
the defined vector Y as :-

-Z 2z U™ U™ 19
~[@P,, 1&x) [S°) Y 2- PE™ + P +[oP, 18x]" {S°l.AaU™ (20)
[0Q,, /ox) [S°1.Y2 PG = g, - 8F,, rax]’. (S0l AU™ 21

- [80,, 1&xT.[S") Y 2- 05" + O, +19CQ0. / & [$°).aU™ (22
(00, /8x] [8°).Y 205" = Oa, —[8Ca. / o] IS AU™ 2y
(6h* 15x1.[S" .Y 2— B ™ + B +[oht 182].18* 1.AU™" 4
(ot 1ex].IS*]Y 2 e _ gk —[aR* /1 8x).(S°L.AUCT (25)
where:= k=012, ,NO

This is a linear programming problem with linear objective function and linear
constraints. The overall problem can be stated as;
Determine ¥ which minimizes .Y

subjectedto  [ALY 2 b

and Yzo (26)

4- COMPUTATIONAL ASPECTS

The purpose of this section is to show the steps required to reduce the CPU memery and
to increase the program speed so that the proposed technique is suitable for on-line

applications.
4.1 Dual LP Formulation -

The dual LP formulation is generally much superior to a primal formulation{6],
especially when the number of constraints is very much larger than the control
variables. The addition of 2 constraint equation to the primal problem is equivalent to
an addition of a dual variable to the duai LP problem. That is, the linear dependent
constraints can be neglected during the exceution of the dual LP problem, without
affecting the simplex tablean size and the optimal solution [6). Moreover, post optimal
solution can be easily obtained without incrensing the simplex tableau size of the dual

LP problem.
4.2 Decoupled Model

A decomposition which utilizes the weak interaction between P- & and Q-V variables in
the steady state operaling condition of the system is used to further reduce the CPU
- computation memory. Then neglecting the submatrices N.J in equation (3), we get the
decoupled model as :-

AS = [S,].AP 27N

and
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A
AV V=[S, ]'[m?:} . (28)

This decoupled model is utilized to generate the slack bus power constraints, sccurity
constraints, and objective function. The decoupled model approach essentially makes
the dual LP technique, a fast practical on-line algorithm with an acceptable accuracy as
shown from results in the following section.

5-THE CORRECTIVE RESCHEDULING ALGORITHM

The solution procedure for corrective rescheduling algorithm is summarized as follows:-

1- For the system base case operating point .X°, obtain the solution for system variables,

2- The outage of one system element in the contingeney list is simulated. The security

constraints violation of the post-contingency state are checked.

3- Step (2) is repeated for all the outage cases in the postulated next contingency set.

If the base case state is increased, go to step 4. Otherwise, go to step 7. .

4- The seasitivity matrix [S&], (k=0.1.2.....,No) is computed and the lincarized objective

function constraints on slack bus power gencration and the violated seccurity

constraints are determined. The dual LP problem is solved for the corvections AL,

5- The new system control is obtained by updating the old base case control % as Unew =

u® +du.

6- With the new schedule (Us..), obtain the new base case state x” and go to step I.

7- Evaluate the system cost of generation of the new secure base case state, e

() If (foew — for) < speceficd tolerance, stop.

(i I fow < fois» g0 to step 4,

(iii) If fin > forn update the system control vector as ey =i +Cduwhere Cisa
positive constant and is less than or equal to 0.1 and go to step 6.

6. NUMERICAL APPLICATION

The corrective rescheduling algorithm is tested on IEEE-30 bus system[7]. The test
system has 14 control variables (5 real power and 5 reactive power generations and 4
transformer tap ratios). There are 6 contingency cases specefied for this test system,
each involving the outage of the line in the system. Table 1 shows the postulated next
contingencies and the violated quantities for the specefied initial optimal operating state
of the test system. '

Table 1- The postulated outages and the violated variables for the test system

Case Branch outage | Overloaded branches | Voltages violation at buses
1 2 1 17,27,29,30
2 4 1 18,27,29,30
3 5 6.8 18,27,29,30
4 7 None 30
5 33 None 30
6 35 None 26

Though the base case state was normal, jn order to prevent the possible limit-violations

of the line {low and voltage variables that may occur in the subsequent corrected base

case state, the simple security constraints for all the bus voltage and line flow variables
are generated and included in the violated-constraints set.
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. The dual LP formulation is employed to obtain the secure optimal solution. The control
variables are real and reactive power generations and transformer tap ratios. The final
secure optimum solutions are obtained for (i) full linearized power flow model and (ji)
decoupled power flow model. The results for optimum secure active and reactive power
generations are given in tables 2 and 3. The optimum tap settings for the regulated
transformers are given in table 4, finally table 5 gives the voltage at controllable buses in
the test system.

Table 2- Secure optimum results of active power generation

Control variable Initial value Secure optimum  Values
MW)
Full model Decoupled model
Pg:2 40.03 44.60 47.12
Pes 21.36 24.60 27.02
Pgs 21.08 34.80 35.01
P 14.14 26.45 21.80
Pgis 13.43 13.64 17.70

Table 3- Secure optimum reactive power results

Control variable Initial value Secure optimum Values
(MVAR)
Full model Decoupled model

Qg 29.44 8.00 -12.15

~ Qgs ° : < 3126 31.16 59.95
Qcs 38.74 49.00 35.87
Qcu - 11.02 21.98 -3.34
Qan 7.70 3.45 31.24

Table 4- Secure optimum tap settings

Transformer Initial value Secure opfimum  Values
designation
Full model Decoupled model
terz 1.0196 1.100 1.0655
tso 1.0410 0.930 0.9090
tono 0.9289 0.938 1.0243
tzg.27 1.0058 0.976 1.0164
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Table 5- Voltage at controtlable buses

Controilable bus voltage Secure optimum values Secure optimum values
(p-u) Full model Decoupled model .
Vi 1.0500 1.0500
Va 1.0370 1.0356
Vs 1.0202 1.0459
Vs 1.0367 1.0285
Vu 1.0486 0.9797
Vi3 1.0458 1.0634

Table 6 indicates the total system generation and the cost of generation. The results of
table 6 show that the cost of generaticn in case of optimum solution is reduced.

Table 6- Total system generation and its cost

Case Total . generation Cost $/hr
Pg (MW) Qg (MVA)
Initial case 239.15 108.93 816.11
Full model 290.70 127.35 803.90
Decoupled model 290.75 __125.84 813.73

7. CONCLUSIONS

In this paper an optimal technique for solving the corrective rescheduling problem is
introduced. The optimal technique utilized a successive dual linear programming
approach. The system rcal aod reactive power generations and transformer tap ratios
are optimized within their operating limits, so that no limit violations of the lines power
flow and bus voltages magnitudes in either the base case or contingency cases. The
proposed technique is successfully implemented to the IEEE-30 bus test system,

The results obtained by the proposed dual LP method (full model) took 6 iterations to
reach the securc optimum solution, where as the non linear programming procedure
based on gradient method required 25 gradient steps to reach the secure optimum
solution. This shows that a fast and reasonably accurate solution can be obtzined by the
proposed dual LP formulation. Also, the dual LP formulation with decoupled madel can
be successfully employed, in conjunction with any fast security assessment schemes
which utilizes a decoupled approach for a fast on-line security assessment and control.
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