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Performance of a TCSC for Congestion Relief
Christian Schaffner, Student Member IEEE, Göran Andersson, Fellow IEEE

Abstract—This paper presents a method to determine the
performance of relieving congestions using a Thyristor Con-
trolled Series Capacitor (TCSC) in a transmission network by
comparing locational marginal prices (LMP). The method
allows to study different parameter variations – e.g. varying
demand or size of the TCSC. A full AC Optimal Power Flow
including transmission limits is used to model the underly-
ing network. A case study shows the results of applying this
method to a 10-bus network. The study is especially geared
to-wards the economical evaluation of such an installation.
However, the actual valuation is not part of this publication.

Keywords— liberalized electricity market, investment
opportunities, FACTS, OPF, locational marginal prices
(LMP).

I. Introduction

IN recent years, need for economical efficiency and higher
electricity consumption lead to an electric power trans-

mission network with increased utilization. Even in highly
meshed networks like in Europe this adds to the risk of local
congestions in certain transmission lines or in links consist-
ing of several lines. These congestions in turn can produce
significant price differences between the areas around these
congestions. Eliminating congestions by means of installing
new transmission lines is normally difficult, if not impos-
sible. It can take decades from evaluating a new line to
the time it is installed. Political and environmental regula-
tions further add to the difficulties improving the physical
network.

A. Today’s Power Market

Currently, Italy pays significantly higher prices for elec-
tric energy than the rest of Europe: the prices per kWh
is often twice as high in Italy than it is in France [1].
There are two main causes. First, the generation pattern
is different in the two countries: France has mainly cheap
production units based on nuclear or hydro power whereas
the production mix in Italy is shifted significantly to-wards
conventional thermal (oil and gas fired) units. The differ-
ences in the production mix do not necessarily cause price
differences between the regions, although expensive pro-
duction units may increase the overall prices if demand is
high enough. The second – more significant – reason for
the price difference is the limited transfer capacity between
Italy and the rest of Europe. The link between Switzerland
and Italy is at most times (during the day and during the
year) loaded close to its capacity limits defined by net-
work operators. It is the congestion that ultimately causes
the price of electricity to be higher in Italy compared with
neighboring European countries.
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Today, electric distribution systems are normally de-
signed based on a (n-1)-security criterion. This means that
the system must have enough security margins to operate
even if one of the elements, e.g. a transmission line, fails.
With congested inter-regional links this normally leads to
the maximum allowed transfer capacity being considerably
below the maximum power flow physically possible.

Controllable devices such as phase-shifting transformers
or Flexible AC Transmission Systems (FACTS) allow the
increase of the overall utilization of an electrical power net-
work by controlling the power flow. Thus it is possible to
relieve network congestions by increasing the Total Trans-
fer Capacity (TTC) over a congested link.

In [2] the authors propose using a TCSC to relieve line
overloads during contingencies, which increases the relia-
bility of the whole system. They demonstrate the feasibil-
ity with different configurations on a 14-bus network. In
addition, they clarify that not only network configuration
and parameters influence functionality of the controllable
devices but also influence load and generation patterns.
Therefore accurate load and generation forecasts are an
important part in the decision to invest in FACTS devices.

Another example is demonstrated in [3]: By installing a
TCSC or an UPFC at one end of a parallel path the security
of the system can be increased considerably, especially the
loss of load probability.

The following sections present a methodology to model a
congested network together with a TCSC to calculate loca-
tional marginal prices (LMP) at each node of the network.

II. The Model

The model we are using is based on the theory of the
spot markets that has been developed by Fred C. Schweppe
[4]. We are optimizing for society welfare thus assuming a
perfectly competitive market where all participants behave
rationally, have full and free access to market information
and producers bid their marginal cost curves [5]. It is as-
sumed that the consumers behave rationally, in that they
do not purchase any good that has a higher price on the
market than the benefit they would derive from it.

A. TCSC Model

The TCSC is modeled as a series capacitor C in parallel
with a thyristor controlled inductor L as shown in Fig. 1.
Details about the modeling of FACTS devices can be found
e.g. in [6].

For the optimization the TCSC is mathematically de-
fined by its relation between the firing delay angle and the
resulting series reactance XTCSC

mn as shown in Fig. 2.

The susceptance BTCSC
(
= XTCSC

mn
−1

)
is calculated as:
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Fig. 1. TCSC model

BTCSC(α) = BL
π − 2α− sin 2α

π
+ BC (1)

where BL is the susceptance of the inductor L and BC

the susceptance of the capacitor C of the TCSC as shown
in Fig. 1. BL and BC are defined as in Eq. (2). This
presents the model for the fundamental system frequency
equivalent.

