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The power swing characteristic of transmission lines (TLs) can be affected by the large-scale integration of inverter-based resources (IBRs), resulting in the maloperation of the legacy power swing blocking (PSB) and out-of-step tripping (OST) functions. This paper presents a brief review of power swing phenomena and the impact on power swing protection functions. In this regard, the impact of IBR integration of type-III, and type-IV wind turbine generation (WTG) on legacy power swing protection functions has been scrutinized. To do so, the performance of impedance-based PSB and OST functions during the IBR integration has been investigated via comprehensive simulation studies. The results show that under a system contingency and high IBR penetration, depending on the IBR technology, the system experiences frequency oscillations and swinging impedance trajectories which are different from those from synchronous generators, such that the reliable operation of the legacy PSB and OST functions can be jeopardized. Moreover, during power swing phenomena, the simulation results have found that the security of distance protection cannot be guaranteed and the fault ride-through requirements cannot be maintained when a high share of IBRs have been integrated.
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1 INTRODUCTION
The fault response of the inverter-based resources (IBRs) exhibits different transient and dynamic characteristics from those of conventional synchronous generators (SGs), which can lead to operational challenges to the reliable and secure operation of conventional protection functions of transmission lines (TLs). Following a large disturbance in power systems, such as a generator disconnection, a line switching and/or a loss of connection of a block of load, a temporary variation in the current and voltage can lead to a swinging phenomenon known as power swing condition (Paudyal et al., 2010). The power swing can be stable if the system reaches a new equilibrium point based on the defined operating boundaries, or it can be unstable if the system cannot retain its synchronism with the rest of the grid (Zhang and Zhang, 2018). The protection functions which measure the voltage and current signals may interpret the power swing condition as a fault situation and mistakenly trip the protected equipment (Hashemi and Sanaye-Pasand, 2019a). In the case of distance protection, which constitutes the backbone of protection of TLs, the variation of the current and voltage signals may cause the impedance trajectory to enter the operating zones of the distance relay and may cause an unintentional trip of healthy TLs (Hashemi and Sanaye-Pasand, 2018). This situation can further threaten system stability and can result in major widespread blackouts (Zare et al., 2018). For this purpose, the power swing protection functions, namely power swing blocking (PSB) and out-of-step tripping (OST), play a crucial role in ensuring a secure and reliable operation of power systems. In general, the main purpose of the power swing protection functions is to (Thakur et al., 2020):
1. Avoid the spurious trip of power system equipment during a stable power swing to allow the system to reach a new stable equilibrium point; and
2. Protect the power system during an unstable power swing to implement system protection schemes through controlled islanding in predefined locations to prevent system widespread blackouts and equipment damage.
These objectives are realized through the PSB and OST functions. To prevent the maloperation of the distance protection function during power swing, the PSB function measures the rate of change of impedance to distinguish the fault from the power swing and block the relay operation in case of a power swing condition (Sharifzadeh et al., 2014; Nayak et al., 2015). Likewise, to avoid widespread blackouts, the OST function distinguishes between the stable and the unstable power swing and initiates a trip signal for an unstable power swing to implement intentional islanding (Hashemi and Sanaye-Pasand, 2019b).
However, the fault response characteristics of the IBRs mainly depend on their converter control scheme and differ significantly from conventional SGs (Banaiemoqadam et al., 2020; Behnke et al., 2020; EPRI Technical Brief). Given these characteristics, the impacts of the IBRs on bulk power system protection functions including the power swing protection, directional relaying, negative sequence-based protection, etc., have been reported in (Haddadi et al., 2019; Haddadi et al., 2020; Jalilian and Muttaqi, 2020). In this regard, and as discussed in (Nagpal et al., 2020; Kou et al., 2020; Impact of IEEE), the performance of legacy power swing protection functions can be affected during IBR integration. This is because the reduced system inertia caused by the integration of IBRs can adversely affect the performance of the legacy PSB function such that it cannot distinguish a power swing from a fault situation, leading to the maloperation of the conventional PSB functions. Similarly, at high penetration levels of IBRs, the trajectory of swinging impedance can be affected to the extent that it can jeopardize the secure and reliable operation of the OST function (Paolone et al., 2020).
Accordingly, this paper presents a qualitative assessment of the performance of the power swing protection functions during type-III and type-IV wind turbine generation (WTG) integration through different case studies. In this regard, the possible maloperation of the power swing protection functions has been highlighted and possible solutions are provided to tackle the deficiency of conventional protection functions with the high penetration level of the IBRs. The key contributions of this paper can be summarized as follows:
• Providing a comprehensive review on the fundamental concept and theory of the power swing phenomena and its impact on the performance of legacy protection functions of the TLs.
• Investigation of the performance of legacy PSB and OST functions during the integration of type-III and type-IV WTGs and highlighting the possibility of their maloperation through a comprehensive set of simulation studies.
• Investigation of the worst-case scenarios under which the functions of the legacy PSB and OST may operate incorrectly during IBR integration.
• Investigation of the impact of IBR technology and penetration level on the frequency oscillations of the power swing under contingency scenarios.
• Qualitative assessment of the performance of distance protection during type-III and type-IV WTG integration. Investigation of the likelihood of the loss of security of distance protection for various fault intervals during power swing phenomena. The analysis has been carried out for a variety of generation sources such as SGs, type-III, and type-IV WTGs.
• Conducting a critical discussion on the performance of the legacy power swing protection functions of the TLs and providing potential protection solutions to enhance the performance of legacy power swing protection functions with IBR integration.
