[image: image1]Enhanced Dynamic Behaviour of Grid Connected Wind Farms in Load Participation and Frequency Regulation

		ORIGINAL RESEARCH
published: 17 March 2021
doi: 10.3389/fenrg.2020.606019


[image: image2]
Enhanced Dynamic Behaviour of Grid Connected Wind Farms in Load Participation and Frequency Regulation
Kenneth E. Okedu1,2,3 and Hind F. A. Barghash4*
1Department of Electrical and Electronic Engineering, Kitami Institute of Technology, Kitami, Japan
2Department of Electrical and Communication Engineering, National University of Science and Technology, Muscat, Oman
3Department of Electrical and Electronic Engineering, Nisantasi University, Istanbul, Turkey
4Department of Engineering, Germany University of Technology (GUtech), Muscat, Oman
Edited by:
Fernando Martinez-Rodrigo, University of Valladolid, Spain
Reviewed by:
Minh Quan Duong, University of Danang - University of Science and Technology, Vietnam
Hossam S. Salama, Aswan University, Egypt
* Correspondence: Hind F. A. Barghash, hind.barghash@gutech.edu.om
Specialty section: This article was submitted to Smart Grids, a section of the journal Frontiers in Energy Research
Received: 14 September 2020
Accepted: 23 December 2020
Published: 17 March 2021
Citation: Okedu KE and Barghash HFA (2021) Enhanced Dynamic Behaviour of Grid Connected Wind Farms in Load Participation and Frequency Regulation. Front. Energy Res. 8:606019. doi: 10.3389/fenrg.2020.606019

The control of grid frequency in power systems due to the penetration of wind turbines is vital to maintaining the stability of power grids, based on recent grid requirements. In this paper, the dynamic behaviour of a wind farm connected to an existing grid is presented. The existing grid is made up of steam turbines, while the wind farm is based on squirrel cage induction generators. An energy capacitor system is used to stabilize the wind farm during periods of wind speed change. Loads with various capacities were connected to the grid to test the robustness of the controllers of the energy capacitor system employed. Furthermore, the effect of varying the time constant of the in-built DC-DC chopper of the energy capacitor system was investigated, considering load participation in the grid. One of the targets of this paper is the stabilization of the grid frequency of the network, despite the load capacity and the nature of the wind speed in the wind farm. The system performance was evaluated using Power System Computer Design and Electromagnetic Transient Including DC (PSCAD/EMTDC). The same conditions of operation were used to investigate the various scenarios considered in this study, to ensure an effective comparison. The natural wind speed employed was the same for all the considered scenarios. The presented results show that small load capacity with a high value low pass filter time constant, provided better response for the grid frequency and the entire variables of the power network.
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INTRODUCTION
Frequency control in power grids require three mechanisms, at different time scales, which are traditional, and are usually implemented on the generation side of the turbine system (Wood and Wollenberg, 1996; Bergen and Vittal, 2000; Machowski et al., 2008). The primary frequency control employs a governor to maintain a set point, and to regulate the input of the mechanical power to the generator. This control is usually operated based on a low tens of seconds’ timescale. This control strategy is known as the droop control and it is mainly decentralized. In the primary control, the nominal frequency is not usually restored; however, the primary control can rebalance power and stabilize the frequency of the system. On the other hand, the automatic generation control, also known as the secondary frequency control, has a timescale of operation of up to a minute and maintains the set points of the governors based on a centralized control. This helps in adjusting the frequency of the system to its nominal value.
With the rapid penetration of wind energy into existing grids, the challenges for the smooth operation of power networks, because of grid disturbance, cannot be avoided. New methods are required to tackle this issue as the intricacies and control strategies for power grids are becoming more complex by the day (Okedu, 2013). Based on the stochastic nature of wind energy, wind power penetration into traditional power networks results in constant frequency distortions. In the literature, it has been proposed that users of grid connected loads should adapt their power consumption to the real generation cost at the time of usage. By doing this, loads that are adaptive to frequency would allow the uncertain fluctuating energy more easily, due to its penetration.
