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Abstract: The islanded mode of operation of an electric power system (EPS) that has generation
capabilities provided by conventional thermal power plants, by a pumped-storage power station,
or from an interlink with a neighboring electric power system through an HVDC BtB converter is
addressed in this paper. The risk for electrical power systems to fall into an islanded mode has
recently grown, as it is caused not just by technical reasons but by a geopolitical situation as well. The
current strains demand the close consideration of problems related to EPS operation in an islanded
mode. This paper considers several. The research covers the following issues. The response of the
islanded system to a sudden and spasmodic load change is analyzed in cases when the system deals
with the disturbance with internal resources alone and with the help of an HVDC BtB converter’s
frequency control functionality. Analysis of the impact of the settings of the HVDC BtB converter
on the system’s response to disturbances is presented and the optimal set of parameters found. The
impact of the system’s extended inertia on the system’s response is evaluated by using an additional
unit of the pumped-storage power station in synchronous condenser mode. Transients in the system
when switching a unit operating in synchronous condenser mode on and off are analyzed. The
capability of the system to withstand major disturbances, such as disconnection of the pumped-
storage power station’s unit operating in a pump mode and disconnection of the HVDC BtB converter
in emergency modes, if a situation demands, is researched. The research is carried out by numerical
simulations using PSS Sincal Electricity Basic software. Updated operating parameters of the isolated
power system and the LCC HVDC BtB converter, as well as frequency control automation provided
by ABB, were used in the simulations.

Keywords: power system stability; isolated power system; HVDC BtB converter; filter; frequency
deviation; dead-band; inertia

1. Introduction

In the changing geopolitical, economic, and diplomatic energy situation, each energy
system must be able to maintain and ensure stability of the functioning of energy resources
in critical conditions. Competences and ability to work independently of other energy
systems must be strengthened in each electricity system.

The structure of an isolated energy system consists of electricity sources, equipment,
their protection and automation, and load. All system elements must ensure reliable and
stable operation of the electrical power system [1-4].

In the event of a disturbance or system failure, any EPS can be divided into separate
and self-contained parts—islands. A distributed or isolated electrical power system must
ensure energy reliability, stability, and the ability to work in critical and extreme operating
conditions [5-9].

The stability of an isolated energy system is a very important indicator of reliability and
quality. When analyzing the dynamic stability of an isolated EPS, it is necessary to assess
whether the system will operate under extreme conditions for a short time or continuously.
One of the key indicators of the dynamic stability of an EPS is the behavior of the generators
under different network operating modes. Another very important point is the primary
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and secondary power control of the generators. Finally, it is also important to consider the
possibilities of using the operating functions of the HVDC BtB converter [10-12].

This article describes research and develops mathematical models for the analysis
of an isolated energy system. This analysis is based on and supplemented by previous
calculations and experiments. The developed models can be used as a basis to analyze
the dynamic stability of an isolated energy system. These numerical models combine the
authors’ experiences and scientific achievements in dynamic stability research [12,13].

Attention has mainly been paid to the application of primary and secondary frequency
and the active and reactive power control functions in numerical models. The applicability
of voltage control and HVDC BtB converter operation functions is especially relevant in
the models. Depending on the complexity of the dynamic model, these features can be
adapted to a variety of isolated EPS operating modes. All dynamic models are designed for
symmetric EPS operation. The focus has been on frequency and inertia management and
control of the isolated EPS. The influence of the different operating modes of the HVDC
BtB converter on the stability of the isolated energy system is also very important [2-10].

This paper is organized as follows. Section 2 describes the structure and the main
parameters of the analyzed isolated power system. Analysis of the system’s frequency
dependence on a rapid load change is presented in Section 3. Section 4 is dedicated to an
analysis of the impact of the HVDC BtB converter’s settings on the system’s response to a
disturbance. The response of the system to the switching of the synchronous condensers
is analyzed in Section 5. Section 6 presents research on the system’s response to a load
change when the HVDC BtB converter’s frequency control function is on. Emergency
operating modes—disconnection of the unit operating in pump mode and HVDC BtB
converter disconnection—are considered in Section 7. Finally, in Section 8, the results are
summarized, and conclusions are presented.

2. Structure and Operating Conditions of the Researched Isolated EPS

The analyzed isolated electric power system consists of 330 kV open switchgear
busbars, lines, and a switching apparatus, and autotransformers, power transformers, and
110 kV open switchgear busbars. The HVDC BtB converter is connected to the 330 kV grid
and the 330 kV line.