The remainder of this paper is organized as follows. Section 2 introduces a brief review of the power swing phenomena and the principle of operation of the legacy power swing protection functions. Section 3 includes the case studies on the impact of IBRs on PSB as well as OST protection functions. A discussion on the case studies outlined in the paper is provided in Section 4. Finally, Section 5 presents the conclusion of the paper.
2 BRIEF REVIEW ON POWER SWING PROTECTION
2.1 Fundamentals of power swing phenomena
To investigate the power swing phenomena, the classical model of the two-machine test system shown in Figure 1 is considered. In Figure 1, the SGs are represented using their classical model by voltage sources ES and ER behind their corresponding impedances ZS and ZR, respectively. Both sources are connected via a TL (ZL) and the performance of the relay R1, installed at Bus S, incorporating a distance protection function, is investigated. In Figure 1, the phase angle difference between both sources is represented by δ. For a typical power system with a nominal frequency of 60 or 50 Hz, during the normal condition, the system is operated very close to their nominal frequency, while a very small frequency variation in the range of 0.02–0.05 Hz is allowed for larger as well as smaller systems, respectively. Under this condition, there is a balance between the load and power generation. Taking into account the classical model of the two-machine test system shown in Figure 1, the power transmitted across the TL can be described by the following equation (Verzosa, 2013):
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where ES and ER are voltages of machines S and R; δ= δES-δER is the angle by which ES leads ER; δES and δER are the rotor angles of machines S and R, respectively; ZT = ZS + ZL + ZR is the total impedance between the two machines including ZS, ZR, and ZL; ZS and ZR are the impedances of the sources S and R; and ZL is the impedance of the TL.
[image: Figure 1]FIGURE 1 | Two-machine test system to investigate the impacts of the IBRs penetration on power swing protection.
The relationship between the power transmitted (P) and the angle difference between both ends of the TL (δ) is graphically depicted in Figure 2A, in which the transferred power increases when δ is increasing from 0° to 90°, whereas P decreases after δ goes beyond 90°. During the normal condition, power systems are usually operated well below maximum power transfer angle at 90° (i.e., the point P0 corresponding to δ0 in Figure 2A). Given to (1), the maximum power transferred across the TL in Figure 2 can be derived as:
[image: image]
[image: Figure 2]FIGURE 2 | (A) The power angle curve, (B) The equal area criteria for a stable swing, (C) The equal area criteria for an unstable swing.
As shown in Figure 2B, once a large disturbance such as a fault occurs on the TL of the two-machine test system in Figure 1, the transferred power is suddenly decreased, causing the electrical output of the machine S to reduce to PF. However, due to the large time constant involved in the mechanical systems coupled with the shaft of the machine, the input power applied to the shaft of the machine, that is, Pm, cannot reduce instantly such that this power imbalance increases the angle δ by accelerating the rotor of the machine during the fault. In this section, for the simplicity of the analysis, the operation of the governors which control the mechanical input of the machine, and the operation of the automatic voltage regulators that control the voltage amplitude at the machine terminals is neglected. Accordingly, assume that the fault is cleared at δc, in which the Pe is greater than Pm. Therefore, as shown in Figure 2B, the rotor of the machine will start to decelerate, while the rotor angle increases to the point of δm. As shown in Figure 2B, at point δm, the Area 1 (accelerating energy) equals Area 2 (decelerating energy), which is known as equal area criteria. In Figure 2B, when the fault is cleared quickly enough such that the Area 2 can be equal with Area 1 before the angle δ reaches δmax, after some oscillations, the system will eventually settle in a new equilibrium point and remain stable. In this condition, the system oscillations are considered as a stable power swing (Verzosa, 2013). On the other hand, as shown in Figure 2C, when the fault clearing time is long enough such that the Area 2 cannot be equal with Area 1 before the angle δ reaches δmax, the system cannot retain its stability. This is because after crossing the point δmax, the Pe will be smaller than Pm, and the rotor of the machine accelerates again and the angle δ continues to increase and goes behind 180°. Under this condition, pole slip occurs and the machine begins to operate at different speeds, causing an unstable power swing or out-of-step (OOS) condition (Verzosa, 2013).
2.2 Impact of fault types on power transfer capability
To investigate the impact of fault types on power transferred across a TL during contingencies, the system shown in Figure 1 is considered. For the sake of simplicity, it is assumed that TL, as well as source impedances, are purely inductive. Also, suppose that a fault occurs on the TL at m p. u. distance from the Bus S. In this condition, the corresponding equivalent circuit of Figure 1 can be derived as depicted in Figure 3. Under this condition, depending on the fault type, the effective reactance between the two sources, that is, ES and ER, will increase. With this in mind, as shown in Figure 3, a shunt reactance (XF) connected between the faulted point and the ground can be used to model the fault. Ignoring the fault resistance, as shown in Figure 4, the value of XF for single-line-to-ground (SLG), line-to-line (LL), line-to-line-to-ground (LLG), and three-phase to ground (LLLG) faults can be determined using the interconnection of the sequence networks. In Figure 4, subscribes 0, 1, and 2 refer to zero, positive, and negative sequence impedance of TL as well as sources, respectively (Tziouvaras and Hou, 2004).
[image: Figure 3]FIGURE 3 | Simplified diagram of the two-machine test system with a fault at location m from Bus S.
[image: Figure 4]FIGURE 4 | Equivalent circuits of the XF for various fault types: (A) SLG, (B) LL, (C) LLG, (D) LLLG.
