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ABSTRACT of power utilities. Therefore, optimal control to minimize
power transmission loss is required for VVC instead of
This paper presents a partic'e swarm Optimization Simple power flow SensitiVity analySiS. Since many V0|tage
(PSO) for reactive power and voltage control collapse accidents have been occurred over the last three
(Volt/Var Control: VVC) in electric power systems decades (Van Cutsem, 1998), voltage security problem has
considering voltage security. VVC can be formulated been dominated and the consideration of the problem has
as a mixed-integer nonlinear optimization problem been required in VVC problem (Van Cutsem, 1995,
(N”NLP) The proposed method expands the 0rigina| Thukaram,1996). Two evaluation should be performed to
PSO to handle a MINLP and determines an on-line consider voltage security. First one is to calculate the
VVC strategy with continuous and discrete control distance between the current operating point and a voIFage
variables such as automatic voltage regulator (AVR) collapse (saddle node bifurcation) point. The calculation
operating values of generators, tap positions of on- an be realized by a drawing P-V curve using CPFLOW
load tap changer (OLTC) of transformers, and the (Chiang, 1995). The authors has been developed a practical
number of reactive power compensation equipment. CPFLOW program (Yoshida, 1998). Another one is to
The method considers Voltage Security using a Suppose various faults for the current Operatlng pOInt in the
continuation power flow (CPFLOW) and contingency target power system and calculate the distance between the
analysis technique. The feasibility of the proposed Post-fault operating points and voltage collapse points for
method is demonstrated and Compared with reactiveeach fault. The calculation is called V0|tage Contingency
tabu search (RTS) and the enumeration method Onana|ySiS (Van Cutsem, 1998) If sufficient distance can be
practical electric power system models with promising kept for both calculation, the calculated new operating

results. condition can be evaluated as a secure condition. Thus, the
advanced VVC requires an optimal control strategy
1 INTRODUCTION considering power loss minimization and voltage security.

VVC can be formulated as a MINLP with continuous state

ariables such as AVR operating values and discrete state
ariables such as OLTC tap positions and the number of
active power compensation equipment (SC, ShR, etc).
he objective function can be varied according to the power

One of the important operating tasks of power utilities is to
keep voltages within an allowable range for high quaht;)’
customer service. Electric power loads varies from hour 8
hour and voltages can be varied by the power load chan

Power utility operators in control centers control various
equipment such as generators, transformers, static conden3gtem condition. For example, the function can be

(SC), and shunt reactor (ShR), so that they can InJe@Enn|m|zat|on of power transmission loss of the target power

reactive electric powers and control voltages directly |r§ftem Cfor thet. norlrralthoperettrgn% cfond\;[\l?g asbldescrr]lbed
target power systems in order to follow the load change. ove. Lonventionally, the methods for probiem have

VVC determines an on-line control strategy for keepin eetn develctJEed ut§|n? various mgthods;;uch a.f. fﬂzzy, e|pr t
voltages of target power systems considering the loagznirsndvrigalgesggagsv;rig;asmg;nrgésnlsznfllvlt\jl )l/9a9n5a)\//s'35
change and reactive power balance in target power system ' ’ ’ ' o ' ! o~

g P getp 4 996, Le, 1997). However, a practical method for a VVC
Current practical VVC in control centers is usually realizecoroblem formulated as a MINLP with continuous and
based on electric power flow sensitivity analysis of theliscrete state variables has been eagerly awaited.

operation point using limited execution time and availabl
P P g 3380 is one of the evolutionary computation (EC)

data from the actual target power system. Reduction
hniques (Kennedy, 1995). The method is improved and
t f th
power generation cost is one of the current interested |ssut§§p“ed to various problems (Shi, 1998, Zhenya, 1998,



Kennedy, 1998, Angeline, 1998). The original method isalculates voltages and currents of the target power systems
able to handle continuous state variables and it can hesing various electric power load characteristics. Load flow
expanded to handle both continuous and discrete variableguations are formulated as a set of simultaneous nonlinear
easily. Therefore, the method can be applicable to a VVE€quations and usually solved by the iterative methods such
formulated as a MINLP. Various methods have beems Newton-Raphson method (Arrilaga, 1990). Voltage and
developed for a MINLP such as generalized bendermgower flow constraints can be checked at the load flow
decomposition (GBD) (Geoffrion, 1972) and OA/ER (Kociscalculation and penalty values are added if the constraints
1989). PSO is easy to apply to various problem compareate violated. P-V curve for the determined VVC strategy
with these methods. Moreover, VVC requires variousaand various contingencies can be generated and checked
constraints that are difficult to be handled by mathematicalthether the VVC candidate can keep sufficient voltage
ways. PSO is expected to be suitable for VVC because security margins.

can handle such constraints easily.