The operating devices of the isolated EPS are:

Generator G1 = 200 MW, operates through 330 kV switchgear;

Synchronous condenser SC1 mode (—10 MW), operates through 330 kV switchgear;
Synchronous condenser SC2 mode (—10 MW), operates through 330 kV switchgear;
Motor P—pump mode (—220 MW), operates through 330 kV switchgear;

Generator G2 =200 MW, operates through 330 kV switchgear;

Generator G3 = 180 MW, operates through 330 kV switchgear;

Generator G4 = 120 MW, operates through 110 kV switchgear;

Generator G5 = 100 MW, operates through 110 kV switchgear;

HVDC BtB converter (—225 MW) exports from the islanded EPS to the neighboring
EPS and operates through 330 kV switchgear.

The scheme of the isolated power system is presented in Figure 1.
During simulation, it is assumed that the operating conditions of the EPS are:

—_

Active power generation capability of the isolated system is 800 MW;

One unit (case A) and two units (case B) are operating in SC (synchronous condenser) mode;
3. HVDC BtB converter operates in (—225 MW) export mode from the isolated EPS to
the neighboring EPS.

The structure of the model design of the frequency and damping controller is shown
in Figure 2.

N
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Figure 2. Structure of the model design of the frequency and damping controller.

A two-terminal DC model with a frequency controller model was added in the dyr file
to model the dynamic aspects of the HVDC. A FRQDMP model summarizes the power
modulation from the frequency controller and then sends the modulation signal to a
standard classic model CDCAB3 to implement the power.

An HVDC transmission system can be used to support the frequency of a disturbed
power system (due to loss of generation or large loads or sections of the system) by adjusting
the power taken from the other (healthy or supporting) system connected to the HVDC
transmission system. Thus, one system that supports the other will have its frequency
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changed. A large system can easily support a small system, while in the case of similar
sizes of system capacity, this influence needs to be considered.

The frequency controller is designed in such a way that its preference is to retain
frequency limits in the healthy (primarily undisturbed) system. The frequency controller
principle is thus to assist with balancing the power loss/change between the systems
and still reduce the impact on the healthy system in order to avoid deviations beyond its
frequency limits.

When the frequency of the faulty (primarily disturbed) system exceeds any of the
dead-band limits, it will activate a power order change (APpc) to the converters to reduce
the frequency deviation. The HVDC link will adjust the power to control the frequency in
the faulty AC grid.

As a result, the frequency of the healthy system will also be changed. If its frequency
also exceeds any of the dead-band limits, it will activate a power order to reduce (counteract)
the initial change (APpc) to the converters in order to reduce its frequency deviation. The
frequency controller uses information about the frequency in both grids. Consequently, the
operation of the frequency controller requires communication between the rectifier and the
inverter of the HVDC link.

This frequency controller is designed for certain worst-case conditions, where EPSs
are islanded from the rest of the network. It gives a delta power contribution to the Active
Power Controller (APC) in proportion to the frequency deviation, as shown in Figure 3.
The controller has a transfer function with a low pass characteristic with a dead-band on
the input signal and a limiting function on the output signal.

+ 1 | xdbi /| -
fnlref 1+5Tm1 » » K] 'F] (S)
f > P
fn2 +
+ 1 +db,/ _
fanef 1+5Tm2 1 g / » K2 Fz(S)

Figure 3. Structure of a frequency controller.

The frequency of each region is measured and compared with the reference frequency
of the respective region to obtain the frequency error. f,; and f,, above refer to the
frequency of networks 1 (rectifier system) and 2 (inverter system), respectively. For a
reverse power operation, the polarities should change. The resulting signals are then
passed through a dead-band of 0.01 Hz and then an amplifier with gain set to 2500 MW per
Hz corresponding to 0.4% droop characteristics. It is only possible to activate frequency
control from one AC network at a time. If a frequency controller is activated in the isolated
EPS region for a power flow direction from the isolated EPS, an increase in frequency in the
isolated EPS region should be counteracted by an increase in power flow and vice versa.
The incremental (or decremental) change in power order is separately generated as per the
operating frequency of each region and is applied to the pole controller, where they are
summed together, along with the output of the power oscillation damping controller and
the base power order. The following settings for the frequency controller have been defined
in the study: db = £0.01 Hz; t; = 2 s; gain K= 2500 MW /Hz.

The simulation time interval to be used is 5 ms, which is a suitable time interval when
using the HVDC model. The need for the frequency controller is found to be negligible,



Appl. Sci. 2022,12, 7220

50f22

even when the normal load flows are subjected to the worst-case disturbances, such as large
generation outages or sudden load losses in the system. However, in certain worst cases
(such as where EPSs are islanded from the rest of the network), the criterion for designing
the frequency controller is to utilize the full capacity of the HVDC BtB link to address the
0.2 Hz of frequency deviation that occurs in the isolated EPS AC network due to the load
and generation unbalance created in the network.

