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Abstract

The aim of this paper is to introduce a new technigue to control the voltage
and reactive power in power systems based on constrained optimization
techniques introduced in MATLAB optimization toolbox. These optimization
techniques include linear programming (LP) techrique and seguential
guadratic programming(SQP) included in the fmincon funetion. Generator
voitages, reactive power sources and transformer taps are considered as
control variables, and load bus voltages and generator reactive powers as state
(dependent) variables. The relations are derived according to sensitivity
relations based on Newton-Raphson load flow equations. The system losses are
chosen as objective function so that the approach minimizes system real losses
and enhances voltage profile. These techniques are tested by computer
simulation on modified IEEE 30-bus power system and satisfactory results are
obiained,

Keywords: Reactive power and voltage control, Power loss minimization,
Optimization problem, LP and SQP.
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List of Symbols X0 k™ or fb: Minimum values

The following symbol definitions
are used throughout the text, Most
symbols are also defined in the text
where they first appear.

F(.) : Cost or objective function.
x or k :Control variables vector.
1 :State variables vector,

of control variables vector.

max

x™ x™ or wh : Maximum values
of control variables vector.,

™ 1 Minimum values of state

variables vector.
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ur Maximum
variables vector,
g(.) : Nonlinear equality constraints.
A.) « Nonlinear inequality constraints.
b :Vector of active and reactive
speciried load demand,

P ): Active power flow eguation.

(. Reactive power flow equation,
P, :Specified active load demand.

values  of state

5

Qr.r".
T Transformer tap setting.

P, :Total real power loss in the
transmission system.

N :Number of buses.

(i, J) :Conductance from bus ¢ to j.
V.20, :Voltage at bus 1.

V, 40 :Voltage at bus j.

:Specified reactive load demand.

P
¥, :Generator voltage.

Q. :Reactive power of swichable
VAR sources.
¥, :Load bus voltage.

(3, :Generator reactive power.

A :Change in varjable,

[5]: Sensitivity matrix.

{ﬁf,{x } iCoefficient matrix of the
objective function.

A;; Matrix of the linear equality
constraints in fmincos function,

Az Matrix of the linear inequality
constraints in fimincon function,
byzVector specifying the right side of
the linear equality constraints.

b Vector specifying the right side of
the linear inequality constraints,

1 Maltrix ranspose.

Introduction

One of the main requirements in
power svstem is to keep the load bus
voltags within limits specified for the

T
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proper operation of equipments. Any
changes in the system configuration
Or in powsr

demands can resuit in higher or lower
bus wvoltages in the systern. The
operator can improve this situation by
veallocating reactive power
generations in the system. This is
done via control devices acting on
transformer tap sefting, generator
vollage repulation and switching of
VAR sources. The main objective
function of reactive power control is
[1):

1) To improve the voltage profiles.

ii) To minimize the system losses.

In the past, several techniques have
been employed using sensitivity
refationships and gradient search
approaches to solve this complex
problem. References [1], [2] discuss
the advantages and drawbacks of most
existing techniques. Artificial
intelligence (Al) methods have also
been applied in the control of reactive
power and woltage to be within
acceptable limits. In [1] Artificial
MNeural Network (ANN) is applied to
solve the control problem of the
voltage and reactive power in electric
power systems. The fuzzy Ilogic
theory [3] s applied to optimally
control the reactive power flow.
Fuzzy sets

operators of the coefficients in the
objective functions are defined for
each bus and

membership functions are defined for
bus voltages. The

advantage of this technigue is to
overcome the limit of bus voltage
variations by adjusting one of the
control devices. Reference [4] focuses
on the reactive power dispatch using a
genetic algorithm (GA) to enhance
valtage security,
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This paper presents an efficient
algerithm suitable for system power
loss  minimization  simuoltancously
satisfying  network  performance
constraints and the constraints on the
control  variables  using  linear
programming  (LP) technique and
sequential  quadratic  programming
(5QP) included in the fmincon
function introduced in the MATLAB's
optimization toolbox [5].

General Problem Formulation

The optimal power flow (OPF)
problem is defined by choosing a cost
function F(x) with respect to control
variables .x, subject to equality and
inequality constraints of the forms[6],
Minimize objective function

F(x) subject to R

Equality constraint
glx, ) =10 {la)

Inequality constraint >
(for control variables)

X" <y <x ™ (1b) 11

Inequality constraint
(for state variables)  /
u:l!m {1: oy E i may “E]

The cquality constraints of equation
{1a) represent the conventional power
flow equations. Equation (lb)
represents  the constraints on, the
generators voltage, transformers tap

setting, and on switching VAR
sources,  while  equation  (l¢)
represents the limitations on  the

reactive power generation and voltage
of the load buses.