In the case of a transient fault on TL of the test system shown in Figure 1, after the trip and successful reclosing of CB associated with R1, the power transferred is restored and the transmission line comes back to the service. Accordingly, to illustrate the impact of the equivalent transmission reactance on the power transferred during contingencies, the power angle curve for all possible fault types on TL in Figure 1 are provided in Figure 5. Considering the system shown in Figure 1, in general, among all fault types, the impact of the SLG fault on the equivalent transmission reactance is minimum, while an LLLG fault has maximum effect on the equivalent transmission reactance, as it can block the power transferred between two sources (Tziouvaras and Hou, 2004).
[image: Figure 5]FIGURE 5 | Power transmission capability of the two-machine test system during various faults.
2.3 Impedance measurement during power swings
To investigate the performance of the legacy power swing protection functions, a two-machine test system shown in Figure 1 is considered. In Figure 1, to investigate the performance of R1, the phasor of the current flowing from Bus S to Bus R, that is, IL, and the phasor of the voltage at Bus S is calculated as (3) and (4) (Upendar et al., 2011; Teimourzadeh et al., 2021).
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During the power swing, the frequencies of two machines, fS, and fR, are time-varying variables, so that the rotor angle of the machines can be expressed as (5) and (6) (Verzosa, 2013):
[image: image]
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Where δES, δER, fS, and fR are the initial rotor angle of the machine S, the initial rotor angle of the machine R, the frequency of machine S, and the frequency of machine R, respectively. Also, during the power swing, the direction of the current is remained constant, while the relative phase angle difference between the voltages at Bus S and Bus R change. Accordingly, the impedance measured by R1 at Bus S can be expressed as (7):
[image: image]
Assume that δ= δES—δER is the phase angle difference between ES and ER, which has a positive value, and that the ratio of the magnitude of both voltage sources is denoted by K = |ES |/|ER |. Thus, (7) can be written as (8) (Upendar et al., 2011):
[image: image]
When the magnitudes of the voltages at both ends of the TL in Figure 1 are the same, i.e., K = 1, (8) can be simplified as (9):
[image: image]
Finally, the impedance calculated by R1 can be written as (10):
[image: image]
Because δ in Eq. 10 is the phase angle difference between the two sources, the geometrical representation of the impedance locus, measuring by distance protection function of R1 at Bus S, is shown in Figure 6A. As illustrated in Figure 6A, the ratio of the voltage amplitude of both machines (|ES |/|ER |) and the location of the electrical centre of the system determine the locus of the impedance trajectory. Also, in Figure 6A, the straight line intersecting the total system impedance, ZT, at its middle point is called the electrical centre of the swing. When the magnitude of the voltage of both machines are equal, i.e., |ES |/|ER | = 1, the trajectory of the swing locus is a straight line perpendicular to ZT, which passes through the electrical centre of the system, the point in which angle δ is reached 180°. Besides, the swing locus of the point in which δ equals 90° is shown in Figure 6A. Further, as illustrated in Figure 6A, for the situation in which the magnitude of ES is larger than that of ER, the locus of the swing impedance is a large circle passing just above the electrical centre of the system. On the other hand, as illustrated in Figure 6A, when the magnitude of ER is larger than that of ES, the locus of the swing impedance is a large circle just passing the below of the electrical centre of the system. The centre and radius of both circles are a function of K and can be found in (Kimbark, 1995). Likewise, in Figure 6A, the direction of the swing impedance locus depends on the frequency difference between the two machines. This means that the direction of the swing impedance locus moving from the right to the left corresponds with the cases in which fS is bigger than fR, and vice versa. In real power systems, since the voltage magnitude and the machine frequency are not constant and determined by many factors after a disturbance occurs, the system experiences power swings, which can be large enough to cause OOS conditions. Some typical examples of the possible swing impedance trajectories which can be seen by R1 during power swing phenomena are depicted in Figure 6B, in which the characteristic of zone-1 and zone-2 of the distance protection function is shown as well. Figure 6B shows that during power swings, the trajectory of the impedance locus will cross the relay characteristic if the electrical centre is located inside ZL. Also, as shown in Figure 6B, some of the power swing curves can be seen by zone-1 and zone-2 of the distance protection, so that the trip signals can be issued to the corresponding circuit breakers (CB). However, always there is the possibility of malfunction, especially during stable power swings. Accordingly, to prevent the maloperation of the distance protection during power swings, the PSB function is used (Verzosa, 2013).
[image: Figure 6]FIGURE 6 | The swing impedance trajectory. (A) during various power swing conditions. (B) seen by R1 at Bus S.
2.4 Rate of change of the impedance during power swing
Assume that the voltage magnitudes of both sources in Figure 1 are equal; thus, the time derivative of the impedance measured by R1 can be expressed as (Teimourzadeh et al., 2021):
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Assuming (12) and (13) as expressed hereunder, (11) can be re-written as (14):
[image: image]
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It is clear from Eq. 14, the relative impedance of the sources and TLs, along with slip frequency, which depends on the severity of the disturbance, impacts the rate of change of the impedance during a power swing. In fact, when the positive sequence impedances of both sources are larger than that of TL, the distance protection function may have false operation during stable power swings (Tziouvaras and Hou, 2004). Consequently, any scheme which employs the rate of change of the impedance to detect a power swing will be affected by the impedance of the network as well as the severity of the disturbance. Further, since the relay has only access to the impedance of the TL, i.e., the impedances of both sources are not available for the relay, there is usually difficulty during the rate of change of the impedance estimation.
