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Abstract

With the increasingly ambitious objectives of reaching carbon neutrality, a substantial amount of
renewable energy sources, such as wind and solar, are connected to the power system. These resources
are typically connected to the grid through power-electronic inverters; hence collectively known as
Inverter-Based Resources (IBRs). As an advanced IBR control approach, grid-forming (GFM) converter
technology has gained significant attention in recent years, and it is expected to play an important role in
future power systems. Being a voltage-source converter (VSC), the behavior of a GFM-IBR is mainly
controlled by its embedded controller, which typically includes outer-loop and inner-loop control blocks
and current limiters. Therefore, it is critical to investigate how the integration of GFM and its various
control strategies affect the operation of the power system.

During unbalanced grid conditions, GFM controls alter the magnitude and angle of the negative
sequence current contributed by IBRs, differing from grid-following (GFL) controls and synchronous
generators. This behavior may violate fault ride-through (FRT) requirements and cause maloperation of
certain protection elements. First, this thesis clarifies the fundamentals and impacting factors of GFM
inverters in the negative sequence system using dynamic and static analytical models. From the
perspective of system dynamics, a decoupled-sequence dynamic model for GFM-IBR is proposed to
study the internal oscillatory modes in negative sequence systems, providing crucial insights into the
behavior of 2w negative-sequence components within the GFM BPSC system under unbalanced
perturbations. For the perspective of steady-state fault conditions, the equivalent negative-sequence
impedance of GFM-IBR is estimated, considering balanced positive sequence control (BPSC) and
positive and negative sequence control (PNSC) strategies. Comparative studies using the IEEE PSRC
D29 system reveal that the magnitude and angle of negative sequence impedance are primarily
determined by the inner voltage control parameters under the GFM BPSC strategy. Hence, the GFM
inverter may provide sufficient negative sequence reactive current injection. When the inverter's current
capacity is insufficient due to fault proximity, IBRs should rely on PNSC strategies to regulate the
negative sequence system response appropriately.

GFM control behavior during unbalanced grid faults can impact system stability and protection. Per
IEEE 2800 standard, IBR should be capable of FRT capability. There is a need for the regulation of
positive and negative sequence currents to comply with recent grid codes when unbalanced faults occur.
For full converter-based GFM-IBRs, a PNSC structure for GFM-IBRs is proposed to regulate sequence
components independently, with flexibility in utilizing different power synchronization loops and current
limiters. To prevent overcurrent, an enhanced current saturation-based (CS-based) current limiting
method (CLM) is developed for IEEE 2800 compliance, including reactive current injection and full
utilization of current capacity during unbalanced faults. Another solution is the virtual impedance-based
(VI-based) CLM, which updates the positive sequence internal voltage vectors to retain inner voltage
dynamics. To improve the grid synchronization and voltage support capability, this thesis proposes a
three-mode switching GFM control solution for Type-IV wind turbine generators (WTGs). Once the FRT
start-up triggers, WTGs operate in the restricted mode. A sequence-domain af voltage synchronization

loop (VSL) is activated to enhance frequency stability and maintain synchronism, while the CS-based
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CLM is used to inject optimal reactive currents for low-voltage ride-through. After fault clearance, the
VI-based CLM is employed to eliminate transient components for WTG restoration in the transition mode.
For doubly fed induction generator-based (DFIG-based) WTGs, this thesis proposes asymmetrical FRT
controls for the GFM-DFIG based on the mechanism for forming the grid voltage. Firstly, internal voltage
vectors are designed for the assessment of asymmetrical FRT capabilities. Then a PNSC is proposed to
support the sequence components of internal voltage vectors for the GFM-DFIG. On this basis, an
asymmetrical FRT control structure is proposed, incorporating negative-sequence reactive current
injection and two types of positive-sequence control schemes: the current saturation-based method and
the virtual impedance-based method. Additionally, a simplified calculation method for transient voltages
is utilized to eliminate the impacts of transient flux leakage. All the proposed FRT control solutions are
validated by using the EPRI benchmark system.

To facilitate rapid and accurate short-circuit fault analysis of the system with IBR, a comprehensive
and efficient solver incorporating phasor domain short-circuit models of GFM- and GFL-IBRs is
proposed for steady-state fault calculations considering various CLMs. The proposed approach is
validated by comparing it with detailed EMT modeling and simulations using a modified IEEE 39 bus
system with multi-IBRs. The proposed solver platform enables system operators to perform rapid and
accurate short-circuit computations and protective relay studies in power systems with high penetration
of IBRs, facilitating the assessment of FRT strategies and compliance with grid codes.

To evaluate the performance of AC protective relays in a system with GFM-IBRs, the impacts of
GFM-IBR on the apparent impedance measured by distance relays are elaborated analytically during
unbalanced faults in a two-bus system. The analysis provides the first explanation for why GFM-IBR
may alter the trajectory of the apparent impedance, potentially causing maloperation of distance
protection. EMT simulations using the EPRI benchmark system are conducted to validate the analytical
findings and provide in-depth investigations. In a modified IEEE PSRC D29 system with IBRs, the
performance of distance protection is investigated under varying impact factors, including K factors, fault
proximity, and fault resistance. In addition, the performance of the negative sequence components-based
protective relays, i.e., the instantaneous negative sequence overcurrent (50Q), directional negative
sequence overcurrent (67Q), and fault-identification (FID) elements, are tested in a modified [IEEE PSRC
D29 system with IBRs with various FRT solutions, to identify potential maloperation issues.

The conclusions of the thesis shed light on the merits and drawbacks of GFM-IBRs under

unbalanced grid conditions. The suggestions and prospects for future IBR accommodation are inspired.
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1 Introduction

1.1 Research Background

To reach the increasingly ambitious objective of carbon neutrality, there is a global rise in the
proportion of renewable energy sources (RESs), such as wind and solar, in the generation fleet of power
grids [1], as depicted in Fig. 1.1 [2]. These resources are typically connected to the grid through power-
electronic inverters; hence collectively known as Inverter-Based Resources (IBRs) [3], such as wind

turbine generators (WTGs), photovoltaic (PV) inverters, and battery energy storage systems (BESSs).

Present Future

VT b
R _EA T
@@@_1\ BB |
BB DB T'— R P NS S
DD | s @@@4*4

Fig. 1.1 Comparison between present and future power grids [2]

From the perspective of control nature, the control schemes employed by IBRs can be broadly
categorized into two types: grid-following (GFL) controls and grid-forming (GFM) controls [4], [5]. GFL
controls rely on the phasor-lock loop (PLL) to latch onto and follow the grid voltage and frequency and
inject active and reactive power at the inverter terminals. Consequently, they are limited in supporting
system restoration. To accommodate larger shares of renewables and enhance the stability of IBR-rich
power systems, GFM controls are developed to emulate the characteristics of synchronous generators
(SGs) [6], thus autonomously establishing frequency and maintaining a constant or near-constant internal
voltage phasor in the sub-transient to transient time frame [7], [2]. This makes them ideal for providing
black-start capability and facilitating system restoration following a blackout [8]. As a result, In the future
IBR-dominated power system, a significant number of IBRs will transfer from the GFL type to the GFM
type, promoting the capabilities and performances of IBRs, including forming system voltage, supporting
system frequency [9], and improving stability [10].

For a clear understanding, typical topologies of GFM control-based IBR (GFM-IBR) units are
shown in Fig. 1.2 [11]. The full-scale converter-based IBRs, e.g., Type-IV WTGs, employ full-scale
converters (FSCs) for energy conversion, with a GFM control used in the grid-side converter (GSC). The
doubly fed induction generator-based WTG (DFIG-based WTG), also known as Type-III WTG,
facilitates the use of a generator at varying speeds and requires a smaller power converter relative to full
converter-based IBRs. The GFM control is applied to the rotor-side converter (RSC). The embedded

GFM controller typically includes the inner controllers, power synchronization loop (PSL), reactive
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power droop (Q-droop) control, and current limiting method (CLM), as illustrated in Fig. 1.3. The
prevalent primary control strategies include droop control, virtual synchronous machine (VSM) control,

and dispatchable virtual oscillator control (dVOC) [12].
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Fig. 1.2 Topology of GFM-IBR unit
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Fig. 1.3  Closed-loop structure for IBR with its embedded GFM controller

Although GFM-IBR can imitate the behavior of SGs, they may not retain GFM operation during
faults due to the limited current capacity. Regarding this, IEEE 2800 standard indicates that there are two
operation modes for GFM controls [13]:

- Actual GFM mode (when energy capacity is sufficient).

- Restricted mode (when the current limit is reached).

In normal operation, GFM-IBR can operate in the actual GFM mode. Upon reaching the current
limit, the current limiting method is triggered to safeguard the converters against overcurrent.
Consequently, the operation of GFM-IBR transitions to a restricted mode. When operating in this mode,
the inner voltage control may be out of service since current references are regulated through a CLM
instead of inner voltage control. Consequently, this can result in the inability to keep terminal voltages
stable.

Owing to the dispersed nature of RESs, large-scale IBRs are usually situated in remote locations.
Unbalanced grid faults occur frequently on the transmission line. During unbalanced grid conditions, the
current and voltage of each phase are inconsistent in magnitude and phase angle, generating positive
sequence components (X*) and negative sequence components (X ), as illustrated in Fig. 1.4 [14].
Specific controllers and protective relays can further process these components to maintain system stable
operation. On the shortest sub-transient timescales (i.e., 0-5 cycles) after a fault, GFM-IBRs aim at
maintaining a desired voltage magnitude and phase angle and prioritizing the support of voltage
magnitude and frequency at its terminals, producing sequence components that differ from those of GFL
control-based IBRs (GFL-IBRs). To be replaced with SGs in future power systems, GFM-IBRs should
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also be designed to ideally reproduce the negative-sequence behavior of SGs under unbalanced gird
conditions [5], e.g., by providing a path for the flow of negative sequence current (12). Based on existing
studies, the negative-sequence behavior of GFM-IBRs has not been sufficiently discussed. It is critical
to investigate how the integration of GFM-IBR and its various control strategies affect the operation of

the power system under unbalanced grid conditions.

For an arbitrary variable X, the vector (N B a4
measured in of}, dg+, and dg— frames: T

X =Xy jxf = Xea Xl v x<aixf JN 1y

X fﬂ xaof d+
- >
X0 = (XE 1 ey
x{o >
. a
X = (X4 K)o N
xdq-

Fig. 1.4 Sequence components in af, dg+, and dg— frames

The thesis focuses on the potential impacts of GFM-IBR on system dynamics, legacy protection,
and FRT requirements under unbalanced grid conditions. Generic control structures for full converter-
based GFM-IBR and GFM-DFIG are proposed to adapt to unbalanced grid conditions. Analysis and
EMT simulation studies shed light on the merits and drawbacks of proposed FRT solutions under
unbalanced grid conditions from perspectives of protection and dynamics. The prospects and new

research ideas for future IBR accommodation are inspired.

1.2 Literature Review

1.2.1 System Dynamics

1.2.1.1 Small-signal stability
Fig. 1.5 shows the typical balanced positive sequence control (BPSC) scheme, also referred to as
coupled-sequence control (CSC), of GFM-IBR in normal operation.

DCside k— — Converter sidle — —| ACside
VSC ‘

R, L. POC
L _I'Lﬁ_/vv\,_m P o @

oy

PWM I, (v |1
M | SRF |
9l . WAl
e géa | PSL S Power
4 P | calculation
qu P* *
qu* { ,CO} Q
s

dg’* * *
Inner voltage 4 .o}

Fig. 1.5 BPSC structure of GFM-IBR

The notation is as follows: Superscript * denotes reference values, {V;, I}: inverter terminal
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voltages and currents, {V, I': AC side voltages at the point of connection (POC) and currents, {6, w}:
orientation angle and angular frequency. M: modulation signals. {R., L.}: choke resistance and
inductance. In normal operation (actual GFM mode), IBR operates within its current and power limits
and the criteria for FRT activation are not met. Therefore, CLM and additional FRT controls are not
depicted in Fig. 1.5.

It’s evident that GFM-IBR employs distinctive controllers compared to SG and GFL-IBR,
challenging system dynamics. Significant research has been devoted to the small-signal stability analysis
of GFM-IBR based on the assumption of balanced grid conditions, as summarized in Table 1-1 (Balanced
perturbation). Nevertheless, in practical engineering, a small signal of imbalance often appears and
deteriorates the stability of the power system. In the negative-sequence system, the conventional GFL
controls can be equivalent to an open circuit [31]. However, since GFM controls incorporate additional
PSLs, voltage reference generation, and inner voltage control compared to GFL controls, the dynamics
of its negative-sequence behavior are distinctive and cannot be ignored simply [32]. There is a knowledge
gap regarding the impacts of the negative-sequence behavior of GFM-IBRs on small-signal stability and
dynamic performance under unbalanced small-signal disturbance.

Most existing dynamic modeling of GFM-IBRs for stability analysis solely considers the positive-
sequence components. Under unbalanced small-signal disturbance, both positive-sequence and negative-
sequence components will appear in the GFM controls, thus affecting the dynamics and stability of power
systems. Therefore, these dynamic models may hinder stability issues caused by negative-sequence
components under unbalanced small-signal disturbance. Some researchers are gradually working on
decoupled-sequence modeling for GFM-IBRs [33]—[34]. Nevertheless, the typical GFM control structure
is based on the synchronous reference frame (SRF) and only incorporates a single BPSC loop for dg
components. These studies are specific to the proposed positive and negative sequence control (PNSC)
schemes and do not address the negative-sequence mechanism and dynamic modeling of the typical
BPSC for GFM-IBRs under unbalanced small-signal disturbance. The multiple-harmonic dynamic
phasor model [35] exhibits considerable complexity due to the presence of multiple harmonic
components, while the negative sequence components are not given primary emphasis. Furthermore, the
impacts of negative sequence components from GFM-IBRs on system dynamics remain largely
unexplored.

TABLE 1-1
Overview of Dynamic Analysis on GFM-IBR

Category Contribution

Interaction of GFL- and GFM-IBR [15], [16]

Comparison of GFL and GFM-based wind farms [17]
System level

Optimal placement of GFM-IBR [18]

Balanced System stability with SGs and GFL- and GFM- IBR [19]

perturbation Advanced virtual-impedance controls [20], [21]

Inverter control Adaptive hybrid control [22]

level Power dynamic decoupling control [23]

DC-link dynamic regulation [24]
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Inner control loops [26], [27]

Control damping [28]

Single-input single-out (SISO) stability [29]

Adaptive droop mechanism [30]

Decoupled sequence dg0 modeling based on the delayed
System level ) .
signal cancellation method [34]

Sequence-decomposed modeling based on virtual admittance

Unbalanced controls to study the impacts of sequence decomposition
perturbation Inverter control methods on stability [33]
level Multiple-harmonic dynamic phasor model to investigate the

effects of DC offsets, second-harmonic content, six-step

switching harmonics, and unbalance [35]

1.2.1.2 Transient stability

Replacing SGs with IBRs reduces rotational kinetic energy in the power system, leading to lower
system inertia and adversely impacting the frequency stability [19], [36]. To provide inertia and improve
frequency stability, PSLs assist GFM-IBRs in emulating the droop mechanism and swing feature of SGs.
Unlike the previous GFL-IBRs that rely on a PLL and inject current into power grids, GFM-IBRs regulate
orientation angle and internal voltage via the error between measurements and references of power.

Due to the rising short-circuit current and a breakdown in voltage regulation during symmetrical
and asymmetrical short-circuit faults, GFM-IBR will switch from the actual GFM mode to the restricted
mode. When the power reference cannot be achieved under large-signal disturbance, the GFM
synchronization tends to be lost [37]. This may lead to transient instability issues stemming from the

absence of a stable steady state or insufficient damping [38], as shown in Fig. 1.6.
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Fig. 1.6  P-6 curve of GFM-IBR under large-signal disturbance

When the power-angle (P-6) curve of GFM-IBR is higher than the power reference P* (Fault I), the
stable and unstable equilibrium points, i.e., C and D, exist along with the deceleration area. The GFM

operation can be retained unless the operation point crossover the D. However, when the P-d curve is
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lower than the P* (Fault I1), there are no EPs and deceleration area, so the GFM-IBR will lose the
synchronism. The outcome is an oscillatory fault response, i.e., substantial variations in both voltages,
currents, and power. In addition, phase angle jump is also present, challenging the existing
synchronization loops [39].

To enhance the transient stability during faults, there are various improved grid synchronization
techniques for GFM-IBRs [43]—[54], as summarized in Table 1-2. Researchers expect IBR to retain the
GFM operation even under the current limiting mode [40]. When considering the power-electronic or
microgrid scale, sustaining GFM operation is advantageous. However, at the broader power-system scale,
retaining GFM operation may not be the optimal solution due to numerous constraints, such as
compliance with grid codes or the fault's proximity. Depending on the severity of the fault, GFM-IBRs
may still need to switch to GFL mode [41], [42]. In addition, most advanced techniques are developed
based on balanced grid conditions. Hence, enhanced grid synchronization solutions to decompose
positive and negative sequence components are still needed.

Switching from PSL to PLL is an effective option since the PLL can obtain the orientation angle
from grid voltages, thus keeping the grid synchronization [52], [53]. However, the frequency response
may oscillate over a long settling time under the conventional PLL. This may provoke instability issues
when GFM-IBR is connected to weak grids [54]. To address this, robust multivariable PLLs are
developed [55], [34]. The dynamic performance is improved but their parameter design is complicated.
A simple and robust synchronization solution is needed for the restricted mode of GFM controls.
Furthermore, most of the existing studies simplify the DC-side of GFM-IBR into a constant DC voltage
source. This simplification neglects the DC-side dynamics and the couplings between the DC- and AC-

sides, which might not reflect the accurate dynamics in synchronization [56], [57].

TABLE 1-2
Overview of Transient Stability Enhancement Techniques of GFM-IBR

Category Contribution

Hybrid synchronization control combining PLL and PSL to

improve robustness against the weakening grid strength [43], [44]

GFM vector current control [45]

Enhanced PSL Power angle limiter [46], [47]

Power freezer [48], [49]

Adaptive power reference [50]

Current synchronization control [51]

Generic PLL-based GFM control [52]
Switching from PSL to PLL

Dual-mode/Two-stage switching control [53], [54]

1.2.2 Legacy System Protection

1.2.2.1 Negative sequence components-based protection element
Designing inverter controls to mimic SGs can ensure sufficient FRT capacities and eliminate the

maloperation of negative sequence components-based protection elements [58], such as the instantaneous
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negative sequence overcurrent (50Q), directional negative sequence overcurrent (67Q), and fault-
identification (FID) elements. In [59], a GFL inverter with PNSC injects negative sequence reactive
current (I2R) during unbalanced faults using the decoupled double SRF (DDSRF) [60]. However, the
absence of a PLL in GFM controls may lead to non-zero g-axis voltage when the current limit is reached,
which should be considered in reactive current injection schemes for GFM-IBR. Moreover, GFM control
regulates voltage rather than current injection, with current references determined by inner voltage
control when the current limit is not reached. The negative sequence behavior of the inverter is highly
dependent on the control strategy [32], but the impact of inner voltage control on negative sequence
components is not investigated. Consequently, GFM-IBR would generate fault current signatures
different from SGs [61] potentially impacting negative sequence system [62], and causing maloperation
of negative sequence components-based protection elements like GFL-IBR [63]—-[66].

