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Abstract. The article presents the results of computational experiments confirming the efficacy of the 
phase-shifting transformer (PST) as a type of a phase-shifter, which is to be installed at the backbone 
750/330 kV substation Belorusskaya, in the repair and post-emergency states of the Belarusian power 
system, as well as an analysis of technical and economic performance indicators. 

Introduction 

The commissioning of a nuclear power plant in the 
Republic of Belarus in 2021 caused a radical 
transformation in the power system, as the installed 
capacity of the Belarusian nuclear power plant is about 
40% of the annual maximum load. 

The backbone grid of the Belarusian power system, 
as well as interconnections with adjacent power systems 
are formed at 330-750 kV. At present, along with 
changes in the internal 330 kV connections, the 
composition of the external 330 kV interconnections is 
changing. In this regard, maintaining the standard 
backup capacity in the Belarusian power system poses a 
question of how to regulate the flow of active power 
between the grids of 330 kV and 750 kV voltage classes. 

In connection with the changes in the topology of the 
330-750 kV backbone grid as was outlined above, given 
the limited interconnection redundancy capabilities, the 
Belarusian power grid comes close to the need to build 
an active-adaptive 330-750 kV grid, allowing for real-
time grid control using phase shifters (PS). 

The article considers the possibility of regulating 
active power flows along the 750 kV transmission line 
Smolensk NPP - Belorusskaya, which connects the 
Belarusian power system and the UES of Russia. 

As is known, the active power flow in an AC power 
line is determined by expression (1). 

P ൌ
Uଵ ∙ Uଶ

X୪
∙ sin δଶଵ                                                 ሺ1ሻ 

where Uଵ and Uଶ are the voltage moduli of the power 
source at the beginning of the line and the voltage of the 
electric load at the end of the line; 

X୪ - line reactance; 
δଶଵ - the phase angle between the voltage vector of 

the power source and the load. 
The voltage moduli on the power source and load 

buses (including at different points of power systems) 

are formed based on specified parameters of power 
flows, equipment reliability, reactive power balances, 
and other basic conditions, and lack a significant 
regulation range to address the issue of active power 
flow control. It follows that the amount of active power 
transmitted through the transmission line can be 
controlled in two ways: 

- by changing the line reactance, 
- by changing the phase angle between the source and 

load voltage vectors. 
The AC line resistance is predominantly inductive in 

nature. Therefore, one of the engineering means of 
regulating the flow of active power along a transmission 
line is series compensation devices (SCD), which are 
batteries of capacitors included in series in the 
transmission line to compensate for part of its 
inductance. However, in the repair and emergency states 
of the Belarusian power system, as will be shown below, 
it is necessary to limit the flow of active power along the 
750 kV transmission line Smolensk NPP - Belorusskaya. 

Therefore, for the Belarusian power system 
regulating the power flow in the 750/330 kV grid by 
changing the phase angle between the vectors of voltages 
of the beginning and end of the transmission line proves 
relevant. 

To regulate the flows of active power in three-phase 
AC grids, one uses the phase shifter, a specialized 
modification of the power transformer. The phase shifter 
consists of two transformers: a regulated transformer, 
which is connected in parallel with the line, and a series 
transformer, the secondary winding of which is 
connected in series with the line. Due to the winding 
connection scheme, the voltage vector on the series 
winding is directed at an angle of 90 electrical degrees to 
the phase voltage of the grid. 

By changing the voltage on the series winding with a 
regulated transformer, it is possible to rotate the vector 
of total voltage at the beginning of the grid and control 
the shift angle between the voltage vectors at the 
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beginning and at the end of the transmission line by 
changing the flow of active power transmitted through it 
relative to the natural load flow [1]. 

There are two types of phase shifters: 
- phase-shifting transformers (PST): they the ability 

to continuously regulate quadrature voltage; 
- quadrature booster: they regulate step voltages. 
The quadrature booster (QB) is a three-phase 

transformer built into a single-tank; it has no OLTCs. 
QB is a simple, cheap, and reliable phase shifter used in 
power flow control in a 220-500 kV grids of elaborate 
topologies. 

