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Abstract. The article is devoted to the development of the mathematical models of modern devices of
flexible alternating current transmission systems (FACTS) when calculating the modes and stability of
power systems and to the analysis of influence of the specified devices on transient stability of the
generators. The considered scheme contains the generators with the gas turbine drive that have
electromechanical parameters providing lower level of transient stability compared to units of higher power
rating, which in some cases requires implementation of measures for transient stability enhancement. As
examples of FACTS the following devices have been considered: compensating device based on voltage-
sourced converter (STATCOM), static synchronous series compensator (SSSC) and the unified power flow
controller (UPFC). The known examples of mathematical models of FACTS devices vary in complexity.
For a preliminary assessment of the effectiveness of the FACTS devices, it is proposed to use simplified
models that adequately reflect their impact on transients. The use of models made it possible to establish a
positive impact of the devices on transient stability of generating equipment in case of short circuits in the
electric network. The important conclusion here is that the use of the UPFC device based on two converters
(with a corresponding increase in cost) compared to one converter device (STATCOM or SSSC) slightly
increases the level of transient stability and the limit time of short circuit disconnection. The proposed
method of simulating the FACTS devices is suitable for numerical calculations of transient processes in
electric power systems, in particular, to estimate the impact on the transient stability level of the parallel
operation of power plants in case of disturbances.

1 Introduction

The aim of the article is to describe the mathematical
modeling technique of the devices of flexible alternating
current transmission systems and the analysis of their
efficiency in terms of influence on the level of transient
stability of parallel operation of the power plant
equipped  with  generators  with  deteriorated
electromechanical parameters. The devices of the regime
regulation based on the power electronics allow to solve
problems with providing required indicators of stability
and reliability of electrical power systems and also
decrease total costs of the electrical energy transfer
because the new network construction is not necessary
[1-6]. These devices are used to increase the indicators

of controllability and capability of electricity
transmissions and define properties of flexible
alternating current transmission systems. Electro-

technical network equipment of the FACTS is capable to
solve problems with the operation modes optimization in
electrical power systems by several criteria at once:
transmission capability, level of technological losses,
stability, redistribution of the power flows, quality of the
electric energy, etc. [7-8]. Besides, implementation of
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the FACTS allows to reduce or eliminate the action
adjustments from emergency control systems in a
number of circuit-mode situations.

Due to the development of the FACTS technologies,
it is relevant to develop the methods of assessing the
effectiveness of such devices for further promotion in the
United Power System of Russia.

2 Calculation scheme

As a design scheme, in which a gas turbine power plant
of relatively low capacity is connected by a power
transmission line to a powerful load, the voltage at the
connection point can be considered constant (Figure 1).
A compensating device of parallel/series action, so-
called unified power flow controller is in the middle of
the line. The device consists of two voltage-sourced
converters connected by a direct current link through
which the converters can exchange active power; each of
the converters generates independently reactive power.
Such scheme is rather widespread in electrical supply
systems of oil and gas extraction complexes. The output
of the power plant is 100 MW (4 machines on 25 MW,
cos®=0.9). Electromechanical parameters of generators:
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the synchronous, transient and subtransient reactances
are respectively equal to xd = 1.98 p.u., x'd = 0.3 p.u,,
x"d = 0.216 p.u. The Value of the mechanical inertial
constant of the unit: Tj = 2.3 s. These circumstances
cause reduced level of the transient stability in short
circuits. The connection with the receiving end of the
power system is performed by double-circuit power
transmission line of nominal voltage 110 kV with length
of 60 km (made by steel-aluminum wire 240 mm?).
Different types of multi-phase short circuits (SC) at the
beginning of the transmission line (the bus with Ul) are
used as disturbances [9]. The aim of this article was the
analysis of the FACTS devices influence on the
electromechanical transition processes at disturbance and
definition of limit time of fault clearing at different
structure of the compensating device.

It was assumed that the power of each of the UPFC
converters was 0.225 p.u. (25 MVA), and the power S of
the power plant was taken as the basis power.
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Fig. 1 Design scheme with FACTS device.

3 Modeling of FACTS devices

3.1 Mathematical model of STATCOM

The following dynamic model as a system of algebraic
differential equations is introduces in order to carry out
calculations of electromechanical transient processes of
electric power system with a device of STATCOM type.

The input variable is the voltage on the high voltage
buses of network at the connection point with Uy set by
the projections of U, and U, on the coordinate axes of q
and d combined with a rotor of the equivalent generator.

The output power of STATCOM Sy, is set by in basic
data.