1.2.2.2 Distance protection

Distance protection forms the core of the protection system for transmission lines [67], [68]. The
distance relay calculates the apparent impedance using locally measured current and voltage. This
impedance is evenly distributed along the length of a transmission line. As a result, the distance relay can
effectively differentiate fault zones by analyzing the apparent impedance during a fault. However,
existing studies have found that GFM controls exhibit exclusive short-circuit fault characteristics [69],
[70]. This potentially adversely affects the correct operation of the distance protection designed for SG-
dominated systems. The impacts of GFL-IBR on various distance protection elements have also been
explored [71]—-[75], and various solutions [76]—[79] are proposed to enhance the correct operation.
However, the impacts of GFM-IBR on distance protection remain largely unexplored [80]—[82] and lack
in-depth analysis. From the overview in Table 1-3, there is a need to understand how integrating GFM-

IBRs will affect the performance of conventional distance protection.

TABLE 1-3

Overview of Studies on IBR and Distance Protection

Category Contribution

Impacts on the phase comparators [71]

Impacts on the reactance method [72]

Impacts on power swing function [73]

GFL-IBR Impacts on memory-polarized protection elements [74]

Impacts on phase comparison line protection [75]

Improved distance protection schemes [76], [77]

Fault-coordinated control solutions [78], [79]

Tripping results of distance protection in a two-bus system with GFM-IBR
GFM-IBR using VI-based and CS-based CLMs [80], [81]

Impacts on power swing function [82]

1.2.3 Fault Ride-Through Requirement Compliance
The IEEE 2800 standard provides minimum technical interconnection requirements for IBRs. As
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transmission system operators and owners develop their IBR interconnection requirements and consider
the adoption of IEEE 2800, it is essential to understand the implications of those requirements on the
bulk power system to ensure reliable integration of IBRs.

To fulfill the grid code requirements regarding voltage support, IBRs need to be equipped with an
FRT strategy. The FRT strategy is activated when the voltage deviation from operating conditions or
nominal voltage exceeds the predefined value and deactivated when the voltage deviation reduces below
the predefined value after a prespecified release time. During unbalanced faults, GFL-IBR is regarded as
a controlled current source that injects a certain amount of positive and negative sequence reactive
currents. However, GFM-IBR behaves as a voltage source in actual GFM mode. In the restricted mode,
GFM-IBR is closer to current sources like conventional GFL-IBR [32], [41]. These features indicate that
the equivalent impedance and control dynamics of GFM-IBRs differ from those of SGs and GFL-IBR.
Per IEEE 2800, reactive current injection, AC voltage ride-through, and frequency ride-through are
required for FRT. In addition, from the perspective of system reliability, the transition from one mode to
another should be carefully designed [13].

1.2.3.1 Current Injection Requirement

Per IEEE 2800, an IBR plant shall be able to inject and absorb a minimum reactive power defined
by |Omin| > 0.3287 x IBR Continues Rating at the point of measurement (POM) when injecting active
power into the grid under fault steady state conditions. Hence, GFM-IBRs should provide enough
reactive power specified by IEEE 2800 in addition to supplying the reactive power consumption of the
IBR transformer. Clause 7.2.2 of IEEE 2800 has specified the performance required of an IBR during
FRT. The clause requires an IBR to inject positive sequence reactive current (I1R) and I2R during
unbalanced faults. The incremental 11R shall not be reduced below incremental I2R. If the maximum
current limit is reached, either I1R, or I2R, or both may be reduced with a preference of equal reduction
in both currents. Moreover, the converter current capacity shall be fully utilized, and the 12 shall lead the
negative sequence voltage (V2) at the POC by 90-100° for full converter-based IBRs and 90-150° for
Type-III WTGs.
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Fig. 1.7 K-factor—based proportional control in German VDE-A R-N 4120

When the FRT function is active, the IBR injects a positive sequence reactive current proportional
to the deviation in voltage. In VDE-A R-N 4120 Technical Connection Rules [83], there is a typical K-
factor-based proportional control, as shown in Fig. 1.7. The I1R is proportional to the voltage change in
the positive sequence system by a factor abbreviated with Ky;. The I12R is proportional to the voltage

change in the negative sequence system by a factor abbreviated with Ky,. These gains are adjustable but
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may require additional converter capacity after a certain point. The implementation of the K-factor-based
proportional control requires the use of a PNSC scheme.

Moreover, during balanced and unbalanced faults, IEEE 2800 requires a step response time of less
than 2.5 cycles and a settling time of less than 4 cycles for the current contribution of full converter-
based IBR units. For Type-IIIl WTG, defining response time is not necessary since the response time is
also affected by the machine parameters. The settling time should be within 6 cycles.

1.2.3.2 Voltage Ride-Through Requirement

IEEE 2800 standard requires an IBR to have voltage ride-through (VRT) capability during balanced
and unbalanced faults. IBR shall not trip when its applicable voltage with the lowest magnitude is within
the mandatory operation region and the applicable voltage with the greatest magnitude is within the
mandatory operation region. Fig. 1.8 shows the low/high VRT curves used in different grid codes

[84]-[86].
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Fig. 1.8  VRT curves in different grid codes

The existing VRT technologies are typically based on GFL-IBRs. The outer-loop control of GFM-
IBR generates an internal voltage different from that of GFL-IBR. The AC voltage support of GFM-IBR
during faults may diverge under GFL standards, and there is a need for a detailed investigation of the
VRT requirements of GFM-IBR under unbalanced faults. The integration of GFM-IBR will alter the
unbalanced fault response of the power system, which might lead to the maloperation of system
protection designed based on the hypothesis that GFM-IBRs can be modeled with equivalent SGs or
GFL-IBRs.

1.2.3.3 Frequency Ride-Through Requirement

Under a large disturbance, an IBR plant shall be designed to provide the frequency ride-through
capability. When the applicable frequency is within the required continuous operation region, as defined,
the IBR plant shall exchange active and reactive power with the transmission system within its IBR
Continues Rating and within the volts per hertz capability limits of IBR units, supplemental IBR devices,
and transformers. In addition, IBRs need to provide active power-frequency response requirements of
primary frequency response (PFR) and/or fast frequency response (FFR) as applicable. Fig. 1.9 shows
frequency ride-through curves in different grid codes [85], [86]. As mentioned above, various
synchronization techniques have been proposed to improve the frequency regulation of GFM-IBR.

However, existing studies pay more attention to the stability perspective and lack the investigation of
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active-power frequency response and frequency ride-through compliance of GFM-IBR under FRT mode.
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Fig. 1.9  Frequency ride-through curves in different grid codes
1.2.4 Control Solutions for Grid-Forming IBR

To better accommodate unbalanced grid conditions and fully achieve asymmetrical FRT
requirements, the PNSC, also refers to decoupled-sequence control (DSC), is regarded as an effective
control solution for IBRs. Compared to the BPSC of GFM-IBR, the PNSC of GFM-IBR incorporates the
sequence decomposition method, CLM, supplementary negative sequence control, and current
coordination. Virtual impedance-based (VI-based) or current saturation-based (CS-based) CLMs are
employed to prevent overcurrent due to inverter capacity constraints. Relevant solutions are presented in
this section.

1.2.4.1 Sequence Component Decomposition Method in Grid-Forming Control

To regulate positive- and negative-sequence components independently under unbalanced grid
conditions, a number of sequence decomposition methods are reported in both GFL and GFM
applications [60], [87]—[90], including filter-based methods or delayed-signal-based methods, where

- Delayed-signal-based methods provide quicker transient responses; however, they experience
steady-state oscillations when exposed to deviations in the fundamental frequency if implemented at a
fixed sampling rate.

- Filter-based methods exhibit slower convergence; however, they are devoid of steady-state errors,
even when operating at fixed sampling rates [91].

For GFL- and GFM-IBRs, the DDSRF with low-pass filters is considered the representative
sequence decomposition method, effectively used in industrial designs.

1.2.4.2 Current-Limiting Methods for Grid-Forming IBRs

To prevent overcurrent, achieve the current injection requirements, and enhance VRT capability,
designing CLMs is a major focus for meeting FRT requirements as it primarily alters the current injection.
However, most studies on CLMs in GFM control have focused on balanced grid conditions [8], [9].
Solutions for limiting sequence currents to achieve FRT for GFM-IBRs are limited and they prioritize
innovations at the power-electronics level that might overlook the constraints imposed by the power
system. State-of-the-art CLMs include virtual impedance-based (VI-based) and current saturation-based
(CS-based) CLMs [40], [92]. To meet the IEEE 2800 standard, IBRs are expected to achieve the
maximum reactive current injection within their capacity to support AC voltages under the FRT mode.

After fault clearance, the restricted mode can be switched to the actual GFM mode. This may introduce
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overcurrent issues during the transition due to the power variation [93]-[95]. However, there is no clear
scheme specified for the post-fault behavior of GFM-IBR that improves fault recovery capability. There
is still room for the improvement of CLMs for GFM-IBRs so that they are compatible with the grid codes
on FRT requirements and applicable to a wide range of GFM control strategies.

The CS-based CLM can be applied to both GFL-IBR and GFM-IBR, enabling IBRs to behave like
a current source during faults. Typical CS-based CLMs include instantaneous limiter, magnitude limiter,
and priority-based limiter [92], [96], [97]. The current limiter is inserted prior to the inner current control
to limit the fault current. The magnitude and phase angle of current references can be adjusted to improve
the VRT capability [97]. However, once the current limit is reached while power references remain
unchanged, the PSL will lose synchronism [99], [100]. The CS-based method can restrain the current
within a few milliseconds at the inception of the fault [100]. Therefore, the CS-based method can be
employed to avoid the impacts of transients on protective relays during faults.

The VI-based CLM is proposed for GFM-IBR, enabling GFM-IBR to retain internal voltage
dynamics and keep the voltage source feature under FRT mode. The VI-based CLM limits the fault
current by reducing the voltage reference, without modifying the current reference directly. For the VI-
based method, the current references are restrained by adjusting the virtual impedance adaptively. It can
keep the dynamics of inner voltage control but needs a tradeoff between stability and current limiting
during faults [97]. Since this method relies on the PI controller to regulate the converter current to its
maximum limit, this method may be subject to prolonged transient periods in the presence of significant
short-circuit currents [101]. Moreover, current references cannot be specified by using this method
making it inapplicable for achieving the reactive current injection requirements in some recent grid codes.
In [102] and [103], advanced techniques such as adaptive sequence current decomposition and variable
VI are employed to fulfill the reactive current injection requirements, making the application more
complex and difficult to reproduce. The VI-based CLM can be implemented in positive sequence control
channels only [104]-[107] or both in positive and negative sequence control channels [97], [102], [103].
When the VI-based CLM is employed in the positive sequence channel only, the equivalent positive-
sequence fault circuit of the GFM-IBR is a voltage source with a VI, rather than a current source (like
GFL-IBR) [106], [107]. In the negative sequence circuit, the equivalent circuit is a current source [97],
[102], [103].

1.2.4.3 Negative Sequence Control

To regulate the uncontrolled negative-sequence components, six types of negative sequence control
solutions for GFM-IBR are proposed, including: (a) Balanced three-phase voltage (BTPV) control [34];
(b) Balanced three-phase current (BTPC) control [108]; (c) Constant active power (Constant-P) control
[109]; (d) Constant reactive power (Constant-Q) control [109]; (e) Negative sequence virtual impedance
(NSVI) and negative sequence voltage vector (NSVC) control [110]; (f) Negative sequence current
injection (NSCI) control [14].

1.2.4.4 Current Coordination Method

In the PNSC structure, the positive and negative current references are generated separately. A
current coordination method is needed to prevent overcurrent. Based on the existing methods, two types

of current coordination methods are developed to optimize the inverter current capacity utilization.
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1) Current scaling method: To fully utilize the current capacity, the positive and negative sequence
current references can be converted to phase current references. (a) dg current-based method [111]; (b)
af current-based method [112]; (c) Active and reactive current-based method [103].

2) Adaptive current limit method: [102] proposed a positive and negative adaptive current limit
distribution method to make phase current reach the current limit.

1.2.4.5 Fault Ride-Through Control Strategies for GFM-DFIG

In addition to the above control solutions for full converter-based GFM-IBR, the application of
GFM control in the DFIG-based WTGs is also attractive. Under the regulation of the PSL, the DFIG-
based WTG with GFM control can provide active power to support the grid frequency, emulating the
inertia and damping characteristics of SGs [113]. The O-droop strategy enables GFM-DFIG to work as
a voltage source to build voltage for power grids, which is more suitable for weak grids [114]. However,
studies on GFM-DFIG [115]—[120] are still under exploration, as summarized in Table 1-4 (GFM-DFIG).
To ride through symmetrical voltage dips, GFM-DFIG may temporarily fall back to GFL mode.
Moreover, improved schemes for symmetrical FRT are proposed [121], [122]. To the best knowledge of
the authors, with the above GFM control strategies, DFIG-based WTGs cannot successfully deal with
overstresses and provide the desired system services specified in recent gird code requirements and GFM
capability definitions. The main reason is that, during asymmetrical faults, negative-sequence and
transient components will interfere with the positive-sequence components through the coupled control
loop and power calculation. Compared to balanced faults, the coordination of sequence components in
unbalanced fault scenarios is more challenging for DFIG-based WTGs [123]. Researchers have proposed
some control schemes [14], [124]-[131] for improving the FRT capability of conventional GFL-DFIG,
as summarized in Table 1-4 (GFL-DFIG).

TABLE 1-4
Overview of Studies on GFM-DFIG and GFL-DFIG

Category Contribution

Virtual synchronous control for inertia support [115]:
- Directly regulate the magnitude and phase angle of rotor voltage
without using a current control loop.

- Virtual resistance to limit current and ensure small-signal stability

Virtual synchronous generator control with an inner-loop control for

air-gap flux linkage [116]

GFM-DFIG Small-signal stability of microgrids with high-penetration of GFM-
DFIG [117]

GFM control based on the orientation of the rotor flux [118]

GFM control based on disturbance rejection stator flux [119]

Hybrid synchronization control to improve the dynamics and

oscillation issue [120]

Virtual resistance and feedforward compensation methods to limit the
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forced component and natural component of fault currents [121]

Air-gap flux feedback and rotor current limiting loops to accelerate

the decay of transient components and avoid overcurrent [122]

Current coordination method for grid code compliance [14]

FRT control to mitigate risks of insulation failure [124]

Transient stability enhancement [125]

GFL-DFIG Demagnetization current and reactive current injection [126]

Control for the required 12 angle [127]
Enhance VRT capability [128], [129]

Eliminate oscillations in electromagnetic torque [130], [131]

In summary, the literature review on the performance of GFM-IBR under unbalanced grid

conditions can be drawn in Fig. 1.10.

Prospects for future integration of GFM-IBR

Control solutions M ]

si - : L |= Impacts on unbalanced grids
Sequence decomposition method{D lelay signal-based IBR pcrformancF: requirement =) /r\' @::> ‘_p ____________ g __1
Filter-based (Standard, grid codes...) 1 [ Small signal stability | |
GFM-IBR Three-phase | | I
. - Enhanced PSL A unbalanced grid | ! Transient stability !
Transient stability enhancement { PSL-PLL switching ‘ ( } e Gl }

Positive sequence current-limiting [ CS-based CLM GFM Control [Primary control strategies (VSM, t
method VI-based CLM | /| droop, dVOC), control structures (BPSC, PNSC)**] ettt |
} Negative sequence | |
Negative sequence J BTPV, BTPC, Constant P, e ;. ] components-based }

I

control Constant O, NSVI, NSVC, NSCI } Culfrem. ‘ Voltage support ‘ ‘ Frequency support ‘ } 1 }
Current scaling } Contribution FRT capability [~ 7 I

Current coordination method . .
’ Adaptive current limit || T T TTTTT T T T ooTTooooooo------- LS AT

Fig. 1.10 Summary of literature review on GFM-IBR under unbalanced grid conditions

1.3 Research Gaps

Based on the above literature review, the main research gaps are drawn as follows:

1) The negative-sequence behavior of GFM-IBRs has not been sufficiently discussed. It is critical
to investigate how the integration of GFM-IBRs and their various control strategies impact power system
operations under unbalanced grid conditions, especially in comparison to SGs and GFL-IBRs.

2) Although the IEEE 2800 standard gives some room for new technologies such as GFM in terms
of compliance, there is scope for the improvement of the existing FRT control solutions for GFM-IBRs
so that they are compatible with the grid codes on FRT requirements, e.g. reactive current injection
requirements, voltage ride-through requirements, and frequency ride-through requirements.

3) The computational intensity of detailed EMT models limits efficiency across multiple fault
scenarios. Accurate short-circuit modeling for IBRs with various FRT strategies is crucial for future IBR-
rich systems.

4) The integration of GFM-IBRs will alter the unbalanced fault response of the power system, which
might lead to the maloperation of system protection. The impacts of GFM-IBRs on the performance of

legacy protection are underexplored.
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1.4 Contributions

To address these gaps, the thesis focuses on the potential impacts of GFM-IBRs on system dynamics,
legacy protection, and FRT requirements under unbalanced grid conditions, providing innovative insights
and control solutions for GFM-IBRs under unbalanced grid conditions. Key contributions of the thesis
are:

(1) To clarify the fundamentals and impacting factors of GFM-IBRs in the negative sequence system:

- From the perspective of system dynamics, a decoupled-sequence dynamic model for GFM-IBRs
is proposed to study the internal oscillatory modes in negative sequence systems, providing crucial
insights into the behavior of negative-sequence components under unbalanced perturbations.

- From the perspective of steady state fault conditions, the equivalent negative-sequence impedance
of GFM-IBRs is estimated, considering BPSC and PNSC strategies.

(i1) For full converter-based GFM-IBRs, a PNSC structure for GFM-IBRs is proposed to regulate
sequence components independently, with flexibility in utilizing different power synchronization loops
and CLMs.

- To prevent overcurrent, an enhanced CS-based CLM is developed for IEEE 2800 compliance,
including reactive current injection and full utilization of current capacity during unbalanced faults.
Another solution is the VI-based CLM, which updates the positive sequence internal voltage vectors to
retain inner voltage dynamics.

- To improve the grid synchronization and voltage support capability, this thesis proposes a three-
mode switching GFM control solution for Type-IV WTGs. A sequence-domain aff voltage
synchronization loop (VSL) is activated to enhance frequency stability and maintain synchronism, while
the CS-based CLM is used to inject optimal reactive currents for low-voltage ride-through. After fault
clearance, the VI-based CLM is employed to eliminate transient components for the WTG restoration in
the transition mode.

(iii) For DFIG-based WTGs, this thesis proposes asymmetrical FRT controls for the GFM-DFIG
based on the mechanism for forming the grid voltage.