At 750 kV substations (SS), the functions of the PST 
can be performed by a quadrature booster installed at the 
neutral point of a 750/330 kV autotransformer (AT). 

It should be noted that at present, the output voltage 
phase shift is changed mainly by means of traditional 
mechanical on-load tap changers (OLTC). OLTCs have 
a relatively low response time (a few seconds) and a 
relatively low reliability. However, if it is necessary to 
increase the speed of the phase shifter, thyristor switches 
can be used, which perform a similar function of 
switching transformer windings using thyristors or triacs 
[1]. 

Phase shifters have been widely used globally since 
the second half of the XX century. Phase shifters have 
been used in the British power grid since 1969. [2]. In 
the IPS of the North-West at the Leningrad NPP, 
750/330 kV AT1 is equipped with a phase shifter. In 
2019, a 500/220 kV phase shifter with a capacity of 195 
MVA was commissioned at the Volzhskaya HPP [3]. 
Since 2009, the 500 kV Ulken substation in Kazakhstan 
has been using a 500/220 kV phase shifter with a 
capacity of 400 MWA [4]. 

1 Special considerations relating to the 
application of phase shifters in the 
Belarusian power system 

The Belarusian power system is connected to adjacent 
power systems through the 750 kV power line Smolensk 
NPP - Belorusskaya and a number of 330 kV 
transmission lines, the load of which is formed on the 
basis of power flows of all power systems involved. The 
lack of control of the distribution of active power 
between transmission lines of 330 kV and 750 kV 
voltage classes limits the utilization of the design 
capacity of grid elements. These limits do not allow 
going through all maintenance and emergency states 
without changing the composition of generating and 
consuming facilities in the Belarusian power system, 
which compromises the security of the power system. 

The substation that serves as a junction connecting 
750 kV and 330 kV grids is the 750 kV Belorusskaya 
substation. A unique feature of the 750 kV Belorusskaya 
substation circuit is that the 750 kV and 330 kV grids are 
connected through a single element being the 750/330 
kV AT. 

The analysis of the experience of operating PSTs in 
CIS countries demonstrated that the most appropriate 
way to regulate the power flows through the 750/330 kV 

AT of the 750 kV Belorusskaya substation is to use a 
standard single-phase regulating transformer of the 
ODTsNP 92000/150 type, designed specifically to work 
with the 750/330 kV AT and already proven in use. 

Our study attests to the fact that the use of this 
engineering solution, both in normal and in emergency 
states, provides the ability to control the loading of the 
750/330 kV autotransformer, and, consequently, that of 
the only 750 kV transmission line Smolensk NPP - 
Belorusskaya. 

Currently, the Belarusian power system is connected 
to the adjacent power systems of Russia, Lithuania, and 
Ukraine through eight 330 kV transmission lines and one 
750 kV transmission line. The 330 kV power 
transmission lines previously connected to the Ukrainian 
power system were disconnected due to Ukraine's 
joining ENTSO. In the case of the withdrawal of the 
Lithuanian power system from parallel operation with 
the Belarusian power system, only four 330 kV and 750 
kV transmission lines of the interconnection with the 
UES of Russia will remain in operation (Figure 1): 

1. 750 kV overhead line Smolenskaya NPP - 
Belorusskaya; 

2. 330 kV overhead line Krychaw - Roslavl; 
3. 330 kV overhead line Viciebsk - Talashkino; 
4. 330 kV overhead line Polatsk - Novosokolniki. 

 

Fig. 1 330 kV and 750 kV transmission lines connecting the 
Belarusian power system with the UES of Russia. 

2 Calculations of power flows and 
voltages 

The expansion of power grids is accompanied by an 
increase in additional power and electricity losses caused 
by the growth of equalizing power due to their 
heterogeneity. In this case, grids of different voltage 
classes are loaded according to their impedances and 
topology, and oftentimes the capacity of the entire closed 
network is limited because of its single element. 
Managing the power flow of such a network makes it 
possible to optimize active power and electricity losses, 
as well as to ensure the required level of capacity of such 
a closed network by redistributing power flows between 
grids of different nominal voltages. 
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As noted above, the standard solution for regulating 
the flows between the 330 kV and 750 kV grids is to 
install a phase-shifting transformer (PST) with a 
regulation range of ± 68 kV (± 20x5%) in the primary 
winding of the existing 750/330 kV AT , which performs 
quadrature regulation of the AT voltage. 