It has been proposed that appliances like “refrigerators, water or space heaters, ventilation systems, air conditioners, and plug-in electric vehicles,” which are known to be grid friendly could be of help in managing the energy imbalance of the power network (Lu and Hammerstrom, 2006; Trudnowski et al., 2006; Short et al., 2007; Brooks et al., 2010; Donnelly et al., 2010; Callaway and Hiskens, 2011; Molina-Garcia et al., 2011), The results of many studies, as reported in the literature, have shown tremendous and consistent improvements in dynamic grid performance and a reduced need to rely on spinning reserves. In some countries, the merits of using a grid-friendly connected load approach as a substantial total capacity of the load has reached 18% of their peak demand, in comparison to the current 13% required operating reserve, during peak demand (Hammerstrom et al., 2007; Short et al., 2007; U.K. Market Transformation Programme 2008; Kiani and Annaswamy, 2012; Zhao et al., 2014). The viability of this study approach can be verified in references (Andersson et al., 2005; Report of the Enquiry Committee, 2012; Luo et al., 2018), where it has been validated by measuring the correlation between the frequency and voltage of transmission lines at various places in the network, connected to the end users. This proved that it is sufficient for local frequency measurements of loads to partake in primary frequency control and at the same time be involved in the electromechanical oscillations damping in inter-area modes of large, interconnected power systems.
It should be noted that, while there are many reports that tend to offer solutions to load frequency adaptive control in the literature, not much has really been said regarding the analytical study of the behavior of grid connected loads and the dynamic equilibrium balance of the power system performance, in multi-machine systems. Although some key issues regarding the dynamic behavior of the grid connected system in load participation, with frequency regulation when considering the penetration of wind energy have been recognized (Trudnowski et al., 2006; Messikh et al., 2008; Jagathessan, 2015) they have not been addressed.
Recently, since frequency security is now the focus of the grid operation, it is imperative to reflect and strike a balance between the active power and frequency of the system, within specified limits, to ensure continuous operation of the power system. Otherwise, the protection devices that are frequency related would trigger, which may lead to fatal consequences in the power network. Modern power grids keep moving toward a complex large artificial system (Saiteja and Krishnarayalu, 2015; Wilches-Bernal and Chow, 2015). The interactions of the power components are more sophisticated in such a way that, a small grid disturbance may trigger a chain reaction, resulting in power blackouts due to cascading failures (Kumar and Kothari, 2005; Singh, 2014). The outages of the power system elements and the unforeseen spreading of the cascading failure of the system could cause a great mismatch of power. If this situation is not properly handled, it will lead to frequency insecurity. A further consequence would be a massive loss of load and generation or the collapse of the entire power system.
In light of the above, it would be correct to infer that the dynamics of the grid frequency and other variables of the power network play an important role in the process of power system cascading failures. The genetic algorithm (Molina and Mercado, 2011; Gu et al., 2013; Adhikari and Li, 2014; Ngamroo and Karaipoom, 2014; Serban and Marinescu, 2014) and the implemented adaptive notch filter (Ghazanfari et al., 2012; Sebastián and Peña Alzola, 2012; Suvire et al., 2012; Inthamoussou et al., 2013; Islam et al., 2013; Hussain et al., 2014) are some of the solutions that have already been reported. The Flywheel Energy Storage (FES) (Cardenas et al., 2004; Cimuca, et al., 2006; Jerbi et al., 2009; Cimuca et al., 2010), Superconducting Magnetic Energy Storage (SMES) and an Energy Capacitor System could be employed as short-term energy storage systems, to reduce fluctuations in wind energy. On the other hand, for a long-term energy storage system, the Battery Energy Storage System (BESS) could be used. However, because a fast response is required to effectively compensate and control the uncertain wind energy fluctuations, the BESS scheme may not be a good solution due to its slow charging and discharging process in a wind farm (Chang, et al., 2015; Zhang, et al., 2017). When considering high performance efficiencies and quick responses, the earlier schemes can be used to smooth out the fluctuating wind generator’s power (Causebrook, et al., 2007; Wang et al., 2011; Toshiba Documents Corporation, 1997), however, their initial and maintenance costs are major challenges (Yang et al., 2010).