G1, SC, P model: VGDS-1025/245/40UHL represents generator GI, which operates
in Hydro-generator mode, Synchronous condenser mode, Motor pump mode, and does
support the FFR function, but only when the hydro-generator has temporary droop settings
and time constants. These settings are manually set. A mathematical model of generator
G1’s structure is shown in Figure 4.
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Figure 4. Structure of the electromagnetic model of a bright pole generator.

In this model, the evaluation of rotor magnetic saturation occurs in the direct-axis d
and in the quadrature-axis 4. Saturation is described by a quadratic function. The model
assumes that the magnetization acts on all of the generator’s existing mutual and leakage
inductances. In modeling, the saturation value is considered to depend on both the rotor
(excitation) and the stator currents [14]. Therefore, the effective values of the generator
parameters in the model at each moment are converted from:

1.  Unsaturated values of all of the generator’s reactive resistances;
2.  Instantaneous values of the coupled magnetic flux.

The G1 parameters are shown in Table 1.
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Table 1. Hydro-generator G1’s main parameters.

Name Marking Measurement G1

Apparent power SN MVA 248

Active power Py MW 225
Nominal voltage Un kv 15.75

Power factor cos (@) p-u. 0.85

Number of pole pairs p - 20
Rotation speed s rot/min. 150

Zero phase-sequence impedance Xo pu. 0.05-0.19
Negative phase-sequence impedance X pu. 0.38
Coupling - - star grounded through transformer

Direct-axis synchronous reactance X4 pu 1.42
Quadrature-axis synchronous reactance Xy pu. 0.96
Direct-axis transient reactance X4 p-u 0.45
Direct-axis sub-transient reactance X" p-u. 0.32
Quadrature-axis sub-transient reactance X;" pu 0.32
Stator winding leakage reactance X1 pu 0.20
The value of the saturation function S - 0.11

Inertia H pu 4.0

Damping D p-u. 0.0

Direct-axis idle transient time constant Ta0 s 9.80
Direct-axis idle sub-transient time constant Ta0" s 0.10
Quadrature-axis idle transient time constant qu’ S 0.15

The G2 model uses a combined cycle gas turbine and turbogenerator and does support
the FFR function, but it works on limited value. The G3 model is a TVV-220-2 turbogenera-
tor and does support the FFR function. The G4 model is a TVF-150-2UZ turbogenerator
and does not support the FFR function. The G5 model is a TVF-120-2 turbogenerator that
does support the FFR function. A mathematical model of the structure of generators G2-G5
is shown in Figure 5.

This model assumes that saturation affects both the direct-axis and quadrature-axis
inductive resistances, and that the mutual inductances vary with the bounded magnetic
flux generated beyond the transient inductive resistance [14].

The parameters for G2-G5 are shown in Table 2.

Table 2. Main parameters of turbogenerators G2-G5.

Name Marking Measurement G2 G3 G4 G5

Apparent power SN MVA 524 220 150 120

Active power Pn MW 445 180 120 100

Nominal voltage Uy kV 19 20 10.5 10.5

Power factor cos () p-u. 0.85 0.82 0.8 0.8

Number of pole pairs [4 - 1 1 1 1
Rotation speed s rot/min. 3000 3000 3000 3000
Zero phase-sequence impedance Xo p-u. 0.13 0.088 0.10 0.10
Negative phase-sequence impedance X5 p-u. 0.24 0.21 0.23 0.23
Coupling - - star double star double star double star

Direct-axis synchronous reactance X4 p-u. 2.0 1.70 1.90 1.90
Quadrature-axis synchronous reactance Xy p-u. 1.92 1.61 1.80 1.65
Direct-axis transient reactance X, p-u. 0.29 0.26 0.28 0.25
Direct-axis sub-transient reactance X" p-u. 0.24 0.17 0.18 0.19
Quadrature-axis transient reactance X/ p-u. 0.48 0.48 0.45 0.52
Stator winding leakage reactance Xi pu 0.19 0.15 0.15 0.10

The value of the saturation function S1 - 0.036 0.059 0.19 0.18
Inertia H pu 5.78 2.70 3.40 3.15

Damping D p-u. 0.0 0.0 0.0 0.0

Direct-axis idle transient time constant Tao S 6.70 5.90 6.45 7.50
Direct-axis idle sub-transient time constant Tq0" s 0.04 0.17 0.17 0.06
Quadrature-axis idle transient time constant Tqo s 0.60 0.85 0.85 2.08
Quadrature-axis idle sub-transient time constant qu” S 0.08 0.15 0.15 0.05
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Figure 5. Structure of the electromagnetic model of a blurred generator.

3. Response of the Isolated EPS to a Load Change

In this section, the response of the isolated system to load increase and decrease is
analyzed, and the amounts of load change determining frequency drops in the system to
critical values are found. The impact of the system’s additional inertia, determined by
the connection of an additional unit operating in SC mode, is evaluated. The analysis is
performed for a case in which the frequency control function of the HVDC BtB is turned off.