To perform longitudinal voltage regulation at the 
neutral point of the AT of the 750 kV substation 
Belorusskaya, an on-load tape-changer (OLTC) with a 
±64 kV (±20x5%) additional EMF regulation range is 
currently installed. 

The additional quadrature EMF of the phase-shifting 
transformer is directed at a 90º angle to the main phase 
voltage. The longitudinal and quadrature voltage control 
is carried out at the neutral point of the 750/330 kV 
autotransformer. Therefore, the total transformation ratio 
of the autotransformer is a complex number and is 
defined by the expression: 

KТ ൌ
൫ሺU୬୭୫.୑୚ േ ∆U୓୐୘େሻ √3⁄ ൅ j∆U୔ୗ୘൯

൫ሺU୬୭୫.ୌ୚ േ ∆U୓୐୘େሻ √3⁄ ൅ j∆U୔ୗ୘൯
ൌ 

ൌ KТୖ ൅ jKТ୍,           ሺ2ሻ 
where 

Unom.MV - nominal voltage of the MV winding of the 
autotransformer, equal to 330 kV; 

Unom.HV - nominal voltage of the HV winding of the 
autotransformer, equal to 750 kV; 

ΔUOLTC - the value of additional longitudinal EMF 
generated by the OLTC (± 64 kV); 

ΔUPST - the value of the additional quadrature EMF 
generated by the PST (± 68 kV). 

KTR - the real part of the complex transformation 
ratio; 

KTI - the imaginary part of the complex 
transformation ratio. 

 
To evaluate the technical performance of the use the 

PST at the 750 kV substation Belorusskaya, we carried 
out a series of electrical analysis calculations of the 
backbone grid of the IPS of Belarus in its normal and 
maintenance states under different PST taps (no 
quadrature regulation in case when PST tap No. 22 is 
selected) for winter maximum and summer minimum 
power flows. In the calculations of power flows, we 
assumed that the condition of the self-balancing of the 
Belarusian power system holds in terms of active power. 

Analysis of the calculation results showed that the 
regulation ranges of active power flows between the 330 
kV and 750 kV grids are determined by the grid 
configuration and do not depend on the level of loads. 
The configuration of the grid of the Belarusian power 
system does not depend on the season of the year, so 
below are the results of calculations of winter maximum 
power flows. 

The profiles of active power flows over the 750/330 
kV AT and 330 kV transmission lines (Krychaw - 
Roslavl, 330 kV Viciebsk - Talashkino overhead line, 
Polatsk - Novosokolniki) with different taps of the PST 
selected in the normal, maintenance (n-1) and 
maintenance-and-emergency (n-2) states are shown in 
Figures 2-4. 

 
Fig. 2. Profile of active power flows on 330 kV transmission 

lines and the 750/330 kV AT of the IPS of Belarus with 
different taps of the PST selected under normal operating 

conditions. 

 
Fig. 3. Active power flow profiles along the 330 kV 

transmission line and the 750/330 kV AT of the IPS of Belarus 
with different taps of the PST selected in the maintenance state 
(disconnection of the 330 kV Krychaw-Roslavl overhead line). 

 
Fig. 4. Active power flow profiles along the 330 kV 

transmission line and the 750/330 kV AT of the IPS of Belarus 
with different taps of the PST selected in the maintenance and 

emergency state (disconnection of 330 kV overhead lines 
Krychaw-Roslavl and Polatsk - Novosokolniki). 