As the need to propose a solution to grid frequency dynamics in grid connected power networks is on the rise, the FES has recently been used as a common control scheme to improve power quality and frequency control. Some of the reasons for this is that this control topology offers a short response time, is low cost, and has improved system reliability compared to other control schemes. FES has been employed to compensate for fluctuations of wind power to improve wind energy penetration into existing power networks, where it was concluded that a large FES can regulate the grid frequency of a power network. However, due to its components like the generator, inertia mass, bearings, and other ancillary devices, the cost of this system is quite high. A small sized FES can, however, store small fractions of energy which could be used to control variations in wind energy. A cheap small sized braking resistor was employed to improve the performance of wind farms that are connected to the grid (Causebrook et al., 2007; Yang et al., 2010; Okedu et al., 2011; Okedu et al., 2012), since it could enhance the wind generator output and mitigate dynamic effect of the speed of the wind turbine. A topology enacting the effect of this scheme, together with an ECS flexible ac transmission system was presented (Okedu, 2017), in a mixed generation system, while the DFIG flywheel-based system (Okedu, 2018a) was used for frequency control of the power network.
Researchers (Changgang et al., 2020) carried out a study on the drop of grid frequency as a result of massive generation loss, causing a threat to the power system’s frequency stability. In this study, a scheme based on precise load control was employed on a line-by-line basis for power grids that have no controllable loads. A proportional integral differential controller method, using a dynamic matrix control study, was reported (Wang and Tan, 2013), to solve load frequency control problems. In this paper, a detailed mathematical model of the controlled plant was not required, because a simple controller was used to achieve the step response of the system. However, the receding horizon dynamic matrix control requires a difficult computation burden for the perfect operation in a traditional distributed control system. A reduced generalized predictive control, into proportional integral differential control, was proposed (Hong et al., 2014), to improve the performance of grid frequency. However, the tuning of the controller parameters was not considered in the study. The integration of the interconnected power system requires an improvement of the automatic emergency control and harmonization with the load-frequency control, based on the recent grid codes. An investigation of the frequency and active power control, was carried out in a detailed simulation model that consist of under frequency load scheme (Vsevolod et al., 2017). The simulation results for different disturbances were presented in the study.
The need for power smoothing approaches considering intermittent wind power output, is imperative in a grid-connected multi-machine network. SMES and super-capacitors could also be used to reduce frequency fluctuations and power leveling in a grid connected system like the ECS. Both schemes could help in power flow smoothing under different wind conditions. The SMES technology is based on storing energy in the form of a magnetic field (Nielsen and Molinas, 2010; Okedu, 2018b). A direct current penetrates from a large superconducting coil and creates a magnetic field, thus, preserving energy (Vitale, 2017). The super-capacitors strategy is based on the charging and discharging modes of the super-capacitors. The charging and discharging modes are the key factors for the wind power ramp and frequency fluctuation control, in a grid connected wind farm, utilizing this kind of technology (Aranizadeh et al., 2016).
Although the above studies carried out investigations of load frequency in a power grid, most did not consider the integration of wind farms and the participation of different loads in the grid, considering the tuning of the excitation parameters of an energy storage device, used in stabilizing the grid during disturbances.
The salient part of this paper is the enhancement of the grid frequency performance of a multi-machine grid connected system considering the energy capacitor system control strategy. A model system made of traditional steam synchronous based generators that are grid tied to a wind farm is considered in this study. The energy capacitor system controller was used to stabilize the wind farm composed of squirrel cage induction generators. In the course of the operation of the wind farm, the control strategy is carried out based on the dynamics resulting from constant changes in wind power. Simulations were run using the Power System Computer Aided Design and Electromagnetic Transient Including DC (PSCAD/EMTDC) environment (PSCAD/EMTDC Manual, 1994). This study considered natural wind speed data obtained from Hokkaido Island, Japan, used for the wind turbines in the wind farm. Three grid-connected loads with different capacities were considered in the participation of the grid dynamics. The simulations were carried out for different scenarios where the loads were gradually increased at a time, under the same operating conditions for an effective comparative study. The time constant parameter of the DC-DC chopper circuitry of the low pass filter embedded in the energy capacitor system was varied for the different load capacities. The presented simulation results show the enhanced performance of the power network variables, using the control scheme employed in the wind farm.