3.1. Response of Isolated EPS to a Load Increase

Analysis of the dependence of a frequency drop in the system on an increase in load is
accomplished by simulating a soaring change of the transmitted active power flow through
the HVDC BtB from 10 to 50 MW, in 10 MW increments. During the simulation, it was
considered that only one unit operated in synchronous condenser mode (case A).

The simulation results are shown in Figure 6a,b.

The results show that, in cases with a load jump greater than 40 MW, damped active
power oscillations occur. Damped active power oscillations are caused by a voltage drop
in the 330 kV section. Fluctuations in the 330 kV voltage are caused by a decrease in
the active power flow, i.e., due to the response of the system to a change in power. The
dependence of the frequency drop on the active power change is presented in Table 3. A
drop in frequency greater than short-term tolerance, i.e., >200 mHz, is reached in the event
of the load increasing by 30 MW or more [15-19].
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Figure 6. (a) Frequency change in the isolated power system caused by a load increase (case A).
(b) Voltage fluctuations on the 330 kV side caused by a load increase (case A).

Table 3. Frequency change in the isolated power system.

Power Change, MW Frequency, Hz Power of HVDC Converter, MW
10 49.92 —235
20 49.83 —245
30 49.77 —255
40 49.69 —265
50 49.62 —275

A frequency drop to the critical, i.e., to 49.80 Hz, limit corresponds to the load increasing
by 25 MW. The minus sign here (in Table 3) denotes active power export from the EPS.

After estimating the maximum allowable disturbance possible in the isolated EPS
(30 MW) at the existing calculated inertia, the reaction of the EPS when two units are
operating in the system in SC (synchronous condenser) mode was analyzed in Figure 7.

»
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Figure 7. Frequency change in the isolated power system caused by a load increase (case B).

When two units operate in SC mode, with a disturbance of 30 MW, the frequency of
the isolated EPS drops to 49.79 Hz. A frequency drop to the 49.80 Hz limit corresponds to
the load increasing by 27.5 MW. The total inertia of an isolated EPS is equal to the sum of
the inertias of all the generators operating in the system. All generators and units operating
in pump mode and hydro-electric generators operating in SC (synchronous condenser)
mode also contribute to the total inertia of an isolated EPS. Wind power plants and solar
power plants do not provide additional inertia to an isolated EPS [15,20-23].
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The amount of inertia required for the stable operation of an isolated EPS is equal to
25 MWs for every 1 MW imbalance. This amount of inertia ensures that the frequency of
the isolated EPS will not drop to the critical value of 49.80 Hz [15-19].

The following conditions must be ensured in the isolated EPS [16-19,24]:

1.  The maximum generation source in an isolated EPS shall not exceed 200 MW;
2. Emergency power control of the HVDC BtB converter is enabled (HVDC EPC).

The amount of inertia required for the stable operation of an isolated EPS is equal to
5000 MWs. The inertia of an isolated EPS is 5793 + (SC1) 992 + (SC2) 992 MWs [15,21,22,25,26].
The inertia constant (H) of an isolated EPS operating with generators ranges between
2.5-6.0 [27-30].

Factor k of an isolated EPS is a relative value that indicates the response of the system
(primary control, MW) to frequency deviations (Hz) and is expressed as follows:

_ap
-ar

where AP is active power change (MW), and Af is frequency change (Hz).

Factor k helps to easily determine the amount of primary control of active power, as
well as active power imbalance.

The value of factor k is determined by knowing the sum of Py values of all generators
operating in the isolated EPS with primary frequency control enabled:

i Z(PI\;FCR) o)

k )

The k factor absolute value of a single power plant is:

Py 1
k = —\.— 3
PP 3)

where Py is the nominal value of the active power of the generator, which is different for

each generator, f is the nominal frequency of 50 Hz, and ¢ is droop relative value (%).
Then, the k factor absolute value of multiple power plant is:

L/Pyi\ (1
ksum = |\ <
e ;(sz) (51') @

The total k factor value is equal to:

kiotar = ksum pp + kself regulation ®)

where K1 ¢ regulation 18 the self-regulation k factor of a load, the frequency-dependent load
value (MW /Hz).
Calculations of the factor k are useful:

With small frequency deviations (up to 0.2-0.25 Hz);

With the low dead-band of operating generators (>10 mHz);

When the power plants in operation have a sufficient reserve of active power;
When the EPS is in a quasi-static state (Af varies up to 0.2-0.3 Hz).

Ll o

Calculations of the factor k are performed only when the operation of the isolated EPS
is stable.

In order to ensure the capability of an isolated EPS to operate independently, suffi-
cient power reserves are needed to balance the isolated system and to perform frequency
control [16-19,24].