BL =
1

ωL
, BC = −ωC (2)

BL has a positive and BC a negative value. The result-
ing reactance XTCSC

mn is shown for a thyristor firing delay
angle between 0◦ and 90◦ in Fig. 2 as the solid line for the
inductive ( XTCSC

mn > 0) and the capacitive ( XTCSC
mn < 0)

region.
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Fig. 2. Operating range of a TCSC (solid lines) and allowed regions
for the reactance (bold lines)

The firing delay angle α can be controlled between 0◦ and
90◦. This results in a minimum reactance in the inductive
region XLmin and a maximum reactance in the capacitive
region XCmax defined as:

XLmin =
1

1/XL + 1/XC
=

1
BL + BC

(3a)

XCmax = XC = 1/BC (3b)

These values can be found by setting α in Eq. (1) to 0◦

and 90◦, respectively.
The TCSC has a resonance angle αres where the result-

ing inductive reactance is in resonance with the capacitive

reactance. A security margin δ must be kept around the
resonance angle αres:

α < αres − δ and α > αres + δ (4)

In Fig. 2 the resonant angle αres is indicated as a dotted
vertical line and the reactance in the inhibited operational
region as dotted part of the curve.

The outer limits Xmin and Xmax have to be calculated
using the resonance firing delay angle αres and the security
margin δ. These constraints are included in the optimiza-
tion problem as linear inequality constraints.

B. Optimization Method

An optimal power flow (OPF) algorithm is then used to
optimize the so-called social welfare, subject to transmis-
sion constraints, generation limits, and TCSC limits. The
mathematical setup is of the form:

minimize f(x) x ∈ Rn

subject to Ax− b = 0
Cx− d ≤ 0
gi(x) = 0
hj(x) ≤ 0.

(5)

where f(x) is the objective function, Ax − b = 0 the
linear equality constraints, Cx−d ≤ 0 the linear inequality
constraints, gi(x) = 0 the non-linear equality constraints,
and hj(x) ≤ 0 the non-linear inequality constraints.

As the objective function the social welfare is used, as it
is explained above. It is defined as:

SW =
∑

i

Bi(PLi)− λ · Pλ︸ ︷︷ ︸
CS

+λ · Pλ −
∑

j

Cj(PGj
)︸ ︷︷ ︸

PS

(6)

where:
• SW is the social welfare,
• Bi the amount the consumer i is willing to pay for the
power PLi

,
• PLi the power consumed by load i,
• Cj the generator j’s cost to produce the power PGi ,
• PGj the quantity of power produced by generator j,
• λ the price at the intersection of the consumers’ and pro-
ducers’ aggregated marginal cost curves.
• Pλ the power at the intersection of the aggregated
marginal cost curves.

The term CS represents the consumer surplus and the
term PS the producers’ surplus (their profit).

Typical optimization algorithms minimize the objective
function. Thus, the objective function to be minimized is:

f(PLi
, PGi

) =
∑

i

Bi(PLi
)−

∑
j

Cj(PGj
) (7)

The cost curves of the generators are defined as quadratic
functions (the index j is omitted in the following equations
to increase legibility):
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C(PG) = a0 + a1 · PG + a2 · P 2
G (8)

These functions have to be monotonously increasing and
convex to ensure a global maximum. Fig. 3 shows the
quadratic cost curve (a) and the resulting marginal cost
curve for a typical supplier (b). It is assumed that the
suppliers bid continuous marginal cost curves.
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Fig. 3. Cost function for generators: Quadratic cost curve (a), cor-
responding marginal cost curve (b)

Concerning elastic demand, the specification of such a
quadratic function is not appropriate, since the data needed
for the determination of the coefficients is normally not
known. Therefore, the maximum power consumption Pmax

L

and the marginal price per kWh the consumer would pay
for this quantity pmin

L are defined. Accordingly the mini-
mum power consumption Pmin

L and the marginal price per
kWh pmax

L are defined. The quadratic benefit function of
a consumer then becomes (omitting the index j for legibil-
ity):

B(PL) = b1 · PL + b2 · P 2
L (9)

where

b1 = Pmax
L ·m + pmin

L (10a)
b2 = −m/2 (10b)

m =
pmax

L − pmin
L

Pmax
L − Pmin

L

(10c)

The parameter m is the slope of the line between the
point (Pmin

L , pmax
L ) and (Pmax

L , pmin
L ) as illustrated in

Fig. 4 (a). The quadratic benefit curve resulting from the
integration of the marginal price curve is shown in Fig. 4
(b). It has to be monotonously increasing and concave to
assure a global optimum for the optimization problem –
ignoring the limits. This assumption can be justified by
the expected behavior of consumers: The benefit function
is increasing, since the consumer will pay more for a higher
quantity consumed. The concavity results from the fact
that consumers will try to first satisfy the power needs for
processes, which produce the highest benefit. Therefore
the change in benefit of buying more power diminishes for
higher loads.
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Fig. 4. Price and benefit functions for consumers: Maximum and
minimum prices are set for minimum and maximum consumption
(a), corresponding quadratic benefit function (b)

C. Constraints

The linear inequality constraints are defined by the upper
and lower production limits of the generators and the upper
and lower consumption limits of the loads.