MODEL SYSTEM OF THE STUDY
Figure 1 shows the considered model system used in this study, with the parameters of the lines, transformers, and loads given. The existing grid network is made up of steam synchronous generators. The wind farm in the model system is made up of only fixed speed wind turbines and is connected to the existing grid network, consisting of two steam driven turbine plants. The capacities of the two wind turbines are 5 MW each and those of the steam turbines are 45 MW each.
[image: Figure 1]FIGURE 1 | Model system of study.
For simulation purposes, only the aggregated wind turbines and steam turbines were used to study the dynamic behaviour of the system. Load A and load B have a 30 MW capacity and they are connected, as shown in the model system, to bus bars 11 and 12, respectively. The capacities of the loads were varied for different power factors of the grid operation for three scenarios to investigate their dynamic behavior. In the first scenario, the load capacity was 60% of the entire load rating, with a further reduction by 3% and 6% for the second and third scenarios, respectively. The energy capacitor system was connected to the terminal of the fixed speed wind farm to provide a smooth output during dynamics. The energy capacitor system has an built-in low pass filter system with gain and time constants. The same natural wind speed was used for the various scenarios of load capacities.
The grid was operated under the same condition, for effective comparison of the dynamic performance of the various load scenarios, based on the control strategy of the energy capacitor system. The parameters of the wind turbines and those of the steam synchronous generator plants in the model system are given in Table 1 (Okedu, 2017). The parameters of the energy capacitor system are also given in the same table. The Pulse Width Modulation (PWM) carrier frequency for the energy capacitor system is 1.05 kHz.
TABLE 1 | Turbine and energy capacitor parameters.
[image: Table 1]THE MATHEMATICAL DYNAMICS OF THE MODEL SYSTEM
The power system main part of the model system in Figure 1 is shown in Figure 2. From Figure 2, the generator inertia constant is [image: image], the damping constant of the loads is [image: image], while the change in the electrical power is [image: image].
[image: Figure 2]FIGURE 2 | Dynamic representation of the model system.
The change in the turbine valve opening [image: image] is based on the deviation of the frequency [image: image], while that of the mechanical power [image: image] is adjusted by the turbine itself. The characteristics of the electrical and mechanical parts of the steam turbine synchronous generator can be expressed with the differential equations given as (Omine et al., 2008a; Omine et al., 2008b):
[image: image]
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From Eqs 1–4, [image: image] is the inertia constant, [image: image] is the mechanical input into the generator, [image: image] is the generator output, [image: image] is the angular phase difference, [image: image] is the angular speed deviation, [image: image] are the transient voltage for the direct and quadrature axis of the synchronous steam plant generator, [image: image] is the converted excitation voltage to the [image: image], [image: image] are the reactance of the [image: image] and [image: image] axes, [image: image] are the transient reactance of the [image: image] and [image: image] axes, [image: image] are the terminal currents of the generator for the [image: image] axes, while [image: image] are the transient time constants for the open circuit, respectively. The values of the parameters for the elements are given in Table 1.
It should be noted that the wind generator in Figure 1 is modeled as a fluctuating source because its output power is fluctuated by the stochastic nature of wind.
Considering that the loads are equipped with motors, the power frequency would be sensitive and is described as
[image: image]
From Eq. 5, D is the damping constant. The presented model in Figure 2 has a speed governor with transfer function expressed as
[image: image]
Equation 6 is expressed in such a way that the change in the valve opening is
[image: image]
The transfer function of the turbine is
[image: image]
From the above equations,
[image: image]
Therefore, the transfer function represented by [image: image] is:
[image: image]
EFFECT OF WIND ENERGY ON GRID FREQUENCY CONTROL
Power generation and supply in a grid changes from time to time. This imbalance is referred to as the frequency control of the network. Basically, the causes of the change in the grid imbalance are variations that are due to connected loads, power failures, or fault lines. This study is based on the variations that are due to connected load capacity. In a classical frequency control scheme shown in Figure 3, there is normally a primary frequency control scheme that adjusts the prime mover of the machine power flow, based on filtering activation with a time constant (Kundur, 1994; Andersson, 2008). This mechanism is a primary frequency control of the grid. However, to adjust the frequency variable during disturbances, a secondary control is required in addition to the earlier primary control. From the typical frequency control scheme shown in Figure 3, the first part is made up of the frequency controllers that allow the turbine to take or give out their kinetic energy, to mitigate frequency changes. This part of the system is referred to as the inertia response, because it dampens the inertia during frequency changes. The other part of Figure 3 is based on frequency stabilization with respect to its original value, using the primary or governor control scheme along with its secondary mechanism (UCTE, 2004).