- Internal voltage vectors are designed for the assessment of asymmetrical FRT capabilities. Then a
PNSC is proposed to support the sequence components of internal voltage vectors for the GFM-DFIG.

- An asymmetrical FRT control structure is proposed, incorporating negative-sequence reactive
current injection and two types of positive-sequence control schemes: the CS-based and the VI-based
CLMs.

- A simplified calculation method for transient voltages is utilized to eliminate the impacts of
transient flux leakage.

(iv) To facilitate rapid and accurate short-circuit fault analysis of the system with IBR:

- A comprehensive and efficient solver incorporating phasor domain short-circuit models of GFM-
and GFL-IBRs is proposed for steady-state fault calculations considering various CLMs. The proposed
approach is validated by comparing it with detailed EMT modeling and simulations using a modified
IEEE 39 bus system with multi IBRs.

- The proposed solver platform enables system operators to perform rapid and accurate short-circuit
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computations and protective relay studies in power systems with high penetration of IBRs, facilitating
the assessment of FRT strategies and compliance with grid codes.

(v) To evaluate the performance of AC protective relays in systems with GFM-IBRs:

- The impacts of GFM-IBR on the apparent impedance measured by distance relays are elaborated
analytically during unbalanced faults in a two-bus system. The analysis provides the first explanation for
why GFM-IBR may alter the trajectory of the apparent impedance, potentially causing maloperation of
distance protection. EMT simulations using the EPRI benchmark system are conducted to validate the
analytical findings and provide in-depth investigations.

- In a modified IEEE PSRC D29 system with IBRs, the performance of distance protection is
investigated under varying impact factors, including K factors, fault proximity, and fault resistance.

- The performance of the negative sequence components-based protective relays, i.e., the 50Q, 67Q,
and FID elements, are tested in a system with IBRs with various FRT solutions, to identify potential

maloperation issues.

1.5 Thesis Outline

The thesis focuses on the potential impacts of GFM-IBR on system dynamics, legacy protection,
and FRT requirements under unbalanced grid conditions, providing innovative insights and control
solutions for GFM-IBR under unbalanced grid conditions. The thesis is organized as follows:

In Chapter 2, the negative-sequence behavior of GFM-IBR and GFL-IBR is compared. From the
perspective of dynamics, decoupled-sequence dynamic models of GFM-IBR with balanced positive
sequence control (BPSC) and positive and negative sequence control (PNSC) are developed, to
investigate the internal oscillatory modes caused by negative sequence components. For steady-state fault
analysis, static analytical negative sequence modeling of GFM-IBR is developed to clarify the
fundamentals and impacting factors of 12 injection.

In Chapter 3, FRT control solutions of GFM-IBR are proposed for grid code compliance during
unbalanced faults.

3.1 For full converter-based GFM-IBR, a PNSC structure for GFM Type-IV WTG is proposed.
When FRT detection logic triggers, WTGs operate in restricted mode. The sequence-domain o/ voltage
synchronization loop (VSL) activates to maintain synchronization and improve frequency stability. To
avoid overcurrent, two CLM solutions are developed, including (i) current saturation-based (CS-based)
CLM with a current scaling method for IEEE 2800 compliance. (ii) virtual impedance-based (VI-based)
CLM with an adaptive current limit method.

3.2 For Type-1IIl WTG, a PNSC structure is proposed to support the sequence components of internal
voltage vectors for the GFM-DFIG. On this basis, an asymmetrical FRT control structure is proposed,
incorporating negative-sequence reactive current injection and two types of positive-sequence control
schemes: the CI-based CLM and VI-based CLM. A simplified calculation method for transient voltages
is utilized to eliminate the impacts of transient flux leakage.

The proposed FRT controls for GFM-IBR are validated by using the EPRI benchmark system.

In Chapter 4, for short-circuit fault analysis of the system with IBR, a comprehensive and efficient
solver incorporating phasor domain short-circuit models of GFM- and GFL-IBRs is proposed for steady-
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state fault calculations considering various CLMs. The proposed approach is validated by comparing it
with detailed EMT modeling and simulations using a modified IEEE 39 bus system with multi IBRs. The
proposed solver platform enables system operators to perform rapid and accurate short-circuit
computations and protective relay studies in power systems with high penetration of IBRs, facilitating
the assessment of FRT strategies and compliance with grid codes.

In Chapter 5, the impacts of GFM-IBR on AC protection elements during unbalanced faults are
investigated, including:

In 5.1, the impacts of GFM-IBR on the apparent impedance measured by distance relays are
elaborated analytically during unbalanced faults in a two-bus system. The analysis provides the first
explanation for why GFM-IBR may alter the trajectory of the apparent impedance, potentially causing
maloperation of distance protection. EMT simulations using the EPRI benchmark system are conducted
to validate the analytical findings and provide in-depth investigations. In a modified IEEE PSRC D29
system with IBRs, the performance of distance protection is investigated under varying impact factors,
including K factors, fault proximity, and fault resistance.

In 5.2, the performance of the negative sequence components-based protective relays, i.c., the
instantaneous negative sequence overcurrent (50Q), directional negative sequence overcurrent (67Q),
and fault-identification (FID) elements, are tested in a modified IEEE PSRC D29 system with IBRs with
various FRT solutions, to identify potential maloperation issues.

In Chapter 6, the conclusions of the thesis shed light on the merits and drawbacks of GFM-IBRs
under unbalanced grid conditions. The suggestions and prospects for future IBR accommodation are

inspired.
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2 Negative Sequence Behavior of Grid-Forming IBR

The negative-sequence mechanisms and dynamics within GFM-IBRs under unbalanced grid
conditions remain insufficiently understood. This lack of clarity can obscure the significance and
objectives of developing GFM control strategies. Moreover, under the growing penetration of GFM-IBRs
in power systems, the impacts of the negative-sequence behavior of GFM IBRs on power systems will
be increasingly significant. To address this, this chapter contributes to developing dynamic and steady-
state negative sequence models for studying negative-sequence components inside GFM-IBRs and

exploring the negative-sequence behavior.
2.1 Dynamic Negative Sequence Modeling

2.1.1 Negative-Sequence Components inside GFM-IBR with BPSC

Fig. 2.1 depicts the structure of a typical GFM-IBR plant that incorporates N GFM-IBR units. For
each GFM-IBR unit, balanced positive sequence control (BPSC) strategy is employed to regulate the
measurements from IBR hardware and generate modulation signals to drive the voltage source converter
(VSC). Under unbalanced perturbations, positive-, negative- and zero-sequence components of both
voltages and currents are typically present in the AC grid. However, due to the presence of a delta-
connected winding in the IBR transformer, only the positive- and negative-sequence components are
present on the converter side.

Collector bus

((GFM-IBR MV/HV
unit = SZ)__|> : «|~AC grid
main IBR Tie line

N transformer

Fig.2.1. GFM-IBR plant in power systems
Based on the synchronous reference frame (SRF), dg components of an arbitrary variable X in the

BPSC loop can be derived as,

X, cos(Qat) + X sin(2at)

X, cos(0)+ X 4 sin(0) .
i { ’ =X =X, +X;, @l

: = Ad
X g cos(0)— X, sin(0) 1 X, cosQat) - X ; sin(2awr)
where )?;q denotes double-fundamental-frequency (2w) negative-sequence dg components, and & and
o are the orientation angle and angular frequency, respectively. Superscripts + and — also refer to
positive- and negative-sequence components, respectively. For illustration, the diagram of sequence

components inside GFM-IBRs under unbalanced perturbations is depicted in Fig. 2.2. /. denotes the

DC-link current on the converter side. In subscript, set refers to setpoints, while dc denotes DC-link

components.
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Fig. 2.2. Sequence components within typical GFM BPSC under unbalanced perturbations
2.1.2 Decoupled-Sequence Dynamic Modeling for GFM-IBR

2.1.2.1 Generic Decoupled-Sequence Dynamic Modeling Structure
To evaluate the influence of 2w negative-sequence components within GFM controls, a decoupled-
sequence dynamic modeling approach for GFM-IBRs is designed, which can be represented by a unified

time-domain model, as follows

X0 =[x,0) x5, %0 x.0] 22
X(0)~ (x(1))

where x;'q (¢) and x,,(¢) represent the state variables of the positive- and negative-sequence dg

components, respectively. x,(¢) and x,.(¢) represent the state variables of the GFM control system and

DC system, respectively.
1) GFM BPSC System
GFM primary control:
The VSM control emulates the rotor motion and primary frequency regulation of SGs, enabling
GFM-IBRs to exhibit the P-f'droop mechanism and swing behavior, as given by,
{d) = (P —xp)/ @, + D, (0, —w)) ]
(2.3)
Xp =, (F, —xp)
where J is the virtual inertia constant, D, is the droop gain, and @, and @, are the nominal frequency

and cut-off frequency, respectively. xp is a state variable of the low-pass filter of active power. Under
unbalanced grid conditions, the d-axis voltage is given by,
Vy=Vi+V; =V +V; cosQart)+V, sin(Qar) (2.4

Then, the virtual flux leakage is derived as,

Vi =V 2.5)
W/T/[ = kpvac (Vset - Vd+) + kivacx;
—_—
)‘C+
14
- . . (2.6)
Yu = kpvac (0 - Vd ) + kivach
5,—/
Xy
where k,,,. and k. are the Pl-controller gains. xy is a state variable of the PI controller for generating
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virtual flux leakage. On this basis, the virtual voltage references are determined as,
th: =T, (DT, zovy, sin(0)
qu =T, (O)T 0, sm(H) 2.7
sin(0) =[sin(9) sin(0—27/3) sin(0—47/3)]"
cos(:) sin(+) 201 =12 -1/2
where Ty, () :{‘Sin(-) cos(.)} 04 Tog :\E{O \/5//2 —\/31/ 2]
The droop control replicates the speed droop characteristic of the synchronous generator (SG)

governor and balances deviations in power injection. Frequency regulation is modeled with (2.8) and

voltage reference regulation is modeled with (2.9) and (2.10), where m,, is the droop gain.

P
o=0w,—m,(b, -F,) (2.8)
v, =V +v;"
{ d ="d d 2.9
Vd+* kpvac set Vd ) + kzvac
- (2.10)
VJ pvac (0 Vd )+ ktvac
—_—

P
%
The dVOC function regulates active and reactive power separately, thus obtaining the amplitude

and phase of virtual voltage references, as follows:

Frequency regulation:

w =, +Kl( set/( ct) xP/(V;)Z) (211)
xP_a)f( m JCP)

Voltage reference generation:

o Qv %o | 8We =)D
el [Kl[(Vm)z (V§)2]+ Ve J 2.12)
Xo =7 (0, —Xg)

where & and «, denote synchronization gains. X, is a state variable of the low-pass filter of reactive

power. Since the dVOC regulates voltage references via the reactive power, 17; does not affect voltage
reference generation.

GFM inner control:

The inner control loop consists of the inner voltage and current control. Typical dual closed-loop
design controllers with feedforward terms are employed. Under unbalanced grid conditions, the
measured dq voltages and currents are given by,

X={LV,I} (2.13)
. X + X5 cosQon) + X, sin(2et)

Xig =Xag +Xag =| | _ _ . (2.14)
X, + X, cos(2wt) - X, sin(2ar)

The formulas of inner voltage control are derived as,
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+* + +* + + +
sdqg = kivadq + kpv (qu - qu)+ 7Cdeq + qu

x+ feedforward
Vd.
o o ~ q~, . (2.15)
Isdq = kivadq + kpv (qu - qu) + }/C/tqu + qu
"Lcl;dq feedforward
0 . .
where ¥ = 0l k,, and k;, are Pl-controller gains of the inner voltage control. x,, denotes
-0
state variables of the PI controller of inner voltage control. The formulas of inner current control are
derived as,
I/sth = kpi (I;q _I;q)+kiix;—dq +7LfI;q +Va-7:]
T feedforward
x
1d
. L N o (2.16)
I/qu = kpi (qu _qu)+ kiixldq + }/Lfldq + qu
%/—/

- feedforward
xldq

where k,; and k;; are the Pl-controller gains of the inner current control. x,,, denotes state variables

of the PI controller of inner voltage control. The modulation signals are generated by the inner current

control, as follows:

2 *
+ _ +
qu Tchsdq
) (2.17)
M;q:al/s;q
~ M 4 cos(2at) -M 4 Sin(2ot)
dg = (2.18)

M; cos(Qat) + Md_ sin(2ot)

2) GFM PNSC System

For regulating positive- and negative-sequence components independently, a GFM PNSC structure
can be employed. In PNSC, sequence component extraction methods, such as delayed-signal-based
method or filter-based method (see section 1.2.4.1), can be utilized to eliminate the effects of 2w

negative-sequence components of voltages and currents. In this way, the positive- and negative-sequence

components can be separated. Hence, for PNSC, the 2w negative-sequence components )?;q equal zero

in (2.3)—(2.18). To address these uncontrolled negative-sequence components, two types of negative-
sequence control solutions for GFM-IBRs are considered in this section, i.e., the balanced voltage control

strategy given by (2.19) and balanced current control strategy given by (2.20).

Vi =0

Iy =k, + iy [V =Vi)+7CyV +13, (2.19)
Vidg = G+ ki [$)X gy = T )+ ¥ LTy + Vi

My, =W [Vae

I, =0

Vidg = (i + ke /)T gy = T )+ ¥ L gy + Vi (2.20)
M3, =2 [V

3) AC and DC systems
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Since the section focuses on the negative-sequence behavior of GFM-IBRs on the AC side, the DC

system can be simplified to a DC-voltage-controlled current source, as given by,
jdc = (Idcset - [dc )/Tdc = [kac (Vdcset - Vdc ) - Idc ]/Tdc
; 1
Vdc = (Idc - Ivsc )/Cdc = |:Idc _E(Maﬂ)T Isaﬁ :|/Cdc

where T, and k;,, denote the time delay constant and DC voltage control gain, respectively. For the

(2.21)

AC system in Fig. 2.2, positive- and negative-sequence differential equations in dg coordinates are

derived as,

I..:-dq = ( SZ{] _RCIA:-dq _Vd-t] )/LC + 7I:dq
Is:lq = (V;Iq _Rc'I;dq _V(I:{)/LL +7Is:lq
Vd;:(l:dq _ng)/cf +}’de

Vig=Ua, —13)/Cr + 7V,

(2.22)

(2.23)

4) Linearization

By linearizing the proposed dynamic model x(¢)=f(x(¢)) at steady-state equilibrium, decoupled-
sequence small-signal models of GFM-IBRs are derived as follows:
_ T
Av=[Ax), Axg Ax Axg ]

Ax=AAx+ BAu

where A denotes the state-space matrix. B denotes the input matrix. The state variables are then given by

(2.24)

- 4T
+ + + + +
Axdq = Alsdq Aqu Adeq Axldq
AC system Inner control
- 4T
Axy, =| AT, AV, Axy, Axg, (2.25)
AC system Inner control
r T
Ax,. =|Al,. AV,
DC system

For the VSM control strategy (GFM_VSM),

A =[A A A0 Aw AxP]T

T (2.26)
Au = AI:irq Mt;q ARvet A Vset
'VSM control input
For the droop control strategy (GFM_droop),
T
Ax,=[AY) AY, A6 Ax, ]
T (2.27)
Au=| Al ;’—q Al z;q APset A Vset

—_—
droop control input

For the dVOC strategy (GFM_dVOC),
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* T
Ax =[A0 AV Axp Axg ]
T (2.28)

+ _
Au = qu Aqu APset AQset A Vset
dVOC input

Overall, the proposed dynamic modeling approach provides a detailed illustration of the regulation
of negative-sequence components within GFM-IBRs. The derived state-space matrix can be used to

further analyze the impact of negative-sequence components on system dynamics through modal analysis

5) Model Validation
To validate the proposed decoupled-sequence dynamic modeling approach of GFM-IBRs, a test

system is implemented in an EMT-type tool, as shown in Fig. 2.3. The parameter configuration of GFM-

IBRs is listed in Table 2-1. 7# m and 7r _u denote the ratio of the main IBR transformer and IBR unit

transformer, respectively.

|4} D!i | | 50 km 100 km | | ﬁ%
GFM _dVOC GFM _droop

100km MW 100 km
TSMWA ) 6 | A 75 mw

LSO km 4 (1)
50 km
— GFM_VSM

Test system: 100% GFM-IBR-dominated system

Fig. 2.3.
TABLE 2-1
Parameter Configuration of GFM-IBRs
Parameter Value Parameter Value
N 200 (kpvacs kivac) (0.001, 0.0021)
(Tac, kvac) (0.05 s, 0.83) (kpv, kiv) (0.52,232.2)
(o 314 rad/s (kpiy ki) (0.73, 0.0059)
wy 31.4 rad/s (Pset, Oser) (1 pu, 0 pu)
(Dp, J) (1.01e5, 2.02¢3) (Vsets Veset) (1 pu, 2.45 kV)
(x1, 12) (0.0209, 1.39¢3) mp 3.14e-8
(R, Le) (5e-6 Q, 1e-6 H) (Cae, Cp (1.6 F, 0.06 F)
Tr m 230 kV /13.8 kV Tr u 13.8 kV/1 kV

In the test system, GFM-IBR operates at Pn=75 MW. For illustration, when =15 s, a 75 MW
unbalanced load is applied at Bus (6), resulting in the imbalance of grid voltages and currents. The
negative-sequence components of grid voltages are shown in Fig. 2.4. Per IEEE 2800 standard, IBRs can
continue to operate if the negative-sequence component of the applicable voltages is below 3% of the

nominal voltage for less than 10 seconds, provided that the voltage imbalance is not caused or

exacerbated by unbalanced currents from the IBR.
Small unbalanced

. Bus (4)

2 002. — Bus(D perturbation

— Bus (9)

§ 0.01 :

= Balanced / Unbalanced

3 0

= ol

_0.01 1 1 L L
14.6 14.8 15 15.2 154

time(s)

Fig. 2.4. Magnitude of negative-sequence grid voltages
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The time step and simulation duration are set to 100 us and 20 s, respectively. For GFM-IBRs with

the BPSC strategy, Fig. 2.5 shows the numerical results of the EMT simulation, the existing dynamic

model [34], and the proposed dynamic model for comparison. The existing dynamic model solely

incorporates positive-sequence dg components in the BPSC system and ignores 2w negative-sequence

components.

Active Power (pu) Active Power (pu)

Active Power (pu)

—— Simulation results

121 Numerical results of existing dynamic model
Numerical results of proposed dynamic model
1.15 ¢
1.17
11 1.165
1.16
1.05 ‘ 155 1555 156 1565 , 157 .
15 15.2 15.4 15.6 15.8 16
time(s)
(a) GFM_VSM
12 —— Simulation results
’ Numerical results of existing dynamic model
Numerical results of proposed dynamic model
115+
1.17
L1y 1.165
1.16
1.05 155, 1555 156 1565 157 .
15 15.2 154 15.6 15.8 16
time(s)
(b) GFM__droop
—— Simulation results
1.2 Numerical results of existing dynamic model
Numerical results of proposed dynamic model
1.15
1.1
1.05 . 155, 1555 156 1565 157 ,

15 15.2 15.4 15.6 15.8 16
time(s)

(¢) GFM_dvOC

Fig. 2.5. Numerical results of active power responses of GFM-IBRs

During the interval =15—15.2 s, the transient dynamics of active power differ among GFM-IBRs

due to each plant’s different primary control strategies. Under steady-state unbalanced grid conditions,

the dynamics of the proposed model are highly consistent with the EMT simulations. In addition, Fig.

