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Abstract

:

Reliability and safety must be carefully considered in today’s power systems, which are rapidly evolving toward ever higher penetration of renewable, inverter-based generation units. Power systems are constantly stressed by active power disturbances, which can be exacerbated by wind and solar systems that are subject to rapid fluctuations in primary energy. In this framework, a comparative technical analysis of solutions to improve transient stability, both rotor angle stability and frequency stability, is carried out. These solutions can be adopted by the transmission system operator (e.g., an additional parallel transmission line), by the generation companies (e.g., a fast excitation system), or by both, such as SVC (static VAR compensator) and STATCOM (static synchronous compensator). Sensitivity analyses were carried out to assess the impact of the location of the wind turbines in the buses of the grid on their rated power and level of production. On the basis of these analyses, the worst-case fault was considered, and the critical fault recovery time was determined as an engineering parameter to compare the different solutions. For the numerical analysis, a modified IEEE 9-bus system was considered, and the PowerWorld software tool was used. Rotor angle and frequency stability analyses were performed.
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1. Introduction


The energy model that has been introduced and developed in the last century to enable economic development is no longer sustainable under these new climate and environmental conditions. For instance, in the current Electrical Power System (EPS) model, thermoelectric generation is strongly predominant; this current source of energy today is the main cause of greenhouse gas emissions, including CO2. The increase in these emissions has highlighted the need for evident and rapid decarbonization and efficiency of all energy sectors to limit their impacts on the environment and achieve a more sustainable system.



To this end, several national and international agreements have been reached, such as the PNIEC (Integrated National Plan for Energy and Climate 2030), the Clean Energy Package, and the European Green Deal, which set various strategic goals to counteract the increase in global average temperature. One of the most challenging goals is the strong increase in energy generation from renewable energy sources, i.e., wind and photovoltaic.



The generation of Renewable Energy Sources (RESs), has been identified as one of the main enablers of the transition. Thanks to their operation principles, these types of energy generation allow the production of energy without CO2 emissions, and they help reduce energy prices, which (ultimately) benefits the consumers.



The power plants based on RES, specifically wind and solar generators, are characterized by nonprogrammable production profiles, which means that the electricity produced by such plants does not follow the dynamics of energy demand for consumption, but the dynamic characteristics of each energy source. Moreover, this type of technology is mainly based on inverter technology, i.e., systems connected to the grid through static components, which have a lower tendency to comply with the variation of power system the basic parameters for the safe operation of the grid than the traditional groups, that interface through the use of rotating machines [1,2].



These properties have the following implications for the management of the system [3,4]:




	
Reduction in the number of generation resources capable of providing frequency regulation (active power regulation) and voltage regulation (reactive power regulation) services;



	
Reduction in electromechanical inertia, which worsens the dynamic response after disturbances;



	
Reduction in short-circuit power, which worsens the quality of service and the risk of propagation of voltage disturbances;



	
Reduction in the margin to cover peak loads, which can be demonstrated in hours to a low production of RES;



	
Increasing periods of overgeneration (production greater than demand) and line congestions, which without sufficient storage capacity or reserve can cause cuts in the energy produced;



	
Increase in steepness of the evening ramp of the residual load, due to the sudden drop in the production of solar plants in the darkest hours, so that a fast response from flexible systems is essential;



	
Increase in reserve requirements due to the increasing presence of nonprogrammable renewable energy sources (NP-RES)-based power plants and their randomness.








Looking at these impacts, the increase in the share of RES generation brings the electricity system to conditions of lower reliability, safety, and stability. In this context, stability, particularly transient stability, plays an important role as an index of robustness of the system, subject by its nature to events such as faults and disturbances [5].



Transient stability represents the ability of the system to withstand transient events caused by a disturbance, generally important, e.g., a short-circuit, and to reach the nominal operating conditions. For this reason, it has been the subject of many studies and is already described in the literature [6,7]. A part of this also applies to the impact on transient stability caused by wind turbine integration in the current traditional electric power systems [8,9].



This article first examines the impact of RES generation (in this case, wind energy) on the transient stability of the system when wind energy is added to existing traditional generation and when it replaces some of that generation. The main objective of this work is to analyze and compare some of the solutions to improve the transient stability, such as SVC (static VAR compensator), STATCOM (static synchronous compensator), fast excitation system, and the doubling of a transmission line, as performed in [6]. In this way, it is possible to evaluate and compare the effects of these solutions in a system with RES generation in two different scenarios and then compare them with those of a traditional system.