2.5 Impact of power swing phenomena on protection functions of the transmission lines
Unstable power swings, causing loss of synchronism between two areas of power systems or a generator and the rest of the network, can affect the performance of the protection functions of the TLs. This is because, during power swings, variation of the magnitude of the voltage and current as well as the relative phase angle between them can impact the performance of the overcurrent, directional overcurrent, as well as distance protection functions. Indeed, not only during unstable power swings but also during stable ones in which the system can recover and remain stable, the malfunction of some of the mentioned protection functions is probable. As shown in Section 2.3, the positive sequence impedance measured by the distance relay during a power swing is a function of the relative phase angle difference between both ends of the TL. Accordingly, because phase units of distance protection measure the positive sequence impedance during LL as well as LLLG faults, distance protection will operate for a stable or an unstable power swing if the swing impedance locus enters its operating zone. In this regard, since the operating time of zone-1 of distance protection is instantaneous, it will be more prone to maloperation during power swings, while zone-2 of distance protection is prone to maloperation when permissive or blocking pilot protection schemes are employed. Further, depending on the rate of movement of the swing impedance locus as well as the time delay setting of the operating zones of distance protection, the backup zones of distance protection usually do not operate during power swings (Tziouvaras and Hou, 2004).
2.5.1 Power swing blocking
As mentioned in Section 1, the main purpose of the PSB function is to avoid maloperation of distance protection during power swings. The PSB function operates based on the variation of the voltage and current being gradual (slow) during power swings, mainly determined by the inertia of SGs, while it is nearly a step-change during faults. Apparent impedance measured by the relay can enter into operating zones of the distance protection function during both power swings as well as faults. Since a short circuit is an electromagnetic transient phenomenon, the apparent impedance measured by the relay moves very quickly from the load value to fault value in a short period, i.e., a few milliseconds. Contrarily, since power swing is an electromechanical phenomenon, the time interval in which this process can last is much longer than that of a fault condition. Accordingly, depending on the slip frequency of the swing, the rate of change of apparent impedance trajectory is much slower during power swings than that of fault. For instance, for a situation in which the frequency of the electromechanical oscillation is about 1 Hz, and the apparent impedance takes about half a cycle to enter the relay characteristic, the relay measures the change of impedance at about 0.5 s (Verzosa, 2013).
Besides, during an unstable power swing, when δ across a TL approaches 180°, the measured apparent impedance falls within the characteristic of the distance protection function for a certain TL. Since the measured apparent impedance alone cannot be used to distinguish between fault and power swing, the power swing detection algorithm based on the monitoring of the rate of change of impedance is employed. In this method, to avoid maloperation of the distance protection function during power swings, the difference between the rate of change of the impedance is used to detect power swing and accordingly issue a PSB signal before the apparent impedance enters the operating characteristic of the relay. In this regard, to implement the rate of change of impedance-based measuring method, two impedance measurement element along with a timing device is utilized in a way that if the measured impedance stays within two elements for a predetermined time threshold, the power swing condition is detected and the PSB signal is issued to block distance protection function. For this purpose, various shapes of the impedance measurement elements, including double blinders, concentric polygon, and concentric circles as shown in Figures 7A–C are used.
[image: Figure 7]FIGURE 7 | Different blinder characteristics. (A) double blinder. (B) concentric polygon. (C) concentric circle. (D) single blinder.
After a power swing is detected, to ensure blocking of the elements of the distance protection function, the inner impedance measurement unit (inner blinder) of the power swing detection logic must cover the largest characteristic of the distance relay. In other words, as depicted in Figure 7, some impedance (ΔZ) has been used to separate both inner and outer blinders. For instance, for a double blinder shape, two sets of parallel blinders are placed on the right as well as the left side of the line impedance to discriminate between faults and power swings through calculating the rate of change of Z1 as described in Eq. 14. As shown in Figure 7A, to implement the process of measuring the rate of change of Z1, the period in which Z1 traverses between the outer and inner blinders, i.e., Δt, is calculated. To do this, once the measured impedance enters the outer blinder, a timer is started. Given a predefined time delay setting, if the measured impedance trajectory remains between both outer and inner blinders for more than a time delay setting, the PSB signal is issued to avoid maloperation of the selected distance zones. A logical block diagram of distance protection incorporated with a PSB function supervised by a directional negative-sequence overcurrent element is presented in Figure 8, in which MPP and PSB denote a phase distance function as well as a PSB signal generated by power swing detection logic, respectively. In Figure 8, the presence of the PSB signal shows that a power swing condition is already detected by the relay under pre-defined user conditions. Also, as shown in Figure 8, to guarantee that the relay only resets PSB signal when the fault detected is in the forward direction, the coordinating delay pick up timer is implemented in a way that a forward directional negative sequence-based element, 32 QF, is supervised by a negative sequence-based overcurrent element, 50 Q (Tziouvaras and Hou, 2004).
[image: Figure 8]FIGURE 8 | Logic diagram of a distance element incorporated with a PSB function.
2.5.2 Out-of-step tripping
As mentioned in Section 1, the OST function protects power systems during unstable power swings, or OOS conditions, by splitting the network to avoid system collapse. During OOS condition, when two areas of the power system are separated, to avoid equipment damage and further spread of the disturbance, these two areas must be separated from each other in a controlled manner as quickly as possible. This is because uncontrolled tripping of CBs during unstable power swings can cause equipment damage and safety issue for utility personnel. On this basis, in double blinder-based schemes, the OST function can be implemented in the same way as the procedure described above for the PSB function, while the predefined time setting of the timer is shorter in the case of OST than that of PSB. In this regard, during an OST, when the outer blinder is crossed by the swing impedance trajectory, a timer starts; the OOS condition is declared if the impedance trajectory traverses the space between both blinders before the timer expires. Accordingly, either the OST function can be set to trip immediately, trip on the way in, or to wait until the swing impedance locus crosses the inner blinder after the timer expires, trip on the way out (Tziouvaras and Hou, 2004). Immediate tripping of the CBs while the angle difference across the TL approaches 180° can damage them unless CBs have been rated for OOS tripping. Otherwise, the trip on the way-out method along with an additional time delay can be used.