2.6 shows that the 100% GFM-IBR-dominated system can still provide a path for the flow of 2w

negative-sequence components.

30



1

0.6 | 2w negative-sequence

g components ~a
: ; : : 1 4

S 0.4 (100,0.49)
S
%02
= LI

O [

0 50 100 150
Frequency (Hz)

Fig. 2.6. FFT analysis for active power response of GFM_VSM
2.1.3 Modal Analysis for GFM-IBR under Small Unbalanced Perturbations

2.1.3.1 Oscillatory Modes of GFM-IBR under Small Unbalanced Perturbations

Based on the state-space matrix derived from the proposed dynamic model, the eigenvalue-based
stability assessment (EBSA) is used to study the impacts of control settings and negative-sequence
control solutions on oscillatory modes dominated by 2w negative-sequence components. Oscillatory
modes of the GFM_VSM are filtered out, as shown in Fig. 2.7. Participation factors are employed to
identify the dominant variables. For illustration, the dominant variables are defined as the state variables
that exhibit a participation factor exceeding 25%. The eigenvalue A, damping ratio o, oscillation
frequency f, and dominant variables are listed in Table 2-2.

State variable
50

40

—_mnl 2

(24) J0oyoey uonedronaeq

Oscillatory mode
O 0 3 N N B~ W N =

10
( I I\ X ) T ) 0
V. B Y Y Y Y
DC Positive PSL Positive Negative Negative
system sequence sequence sequence sequence

AC system Inner control  AC system Inner control

Fig. 2.7. Participation factors of GFM_VSM
TABLE 2-2
Oscillatory modes of GFM_VSM

Mode A 4 f/Hz Dominant Variables
1 -1719+2524i 0.56 401.82 AL, AV,

2 -1931+£2264i 0.65 360.45 AV

3 -1763£1718i 0.72 273.55 AL, AVS

4 -1976+1457i 0.80 231.89 Al AV,

5 -7.20+143.7i 0.05 22.88 AL, AV,

6 -2.17+0.73i 0.95 0.12 Axyy,
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7 -2.234+0.00151 1.00000 0.00025 Ax;dq
8 -1.61+0.00071 1.00000 0.00012 Ax}'dq
9 -1.53+0.0510i 0.99945 0.00812 Ax 14y

Table 2-2 indicates that under the regulation of the GFM control system, the 2w negative-sequence
components would lead to oscillations at various frequencies (0—0.12 Hz, 231 Hz, 225 Hz, 325 Hz, and
402 Hz), thus deteriorating the dynamic performance. This issue is usually hidden by the dynamic model
without consideration of negative-sequence components.

For the DC side, there exists an oscillatory frequency of 22.88 Hz that is caused by the DC-link
voltage and current, indicating that the DC-link voltage and current exhibit an oscillation at 22.88 Hz.
The result is consistent with the FFT analysis of the DC-link voltage using EMT simulation, as shown in
Fig. 2.8.

For the AC side, the oscillatory frequency caused by dg voltages and currents is within the range of
224 Hz to 402 Hz. The real parts of these eigenvalues are around -1800, indicating they are significantly
distant from the imaginary axis. Hence, their impact on system stability is relatively minimal. The
negative-sequence GFM inner control also generates oscillatory modes. The real parts of these
eigenvalues are closer to the imaginary axis, potentially affecting the system’s stable operation.

Fundamental-

DC-link ar 2 negative-sequence
components frequency positive- components
sequence components
' ‘ ' ; s

Shandt ‘ . —(100,0.16)
B 2 (50,0.09) : -
S 0.1 .
& : : | :
£0.05 (23,0.03)

O_uu...mumlllllmlﬂlllluun |||4 dﬁhl

0 20 40 60 80 100
Frequency (Hz)

Fig. 2.8. FFT analysis based on simulation results of the DC-link voltage under small
unbalanced perturbations
2.1.3.2 Impact of Negative-Sequence Control Solutions on Oscillatory Modes under Small
Unbalanced Perturbations
For GFM_VSM with the PNSC strategy, the negative-sequence voltage at the POC and negative-
sequence converter current are shown in Fig. 2.9. The balanced voltage control effectively suppresses
the negative-sequence voltage, while the balanced current control effectively suppresses the negative-

sequence current.

/g S Small unbalanced

:’ 0.04 + I- perturibation

= :

S 002

&

2 0

s Balanced : Unbalanced

= 14 14.5 15 15.5 16
time(s)

(a) Balanced voltage control strategy
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(b) Balanced current control strategy

Fig. 2.9. Simulation results with negative-sequence control solutions in PNSC

For comparison, the oscillatory modes dominated by Axj,, and Axj, under the original BPSC and

negative-sequence control solutions are shown in Fig. 2.10. Since there are no negative-sequence
voltages within the balanced current control loop, the oscillatory modes dominated by Ax;,;, do not exist
under the balanced current control. By using the balanced current control and balanced voltage control

strategies, the oscillatory modes shifted to the left. The imaginary part of modes is reduced to zero under

the regulation of negative-sequence control solutions. Hence, for the oscillatory modes dominated by

Axy,, and Axp,, , using the negative-sequence control solutions increases the damping ratio while

reducing the oscillation frequency. This indicates that the additional negative-sequence control solution

can eliminate the oscillation, thus improving the control damping of GFM-IBRs.

e Original e Original
e Balanced voltage control e Balanced voltage control
1 Balanced current control
% 0.5 .2
< 15
= < *
£ ° E ol e
b g
<
0.5 &
£ . E ‘
-1 -0.1
=224 =222 -2.2 -2.18  -2.16 -1.62 -1.6 -1.58 -1.56 -1.54 -1.52
Real Axis Real Axis
(a) (b)

Fig. 2.10. Oscillatory modes dominated by negative-sequence components under BPSC and

PNSC strategies: (a) Modes dominated by Axyy, s (b) Modes dominated by AXpy -

2.1.4 Conclusion

This section introduces a novel generic decoupled-sequence dynamic model for GFM-IBRs,
providing crucial insights into the behavior of 2w negative-sequence components within the GFM BPSC
system under small, unbalanced perturbations. Our comprehensive modal analysis of GFM-IBR-
dominated systems reveals several significant findings:

1. Impact of Negative Sequence Components: The 2w negative-sequence components induce
undesirable oscillations across various frequencies, substantially degrading system dynamic performance.
This critical effect is often overlooked in conventional dynamic models that neglect negative-sequence
components.

2. Effectiveness of Negative-Sequence Control: Implementing balanced current and voltage control
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strategies shifts oscillatory modes leftward and reduces their imaginary components to zero. This finding
suggests the adoption of supplementary negative-sequence controls in GFM-IBRs to enhance control
damping under small, unbalanced perturbations.

The proposed model and analysis method provide a powerful methodology for understanding and
mitigating the impacts of negative-sequence behavior on system dynamics in GFM-IBR-dominated grids.
While this study employs EBSA to focus on oscillatory mode analysis rather than instability mechanisms,

it lays a foundation for future research.
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2.2 Static Negative Sequence Modeling

2.2.1 Steady-State Negative Sequence Modeling

Given the large-scale adoption of full-scale converters, the Type-IV WTG is considered as a
representative example of IBRs. Fig. 2.11 illustrates the typical GFL-based and GFM-based BPSC
structures in grid-side converters (GSCs) of Type-IV WTGs. Measurement filters are used to eliminate
the harmonics. Combining Park’s transformation, the PLL-based or PSL-based SRF is employed to
obtain dg components. The details of the PLL and PSL are presented in Fig. 2.12(a) and Fig. 2.12(b). The
PSL utilizes the virtual synchronous machine control. LPF denotes the low-pass filter. J and D, denote
virtual inertia and damping factor. Ky denotes the AC voltage droop coefficient.

DCside k— — Converterside — —{  ACside Protection

| il |
‘ Shunt e AC voltage |:

filter

]d(f ‘ VSC 1 e T T T T ool !
F r L 7
g S
CaeT Ve {hL prabe POC
PWM
qu
GFL / GFM

Composition | 6, w;

control strategy

dg* dq - E3
VY Is Igjq * Ig‘i
| Inner current control | Current limiter
* [

v, 0
control ya] Reactive
* power
. dg*
| #[qu* a7 ¢Is 9 droop

I
1l
I
I
I
I
i |11 | Inner voltage
I
I
I
I
I
I

V
! GFM control strategy

Fig. 2.12. Diagram of GFM and GFL control structure.
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AC overcurrent and voltage protections are incorporated at the point of connection (POC) to protect
the voltage source converter (VSC). As the zero-sequence components are blocked by the typically delta
connected WTG transformer, the focus is on the positive and negative-sequence components of the
voltages and currents. For an arbitrary variable X, the dgq-, aff-, and abc-vectors are denoted in bold and

italics, as given by

x=Xcos(@t+0y)=XLO0y =x" +x~

Xabc — [xa xb xc]T

2.29

XV =x"+ jx’ (229)
X4 =X+ jX7 = XelO

where y _ /( XY +(X1)* - Oy =arctan(X? / x4 ). ¢ and ® denote the phase angle and angular

frequency. w, represents the nominal frequency. / and ¥ denote currents and voltages at the POC. P and
O denote the active and reactive power. Cq, R, and L. denote the DC-link capacitor, choke resistance,
and choke inductance. M denotes the modulation voltages. In superscripts, the symbol * indicates
reference value. Superscripts + and — indicate positive sequence and negative sequence components. In
subscripts, s and dc indicate converter-side and DC-side components. / = PLL or PSL denotes the
components regulated by the PLL or PSL. The priority-based current limiter, which operates on the P

priority during normal operation and Q priority in FRT mode, is utilized. igl‘I* denotes dg current

references regulated by current limiters.

Under unbalanced grid conditions, both positive sequence and negative sequence components are
present on the AC side. Although there is no negative-sequence control loop in the BPSC system,
negative sequence components would still be incorporated within dg components in the form of double-

fundamental-frequency oscillation.

Fig. 2.13. Equivalent negative sequence (NS) network of a two-bus system connected to an IBR
To elaborate on the negative sequence behavior of GFL and GFM inverters under unbalanced grid

conditions, an equivalent negative sequence network under an unbalanced steady state is established, as
shown in Fig. 2.13. The equivalent negative sequence impedance ( Z ) of IBRs is defined as
Z =V|I, =Z,+V ][I (2.30)
where Z.=R.+jo,L, .To facilitate the derivations, the GSC filter is not included in Vol
Since the inner voltage control and inner current control are typically implemented by proportional-
integral (PI) regulators, to simplify the expressions, denote the complex gain of a PI regulator as
RE =k, +hi/jo (2.31)
where k, and k; are proportional and integral parameters. Superscript @ indicates the angular frequency
of the phasor. Subscript C = {V, I} represents the inner voltage control and inner current control. These

PI regulators are typically equipped with output limiters. Given that these limiters have sufficient margin,
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they would not affect the negative sequence behavior of inverter controls. The GFL and GFM controls

can swiftly regulate the current references during the transient process. Thus, jd* — y4¢* . Therefore, in
N N
the inner current control (See Fig. 2.14), the relations between the 4 and y-ds are established as
N

VA=V =AW - Z I - Ry (I - A1) (2.32)

feed-forward term PI control
where ,1;‘,’ denotes the complex gain of a measurement filter at the angular frequency . In (2.32), the

generation of current references ]qu* differs between the GFL and GFM controls.

-
Feed-forward term

|

| |1

| Isd : : VdeclsdiLcwlsq

| * - +

| Isd yd*
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|

|
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|
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* |
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17 I quRc[f/+Lca)Ié,‘1 :

Fig. 2.14. Diagram of inner current control structure.

For GFL inverters, the g-axis current reference is regulated by the AC voltage droop control based
on the measured positive sequence voltage magnitude, as shown in Fig. 2.12(c). The d-axis current
reference is regulated by the DC voltage control, where double-fundamental-frequency oscillations
appear in DC voltage under unbalanced grid conditions. Denote the apparent power as S. During
unbalanced grid conditions, the power outputs of the GSC are derived as

S=P+jOo=V4j%
= (VU e POty (Jlt 4 [ T2 (2.33)
=yt ety A flas oyt flamgi2en oy dam it gmizent

oscillations in power

where the symbol * denotes the conjugates of dg components. The DC-link components are given by

av,, dq 3d dq d
VieCao =1 = P~ Pysc = Re(V i )-Re(Vitc Tt ) (2.34)

where subscript MSC denotes the components in the machine-side converter (MSC) side. Since the MSC-

side AC components are determined by the permanent magnetic synchronous generators (PMSGs), only

positive sequence components exist. Therefore,

V,.Cyo AV, [dt = AP™ + AP**
AP = Re(V4 1 —Vio T +v i) (2.35)
AP = Re(V ot 2oy ool |
From (2.35), double-fundamental-frequency oscillations appear in DC voltage under unbalanced
grid condition. These oscillations are cut by the measurement filter and the PI regulator in the outer loop.
For GFL inverters with other control modes, such as P/Q control or P/V,. control, the double-
fundamental-frequency oscillations in active and reactive power can also be eliminated by the
measurement filter and PI regulator in the outer loop. Hence, there is almost no negative sequence
component with double-fundamental-frequency oscillations in the current references. Remove the

positive sequence components, (2.32) is rewritten as
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VA=A VT - Z I+ RI ) (2.36)
Combining (2.30) and (2.36), Z~ of GFL inverters is given by
Zop =V I, =(Z.(1-A0)+ AV R [1-A0) = Z, + A7 R} [(1-A0") (2.37)

where A7 = /% =126y, - Oy denotes the phase shift caused by the measurement filter. To

facilitate understanding, the 2"-order Butterworth low-pass filter is taken as an example, the complex

gain becomes
AP =1+ j\2r +(jr)) == =1+ N2 @ + (7 = 1)) =™ (2.38)

\/Erl) . In (2.37), larger

w
where r = —2

. Jfu denotes the cut-off frequency in kHz. 6,,,; = arctan(

2
m ro—

0.,“-ﬁ leads to a larger denominator, thus reducing the magnitude of Z; . However, since the typical

N

range of the cut-off frequency of the measurement filter is 2 to 5 kHz [74], 6, is minimal. Hence,

Z ;; becomes a large impedance. When there is no additional negative-sequence control loop for GFL

inverters, the negative sequence current (I~ ) produced by GFL inverters is generally insignificant, to
the point where it can be treated as an open circuit in the negative sequence system. For GFM inverters,
the current references are regulated by the inner voltage control based on dg voltages (See Fig. 2.12(d)),
as given by

I =RP (VT - A0 (2.39)
where the g-axis voltage reference is zero, while the d-axis voltage reference is generated by the reactive

power droop control. Since the oscillations in reactive power are filtered by the low-pass filter, the voltage

.. . . da*
references are only positive sequence components. Therefore, the negative sequence components in 1/

are conveyed by the V% (2.32) can be rewritten as
VA =20 VT~ Z I R RV + 1)) (2:40)
Combining (2.30) and (2.40), Z~ of GFM inverters is given by
Voo Z(-A0)+ AR

Zopy =—= (2.41)
L 1A RO R A

Since 6, is minimal, the denominator is approximately

(k> + (2k,, o))k +(2k ®,)%)

2
4o,

lim [1-A% - R} R} AY" ‘ - \/

gsmjfz -0

(2.42)

From (2.41) and (2.42), with respect to Z;; , the magnitude of Z;,, is relatively smaller. This

indicates that GFM inverters can provide a lower impedance path for I~ circulation compared to GFL

inverters. The magnitude and angle of Z;,, are approximately given by

1 20
lim Zgp, =|——|= z (2.43)
(9&,1,-/,%0 Réwﬂ \/kiV2 +(2ka wn)z
, Im(1/ Ry k;
lim 6, =arctan L‘;) = arctan| — (2.44)
Oy —0 M Re(l/ RZ™) 2k, @,
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From (2.43) and (2.44), the inner voltage control parameters have a significant impact on the
magnitude and angle of Z,, . The derivation also suggests that the currents produced by GFM inverters

are generated by dg voltage references through inner voltage control, making the IBR more akin to a
voltage source. This is a crucial characteristic of GFM controls. Conversely, in GFL inverters, the current
references are calculated based on DC voltage and AC voltage drops, to inject the required active and
reactive power into the grid, playing a role as a current injection source.

The analytical results are summarized in the following:

(i) The phase shift caused by the measurement filter largely determines Z; . As the phase shift
becomes larger, the magnitude of Z;; reduces. Typically, a small phase shift leads to a large magnitude
of Zp; , to the point where it can be treated as an open circuit in the negative sequence system.

(i1) By incorporating voltage regulations, GFM inverters can provide a path for the I~ circulation.

Hence, Z;f;, has a smaller magnitude in comparison to Z;;; . When the current references are
regulated by the inner voltage control, the magnitude and angle of Z,, are primarily determined by

the inner voltage control parameters. The inverter has the potential to provide sufficient I~ injection. A
simplified impedance computation method based on (2.43) and (2.44) is proposed for Zgr, .

During FRT modes, IBRs are required to inject reactive current into the grid, as set forth by grid

codes. The relations between dg components and active and reactive currents are illustrated as follows

P+ jO=VY % =yel% [/ =y (I cos(6, —6,)— jIsin(6, —6,)) (2.45)
I, Iy
Ip—jl, =T%e 7%
rore (2.46)

d . i6)
I =(Ip - jly)e’™

where 79 indicates the conjugates of dg currents. Subscripts P and Q denote active and reactive

components, respectively. For GFL controls, the g-axis voltage is supposed to be regulated to zero by

Vq

PLL, i.e.,, ¥? =0. Considering the phase of voltages 6, = arctan(V—d) , 8, equals zero. Hence, the

reactive current predominantly matches the g-axis current. Due to the absence of a PLL under certain

GFM controls, the g-axis voltage is not necessarily zero. Hence, the phase of voltages 6, might not be

zero. The angular relation needs to be incorporated for reactive current injection of GFM inverters. Based

on the characteristic curves for the reactive current injection of the K-factor-based method (see Fig. 1.7),

under unbalanced grid conditions, 7, shall be injected to reduce the negative sequence voltage (V7).

Per IEEE Std. 2800-2022 7.2.2.3.4, some provisions are presented as follows:

Denote the pre-fault reactive current injection as 7, ‘Q”’e. The incremental positive sequence reactive

current Al, =1, — 15" . Note that A, should not be increased above Al .
Denote the angular relations between the I~ and V™~ as A@™ =6, -6, . For full-size converter-

based IBR units, A@~ should be within a range of 90° to 100°.

39



The current capacity of IBRs is limited. The current limiter should restrict I~ to prevent
semiconductor switches from being damaged by a sustained overcurrent.