The PowerWorld Simulator is used for this paper. The IEEE 9-bus system used as a case study in [6] is modified by adding wind turbines. The decision to start with the IEEE 9-bus system is due to the widespread use of this grid, which allows for comparison, and its simplicity, which allows for various sensitivity analyses thanks to the small number of buses; this type of analysis would indeed be complicated and time-consuming for larger grids. As in [6], the system is modeled using component that are already tested and present in the IEEE or WECC lists and that are present in most power system simulator libraries. This is implemented to reach general and reproducible results. However, specific studies about new wind turbine controllers are present in the literature (e.g., [10,11]), which investigate new solutions to face adequately the stability issues in power system with low inertia.



The contributions of this paper are as follows:




	
Sensitivity analysis to identify the generation bus in which to insert the wind generator, so as to define the worst operating condition in terms of transient stability following the insertion of the wind plant;



	
Sensitivity analysis on the share of installed and generated wind power, to evaluate the impacts of the different share on the network following a failure;



	
An evaluation of the impact on transient rotor angle and frequency stability, through the installation of SVC and STATCOM. These solutions provide TSOs (transmission system operators) and GENCOs (generation companies) with dynamic control during contingencies.








The paper is organized as follows: Section 2 presents the solutions to improve the transient stability. The studied system is described in Section 3. In Section 4, sensitivity to wind position, base power, and injected power is investigated. In Section 5, the improvement solutions are tested in two different scenarios. Conclusions are presented in Section 6, where the improvement solutions are summarized, and their main features are highlighted.




2. Description of Enhancement Solutions


According to [12], the solutions used to enhance the transient stability in power system can be classified as conventional and RES-based. Here, the focus is on the conventional techniques. The re-dispatching technique is not considered because no optimal power flow study is performed.



This study considers two types of solutions, as suggested in [12]:




	
A preventive one, via the reduction in system reactance. To do this, the addition of a parallel transmission lines is considered;



	
An emergency one, where the following solutions can be adopted:




	○

	
The fast excitation system helps to reduce oscillations in the electrical system by controlling the generator voltage through the field-excitation circuit, under transient conditions;




	○

	
SVC and STATCOM can regulate the voltage at a selected bus by varying their reactive power, and they can help improve transient stability by increasing the synchronization power flow between generators.














The two solutions mentioned above belong to the FACTS (flexible alternating current transmission systems) family. Their main features are as follows:




	
The SVC (static VAR compensator) consists of passive elements, capacitors, and inductances, controlled by static devices, such as thyristors. Their performance depends on the voltage of the connection bus;



	
The STATCOM (static synchronous compensator), unlike the SVC, does not need passive elements. It is basically a voltage source converter, whose performance is independent of the voltage at the connection bus.









3. IEEE 9-Bus System Description


The test system chosen for this study is the IEEE 9-bus system, which is part of a series of test systems often used for studies on the stability, steady state, and dynamics of power systems [8,13,14].



Here, a modified version of the IEEE 9-bus system is proposed. Starting from the modified version illustrated in [6], one more change is made, i.e., the addition of a type 3 wind turbine generator at bus 7. This is implemented to consider the effect of RES generation in power systems. The location of the wind turbine generator in this node is justified later.



The modified IEEE 9-bus system used in this article is shown in Figure 1, where the load flow results are shown for the case where the proposed solutions are not used or are switched off. Except for the wind generator, which is always connected, the proposed solutions are alternatively connected. In Figure 1, the corresponding connections are shown as empty squares. Their connections are also made to study their impact on the system in the different proposed simulations and scenarios.



As in [6], the transient stability analysis of the proposed system is performed by simulating a three-phase short-circuit. The frequency response of the load is not considered.



According to [15], the models used, in the PowerWorld Simulator, for implementing the type 3 wind turbine generator, i.e., DFIG (doubly-fed induction generator) wind generator, are shown in Table 1. Table 2 indicates the parameters set needed for the chosen control mode.



Here, the analysis follows the steps shown below.