The ORPF problem is =&
nonlinear problem because the power
flow equations are nonlinear function
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of voltages, angle and transformers
tap setting. Also . the objective
function{such as active power losses )
iz a nonlinear function of the same
variables [7]. The OPF problem can
be formally expressed , defining the
following notation:

. A
k=8 (2a)
)
P (k) >
glk) = [Q {H} (2b) (2)
Foe
* O 0 )

Equation (2a) represents the vector of
voltage magnitudes, angles and
transformer tap settings, equation (2b)
represents a vector of active and
reactive power flow equations and
equation (2¢) represents a vector of
active and reactive specified load
demands. To solve the OPF | our task
IS to,

Minimize F(k)

subfectto,

3
glk)-b=0 ¥
kmin Ekgkmn
Mote that the above equality

constraints involving grk) and b are
the nonlinear power flow mismaltch
equatian.

To solve the problem posed by
equation (3) two algorithms are used
in this paper, and to be presented in
the following section.
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Problem Formuoiation

The purpose of optimal reactive
power control is to improve the
voltage profile and minimize active
power losses. F, | in the system by
the control of generators voltage,
transformer tap setting, and switching
of VAR, sources. The relation between
the active power loss and the control
variables is given by the following
nonlinear equation[8]:

.ﬁ.= .

+ |

IE i-.’:'ll._.- LR e S A |
(4

The power loss optimization problem
is tackled by the two following
methods:

LP Technique
To establish the LP formulation,

the objective function ( P, ) is defined

in terms of the control variables. The
optimization problem can be posed as
in equation (1) above, where;

Fix)= P,

x=[V,T Q.] ‘L

= ¥, Q] J

As the name LP implies, a linearized
formulation of the problem s
required. Therefore, instead of
minimizing the nonlinear function
P, a linear AP is
minimized. A linearized sensitivity
model relating the state and control
variables can  be obtained by
linearizing the power flow equations
around the operating state[9], The
state variables can be expressed in
terms of the control variables, as ;

(5)

functicn
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[8u]=[s][ax] ©)
where [S] is the sensitivity matrix,
and the constraints as,

Ax™" < Ax < Ax™ (7)
The upper and lower limits on the

linearized state wvariables can be
expressed as,
™" < A= S < ™ (8)
The overall linearized objective
function may be expressed as,

r‘,.. ]

| GF,
AP = —=| jAx (%)

| 2| o]

The procedure starts by calculating
the coefficient matrix of the objective

function [8P./ ] and sensitivity
| Vex]

matrix [S]. Solution to LP problem
gives the required changes to the state
variables. The status of these variables
is then modified and the Newton-
Raphson load flow is performed. This
completes one iteration of the VAR
control  problem.  Tterations  are
repeated until the constraints are
satisfied and further reductions in the
swstem losses are no longer possible.
The corresponding flow chart s
shown in Fig. 1. This clearly shows the
optimal reactive power flow (ORPF)
and voltage control using LP,

SQP Technigue {fimincon function)

Since the power loss problem in
power system is a nonlinear function
of the control variables (equation 4),
therefore, this problem can be solved
using the SQP (fmincon function)
introduced in  the MATLAB's
optimization toolbox. The purpose of
the fmincon is to find the minima of a
comstrained nonlinear multivariable
function , stated as ;
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Minimize F(x)
subject to g(x) =0
A(x)<0
A.x=b
A,x<h,
lbsxsub,

(10)

where x, by, b, /b and ub are vectors.
Ay and 4; are matrices, gfx) and hfy)
are functions that return vectors, and
Ftx) is a function that returns a scalar.
The jfmincon function uses a
sequential quadratic programming
(SQP) technique. In this method, a
quadratic programming (QP) subpro-
blem is solved at each iteration. For
more information about the
Smincon  function  consult
MATLAB document [5].

A flow chart of the fmincon function
based minimum power loss problem
solution is shown in Fig.2.

the

Case Study : Resulis and Discussion

The modified IEEE 30-bus power
system given in [I10] and shown in
Fig.3 has been studied and considered
to test the performance of the built
algorithms. Its bus data is given in
Table-1. The limits of bus voltages,
tap settings , shunt capacitors, and
generators VAR's are given in Table-
2. Load flow study was performed for
the base case system state. The results
of this state are presented in Tables(3
and 4) under the column “initial
state”. A review of Table-4 (for the
limits) indicates that the voltage of
buses (26, 29, 30) is in violation of its
limits of (0.9 p.u.-1.05 p.u.). Initial
system Josses were 24.113 MW
(approx. 7.5 % of total active load).
The proposed techniques has been
applied to improve this situation. The
final optimal system state is described
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in Tables(3 and 4) in columns titled
final state LP and fmincon. There are
no limit violations in the final state
calculated parameters. System real
power losses in case of LP based
solution are 19.336 MW and 19.549
MW in the fimincon based solution. It
is obvious that both solutions produce
about 20 % reduction in the system
power losses. The improvement of the
load buses voltage profile is quite
evident from a comparison of the
initial state and final states columns of
Table-4,