To comply with these requirements, this section implements two FRT control solutions for BPSC

and PNSC strategies, with detailed I~ injection mechanisms.
2.2.1.1 Fault Ride-Through Control Solution Design for BPSC Strategies

The equivalent impedance representation illustrates the negative sequence behavior of GFL and

GFM inverters with BPSC strategies. Since the magnitude of Zg; is generally large, I;; injection is not

applicable to GFL BPSC strategies. For GFM BPSC strategies, the magnitude and angle of Z,, are

primarily determined by the inner voltage control parameters. Based on (2.39) and (2.46), the injected

active and reactive currents are derived as
Ip—jly =RE WV =AY “)e™ /% (2.47)
The injected I™ is determined as
Ip = jly =T8¢ % =R} A0y e /% (2.48)

To comply with FRT requirements, the angle of Z,, should range from 90° to 100°. According to

the reference direction of current in Fig. 2.13, (2.44) yields

6, =~ arctan LT /2 (2.49)
oM 2k,y o,
which requires
k.
V= (2.50)
2k,y @,

From (2.49) and (2.50), when k;;, > ka Oz approximately equals 7/2. Since 0., =0 =0,
the phase angle between —I; and V'~ is close to 90°, indicating that the /™ injection leads V'~ by 907,
i.e., ) =0, = /2. Hence, from (2.46), I, is prioritized.

When the current limit is reached, the current limiter based on Q priority is activated to avoid

overcurrent and ensure sufficient reactive current injection, as given by

< [lm

lg

[13] < Jaimy ~1g)?

where superscript /im denotes the current limit. The designated priority current can reach the maximum

(2.51)

value. Then the current references from the current limiter are determined as
I = (I - jly)e’™ (2.52)
Assume I;* =0, from (2.43), the relation between inner voltage control parameters and the K-

factor (K, ) (see Fig. 1.7) is approximately as

kit + 2k, 0,)
Ky~ T o (2.53)

2w,

To facilitate understanding, an FRT control solution for GFM BPSC strategies is depicted in Fig.
2.15.
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Fig. 2.15. FRT control solution for GFM BPSC strategies
This analysis shows that the negative sequence response of GFM with BPSC is sensitive to inner
controller parameters. On the other hand, these parameters must be primarily tuned for system stability.
They cannot be freely adjusted just to meet negative sequence current requirements as this could
compromise system stability, dynamic response, and overall power quality.
2.2.1.2 Fault Ride-Through Solution for PNSC Strategies
To separate sequence components, the decoupled double SRF (DDSRF) is employed to eliminate

the coupling of double-fundamental-frequency oscillations, as given by
dg- i6) j -j6 \ 26
X% = xoB o0 —(C}anﬁe J z)e 726, (2.54)
where é’j{,’” =, /( jo+ay,) - 4’/{’“ and @y, denote the complex gain and cut-off angular frequency of a
low-pass filter, respectively. In (2.54), to implement the DDSRF in GFL controls, the PLLs regulate the

phase angle 6, as the input of the DDSRF. Whereas, in GFM controls, the phase angle is regulated using
PSLs, which preserves the frequency regulation ability of GFM controls.

When ‘ K5AV*

+‘ KéAV_‘ <] S”’” , the IBR can inject required reactive currents. To meet the FRT
requirements, Al is prescribed as

- _ — +

Al = K AV~ <AL (2.55)

To ensure converter currents below the capacity limits, the current limiter is designed by
incorporating the sequence components, as follows:
Iy =0

d ol (2.56)
g’ =[5 < 1t

where [/ ;* is set to zero to spare the current capacity for the reactive current injection and ensure the
range of A@~ being 90" to 100°. Similar to (2.51), the positive sequence components are constrained by

the current limiter based on Q priority.
To fully utilize the maximum current capacity, a current scaling method is employed. First, the
coordinate system of current references is converted from the dg frame to the abc frame. Then a scale

factor K

cale 18 €stablished to multiply the current references, ensuring that the faulty phase current can

reach the current limit, as given by

N (S I 1/ il
147 =K g Kphve 2 =Ty (2.57)

scale

where g

scale

= /max([sa* 17,1 - @, denotes the angle of j/—. Then the magnitude and angle of

>ty 7S

7~ can be approximately determined as

Z = Ksca/e

0, =~ - z/2
To this end, the FRT control solution for PNSC strategies, as depicted in Fig. 2.16, implements an

%o (2.58)
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Fig. 2.16. FRT control solution for GFL and GFM PNSC strategies
2.2.2 Comparative Studies

To conduct comprehensive studies on the negative sequence behavior of GFL and GFM inverters, a
230 kV/60 Hz IEEE PSRC D29 system with two Type-IV WPs is built using an EMT-type tool, as
displayed in Fig. 2.17. To investigate the overall negative sequence behavior of the IBR rather than the
detailed operations of each individual unit, aggregated models are used for improving simulation
efficiency. The measurement filter is the 2™ order Butterworth. The virtual synchronous machine (VSM)
control is employed as the PSL for GFM inverters. The fault location is set at 71% of the total length of
the 70-mile tie lines. The fault occurs at # = 2 s and its duration is set to 0.5 s for illustration purposes.

The system parameters can be found in Table A1 of the Appendix.

230kV_BUS10 - ? BUS 12
US 11 25 mi
kV
BUS 7
115kV
lGFM WP GFL WP
A A
—®— 25
Relay Relay %0 mi
50 i ;11i
mi
Ll: 15 L2:
70 mi mi 70 mi @
75
mi BUS 1 BUS 5 g
50 25 mi 50 (©7BUS 15
mi () mi @ |1
BUS2 6 @ 6 mi*
* BUS 16
(> 75
L Buss BUS9 T &) mi

Fig. 2.17. IEEE PSRC D29 system with GFM and GFL WPs
To simplify the representations, GFL-BPSC and GFM-BPSC denote GFL and GFM inverters with
BPSC strategies, respectively while GFL-PNSC and GFM-PNSC denote GFL and GFM inverters with
PNSC strategies, respectively.

To validate the FRT capacities of GFL and GFM inverters, the control parameters are setas f,, =2.5
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kHz, K;,=K, =2, Isﬁm =1.2 pu. For GFM-PNSC, kpv =1, and £;,=200. For GFM-BPSC, kpv =0.8, and
k;,=1500. The FRT control solutions are implemented in the GFM-BPSC, GFL-PNSC, and GFM-PNSC.
During a line-A-to-ground (AG) fault, negative sequence components measured at the POC are displayed

in phasor representation, as shown in Fig. 2.18. The GFL-BPSC has a minor I~ contribution compared
to other GFM and GFL control strategies, where it is significant. The angular relation A6~ of the GFL-
BPSC exceeds 100°, while under other GFM and GFL control strategies, it falls within the range of 90°

to 100°. This shows that the GFL-BPSC cannot produce the required magnitude and angle of the 1.

0.05 p
/
0 1 = GFL-BPSC:V =0.26/-175.2°
005 AN | = GFM-BPSC:¥ = 0.19/-149.6°
N ~ GFL-PNSC:V = 0.16 £-170.4°
01 LN {—= GFM-PNSC¥ = 0.16./-171.3°
-0.15 | N 1 = GFL-BPSC:I =0.08.£46.6°
\ \_ |=GFM-BPSC:1 = 0.33./-52°
0.2 \ N GRLPNsc =034/ 78
025 ! |- GFM-PNSC:1 =036 £80°
\
03 y

202 0.15-0.1-0.05 0_0.05 0.1 0.15
X

Fig. 2.18. Phasor representation of negative sequence components for different GFM and GFL

control strategies

gmw@b@MW
W@&i@ﬁj{ g a;@am
ESWWW&:MZ;{Wa&;&&aﬁm

(d) GFM-PNSC
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Fig. 2.19. Converter current waveforms for different GFM and GFL control strategies
The converter current waveforms are displayed in Fig. 2.19. The fault current outputs of WPs in

steady state under various fault scenarios are shown in Table I. From Fig. 2.19(a), given the large

magnitude of Z~ under the GFL-BPSC scheme, the positive sequence currents utilize nearly all
converter capacities. Therefore, the converter current outputs are almost balanced. Fig. 2.19(b) illustrates
the significant imbalance in the three-phase current waveforms under GFM-BPSC, indicating the
contribution of negative-sequence current from the GFM inverter. From the highlighted results in Table
I and Fig. 2.19(c) and Fig. 2.19(d), the faulted phase current can reach the current limits for the GFM-
PNSC and GFL-PNSC. This indicates that the scaling method achieves the full utilization of converter
capacities. In the FRT solution for PNSC strategies, the scale factor Kscq. is determined by three-phase
currents. In Fig. 2.19(c) and Fig. 2.19(d), the angle and transients in phase currents of the GFL-PNSC
and GFM-PNSC are not identical. This leads to inconsistent Kscare (Kscate =1.11 for GFM-PNSC, Kcale
=1.08 for GFL-PNSC). Therefore, there is a slight difference in 7~ outputs of the GFL-BPSC and GFM-
PNSC, as observed in Fig. 2.18 and Table 2-3.
TABLE 2-3

Phase Currents and the Active and Reactive Currents

Type Fault I° 4 I I+ jI} I+ jIg AG
GEL. AG 090 090  0.83 0.96+0.26 -0.07-j0.05 216.9
BpSC BG 083 090 090 0.96+0.26 -0.07-j0.05 216.3
CG 090 083 090 0.96+0.26 -0.07-j0.05 215.1
AG 119 094 070 0.51+0.70 -0.05+0.33 97.7
G- BG 070 119 095 0.51+0.70 -0.05+0.33 97.7
BPSe CG 095 070 119 0.51+0.70 -0.05+0.33 97.7
AG 120 066  0.96 0.98+/0.37 0.00+0.33 90.6
ort- BG 096 120  0.66 0.97+/0.38 0.00+0.34 90.6
PRSC CG 0.66 096  1.20 0.97+/0.38 0.00+0.34 90.6
AG 120 066  0.87 0.89+0.51 -0.01+0.35 91.3
;};:[C BG 087 120  0.66 0.89+0.51 -0.01+/0.35 91.3
CG 0.66 087 120 0.89+0.51 -0.01+/0.35 91.3

To validate the analytical results, for the GFL-BPSC, simulation results of Z~ and phase shift

under different cut-off frequencies are displayed in Fig. 2.20. As f,, rises, the

Hshiﬁ| decreases while the

Zqp; increases. Fig. 2.21 shows that the dg converter currents exhibit double-fundamental-frequency

oscillations while there are no oscillations in the dg current references. These relations and characteristics

match the analytical result (i) in Section 2.2.1.
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Fig.2.20. Z~ and phase shift for the GFL-BPSC
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Fig. 2.21. Simulation results of dg converter currents and current references for the GFL-BPSC

For the GFM-BPSC, when k,, is set to 1, simulation results of Z~ under different £k, are
demonstrated in Table 2-4. As k;, increases, Zgp,, reduces while ¢, = gradually approaches -90°.

These features match the analytical result (ii) in Section 2.2.1. Additionally, based on the simplified
calculation in (2.43) and (2.44), the calculation and simulation results in Fig. 2.22 are approximately
consistent. The simplified calculation assumes a phase shift of zero. This causes the error. In Fig. 2.23,
the dg voltages exhibit double-fundamental-frequency oscillations, while there are no oscillations in the
dg voltage references.

TABLE 2-4

Z~ of the GFM-BPSC

kiv 200 800 1400 2000 2400
Z(;FM 1.03 0.76 0.52 0.38 0.34
) -156.7 -121.1 -104.2 -95.8 -93.2
GFM
= 1 Calculation
B —— Simulation
=0.5 €
S
| &
N 0
200 800 1400 2000 2400
k.
14

(a) Magnitude

. 0 Calculation
é Simulation
=-100 /ﬁzﬁ:;é
N,E
SN
2200 . A L A )
200 800 1400 2000 2400
kiV
(b) Angle

Fig. 2.22. Calculation and simulation results of Z~ for the GFM-BPSC
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Fig. 2.23. Simulated dg voltages and its references — GFM-BPSC
The simulation results show that negative sequence current and voltage phasors in GFM-BPSC are
highly sensitive to inner control parameters (Fig. 2.24), leading to variations in negative sequence

impedance. For instance, with k;, =200, the phase angle between negative sequence current and voltage

is 156.7°, well outside the 90°-100° range required by IEEE Std. 2800-2022. This demonstrates that
GFM-BPSC fails to meet FRT requirements under certain inner control parameter settings.

ky=200: —= V' 7=027.£167.2° —>1"=0.26./-10.5°
ky=800: —=p7=0.22.£157.6° --->I"=0.29./-36.5°
ka=1400: VYV =0.18.£151.3° 17 =0.35.-47.1°
ky=2000: —=V"=0.15146.9° -—>1 =04.-51.1°
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Fig. 2.24. Phasor representation of the I~ and ¥~ for the GFM-BPSC under different inner
control parameters
Furthermore, inner control parameters significantly impact dynamic performance. Fig. 2.25 shows
substantial current oscillations in GFM-BPSC under different parameter settings. While adjusting these
parameters theoretically could achieve desired negative sequence behavior, they must be primarily tuned
for system stability. Therefore, inner control parameters cannot be freely modified to meet negative
sequence current requirements, as this would compromise fundamental control objectives including

stability, dynamic response, and power quality.
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Fig. 2.25. Converter currents for the GFM-BPSC under different inner control parameters
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For GFM-PNSC, the positive and negative sequence components have been separated by using
DDSREF. The inner voltage control is only employed for the regulation of positive sequence components

in normal operation and positive sequence residual current capacity during faults. Hence, the inner

voltage control cannot affect the I~ outputs under GFM-PNSC fundamentally. Therefore, the 7
outputs and current waveforms under GFM-PNSC are consistent for different inner control parameters,

as shown in Fig. 2.26 and Fig. 2.27.
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Fig. 2.26. Phasor representation of the I~ and V'~ for the GFM-PNSC under different inner

control parameters
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Fig. 2.27. Converter currents for the GFM-PNSC under different inner control parameters

The analysis in Section 2.2.1 is based on the hypothesis that the current capacity is sufficient. When
the current references reach the current limit, the current limiter will be in service. Consequently, the
current references are cut by the current limit. Hence, the impact of current limits on the negative
sequence behavior of the GFM-BPSC cannot be ignored. By adjusting the current limits, simulation
results of converter currents are shown in Fig. 2.28. As the current limit decreases, the distortion of the
three-phase converter currents for the GFM-BPSC becomes increasingly noticeable, failing to regulate
stable three-phase currents. Fig. 2.29 shows that under the 1.1 pu current limit, the GFL-PNSC and GFM-

PNSC can still produce stabilized currents.
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Fig. 2.28. Converter currents for the GFM-BPSC under different current limits
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Fig. 2.29. Converter currents for the GFL-PNSC and GFM-PNSC (I%™=1.1 pu)

Additionally, Fig. 2.30 shows the performance of GFM-BPSC under varying fault distances. For
near-end faults, the voltage variation is significant, leading to a high fault current. Consequently, the
insufficient current capacity of the inverter causes current distortion. For remote-end faults, the current
capacity of the inverter is sufficient for the current injection to respond to the voltage variation. Hence,
the phase currents are sinusoidal and stable. For the GFL-PNSC and GFM-PNSC, there is no distortion
in phase currents under varying fault distances, as shown in Fig. 2.31 and Fig. 2.32, since the sequence
components of currents are regulated in coordination.

Therefore, when the current capacity of the inverter is not sufficient, the currents regulated by the
GFM-BPSC are distorted. The IBR should rely on PNSC strategies to regulate stable responses in the

desired manner.
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Fig. 2.30. Converter currents for the GFM-BPSC under varying fault distances
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Fig. 2.31. Converter currents for the GFM-PNSC under varying fault distances
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Fig. 2.32. Converter currents for the GFL-PNSC under varying fault distances
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2.2.3 Conclusion

This section presents comparative studies on the negative sequence behavior of GFL and GFM
inverters, considering negative sequence requirements in IEEE Std. 2800-2022. Key conclusions are

drawn as follows:
i. Impacts of GFL-BPSC and GFM-BPSC on negative sequence impedance ( Z~ ):

For GFL-BPSC, the magnitude and angle of Z~ are primarily determined by the phase shift in
measurement filters. Typically, a small phase shift results in a large impedance, leading to GFL inverter

being an open circuit approximation in the negative sequence network. For GFM-BPSC, the current

references are typically generated by the inner voltage control. While the magnitude and angle of Z~

are influenced by the inner voltage control parameters { & o Ky

}, these parameters must be primarily
tuned for system stability and cannot be freely adjusted to meet negative sequence current requirements.

The proposed simplified impedance computation method helps explain the relationship between control

parameters and Z .

ii. Advantages and limitations of FRT solutions:

The FRT control solutions show varying performance under different conditions. GFM-BPSC
exhibits significant limitations including current distortion and high sensitivity to inner control
parameters, current limits, and fault proximity. Furthermore, FRT compliance cannot be guaranteed for
all conditions with BPSC due to the constraints on inner controller tuning. PNSC strategies are strongly
recommended as they enable independent control of sequence components and optimal utilization of
converter capacity through current scaling, providing more reliable FRT compliance without

compromising stability.
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3 Fault Ride-Through Control Solutions for Grid-Forming IBR

3.1 For Full Converter-based GFM-IBR

3.1.1 PNSC design of Grid-Forming Type-IV WTG

Fig. 3.1(a) shows the basic topology of Type-IV WTGs within a wind park (WP). The central wind
park controller (WPC) manages reactive power at the point of interconnection (POI). Fig. 3.1(b) depicts
the GSC and MSC control structures for GFM Type-IV WTGs operating in actual GFM mode. The

current limiting methods, omitted from Fig. 3.1(b), are detailed later in the discussion of restricted mode
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(a) Type-IV WTGs in a WP
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(b) Control structure of GFM Type-IV WTG
Fig. 3.1. Topology and control of GFM Type-IV WTGs in a WP.

Under unbalanced grid conditions, the GSC control regulates positive and negative sequence
components through PSL implementation in the decoupled double synchronous reference frame
(DDSRF). The WPC supplies voltage reference to the O droop control. The blue and red boxes highlight
the inner voltage and current structures, respectively. The FFDT block calculates feedforward terms.
Each IBR unit includes AC overcurrent protection, voltage ride-through protection, and DC chopper

protection to prevent overcurrent, meet voltage ride-through requirements, and maintain acceptable DC
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voltage levels. The wind turbine system uses a permanent magnet synchronous generator (PMSG). An
R-L choke impedance circuit serves as a filter to improve power quality.

This section uses italic letters to represent scalar variables, while complex vectors are denoted in
bold. 8 and w denote phase angle and angular frequency, respectively. / and V denote the currents and
voltages at the point of connection (POC), respectively. P and Q denote active and reactive power,
respectively. Superscripts off and dg represent vectors under the stationary reference frame and
synchronous reference frame, respectively. Symbols + and — indicate positive and negative sequence
components, respectively. The symbol * denotes the reference of controlled variables. Subscripts M, s,
and dc indicate the components of MSC, GSC, and DC link, respectively.