This paper presents a PSO for a VVC problem formulated-2 STATE VARIABLES

as a MINLP considering voltage security. Voltage securityrhe following control equipment is considered in the VVC
is considered using CPFLOW and a contingency analysg;romem_

technique. The feasibility of the proposed method for VV((1) AVR operating valuecontinuous variable
is demonstrated and compared with RTS (Battiti, 1994:2) OLTC tap positiondiscrete variablg

Fukuyama,1998) and the enumeration method on practica{3) The number of reactive power compensation equipment
electric power system models with promising results. (discrete variabl

The rest of the papers is organized as follows: In section £ach generator has AVR function and it can keep the
problem formulation of VWC is described. PSO angtérminal voltage of each generator. Terminal voltages are
CPFLOW are explained in section 3 and 4 briefly. InSet to a certain value to regulate reactive power output from
section 5, formulation of VVC using PSO is explained. inthe generators. Transformer has OLTC function, automatic
section 6, The proposed method is compared with RTS af@P Position changer, to regulate the secondary side voltage.
enumeration method using electric power systems includingeac,t“’_e power compensation equipment such as SC and
practical systems. The paper is concluded with a sho hR is installed to inject and absorb reactive powers.

summary of the results and their significance. The state variables are treated in load flow calculation as
follows: AVR operating values are treated as voltage
2 PROBLEM FORMULATION OF VVC specification values. OLTC tap positions are treated as tap

ratio to each tap position. The number of reactive power
compensation equipment is treated as corresponding
VVC for a normal power system condition can besusceptance values.

formulated as follows:

2.1 PROBLEM FORMULATION

3 OVERVIEW OF PARTICLE SWARM
OPTIMIZATION

PSO has been developed through simulation of simplified

social models. The features of the method are as follows:

(1) The method is based on researches on swarms such as

i fish schooling and bird flocking.

subject to , (2)It is based on a simple concept. Therefore, the

(1) Voltage constraint o _ computation time is short and it requires few memories.
Voltage_magmtude at ea}ch _node must I',e within the'?S) It was originally developed for nonlinear optimization
permissible ranges to maintain power quality. problems with continuous variables. However, it is

(2) Power flow constraint o _ easily expanded to treat problems with discrete variables.
Power flow of each branch must lie within their Therefore, it is applicable to a MINLP with both
permissible ranges. continuous and discrete variables such as VVC.

(3) Voltage security The above (3) is suitable for the VVC problem because
The Determined VVC strategy should keep voltage, ,tically efficient methods have not been developed for
security of the target power system. VVC with both continuous and discrete variables. The

, above features allow PSO to handle the VVC problem and
Ploss of the target power system is calculated for a Certar‘@quire few computation time.

VVC strategy using load flow calculation with both

continuous variables (AVR operating values) and discretéhe research results for bird flocking indicate that birds find
variables (OLTC tap positions and the number of reactivéood by flocking (not by each individual). The observation
power compensation equipment). Load flow calculatiodeads the assumption that every information is shared inside

minimize f_(X, y):i Loss (2)
=1

where, n: the number of branches,
X: continuous variables,
y: discrete variables,
Loss. power loss (ploss) at branch i,



flocking. According to the observation of behavior of(4) The above concept is explained using only XY axis (2-
human groups, behavior of each individual (agent) is also dimension space). However, the method can be easily
based on behavior patterns authorized by the groups such asapplied to n-dimension problem.

customs and other behavior patterns according to thehe original PSO has been applied to a learning problem of
experiences by each individual. The assumption is a basieural networks and Schaffer f6, the famous benchmark
concept of PSO. PSO is basically developed througfunction for GA, and efficiency of the method has been
simulation of bird flocking in two-dimension space. Theconfirmed (Kennedy, 1995).

position of each agent is represented by XY-axis position

and the velocity is expressed by vx (the velocity of X-axisy OVERVIEW OF CONTINUATION

and vy (the velocity of Y-axis). Modification of the agent POWER ELOW

position is realized by the position and velocity information.