The increment of the electromotive force (EMF)
STATCOM AE, is calculated on the basis of the
following transfer function:

K - (Ust - Uset)

AE,, = 1
= M

where Uy, is the set value of voltage setpoint;

Ky is the coefficient of regulation of the voltage
deviation channel (Ky; = -5...-100 units of EMF
STATCOM/unit of voltage);

T, is the time constant of voltage deviation channel
(7,=10.02s).

Since the simulation uses a common coordinate
system ¢, d associated with the mathematical model of
the generator, the coefficients of the EMF increment
distribution along the q and d axes are calculated:

K, =abs (Uy)/Uy ?)
Ky = abs (Uy/Uy

Components of STATCOM currents along the axes q
and d are calculated in accordance with relations linking
components of its EMF and voltages at its connection
point:

Iqst + dest = Eqst + jEdst - Uq _jUd 'jbst (3)

it follows that

Iqst = —bg " Eg5e — Ug 4
lgse = bse Egse — Uy (5)

Expressions in parentheses represent projections of
increments of EMF STATCOM respectively on d and q
coordinate axes, so q, d - components of currents are
calculated from expressions:

Iqst = — by -AEg - K4 - sign Uy (6)
Ly = bst “AEg; - Kq - sign Uq @)

The value of the EMF increment is limited in such a
way that the module of current STATCOM equal to the
AE; - b, cannot exceed the S device power size set in
relative units.

3.2 Mathematical model of SSSC

The mathematical model similar to model STATCOM is
developed for the SSSC. It is supposed that the device
can independently operate as the static synchronous
series compensator and also as a part of the unified
power flow controller (UPFC) that includes STATCOM
exchanging active power with SSSC (according to
regulation parameters of the last). Power links of two
devices are presented in the set of constraints.

Input variable is the value of current /,, proceeding
on the transformer which is switched on in series in a
transmission line in device connection point, set by the
projections I, u I; on coordinate axes of the general
coordinate system q and d.

Inductive reactance of SSSC transformer is taken in
relative units equal to Xy = 0.02... 0.04 p.u.

The power of the SSSC Sy is set in the basic data
(usually taken equal to the power rating of the
STATCOM).

The EMF control signal of SSSC is calculated from
the known current deviation using the following transfer
function:

_ Koi(Im - Iset)

Al

)

where I is a setting value on current;

Ky is a coefficient of regulation of the current
deviation channel (Ky = 10...100 units of EMF
SSSC/unit of current);
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T; is a time constant of the current deviation channel
(T;=0.01s).

The projections of SSSC EMFs on axes q and d are
calculated with transfer functions using additional signal
of generator rotor speed deviation s from the
synchronous speed (time constants T 1 T, are 0.01 s):

AE _ ALy * Xsggc Idreg kow *s 9)
s33¢ 1+ stssc 1+ pTOa)

AE, _ —AlLy " Xgssc Iqreg kow * s (10)
sese 1+ stssc 1+ pTOw

Where ljreg, Igreg are the components of SSSC
current, determined in accordance with the control angle
p of (when SSSC is a part of UPFC, the angle p is
generally different from zero):

lyreg =1Ig-sin p +1;-cos p (11
lyreg =1g cos p —1g-sin p (12)

When SSSC operates as a part of UPFC, active
power exchange with the network depends on
STATCOM capabilities in accordance with limitations
determined by the power rating of the devices. Active
current components  Ipsgsc, Igssse 0f SSSC (needs for
calculating the power exchange between voltage-source
converters) are calculated according to the value of the
measured active power of SSSC Py, . Formally
equating the value of measured reactive power of SSSC
Qsssc, to zero we can obtain the following relations that
determine d, q - components of the SSSC current
corresponding to the active power:

I _ Pssscl
qsssc = 2 13
AUdsssc + Aqussc ( )
gsssc
AU,
lassse = Iqsssc ' AU e (14)
qgsssc

Due to the active power exchange of STATCOM
with the electrical power network and through the DC
link with SSSC, additional components are entered into
equations (6) and (7):

Iqst = —bg *AEg - Ky - sign Uy + Iqsssc' (15)
lyst = bgp = AEge * Ky - sign Ug  + Igsgse- (16)

The additional voltage increments of SSSC are
calculated from obtained components of EMF (formulas
(9), (10)) taking into account limitations determined by
the active power exchange with STATCOM in
accordance with its own reactive power loading. Voltage
increments introduced by the SSSC are limited so that
they do not exceed preset values of the converter power
rating.