On the other hand, the OOS condition can be detected through a single blinder scheme, which uses a single blinder at both sides of the line impedance, as shown in Figure 7D. In this scheme, the direction in which the impedance trajectory that enters and leaves a blinder needs to be determined. Accordingly, once the swing impedance locus crosses a blinder from one side, a timer starts. The OOS condition will be asserted when the swing impedance trajectory proceeds and crosses the other side blinder provided that the timer is expired. As a result, in this scheme, there is a delay in declaring the OST signal allowing the swing to pass 180° and return to nearly in-phase condition. Further, in some cases, tripping is allowed only when some pole slipping has occurred (Tziouvaras and Hou, 2004; Atienza and Kazemi, 2017).
2.6 Impact of IBRs on power swing phenomena
As stated earlier, for the system shown in Figure 1, the rate of change of impedance is directly influenced by δ which is a function of system inertia. It can be shown that a high penetration level of IBRs can lead to a reduction of the system inertia, faster frequency dynamics, and faster variation of the rate of change of impedance. Since the settings of legacy PSB functions are determined based on the maximum rate of impedance change under 100% penetration of SG, its reliable performance will be adversely affected with the IBR integration, as a faster power swing condition leads to a faster rate of change of impedance trajectory, which will make it difficult for the PSB function to distinguish a fault from a power swing. The high penetration of the IBRs can also affect the proper operation of the OST function since the setting of the OST is defined based on a point on the TL impedance trajectory in which the system cannot regain its stability when a large disturbance occurs. Since the reach of the OST is calculated based on the impedance trajectory under the SG penetration, by increasing the penetration of the IBRs, its performance will be affected as the IBR penetration can alter the swinging impedance trajectory. Thus, with a high penetration of IBRs, it is necessary to revise and recalculate the settings of power swing protection functions.
3 SIMULATION STUDIES TO INVESTIGATE THE IMPACTS OF IBRS ON POWER SWING PROTECTION FUNCTIONS
The IEEE PSRXWG-D6 test system (Upendar et al., 2011) shown in Figure 9 has been used to investigate the impacts of the IBRs penetration on the legacy power swing protection functions. The test system is a 230 kV transmission grid that connects two stations A and D through lines L1 to L4 to an equivalent transmission system denoted by S1. The performance of the PSB and OST functions has been validated under type-III and type-IV WTG and the results are compared with those from the SGs. Each generation station (represented by Bus A and Bus D in Figure 2) incorporates two 250 MVA SG (G1 and G2 are connected to Bus A, while G3 and G4 are connected to Bus D) connected to the grid via identical transformers T1-T4. The model of the SG includes a power system stabilizer, exciter, and governor. The external grid (S1) is modelled by a 230 kV ideal voltage source and a Thevenin impedance. The normal power flow is from the generating station A and D to S1. In Figure 9, to evaluate the performance of the power swing protection functions under IBR penetration, G3 and G4 have been replaced by windfarms WF3 and WF4. The mathematical model and control schemes utilized for the windfarms (WFs) are described in (Muljadi et al., 2008; Brochu et al., 2011). In this paper, the detailed model of the converters is used in the simulation. The model of the WFs includes the aggregate model of 1.5 MW DFIG as well as PMSG-based WTG which are interfaced to the grid via a transformer and WF control system. The model of each WTG consists of mechanical parts, a back-to-back converter represented by a detailed model, a wind turbine transformer, and the converter control scheme. In a large WF including dozens of WTGs, each unit is connected to the substation via an underground collector cable. The modelling of each WTG unit along with its underground cable in detail is computationally intensive, however, it has been shown that a WF can be simulated accurately when an aggregated model of WTGs along with an equivalent model for the underground cable is considered (Muljadi et al., 2008; Brochu et al., 2011). It should be mentioned that the PV farms can be modelled by carrying out the same procedure. Hence, in this paper, the same technique is used to model WFs. In all simulation cases, the rated wind speed is considered, and all WFs supply the same real and reactive power as the SGs to ensure that the test system experiences the same steady-state pre-fault condition.
[image: Figure 9]FIGURE 9 | The single line diagram of the IEEE PSRCWG-D6 test system including wind farms.
In all simulation cases hereunder, to make a power swing condition, an LLLG fault has been applied at 30 km away from Bus D on line L2, leading to the disconnection of the L2 by the corresponding CBs. Depending on the pre-fault loading condition and fault clearing time, the power swing can be stable or unstable. The fault clearing time can be longer due to a stuck breaker. In the system shown in Figure 9, the power swing condition is created between G1-G4 and the rest of the system because of the acceleration of the generating units and reduced system power transfer capacity during the outage of the faulted line. In all cases, the performance of a multifunctional relay R21 incorporating legacy power swing protection functions, as described in Section 2, installed at substation A is investigated. Further, in all simulated cases, power swing is detected by the PSB functions used for the ground distance functions as well as for the phase distance functions. Also, a self-polarized impedance-based relay with a quadrilateral and large resistive reach is considered. For this purpose, the PSB function employs quadrilateral characteristics in which the reach of the inner and outer blinders is defined as zone-3 and 1.2 times of that of zone-3, respectively (Hashemi and Sanaye-Pasand, 2018). Thus, all three zones of the distance relay are supervised by the power swing protection functions. If the impedance trajectory remains for more than 3 cycles between the inner and outer blinder, the power swing condition will be detected. All the impedances have been measured at the secondary side of the current transformer (CT) and capacitor coupling voltage transformer (CCVT) of R21. The CT ratio is 160 A/1 A and the CCVT ratio is 230 kV/115 V. To adjust all the characteristics of the distance as well as power swing protection functions, it is assumed that the IBRs penetration level is zero, and the setting has been performed for the situation in which G1-G4 are the only generation sources connected to the grid. Also, the reach of zone-1, zone-2, and zone-3 has been adjusted as 80%, 135%, and 200% of L1, respectively. The operating time of zone-1 is instantaneous, while the time delay of zone-2 and zone-3 are 20 and 40 cycles, respectively. In the result provided hereunder, the sampling frequency of R21 is 4 kHz, and the phasors are calculated using the full-cycle discrete Fourier transform.