The FCR (Frequency Containment Reserves) during normal EPS isolated operation
should be = 1.1 Pyyay.infeed (Where Py infeed is the biggest infeed in the EPS).
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In a case where the dimensioning fault in the EPS during isolated operation is 200 MW,
then in order to ensure stable frequency control during isolated operation, the amount of
FCR in the EPS should be around £220 MW.

Itis expected that at least ca. £50 MW of FCR is initially received from the neighboring
transmission system operator (TSO) through the HVDC link. The rest of the needed FCR
must be deployed locally by the isolated EPS. The FCR of the isolated EPS is 200 MW. The
full activation time of the FCR is 30 s, and full activation causes frequency deviation (or
+200 mHz).

3.2. Response of Isolated EPS to a Load Decrease When HVDC BtB Converter’s Frequency Control
Function Is Off

A frequency increase in the isolated EPS is simulated by a soaring change of the active
power flow through an HVDC BtB converter or with the operating generators of the system
from 10 to 50 MW, in 10 MW increments. In the digital simulation, it was assumed that
one unit (case A) was operating in SC (synchronous condenser mode). The simulation
results are shown in Figure 8a,b.
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Figure 8. (a) Frequency change in the isolated power system caused by a load decrease (case A).
(b) Voltage fluctuations on the 330 kV side caused by a load decrease (case A).

When changing the active power transmitted by the HVDC BtB converter, there are
no oscillations in the active power. The short-term frequency tolerance of 200 mHz of the
isolated EPS is reached only in the event of an increase in active power by 30 MW or more.
Frequency increments up to 50.20 Hz correspond to the load decreasing by 25 MW. The
minus sign here represents active power export from the EPS. The isolated power system
frequency change values are given in Table 4 [16-19,24].

Table 4. Frequency change in the isolated power system.

Power Change, MW Frequency, Hz Power of HVDC Converter, MW
—10 50.08 —-215
-20 50.17 —205
-30 50.23 —195
—40 50.31 —185
-50 50.39 -175

After estimating the maximum possible disturbance (30 MW) with a calculated inertia
of 7777 MWs, the reaction of the isolated EPS when two (case B) SC (synchronous condenser)
units are operating in the system was analyzed. The inertia of the isolated EPS is 5793 +
(5C1) 992 + (5C2) 992 MWs [15,21,22,25,26]. The simulation results are shown in Figure 9.
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When the two units are operating in an isolated EPS in SC (synchronous condenser
mode) mode and with a 30 MW disturbance, the frequency of the system increases up to
50.19 Hz. A frequency rise to the critical, i.e., to 50.20 Hz, limit corresponds to the load
decreasing by 31 MW.

4. Impact of the Isolated System’s Response on Settings of HVDC BtB Converter

The influence of the HVDC BtB converter’s settings on the isolated system’s response
is analyzed in this section. The impact of the converter’s filters and settings of its gain
factor K, ramp speed, and their combinations is considered.

4.1. Impact of HVDC BtB Converter Filters on Active Power Transmission

During the simulation, active power transmission was analyzed for the cases:

Without HVDC BtB converter filters;
With one HVDC BtB converter filter;
3. With two HVDC BtB converter filters.

The impact on active power transmission is examined by increasing the load of the
HVDC BtB converter by 30 MW. The filters are of capacitive type, so their rated reactive
power is 92 MVar. The simulation results are shown in Figure 10.
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Figure 10. Influence of filters on the active power transfer of the HVDC BtB converter.
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Analysis of the results showed that the HVDC BtB converter filters reduce active
power oscillations in the presence of sudden changes in active power in the isolated EPS.
Both harmonic filters must be kept on during operation of the isolated EPS.

4.2. Setting the Optimal Frequency Control Parameters for the HVDC BtB Converter

The optimal frequency controller parameters are found by changing the gain K and
the power ramp speed parameters. In the numerical simulation, it was assumed that the
load increased by 30 MW, i.e., the active power flow of the HVDC BtB converter was
changed, and the dead-band was set to 50 mHz. After selecting the optimal parameters for
the HVDC BtB converter, the digital simulation was performed with different frequency
dead-band limits.

Simulations were performed with different values of gain factor K of the HVDC BtB
converter, when: K =100 MW /Hz, K = 1250 MW /Hz, K = 2500 MW /Hz, and the ramp
speed of active power: 100 MW /s, 200 MW /s, 600 MW /s, 1000 MW /s.

The simulation results are shown in Figures 11 and 12.
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Figure 11. (a) Frequency dependence of the isolated power system on the frequency control parame-
ters of the HVDC BtB converter. (b) The response of an active power to a load change when the gain
is K =100 MW /Hz.
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Figure 12. (a) The response of an active power to a load change when the gain is K = 1250 MW /Hz.
(b) The response of an active power to a load change when the gain is K = 2500 MW /Hz.