The restriction system is constructed so that SSSC
has priority over STATCOM as active power supply
with SSSC reduces reactive power generation of
STATCOM, using for the voltage regulation in
connection point.

The simulation results, shown in the next section of
this article, had been obtained using the Dymola
software. The correctness of the devices simulation
performed within the framework of the article was
confirmed by comparing transients in normative
disturbances with processes calculated in
Matlab/Simulink (SimPowerSystems Blockset).

4 Obtained influence transient
processes results and limit time of fault
clearing

The fault clearing limit time was determined in case of
double-phase-to-ground short circuit (SC) and three-
phase SC at the beginning of the power transmission
line.

The impact of single operating mode of devices
(STATCOMY/SSSC) and the total composition of UPFC
was assessed.

In all cases it was assumed that the generator is
equipped with a fast-excitation control system (digital
model automatic excitation regulator of strong action
based on semiconductors was used), which provided
double excitation forcing at the initial stage of the
process and subsequent continuous adjustment of voltage
regulation, which caused damping of rotor oscillations.
The limit times results of SC clearing calculation are
summarized in Tables 1 and 2.

The cut-off time limit was determined at the first
angle fluctuation.

Table 1. Limit value of time of double-phase-to-ground SC

disconnection.
Calculation option Time SC, s
Without additional devices 0.1592
STATCOM 0.1635
SSSC 0.1667
UPFC 0.1710

Table 2. Limit value of time of three-phase SC disconnection.

Calculation option Time SC, s
Without additional devices 0,1110
STATCOM 0,1130
SSSC 0,1138
UPFC 0,1155

When analyzing the results given in Tables 1 and 2, it
is necessary to keep in mind that the increment of rotor
angle value in the short circuit has a quadratic
dependence on the disturbance duration. The data of
Tables 1 and 2 show that in order to ensure stability with
considered disturbances, it is reasonable to use relay
protections and switching devices, which ensure the time
of SC clearing at the level of 0.1 s.

In determining the limit times of the SC
disconnection, rather small values of the control
coefficients of the voltage deviation channel of
STATCOM (K =-10) and the current deviation channel
of SSSC (K 10) were used, which provide
satisfactory stabilization of the specified values during
transient processes.
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Despite the relatively small increase in the SC cut-off
time limit, the effect of the FACTS devices on the
transition process is positive. To illustrate this
conclusion, Figures 2 and 3 compare processes caused
by a double-phase-to-ground SC without and with
FACTS devices.

Figure 2 compares curves illustrating the change of
power transmission angle and electromagnetic power of
the generator in case of double-phase-to-ground SC. We
can observe significant decrease in the amplitude value
of the angle Jy in the first fluctuation.

Fig. 2 Change of the angle and electromagnetic power of
the generator at double-phase-to-ground SC with
duration of short circuit Atse = 0,1592 (without
STATCOM - blue and red curves, with STATCOM -
green and violet curves respectively)

Fig. 3 Change of voltage at the beginning of the line L1
(U; - blue and green curves) and at the installation point
of STATCOM (Uy, - red and purple curves); blue and red
curves are when STATCOM is switched off, green and
violet curves are when STATCOM is switched on.

An important factor affecting the process is the
change of the voltage value at the midpoint of the power
transmission line [10-13]. As shown in Figure 3, without
STATCOM the process is characterized by a long-term
reduction of voltage values U; and Uy,.

It should be noted that the main variables
(transmission angle, electromagnetic generator power,
U, u Uy voltage) change slightly in comparison when
SSSC is used and when the full structure of UPFC is
switched on. Therefore the specific structure of the
device should be considered with technical and
economic comparison, considering that UPFC cost
(consists of two voltage-source converters) exceeds
twice the cost of STATCOM [14]. Obtained
considerations are also confirmed by the relatively small
dependence of SC disconnection limit times on the
structure of the compensating device.

Conclusions

The method of mathematical modeling of fast-acting
devices of the FACTS based on presentation of them by
regulated sources of EMF, related by the system of
mutual restrictions has been developed. Such device
models were verified by comparing transients in
disturbances ~ with  those  calculated in  the
Matlab/Simulink complex. The presentation of devices
in the form of sources of controlled EMF allows to
preliminary assess the efficiency of their application in
order to increase the level of transient stability.

The influence of the FACTS devices on the limit
time of short circuit disconnection has been considered
and it has been noted that the use of a device with one
converter (STATCOM or SSSC) is more effective.
Application of UPFC device based on two converters
(with corresponding increase of cost) in comparison with
one converter device (STATCOM or SSSC) slightly
increases the level of transient stability and the limit time
of short circuit disconnection.
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