3.1 The evaluation of the performance of the power swing protection functions
In this section, the impacts of the integration of type-III and type-IV WTG on the performance of the legacy power swing protection functions, i.e., PSB and OST functions, have been analysed. For this purpose, three integration levels of WTG for five different operational statuses, under various simulation cases have been investigated:
• Status 1: No wind generation: all G1-G4 are considered as SGs.
• Status 2: 25% penetration of type-III WTG (G3 is replaced with WF3).
• Status 3: 25% penetration of type-IV WTG (G3 is replaced with WF3).
• Status 4: 50% penetration of type-III WTG (G3 and G4 are replaced with WF3 and WF4).
• Status 5: 50% penetration of type-IV WTG (G3 and G4 are replaced with WF3 and WF4).
3.1.1 Case 1: 100% penetration of SG
To make a power swing condition, the fault has been applied at t = 0.6 s and cleared at t = 0.8 s by the operation of the breakers installed at both ends of the L2. The measured swinging impedance trajectory under 100% penetration of SG is depicted in Figure 10, which shows that the trajectory of the impedance traverses the space between the outside and inner blinders at about 70 m (more than 4 cycles) which is more than the predefined time delay considered for the PSB function. Thus, the PSB function can easily identify this condition as a power swing and block the relay by issuing a PSB signal to block zone-1, zone-2, and zone-3 of the distance protection function. Hence, even though the impedance trajectory crosses the characteristic of zone-1 of the relay in Figure 10, the maloperation of R21 is prevented, as all three zones have been blocked by the PSB signal.
[image: Figure 10]FIGURE 10 | Swinging impedance trajectory under 100% penetration of SG penetration (no IBR penetration) and the performance of the conventional PSB function.
3.1.2 Case 2: 25% penetration of type-III WTG
In this case study, G3 in Figure 9 is replaced with WF3, and the performance of the PSB function of R21 has been investigated under the same contingency as investigated in Case 1. The result of the swinging impedance trajectory measured by R21 is depicted in Figure 11. As shown, under 25% penetration of type-III WTG, the impedance trajectory traverses the space between the outside and inner blinders in 2.3 cycles which is less than the predefined time delay considered for the PSB function. As shown in Figure 11, after fault occurrence, the impedance trajectory crosses the characteristic of zone-1 of the relay and the PSB function fails to detect the power swing condition to issue a PSB signal to block the distance relay accordingly. Thus, the distance protection function of R21 mistakenly trips the healthy line (L1) immediately by declaring a fault at zone-1.
[image: Figure 11]FIGURE 11 | Swinging impedance trajectory under 25% penetration of type-III WTG penetration and the performance of the conventional PSB function.
3.1.3 Case 3: 25% penetration of Type-IV WTG
In this case study, the performance of the PSB function has been evaluated during a 25% penetration of type-IV WTG. For this purpose, the fault has been applied at t = 0.6 s and cleared at t = 0.8 s. The measured swinging impedance trajectory by the PSB function of R21 is provided in Figure 12, which shows that under this contingency, the impedance trajectory does not cross the outside blinder which means that the system has experienced lower frequency oscillations in comparison with those in Case 1 and Case 2. So, to increase the frequency oscillations and to have larger power swings, the fault duration is increased to 0.4 s (i.e., fault applied at t = 0.6 s and cleared at 1.0 s). The swinging impedance trajectory measured by R21 is illustrated in Figure 13, which shows that the swinging impedance trajectory traverses the space between both outside and inner blinders in less than 2 cycles (typically 1.5 cycles) which is smaller than the predefined time delay considered for the PSB function. In this regard, as the impedance trajectory crosses the characteristic of zone-1 of the relay, this condition causes the maloperation of R21 by tripping the healthy line, L1.
[image: Figure 12]FIGURE 12 | Swinging impedance trajectory under 25% penetration of type-IV WTG penetration and the performance of the conventional PSB function during 0.2 s fault duration.
[image: Figure 13]FIGURE 13 | Swinging impedance trajectory under 25% penetration of type-IV WTG penetration and the performance of the conventional PSB function during 0.4 s fault duration.
3.1.4 Case 4: 50% penetration of type-III WTG
In this case study, the penetration level of type-III WTG is increased to 50%. The same fault condition as Case 2 has been conducted (with a fault duration of 0.2 s). As discussed earlier, increasing the penetration level of the IBRs leads to a faster dynamic response, the result of which is a faster swinging impedance trajectory. The result of the swinging impedance trajectory measured by R21 is shown in Figure 14, which shows that a high share of type-III WTG leads to a faster swinging impedance trajectory such that the impedance trajectory traverses the space between outside and inner blinder in almost 1.2 cycles. Hence, the PSB function of R21 fails to issue a PSB signal while the impedance trajectory crosses the characteristic of zone-1 of R21, leading to the immediate tripping of the healthy line, L1.
[image: Figure 14]FIGURE 14 | Swinging impedance trajectory under 50% penetration of type-III WTG penetration and the performance of the conventional PSB function.
