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Optimal Power Flows

F. Lakdja', D. Ould Abdeslam?, F. Z. Gherbi'

Abstract — This paper focuses on the developing and applying an optimization method to
determine what would be the optimal configuration of the TCSC controller (Thyristor-Controlled
Series Capacitor) into the grid for a stationary operating regime. The ultimate purpose is to
evaluate and compare the cost values of the electrical power system with and without TCSC
controller. Four strategies for optimal placement of the TCSC in the transmission line are
presented and discussed. We use a Newton-Raphson algorithm as an optimized method. The
effectiveness of the algorithms has been demonstrated by a numerical examples applied to an

IEEE test grid with 26 buses.

Keywords. Optimal Power Flow (OPF), FACTS, TCSC, Newton-Raphson algorithm.

Nomenclature
FACTS Flexible AC Transmission System
OPF Optimal Power Flow
TCSC Thyristor-Controlled Series Capacitor
XL Inductance
Xc Capacitor
E,V Voltages
I Current
Pg Active power
Qg Reactive power
) Voltage phase
B, Susceptance
k,m Buses
a Firing angle
0 Phase of terminal voltage
F() Function cost
aj, by, ¢ B Coefficients
i Loss coefficients
ng number of generator buses
P; Real power output of generator i
A Cost function

I. Introduction

The exploitation of a power system is subject to some
basic rules. First, we must ensure permanent equality
between production and consumption in order to maintain
the frequency at a constant value. This process is
performed automatically using primary and secondary
regulators of power plants production. On the other hand
the distribution of active power between generators and
loads obey the Kirchhoff’s laws; transits follow the paths
of least impedance regardless of the transmission
capacity of the lines and stability problems. To this is
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added the reactive power, which can be produced or
consumed by the lines themselves, which alters the
charge state of the lines and the voltage level. Network
operators have a small number of solutions to control the
power flow. These are mainly:

- The realization of production by changing the power
generators instructions. But this solution is subject to
certain constraints in a deregulated environment [1].

- The triggering of lines in order to influence the
network topology. But this solution is usually done only
in case of contingencies [2].

- The artificial modification of the characteristics of
transmission lines using devices such as FACTS (Flexible
AC Transmission System) [3], [4].

The solutions based on FACTS devices have become
increasingly important in controlling the power transit.
The FACTS technology uses new power-electronic
controllers for both active and reactive power on selected
lines for increasing the use of their capacity [5], [6].
FACTS solutions enable network operators to increase
the capacity of the existing park, while maintaining or
improving the operating margins necessary for grid
stability. This increases the quantity of energy delivered
to load centers with minimal impact on the environment.
The implementation is fast and the capital investments
are reduced compared to other solutions (construction of
new transmission lines or new means of production).
However, the optimal location of FACTS devices in the
line is an important issue. Many researches have been
carried to determine optimal locations of these devices in
an electrical network [7]-[12]. They differ mainly from
each other by:

- The operating conditions for which the devices are
installed.

- The models adopted for FACTS devices.

Copyright © 2008 Praise Worthy Prize S.r.l. - All rights
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- Methods and optimization criteria.

- Size and network topology used for simulations.

Our goal, in this work, is to find optimal locations of
FACTS devices. We are interested specifically in the
series compensation. We have chosen as the series
FACTS devices: the TCSC (Thyristor-Controlled Series
Capacitor). The methodology adopted is to find the
optimal configuration from one or more solutions
(depending on the algorithm used) and try to improve
over successive iterations. The evaluation of the quality
of the solution is done by calculating the traditional
powers distribution. According to the modeling of TCSC,
the device changes the nodal admittance matrix of the
grid. It is from the modified elements that load flow is
calculated. We use the variable coefficients optimization
method, i.e. variable losses.

Our work is organized as follow: Section II presents
the concepts of FACT and TCSC. Section III presents the
principle of the TCSC controller in power flow
optimization. We develop in section IV the strategies
adopted for the best placement of the TCSC controller in
the power grid. Section V shows the different simulation
results. Section VI summarizes the results and concludes
the paper.

II. FACTS and TCSC concepts

The FACTS (Flexible Ac Transmission System) is a
concept based on power-electronic controllers, which
enhance the value of transmission networks by increasing
the use of their capacity. As these controllers operate
very quickly, they enlarge the safe operating limits of a
transmission system without risking stability [5].

The TCSC (Thyristor-Controlled Series Capacitor) is
a type of FACTS that can modify the series capacitive
reactance of the transmission line. Figure 1 shows the
simplified diagram of TCSC.

