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With the development of wind power in the world, the issues of joint operation of wind power plants in
power systems become relevant. Modern variable speed wind turbines with are connected to the network through
power voltage converters, which, with their significant integration into the power systems, negatively affects the
transient stability of such systems, the operation of emergency control devices, etc. The problem is caused by the
effect of "decoupling” of the wind turbine generators from the power systems, since the connection of the
mechanical moment of the wind turbine with the power system is lost, its frequency characteristics also change,
the overall inertia of the system decreases, and as a consequence, these phenomena can lead to rapid fluctuations
in frequency and voltage in normal modes, and also an avalanche of frequency and voltage in case of accidents.
In addition, a decrease in the total inertia can contribute to the failure of out-of-step protection systems for
eliminating the out-of-step mode, due to an increase in the slip frequency. In the article, experimental studies of
the implementation of wind power plants in power system to assess the impact of their work on the rate of the
transients.
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Introduction

The world is seeing the dynamics of the penetration of new renewable energy sources (RES), mainly
wind power plants (WPP). According to the reports [1-2], the total generated capacity of WPP in the world
has more than tripled over the past 10 years and amounts to 651 GW (5.9% of world electricity production).
With an increase in the share of RES, their influence on electric power systems (EPS) increases, which
creates certain challenges in modes control, maintaining the balance of power, stability and reliability of
EPS. Among other things, the problem of reducing the total inertia in EPS is becoming urgent. A decrease in
the total inertia is due to the presence of a power voltage converter in the structures of modern renewable
energy sources (wind turbines of the 3-rd and 4-th types, solar power plants), there are no rotating
mechanisms in solar power plants, and the generators of these wind turbines (WT) essentially become
"decoupled” from power system. In addition, the inertia of the system becomes time-varying due to the
constant change in the power generated by the RES. In emergency modes in systems with less inertia, the
rate of change in frequency and other operating parameters is faster [3-7]. The analysis carried out [6] shows
that for the period from 1996 to 2016 the overall value of inertia in Europe decreased by 20%. Systems with
less inertia can quickly lose their stability in the event of serious accidents, the out-of-step mode in such
systems can be mistaken for a short circuit. Thus, large-scale integration of renewable energy sources
reduces the inertial properties of EPS and creates problems with ensuring its stability. In this case, the
operating systems of emergency control automation, for example, the out-of-step protection (OSP), can be
insensitive to rapidly occurring changes in the EPS.

In accordance with this, the purpose of this article is to evaluate the operation of a WPP consisting of a
Typed WT (with a synchronous generator and excitation from permanent magnets, connected to the EPS
through a power voltage converter) for the change in the total inertia of EPS and the rate of the transients.

1 Assessment of the network total inertia

In the electric power engineering, it is customary to evaluate inertia by the value of H- the constant

inertia of the unit:
2
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where Js— total unit inertia, E — kinetic energy, S— rated apparent power of the unit.
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The total inertia of the EPS Hgps is calculated according to:
n ,
Heps = Ei? Hy S )
“EPS
where H; and Si— constant inertia and rated apparent power of the i-th generator, n — total number of
synchronous generators connected to the grid, Sgps — full power of the power system, which is equal to the
sum of the rated powers of the operating units.
Along with traditional large synchronous generators, wind turbines have a significant amount of kinetic
energy of rotating masses:

E=Ju?, ©)

where: J —wind wheel inertia, w— the angular speed of the wind wheel.

However, in the case of Type 4 WT, this energy does not affect the total inertia of the EPS, since the
mechanical part is separated from the EPS by a power converter. According to (2), the integration of modern
WT into the EPS actually increases the total installed capacity of the Sgps, but the constant inertia remains the
same, which negatively affects the frequency response of the system, since the dynamics of the frequency
change in the EPS depends on the total inertia Heps [7]:

2Hgps df
%E = PME - PELE = APgpg, (4)

where: fy — set frequency of EPS, f — current EPS frequency, Pwys, Pes — full mechanical and electromagnetic
power of EPS units, APgps — increment of power imbalance of EPS at natural frequency f.