-V curve represents the relation between load increase and

. P
Searching procedures by PSO based on the above COI’]C%Ittage drop. It can be calculated by increasing total electric

can be described as follows: A flock of agents optimize g 1 "in the target power system gradually and plotting the

certain objective function. Each agent knows its best Valu&ropped voltage. CPFLOW utilizes system loads as
so far (pbest) and its XY position. Moreover, each agertgﬁ X

K the best value in th best b arameters and calculates a P-V curve by modification of
nows the best value in the group (gbest) among pbes 'e parameters using the continuation method. It is one of

Each agent tries to modify its position using the currenf . methods  in applied mathematics and calculates

velocity and the distance from pbest and gbest. Thﬁansition of equilibrium points (eg. P-V curve) by

modifi_cation can be represented by t_h_e concept of Velo_Cit¥nodification of parameters. In order to avoid the ill-
Veloc!ty of each agent can be modified by the fonowmgcondition around the nose (saddle node bifurcation) point,
equation: an arclength along the P-V curve is introduced as an

vk = vk + randx ( pbest- )+ rana( gbest F)y(2) additional state variable and the electric power flow
equation is expanded. The continuation method is applied to
the expanded equation and the P-V curve can be generated
rapidly without ill-condition around the nose point.
CPFLOW can generate a P-V curve automatically and can
be applied to large-scale power systems easily (Chiang,
1995, Yoshida, 1998).

Using the above equation, a certain velocity which graduall¥h

gets close to pbest and gbest can be calculated. The curr FL%C\)/\F;?[Z?:SmimS;th dgczqssﬁatte:s 2 I\I;I)V\V/ nﬁ;:\/?n udsiggnfzie
position (searching point in the solution space) can b q g,

o X . etween the current operating point and the saddle node
modified by the following equation. bifurcation point, for the determined control strategy. The
s =g+ ¢ (3) proposed method also utilizes the fast voltage contingency
analysis method using CPFLOW (Chiang, 1997). Then, the

Fig. 1 shows the above concept of modification of searchingiethod checks whether the MW margin is enough or not,
points. PSO utilizes several searching points like genetigompared with the predetermined value. Using the

algorithm (GA) and the searching points gradually get closgrocedure, the method checks whether the target power

to the optimum using their pbests and gbest. The features §fstem can keep voltage security by the control or not.
the searching procedure can be summarized as follows:

(1) Initial positions of pbest and gbest are different.
However, using the different direction of pbest and gbest,
all agents gradually get close to the optimum.

(2) The modified value of the agent position is continuous
and the method can be applied to the continuous
problem. However, the method can be applied to the
discrete problem using grids for XY position and its
velocity easily.

where, ¥ : velocity of agent i at iteration k,
rand :random number between 0 and 1,
: current position of agent i at iteration Kk,
pbest : pbest of agent i,
gbest : gbest of the group.

Y

(3) There are no inconsistency in searching procedures even X
if continuous and discrete state variables are utilized S¢: current searching point,
with continuous axes and discrete grids for XY positions s1: modified searching point,
and velocities. Namely, the method can be applied to a Vorig : current velocity,

MINLP with continuous and discrete state variables Vmod : Modified velocity,
naturally and easily. Vpbest: Velocity based on pbest

Vghest: Velocity based on ghest

Fig.1 Concept of modification of a searching point.



5 FORMULATION OF VVC USING PSO (1) ContinuousAVR operating values of node 2,3,6, and 8:
Upper and lower bounds are 0.9 and 1.1 [pu].

5.1 TREATMENT OF STATE VARIABLES (2) Discretetap positions of transformers between node 4-7,
Each variable is treated in PSO as follows: Initial AVR 4-9, and 5-6: These transformers are assumed to have 20

operating values are generated randomly between upper and tap positions.

lower bounds of the specification values. The value is als@®) Discretenumber of installed SC in node 9 and 14: Each
modified in the search procedure between the bounds. Node is assumed to have three 0.06 [pu] SC.