Conclusions

A method of finding optimal
reactive distributions in a power
system using the optimization toolbox
in the MATLAB is presented. The LP
and the SQP optimization functions
incorporated in the optimal load flow
program produce a very close
matched results for a sample test
system. All possible control variables
are considered, namely, transformer
tap settings, generator voltages, and
the switchable VAR sources. The
built algorithms are principaily useful
in assisting the operator in making
control decisions in order to improve
the system wvoltage profile and
achieving minimum power losses.
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Table-1: System bus data

Bus Voltage (Generation Load
No. | V(pu) | ddeg, | P(MW) [ Q(MVAR | P(MW) | Q(MVAR)
I 1.00 0.00 PRIV 0.00 000
2 1.00 0.00 200 | - 21.7 12.7
3 1.00 0.00 10.0 74.2 19,00
4 1.00 0.00 ! 100 | o 30.0 30.00
5 1.00 0.00 o A 0.00 0.00
f 1.00 0.00 i | B 0.00 0.00
[ 7 1.00 (.00 0.00 0.00 254 1.2
B 1.00 0.00 0.00 0.00 7.6 1.6
9 1.00 0.00 0.00 0.00 (.00 0.00
10 | 1.00 0.00 0.00 0.00 18.8 10.9
11 1.00 0.00 0.00 0.00 0.00 0.00
12 | 1.00 0.00 0.00 0.00 15.8 2.00
13 | 1.00 0.00 0.00 0.00 12 75
14 | 1.00 0.00 0.00 0.00 6.2 1.6
15 | 1.00 0.00 0.00 0.00 18.2 25
16 | 1.00 0.00 0.00 0.00 35 1.8
17 | 1.00 0.00 |- 0.00 0.00 9.0 5.8
18 | 1.00 0.00 | 0.00 0.00 3.2 0.9
19 | 1.00 0.00 0.00 0.00 9.5 3.4
20 | 1.00 0.00 0.00 0.00 2.3 0.7
21 1.00 0.00 0.00 0.00 28 | 1n.z
22 | 1.00 0.00 | 0.00 0.00 0.00 [ 000 |
23 1.00 0.00 | 0.00 0.00 3.2 1.6
24 | 1.00 0.00 0.00 0.00 14.7 6.7
25 | 1.00 0.00 0.00 0.00 0.00 0.00
26 | 100 0.00 0.00 0.00 11.5 23
27 | 1.00 0.00 0.00 0.00 0.00 0.00
28 | lLoo 0,00 0.00 0.00 0.00 0.00
28 | 1.00 0.00 0.00 0.00 12.4 0.9
30 | 1.00 0.00 0.00 0.00 106 | 19
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Table-2: Limits of system variables

1

| A Limits
[.. B Variables Low | High
I (Generator voltage) Vg P, 1.00 | 1.10
| Control {fap se*f:}}f_,l r u | 093 1.05
variables £: E: e
(VAR source) U MVAR | -15 | 36
Load bus voltage) V, Al 0.90 .10
Dependent —GL : &) 1 e
| variables {Generator reactive power) sivar | 4o 150
[ e |
Table-3: Results of the system study for control variables
. i I Final state Final state
Variable Initial state (LP) (fmincon)
Ve (pu) 1.00 .05 1.03
Vs (pu) 1.00 1.00 1.03
Vs (pas.) 1.00 1.00 1.02
Ve (pu) 1.00 1.00 1.03
Ves(pou) 1.00 1.09 1.01
Ves (pu) 1.00 1.05 1.05
Toyi(pud 1.00 0.975 0.984
Ty (pu) 1.00 1.045 1.05
Ty () 1.00 0.95 0.952
Tys np(pouj 1.00 0.99 0.9975
O (MVAR) 0.00 2120 | -10.0
0., (MVAR) 0.00 -12.0 -10.0
O, (MVAR) 0,00 | 2123 22,52
Q.. (MVAR) 0.00 1.09 6.37
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Table-4; Results of the system study for bus load voltages

Variable T Initial state | Final state (LP) | Final sl:;e Lfm;r-cc;,ir
V, 0.98 1.00 ! 1.01
Via 0.98 0.99 1.01 |
[ ¥ 0.98 1.00 1.02
[ Vo | 098 | 0.99 1.01 |
¥ii 0,97 | 1.01 0.99
i 094 | 100 0.99
Vas 0.97 1.02 1.02
Vi 0.95 1.01 1.01
P 0.93 1.00 1.00 _['
V,:f, 0.95 1.00 1.00
Viir 094 | 0.99 0.99
Vi 0.92 0.99 0.99
Vs 0.92 0.98 0.98
Viso 0.92 0.98 0.98
Visy 0.93 0.99 ‘ 0.98
Vin 0.93 0.99 0.99
Viss 0.93 1.00 1.00
Ving ) 0.92 . 1.00 1.01
Vs | 090 0.99 1.01
"“V,H, 0.90 0.98 1.00
Viar 0.85 1.00 1.03 !
Visg .92 1.00 1.02 t
Vo 0.88 0.98 Lol |
A 088 0.97 0.99
System real power losses (MW)
| 24113 19.336 19.55

=1
L5 ]
Lk