	
Load-flow analysis is performed to initialize the system;



	
A three-phase symmetrical short-circuit fault is applied to a transmission line at 1 s;



	
The fault clearing time, FCT, is set to 0.300 s;



	
The duration of the simulation is 10 s;



	
The simulation time step is 5 ms.







4. Improved System Description


4.1. Sensitivity Analysis of Wind Generator Location


This analysis was performed to determine which wind generator installation bus had the greatest effect on the transient stability of the system. For this purpose, the wind turbine generator was installed in the three generator buses, i.e., bus 4, 7, and 9, and the maximum rotor angle values assumed by generators 2 and 3 (synchronous generators) were evaluated. The rated power of the wind turbine generator was 50 MVA, and its operative active power production was 25 MW. These two values were chosen considering the percentage of wind turbines installed in Italy (about 9.5%) and the energy produced by them (about 7.4%) for the year 2021, as indicated in [16].



The results of this analysis are presented in Table 3, where the maximum rotor angle is also given for the case where no wind generator is installed.



From Table 3 it can be seen that the maximum rotor angle for generators 2 and 3 was reached when the wind generator was installed at bus 7. Therefore, this system configuration was used going forward. In [6], the focus was on generator 2, which was also the most loaded generator in this case.




4.2. Sensitivity Analysis of Wind Generator Rated Power


Another sensitivity analysis was performed taking as parameter the rated power, An (in MVA), of the wind generator. The objective of this sensitivity analysis was to evaluate the impact of the MVA base power on the transient stability of the system. Five values were chosen, starting with 50 MVA and increasing by 25 MVA. The active power generated was kept constant at 25 MW.



To measure the effects on the transient stability, two parameters were considered: the rotor angle (at FCT = 0.300 s) and the critical clearing time (CCT). The variation of these parameters with the power base is shown in Table 4. Figure 2, on the other hand, shows a comparison of the rotor angle behavior for the five MVA basis values, including the case without wind generation.



Table 4 and Figure 2 show that the rotor angle of generator 2 assumed decreasing maximum values as the installed wind power increased. The case characterized by an installed wind power of 150 MVA deserves special attention, resulting in a maximum rotor angle lower than that obtained in the case without wind power generation. The CCT took increasing values as the installed wind power increased.



If the two parameters are considered, it is possible to see that the stability of the system increased as the size of the installed wind generator increased.




4.3. Sensitivity Analysis of Wind Generator Produced Active Power


A sensitivity analysis was then performed for the power production of the wind generator. For this purpose, starting from the sensitivity study of the installed power, the sizes 50 MVA and 150 MVA (smallest and largest, respectively) were taken, as shown in Table 5.



Once the basic values were established, the power values generated in the network were modified. Three values of generated power were evaluated (Figure 3 and Figure 4), taking as the initial value the percentage of wind power in Italy in 2021 (7.4%) [16], while the final value was chosen to be very close to the system instability.



Looking at Table 5, it is possible to note that, for both the installed power values and the increase in the power generated, there was an increase in the value of rotor angle and a decrease in the CCT. Specifically, it is possible to observe that the operating condition characterized by 150 MVA of installed wind power and 25 MW of generated power led to lower rotor angle values than those obtained in the scenario without wind generation.





5. Simulation on Scenarios


The aim of this study was to assess the impact of wind power generation in terms of stability and the effectiveness of the mentioned solutions to mitigate stability problems caused by the integration of the wind plant. For this purpose, an installed power value of 92.5 MVA was considered within the in-use test system. This value was chosen by applying to our test system the same percentage of wind generation expected from Terna to 2030 within the Italian electricity system [4].



With the same criterion, a power input value of 42.7 MW was chosen from this wind generator.



Once the generation and production quotas from wind have been defined, the impacts on transient stability related to the use of systems for their enhancement were studied, as seen in [6].



This assessment was carried out considering two different scenarios:




	
Scenario A, which provides for the addition of the wind generator without the decrease in the share of conventional generation within the test system, so as not to decrease the inertia value present in the system;



	
Scenario B, which involves the replacement of a share of conventional installed power equal to 92.5 MVA with wind power, so as to evaluate the impact of the system inertia reduction following the insertion of the wind generator (Figure 5).








5.1. Scenario A—Wind Added without Replacing Conventional Generation


In order to assess the device effectiveness in enhancing stability within the wind-added scenario, the system characterized by the presence of only the wind generator was taken as the base scenario.