OLTC tap position is initially generated randomly betweenlhe proposed method generates an optimal control for the
the minimum and maximum tap positions. The value i®riginal operating condition with Ploss as 0.1349 [pul].
modified in the search procedure among existing tap

positions. Then, the corresponding impedance of theseneration of the VVC candidates (Step 1 - 7 in the
transformer is calculated for load flow calculation. TheProposed VVC algorithm) by the proposed PSO based
number of reactive power compensation equipment is alggethod, RTS, and the enumeration method is compared in
generated from O to the number of existing equipment at tHge simulation. The number of agents for PSO is 10. The
substation initially. The value is also modified in the searciitial tabu length is 10 and increase/decrease rate for tabu

procedure between 0 and the number of existing equipmen€ngth is 0.2 for RTS in the simulation. The results are
compared with 300 searching iterations. RTS and the

5.2 VVC ALGORITHM USING PSO enumeration method utilizes digitized AVR operating

) values and the interval is 0.01 [pu]. The interval
The proposed VVC algorithm can be expressed as f0”°WS3corresponds to 5 [kV] in 500 [kV] system. The formulation

Step 1. Initial Searching points (agents) and velocities args the combinatorial optimization problem has abotit 10
generated using the above-mentioned  statgompinations in the problem.

variables randomly.
Step 2. Ploss to the_ searching points for ea_ch agent d¢s1 2 simulation results
calculated using the load flow calculation. If the ) . S .
constraints are violated, penalty is added to the loRSO is one of the stochastic optimization method and it
(evaluation value of agent). should be evaluated statistically. Fig. 3 shows the statistical
Step 3. Pbest is set to each initial searching point. THvaluation result of the proposed method by 100 trials.

initial best evaluated value (loss with penalty) Table 1 shows the results by the proposed method (best),
among pbests is set to gbest. RTS and the enumeration method. The best result by PSO is

Step 4. Velocities are calculated using eqn. (2). better than both RTS and the enumeration method. One of
Step 5. New searching points are calculated using eqn. (3¢ tap position is different between PSO formulated as a
Step 6. Ploss to the new searching points and terNLP s and RTS and the enumeration method formulated
evaluation values are calculated. as combinatorial optimization problem. PSO can generate
Step 7. If the evaluation value of each agent is better thgR€ 10ss value under the optimal value by RTS with 10 %
the previous pbest, the value is set to pbest. If thBossibility. The calculation time of PSO is about twice
best pbest is better than gbest, the value is set fgster than that of RTS. The result indicates that VVC
gbest_ All of gbests are stored as candidates for tf‘%‘lould be formulated as a MINLP and the SUItabIIIty of the
final control strategy. 7

Step 8. If the iteration number reaches to the maximur 13 "
number, then go to Step 9. Otherwise, go to Step 4 12 14
Step 9. P-V curves for the control candidates and varioL
contingencies are generated using the best gbe 1 10
among the stored gbests (candidates). If the MW L
margin is larger than the predetermined value, the il
control is determined as the final solution.
Otherwise, select next gbest and repeat the . i
procedure.
=
6 NUMERICAL EXAMPLES
6.1 IEEE 14 BUS SYSTEM
6.1.1 Simulation conditions ¢ : Synchronouse compensators
. . G : Generators o
Fig. 2 shows a modified IEEE standard 14 bus system. Tt —

followings are control variables.
Fig. 2 A modified IEEE 14 bus system.



PSO for VVC problem. 6.2.2 Simulation results

The proposed method generates a P-V curve for the optinfaly. 4 shows typical convergence characteristics (Ploss
control strategy using the CPFLOW technique and performsansition of gbest by PSO and the best result by RTS). It is
the voltage contingency analysis. It is verified that theclear from the figure that the solution by PSO is converged
strategy can keep voltage security. to a high quality solution at the early iterations (about 20
iterations). On the contrary, RTS reaches the best result
6.2 PRACTICAL MODEL SYSTEM WITH 112 BUSES gradually. The fast convergence characteristic of PSO is
always observed in 10 trials. Table 2 shows the best results
by PSO and RTS. PSO always generates better results
The proposed method is applied to the practical modelompared with RTS in 10 trials. Calculation time for 20
system with 112 buses. The model system has 11 generatdesations by PSO is less than 3 [min] and this is short
for AVR control, 47 OLTCs with 9 to 27 tap positions, andenough to use the gposed method for practical VVC. The
33 SCs for VVC. determined VVC strategy is evaluated as secure in voltage
using a CPFLOW technique. The above results reveal that
the suitability of the proposed method for practical VVC.