X
R (1) () I—
— =
OoO— —O
Xc
'
—
Equivalent

Fig. 1 Simple diagram of TCSC
The TCSC is composed of an inductance X in series

with a thyristor dimmer, all in parallel with a capacitor
Xc.
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If the thyristors are locked, the TCSC has fixed
impedance which corresponds to that of capacitor. If the
thyristors are controlled as an electronic switch at full
conduction, the TCSC impedance is equal to the
equivalent impedance of the capacitor in parallel with the
inductance.

In practical implementation of TCSC (Fig. 2), there
are several series compensators. For economic reasons,
we use two mixed assemblies: one consisting of several
TCSCs in series and another of several conventional
compensators [13].

braaleer braaker
[ 1
I |
’—E—‘

| | | | || ||

11 11 1T T
L‘rr\_EE]_l conventional
TCSC compensator

Fig. 2 Practical implementation of TCSC

The advantage of connecting multiple TCSCs in series
is that the total effective reactance gives rise to a wider
range of values. The restricted control interval in the case
of a system with a single TCSC controller is widening
with additional TCSC (Fig. 3) [14].

One TCSC Two TCSCs Four TCSCs
2 2 2
0 0 0
[
0 1 0 1 0 1

Fig. 3 Characteristics of Xrcsc -vs-I in function with TCSCs in series

III. Power Flow solutions including TCSC

controllers

III.1. Power flow concepts

To solve the problem of energy distribution, it is
necessary to have available a mathematical model of the
system. The system consists mainly of: power generator,
consumer of electricity and power grids. Generators and
consumers are buses. Lines connect the buses.

Solving the problem of power flow can be treated as
the resolution of the system under certain constraints
related to the nodal voltage, the active and reactive power
generated and consumed [15].

This resolution allows us to determine the nodal

International Review on Modelling and Simulations, Vol. x,
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voltages, phase angles, the power injected at various
buses and power losses during transit in the lines. In
particular, knowing the energy demand of consumers we
can determine even the power to be generated by the
production units. We can consider the power flow
problem under several points of view; in the case of our
work it concerns the resolution of the static flow problem
under constraints type equality and inequality. The static
assumption requires us to keep the values of the power
generated and consumed constant during a specified
period of time.

To solve the problem of load balancing, it is natural to
consider the mesh rule or the nodal rule. The nodal law is
more common, because the matrix of admittances “Y” to
the buses is easier to establish, in a network with "n"
buses. The equations linking the voltages “E” and
currents “I” injected into various buses represent a linear
system of order n. In practice, we associate to each bus,
four variables: the active power, the reactive power, the
modulus and argument of the voltage. However, there are
three types of buses in the power grid:

1- Producers buses: These buses are associated with
power plants where the active power "Pg" and the voltage
module "E" are known. We must find the reactive power
"Qg" and the voltage phase "3" which are unknown.

2- Consumer buses: These buses directly associated to
the loads where "Py" and "Q." are known, therefore
remains to be determined "E" and "3".

3- Balance sheet bus: Usually associated with the most
powerful plant of the network and is characterized by the
voltage module "E". Its phase "8" is often taken as the
origin of the phases and it is set equal to zero. Therefore
remains to find the active and reactive powers "Ps" and
"Qg" respectively.

We have to keep varying the active power production
of one power plant (usually the most powerful plant) to
satisfy this equality that defines:

"Production" = "Consumption" + "Losses"

1I1.2. Iterative algorithms for Power flow problem

The nonlinear equations that define the power
distribution problem force us to use iterative algorithms.
The most used iterative algorithms are:

- Gauss-Seidel: The first to be used historically, but
much slower in computational speed and convergence
when applied to the network with realistic size [16].

- Newton-Raphson: it has a robust convergence and a
reduced number of iterations, but it is hard to implement
[17].

- Fast Decoupled Load Flow (FDLF): it is a variant of
Newton-Raphson algorithm [18]. It is simple to
implement but its characteristic of convergence is poor.

These three algorithms have in common the nodal
formulation of the nonlinear equations. We can find two
versions for each algorithm: the first one is based on the

Copyright © 2008 Praise Worthy Prize S.r.l. - All rights reserved

polar coordinates and the second one on the Cartesian
coordinates. We adopt for our work the Newton-Raphson
algorithm based on Cartesian coordinates. This choice is
motivated by the speed and the robustness of the method.