Analysis of the obtained results revealed that all frequency control parameters of the
HVDC BtB converter selected during the simulation can be used for the operation of the
isolated EPS. A slower response is observed when the gain factor K = 100 MW /Hz and the
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ramp speed of active power is 100 MW /s; then, the frequency of the isolated EPS drops to
49.93 Hz. When the ramp speed of active power is 200 MW /s, the frequency of the isolated
EPS drops to 49.945 Hz [21,22,25,26,31-34].

5. Impact of the Isolated System’s Response on Settings of HVDC BtB Converter

The response of the isolated power system to disconnection and to powering on the
synchronous condenser for various system configurations is researched and analyzed in
this section. The impacts of the HVDC BtB converter’s frequency control function and
its parameter settings, as well as the system’s inertia improvement with an additionally
connected synchronous condenser, are taken into consideration.

5.1. Response of Isolated EPS to SC Disconnection

The initial conditions for the digital simulation were as follows: 1. The operating SC
(synchronous condenser) disconnects with (—10 MW) load; 2. SC frequency control gain is
1250 MW /Hz and corresponds to 0.8% droop; 3. SC frequency control gain is 250 MW /Hz
and corresponds to 4% droop; 4. the ramp speed of active power is 100 MW/s; 5. the
dead-band of the system’s frequency change is 10 mHz, at a gain of K = 1250 MW /Hz;
6. SC reactive power is not transferred to the isolated EPS, and Q = 0 MVar. The simulation
results are shown in Figures 13-16. FC here denotes Frequency Control.
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Figure 13. (a) Frequency change in the isolated power system—synchronous condenser disconnection.
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Figure 15. (a) Active power compensation of the thermal power plant at different FC parameters.
(b) Active power compensation of the thermal power plant at different FC parameters.
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Figure 16. Voltage fluctuations on the 330 kV side.

The results in Figures 13-16 show that both with the gain factor K = 1250 MW /Hz
and with K = 250 MW /Hz, damped active power oscillations in the HVDC BtB converter
reaction were observed. It is recommended to use a gain of K = 250 MW /Hz during the
operation of an isolated EPS.

After SC disconnection, the frequency of the isolated EPS begins to increase. The
highest point when the frequency controller is off is 50.08 Hz, and 50.04 Hz when the
frequency controller is on [20,22,32,35].

Due to a possible 330 kV voltage spike after disconnecting the SC (synchronous condenser),
it is recommended to turn off the SC with reactive power generation Q = 0 MVar [23,36].

5.2. Response of Isolated EPS to SC Disconnection, When 200 MW Generator Has Temporary
Droop Settings and Time Constants

A digital simulation was performed with the standard and temporary parameters of
the unit operating in generator mode:

Generator temporary droop, r = 1.5;

Turbine regulator temporary time constant, T, = 10 s.

The generator’s standard frequency controller parameters were set as follows:

Gain K = 250 MW /Hz, dead-band = 200 mHz, droop r = 2.5, turbine regulator time
constant Tr = 15 s and ramp = 100 MW /s. The simulation results are shown in Figures 17 and 18.
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Figure 17. (a) Frequency change in the isolated power system in response to SC disconnection.
(b) Response of the HVDC BtB converter to SC disconnection.
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Figure 18. Response of generator (G1) to SC disconnection.

When using the temporary parameters of the unit operating in the generator mode, a
smaller frequency increase is seen; in addition, the amplitude of the active power oscilla-
tions of the HVDC BtB converter decreases from 10 MW to ~5 MW [20,22,32,35-38].

5.3. Response of Isolated EPS to SC Disconnection, When Two Units Operate in SC Mode

The operation of the isolated EPS must be checked when the HVDC BtB converter
is operating in frequency control mode and when oscillations occur. In the isolated EPS,
two units are operating in SC (synchronous condenser) mode, when one of them unexpect-
edly disconnects. The initial conditions for the digital simulation were as follows: 1. HVDC
BtB converter frequency controller parameters and gain K = 250 MW /Hz; 2. HVDC BtB
converter active power ramp = 100 MW /s. The simulation results are shown in Figure 19.

When two SC units operate and one of them disconnects, a faster dynamic process is
observed after the disturbance, i.e., the isolated EPS stabilizes in a shorter period of time,
but no significant improvement occurs. It is better to use two units operating in SC mode if
possible [20,22,32,35-38].
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Figure 19. Response of the HVDC BtB converter to SC disconnection.

