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The functional possibilities of modern direct current (DC) links for a power system control have been considered. The
organization structure of the load frequency control in the interconnected power system of Ukraine is proposed in case
of DC link construction near Khmelnitskaya nuclear power plant. The simulation results are shown in the event of the
generating unit disconnection at Burshtyn thermal power plant. It is established that DC link connection to the active
power controller of “Burshtyn island” allows providing the flexible control of the export power flows in alternating and
direct current networks. References 10, table 1, figures 5.
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Widespread implementation of the modern technologies such as flexible alternating current transmis-
sion systems and direct current (DC) links in the power systems creates new opportunities in power system
control [1-3]. Alongside with providing the active power transmission, the modern DC links enable the oscil-
lations damping [3], a participation in the automatic load-frequency control [4], power system restoration
after the blackout [5]. In recent years the installed capacity of offshore wind farms (e.g. in Northern Europe
countries) has been significantly increased. In order to provide evacuation of the generation power from
these windfarms, the multi-terminal DC links may be used in the future. They will provide the flexible power
flow control in DC and alternating current (AC) networks [6]. Besides, the multi-terminal hybrid network
interconnection will be used as a component of the future SuperGrid that will allow transmitting the electric-
ity from the remote renewables to the consuming centers and expanding European energy market [7].

Taking into account the DC technologies development and SuperGrid formation, the research of the
interconnected power system (IPS) of Ukraine operation considering increase of the export power flows is
important. Nowadays, the electricity from IPS of Ukraine to European Network of Transmission System
Operators for Electricity (ENTSO-E) is exported from so named “Burshtyn island” and Dobrotvorskaya
thermal power plant (TPP).

In Ukraine, the activities are held to provide the synchronous operation of IPS with ENTSO-E [8]. One
of the cases of the export power flow control is a DC link application. The electricity exporters in Ukraine are
also interested in DC link construction. Compared to the old-fashioned 800 kV DC link Volga hydroelectric
power plant (HPP) — “Mikhailovskaya” substation, the modern DC links provide the flexible control of IPS
operation. In particular, including a DC link in the “Burshtyn island” interface in most cases will provide a
reliable schedule implementation to ENTSO-E and will increase the reserve capacity at Burshtyn TPP.

The aim of the paper is to research the DC link operation in the event of the generation decreasing in
“Burshtyn island” (e.g. generating unit disconnection). To implement it the detailed model has been devel-
oped, which includes the automatic power controller at Burshtyn TPP, border areas of IPS and ENTSO-E as
well as the automatic generation control (AGC) in IPS of Ukraine.

Let us consider one of the cases of the frequency control organization in IPS of Ukraine (Fig. 1).
Nowadays IPS of Ukraine is divided in two control areas. One of them operates synchronously with unified
power system (UPS) of Russia while the second one (“Burshtyn island”) is connected to ENTSO-E. The
planning DC link with the rated capacity 600 MW may be installed nearby Khmelnitskaya nuclear power
plant (NPP).

In Fig. 1, the following notations are indicated: DbTPP is Dobrotvorskaya TPP; KhmNPP is Khmel-
nitskaya NPP; BuTPP is Burshtyn TPP; DnHPP-1 is Dneprovskaya HPP-1; ZU is 750 kV “Zapadnoukrain-
skaya” substation; AGC IPS is the automatic generation control of IPS of Ukraine; APC is the automatic
power controller of «Burshtyn island».
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The input signals of the national AGC are the frequency in IPS of Ukraine fips and tie line inter-
changes Pﬁ? with UPS of Russia and IPS of Belarus. The AGC controls the net interchange power and the

frequency. Based on these signals the proportional integral (PI) controller generates the control signal

P;.D,}&Pﬁl transmitted to the regulating units of Dneprovskaya HPP-1. The automatic frequency control or-

ganization in IPS operating synchronously with UPS of Russia and IPS of Belarus as well as the operation
algorithm and mathematical models of the national AGC (at the system, power plant and aggregate control
levels) are considered in detail in [9]. It should be noted that AGC of Russia, which generates a control sig-

nal to the regulating Volga HPP, is also considered in the model but not shown in Fig. 1.
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Fig. 1
The automatic power controller of “Burshtyn island” also regulates the export net interchange power
with the frequency correction. The input singals of the controller are the current frequency f2* and tie line

interchanges E"'f"e‘ at “Burshtyn island” interface including: DC link Khmelnitskaya NPP — Rzeszow; OHL

