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a b s t r a c t

In this article the research results of application of back-to-back HVDC system in the Tomsk electric
power system are presented. Historically, power transmission between the South to the North parts of
the Tomsk electric power system is realized via the long double-circuit 220 kV overhead transmission
line. However, due to electrical load increasing and growing complexity of the grid, as well as the
length (about 800 km) and low transfer capacity of this transit, it cannot be used as a reliable link for
parallel operation of these parts, as a consequence, there is an operational section at this transit. To
solve this task, the back-to-back HVDC system is proposed to provide an asynchronous link for parallel
operation of these parts. Therefore, appropriate studies and calculations were performed, in particular
the optimal location and sizing of back-to-back HVDC system were defined. Extra researches of back-
to-back HVDC’s impact on emergency scenarios of Tomsk electric power system power are conducted.
It is shown, that its installation decreases the level of short-circuit current and oscillations in electric
power system, and as a result increases the stability of load operation, especially motor load.

© 2020 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Nowadays the electric power system (EPS) of Tomsk region
consists of the North part, where oil and gas facilities are con-
centrated, and the South part, where thermal power plants are
located. Historically, power transmission between the South to
the North parts is realized via the long double-circuit 220 kV
overhead transmission line from Nizhnevartovsk power station
(United power system (UPS) of Ural) – Tomsk substation (UPS
of Siberia) (Fig. 1). However, due to electrical load increasing (in
particular, the North part) and growing complexity of the grid,
as well as the length (about 800 km) and low transfer capacity
of this transit, it cannot be used as a reliable link for parallel
operation of the North and South EPS parts (Shakaryan et al.,
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2012; Fokin, 2015; Vainshtein et al., 2012), as a consequence,
there is an operational section at Substation (Ss) No.7. Thus, it
significantly decreases the reliability and efficiency of the elec-
tric power supply for consumers, especially oil and gas facilities
during the period of routine switching operations by the system
operator.

In this regard, the interconnection (even for a short period
on the time) or asynchronous interconnection of the South and
North parts of Tomsk EPS can solve this task and provide the
reliable electric power transmission between UPS of Ural and
UPS of Siberia (these power systems are currently connected via
transmission through the Omsk EPS and UPS of the Republic of
Kazakhstan), as well as increase the flexibility and sustainability
of the Tomsk EPS operation in general.

There are several ways to solve this problem (Kaijian et al.,
2014; Khaled et al., 2015; Raza et al., 2017):

(1) interconnection via synchronization tools and busbar cir-
cuit breakers (for example, at Ss_4 or Ss_7). This approach
is limited by the value of voltage angle difference (δ) be-
tween buses, at which parallel operation is possible with-
out any power oscillations in interconnected parts of EPS,

https://doi.org/10.1016/j.egyr.2020.01.017
2352-4847/© 2020 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-
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Fig. 1. Part of the studies scheme of the Tomsk EPS, where 1–11 substations, St – electric power station, SM – synchronous motor, AM – asynchronous motor, UPS
– unified power system.

and by the time, at which the synchronization conditions
are met: equality of angular frequencies, voltage magni-
tudes and phase angle between these voltages;

(2) use of modern technologies — back-to-back (B2B) High-
Voltage Direct Current (HVDC) system based on voltage
source converter (VSC) (Kaijian et al., 2014; Khaled et al.,
2015; Raza et al., 2017), which provides the asynchronous
interconnection at any value of δ, angular frequencies and
voltage magnitudes.

It should be noted that, the VSC HVDC is a new type of direct
current transmission technology, which based on a high-power
switching (IGBT, GTO) with the pulse-width modulation method
of controlling (Flourentzou et al., 2009; Latorre and Ghandhari,
2011; Andersen et al., 2002). The properties and characteristics
of VSC provide the key opportunities for effective interconnec-
tion of power systems, which consist in: (1) the independent
regulation of the active and reactive power flows (via operation
in four quadrants), (2) the implementation of the power flow
reverse without changing the polarity of voltage, the ability of
VSC connection to a weak grid and etc. (Zhang et al., 2010, 2011).

However, the number of deep studies and comprehensive
analysis should be carried out to provide the asynchronous in-
terconnection of South and North parts of Tomsk EPS, mainly
the optimal placement and capacity of the B2B HVDC system
should be found. These studies and analysis are becoming even
more relevant due to lack of operating experience of VSC HVDC
in Russia.

The paper is organized as follows: In Section 2 the description
of the Tomsk EPS is presented. The analysis of interconnection via
synchronization tools and busbar circuit breakers, and via the B2B
HVDC system are shown. Section 3 presents the formed require-
ments for minimum bandwidth capacity of the B2B HVDC (i.e. the
minimum required power of B2B HVDC system), results of cal-
culation of the maximum permissible active power flow in the
controlled 220 kV transit. Based on these results the optimal place
and capacity of the B2B HVDC system are determined. Besides,
the researches of B2B HVDC’s impact on emergency scenarios of
Tomsk EPS are shown. Section 4 presents the conclusions.