During normal operation, conventional WTGs use the GSC control to regulate the DC-link voltage,
with maximum power point tracking (MPPT) implemented through the MSC control. In GFM Type-IV
WTGs, however, MPPT provides power reference to the PSL within the GSC control, as the PSL

regulates active power and frequency in actual GFM mode. This relationship is expressed as:
P = Cpax PA(R| Ay 0y)’ /2
P=va it yyatpat i 4y (3.1
0=w=K,0 +K,(P" —P)

where p: air density, w,,: wind turbine rotational speed, R : blade radius, C ! maximum power

pmax

coefficient, /10p : optimal tip-speed ratio, and A : rotor swept area. Different PSL implementations are

given by:
Ac(s
Js+D, Js+D,
(K, Kp]=1[1 Dpi;(s)] droop (3.2)
@ KA/ (s
{1 (I/‘lf—+f)(2)] dvoC

where J : inertia constant, x; : synchronization control gain, D, : damping coefficient for frequency,
Dp : damping coefficient for active power, lf (s) : low-pass filter. The control details and parameter

design can be found in [9] and [12]. In GFM Type-IV WTGs, the MSC control regulates g-axis current
reference based on the deviation in DC-link. The d-axis current reference maintains zero value to achieve
unity power factor. These relationships are expressed as:

Iy =0
I;IM = (kadc + kinc /S)(Vdc - V;a)

In addition, the DC chopper protection should be considered to prevent DC overvoltage, as shown

(3.3)

in Fig. 3.2. It activates when V. exceeds Venopperon and deactivates when Ve, falls below Venopperors.

@[1>u3DH@[1]zu[2])*u[1]=u[3])*u[4]

Vie — 1
Veno ppertOFF  ——————— 3 F(u ) ChOpp er
VchopperON » 3 IOg] ¢
4

Fig. 3.2. Control strategy of DC chopper.
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The active power output from the GSC in a single WTG infinite bus system is given by:

o v,V sin(0 -0, )

34
Xyre

where Xyr : equivalent reactance of WTG, 6g.q : phase angle of the AC grid. The GSC-MSC active
power difference is:
/A4
AP=P,-P=P,———sin(0-6,,
=P (0= C) (35)

= (Ich - Idc ) Vdc = AIchdc
where Py : active power output from the MSC, Al : DC-link current difference.

In actual GFM mode, under the PSL regulation, P*=P=P,,. During grid faults, the GFM control may
switch to restricted mode. Sharp active power variations can prevent following the power reference,
causing 6 divergence. This leads to P losing synchronization with P. While V. remains regulated by
the MSC and restricted by DC chopper protection, Al diverges. Active power imbalance weakens WTG
synchronization. After fault clearance, power variations resurface during recovery, with potential current
oscillations during transition risking overcurrent. To address these issues, two key improvements are
proposed as follows:

1) Fault operation: The additional synchronization control regulates the orientation angle,
maintaining a stable angular difference. The reactive current injection supports voltages, reducing power
variation.

2) Post-fault recovery: The current limiting methods eliminate current transients and enable a smooth

transition from restricted to actual GFM mode.
3.1.2 Current Saturation-based CLM

In existing studies, the positive sequence components can be constrained by the three prevailing
current limiters, as follows:

- Instantaneous Limiter

+*
)

< kql;rlim
(3.6)

+* +lim
15| <k, I

In this section, under FRT mode, k= ks =0.5.

JUR? 5y <1 (3.7)
lim
<I;

< JUFmY -y

These existing current limiters are employed in the proposed PNSC based on the assumption that

- Magnitude Limiter

- Priority-based Limiter

+*
Iy

) (3.8)
Ip

g+t +* __ pd+*
Iy =177 and Ip =1 .

Compliance with grid codes requires considering the relationship between the reactive current
injection and sequence components of voltages. According to the IEEE 2800 standard, all IBRs must

have the capability to generate reactive current under unbalanced grid conditions. Specifically, the
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standard mandates that the phase angle of the 12 phasor leads that of the negative sequence voltage (V2)
phasor by an angle between 90° and 100° in IBRs with full-scale converters. Additionally, the full
utilization of the converter current capacity is needed. In this work, the current limiters for I1 and 12 are
implemented considering these features. In the positive sequence system, active and reactive powers
delivered at the POC can be expressed by

Pt jOt =T/ e O

=V"(I" cos(O, —0y,)~ jI" sin(0;, —6y.)) (3.9)

I} I é

where subscripts P and O denote active and reactive components, respectively. Therefore, I1R and I2R

are given by

—jarctan[V—Zi]

Ip = I =" = jI™)e (3.10)
For GFL-IBRs, due to the regulation of phase-locked loop (PLL), ¥¢"=0. Based on (3.10), I1R

predominantly matches 79 .

For GFM-IBRs, when the current limiter is activated in the FRT mode, " may not be regulated
to zero by the inner voltage controller. Since the orientation angle regulated by the PSL is the angle of
the internal voltage vector, the positive sequence voltage (V1) at the POC has both d+ and g+ components.
Hence, the implementation of reactive current injection in GFM-IBRs might not be consistent with that
in GFL-IBRs. To realize the accurate current injection, the relation between dg+ currents and reactive
currents of GFM-IBRs needs to be considered. The detailed relations are graphically illustrated in Fig.

3.3. In the sequence domain, the active and reactive power can be expressed as follows:

P=P"+P =V I5+V 7T
(3.11)
0=0"+0 =—V'I,-VI,
q+
) N | T
| /
g —L 7
0y, =0 Ip d+ I+ Oy I v
(a) GFL-IBR (b) GFM-IBR
Fig. 3.3. Phasor diagram of V1 and I1 in the dg+ frame.
Combining (3.9) and (3.11) yields:
1=y v v v
I =v& L v +ver, v
of of (3.12)

197 = VIS v v v

17 ==V v v, v
The requirements for reactive current injection of IBRs are set forth by the IEEE 2800 standard.
Under unbalanced grid conditions, I1R and I2R shall be regulated to support V1 and reduce V2,
respectively. Based on the K-factor-based method in Fig. 1.7, the incremental [1R and I2R are determined

by the variation of V1 and V2, as follows:
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Al =K AV =K 1=V
e e e (3.13)
AIQ = KQAV = KQV
where the coefficients K 0= K 0 =2. Per IEEE 2800 standard, A/ 6 shall not be negative under balanced

fault conditions. Under unbalanced fault conditions, ‘ A]é

shall not be decreased below ‘Né‘ , i.e.,

‘ A]é > A]é‘ . To prevent the incremental reactive currents from exceeding the current limit [Slim , when
‘ K éAV* + ‘ KéAVf‘ >7 S”’” , the incremental reactive currents are determined as
+ _ glim -+ + + + — _
ALY = 1" K 5AY /(‘KQAV +|xgar)
i (3.14)
- _ glim p— - + + - -
ATy = 1" KAV /(‘KQAV +|xgar|)

To regulate the expected current, the reactive current references can be configured by the current

injection method. During normal operation, the inner voltage control regulates the 77" to zero. Hence,

the pre-fault I1R matches pre-fault /7" . To facilitate the absorption of reactive currents by IBRs, the
references of reactive currents are derived as follows:

+* _ rq+pre +
15 =177 AL

o (3.15)
lg =Aly

where superscript pre denotes the pre-fault value. Under unbalanced grid conditions, the d+ axis current
continues to be governed by the inner voltage controller, as given by
1T =R () -V (3.16)

where R (s) = k;v +k; /s . Due to the additional reactive current injection, an incremental amount of

I1R is also superimposed onto the d+ axis, as illustrated in Fig. 3.4.

q+ q-
+ _
N e AIS
[ :‘ O-1 d
| Vi d
I+ rdt
! AgT RISV T-VT)
A . ' .
Oy 1 : d+ A[f_‘ Ald
______ vt 0
(a) dg+ frame (b) dq— frame

Fig. 3.4. 11 and 12 injection of GFM-IBRs in the FRT mode.

Therefore, based on (3.9), (3.12), and (3.13), the dq current references for GFM-IBRs can be
established by incorporating the relations between reactive currents and dg components, as follows:
I8 = VAL [V + RE () =1

~
AIg*
17" =V AL [V 18
—_— (3.17)
A%

I =yl [v-

17 =V ALy v

The active and reactive current references during unbalanced faults are given by
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;; _ Vd+R3- (S)(Vd+* _ Vd+)/V+
15 =100+ AL + VIR (s)(V " =V ) [1*
. (3.18)
17 =0
I = Al

£

where I is set to zero to ensure that the negative sequence current leads the negative sequence voltage

by 90°. 1 é* equals the negative sequence incremental reactive current. [;;* is derived from the output

of d-axis inner voltage controller by considering the angular difference between d-axis and positive

¥

sequence voltage. 1 consists of the pre-fault reactive current, positive sequence incremental reactive

current, and contribution of the d-axis inner voltage controller caused by the angular difference. The

setting rules for incremental reactive currents { A]é, Mé} are drawn as follows:

a) Per IEEE 2800 standard,

NI
Z‘AIQ‘.

b) When [K5Ar

+‘KéAV7‘SISIim , based on the K-factor-based method, {Alé,AIé} is
determined by (3.13).

¢) When ‘KéAV*

+‘ KéAV“ >7 S”’" , to prevent the incremental reactive currents from exceeding

the current limit, { A]é, A[g_z} is determined by (3.14).

The block diagram of the proposed current reference generation is shown in Fig. 3.5.
y

a+*
| ) e

AV K] EAA o
AV Ko} min] w1

L L] o L
0

Fig. 3.5. Reference generation of I1 and 12 for GFM-IBR.

To achieve sufficient I2R contribution and reduce V2 on the grid side, 12 can be restrained as follows:

]ltm

(3.19)

*

+lim lim —
1m < gt —‘[S

The priority of I1 is given by:

‘Vd+A15/V+ < I:/im _I;]+pre

. : _ VIrALT (3.20)
|7 =R @) < U - - —2
v
Per IEEE 2800 standard, IBRs are expected to fully utilize the maximum current capacity and
achieve optimal reactive current injection. To that end, a scaling method based on [111] is employed First,

the coordinate system of current references is converted from the dq reference frame to the abc frame.
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21
1777 = 1% @) G20

14 = (1) A% 41997 (3.22)

Next, a scaling factor u is established based on the ratio of the current limit over the maximum

{I?”** e

absolute value of phase currents, as follows:

=1 / max( ) (3.23)

To achieve the full utilization of converter current capacities, u is utilized to multiply the current

a* b* c*
17|77 e

references, ensuring that the faulty phase current can reach the current limit, as given by

idq+*: qu+*
o (3.24)
Isq7 :#Isq7

where the symbol tilde (~) denotes the current references after scaling. Fig. 3.6 illustrates the control

block diagram of the proposed CS-based CLM.
ya
d+*
4 €[ P1]

max

A J AR EEI

min )3 | | 1d+

v Lt

o L

N max Iq+*l | o
Y7 S impr
]fi’*l -

Iéqf*i : Isd

| ~o %

sorladore

Current scaling method

3.1.3 Virtual Impedance-based CLM

Fig. 3.7 shows the basic control block diagram of a GFM that is used to incorporate the proposed
virtual impedance-based (VI-based) CLM. Key components are positive sequence control with virtual
impedance, negative sequence control following grid codes, power synchronization via P-droop, and
voltage regulation via O-droop. wy is the angular frequency, kr and ky are droop coefficients for frequency
and voltage control, v and 7 represent voltage and current components, and P and Q denote active and
reactive powers. Subscript ref denotes reference values. 1 and 2 represent positive and negative sequences,
and E¢ is the DC voltage. The DDSRF performs sequence separation. Unlike GFL inverters that use PLL,
the phase angle 6 is derived from P-droop control. The inner current loop includes coupling terms to
prevent dq axis interactions. During normal operation, voltage control generates positive-sequence
current references, with viger from Q-droop and viq4e.r set to zero. Negative-sequence control maintains

only the current loop, with zero references pre-fault. During unbalanced faults, VI-based CLM limits the
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positive-sequence current while negative-sequence references can be adjusted to follow grid codes. P-

droop is disabled during faults to maintain angle stability, while O-droop remains active.

i ST T T T T T T T T e 1

O-droop

P-droop

Fig. 3.7. The control block diagram of a GFM inverter.
The VI-based CLM limits the fault current by reducing voltage references, Vidrervi and vigref,vi

(marked in red):

Vidref,vI = Rypiyg — XVlilq (3.25)

Vigretvi = Ryiiig + Xvilia
where Ry and Xvr are the resistance and reactance components of the virtual impedance, as given by
0
Ry; =Ry; +AR
VI V(I) VI (3.26)
Xy = Xy +AXy,

where R?,l and X 81 are the rated resistance and reactance for load sharing, (usually taken as 0 during a
fault), ARvi and AXvy: are their additional components during a fault, and they are adjusted adaptively
based on the fault current, as follows:

_ .2 .2
ARVI - max{kp( Hdret T llqrcf thrcs) 0}

AXyi =ARy; Ay p

(3.27)

where [ies is the current threshold value, and Ay, is the virtual impedance ratio. The coefficient k; is
determined as
Vdrop

2
[lmaxMthres\/1+AX/R (328)

AIthres = (11 max Ithres )
where Varop is the voltage drop across the virtual impedance, and /imax is the positive-sequence current

k, =

limiting value of the GFM-IBR. To fix the positive-sequence fault current at /imax, Varop is adjusted by the

proportional-integral (PI) controller, as shown in Fig. 3.8.

I o = l +i d
Iref taref T4 qret . . Top
.- O
-1
I Imax lp u

Fig. 3.8. The block diagram to generate Ulrop.
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VI-based CLM activates when 7irr €xceeds [imax, setting Varop to control current limiting. When rer
is below Jimax, Varop remains zero and VIC stays inactive. During activation, fault current maximization
is achieved through sequence current coordination. Using a K-factor approach, the negative-sequence
reactive current is determined based on voltage variation during faults.

IEEE Std 2800-2022 specifies that negative sequence current should lead voltage by 90° to 100°.

Using 90° for simplicity, the dg current references are calculated as follows:

v
— 2 2 29 —
bgr = k\/"zd Ve T kvyq
\V2d tV2g
(3.29)
_— 2 2 Vg _
b = k\/"zd L I e —kvyg
Via + V3 q
where £ is the reactive coefficient from 2 to 6. To maximize converter capacity utilization, the relationship

between phase and sequence currents are given by

1
- -2 =2 ATl B
Tol= (|11| L[ 2| |1 cos A )2 (3.30)
where I_abc denotes phase currents. The angle difference is:
51~ 0n
Aby =| 05 =0y +2m/3 (3.31)
Oy =8, —27/3
0y =06, +§ (3.32)

where 0;1 and J are positive and negative-sequence current angles and J,» is the negative-sequence

voltage angle at the transformer LV side. The previous method [102] distributed current limits as:

; _ ) 5 AS | -1/2
2max ~— *max |:7712 +21, maX(COS( abc))+ :| (333)

Limax = Moo max
where Imax 18 total current limit, 7> is sequence current ratio, and /imax, Jomax are sequence limits. This

approach has limitations: lrmax may not be reached for small negative sequence voltages and becomes

unstable for balanced faults. Hence, a new adaptive current limit is proposed, as given by
IZmax = max/2 (334)

= —|1_2|max(cos Ay + \/|I_2|2 -(max(cos A(S‘abc))2 —|1_2|2 +12

max

[lmax

T1_ [2 2
|12| =\ Dadrer T Dqref

This new approach:

(3.35)

- Automatically adjusts /imax based on actual 72
- Maintains SG-like behavior (|7,| > |75 |)

- Handles balanced faults without additional logic

- Maximizes current utilization while meeting codes

A key consideration is that while IEEE Std 2800-2022 requires positive sequence reactive current
to exceed negative sequence, this may need re-examination for GFM inverters that maintain voltage

source characteristics.
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3.1.4 Asymmetrical FRT Control with Three Mode Switching

This section presents a three-mode switching synchronization control scheme for WTG operation:

(1) Actual GFM mode

(2) Restricted mode featuring:

- The advanced VSL using sequence-domain aff voltages for enhanced frequency stability and
voltage component detection

- Dual-sequence reactive current injection to support positive sequence voltage and suppress
negative sequence voltage

(3) Transition mode implementation:

The VI-based current limiting to control post-fault current transients

3.1.4.1 Design of the Synchronization Loop

g
|mmm
abc, I *  Positive sequence I
off : “ control loop :
144 | g |1
| |
Ve U1
3 div > igtH
X | + e |
| % I ¢ ! |
| |
! + i I
X —je
I = o J v / :
‘F e e T i
| > |
| ¢ I
I div - > —igH|!
| V— U ﬁ I e |
| v — |
— J e*.] [ |
| Negative sequence p* e l
I control loop Vj 4 |
L =4 |

Fig. 3.9. Sequence domain af voltage synchronization loop (VSL)
The VSL employs a unified three-phase signal processor [133], [134] (Fig. 3.9). Unlike conventional
synchronous reference frame PLLs, the VSL computes af voltage errors in stationary reference frame:
AV =y by (3.36)
Under asymmetrical grid conditions, integrated positive/ negative sequence control loops generate

af voltage references:

af* _ o bt - —Jo
Vim=gem AV e (3.37)
Vaﬁ*+ Vaﬁ*—

where
V= avPeje)
Vo= AV eje )
g =V IVt
b=V e
Note that ( *) represents dot product operation.

(3.38)

The frequency regulation occurs in the positive sequence control loop:
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{Ad) = Na AV ) 1t (3.39)
O=w=Ao+®
(3.37) leads to o voltage reference derivation,

PO eI e

Combining (3.37), (3.38), and (3.40) yields:

Vaﬁ+* Vaﬁ+* 77(: Vaﬂ+
. L =A e (3.41)
yeb- ver | n, |V

. + +
Jo—=1 -1 .. .
@ @ :l . The characteristic equation becomes

where A =[ - ‘ ~
Ny —Jjo-1],
|sL—A| =5+, +17,)s + & + jaxn}, —n,)=0 (3.42)

Let 77; =n,=¢&,0.(3.42) yields

s=—E 0% jofl-&° (3.43)

where &, : damping ratio of frequency. (3.43) enables design of n. and 7, through &, - Combining
(3.38) and (3.39) yields

" = o+, [Mp,) Ao (3.44)
%,—J
‘an)
where &,,: damping ratio of frequency deviation. When 7, =1, =&, @, 1, » design is given by
Maw = éwa)/é:Aw (345)

The frequency regulation in (3.1) can be rewritten for synchronization loop switching:
0=K,0 +Kp(P ~P)+K, Ao (3.46)
where the frequency deviation coefficient Ka, equals 0 in actual GFM mode. In restricted mode,

K.=Ka,=1, and Kp=0. The proposed synchronization loop structure appears in Fig. 3.10.