Later comparisons were made in terms of rotor angle and CCT with data obtained from scenarios characterized by the presence of a double line, an SVC, a STATCOM, and a fast excitation system EXST4B, as carried out in [6] and shown in Table 6 and Table 7, while the behavior of the rotor angle and the frequency is shown in Figure 6 and Figure 7.



The results show that the addition of a new parallel line is the most effective solution to contain the rotor angle variations, as shown in Table 6 and Figure 6; moreover, the stability margin was increased by reducing the initial rotor angle, thanks to its effect on the system admittance matrix. SVC and STATCOM (see Figure 6) had a limited effect on the rotor angle stability, while the fast-acting exciter EXST4B anticipated the maximum rotor angle instant, while also reducing its value.



Figure 7 shows that the oscillations occurring in the base caused by the three-phase short-circuit case were mitigated using the solutions considered.



The addition of a parallel line represents a structural and preventive solution, with a small effect on the frequency stability. Emergency solutions such as SVC and STATCOM, as well as the fast-acting exciter, help the system frequency stability, especially during the underfrequency period. This is because these devices operate under dynamic conditions, which allows the control of electrical quantities such as voltage, which is a crucial quantity during a transient caused by a short-circuit. Comparing the results, the fast exciter had the best impact on frequency stability, resulting in the lowest oscillations, reaching the lowest point of 49.65 Hz.




5.2. Scenario B—Wind Added with Replacement of Conventional Generation


The same analyses described in the previous paragraph were evaluated under the scenario that involved replacing the traditional generation quota with wind generation, using the same percentages described. In this case, the effects of the tested devices were also evaluated as a function of the rotor angle and frequency values during the fault, as shown in Table 8 and Table 9 and Figure 8 and Figure 9.



A look at the rotor angle values obtained in Scenario B (see Table 8) shows that the maximum rotor angle for each solution was smaller than the rotor angle value obtained for the same solution in Scenario A. The same trend can be observed for CCT in Table 9. This is due to a different operating point of Generator 2, because the presence of the wind generator allows Generator 2 to feed a lower value of MW to Bus 2.



In the substitute scenario, the best solution for the stability of the rotor angle was the double line and not the other devices, which had only a small effect. The frequency oscillation in the replacement scenario behaved similarly to the addition scenario, confirming that EXST4B was the best solution in terms of frequency stability, reaching a minimum value of 49.7 Hz, as shown in Figure 9.





6. Conclusions


The analyses presented in this manuscript showed that the presence of a wind generator leads to lower system stability, due to inertia reduction, when limited to the grid under consideration. This is true until a very large amount of wind generation is installed (e.g., 150 MVA of wind capacity over 567.5 MVA of programmable generation capacity).



Injected power also affects stability, as an injected power close to the maximum power of the wind generator leads to lower stability margins in rotor angles.



In both the scenario with additional wind turbines and the scenario with replacement wind turbines, the addition of a parallel line (preventive control of transient stability) was the optimal solution to improve rotor angle stability, while the impact on frequency stability was irrelevant, due to the absence of dynamic contribution. In the case of emergency control of transient stability, the fast-acting exciter is the best solution, especially in terms of frequency stability, since it acts faster than any other solution. On the other hand, for rotor angle stability, the fast-acting exciter is useful to improve transient stability, but its contribution is limited with respect to the addition a new parallel line.



SVC and STATCOM showed limited capacity in helping the system to enhance its rotor angle stability, while they represent desirable solutions to improve frequency stability, allowing a better containment of frequency fluctuations, while avoiding the tripping of load shedding relays.



The results can be summarized as follows:




	
SVC and STATCOM devices provide superior support for improving transient stability. These two solutions show similar behaviors; however, due to their unique features, the STATCOM solution was found to perform at higher standards than SVC—in the case of a weak grid or in a case characterized by a low percentage of synchronous generation (e.g., high penetration of renewable energy sources);



	
From a monetary/financial point of view, SVC is a cheaper solution than STATCOM, due to its ease of allocation and maintenance, and the larger power range. Investment in these solutions can be economically incentivized for utilities in case of remuneration for reactive power compensation. Focusing on generator companies, an economic incentive, e.g., a remunerated voltage regulation service, could be useful to refurbish their plants and to increase performance through the use of fast excitation systems, as shown in the analyses.