750 kV ZU — Albertirsa; OHL 400 kV Mukachevo — Sajoszoged, Mukachevo — Kapusany; Mukachevo —
Rosiori; OHL 220 kV Mukachevo — Kisvarda, Mukachevo — Tiszalok. The island control error (ICE) calcu-
lated in APC is defined as follows

ICE = Ep;i'é - Pf;&'m,f}'f' Hhm{fw— rﬂf )
where B s the current net interchange power of “Burshtyn island”, Fig =X ThE Ry reg 1S the refer-
ence net interchange power setpoint; Hpsas is the frequency bias; ¥ is the current frequency in «Burshtyn
islandy; ,ﬂj is the reference frequency setpoint.

On basis of /ICE the control signal P,f',‘;f is calculated in APC as well as its components transmitted
to Burshtyn TPP P'f;:}fp ¥ and control system of DC link P;DEE (Fig. 1). The components of the signal Pﬁféf
are distributed in such a way that
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It should be noted that the distribution of these components depends on relation of the control signal Pﬁ:c

and control range of DC link W&:
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where R9E s the rated capacity of DC link; P,ﬂ? is the reference active power setpoint of DC link defining

the current power flow; Pgﬁff ¥ is a control signal transmitted to the governor of the i-regulating unit of Bur-
shtyn TPP, i=1,...,6; a; is the participation factor of i-generator in the secondary frequency control, i=1,...,6.

The proposed approach provides the following active power transfers. If the current control range of
DC link allows transmitting all unscheduled power calculated in APC of “Burshtyn island” then DC link
power flow is changed by Fﬁc. Otherwise, the DC link power flow will be changed partially (considering

the current control range) and the remaining part of P,i?'_ signal will be distributed among the regulating

units of Burshtyn TPP. It should be noted that the proposed algorithm is one of the possible ones. For exam-
ple, the regulating units of Burshtyn TPP can be used to compensate small active power fluctuations caused
by the load variations. Besides, in the APC operation algorithm the export net interchange power also must
be considered. Taking into account that at present time the active power is mainly exported to Hungary, the
increase of the DC link power flow will increase the loading of the border area networks in Poland and Slo-
vakia. Thus, the dynamic characteristics of DC link, the regulating units of Burshtyn TPP as well as the ex-
port schedule must be considered in the APC operation algorithm.

The developed model also includes the 750-220 kV border area network models of Central European
countries: Poland, Slovakia, Hungary and Romania that allows researching the DC link impact on the net-
work operation. Besides, in the model the control system of DC link is considered, shown in Fig. 2 [10].
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The input signals of the DC link control system model are the current frequency fin the power sys-
tem, the angle ¢, at the reference busbar, the direct U, and alternating current U, voltages as well as the
active P and reactive Q powers (Fig. 2). As seen in Fig. 2, the input signals of the filter used to smooth the
signals are U, U,., P and Q. The output signal of the frequency controller is the active power reference
value Py, proportional to the frequency deviation of the current frequency f from its reference value f..z

Froer = Be(F — Frer),
where K is the gain factor of the frequency channel.

The DC voltage controller generates the active power setpoint P ..rin DC circuit which is calculated
as follows:

Fdn:mf = HEF;:;_-'E:’Em: - :’Ed:mf )a

where Ky, is the gain factor in DC voltage channel.

The reactive power control in AC circuit is performed by the AC voltage controller, which generates
the reactive power reference set point Oy st
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mef =K EFE;,-E'EEM - 'E’E:rnmf },
where g, is the gain factor in AC voltage channel; &z ¢ 1s the AC voltage reference set point.

In order to prevent the overvoltage in DC network, the overvoltage limiter model is also used. The
output signal of the PI controller of the limiter is the signal P,,; ./

My = Ugher — Ve,
. T
F:F*h‘-u.‘.‘"‘i‘f = HEL élfd.ﬁ + f’:rfb -Ib_ .f.'!lt-d; ﬂ.lg,

where &, is the deviation of the current DC voltage ¥gg from the maximum voltage set point 70

ffﬁ““, K f‘““ are the gains of the proportional and integral links of the overvoltage limiter controller; #;, 5 are
the integration limits.

As seen in Fig. 2, the PO controller generates the reference currents iy,.; and i, in dg-components
proportional to the active and reactive power. Further, the reference signals ig,.s ig.r as well as @, are
transmitted to the current controller of the converter.

