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Abstract: Implementation of new technologies into existing power system can solve the
problems associated with increasing power consumption. Increasing demand of electricity
in combination with unplanned power flows from north part of interconnected power
system to south creating serious problems for TSO. This paper investigates the use of
WAMS systems for management of TCSC equipment to increase net transmission capacity
in Central East Europe power system. Optimal control and allocation of TCSC is very
important for TSO. Optimal allocation, effectiveness, and utilization of phasor
measurement units (PMUSs) for TCSC device which was designed for power flow control
and increasing of net transfer capacity were investigated
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1 Introduction

The liberalization of the electricity market we have gained new opportunities
and possibilities for electricity market participants. On the other hand,
liberalization also causes considerable problems for operators of transmission
system operators (TSO). Unsolved problem of our time is the constantly
increasing number of unpredictable renewable energy in northern Europe and
insufficient power generation in south.

Due to unplanned power flow, the security criterion N-1 is unfulfilled cause
of overloading of interconnecting transmission lines.

This facts brings operation of existing transmission systems closer to their
physical limits.

One of the opportunities for solving this problems was building of new power
transmission lines or effectiveness utilization of existing transmission system
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capacity by utilization of specialized systems such as flexible alternating current
(AC) transmission systems (FACTS). This special devices can perfectly control
the power flow across transmission lines and helps operators to maintaining stable
operation of power systems. In combination with sophisticated WAMS systems it
can solve this problem.

Transmission system operators of each power systems talk about the need of
increase of the reliability and safety of the power system. Transmission system
operators sometimes have to manage the power system to its safety operational
limits. Moreover, in some cases, it may also occur a large area outages (Black
out), that have negative consequences for society as a whole. Due to the facts, the
monitoring of power systems are made through a SCADA (Supervisory Control
and Data Acquisition) systems and EMS (Energy Management Systems), which
do not work in real time and thus the results are not applicable for fast transient
processes occurring in the system. Moreover, both these control schemes are not
time synchronized.

2 WIDE-AREA MONITORING SYSTEM (WAMS)

First GPS - based PMU was invented in 1988. Synchrophasor technology has
developed for few years. During this time, many new promising concepts have
been proposed and implemented, for instance, the wide-area measurement /
monitoring system (WAMS). It brings huge potential for upgrading the operation,
control, supervision and protection of power systems.

WAMS (Wide Area Monitoring System) systems is synchronous
measurements of phasors and applied mainly in the transmission lines.

In addition to surface monitoring and visualization of the network in real
time or subsequent off-line analysis of events, these subsystems are used also for
the operational management of the network (for example, using the full capacity
of transmission lines), monitoring of system stability and rocking and early
warnings. Application of WAMS systems can also be found in distribution
networks, for example in the management of distributed energy resources.
Synchronous measurement in general reduces the error in subsequent calculations
and process control systems, resulting in improvement of dispatching network
management.
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Figure 1 TCSC control scheme with WAMS

Use of PMU for data acquisition for regulation of FACTS devices can bring
new possibilities for further development of the network control. Measurement of
phasors at different part of the power system, can be used for optimization of
power flow, minimize power loses or to maximize transmission capacity between
various TSO. Example of utilization of WAMS for control of TCSC is shown on
Figure 2.
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Figure 2
Slovak power system with PMUs and TCSC
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3 Thyristor controlled series condenser (TCSC)

TCSC consists of a capacitor which is parallel connected to a thyristor regulated
reactor. This configuration allows you to smoothly change the impedance of the
transmission lines and smooth control of frequency of the capacitance in a wide
range. For proper function of TCSC is control very important.

The control of the reactance of TCSC is very complex and dynamic
process. Efficiency and effect of TCSC are very dependent on the accuracy of
calculation of the TCSC reactance at the moment. In case of wrong calculation of
the reactance, may also occur to the opposite effect than what is provided TCSC.

May also occur to the opposite effect than what is provided TCSC. TCSC
consists of 3 parts and these are The Fig.1 shows the main diagram of TCSC. It
consists of 3 parts: capacitor battery C, parallel connected reactor L and the
thyristors VT1 and VT2 [5].
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where

Ic and I, - is the instantaneous capacitor and reactor current
is - is the instantaneous current of controlled line
] - is the voltage of TCSC.

TCSC can be controlled by changing the opening angle of the thyristors a,
which is modifying the frequency of the capacitor. Relationship below gives the
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relationship between the opening angle of the thyristor (o) and reactance of whole
TCSC - Xresc ().

k-o o
2.0y | ktg| — |-tan| —
X¢  o+sino 4-X¢ cos (2)[ g( 2 J (ZD

Xe=Xp) 7 (Xe—Xp) (K2-) %

Xiesc (a):Xc -

where

Xc - is the capacitor capacitance

Xp - is the inductive reactance of the reactor connected in parallel to the
condenser.