5.4. Response of Isolated EPS to SC Start-Up
The initial conditions for the digital simulation were as follows:

1. One unit starts operating in synchronous condenser mode;

2. The HVDC BtB converter frequency control gain K is 250 MW /Hz and corresponds

to 4% droop;

The HVDC BtB converter active power ramp speed is 100 MW /s;

4. The HVDC BtB converter dead-band limit of frequency change of the isolated system
is 10 mHz.

The simulation results are shown in Figures 20 and 21.
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Figure 20. (a) Load of SC at start-up. (b) Frequency change in the isolated power system.
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Figure 21. Response of the HVDC BtB converter to SC activation (start-up).
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After synchronizing the unit operating in SC mode with the isolated EPS, at the initial
point in time, the SC generates electricity to the isolated EPS at about 3 MW (duration 1 s);
due to the additional functions required to prepare the unit to operate in SC, demand starts
to grow linearly until it reaches a load of (—50 MW), and the length of the process is 10 s.
When a load of (—50 MW) is reached, demand spasmodically decreases to (—10 MW) and
stabilizes, and the unit can operate indefinitely with a constant demand of (—10 MW). A
graphic representation of this process is given in Figure 20a [20,22,32,35-38].

The process of preparing the unit to operate in SC mode causes fluctuations in the
frequency of the isolated EPS; if the frequency control function of the HVDC BtB converter
is enabled, the frequency of the isolated EPS does not drop below 49.9 Hz. When the
frequency control function of the HVDC BtB converter is switched off, the frequency of the
isolated EPS drops to 49.78 Hz. The isolated EPS frequency response is shown Figure 20b.
The HVDC BtB converter’s response to a disturbance is shown in Figure 21 [15,21,22,32].

6. Response of the Isolated System to a Load Change When HVDC BtB Converter’s
Frequency Control Function Is On

In this section, frequency changes in the islanded system caused by a load increase or
decrease while the frequency control capability of the HVDC BtB converter is applied are
analyzed. The response of the system is presented when the converter’s dead-band setting
range is 0 to 200 mHz.

6.1. Response of Isolated EPS to System’s Insufficient Frequency, When HVDC BtB Converter’s
Frequency Control Function Is Enabled

Based on the obtained results, it is assumed in this simulation that the load change
soars over 30 MW. The HVDC BtB converter’s frequency control gain is K = 1250 MW /Hz,
and its active power ramp speed is 100 MW /s. The numerical simulation is performed
using different dead-bands: 0 mHz, 50 mHz, 100 mHz, 150 mHz, and 200 mHz.

The simulation results are shown in Figures 22 and 23.

Frequency drops using different dead-bands are shown in Table 5. The results obtained
show that the frequency control of the HVDC BtB converter reduces the frequency drop.
The frequency drop directly depends on the set dead-band. In order to evaluate the
frequency control capabilities of the HVDC BtB converter, the use of a 0 mHz dead-band is
not recommended during the operation of an isolated EPS [15,21,22,32].
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Figure 22. (a) Frequency change when the HVDC BtB converter has a different frequency insensitivity
range. (b) Response of the active power of the HVDC BtB converter to insufficient frequency.
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Figure 23. Voltage fluctuations on the 330 kV side.

Table 5. Frequency change in the isolated power system.

Frequency Insensitivity Range of HVDC BtB Converter, mHz Frequency, Hz
0 49.98
50 49.95
100 49.89
150 49.84
200 49.79

The smallest frequency drop occurs when using the HVDC BtB converter dead-bands
of 0-50 mHz. If possible, use a 0 mHz HVDC BtB converter dead-band.

6.2. Response of Isolated EPS to Load Reduction, When HVDC BtB Converter Frequency Control
Function Is Enabled

In the numerical simulation, it is assumed that the load change soars over 30 MW. The
frequency control gain K of the HVDC BtB converter is 1250 MW /Hz. The active power
ramp speed is 100 MW /s. The digital simulation is performed by setting different HVDC
BtB converter frequency dead-bands: 0 mHz, 50 mHz, 100 mHz, 150 mHz, and 200 mHz.
The simulation results are shown in Figures 24 and 25.
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Figure 24. (a) Frequency change when the HVDC BtB converter has a different frequency insensitivity
range. (b) Response of the active power of the HVDC BtB converter to excess frequency.
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Figure 25. Voltage fluctuations on the 330 kV side.

Frequency increases using different dead-bands are shown in Table 6. The obtained
results show that the frequency control of the HVDC BtB converter reduces the frequency
drop. The frequency change directly depends on the set dead-band. In order to evaluate the
frequency control capabilities of the HVDC BtB converter, the use of a 0 mHz dead-band is
not recommended during the operation of an isolated EPS [15,21,22,32].

Table 6. Frequency increase in the isolated power system.