Fig. 2. B2B HVDC model structure.

2. Analysis of possible solutions

2.1. Configuration of the studied system

To prepare the calculation scheme the Eurostag (Standard
models library, 2008) and RastrWin (Aleksandrov et al., 0000)
software programs were used. In particular, the simulation of the
interconnection of the South and North parts of Tomsk EPS via
synchronization tools and busbar circuit breakers, and the B2B
HVDC system were performed in the Eurostag software, while
the RastrWin software was used for calculating the maximum
permissible active power flow.

According to Cole and Haut (2013) a B2B HVDC model is
realized base on the two dynamic controlled injectors, which
deliver the consumed or produced power into the node (Fig. 2).
Different macroblocks are used to realize a control system of the
HVDC. In particular, control system of each converters includes
Current Controller (CC) and Active and Reactive Power Controller
(PQC) macroblocks, thus for other one PQC macroblock is replaced
by the DC Voltage and Reactive Power Controller (UQC). In the di-
rect current circuit (DCC) macroblock the direct current network
equations are realized.

In the RastrWin software, which is designed to solve the
tasks of calculating, analyzing and optimizing EPS modes, the
simulation results of determining of steady-state stability limit
and the maximum permissible power flow through the 220 kV
Ss_1 – Ss_11 transit in normal and abnormal (repair scheme) are
presented. In Table 1 the initial data for the calculation are given,
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Table 1
Initial data for the calculation.
Generation P (MW) Q (Mvar)

St 1 331 199
St 2 140 84
St 3 549 329
St 4 36 22
St 5 8 5
Substation Load Electrical motor

P (MW) Q (Mvar) P (MW) Q (Mvar)

Ss_1 121 70 21 6
Ss_2 47 22 10 8
Ss_3 12 8 4 3
Ss_4 8 5 4 3
Ss_5 2 3 - -
Ss_6 5 4 4 4
Ss_7 16 8 10 3
Ss_8 27 18 12 5
Ss_9 35 22 15 9
Ss_10 23 23 - -
Ss_11 10 4 - -

Fig. 3. The measurement plot of hourly average values of angle (δ) between the
vectors of voltages of the Tomsk EPS parts.

while the initial mode of the calculation scheme is set according
to the measurements from the operational and informational
software complex (the Russian equivalent of Supervisory Control
and Data Acquisition systems) of the Tomsk EPS.

2.2. Interconnection via synchronization tools and busbar circuit
breakers

According to simulation studies of normal and abnormal (re-
pair scheme) of North and South part of Tomsk EPS the variation
range of the angle (δ) is around ±30◦ (Fig. 3). At the same
time, according to field measurements of the angle (δ◦) between
voltages of UPS of Ural and UPS of Siberia, which were carried out
at Ss_7 (Litvak et al., 1990), the range of variation of the angle
(∆δ◦) reached 50◦ (Fig. 3).

Further, the simulation of the opportunity of interconnection
via synchronization tools and busbar circuit breakers at each
substations at various value of angles was carried out. Based
on these simulation results the maximum value of angle (δmax),
wherein the stability operation of the EPS does not lose (Ta-
ble 2), is defined (the maximum power surge and generated
balanced current do not exceed the maximum permissible value
for thermal withstand, the voltage value is set at the nominal
level and electric motor load does not lose synchronism). For
example, the interconnection at Ss_7 at the angle (δ ≈40◦) leads
to instability and loss of the EPS stability (Fig. 4), in particular
the synchronous motor (SM) at Ss_7 is lose the synchronism.
Thus, the interconnection via synchronization tools and busbar
circuit breakers is quite complicated approach, which limited by

Table 2
The maximum value of angle between the voltages of Ss buses, wherein the
stability operation of the EPS does not lose.

The maximum value of angle (δmax , ◦)

Leading of U_UPS of Ural
(bus_1)

Leading of U_UPS of Siberia
(bus_2)

Ss_1 66 60
Ss_2 62 57
Ss_3 57 52
Ss_4 54 50
Ss_5 50 46
Ss_6 49 43
Ss_7 45 38

the value of angle and the time interval, while this value will be
in the allowed range. Besides, it remains unknown how long this
angle will be within the ‘‘safe’’ range.

2.3. Asynchronous interconnection via B2B HVDC system

It is known, that B2B HVDC system provides the asynchronous
interconnection at any value of angle between the voltages, an-
gular frequencies and magnitude of the voltages. To confirm this
opportunity the simulation result of B2B HVDC system applica-
tion at Ss_7 are presented in Fig. 5. It is seen, that even angle
is around δ ≈180◦ (theoretically worst mode) the asynchronous
link does not disturb the stability of the Tomsk EPS, the level of
voltage does not significantly reduce (∆≤1%) and does not lead
to a shutdown the electric motors.