6 =2(m - o) = opening angle of TCSC controller

k= ,X_C = compensation ratio.
Xp

Xresc (o) is a unique feature by which we can continuously change the
TCSC reactance. TCSC can operate in capacitive or inductive mode, but the
transition from one mode to another we must avoid resonance. TCSC is modelled
as a variable capacitor, which is limited only by the regulatory scope of the angle
Ol.

The Control range of TCSC is:

Xresc (min) < Xresc (@) < Xrese (Max), (5)
where
Xrcsc (Min) = Xtcsc (180°) — thyristor in permeable state
Xrese (Max) = Xresc (amin), — thyristor in trailing state [5].

4 TRANSFER CAPACITY CALCULATION

TTC represents the maximum feasible power exchange, which can be
transmitted between two interconnected power systems reliably and without
observance of the system stability criterion. To determine Total transfer capacity
ex ante, modelling and simulation of the effects of power exchanges between the
two interconnected power systems are necessary. This is usually carried out by
simulating of load flows within the two systems and between them. Starting from
expected configurations of networks, cross-border exchanges, consumption
scenarios and power generations, the generated power is pushed between both
systems in order to cause additional cross-border flows. This is done by increasing
the generation in system X and decreasing the generation in system Y by the same
steps. The consumer loads in both systems remain unchanged. The shifts of
generation are stopped when security problems occur in system X, in system Y or
on the interconnection tie lines [3], [4], [7], [9].
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The resulting Total transfer capacity value in this case is to be interpreted as
the expected maximum volume of power flow that can be transferred through the
interconnection between the two systems, which does not lead to power system
constraints in either system, if future network conditions and especially generation
scenario were perfectly known in advance.

NTC is given by the following equation:
NTC=TTC-TRM (6)

TRM covers the forecast uncertainties of tie-line power flows due to
imperfect information from market players and unexpected real time events.
Information from market players is imperfect at the time the transfer capacities
have to be communicated. This comes in addition to the uncertainty on some
power system parameters, as well as the uncertainty of tie-line flows due to
unexpected real time events, which are always possible. In this paper value of
TRM is assumed to be 200 MW.
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Figure 4 TCSC placements in Slovak power system

Calculation of maximal transfer capacity between Slovakia - Hungary and
Slovakia - Czech Republic was provided by simulation program. In the simulation
program there was constructed Central East Europe power system, with all
branches and generators. Transfer capacity calculation was realised by
maintaining of safety criterion N-1 in whole power system. For maintaining
maximum power flow in cross section between Slovakia and Hungary was
decreased power generation in south part of the whole power system and in the
north part was increased.

There were 4 variants of cross-border transaction between Slovakia - Czech
Republic and 3 variants between Slovakia - Hungary. All variant were defined
below.
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4.1 Variant SK-HU 1.

Values of transfer capacity for SK — HU cross-border connection for default
grid without TCSC installed on power system are shown in table 1. For
maintaining N-1 criterion was line V 448 (VE Gabéikovo - Gyér) when line V449
(Levice - God) was switched off.

Table 1. Transfer capacity for variant SK-HU 1.

Line loads .
Limit element
Branch TTC [MW] NTC [MW] N-1
[MW] (N-1)
448 (Gabéikovo-Gydr) 1077,2
1928,4 1728,4 448 (449)
449 (Levice-God) 851,2

4.2 Variant SK-HU 11.

Values of transfer capacity for SK — HU cross-border connection for default
grid with TCSC installed to series with line V 449  (Levice - God) are shown in
table 2. For maintaining N-1 criterion was line V 490 (EMO - Levice) when line
V491 (EMO - Levice) was switched off.

Table 2. Transfer capacity for variant SK-HU I1.

Line loads Limit element
Branch TTC [MW] NTC [MW N-1
[MV\/] ( - )
448 (Gabcikovo-Gydr) 1085,8 490
2382,8 2182,8
449 (Levice-God) 1296,9 (491)

4.3 Variant SK-HU 1.
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Values of transfer capacity for SK — HU cross-border connection for default
grid with TCSC installed to series with line V 448 (VE Gabcikovo - Gyér) are
shown in table 3. For maintaining N-1 criterion was line V 440 (LemeSany -
Mukacevo) when line V449 (Levice - God) was switched off.

Table 3. Transfer capacity for variant SK-HU I11.

Line loads Limit element
Branch TTC [MW] NTC [MW] Net
[MW] (N-1)
448 (Gabcikovo-Gyor) 1317,8 440
2514 2314b (449)
449 (Levice-God) 1194,2

4.4 Variant SK-CZ I.

Values of transfer capacity for SK — CZ cross-border connection for default
grid without TCSC installed to power system are shown in table 4. For
maintaining N-1 criterion was line V 270 (P. Bystrica - Liskovec) when line V404

(Varin - NoSovice) was

Table 4. Transfer capacity for variant SK-CZ 1.

switched off.