The general diagram of the iterative computation in
the power flow management is shown on figure 4.

111.3. TCSC in power flow concept

TCSC is used to optimize power flow for varying
loading and network configurations [19, 20].

Figure 5 illustrates the model of TCSC in power flow
concept.

The TCSC controller is placed between two buses &
and m. The equivalent susceptance B, of the TCSC is
function of the firing angle a, the inductance X and the
capacitor Xc. The susceptance is computed as follow:

1 Q2(r—-a)+sina)
X X

C L

B = M

e

Inputs:

Read data: the loads, the
specified powers, and the
voltages in the control buses.

'

Build the admittance matrix,
from the power grid
characteristics.

'

Initialize the voltages and the
angles for the different buses.

|

Iterative computation for the
voltages and the phase angles
by taking into account the

specified conditions of loads
and productions.

no The specified
conditions

are satisfied?

Outputs:

Buses voltages and angles.
Transited powers.

Injected powers.

Losses, etc...

Fig. 4 Iterative computation in the power flow management
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(P,Q)k (P,Q)m
I |
V(,) Be,a,0, V(Hm)

Fig. 5 Model of TCSC in a power flow

(P,Q); are the injected active and reactive powers at
bus &, (P,0),, are the injected active and reactive powers
at bus m. The different powers are computed by the
following equations:

P=-VV, B sin6, -06,)
Qk = I/kaBe cos(&k - 6m) - VkZBe
Q =VV B cos( —6)-V'B

Where:
6, =0,+9,
1l1.4. Economic dispatch
Producers  of  electrical  energy  determine

experimentally the curves giving the cost of production of
each group according to the power they sell. The function
associated with these curves is a polynomial of degree
"n". In practice, most often it is presented as a

polynomial of second degree [21].

F(P)=a.P.,+b.P.*c @)

The function F (Pg;) is known only in discrete form, that
is to say, from a number of points. For this reason it
makes use of interpolation methods to determine the
coefficients a;, by, c; that are specific to each production
unit.

Minimizing the total cost function of power generation is
a task which is presented as follows:

Min {F - Z,LFI(PG,)} 3)

Power generation limit:
2P, ~P.,~P.=0 “)
P.wtP.5 P )
2.0.-0.-0,-0 ©
0..<0.<0.. @

Bus voltage limit:

Vi<V <V ®)
51<5... ©

TCSC reactance limit:

Copyright © 2008 Praise Worthy Prize S.r.l. - All rights reserved

Xcmin <Xc< Xcmax

Solve this problem with all these constraints is not
feasible for a large network with multiple buses and
generally interconnection lines, so it is necessary to
simplify the problem.

We have omitted the constraints (8) and (9), assuming
that all buses have roughly the same voltage module and
phase. Constraints (6) and (7) can be ignored, since the
reactive power does not have a significant impact on the
cost function.

The term transmission losses according to the power
generated is given by [22]:

P.-2 X P.BP, (10)

Where B;; are the B coefficients and ng is the number
of generator buses.

The cost of generator i (in bus k£ or m) can be
computed in $/hr (dollar per hour) with this expression:

C =(a +bP+ g‘P‘z +xl}?3)*fuel cost

Where P; is the real power output of generator i, and a,
b, g and x are the cost coefficients. The formulation of
the total real power losses P; in the transmission line is
given by the Kron'’s loss formula:

ng  ng ng
B =2 PuP+D uP+u,

=1 j=1 i=l

Where u the loss coefficients and ng is the number of

generator buses.

IV. Strategy for optimal placement of the
TCSC in the transmission line

We want to get closer to the real case. For this, we

propose the following steps:

1- Analyze the grid to be studied;

2- Calculate the power flow and the optimization;

3- Classify the lines of the studied grid in decreasing
order;

4- Deduct and display a list of the longest lines, for a
percentage of 40%;

5- Then start the various options proposed in this paper:
case study of TCSC controller in the power grid;

The fourth first steps are the common constraints of the
TCSC insertion in the grid. For the fifth step, we propose
four different options: a) Series control with automatic
position, b) Series control with automatic angle
adjustment, ¢) Random control with automatic position,
d) Random control with automatic angle adjustment.

We chose to use two TCSC to ensure a wider interval of
control.