The EPS frequency f is inextricably linked with the rotor speed of all synchronous machines of the EPS
and is an electromechanical variable that must be constantly and accurately controlled with the help of
appropriate automation devices. A change in the active power AP in any region of the EPS contributes to a

change in the frequency Af.

2. The EPS model development

As a platform for operating modes simulating and analyzing the impact of WPP on the EPS stability, an
EPS model was developed, the single-line scheme of which shown in Figure 1.
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Fig.1. The EPS model



Energy 47

The EPS model is implemented in the Hybrid Real-Time Power System Simulator (HRTSim). HRTSim
is a hybrid-type multiprocessor software-technical system that combines a set of specialized hybrid
processors (SP) of all significant equipment of the simulated EPS [8-9]. The EPS model contains: Slack Bus,
500, 220 and 110 kV transmission lines, transformers, compensating devices, static and dynamic loads
(synchronous and induction motors), a turbine generator G2 of a rated capacity of 225 MVA and G3 of a
rated capacity of 180 MVA. The WPP is the equivalent of Typed WT, the SP of which was previously
developed and fully verified by the authors [10-11].

For the research, the following conditions and assumptions were adopted:

1. The aerodynamic model is reproduced by the expression generally accepted in world practice [12]:

Pu =5 PRV Co(Z, B). (5)

2. The wind speed change during the simulation according to [13].

3. The mechanical part of the WT is represented by a two-mass model [14].

4. The model for controlling the pitch angle is based on two Pl-controllers: the reference signals are the
"errors" of the generator power Pg and the turbine speed w, which are compared with the corresponding
settings [14].

5. The torque regulator is represented by a Pl-regulator, the function of which allows the wind turbine
to work at the point of optimal power (MPPT). The controller is implemented according to [15].

6. The voltage source converter control is implemented according to [16].

7. Protection of Type 4 WT and EPS against overvoltage / current and frequency is not applied, since
the article examines the effect on the asynchronous mode.

3. Case study: Assessment of WPP impact on EPS stability

To assess the impact of WPP operation on the stability of the studied EPS, an emergency situation was
simulated: a three-phase fault at time t = 0.2 sec on the L-2 line with its subsequent disconnection, leading to
a break in the connection of the EPS with the Slack bus, violation of stability and the emergence of out-of-
step mode. The experiments were carried out while replacing the power of the traditional source G3 with the
power generated by the WPP in various ratios, while the total power of the EPS did not change: Pypp = 20
MW (11% of the G3 power), Pwpr = 60 MW (33% of the G3 power), Pywpp = 100 MW (55% of G3 power)
Pwer = 160 MW (90% of G3 power). According to (1.2), the change in Hgps Of the total inertia of the EPS
when replacing traditional generation has the following values:

Table 1. The EPS total inertia value for WPP integration.

WPP power level, MW Heps, Sec. AH, sec.
0 8.745 -
20 8.341 0.404
60 7.535 1.210
100 6.728 2.017
160 5.478 3.267

In the investigated emergency state, after disconnecting the L-2 line, the G2 and G3 generators are
electrically connected through: line L-3, group AT at Substation 2 and lines L-4 and L-5. Suppose that an
OSP device is installed on the L-3 line outgoing from Power Plant No2, which measures the angle between
the voltages at the ends of the line, i.e. from the Power Plant No2 and at the end of the controlled area (in our
case, at the opposite of the line end) on the 220 kV buses of Substation 2. Figure 2 shows waveforms of the
mutual angle between the voltages at the ends of the L-3 line.