[image: Figure 3]FIGURE 3 | Frequency control scheme in power networks.
With the integration of wind energy in Figure 3, the response of the inertia, due to changes in frequency, is expressed as (Omine et al., 2008b):
[image: image]
Where, Pg is the generated power, Pl is the power demand, [image: image] is the electrical angular frequency and Jsystem is the inertia of the system. The derivative of the kinetic energy stored in the turbines is given in Eq. 11. This is proportional to the power rating of the turbines and leads to the expression of the inertia constant given as (Anderson and Fouad, 2002):
[image: image]
Where Sgen is the apparent power of the generator, [image: image] is the system frequency and p the number of pole pairs. The range for the inertia constant is normally 2–9 s for large turbines (Stevenson and Grainger, 1994), for this work the inertia constant used is 3.5 sec as shown in Table 1. Clubbing Eqs 1, 2 give:
[image: image]
Where, Hsystem is the initial constant of the system. Assuming, [image: image], the initial rate of frequency change of the system may be expressed as:
[image: image]
In light of the equations above, the frequency rate of change depends on the magnitude of the imbalance power and the inertia. Moreover, the inertia of the system depends on the number of turbines in operation in the grid and the self-inertia of the various turbines. Based on the rotational speed and frequency coupling of synchronous generators, they can partake in the inertia response, unlike wind generators. This is due to the fact that wind generators decouple electrically (the generator motion from the grid frequency) and consequently lack the ability to partake in the inertia control.
As a result, integrating wind energy into the traditional grid would mean a lower system inertia that may cause a high rate of frequency change. However, if virtual inertia control is considered for wind generators, the difference in the power imbalance, due to the change in frequency, can be reduced. This study employs the fixed speed squirrel cage induction wind turbine based on the induction generator in the considered model system of Figure 1.
THE CONTROL STRATEGY OF THE WIND FARM AND ENERGY CAPACITOR SYSTEM
The control structure for the energy capacitor system is shown in Figure 4. From the control structure in Figure 4, the direct axis grid current is used to control the DC-link voltage of the energy capacitor system, while the quadrature axis grid current is used to control its reactive power dissipation to the grid during operation. The values of the Proportional Integrators (PI) are obtained by a trial-and-error method.
[image: Figure 4]FIGURE 4 | Control strategies of the energy capacitor system and chopper circuitry. (A) Energy capacitor system. (B) Structure of the dc-dc converter.
The Phase Lock Loop (PLL) helps in synchronizing the grid voltage at the grid side inverter of the energy capacitor system to that of the operational values of the grid. The obtained PLL angle is used in the conversion of dq to abc components based on the six pulses generated for the switching of the energy capacitor system. These pulses were obtained after a comparator compares a PWM signals with a triangular saw tooth carrier frequency of 1.05 kHz, for the energy capacitor system. Also, the Low Pass Filter (LPF) and DC-DC chopper circuitry are shown in the same figure. The wind turbine real power and the reference maximum power point tracking obtained from the wind turbine characteristics are used to obtain the switching signal for the DC-DC chopper circuitry. The low pass filter time and gain constants were manipulated to control the behaviour of the wind generator during operation. In this study, the model system load capacity and the time constant were varied, to investigate the dynamic behaviour of the grid.