Frequency Insensitivity Range of HVDC BtB Converter, mHz Frequency, Hz
0 50.00
50 50.05
100 50.11
150 50.16
200 50.21

The smallest frequency increase occurs when using the HVDC BtB converter dead-
bands of 0-50 mHz. If possible, use a 0 mHz HVDC BtB converter dead-band.

Isolated EPS voltage stability problems occur when the HVDC BtB converter dead-
band is greater than 100 mHz. The voltage of 330 kV in the isolated EPS during the active
power spike exceeds the permissible (362 kV) limit by 1.097 [16-19,24]. A decrease in load
causes an increase in voltage.

7. Analysis of the System’s Emergency Modes

The capability of the isolated system to withstand disconnection of the unit operating
in pump mode and the HVDC BtB converter’s disconnection during emergency cases
is analyzed in this section. The impact of the HVDC BtB converter’s frequency control
function during disconnection of the unit operating in pump mode is considered.

7.1. Emergency Operating Mode of Isolated EPS When Disconnection of Unit Operating in Pump
Regime Is Necessary

In the numerical simulation, the disconnection of the unit operating in a pump mode
is analyzed. In order to minimize the impact on the isolated EPS, the system demand must
be reduced to 110 MW before disconnecting the pump from the mains. The simulation was
performed for two cases: 1. The frequency control function in the HVDC BtB converter was
activated; 2. The frequency control function in the HVDC BtB converter was deactivated.

The HVDC BtB converter frequency control parameters were as follows: the gain K
was 250 MW /Hz and corresponded to 4% droop; active power ramp speed was 100 MW /s;
dead-band was 10 mHz. The simulation results are shown in Figure 26a,b.
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Figure 26. (a) Frequency change in the isolated power system caused by disconnection of the unit
operating in pump mode. (b) Response of the HVDC BtB converter to a disconnection of the unit
operating in pump mode.

A significantly greater, instantaneous frequency increase is seen when the frequency
control function in the HVDC BtB converter is switched off; in this case, the frequency
instantaneously increases to 51.4 Hz. When the frequency control mode is activated in the
HVDC BtB converter and the frequency control capabilities are assumed to be £100 MW,
the frequency increase stops at the limit of 50.82 Hz [15,21,22,32]. In both cases, the isolated
EPS does not reach the maximum permissible frequency limit of 51.5 Hz [16-19,24].

7.2. System Emergency Mode—HVDC BtB Converter Disconnection

During the numerical simulation, a disconnection of the HVDC BtB converter is
analyzed. The maximum power ramp speed of the HVDC BtB converter is 15 MW /s. The
transmitted power of the HVDC BtB converter was reduced to 50 MW (minimum power
that can be transmitted), and only then was the converter disconnected. The simulation
results are shown in Figure 27.
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/ |
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Figure 27. Frequency change in the isolated power system caused by disconnection of the HVDC
BtB converter.

If it is necessary to disconnect the HVDC BtB converter when the active power is
reduced at a ramp of 15 MW /s, an instantaneous frequency increase to 51.1 Hz is observed,
but the isolated EPS remains stable.

8. Conclusions

Stability-related questions regarding the electric power system (EPS) operating in
an islanded mode were addressed in this research. The considered issues include: the
reaction of the islanded system to a load change with and without the HVDC BtB con-
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verter’s frequency control capabilities; switching on/off the units working in synchronous
condenser mode; the optimization of the HVDC BtB converter’s settings and the reaction of
the system to major disturbances, such as the disconnection of the pumped-storage power
station’s unit working in pump mode and the disconnection of the HVDC BtB converter.
The summarized results of the research are:

In the isolated EPS, a 200 mHz frequency deviation is reached in the case of a 25 MW
disturbance after disabling the HVDC BtB converter frequency control function.

It is recommended to use two switched-on harmonic filters of the HVDC BtB converter
during the operation of the isolated EPS.

The optimal HVDC BtB converter frequency control parameters during simulation are
as follows: gain factor K = 250 MW /Hz, corresponding to 4% droop; ramp = 100 MW /s;
dead-band db = 10 mHz; control range £50 MW.

When two synchronous condenser units are operating and one of them disconnects, a
faster dynamic process is observed after the disturbance, i.e., the isolated EPS stabilizes
in a shorter period of time. If possible, it is recommended to use two units operating in
synchronous condenser mode.

Connecting a synchronous condenser unit to the isolated EPS results in a system
frequency reduction of up to 200 mHz when the frequency control function of the HVDC
BtB converter is switched off, and 100 mHz when the frequency control function of the
HVDC BtB converter is switched on.

In the isolated EPS, short-term overvoltage up to 363 kV is possible when the HVDC
BtB converter operates in frequency control mode. In response to the frequency increase, it
is recommended that the voltage of the isolated EPS not exceed 357 kV before switching on
the frequency control function of the HVDC BtB converter.
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