At the same time, the obtained simulation results show a
positive effects of the B2B HVDC system application during short-
circuit fault on the transit: the voltage at the connecting buses
practically does not change, the level of oscillations and mutual
influence of short-circuit current reduce in the unified parts of
the Tomsk EPS, as a result the stability operation of load nodes,
especially the motor loads, is improved (Figs. 6, 7).

3. Analysis of optimal place and capacity of the B2B HVDC
system in the Tomsk EPS

The following requirements shall be taken into account for
determining the minimum bandwidth capacity of the B2B HVDC
system:

(1) the value of the maximum possible emergency unbalance
of active power arising from a disconnection of generator unit
or a surge of active power resulting of switching-off of largest
consumer.

Thermal power plants can regulate power flow through the
B2B HVDC system in normal and abnormal EPS modes. In this
regard, the possibility to reserve the generation units of these
stations should be considered in case of their emergency and
planned outages — the power of the largest generation unit is
around 140 MW.

In separation operation of North and South parts of Tomsk
EPS a short-circuit faults occurring in the link Ss_1–Ss_2 leads
to disconnection of consumers of at least five substations with
a total load up to 95 MW, or disconnection of consumers of at
least four substations with a total load up to 140 MW in case of
short-circuit faults occurring in the link Ss_10–Ss_11.

(2) the value of the maximum permissible active power flow
(MPP) in the controlled 220 kV transit.

There are two controlled transit sections, in which MPP shall
be calculated:

• Ss_1–Ss_2 controlled transit section (1st and 2nd circuit
lines);
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Fig. 4. The waveform of voltage (a) and angle between voltage of bus1 and bus2 of Ss_7 (b), rotational speed (c) and voltage of electrical motors (d).

Table 3
The calculation of MPP and determination of capacity of B2B HVDC system for Ss_1.
Value of MPP for the controlled
transit section in normal scheme

Section Ss_1–Ss_2 PMPP1 = 268 MW It is determined by the criterion of non-exceeding of the
emergency permissible current load (EPCL) for the 1st circuit
line of the 220 kV overhead line Ss_1–Ss_2 in the
post-emergency mode (PEM) under switching-off the 2st
circuit line of 220 kV overhead line Ss_1–Ss_2, and vice versa.

Section Ss_11–Ss_10 PMPP2 = 204 MW It is determined by the criterion of non-exceeding of the EPCL
for the 1st circuit line of the 220 kV overhead line
Ss_11–Ss_10 in the PEM under switching-off the 2st circuit
line of 220 kV overhead line Ss_1–Ss_2, and vice versa.

Power consumption of the controlled
220 kV transit

Ss_1 PL3 = 142 MW Sum of power consumption of Ss_1

From Ss_11 to Ss_2 PL4 = 244 MW Sum of power consumption from Ss_11 to Ss_2; there are
additional generation units (St_4 and St_5) injected to the grid
44 MW.

Determination of capacity of the B2B
HVDC system

PB2B = PMPP1 − PL3 = 268 − 142 = 126 MW Maximum possible flow of active power through the B2B
HVDC system from Ss_1 to Ss_2 (from the UPS of Urals to the
UPS of Siberia)

PB2B = PMPP2 − PL4 + 50 = 204 − 244 + 44
= 4 MW

Maximum possible flow of active power through the B2B
HVDC system from Ss_2 to Ss_1 (from the UPS of Siberia to
the UPS of Ural)

Accordingly, the recommended installed capacity of the B2B HVDC system taking into account the reserve is around ± 140 MW. However, power transfer through
B2B HVDC system, installed at Ss_1, can be carried out only from the Ss_1 to the Ss_2 (from the Urals Ural to the OES of Siberia).

• Ss_11–Ss_10 controlled transit section (1st and 2nd circuit
lines);

To obtain the largest transit power flow through the B2B HVDC
system a minimum consumption mode of the EPS is considered.
As an example, the results of MPP calculation, determination of
capacity and placement of B2B HVDC system for Ss_1 and Ss_7
are presented in Tables 3 and 4.

According to the obtained result the Ss_7 is the most optimal
placement for B2B HVDC system (in particular because it will

provide power flow reversibility) with rated power is around ±

140 MW.
It should be mentioned that, obviously, the installation of the

B2B HVDC system will not provide a reliable and «strong» link
between the UPS of Ural and the UPS of Siberia. However, under
the existing operation condition of the 220 kV transit (operational
section at Ss_7, «weak» link between the UPS of Ural and the
UPS of Siberia, responsible consumers), the properties and capa-
bilities of the B2B HVDC system will provide the asynchronous
interconnection of the South and North parts of Tomsk EPS for
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Fig. 5. The waveform of voltage (a) and angle between voltage of bus1 and bus2 of Ss_7 (b), rotational speed of electrical motors (c) and through the B2B HVDC
system (d) at δ ≈180◦ .