The non-linear equality constraints are defined by the
active and reactive power balance in each node in the net-
work. For node m the non-linear equation is defined as:

PGm − PLm

− Um

∑
ncon

(Umgmn − Unbmn sin(δmn)− Ungmn cos(δmn))

= 0 (11)

for the active power and

QGm −QLm

−Um

∑
ncon

(−Umbmn + Unbmn cos(δmn)− Ungmn sin(δmn))

= 0 (12)

for the reactive power, where

•
∑

ncon
: the sum over all nodes n connected to node m,

• PGm : the active power generated at node m,

• QGm : the reactive power generated at node m,

• PLm : the active power consumed at node m,

• QLm : the reactive power consumed at node m

• δmn: the voltage angle difference between m and n,

• Um: the voltage at node m,

• gmn: the series conductance, and

• bmn: the series susceptance.

If a TCSC is built into the line between node m and node
n the resulting reactance of the TCSC is entered in the
series conductance and susceptance of the corresponding
line by defining Xmn = X line

mn + XTCSC
mn . The reactance
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between these two nodes is composed of a fixed part X line
mn

and a controllable part XTCSC
mn , which is determined during

optimization.
The non-linear inequality constraints (hj(x) ≤ 0 in

Eq. (5)) are given by the transmission capacity of the trans-
mission lines and by the physical limits of the TCSC. For
each line the limits are defined by

∣∣Um
2gmn − UmUnbmn sin(δmn)− UmUngmn cos(δmn)

∣∣
≤ Pmax

mn (13)

where

• Pmax
mn : the maximum power flow through the line mn.

The reactance XTCSC is kept within the limits defined
by Eq. (4) as shown in Fig. 2 by adding the corresponding
non-linear inequality constraints.

The optimization algorithm now adjusts the dispatching
of the generators, the flexible loads and the settings of the
TCSC in order to maximize social welfare. The network is
described as lists of generator, loads, lines and TCSCs with
the associated nodes and respective parameters. The setup
is very flexible allowing efficient simulation of parameter
variations – e.g. the size of the TCSC, the load pattern,
but also physical network changes.

For the actual optimization the MatlabTM “Optimization
Toolbox” is used.

III. Case Study

In this section we present the application of the frame-
work describe above to an example network where we show
the influence of different parameter variations on the nodal
electricity prices.

A. Modeled Network

The network used for the calculations is a ten-bus net-
work with five generators and eight loads (see Fig. 5). In
the top left region the cheapest generators (at node 3 and
5) are located whereas the region at the bottom has expen-
sive production units at nodes 7 and 8. This will provoke
energy flowing from the top left directly to node 7 and
through nodes 1 and 2. Node 2 has only limited produc-
tion capacity.

Due to the physical conditions of the network the link
between nodes 1,2 and 9,10 is often congested. The cheap
production units cannot export as much energy as they
want into the bottom region, even though the direct con-
nection line between node 6 and 7 still has transfer capacity
available. The introduction of a TCSC device in this line
will help to push more energy over this line and thus will
decrease the prices in the bottom region.

The characteristics of the network can be described as
follows:
• Supply : Large production units are installed in the top
left area. Generator 2 is representing aggregated produc-
tion of nuclear units. Generator 3 is an aggregation of
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Fig. 5. 10 bus network used for simulations. A TCSC is installed
in line 8 to force more power flow from the cheaper production area
(generators 2 and 3) to the area with limited inexpensive capacity
(generator 4).