Looking at the next generation of power system structures, specifically characterized by a high presence of RES generation [8,14,17] (which can strongly impact the system stability), it can be useful to reinforce the power grid structure by doubling key lines. This is surely useful to prevent critical congestion problems and significantly improve grid stability.



This paper provides a preliminary examination of the impact of new converter-based technologies on improving the security of modern power systems. Future developments will include the following topics: the impact of different control techniques for thermoelectric generators, concerning only generators with fast valving and brake resistors to mitigate the transient following a contingency. New market products are necessary to push not only utilities to provide services based on new technology, but also TSO to install new devices to manage the future power system safely. This can be achieved, for example, by introducing new ancillary services.
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Figure 1. Modified IEEE 9-bus system with wind power generator and transient stability solutions (portion of the system identified by the dashed red line). 
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Figure 2. Comparison of rotor angle values for different rated power of wind generator. 
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Figure 3. Comparison of rotor angle values for different wind power generation with 150 MVA wind power base. 
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Figure 4. Comparison of rotor angle values for different wind power generation with 50 MVA wind power base. 






Figure 4. Comparison of rotor angle values for different wind power generation with 50 MVA wind power base.



[image: Energies 15 07055 g004]







[image: Energies 15 07055 g005 550] 





Figure 5. Modified IEEE 9-bus system for Scenario B. 
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Figure 6. Scenario A: rotor angle curves considering different stability improvement solutions. 
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Figure 7. Scenario A: frequency curves considering different stability improvement solutions. 
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Figure 8. Scenario B: rotor angle curves with different stability improvement solutions. 
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Figure 9. Scenario B: frequency curves with different stability improvement solutions. 
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Table 1. Wind type 3 models.
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	Power Plant Parts
	Type 3 Model





	Plant controller
	REPC_A



	Generator/converter
	REGC_A



	Electrical control
	REEC_A



	Turbine
	WTGT_A



	Aerodynamics
	WTGAR_A



	Pitch controller
	WTGPT_A



	Torque controller
	WTGTRQ_A
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Table 2. Wind type 3 control mode selection.
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	Functionality
	Models
	PfFlag
	Vflag
	Qflag
	RefFlag





	Plant level V control + local

coordinated V/Q control
	REEC_A, REPC_A
	0
	1
	1
	1
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Table 3. Maximum rotor angle values for different wind bus positioning.
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	Gen.
	No Wind
	Wind@Bus 4
	Wind@Bus 7
	Wind@Bus 9





	Gen 2
	119.86°
	126.49°
	136.60°
	136.33°



	Gen 3
	51.74°
	55.71°
	61.68°
	61.38°
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Table 4. Rotor angle values for different rated power of the wind generator.
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	An (MVA)
	50
	75
	100
	125
	150





	Rotor angle
	136.60°
	134.33°
	130.08°
	123.58°
	116.25°



	CCT (s)
	0.352
	0.354
	0.367
	0.389
	0.415
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Table 5. Rotor angle values for different wind power generation.
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An (MVA)

	
50

	
150




	
Pw (MW)

	
25

	
35

	
50

	
25

	
40

	
60






	
Rotor angle

	
136.60°

	
144.81°

	
159.78°

	
116.25°

	
136.17°

	
169.06°




	
CCT (s)

	
0.352

	
0.339

	
0.318

	
0.415

	
0.355

	
0.309
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Table 6. Scenario A: maximum rotor angle values considering different stability improvement solutions.
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	Base
	SVC
	STATCOM
	EXST4B
	Line





	Rotor angle
	150.98°
	148.13°
	148.07°
	145.28°
	126.76°
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Table 7. Scenario A: CCT values considering different stability improvement solutions.
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	Base
	SVC
	STATCOM
	EXST4B
	Line





	CCT (s)
	0.329
	0.333
	0.334
	0.340
	0.374
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Table 8. Scenario B: maximum rotor angle values considering different stability improvement solutions.
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	Base
	SVC
	STATCOM
	EXST4B
	Line





	Rotor angle
	96.09°
	94.43°
	94.51°
	95.43°
	84.97°
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Table 9. Scenario B: CCT values considering different stability enhancement solutions.
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	Base
	SVC
	STATCOM
	EXST4B
	Line





	CCT (s)
	0.455
	0.457
	0.462
	0.452
	0.523
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