Thus, the detailed model has been developed including the automatic power controller of “Burshtyn
island”, AGCs of IPS of Ukraine and UPS of Russia [9], DC link control system [10] and ENTSO-E border
areca models as well.

The frequency control simulation is performed in the event of generating unit disconnection (at the
moment =15 sec) with the loading 176,7 MW at Burshtyn TPP. The simulation results are presented in Fig.
3-5. In the initial load flow, the total generation power of Burshtyn TPP is 1570,2 MW. The DC link and six
generators of Burshtyn TPS are connected to APC of “Burshtyn island”. The reference setpoint of the DC
link power flow is 300 MW (Fig. 4, a).
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At the initial time the generating unit disconnection results to the net interchange power deviation at
“Burshtyn island” interface from its reference value (Fig. 3, a). As the control range of DC link Frﬂg (300

MW) is sufficient to transmit the additional power (Fig. 4, a), the APC controller generates the signal ?ﬁf}c

transmitted to DC link control system. In this case, during the secondary frequency control the generation
power of the units at Burshtyn TPP must not be deviated. As shown in Fig. 3, a, the increasing of DC link
power flow allows restoring the net interchange power at “Burshtyn island” interface. Besides, the DC link
power flow change also affects the power transfer of other OHLs (Fig. 3, b). For example, the increasing of
the DC link power flow results to the loading increase of 440 kV OHL Mukachevo — Kapusany. The further
development of detailed ENTSO-E border area models will allow researching the DC link impact on Euro-
pean network operation.

At the same time, in IPS of Ukraine operating synchronously with UPS of Russia and IPS of Belarus,
the change of the DC link power flow results to the deviation of the net interchange power of IPS of Ukraine
(Fig. 4, b). As the net interchange power has deviated from its set point value, AGC of IPS generates a signal

Rﬂ?ﬁpﬁh ! transmitted to the regulating Dneprovskaya HPP-1 (Fig. 5, a). Besides, Volga HPP also reacts on

the frequency deviation (Fig. 5, b). As the generation power of Dneprovskaya HPP-1 increases during the
secondary control, the generation power of Volga HPP decreases to its initial value.

As seen in Fig. 3, a, after the secondary frequency control the net interchange power at “Burshtyn
island” interface is restored at its reference value. The power flow of DC link has changed by 136,1 MW
meanwhile the generation power of Dniprovskaya HPP-1 is increased by 149,9 MW (Table).

Active power, MW

Element The initial load The load flow after the
Power change
flow secondary control

Generation
Burshtyn TPP 1570,2 1405,9 -164,3
Dniprovskaya HPP-1 301,5 451,4 149,9

Power flows
DC link KhmNPP - Rzeszow 300 436,1 136,1
Net 1r.1terch'inge power of “Bur- 904.3 904.4 0.1
shtyn island
Net interchange power of IPS of
Ukraine with UPS of Russia and 654,4 658,5 4,1
IPS of Belarus

Thus, modern DC link application allows providing a flexible control of the export power flows in
AC/DC hybrid power systems to control the reserve capacity of Burshtyn TPP. Due to the active power
flexible control by modern DC link, it becomes possible to use the secondary reserves controlled by the na-
tional AGC for “Burshtyn island”.
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Posensnymo gynxyionanvni modicnueocmi cyuacuux ecmagsok nocmiinoeo cmpymy (BIIC). 3anpononosarno cmpyxkmyp-
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Paccmompenvt  ghynKyuoHaibHble 803MONCHOCMIU COBPEMEHHbIX 6CcmABoK nocmosnnozo moka (BIIT). Ilpednodcena
CMPYKMYPHAS CXeMd Op2aHu3ayuu demoMamuyeckoe0 pezyiuposanus 4acmomsl 8 00beOUHeHHOU dHepeocucmeme VK-
paunsl 0ns coopysicenus BIIT eozne XmenvHuykoti amommuotil snekmpocmanyuu. Ilpusedenst pesynvmamsi MOOIUPOBAHUs
npuU OMKIIOYEHUU SHEP20ON0KaA HA BypuimvIHCKol menaosou snekmpocmanyuu. Ycmarnoeneno, umo nooxmovenue BIIT k
ABMOMAMUYECKOMY Pe2YIAmopy MowHocmu « Bypuimuincko2o ocmposay no3sonsem obecneuums 2ubKoe pecyiuposanie
IKCNOPMHBIMU NEPEMOKAMU 8 CEMSX NePEMEHHO20 U NocmosiHHo2o mokos. buoi. 10, Tadmn. 1, puc. 5.
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