International Review on Modelling and Simulations, Vol. x,
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Settings data of the electrical network

v

Electricity System Operator without TCSC

y

Control of TCSC by series methods (options 1 and 2)

y v

Option 1: Series control with] JOption 2: Series control with
automatic position automatic angle adjustment

v ¥

Number Number
of TCSC of TCSC
v v
TCSC parameters TCSC parameters with

only limitation of a

¥

Automatic insertion

v

Position of the nodal

insertion
v v
Computation of the Computation of the
load flow with TCSC load flow with TCSC

¥ ¥

Optimal placement test
of TCSC/Line losses

Best angle adjustment test
of TCSC/Line losses

y ¥

T.ine losses test T.ine losses test

v v

OPF computation with
TCSC

OPF computation with
TCSC

v v

Granhs disnlav Granhs disnlav

Fnd

Y

FEnd

Fig.6 Organization chart of the two algorithms of option 1 and option 2

IV.1. Option 1: Series control with automatic position

In this option, the settings of two controllers TCSC,
and TCSC, are fixed. More precisely, we have a choice
and the ability to modify the settings of X, Xc, Omin, Olmax
and the firing angle a. The algorithm must calculate, sort
and locate and then display the best location of the two
TCSC in the same line.

Copyright © 2008 Praise Worthy Prize S.r.l. - All rights reserved

1IV.2. Option 2: Series control with automatic angle
adjustment:

For this option, the two controllers TCSC; and TCSC,
will be directly inserted in the line. The location should
be chosen according to the list of longest lines displayed
by the program. We choose the settings X; Xc, Omin, Omax
of the TCSC controllers. The algorithm must adjust,
locate and then sort and display the best common firing
angle of the two TCSC controllers.

1V.3. Option 3: Random control with automatic
position

We follow the same steps as in option 1 for the
introduction of TCSC parameters. We fix two different
values for the firing angles (a; and a,). The algorithm
will place the TCSC in two different lines by choosing
the best location.

1V.4. Option 4: Random control with automatic angle
adjustment

In this option, the two TCSC are placed in two
different lines after introducing the parameters of both
devices. The two different firing angles are obtained by
the algorithm.

The organization chart of the two algorithms of option
1 and option 2 is illustrated in figure 6. By the same way
we can illustrate the algorithms of option 3 and option 4
by replacing series method with the random method.

V.

The algorithms will be applied in an IEEE test grid
with 26 buses. The architecture is shown on Appendix.
The grid contains:
- 26 buses.
- 6 buses of production (generators) and consumption.
- 3 buses of production (compensators) and consumption.
- 45 lines.

Simulation results

V.1. Options I

Two TCSC (TCSC; and TCSC,) controllers are used
in series with the following settings:
Power base: Sb =100 MVA
Frequency: 50 Hz
Inductive reactance: X;; = 0.003 p.u and X;, =0.002 p.u
Capacitive reactance: Xc; = 0.001 p.u and X, = 0.001
p.u

The firing angle is capacitive effect with the angles
limits: oypin = 142° and oma = 180° and the adjustment
angles: o= 0,= 143°.

Figure 7 presents the results obtained with the different

options for total losses, total cost and minimization factor
of the cost function A.

International Review on Modelling and Simulations, Vol. x,
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For the option 1, the total losses of the system have
decreased compared to the initial state, the same remark
for the cost and the factor A. This decrease is obtained for
the optimal location detected by the program that is the
line between the buses 16 and 17.

Table I illustrates the results of the optimum active
powers for the 6 production buses. We notice a decrease
in production due to the good localization of the two
TCSC.

V.2. Options 2

The two TCSC (TCSC,; and TCSC,) will be inserted in
the same line (16-17) and the program will adjust and
fixe the best common firing angle of the two controllers.
The rest of the settings are the same with the option 1.

TABLEI
THE OPTIMUM ACTIVE POWERS AND THE BEST PLACEMENT OF TCSCS
WITH THE OPTION 1

optimum without with TCSC1 optimal
active power TCSC and TCSC2 locations
Mw) (automatic) (k-m)
PG1 opt 474.1196 471.4563 (16-17)
PG2 opt 173.7886 171.8988 (16-17)
PG3 opt 190.9515 198.3196 (16-17)
PG4 opt 150.0000 150.0000 (16-17)
PGS opt 196.7196 194.7332 (16-17)
PG26 opt 103.5772 101.7858 (16-17)

The value of the best common firing angle obtained by
the algorithm is o= o= 174.3°. We can see that this
angle is different from the angle fixed manually in the
option 1 (o= a,= 143°).