Fig. 3.10. Proposed synchronization loop for GFM Type-IV WTGs.
3.1.4.2 Current Reference Coordination in the Restricted Mode

The K factor-based method from German grid codes calculates the required positive/negative

sequence reactive currents { 7, 5 , I } using the VSL-derived sequence voltage magnitudes:

+ _ yq+pre + * ot

Ih=1 +KQ(V 14 ) )
Ip=KgV~

1;]+pre:

where pre-fault positive sequence g-axis current, {Ké , Ky }: reactive current injection gains

that typically range from 2 to 6. The sequence current limits { /"™, I;"™} are determined by:

N
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I min{nlé,lé}
, ' (3.48)
I:hm _ Iflm _

—lim
I ‘

lim

where 77 = . The VSL aligns the positive sequence voltage vector with the d-axis. Hence,

S
(‘Ié‘+ 5]

I? To é . The priority settings of current references are shown in Fig. 5. Current priority hierarchy has

three levels:
Level 1: Reactive current allocation
Level 2: The remaining capacity assigned to d-axis current reference
Level 3: The current scaling method maximizes converter capacity

The scaling process applies a factor Kca to align current references with the total current limit:

Kscale = ].iim /max {I:bc*}

"’d * d *

Is "= Kscalel.vq+ (349)
"’d %k d %

Isq = Kscalelsq

s :
where I represent scaled current references after scaling.

Jlim+ Jlim= Level 1
maxS,_ ma: =
* g+ - (G +7/2 dq—*
1o > Ain—>ls 15> Zﬁn—> e/ O 4712 ¢
__Ilgier __Illim—
- S
Level 2

(Iiim+)2 _ (Isq+* )2
[

ma:

Vd+*_>f_ > - ) 7 ' ) Isd+*
min
—
v Jamy Aty
Jda+ Jda+* Level 3
s scale s

18- R }—> [0~

Fig. 3.11. Priority settings of current references in the restricted mode.

3.1.4.3 Virtual Impedance-based Method for WTG Restoration

After fault clearance, the WTG transitions from restricted mode back to actual GFM mode. K,

equals zero in this transition mode. K, and K, equal the coefficients of the employed PSL. No negative
sequence component exists, thus I fqu* =0. To prevent variations in restore outputs from causing the
FRT to malfunction, during the active power recovery period, which ranges from 1 s to 10 s per IEEE
2800, the FRT logic is disabled. The WTG is protected by a VI-based method to prevent overcurrent
resulting from restoration or additional disturbances. The VI-based method updates voltage references,
as shown in Fig. 3.12. Ay, : ratio of virtual reactance over virtual resistance, with a typical range from
0.5 to 5 [102], [104]. I,: converter current magnitude. / ;h: current threshold for the VI-based method
activation. V), : voltage drop across the VI. The VI-based method generates updated dq voltage

references:
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x ' _gth
Ly = ki [V (kaI iZVI/S)US ’s )} (3.50)

Vi =12, = ISdWZV]ejama"(AX’R) 3.51)
I}dq+* — qu+* _ VV[ :

th
I, -1
lim th’
[s _IS

where k,, = max( OJ . During the active power recovery time, when /; exceeds / ;h , the VI

activates. To mitigate the risk of transients leading to the deactivation of the VI, a pre-defined transition

time is strategically employed. After a pre-defined transition time, the VI deactivates if I stabilizes at

the 1", i., Z,; =0.

VI-based method

Fig. 3.12. VI-based method in transition mode.
3.1.4.4 Detection and Transition of Control Modes
Per IEEE 2800, the IBR plant shall be designed to provide voltage disturbance ride-through
capability. During low-voltage disturbances, e.g., balanced and unbalanced faults, the low-voltage

variations can be detected by the FRT detection logic. In the FRT detection logic, the variation in Vpy; ,
denoted as AVp, , enables sensitive detection of abnormal grid conditions [135], as shown in Fig. 3.13.

Time integral block output resets to the reset value (rv) when the reset control (rc) exceeds 0. For low-
voltage ride-through, the relevant voltage shall be the lowest magnitude fundamental frequency phasor
component relative to the corresponding nominal voltage [86]. Hence, the lowest RMS value of phase

voltages is used for FRT detection in the proposed control strategy.

abs(u[1]) > VerT ON FRT
AVpor— s Q logic
abs(u[1]) < VerT OFF R notQ

) SR fip-flop

+
u[1]>Terr Inf: rvrd

W e\

Time integral —0

Fig. 3.13. FRT detection logic.

The coordination of three operation modes for GFM Type-IV WTGs is summarized as follows:

(1) Actual GFM mode: The PSL regulates frequency while the VSL remains deactivated. I fq+*

are regulated by the inner voltage control while I quf* =0 . The steady-state values are listed in Table 3-

1. The power difference AP=Py—P=0 pu, and the DC current difference Alse=Ilacr—1a~0 pu.
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TABLE 3-1
Initialization of GFM Type-1V WTG

Variable | AP, Aluc, O | Pu, P, Laer, @, Vi, Lac, V., 1
Initial value 0 pu 1 pu
(ii)) Restricted mode: When |AVP01| exceeds a predefined activation threshold (Verr on), FRT

logic activates. The WTG operates in the restricted mode. The PSL and the inner voltage control are
disengaged while the VSL activates for enhancing frequency responses, and the current coordination
method activates for reactive current injection with three priority levels. Note that these three levels
represent the sequential priority without requiring any judgment or switching.

(iii)) Transition mode: When |AVP01| falls below a predefined deactivation threshold (Verr orF)
after a pre-defined release time (7%rt), the VI-based method, PSL, and inner voltage control activate,
I Sd =0, During the active power recovery time, when the converter current magnitude exceeds the
current threshold, the VI activates, and the WTG operates in transition mode. After a pre-defined

transition time, the VI deactivates if the converter current magnitude stabilizes at the current threshold.
Then, the WTG operates in actual GFM mode.

For clarity, Fig. 3.14 shows the flow chart of the proposed three-mode switching synchronization
control solution. Table 3-2 presents activated control blocks in each operation mode of GFM Type-IV
WTGs, where “ + ” indicates activated and “X” indicates deactivated.

Transition mode Actual

A FM .
Ct;ai i Restricted mode  (When VI activates) GFM
! | | mode >
Fault inception Fault clearance VI deactivation
(FRT activation) (FRT deactivation)
i
¥ =
v 194+

4 Actual GFM mode

Restricted mode

T
| K factor-based method |—> Priority settings of S—»
current references

FRT deactivation
Enter active power recovery period
Transition mode
(When VI activates)

i
{/ldq IquJr*
y b
i Pre-defined transition time and /.= "
Actual GFM mode

Fig. 3.14. Flow chart of the proposed three-mode switching control solution for GFM Type-IV WTGs.
TABLE 3-2
Three Operation Modes of GFM Type-IV WTGs
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Control Actual GFM mode Restricted mode Transition mode
PSL N x N
VSL v
Inner voltage control N X N
K factor-based method x N x
Scaling factor x N x
Priority setting x N
VI-based method x x N

3.1.5 Case Studies

3.1.5.1 Validation of Current saturation-based CLM

To validate the proposed current limiting strategy, a modified EPRI benchmark system is built using
an EMT-type tool, as displayed in Fig. 3.15. A wind park with aggregated GFM-IBRs is connected to the
power grid at Bus 1. The VSM control is the default choice of PSLs for the GFM-IBR. Unbalanced faults
are applied when ¢ =2 s. The fault duration is 0.5 s. This is not a practical fault duration, but it is helpful

for illustration purposes. The system parameters can be found in Table A2 of the Appendix.

Bus 5
Bus 2
Bus | 100 km
2 km —_— 1+jQQIZOkV
Bus 3
GFM-IBR 50 km__ 75 km_ Equivalent
r ________________ : Bus 4 system
: | 50 km | 50 km
| R+ | - y
| POM! - (B) o
| > S S
: i Q) Bus 6 6 Bus 7
| | Load 1 Load 2
: | 30 MW 30 MW
| [ 15 MVAR 15 MVAR

Fig. 3.15. EPRI benchmark system with aggregated GFM-IBRs.

a) Performance under Different Current limiters

To provide insights into deciding on the choice of the current limiters, the unbalanced fault types,
including single-line-to-ground (SLG) and line-to-line (LL), are simulated under different current
limiters. Taking a phase-A-to-ground (AG) fault at Bus 2 as an example, the phase currents under
different current limiters are shown in Fig. 3.16. Currents reach a steady state rapidly once the fault is
triggered on the grid side. By comparing the performance of existing current limiters and the improved
current limiter (before scaling) in Fig. 3.16(a)—(d), the maximum current magnitude under the improved
current limiter (before scaling) is the highest. Moreover, by using the scaling method, as shown in Fig.
3.16(e), the current in the faulty phase reaches the current limit set to 1.2 pu under the improved current

limiter (after scaling). Scaling ensures the full utilization of the current capacity.
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Fig. 3.16. Phase converter currents under an AG fault.

Fig. 3.17 shows I1R and I2R components considering different current limiters. The injected I1R is
the largest under the improved current limiter (after scaling). The incremental I1R is not negative, and it
is higher than the injected I2R, as stipulated in the IEEE 2800 standard. The magnitude of V1 and V2 at
the POC are shown in Fig. 3.18. The improved current limiter, after scaling, exhibits the highest

magnitude of V1, indicating that this method is the most effective in providing voltage support.

Instantaneous: 0.225 ——— Improved (before scaling): 0.342
Magnitude: 0.296 ——— Improved (after scaling): 0.415
Priority-based: 0.296

go4 —
=02
o
LE) 0 -OOS? 1 1 1 1
1.95 2 2.05 2.1 2.15 22
Time (s)
(a) IR
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Fig. 3.17. Reactive current injection under an AG fault.
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Fig. 3.18. Magnitude of V1 and V2 at the POC under an AG fault.
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The detailed simulation results of sequence components of currents and voltages at the POC are

demonstrated in Table 3-3, using a format indicating “magnitude (angle)”. The units of magnitude and

angle are in pu and degrees, respectively. £12/V2 denotes the angular difference between 12 and V2.

Values highlighted in bold signify that, by using the current limiter for 12 in (12), 12 leads V2 by 90°.

Based on the results in Table 3-3 and Fig. 3.16—Fig. 3.18, the current limiters can alter the injected current

of the GFM-IBR, consequently impacting the AC voltages and currents during unbalanced faults.

TABLE 3-3
Sequence Components of Currents and Voltages at the POC under Different Current Limiters
Current limiter I1 12 Vi V2 212/V2
Instantaneous 0.665 0.283 0.899 0.141 90.0
limiter (-28.8) (-55.9) (-8.9) (-146) )
Magnitude 0.819 0.282 0.911 0.141 90.0
limiter (-24) (-53.8) (-3) (-143.8) )
Priority-based 0.819 0.282 0.911 0.141 90.0
limiter (-24) (-53.8) (-3) (-143.8) )
Improved limiter 0.815 0.286 0.945 0.143 90.0
(Before scaling) (-29.1) (-54.1) (-4.4) (-144.1) )
Improved limiter 0.921 0.306 0.961 0.132 90.0
(After scaling) (-26.9) (-52.4) (-0.8) (-142.4) )

Overall, the improved current limiter exhibits the optimal utilization of converter current capacities,
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the largest reactive current injection, and the maximum voltage support ability. The simulation results

demonstrate that the proposed current limiting strategy conforms with the following FRT requirements:
(a) A}, > Al, during unbalanced faults.
(b) 12 leads V2 by 90°.

(c) max( I y=1""

I

I

B

In this section, the pre-fault [1R and I2R are —0.086 pu and 0 pu, respectively, as shown in Fig. 3.17.

Hence, Alé = Ié* +0.0086 pu and Al, = Ié* . The subsequent case studies focus on the performance

evaluation of the proposed GFM PNSC structure with the enhanced current limiting strategy under
various scenarios, and its validation against the above FRT requirements (a)—(c).

b) Performance under Different Power Synchronization Loops

Under an AG fault at Bus 2, using the proposed current limiting strategy, the currents and voltages
produced by GFM-IBRs are simulated with different PSLs, as demonstrated in Tables 3-4 and 3-5. The
superscript max denotes the maximum absolute value of the current under fault steady state conditions.
Values in bold fonts indicate that the proposed current limiting strategy meets the requirements (a)—(c)
no matter what the PSL strategy.

TABLE 3-4

Phase Currents and the Active and Reactive Currents under Different PSLs

PSL [Sa max [f max [S max I; 15 1; Ié
VSM 1.200 0.693 0.945 0.827 0.405 0.000 0.306
droop 1.199 0.691 0.944 0.826 0.404 0.000 0.306
dvOoC 1.200 0.697 0.950 0.831 0.404 0.000 0.302

TABLE 3-5
Sequence Components of Currents and Voltages at the POC under Different PSLs
PSL 11 12 Vi V2 212/V2
VSM 0.921 (-26.9) 0.306 (-52.4) 0.961 (-0.8) 0.132 (-142.4) 90.0
droop 0.919 (-26.9) 0.306 (-52.4) 0.961 (-0.8) 0.132 (-142.4) 90.0
dvOC 0.924 (-26.5) 0.302 (-52.4) 0.96 (-0.6) 0.134 (-142.4) 90.0

¢) Comparison between the Proposed and Existing Control Strategies

During faults, the existing GFM controls typically employ a power freezer and a single balanced
positive sequence control loop. The priority-based current limiter is employed based on Q priority
without additional reactive current injection.

To validate the improvements provided by the proposed current limiting strategy, an AG fault is
applied at Bus 2, and the currents and voltages associated with the GFM-IBR are simulated with the
proposed GFM control and existing GFM control, as shown in Tables 3-6 and 3-7. The highlighted value
in bold indicates that the existing GFM control cannot meet requirements (b) and (c). Moreover, since
the existing GFM control does not provide a negative sequence control loop, there is not sufficient I2R
injection. The magnitudes of V1 and V2 at the POC are shown in Fig. 3.19. Due to the additional reactive
current injection by the proposed GFM control, the magnitude of V1 is enhanced while that of V2 is
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reduced compared to the existing GFM control. Overall, the proposed GFM control effectively addresses
these issues associated with the existing GFM control. Note that the GFM PNSC structure provides the
positive and negative sequence control loops. The proposed current limiting strategy is key to improving

the performance, and it is established on the GFM PNSC structure for regulating I1 and 12 independently.

TABLE 3-6
Phase Currents and the Active and Reactive Currents under the Proposed and Existing Control
Strategies
Strategy Jomax phma eme 1} 1, Ip 1,
Existing 1.072 0.832 0.705 0.821 0.241 -0.224 0.032
Proposed 1.200 0.693 0.945 0.827 0.405 0.000 0.306
TABLE 3-7

Sequence Components of Currents and Voltages at the POC under the Proposed and Existing Control

Strategies
Strategy 11 12 Vi V2 212/V2
Existing 0.855(-17.7) 0.226(-0.7) 0.873(-1.3) 0.231(-172.4) 171.8
Proposed 0.921(-26.9) 0.306(-52.4) 0.961(-0.8) 0.132(-142.4) 90.0
1.05 Existing Proposed

é : 0.961

2 0.95

s
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Fig. 3.19. Magnitude of V1 and V2 at the POC under the existing GFM control and proposed GFM
control.

d) Performance under Different Unbalanced Fault Scenarios

To create a scenario for a severe grid fault for GFM-IBRs, SLG and LL faults at Bus 1 are studied.
The converter currents are shown in Table 3-8. Comparisons of the currents before and after scaling
reveal that the residual current capacity of the converter is effectively utilized when the scaling method
is used. Additionally, the relations between the sequence components of currents and voltages at the POC
after scaling are illustrated graphically in Fig. 3.20. Values highlighted in bold indicate that the proposed

current limiting strategy can achieve the full utilization of converter current capacity under different
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unbalanced fault scenarios. From Tables 3-8 and Fig. 3.20, the performances of reactive current injections
and voltage support abilities are consistent under different unbalanced faulty phases. Overall, the

proposed current limiting strategy under different unbalanced fault scenarios meets the requirements

(@)=(©).

TABLE 3-8
Phase Currents and the Active and Reactive Currents under Various Fault Scenarios
Fault bma . . + _ _
amax max cmax I I
Strategy Type I I I Iy 0 Ip 0
AG 1.120 0.940 0.193 0.182 0.614 0.000 0.560
BG 0.193 1.119 0.940 0.182 0.614 0.000 0.560
before CG 0.940 0.193 1.120 0.182 0.614 0.000 0.560
scaling AB 0.754 1.188 0.449 0.188 0.626 0.000 0.547
BC 0.448 0.753 1.188 0.188 0.626 0.000 0.547
CA 1.188 0.449 0.754 0.187 0.626 0.000 0.547
AG 1.200 1.012 0.201 0.191 0.656 0.000 0.604
BG 0.201 1.200 1.012 0.191 0.656 0.000 0.604
after CG 1.011 0.201 1.200 0.190 0.656 0.000 0.604
scaling AB 0.760 1.200 0.452 0.190 0.632 0.000 0.553
BC 0.452 0.760 1.200 0.190 0.632 0.000 0.553
CA 1.200 0.452 0.760 0.190 0.632 0.000 0.553
——1+: 0.684 £102.716° ——1I+: 0.683 £102.716° ——1I+: 0.683 £102.721°
— 11— 0.604 ./459.592° ——I-:0.604£60.404° ——1-:0.604./179.583°
——V+:0.674 £28.912° =——V+:0.674 /28.915° ——V+:0.674 /-28.914°
——V—:0.474 /-149.554° ——V—: 0.474 £-29.555° ——V—:0.474 £90.445°
90 0.8 90 1 90 1
120 06 60 120 60 120 60
150 04 30 150 05 30 150 05 30
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Fig. 3.20. Phasor of currents and voltages at the POC under various fault scenarios (after scaling)

e) Significance of I2R Injection

To show the significance of I12R injection, Fig. 3.21 shows the phasor representation of V2 and 12

at the POM under an AG fault at Bus 2. These results are produced by the SG, existing GFM control, and

proposed GFM control.
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Fig. 3.21. Phasor of 12 and V2 at the POM: (a) SG; (b) Existing GFM control; (c) Proposed GFM
control.

Under steady-state fault conditions, the SG in the negative sequence system shows a behavior close
to an inductance. Its 12 contribution is highly reactive. Currently, there is no strict requirement for GFM-
IBRs in the negative sequence system. However, the performance of system protection elements that rely
on negative sequence components can be affected under the influence of IBRs. Uncontrolled negative
sequence behavior of GFM-IBRs may cause maloperation of these protection elements. With the
proposed GFM control, the negative sequence behavior of GFM-IBRs is close to that of SGs. Hence, the
proposed current reference generation is beneficial for GFM-IBRs to emulate the negative sequence
behavior of SGs.

A. Performance under Varying Short-Circuit Ratio

To show the effectiveness of the proposed control in voltage support over a wide range of short-
circuit ratio (SCR) conditions, the sequence components of voltages at the POC under varying SCRs are

shown in Fig. 3.22.
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Fig. 3.22. Magnitude of V1 and V2 at the POC under varying SCRs.

From Fig. 3.22, under steady state fault conditions, the magnitude of V1 and V2 varies with different
SCRs due to the proximity of faults. For instance, when SCR=2.5, the equivalent system impedance is
the highest. Therefore, the magnitude of V1 is highest while that of V2 is lowest. For the stronger grid
(SCR>3), the voltages can be stabilized faster. As the grid strength decreases (when SCR=2.5), there are
minor fluctuations in both V1 and V2. Overall, the proposed control solution enables GFM-IBRs to
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support terminal voltage across diverse grid strength conditions.