3.1.5 Case 5: 50% penetration of type-IV WTG
In this case study, the penetration level of type-IV WTG has been increased to 50%. The fault has been applied at t = 0.6 s and removed at t = 0.8 s. Figure 15 shows that for a fault duration of 0.2 s, the swinging impedance trajectory measured by the distance protection function of R21 does not enter the blinder zones. Therefore, to create a more intense power swing condition that allows the evaluation of the performance of the PSB function, the fault duration is increased to 0.4 s (i.e., the fault is applied at 0.6 s and removed at 1.0 s). The swinging impedance trajectory measured by R21 is depicted in Figure 16, which shows that the impedance trajectory traverses the space between the outside and inner blinders in less than 2 cycles which is smaller than the predefined time delay considered for the PSB function. In this condition, the PSB function of R21 cannot detect the power swing condition to issue a blocking signal to all three zones of the distance protection, leading to a spurious trip of the healthy line, L1.
[image: Figure 15]FIGURE 15 | Swinging impedance trajectory under 50% penetration of type-IV WTG penetration and the performance of the conventional PSB function during 0.2 s fault duration.
[image: Figure 16]FIGURE 16 | Swinging impedance trajectory under 50% penetration of type-IV WTG penetration and the performance of the conventional PSB function during 0.4 s fault duration.
3.2 The OST function maloperation
3.2.1 Case 6: 100% penetration of SG
In this case study, the fault has been applied at t = 0.6 s and removed at t = 0.8 s. The swinging impedance trajectory measured by the phase unit of the distance protection function of R21 under 100% SG penetration is shown in Figure 17, which shows that the impedance trajectory enters the right-side blinder at t = 0.86 s and leaves the left side one at t = 1.325 s. In this case, the out-of-step (OOS) condition occurs at t = 1.09 s when the impedance trajectory crosses the imaginary axis. Accordingly, the OST function can identify the OOS condition accurately under 100% SG penetration.
[image: Figure 17]FIGURE 17 | Swinging impedance trajectory under 100% penetration of SG and the performance of the conventional OST function.
3.2.2 Case 7: 25% penetration of type-III WTG
In this scenario, the OOS condition is created by applying a fault at t = 0.6 s which is removed at t = 0.8 s under 25% penetration of type-III WTG. The swinging impedance trajectory is depicted in Figure 18, which shows that the impedance trajectory enters the right-side blinder and leaves the left-side blinder. In this case, unlike Case 6 in which the impedance trajectory travels the space between the right and left-side blinder in about 0.465 s, by increasing the penetration level of type-III WTG to 25%, the impedance trajectory moves faster and traverses the space between the right and left-side blinder in almost 0.35 s. So, in this case, study, despite the 25% share of WTG, the OST function can detect the OOS condition correctly as well.
[image: Figure 18]FIGURE 18 | Swinging impedance trajectory under 25% type-III WTG penetration and the performance of the conventional OST function.
3.2.3 Case 8: 25% penetration of type-IV wind integration
In this case study, the OST function has been examined under 25% penetration of type-IV WTG. To make an unstable OOS condition, the fault duration is increased to 0.4 s (the fault is applied at t = 0.6 s and removed at 1 s). The swinging impedance trajectory measured by R21 is depicted in Figure 19. As Figure 19 shows, the impedance trajectory enters the right-side blinder and leaves the left side one (and it travels the space between both blinders in almost 0.61 s). Hence, the OST function can correctly detect the unstable power swing and issue the OST tripping signal under the integration of 25% penetration of type-IV WTG.
[image: Figure 19]FIGURE 19 | Swinging impedance trajectory under 25% penetration of type-IV WTG penetration and the performance of the conventional OST function.
3.2.4 Case 9: 50% penetration of type-III WTG
In this case study, the penetration level of type-III WTG is increased to 50%, and the fault is applied at t = 0.6 s and removed at t = 0.8 s. The swinging impedance trajectory measured by the phase unit of the distance protection function of R21 is provided in Figure 20, which shows that the impedance trajectory enters the right-side blinder and moves toward the left-side blinder. However, after crossing the imaginary axis at t = 1.08 s, the point at which the OOS occurs theoretically, the impedance turns its direction and proceeds toward the right-side blinder. Consequently, although the unstable OOS has happened at t = 1.08 s, the conventional OST function cannot detect this situation to issue an OST signal. This situation can create unexpected consequences by avoiding the implementation of controlled islanding scenarios at the predetermined locations with the IBR integration.
[image: Figure 20]FIGURE 20 | Swinging impedance trajectory under 50% penetration of type-III WTG and the performance of the conventional OST function.
3.2.5 Case 10: 50% penetration of type-IV WTG
In this case study, the performance of the OST function is evaluated under 50% penetration of type-IV WTG. To make an unstable power swing condition, the fault duration has increased to 0.4 s. This means that the fault has been applied at t = 0.6 s, and is removed at t = 1 s. The result of the measured swinging impedance trajectory by phase unit of the distance protection function of R21 is depicted in Figure 21, which shows that the impedance trajectory crosses the right-side blinder as well as the imaginary axis at t = 1.207 s and t = 1.095 s (meaning that unstable OOS condition has occurred at t = 1.207 s), respectively. However, similar to Case 9, after the impedance trajectory enters the right-side blinder and crosses the imaginary axis, it stops moving toward the left-side blinder and turns back, and proceeds toward the right-side blinder. Thus, the conventional OST function fails to detect the unstable OOS condition under the integration of 50% penetration of type-IV WTG.