Table 4
The calculation of MPP and determination of capacity of the B2B HVDC system for Ss_7.
Value of MPP for the controlled
transit section in normal scheme

Section Ss_1–Ss_2 PMPP1 = 268 MW It is determined by the criterion of non-exceeding of the EPCL
for the 1st circuit line of the 220 kV overhead line Ss_1–Ss_2
in the PEM under switching-off the 2st circuit line of 220 kV
overhead line Ss_1–Ss_2, and vice versa.

Section Ss_11–Ss_10 PMPP2 = 204 MW It is determined by the criterion of non-exceeding of the EPCL
for the 1st circuit line of the 220 kV overhead line
Ss_11–Ss_10 in the PEM under switching-off the 2st circuit
line of 220 kV overhead line Ss_1–Ss_2, and vice versa.

Power consumption of the controlled
220 kV transit

From Ss_1 to Ss_6 PL1 = 238 MW Sum of power consumption from Ss_1 to Ss_6

From Ss_11 to Ss_7 PL2 = 148 MW Sum of power consumption from Ss_11 to Ss_7; there are
additional generation units (St_4 and St_5) injected to the grid
44 MW.

Determination of capacity of the B2B
HVDC system

PB2B = PMPP1 − PL1 = 268 − 238 = 30 MW Maximum possible flow of active power through the B2B
HVDC system from Ss_6 to Ss_7 (from the UPS of Urals to the
UPS of Siberia)

PB2B = PMPP2 − PL2 + 50 = 204 − 148 + 44
= 100 MW

Maximum possible flow of active power through the B2B
HVDC system from Ss_7 to Ss_6 (from the UPS of Siberia to
the UPS of Ural)

Accordingly, the recommended installed capacity of the B2B HVDC system taking into account the reserve is more than ± 110 MW.
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Fig. 6. The waveform of rotational speeds of electrical motors (a) and voltage (b) under short-circuits fault (at t = 11 s) on the inverter side of the B2B HVDC,
installed in Ss_7.

Fig. 7. The waveforms of rotational speeds of electrical motors (a) and voltage (b) under short-circuits fault (at t = 11 s) on the inverter side of the B2B HVDC,
installed in Ss_1.

Table 5
Short-circuit current under fault at Ss-7.
Overhead lines Before installation, A After installation, A Difference, A

1–2 590 440 150
2–3 600 460 140
3–4 650 480 170
4–5 1200 870 330
5–6 1240 880 360
6–7 1300 910 390
7–8 970 260 710
8–9 780 310 470
9–10 760 340 420
10–11 740 350 390

Table 6
Short-circuit current under fault at Ss_1.
Overhead lines Before installation, A After installation, A Difference, A

1–2 650 650 0
2–3 500 360 140
3–4 450 350 100
4–5 820 650 170
5–6 800 620 180
6–7 780 610 170
7–8 540 460 80
8–9 480 420 60
9–10 460 400 60
10–11 440 380 60
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bidirectional power flow, ensuring the reliable electric power
supplies.

However, installation of the B2B HVDC system at Ss_7 reduces
the level of the short-circuit in the EPS (Tables 5–6), which
accordingly reduces the current requirements for the equipment
and increases its service life.

4. Conclusion

1. The problem of parallel operation of the South and North
parts of the Tomsk EPS and the analysis of ways to solve this task
are presented

2. The maximum value of angle between the voltages of sub-
station buses, wherein the stability operation of EPS is not lose,
for each substation are determined. This result show that the in-
terconnection via synchronization tools and busbar circuit break-
ers is quite complicated approach, which limited by the value of
angle and the time while this value will be in the allowed range.
Besides, it remains unknown how long this angle will be within
the ‘‘safe’’ range.

3. The B2B HVDC system was proposed as an alternative
approach to solve this problem and to provide asynchronous
interconnection at any value of the angle and any moment of time
(for example during a routine switching).

4. The obtained results show than the Ss_7 is the most optimal
placement for the B2B HVDC system with rated power is around
± 140 MW.

5. The B2B HVDC’s impact on emergency scenarios of the
Tomsk EPS is conducted. It is shown, that the B2B HVDC system
provides faster initial transient recovery, the mutual influence of
short-circuits in the unified parts of the EPS is reduced, the volt-
age at the connection point of the B2B HVDC system is practically
unchanged, the level of oscillations in the EPS is reduced.

Future work will be focused on defining necessity in extra
functions of the B2B HVDC system, particularly, voltage balancing
and frequency regulation, defining optimal topology of voltage-
source converter, as well as structure, settings and algorithms of
automatic control and protection system.
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