conventional thermal units. Generator 1 and 4 represent
hydro power installations, which have low production costs.
The hydro production is rather small in comparison with
other generators. Generator 5 in the lower right part of
the network has high production costs (conventional ther-
mal). The exact numbers can be found in table II. Only
generator 1 is controlling the voltage to 1 p.u. The other
generators do not produce reactive power.
• Demand : The large loads are number 2, 3, 5, 6, and 8
modeling two main load areas: One close to the production
in the top left part of the network and one in the lower part
close to the expensive thermal generator number 5. The
demand elasticity is fairly small defined by the bandwidth
of minimum and maximum demand as set in table III. The
loads are assumed to only consume active power.
• Transmission: Due to the differences in production costs
the power flow in the network is generally from the top left
to-wards the bottom right. Therefore the total transfer
capacity of lines 8, 12, 13, and 14 is significant for the
simulation results. Line 8 has a fairly high TTC, but is
– as the simulation results will show – normally not fully
loaded.
• Controllable Device: A TCSC is installed in line 8 to
control additional power transfers into the lower part of the
network. The parameters of the TCSC modeled are shown
in table I for three different scenarios: no TCSC (1), small
TCSC (2), large TCSC (3). The TCSC is working in the
capacitive region to compensate the line it is installed in,
which is line 8 in this network. Table I shows the minimum
resulting reactance and the maximum compensation degree
the TCSC is capable of. The security margin δ is set to
10◦.
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TABLE I

TCSC parameters for 3 different simulation scenarios.

XC XL Xmin Max. Comp.
[p.u.] [p.u.] [p.u.] [%]

(1) 0%
(2) -0.032 0.016 -0.9 59%
(3) -0.048 0.024 -1.6 88%

A.1 Network Parameters

The detailed electrical and economic parameters of the
network components are shown below. For the generators,
the economical and electrical parameters are defined in ta-
ble II. For the loads, the parameters are set as shown in
table III and for the lines as in table IV. The basis for the
p.u. calculations is 1000 MVA.

TABLE II

Generator parameters: Generator 1 and 4 are aggregated

hydro units, generator 2 aggregated nuclear and generator

3 and 5 conventional thermal units.

Nr. a0 a1 a2 PG

[e] [e/MW] [e/MW2] [MW]
1 0 6.9 0.00067 1200
2 0 24.3 0.00040 8000
3 0 29.1 0.00006 3000
4 0 6.9 0.00026 800
5 0 50.0 0.00150 2000

TABLE III

Load parameters: The price sensitivity is set to be low,

resulting in a small bandwidth between P min
L and P max

L

compared with the price difference between pmax
L and pmin

L .

Nr. Pmin
L pmax

L Pmax
L pmin

L

[MW] [e/MW] [MW] [e/MW]
1 90 100 110 10
2 1300 100 1300 10
3 1300 100 1300 10
4 200 100 200 10
5 2400 100 2600 10
6 3400 100 3600 10
7 900 100 1100 10
8 1700 100 1900 10

B. Results

This section presents the results applying the AC power
flow model described above of the network in Fig. 5. For
the evaluation of the TCSC varying demand scenarios are
needed to model electricity prices throughout the day and
over the valuation period. This is done by varying mini-
mum and maximum load demand values (Pmin

L and Pmax
L

in table III) between 60% and 100% linearly. The results of
three different scenarios varying the TCSC size (as shown
in table I) are presented below.

TABLE IV

Transmission line parameters: The link between the high

price area and the low price area consists of lines 8, 12, 13,

and 14 resulting in a theoretical total transfer capacity of

9.3 GW.

Nr. R X Pmax
mn

[p.u.] [p.u.] [MW]
1 0.04 0.10 3000
2 0.08 0.12 3500
3 0.01 0.10 1780
4 0.02 0.17 2150
5 0.02 0.17 2150
6 0.02 0.17 2800
7 0.02 0.17 3500
8 0.02 0.16 3500
9 0.02 0.25 2000
10 0.02 0.25 2260
11 0.01 0.07 3500
12 0.01 0.07 2260
13 0.01 0.14 1580
14 0.04 0.27 2000
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Fig. 6. Production of all generators in the network without TCSC:
The expensive generator 5 only starts to produce if the prices are
high enough (at a demand level of 84%).

B.1 Results without TCSC

First, the OPF is calculated without any TCSC installed.
Fig. 6 shows the output of the generators for demand lev-
els between 60% and 100%. Generator 1 and 4, the hy-
dro units, are always producing at the maximum capacity.
Generator 1, which has the lowest production costs of the
remaining generators, produces almost all the rest of the
total power at a demand level of 60%. For increasing de-
mand, generator 3 supplies a bigger part of the demand.
Only at demand levels over 84%, the most expensive gen-
erator (number 5) starts to supply power. To explain this
behavior of supply and demand, the resulting prices at dif-
ferent nodes have to be considered.