EVALUATION OF THE SYSTEM PERFORMANCE
System Evaluation with Constant Load and Different ECS Filter Time Constants
The simulations of this study were carried out in PSCAD/EMTDC environment using the considered model system of Figure 1. The first part of the evaluation of the system performance was carried out using real wind speed data obtained from Hokkaido Island in Japan, shown in Figure 5A. This wind speed was used for the aggregated wind turbine in the grid connected wind farm of the model system. The simulations were run for 600 s to demonstrate the robustness of the controllers the system employed in the stability of the grid during dynamics. In this scenario, different low pass filter time constants of the ECS unit were used to investigate its effect on the dynamics of the grid network, considering the light fixed load in the model system. Figure 5B shows the responses of no ECS grid frequency control and those of the different time constants for the ECS low pass filter circuitry. When no control was implemented, the grid frequency dipped as much as 48 Hz, thus in this case, the wind farm must be shut down based on the stipulated grid codes that do not allow a frequency dip below 49.5 or 49 Hz in some cases. Furthermore, a scheme considering the series dynamic braking resistor connected to the stator of the wind generator and controlled based on the grid frequency was also investigated. The grid frequency response of the series resistor could not match the grid requirement. However, with the use of the low pass filter, having a high time constant of 240 s for the ECS, the grid frequency was effectively stabilized based on the stipulated grid codes, as compared to scenarios of using lower time constants for the ECS low pass filter circuitry, as shown in Figure 5. Figure 5C shows that the output power can be reduced or increased during low and high wind speeds by smoothening, compared to no smoothening. The control system of the ECS selects the line power as a reference and follows it by absorbing or discharging active power from or to the capacitor system. The LPF is used to estimate the reference line power, thus, enhancing the system performance by smoothening the power fluctuations and keeping the terminal voltage within the required level.
[image: Figure 5]FIGURE 5 | Dynamics of the system with constant load. (A) Wind speed. (B) Grid frequency. (C) Active power.
System Evaluation with Varying Load and Different ECS Filter Time Constants
The same natural wind speed data shown in Figure 5A, was used in this section, to effectively judge the performance of the system. Three scenarios of load participation were carried out. In the first scenario, the connected load capacity is 60% of the total load. The load capacity was then reduced by 3% and then by 6% for the second and third scenarios, respectively. The time constant variable for the low pass filter was also varied for 60, 120, and 240 s, respectively, to show the dual effects of the load capacity and the time constant of the energy capacitor system on the behavior of the grid connected wind farm and the entire grid. The wind farm was connected as per the three scenarios at a time to the existing grid network of steam turbines under the same operating condition of wind speed, for an effective comparative study of the responses of the variables of the network. Some of the simulation results for the grid variables of the system are discussed.
Figure 6A shows the behavior of the grid frequency dynamics for scenario 1 with different load capacities and an energy capacitor low pass filter time constant of 60 s. The respective power factor of operation of these loads are also shown. With a load capacity of 60% and a power factor of 0.8, a dip was observed with increased settling time for the grid frequency variable during dynamics. The grid frequency distortions were a lot for this case because of the huge effect of the wind speed change and the high capacity of the grid connected load, thus, the controller was not able to restore the performance of the grid variable as per the grid codes or requirements stipulating a minimum of a 49 Hz frequency dip.
[image: Figure 6]FIGURE 6 | Dynamics of the system with varying loads. (A) Dynamics for low pass filter 60 s. (B) Dynamics for low pass filter 120 s. (C) Dynamics for low pass filter 240 s.
The performance of the grid frequency, considering a reduction of load capacity by 3% using the same energy capacitor time constant, is almost the same as that of a 60% load capacity. With a further reduction of the load capacity by 6%, the grid frequency was further enhanced, considering the same energy capacitor time constant. Figure 6B for scenario 2 shows similar responses to scenario 1 in Figure 6A, however, the performance of the grid frequency was better due to the increase of the time constant of the energy capacitor system from 60 to 120 s, with a frequency dip slightly lower than 49.5 Hz.
A further increase of the energy capacitor system time constant to 240 s for scenario 3, shows a far better behavior of the grid frequency dynamics, despite the load capacity of the power system (Figure 6C). In this case, the response of the load capacity at 60 and 57% are exactly the same and the difference between these responses and that of the 54% load is slightly less than a 2% deviation. Based on the responses of Figures 6A–C, it could be concluded that it is better to operate the energy capacitor system with high value of time constant parameter for optimal performance of the grid frequency dynamics, despite the load capacity connected to the entire network.
The active power responses for the wind farm, considering all scenarios, are shown in Figure 7A. The responses of the wind farm active power are different for different load capacities; however, the responses are the same for the same energy capacitor timing constant. Thus, the load capacity of the grid plays a major role in the response of the wind farm active power, compared to the energy capacitor time constant. The responses of the energy capacitor reactive power are given in Figure 7B. Figure 7B shows that more reactive power is dissipated with a higher load capacity, despite the energy capacitor time constant. Thus, the load capacity of the grid is directly related to the dissipation of reactive power by the energy capacitor system. More load capacity requires more reactive power to stabilize the system.