Line loads Limit element
Branch MW] TTC [MW] NTC [MW] (N-1)
404 (Nosovice — Varin) -889
424 (Sokolnice — Krizovany) -532,2
497 (Sokolnice — Stupava) -910,1 25457 23457 (2(7)2)
280 (Sokolnice — Senica) -101,2
270 (Liskovec — P. Bystrica) -1134
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4.5 Variant SK-CZ 11.

Values of transfer capacity for SK — CZ cross-border connection for default
grid with TCSC installed to series with line V 404 (Varin - NoSovice) are shown
in table 5. For maintaining N-1 criterion was line V 280 (Senica - Sokolnice)
when line V497 (Stupava - Sokolnice) was switched off.

Table 5. Transfer capacity for variant SK-CZ Il.

Limit
Line loads
Branch TTC [MW] NTC [MW] | element (N-
Mw] )
)
404 (Nosovice — Varin) -1340,2
424 (Sokolnice — Krizovany) -336,9 280
497 (Sokolnice — Stupava) -661,3 26775 24775 (497)
280 (Sokolnice — Senica) -242
270 (Liskovec — P. Bystrica) -97,1

4.6 Variant SK-CZ Il11.

Values of TTC for SK — CZ cross-border connection for default grid with
TCSC installed to series with line V 424 (Krizovany - Sokolnice) are shown in
table 6. For maintaining N-1 criterion was line V 270 (P. Bystrica - Liskovec)
when line V404 (Varin - NoSovice) was switched off.

Table 6. Transfer capacity for variant SK-CZ Ill.

Line loads .
Branch TTC[MW] | NTC [MW] | Limitelement (N-1)

[MW]
404 (Nosovice — Varin) -586,8
424 (Sokolnice — Krizovany) -1336,3

. 270

497 (Sokolnice — Stupava) -492,1 2738,5 2538,5

(404)
280 (Sokolnice — Senica) -172,2
270 (Liskovec — P. Bystrica) -151,1




Zsolt Conka et al. Improvement of Transfer Capacity by TCSC and WAMS in Central East Europe power system

4.7 Variant SK-CZ V.

Values of TTC for SK — CZ cross-border connection for default grid with TCSC
installed to series with line 497 are shown in table 7. For maintaining N-1 criterion
was line V 270 when line V404 was switched off.

Table 7. Transfer capacity for variant SK-CZ IV.

Line loads Limit element
Branch TTC [MW] NTC [MW
[MW] (N-1)
404 (Nosovice — Varin) -682
424 (Sokolnice — Krizovany) -352,2
270
497 (Sokolnice — Stupava) -1335,1 2741 2541

(404)
280 (Sokolnice — Senica) -2174
270 (Liskovec — P. Bystrica) -155,2

5. ECONOMIC ASPECTS

On the final price of TCSC have the greatest impact rated power [MVA].
These characteristic of the TCSC, especially for large transmitted power is
significant for economical solution. The investment for TCSC with the same
parameters according to experience, reaching about 400% of the PST transformer
price, there can therefore be considered with a value of € 19,000 to 1 MVA of
installed capacity of PST. For presupposition maximal current limitation 2000A
corresponds ca. 1400 MW. Install of TCSC requires the construction of
specialized fields in substations. Field for TCSC must be equipped compared to
standard outlets (eg. For line or transformer) - a measure, protected and especially
on a full field equipment by-pass (In contrast with conventional fields are fields
with TCSC featured by 2 or 3 circuit breaker and with an appropriate number of
isolators). Price of one average field in substation of 400 kV is approximately 3.0
million €. Price of field with TCSC is approximately 7.5 million €.

Conclusions

Simulation results shows, that the best place for installing TCSC on cross-border
connection between Slovakia and Hungary was on line V 448 (VE Gab¢ikovo -
Gyor). Value of TTC with TCSC installed to series with line V 448 (VE

-10-
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Gabgéikovo - Gyor) is 2512 MW. It was about 151 MW bigger than TTC with
TCSC installed on line 449 (Levice - God).

The best place for implementation of TCSCb on cross-border connection between
Slovakia and Czech Republic was on line V 497 (Stupava - Sokolnice). Value of
TTC with TCSC installed on line V 497 was 2741, 9 MW. TTC with TCSC
installed on line 424 (Krozovany - Sokolnice) was 2738, 5 MW, that was smaller
about 3 MW, and Total transfer capacity with TCSC on line 404 (Varin -
Nosovice) was 2677, 5 MW. That was smaller about 60 MW against TTC with
TCSC on line 497.b
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