[image: Figure 21]FIGURE 21 | Swinging impedance trajectory under 50% penetration of type-IV WTG and the performance of the conventional OST function.
4 DISCUSSION ON THE IMPACTS OF IBRS INTEGRATION ON THE PERFORMANCE OF PSB AND OST PROTECTION FUNCTIONS
The simulation studies carried out in Section 3 show that the high penetration level of type-III and type-IV WTG increases the rate of change of the swinging impedance trajectory and jeopardizes the reliable operation of the legacy PSB and OST functions. To avoid such maloperations, it has been proposed in (Haddadi et al., 2019) to reduce the predefined time delay considered for the PSB function at a high penetration level of WTG systems. This can be done by adjusting the setting of the PSB function based on the maximum rate of change impedance under a high WTG penetration. This solution works well for the situation in which the share of the WTG system during the power swing is equal to the expected value upon which the setting of the PSB is adjusted. Nevertheless, it is unrealistic to consider a constant share of WTG as the output power of these renewable resources can be affected by a lot of uncertainties. Hence, if the PSB function is set based on a constant share of WTG, it loses its functionality during the SG operation as the rate of change of impedance reduces. Hence, by reducing the predefined time delay considered for the PSB function under SG operation, it is probable that the PSB function mistakenly identifies a fault situation as a power swing condition and blocks the distance relay. Therefore, there is a need to devise new PSB functions in a way that their performance cannot be affected by the IBR integration.
Further, the simulation studies provided in Section 3 prove that under the high share of type-III and type-IV WTG penetration, the conventional OST functions cannot issue the OST signal when the penetration level of the WTG increases. This is because the impedance trajectory does not leave the left-side blinder to allow the OST function to operate. As a result, given the possibility of the maloperation of the conventional OST functions, it is necessary to devise novel OST functions that are immune to the IBR penetration level for transmission grids with a high penetration level of IBRs. According to the (Haddadi et al., 2019), considering the WTG share and type, the WF size and operating conditions, and the GSC strategy, the most stable severe power swing should be defined. However, as mentioned earlier, because of the uncertainty in the produced power of the WTG systems, by adjusting the setting of the power swing protection functions for a high share of WTGs, it is impossible to maintain a secure and reliable operation of the PSB and OST functions when WFs are not available as expected during the process in which the settings of the PSB and OST functions are tuned.
Accordingly, given the simulation studies carried out in the previous sub-sections, the following conclusion can be established:
• A 25% penetration of the IBRs has no significant effect on the performance of the PSB function. However, by increasing the penetration level of the IBRs to 50% for both type-III and type-IV WTGs, due to the reduced system inertia, the rate of change of the swinging impedance trajectory measured by the distance protection is much faster than those measured in the case of SGs or stiff grids. Accordingly, the predefined time delay considered for the PSB function during SG operation does not work under the high penetration of the IBRs.
• At 25% penetration level of type-III and type-IV of WTG, depending on the fault duration, the impedance trajectory enters zone-1 of the distance protection, while the PSB function fails to issue blocking signal, so that the distance protection can issue immediate trip signal, negating any FRT scheme required by the most of the grid codes at high penetration level of IBRs.
• From the simulation results provided in Case 3 and Case 5, for the same fault duration, after fault removal, in the case of type-IV WTG integration, the swinging impedance trajectory approaches the blinder zones but it does not cross the outer blinder. Nonetheless, by increasing the fault duration, the fluctuation of the current and voltage signals increased, causing the impedance trajectory to enter the blinder zone. Thus, it can be concluded that for the same fault duration and share of type-IV and type-III WTG, the impedance trajectory will experience a small swing in the case of a type-IV WTG.
• A 25% penetration of type-III and type-IV WTG integration has no significant effect on the performance of the conventional OST function. However, by increasing the penetration level of the IBRs to 50%, even though the OOS condition has occurred, the conventional impedance-based OST function cannot detect the OST. Hence, the impedance-based OST function cannot retain its secured and reliable performance at a high penetration level of the IBRs.
5 CONCLUSION
The conclusion of the paper has been provided in three parts as follows:
A) At a high penetration level of IBRs, to guarantee the safe and reliable operation of the transmission grids, the FRT requirements regulated necessitating IBR units to ride-through faults. Due to the unique fault response of the IBRs, mainly determined by their technology, the performance of the legacy protection functions of the transmission lines, which have been designed to function under only the penetration of the SGs, can be threatened. The maloperation of the protection system during IBRs integration can negate any FRT requirement and even lead to unjustifiable operational status, in the worst case causing a widespread blackout.
B) In this regard, a brief review on the power swing phenomena and its impact on the legacy protection functions of the TLs have been provided. Then, to highlight the vulnerability of the legacy power swing protection functions during IBRs integration, the impacts of integrating type-III and type-IV WTGs, two common types of IBRs, on the legacy PSB and OST functions, which have been designed to function under only SG penetration, have been analysed through a comprehensive set of simulation studies. It has been demonstrated that significant penetration of these WTG systems, can jeopardize the reliable operation of legacy power swing protection functions. This is because the fault currents of type-III and type-IV WTGs are limited by the control scheme of the power electronic converters, which are very different when SGs are the only sources of generation.
C) The simulation studies showed that 50% penetration of type-III and type-IV WTG can threaten the security and reliability of the PSB and OST functions. The critical discussions on the performance of the legacy power swing protection functions of the TLs have been provided under a significant penetration of WTGs. It has been shown that, for the same fault situation, the system experiences a more stable power swing condition in the case of type-IV than type-III WTG. Thus, for a given power system including both type-III and type-IV WTG, the setting of the PSB and OST should be checked independently for each type of WTG system.
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