In the post-emergency state, at the moment of disconnection of the L-2 line (t = 0.5 sec), an out-of-step
mode is observed, the voltage vectors at the ends of the L-3 line turn relative to each other and the controlled
angle o intersects £180°. Turning angle & in the positive direction corresponds to an increase in frequency
and excess power in the part of the EPS connected to the far end of the controlled line. Out-of-step mode also
indicates that the electrical swing center is located on the monitored line.
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Fig.2. The waveforms of the mutual angle of voltages at the ends of the line L-3
a) without WPP; b) WPP rated power 20 MW; ¢) WPP rated power 60 MW, d) WPP rated power 100 MW; e) WPP
rated power 162 MW.

In the process of the development of the out-of-step mode, the rate of increase in the angle difference
rapidly increases with the increase in the share of WPP power in the EPS, in particular, from the moment the
L-2 line is disconnected. A summary is shown in Table 2. With the development of the out-of-step mode in
EPS with traditional generation, the change in the angle & occurs more slowly due to the inertia of
electromechanical processes, however, the replacement of traditional generators WPP, which reduce the
inertia of the EPS, significantly accelerates the process.

Table 2. The time development of EPS out-of-step mode with WPP integration.

WPP power level, MW The time of out-of-step mode development, sec.
0 0.49
20 0.39
60 0.29
100 0.23
160 0.19
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The Figure 3 shows waveforms of the angle 6 (between the EMF) of the generators G2, G3 and the
Slack Bus and the relative angle 623, which characterizes the operation of G2 and G3 in post-emergency
state, when they remain isolated from the Slack Bus.
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Fig.3. The waveforms of the G2 and G3 6 angle between slack bus and waveform of 523 angle between to each
other

At a WPP power of 0 and 20 MW, respectively, rotation of the angle 6 G3 is observed once, i.e. then
G3 returns to stable operation. In general, a similar situation is observed when, for example, a change in the
angle & G3 in a post-emergency state in EPS with a predominant traditional generation occurs more slowly
due to inertia, however, when the power G3 is replaced by the power of WPP, the processes accelerate. In
particular, the violation of the synchronous operation of G3 during the integration of the WPP occurs faster,
and the relative angle 623 also changes faster, which is noticeable from the cycles of asynchronous swings in
the EPS. The summary data on the time for which the stable operation of G3 is disrupted and the time of the
first cycle of out-of-step mode between G2 and G3 in the post-emergency state are given in Table 3.

Acceleration of processes can lead to improper operation of both the OSP device itself and OSP
protection from redundant triggers when the angle & of the protected object is changed, which is not related
to the development of out-of-step mode, since the main sign of the difference between the out-of-step mode
development process and emergency and switching processes is an increase in the operating parameter at the
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current measurement interval by no more than two times in relation to its change at the previous
measurement intervals. Experiments show that the acceleration of processes, in particular the development of
the out-of-step mode and the change in the mutual angle between the voltages at the ends of the L-3 ling,
occur quickly enough, which can cause the emergency automation to malfunction.

Table 3. Disturbance of G3 stability and the time of the first cycle of out-of-step mode

WPP power level, Break through time stable Break through time stable Time of the first cycle of out-
MW operation G2, sec. operation G3, sec. of-step mode, sec.
0 0.80 1.25 0.35
20 0.78 1.32 0.35
60 0.78 1.52 0.31
100 0.78 1.29 0.36
160 5.478 3.267 0.28

Conclusions

Experiments carried out in the article showed that with the integration of WPP, the total inertia in the
EPS decreases. Due to the decrease in the total inertia, changes in the out-of-step mode parameters also
occur. In particular, with an increase in the power of the WPP, the development time of the out-of-step mode
and the time during which traditional generators fall out of synchronism decreases, which confirms the fact
that the WPP affects the total inertia in the EPS and the rate of transient processes. In addition, with a
sufficiently high share of WPP power in the EPS, equal to 90% (160 MW), strong fluctuations are observed.

The impact of WPP integration on the change in the total inertia requires the deep analysis. The
directions of the further research will be devoted to the study of the influence of the WPP on transient
processes and the reduction of the total inertia at various locations of the WPP in the EPS. Studies are also
planned aimed at varying the models of WPP and infinite bus models for transient processes in EPS in
various operating modes.
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