The analysis of Figures 2-4 shows that the possible 
range of change in the active power flow through the 
750/330 kV AT of the 750 kV substation Belorusskaya 
is as follows: 

- in the normal operating state, it is 540 MW, 
- in the repair state - 440 MW; 
- in the maintenance and emergency state - 350 MW. 
Consequently, when using a longitudinal and 

quadrature voltage regulation at the 750 kV substation 
Belorusskaya it is possible to transfer the flow of active 
power from the 330 kV grid of the cross-border section 
of the IPS of Belarus - IPS of the Center to the 750 kV 
overhead line Smolenskaya NPP - Belorusskaya and 
back, in the range of 540-350 MW. 

 
The security of the power system is understood as the 

ability to withstand sudden power flow changes, 
preventing cascading accidents with mass disruption of 
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power supply to consumers. The deterministic criterion 
n-1 is widely used to assess the security of a power grid. 
The criterion means that in case of emergency involving 
the loss of any independent element of the grid, the grid 
continues to perform its functions in full [5]. 

As part of this study, one of the tasks was to ensure 
the security of the power system by providing the 
required transmission capacity of 750 kV and 330 kV 
interconnections in the event of an emergency shutdown 
of the Belarusian NPP. 

Performed power flow analysis with a shortage of 
active power in the Belarusian power system (in case of 
an emergency shutdown of the Belarusian NPP) show 
that the bottleneck element for receiving backup power 
is the 750/330 kV AT at the 750 kV substation 
Belorusskaya, whereas the transmission capacity of the 
330 kV transmission line proved adequate. In these 
states, the use of the PST allows eliminating the 
overloading of the 750/330 kV AT by increasing the 
load of 330 kV transmission lines by about 200-250 
MW. Thus, when receiving backup power from the UES 
of Russia, there is no overloading of grid elements and 
no need to disconnect consumers. 

Managing the loading of 750 kV and 330 kV grid 
elements using the PST also makes it possible to go 
through maintenance states in the backbone grid of the 
Belarusian power system without compromising the 
required parameters. 

3 Additional considerations related to 
the use of the PST 

As mentioned above, during an emergency shutdown of 
the Belarusian NPP, the PST allows increasing the 
interconnection transmission capacity of the Belarusian 
power system by up to 250 MW, and, consequently, the 
power system does not incur losses for electricity not 
served. The economic effect from the installation of the 
PST, according to aggregate estimates, will be 110% of 
the cost of its installation. 

In addition, a similar effect of eliminating the 
imbalance of active power in the power system can be 
achieved by constructing a new cross-system 330 kV 
overhead line or a shunting generating unit of similar 
capacity. The cost of PST installation is 10-20 times less 
than the cost of either of the above options. 

 
It should be noted that the possibility of regulation of 

active power flows between the 750 kV and 330 kV grid 
is determined by the permissible voltages for these grids 
(787 kV and 363 kV, respectively). Voltages at the 
nodes of the 330-750 kV power system are determined 
by reactive power balances, which largely depend on the 
active power load of consumers and, consequently, the 
load with respect to the active power of grid elements. 

Figure 5 shows an example of an alignment chart of 
the voltage on the buses of 750 kV substation 
Belorusskaya at different positions taps of the tap 
changer and PST. 

Since the change in the power system load is a 
dynamic process with oftentimes sharp fluctuations in 

active power (in case of emergencies), to determine 
promptly the tap of the PST and OLTC appropriate for 
the current state (with the aid of an alignment chart 
similar to Figure 5) in the future will require the creation 
of a digital twin of the longitudinal and quadrature 
regulation device [2] and its integration into the model of 
the digital twin of the power system. 

 

 
Fig. 5. Alignment chart of voltage on 750 kV buses of the 

750 kV substation Belorusskaya at different positions of taps of 
the OLTC and PST. 

Conclusion 

1. The control ranges of active power flows between 
the 330 kV and 750 kV grid using the PST are 
determined by the grid configuration and do not depend 
on the magnitude of loads. 

2. Load control of 750 kV and 330 kV grid elements 
using the PST allows to go through all maintenance, 
maintenance-and-emergency, and emergency states 
without constructing new transmission lines. 

3. When adopting the PST, it is advisable to create its 
digital twin and integrate it into the digital twin model of 
the power system. 
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