The prices at nodes 4, 6, 7, and 8 of the network are
shown in Fig. 7. At low demand levels, the price differences
between the top left part of the network (nodes 4 and 6) and
the lower part of the network (nodes 7 and 8) result form
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Fig. 7. Prices at nodes 4, 6, 7, and 8 without TCSC, if the loading
is proportionally increased from 60% to a maximum of 100%.

the losses in the transmission network. Increasing demand,
these differences grow larger. At a demand level of 82%
and 84% the prices at the nodes in the lower area show a
kink resulting from transmission constraints. Looking at
the power flow through the transmission lines as shown in
Fig. 8, line 13 reaches its TTC at a demand level of 82%
limiting the power transfer into the high price area at the
lower part of the network for higher demand levels. This
results in the rise in nodal prices for nodes 7 and 8 between
82% and 84%.
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Fig. 8. Power flows through lines 8, 12, 13, and 14 linking the high
price with low price area if no TCSC is installed. Line 13 reaches its
transfer capacity at a demand level of 82%.

The higher prices resulting from demand levels above
84%, allow generator 5 to start producing energy. This pro-
duction counteracts the rise in electricity prices for higher
demands as can be seen in Fig. 7.

The next section shows the results of the same demand
variations but with a TCSC installed in line 8. The TCSC
should help transferring more energy over line 8 into the
high price area.

B.2 Results with small TCSC

The following figures show the results of the OPF sim-
ulation if a small TCSC (see table I row (2)) is installed.
Fig. 9 shows the electricity prices. The kinks in the prices
of the nodes in the high price are less noticeable. Further-
more the effect is shifted to a demand level of around 90%.
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Fig. 9. Nodal prices at nodes 4, 6, 7, and 8 with a small TCSC
compensating line 8, which reduces the price differences.
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Fig. 10. Power flows if a small TCSC is installed. Compared with
Fig. 8 line 8 carries significantly more power.

The TCSC is controlling the power flow as shown in
Fig. 10. Comparing with the resulting flows without TCSC
(see Fig. 8), the effect of the TCSC can be clearly shown:
line 8 has a much higher power flow level, thus increasing
the total imported energy into the high price area signifi-
cantly. The demand level at which line 13 hits its transfer
capacity is therefore shifted to the right to-wards a demand
level of 90%.

On the supply side (see Fig. 11) the expensive generator
5 is now only producing energy above 90% demand level.
The units with low production costs (generator 1 and 4)
still produce at the maximum output level. But the cheap
unit (generator 1) can produce more energy compared with
the results without TCSC (see Fig. 6).

B.3 Results with large TCSC

The following simulations show the results of the OPF
calculations for a larger TCSC (see table I row (3)). Fig. 12
shows the electricity prices. The kink due to the power
transfer limits of line 13 is shifted further to higher de-
mand levels, now occurring at about 94%. This results
in higher production levels from the cheap production of
generator 1. The expensive generator 5 is only produc-
ing a small amount of power at the highest demand levels
(see Fig. 13). It can also be noted that the price differ-
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Fig. 11. Production of generators with a small TCSC compensating
line 8.
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Fig. 12. Nodal prices at nodes 4, 6, 7, and 8 with large TCSC
installed, reducing price differences even more compared with Fig. 9.

ence for low demand levels between the nodes is signifi-
cantly reduced compared with the results without TCSC
(see Fig. 7).

Fig. 14 shows the power flows through the lines con-
necting the high and low price areas. Comparing with the
smaller TCSC (see Fig. 10), line 8 carries even more power
into the lower part of the network.

B.4 Discussion of Results

Comparing the nodal prices between the situation with-
out any installed controllable device (Fig. 7) and the sit-
uation with a large TCSC (Fig. 12) it can be seen that
the TCSC is not changing prices in low loading situations.
The price of all nodes is almost equal between those two
figures at 60% loading. However, as soon as there are lines
becoming congested with higher loading values the price
differences become significant looking at e.g. the prices at
node 8.

IV. Conclusions

This paper shows a possible approach to determine fu-
ture electricity prices in a congested network as it is typ-
ically the case e.g. in Europe. A TCSC can be included
in the model to study the influence of its operation on the
nodal prices in the network. It is important to note that
detailed analysis of the influence of a controllable device on
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Fig. 13. Production of generators with a large TCSC compensating
line 8.
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Fig. 14. Power flows if a large TCSC is installed. Line 8 carries even
more power compared with the flows in Fig. 10.

nodal prices is needed in order to understand its econom-
ical potential. Different loading situations can change the
effectiveness of a controllable devices significantly.

The methodology to determine locational marginal
prices presented in this is based on the assumption of a
competitive market. This assumption is reasonable when
looking at a time period of several decades. For a TCSC
device to be an attractive investment opportunity the rev-
enues for the company owning the TCSC should be paid
from the congestion charges of the TSO.
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