The results obtained are shown in figure 7. The total
losses with the two TCSC are 15.4269 Mw and the total
cost is 16758.95 ($ / h). These results are better than
those obtained with the option 1. This is due, also, to the
choice of the insertion line that is determined by the
result of the option 1.

Table II illustrates the results of the optimum active
powers for the 6 production buses. The optimal
production is decreased due to the good firing angle
value of the two TCSC.

(c) Factor Lambda A

Fig. 7 total losses, total cost and minimization factor of the cost

function A

Copyright © 2008 Praise Worthy Prize S.r.l. - All rights reserved

TABLE I
THE OPTIMUM ACTIVE POWERS AND THE BEST ANGLE WITH THE OPTION
2
optimum without with TCSC1 best angle
active power TCSC and TCSC2 (degree)
Mw) (automatic)

PG1 opt 474.1196 471.2045 174.3
PG2 opt 173.7886 171.7244 174.3
PG3 opt 190.9515 199.0051 174.3
PG4 opt 150.0000 150.0000 174.3
PG5opt 196.7196 194.5449 174.3

PG26 opt 103.5772 101.6185 174.3

International Review on Modelling and Simulations, Vol. x,
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V.3. Options 3

The two fixed firing angles, respectively for TCSC,
and TCSC, are: o; = 143° and o, = 148 °.

Figure 7 shows the optimal locations obtained by the
algorithm for the controllers. TCSC, is placed between
the buses 19 and 24 and TCSC, is placed between the
buses 12 and 14. The total losses, the cost and the factor
A of the system have decreased compared to the initial
state.

The optimal power generations of the grid are
illustrated in Table III. The power generation is
decreased in the production buses 1, 2 and 6.

V.4. Options 4

The two controllers (TCSC1 and TCSC2) are inserted,
respectively, in the lines (19-24) and (12-14). The
algorithm will adjust and fixe the best common firing

angles of the two controllers. We obtain: al= o2=
143,140.

TABLE IIT
THE OPTPMUM ACTIVE POWERS AND THE BEST PLACEMENT OF TCSCS
WITH THE OPTION 3

optimum without with TCSCl1 optimal locations
active power TCSC and TCSC2 (k-m)
(Mw) (automatic)
PG1 opt 474.1196 473.3019 (19-24) et (12-14)
PG2 opt 173.7886 172.4158 (19-24) et (12-14)
PG3 opt 190.9515 192.6685 (19-24) et (12-14)
PG4 opt 150.0000 150.0000 (19-24) et (12-14)
PG5 opt 196.7196 196.9766 (19-24) et (12-14)
PG26 opt 103.5772 103.2108 (19-24) et (12-14)

Figure 7 shows the improvements obtained for the total
losses, the cost and the factor A of the system.

The optimal power generations of the grid are
illustrated in Table IV. The power generation is
decreased in the production buses 1, 2 and 6.

TABLE IV
THE OPTIMUM ACTIVE POWERS AND THE BEST ANGLE WITH THE OPTION
4

optimum without with TCSCl1 best angle

active power TCSC and TCSC2 (degree)
(Mw) (automatic)

PG1 opt 474.1196 472.1598 143.14
PG2 opt 173.7886 172.2365 143.14
PG3 opt 190.9515 196.8370 143.14
PG4opt 150.0000 150.0000 143.14
PG5 opt 196.7196 195.2020 143.14
PG26 opt 103.5772 102.1642 143.14

V1. Conclusion

In this paper, the goal of the optimization is to make
best use of network capacity. TCSC devices are placed in
the grid to maximize the power supplied to consumers,
while observing the security constraints.

Copyright © 2008 Praise Worthy Prize S.r.l. - All rights reserved

The Thyristor-Controlled Series Capacitor (TCSC) has
introduced a new state variable in OPF formulations, for
unified iterative solutions via Newton method.

In the proposed algorithms, the TCSC is adjusted to
achieve an optimal compensation under power
constraints.

Compensations are chosen by the algorithms, leading
to more economical solutions than in cases where the
power is fixed at a specified value.

Newton algorithm has proven to be a very powerful

tool, capable of solving the insertion of TCSC controller
for better management of the power transit in the
network, by using a minimum of steps.
The effectiveness of the algorithms was illustrated by a
numerical example of an IEEE test grid with 26 buses.
These results clearly show that the algorithms have a
flexibility and reliability for convergence.

The extension of the Newton OPF algorithm will be a
very powerful tool, capable of solving the insertion of the
TCSC controller.

Appendix
Standard IEEE 26-bus test system:
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