6.2.1 Simulation conditions

45
40 7 CONCLUSIONS
35 This paper presents a particle swarm optimization (PSO) for
30 reactive power and voltage control (VVC) considering
voltage security. The proposed method formulates VVC
25 problem as a mixed integer nonlinear problem (MINLP) and
20 determines control strategy with continuous and discrete
15 control variables such as AVR operating values, OLTC tap
positions, and the number of reactive power compensation
10 equipment. The method also considers voltage security
5 using a continuation power flow (CPFLOW) technique. The
0 % - = = = = - . feasibility_ of the proposed metho_d for VV_C_is demonstrated
& 3 9 3 s Q > 2 on practical power systems with promising results. The
‘-' H H ‘-! H ‘-' ‘-' o) results can be summarized as follows:
S 2 2 < 9 2 2 35
Power Loss interva 0.15 Ploss[pu]
Fig. 3 Statistical results by PSO (100 trials). 0.145
0.14 —PSO
Table 1 The optimal control for IEEE 14 bus system. 0.135
Method PSO RTS enumeratiory 0.13
Cont. method )
Variables 0.125
AVR 2 1.0463 1.05 1.05 0.12
AVR 3 1.0165 1.02 1.02 0.115 -
AVR 6 11000 110 110 0-11 | | | | | | | | | | | | | | | | | | |
AVR 8 1.1000 1.10 1.10
Tap 4-7 0.94 0.95 0.95 0 10 20 30 40 50 60 70 80 90
Tap 4-9 0.93 0.93 0.93 Iteration
Tap 5-6 0.97 0.97 0.97 Fig. 4 Convergence characteristics by PSO and RTS
SC9 0.18 0.18 0.18 for practical 112 bus system.
SC 14 0.06 0.06 0.06
Loss 0.132276 0.132366 0.132364
Cal. Time [s] 30 54 - Table 2 Calculation results by PSO and RTS
AVR 2 : AVR operating values [pu] at node 2 for practical 112 bus system.
Tap 4 - 7 : Tap ratio between node 4 and 7 PSO RTS
SC 9 : Susceptance [pu] at node 9 Loss [pu] 0.1155 0.1208
Loss : power loss [pu] Cal. Time [s] 804 6465

Cal. Time : For 300 iterations using PC (Pentium 400MHz, * Cal. Time is for 100 iterations using PC
FreeBSD ver. 3.0, GCC) (Pentium 400MHz, FreeBSD ver. 3.0, GCC).



(1) Discrete variables of the optimal result formulated as &ower Dispatch Using Evolutionary ProgrammingEE
MINLP and those formulated as a combinatorialTransaction on Power Systemi§)(3):1243-1249.
optimization problem is different as shown in the results

) _ - "H. V . (1 . An | Volt I
VVC is wusually formulated as a combinatorial u, et al. (1996). An Improved Voltage Control on

o Large-Scale Power SystefEEE Transaction on Power
optimization problem. However, the problem should bes stemsl1(3):1295-1303
formulated as a MINLP. y ' '

(2) The proposed PSO based VVC can generate reasonableL. Le et al. (1997). Network Equivalents and Expert
results for the application to practical power systems an8ystem Application for Voltage and VAR Control in Large
it is suitable for practical VVC. - Scale Power SystemdEEE Transaction on Power

(3) Consideration of voltage security is one of the importanbystemsl2(4):1440-1445.
practical functions of VVC. The results reveal that theJ_ Kennedy, R. Eberhart (1995). Particle Swarm

possibility of treatment of the security by the prOpose‘bptimization. Poceedings of IEEE International

PSO-based method in VVC. _ Conference on Neural Network¥.:1942-1948.
Considering more practical features such as avoidance of

control concentration to a specific equipment, tracking to- Shi, R. Eberhart (1998). A Modified Particle Swarm
proposed method will be improved considering the aboven Evolutionary Computatio9-73.

features for the future works. H. Zhenya, et al. (1998). Extracting Rules from Fuzzy
Neural Network by Particle Swarm Optimization.
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