[image: Figure 7]FIGURE 7 | Dynamics of the variables of the grid. (A) Active power of the wind farm for all scenarios. (B) Reactive power of ECS for all scenarios. (C) Active power of the thermal steam turbine for all scenarios.
Figure 7C shows that the active power of the grid connected existing steam synchronous generator turbines depend on both the load capacity of the grid and the energy capacitor timing constant parameter. A higher load capacity of 60% with a higher time constant of the energy capacitor system, shows a better grid frequency dynamic behavior. On the other hand, when the load capacity of the grid was reduced by 6% and the time constant was of a high value of 240 s, an improved performance of the active power of the synchronous generator was achieved during dynamics.
Figure 8 shows the dynamics of the wind farm. In Figure 8A, the terminal voltage of the wind farm was kept constant for all conditions despite the varying wind speed. Thus, showing the robustness of the controller of the energy capacitor system employed in the study. The results for the terminal voltage of the wind farm shows that with more grid connected loads, the wind farm voltage would drop further compared to scenarios with low grid connected loads. In Figure 8B, the reactive power of the wind farm is the same for all scenarios. This is because the reactive power does not partake in the stabilization of the grid frequency; rather the active power of the wind farm has a relationship with the grid frequency. The rotor speed of the wind turbine in the farm is shown in Figure 8C. The rotor speed was the same for all conditions of the low pass filter time constant and the varying conditions of the wind speed from 0 to 300 s. After 300 s, there was a drop in the wind speed close to 7 m/s. This led to a drop in the rotor speed of the wind turbine when the grid-connected load was of higher capacity. The rotor speed of the wind turbine was not affected for low grid-connected load capacities, despite the various values of the low pass filter used in the dc chopper circuitry of the energy capacitor system.
[image: Figure 8]FIGURE 8 | Dynamics of the variables of the wind farm. (A) Terminal voltage of the wind farm. (B) Reactive power of the wind farm. (C) Rotor speed of wind turbine.
Figure 9 shows the dynamics of the energy capacitor system. In Figure 9A, the dc chopper current was much lower for higher grid-connected loads during operation. This is due to fact that a large current and voltage drop would occur as the capacity of the load increases, leading to more stress on the energy capacitor system beyond its operating limits. In Figure 9B, the DC-link voltage of the energy capacitor drops with a lower capacity of grid-connected loads. The higher load capacity in the grid provided a slight increase in the responses of the DC-link during dynamic conditions of operation. The grid current for phase A of the energy capacitor system is shown in Figure 9C. There was a drop in the grid current, just like the dc chopper current with an increase in grid-connected loads, when compared to the scenario with a lower load capacity of the grid.
[image: Figure 9]FIGURE 9 | Dynamics of the energy capacitor system. (A) DC chopper current of energy capacitor system. (B) DC-link voltage of energy capacitor system. (C) Grid current of energy capacitor system.
CONCLUSION
It is paramount to reduce the fluctuations in power grids, due to the penetration of huge amounts of wind energy in modern power systems. Failure to achieve this objective would lead to the continuous shut down of grid connected wind farms in a multi-machine power system. In this paper, an energy capacitor system was used to provide smoothing and stability for a wind farm connected to a steam turbine power plant in an existing grid. The dynamic behavior of the grid connected wind farm was investigated considering different scenarios of grid connected load capacities and the time constant of the energy capacitor system. One of the targets of this work was the improved performance of the grid frequency of the network, despite the load capacity and the nature of wind speed in the wind farm. The presented results of the variables of the power grid, reflect that power grids should not be operated too close to their stability limit of high load capacity. Also, high values of an energy capacitor time constant provided better performance of the grid system variables during dynamic analysis. As part of future work to validate the control strategy employed in this study, a real time test bench composed of dSPACE/AD5435 based control scheme using MATLAB/Simulink and a real time workshop is preferred. Gate signals will be supplied to the frequency converter from the DSP (Digital Signal Processor) system. It has been investigated that the Danfoss inverter is suitable for this work as the interfacing card. Also, an optimization technique could be used to define the PI parameters in future work.
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