3.1.5.2 Validation of Virtual impedance-based CLM

To validate the proposed VI-based CLM, a modified 120kV/60 Hz EPRI benchmark system is built
in an EMT-type tool, as shown in Fig. 3-2-3. The parameter configuration is presented in Table 3-9. For
illustration, an unbalanced fault (Fault I or II) is applied during ¢ = 3-4 s. The fault scenarios are below:

- Fault I: Line-A-to-ground (AG) fault at Bus (3).

- Fault II: Line-A-to-line-B (AB) fault at Bus (2).

() “

100 km
2
% sokm ¢ ) 75 120kV 20
GFM IBR 1+79 Q
45x1.5 MW ) ’
50 km 50 km
120/25 Fault IT ( 120/25
©) Fault T
30 MW Somw ]
15 MVAR 15 MVAR

Fig. 3.23. EPRI benchmark system integrated by the GFM IBR
TABLE 3-9

PARAMETER CONFIGURATION OF VI-BASED CLM

Parameters Value Parameters Value
Rated capacity 1 MW k 3
Number 45 ky 0.04
PI (current loop) 0.4588, 8.5163 ke 0.0033
PI (voltage loop) 1,200 c 1
PI (Varop loop) 0.45,57.5 Alipres 0.2
Filter capacitor 1.8052e-5F Imax 1.2
Filter inductor L¢ 2.9234e-6 H DC capacitance 0.0276 F
Switch frequency 4500 Hz DC voltage 1.2 kV

The original GFM control is the current saturation-based VSM control scheme under the
synchronous reference frame. The current limiter gives priority to reactive current during faults. The
simulation results under Fault I and Fault I are shown in Fig. 3.24. With the original control, the active
power (Pr and Pr) and frequency (wr and wr) oscillate intensively since the uncontrolled negative-
sequence dg components appear within the control loop. The angular difference d; remains stable whereas
on diverges under fault steady state and fault clearance conditions.

In contrast, the proposed VI-based CLM effectively retain synchronization for various PSLs under
Fault II. At the fault inception, the VI-based CLM is activated by the FRT detection. Since the positive-
and negative-sequence dg components are decomposed via the DDSREF, the oscillations in power and
frequency are removed, as shown in Fig. 3.25 (b) and Fig. 3.25 (c¢). In Fig. 3.25 (e), the current
coordination achieves optimal utilization of current capacity (1.2 pu). The three-phase instantaneous
voltages quickly stabilize in less than two cycles after fault inception, as shown in Fig. 3.25 (a). After
fault clearance, the normal operation recovered gradually. The simulation results corroborate the analysis

presented in Fig. 3-2-2 (b), which accounts for the stability enhancement.
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Fig. 3.24. Simulation results of original GFM control under Fault I and Fault II.
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Fig. 3.25. Simulation results of proposed VI-based CLM under Fault II.
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3.1.5.3 Validation of Three Mode-switching Control

The proposed three-mode switching control solution is validated using a modified EPRI benchmark
system, as shown in Fig. 3.26. The converter’s current limit is set to 1.2 pu. AC voltage protections follow
practical technical requirements, using three-phase RMS voltages as the basis. The VSM control serves

as the default PSL. All WTGs maintain consistent initialization in the following studies.

75%1 MW Buso Bus 3
Bus 1 100 km  —— 120 kV
90 km 149 Q
Bus 3
GFM Type-IV Tie line S0km | 75km | Equivalent
WTG Bus 4 system
50 km | 50 km
Load 1 g _ (»)  Load2
15 MVAR bus 7 13 MVAR

Fig. 3.26. EPRI benchmark system connected to GFM Type-IV WTGs.

a) Performance under the Original GFM Control

At =2 s, a severe bolted line-A-to-ground (AG) fault occurs at Bus 2. The original GFM control
uses priority-based current limiting to prevent overcurrent and supply reactive current. Fig. 3.27
demonstrates the LOS issue across the original GFM control strategies, including VSM control, droop
control, and dVOC. All three GFM primary controls exhibit instability despite varying performance
under different control parameters.

In Fig. 3.27(a), the angular frequency deviates from the nominal value under PSLs, indicating the
GSC active power fails to follow the MPPT power reference. Power synchronization deteriorates due to
improperly controlled GSC active power. Consequently, the active power difference between the GSC
and the MSC (AP) increases substantially, as shown by the diverging waveform in Fig. 3.27(b).
According to (3.1), with a Kp value of approximately 0.0033, the angular frequency deviation remains
below 0.005 pu despite AP exceeding 0.6 pu.

The AC-side coupling affects the DC-side WTG operation. While the DC-link voltage maintains
approximately 1 pu under MSC control regulation, the DC-link current difference diverges due to LOS,
as shown in Fig. 3.27(c) and Fig. 3.27(d). Double-fundamental-frequency (2w) oscillations persist in Fig.
3.27 due to negative-sequence components, consistent with previous studies [136], [137]. Als,
determined by Cu(dVa/dt), also exhibits 2w oscillations.

The AC voltage protection implements overvoltage and undervoltage requirements. Fig. 3.27(e)
shows continuously rising RMS voltages triggering the AC voltage protection and subsequent WTG
disconnection from the power grid. The fault tolerance duration reaches approximately 1.4 s under VSM
control and 1.1 s under droop control and dVOC. WTGs using the original GFM control fail to maintain
GFM operation in this fault scenario. These responses validate the analysis in Section II and demonstrate

the need for an enhanced synchronization loop in GFM control.
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Fig. 3.27. Responses of the original GFM control under AG fault at the Bus 2.

b) Performance under the Proposed GFM Control

Fig. 3.28 and Fig. 3.29 demonstrate the proposed GFM control responses during AG faults at Bus 2
and Bus 3, respectively. The fault duration is set to 1 s and the transition mode duration to 0.2 s for clear
demonstration.

Fig. 3.28(a) and Fig. 3.29(a) show the angular frequency maintaining the nominal value during both
steady state fault conditions and fault clearance, confirming WTG synchronization retention through the
proposed synchronization loop. As a result:

- The active power difference remains near zero

- The DC-link voltage maintains approximately 1 pu in both restricted and post-fault actual GFM
modes (Fig. 3.28(b), Fig. 3.28(c), Fig. 3.29(b), and Fig. 3.29(¢c))

- Double-fundamental-frequency oscillations appear in waveforms due to asymmetrical fault
negative sequence components

- Three-phase RMS voltages receive support through the proposed current reference coordination
and the VSL (Fig. 3.28(d) and Fig. 3.29(d))

- At the fault inception (=2 s), the low-voltage variation in phase A is detected by the FRT logic.
Then WTG enters FRT mode within 0.5 cycles. After fault recovery (=3 s), FRT logic deactivates within
one cycle. (Fig. 3.30(a) and Fig. 3.30(b))

- In transition mode, the magnitude of Zy; reduces to zero, indicating that I; stabilizes at It"*. Then
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WTG enters the actual GFM mode after 0.2 s. (Fig. 3.30(c))

- After fault recovery, the DC chopper effectively attenuates DC overvoltage to levels below 1.1 pu
The DC chopper effect does not adversely affect the synchronization. (Fig. 3.31)
WTGs maintain grid connection while meeting voltage ride-through requirements. The proposed

control operates beyond specific frequency bands, regulating both voltage and frequency dynamics with
operational timescales exceeding 1 ms [19].

The proposed GFM control achieves:

- Electrical variable stabilization across operation modes
- The resolution of the original GFM control instability

- Enhanced synchronization during asymmetrical faults
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Fig. 3.28. Responses of the proposed GFM control under an AG fault at Bus 2: (a) Frequency response;
(b) Active power difference; (¢c) DC-link voltage; (d) Three-phase RMS voltage.

Actual GFM mode Transition mode Restricted mode

0.5 |
1.005 u
= =
g & 9 1 Y
3 1 Q /
3 < W
0.5
0.995 ! - ]
15 2 25 3 35 4 45 5 15 2 2.5 3 35 4 45 5
Time (s) Time (s)
(a) (b)
1.2
s ———F
= —
S 2 .
8 ~

0.5
0.8 !
1.5 2 2.5 3 B 4

4.5 22 24 2.6 2.8 3
Time (s) Time (s)
(c) (d)

w
n

w
(S}

32 34 36 38 4

Fig. 3.29. Proposed GFM control response under an AG fault at Bus 3: (a) Frequency response; (b)
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¢) Comparison with Grid-Following FRT Control

To compare the dynamic performance of the proposed GFM synchronization control and GFL-based

FRT control, the frequency responses under different asymmetrical fault scenarios are presented in Fig.

3.32. Each subplot carries the title “Fault Location (Fault Type),” where (AB) indicates a bolted line-A-

to-line-B fault. The GFL-based FRT control incorporates the conventional DDSRF-PLL and the
decoupled-sequence control that complies with VDE-AR-N 4120 [135]. Under GFL-based FRT control,

the frequency experiences significant oscillations with peaks exceeding the continuous frequency ride-

through range, whereas under the proposed GFM synchronization control, it converges within a short

transient period without significant overshoot. This behavior demonstrates the robust performance of the

proposed synchronization loop under asymmetrical grid conditions. Overall, results indicate that the

proposed GFM synchronization control delivers superior dynamic performance compared to GFL-based

FRT control, thereby enhancing frequency stability during asymmetrical faults.

For additional comparison, Fig. 3.33 illustrates the reactive power outputs across various fault

scenarios. Because the current coordination method in the proposed GFM control maximizes converter

current capacity utilization, Fig. 3.33(a) demonstrates its superior reactive power support compared to

GFL-based FRT control. As shown in Fig. 3.33(d), during three-phase short circuit faults, GFL-based

FRT control experiences LOS while the proposed GFM control maintains stability. Although the

proposed current coordination with scaling could enhance reactive power support in GFL-based FRT

control, it would not improve its synchronization capabilities.
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Fig. 3.33. Reactive power responses under the GFL-based FRT control and proposed GFM control in
different fault scenarios
d) Performance of WTG restoration

Fig. 3.34 and Fig. 3.35 demonstrate three-phase RMS current performance during WTG restoration
under AG faults at Bus 2 and Bus 3, respectively. The current reference coordination enables the faulted
phase current to reach the current limit (1.2 pu) during restricted mode.

After fault clearance, WTGs transition from restricted mode to transition mode. In Fig. 3.34(a) and
Fig. 3.35(a), without the VI-based method implementation, the currents exhibit oscillation, and their first
peak exceeds the current limit. This indicates that overcurrent issues emerge during the transition process
despite fault clearance. With the VI-based method illustrated, the current transients are eliminated
through dg voltage reference adjustments in transition mode, as shown in Fig. 3.34(b) and Fig. 3.35(b).
This demonstrates that the VI-based method effectively resolves the overcurrent issue in transition mode.

Table 3-10 provides comparative numerical results in restricted mode, including the maximum
deviation Amax(.), the frequency settling time T, the phase current maximum, and voltage ride-through
capability (three-phase RMS voltages at ¢t = 3 s). Under the original GFM control, voltage exceeds 1 pu
and diverges as frequency decreases. With GFL-based FRT control, the frequency oscillates under PLL

regulation. The proposed GFM control effectively resolves these issues.
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TABLE 3-10
Comparative Studies on the Proposed GFM Control and Other Control Strategies (Bus 2 (AG))

Control Strategy | Amax(®) | Amax(AP) | Amax(Vae) | V¢ | V2 | V© T & | 12| I

Proposed GFM Control 0.0048 0.3083 0.0626 0.72 | 0.99 | 0.92 0.5s 1.20 | 0.78 | 1.05
Original GFM Control Descend 0.7239 0.1063 0.84 | 1.14 | 1.09 | Diverge | 1.12 | 0.71 | 0.83
GFL-based FRT Control 0.1108 0.1224 0.0893 0.60 | 0.92 | 0.99 | Oscillate | 1.21 | 1.07 | 1.05

3.1.6 Conclusion

This section proposes enhanced FRT control solutions for full converter-based GFM-IBRs. The key
proposals include an advanced reactive current injection method using the K-factor, an improved CS-
based CLM by using a current scaling method, an adaptive VI-based CLM, and a three mode-switching
control solution. The proposed GFM PNSC structure exhibits the flexibility of selecting different
synchronization loops and current limiters. The main conclusions are summarized as follows:

1) The proposed current reference generation implements the I1R and I2R injection per IEEE 2800
standard. The improved current limiter incorporates the angular relations between dg components and
reactive currents of GFM-IBRs and a current scaling method to achieve full converter capacity utilization.
Under different unbalanced fault scenarios, the proposed current limiting strategy effectively meets
current injection requirements during ride-through modes per IEEE 2800. The CS-based CLM enables
GFM-IBRs to provide optimal I1R and I2R injection, fully utilize current capacity, and emulate the
negative sequence behavior of SGs during unbalanced faults. Overall, the proposed GFM PNSC structure
and enhanced current limiting strategy represent a significant step toward the integration of GFM-IBRs
in modern grid systems.

2) Under unbalanced large-signal disturbance, the GFM IBR is prone to LOS and FRT capacity. The
adaptive VI-based CLM is activated at the fault inception to avoid overcurrent and update the internal
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voltage vectors to retain voltage dynamics. Various PSLs (VSM, droop, and dVOC) can be flexibly used
in the proposed GFM control, and angular difference and frequency remain stabilized under fault steady
state and fault clearance conditions. The FRT capability of GFM-IBRs is effectively enhanced due to the
increased reactive power caused by positive- and negative-sequence reactive current injection per recent
grid codes. This control solution also achieves optimal utilization of current capacity via adaptive
decoupled-sequence current limits. Moreover, the three-phase instantaneous voltages exhibit great
transient responses, achieving stabilization in less than two cycles after fault inception.

3) A three-mode switching control solution is proposed for GFM Type-IV WTGs, enhancing
synchronization during asymmetrical faults. In actual GFM mode, the PSL is employed in the GSC
control, using active power reference obtained from MPPT. The DC-link voltage remains regulated by
the MSC control. In restricted mode, the VSL and current reference coordination manage frequency
regulation, reactive current injection, and current limiting. In transition mode, the VI-based method
eliminates transients. Mode switching relies on the FRT start-up block using voltage variation at POL
Compared with the original controls, the merits of the proposed control solution are summarized as
follows:

3.1) The proposed synchronization loop reduces the complexity of multiple parameter design and
demonstrates robustness under asymmetrical grid conditions. In restricted mode, the VSL addresses
imbalance between the wind turbine power output and the grid power demand, preventing the divergence
of DC-link components. Compared with the GFL-WTG employing DDSRF-PLL, the proposed GFM
synchronization control converges quickly without notable overshoot, enhancing frequency ride-through.

3.2) During asymmetrical faults, the reactive current injection and the current scaling method
maximize voltage support capabilities of WTGs, fulfilling overvoltage/undervoltage ride-through
requirements. Following fault clearance, the VI-based method effectively eliminates current transients,
preventing overcurrent issues during the transition process, thus improving the dynamic performance of

WTG restoration and the safety of converter devices.
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3.2 For Type-1Il WTG: GFM-DFIG

3.2.1 PNSC design of Grid-Forming DFIG

3.2.1.1 Mechanism of DFIG During Asymmetrical Faults
The topology of a typical DFIG-based WTG is depicted in Fig. 3.36. The rotor speed ¢, and rotor

angle ¢ are controlled by the pitch regulator. The grid-side converter (GSC) control is typically

employed to regulate the DC-link voltage V. V, I, and M denote the voltages, currents, and modulation
signals, respectively. Subscripts s and r denote the stator- and rotor-side components, respectively.
During asymmetrical faults, since the zero-sequence components on the grid side are separated by a delta-
connected WTG transformer, the instantaneous three-phase components in the DFIG can be represented
using dq or off complex vectors. In this section, superscripts d+ and g+ denote d-axis and g-axis

components in the dg+ frame that rotate at the nominal frequency @, , respectively. Superscripts d— and
g— denote d-axis and g-axis components in the dg— frame that rotate at the nominal frequency —g, ,

respectively.

Vsaﬁ 1;/" Mgﬂ* Ve Mrflﬁ* I;Zﬁ 0, w, I;Zﬁ 1%

T Gid il

GSC RSC

Fig. 3.36. Basic topology of a DFIG-based WTG.

The stator voltage ¥, and stator flux linkage y, are given by

VA = RIY +dy®™* Jdt+ jo,pt

= s fs+ s+

dq— dq— dq— . dg—
Vs—q = Rslsg +d'/’sg /dt_]wny/sil

dg+ dg+ dq+ (352)
Voo =LA+ LY
pi = LI+ L, LT

where R and L denote resistance and inductance, respectively. Subscript m denotes the magnetizing
components. Subscripts + and — denote the positive- and negative-sequence components, respectively.

Similarly, the rotor voltage V. and rotor flux linkage y, are given by

VAT = RIY +dylt [dt+ jseo,yplt

Ay
VU =R IM +dyt [di- j2-s)o,p

s=(w,-w,)]o, (3.53)
il =L, L+ LI

wh =, 19 ¢ 1%

where s denotes the slip factor. Based on (3.52) and (3.53), the stator- and rotor-side voltages consist of
the rotor speed and the stator- and rotor-side resistance, inductance, currents, and flux leakage. The
complexity involved in expressing these voltage vectors restricts their usefulness for evaluating FRT
performance. To convert these voltage vectors into a simpler form, an internal voltage vector is defined

based on the derivation of the rotor-side flux leakage. By using aff complex vectors, the stator voltages
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can be expressed by the stator current and rotor flux linkage as follows:

Lydy? . dI”

Vs,aﬁ — RSI:,Zﬁ +2m X (3.54)
’ ’ L, dt dt
where the leakage factor o equals
2
o=1-—=1 3.55
o (3.55)
From (3.54), the internal voltage vector is defined as
p
B~y _R 1% —op,
) S sTS A dt
(3.56)
_ L, dy”
L. dt

4
During asymmetrical faults, the rotor flux linkage can be separated into positive-sequence, negative-
sequence, and transient component, as follows:
afp _ . dq+ jo,t

W =y eIt oy Yo IO gyt (3.57)

Hence, the internal voltage vector is separated as

E% = Blarelot y gl-gmiont 4 g1oP
dg+ . dg+ . dg+
Edq+ _ Lm d'//,z Ja)an'//r+ ~ Ja)nan'//r+
s+ T 7 d + I ~ L
r t r r
transient steady state
dg— . dg— . dg—
Edq— — L_m d'//;i] + _]wn]‘m'//ri] ~ _]wanWriI (358)
5=
. dt L L
transient steady state
E'%P — L_mM
* L dt

From the above analysis, various sequence components produced by DFIG-based WTG appear
during asymmetrical faults. To support the sequence components of internal voltage vectors, the design
of'the RSC and GSC control systems should enable independent control over both positive- and negative-
sequence components. In this section, GFM control is implemented for the RSC to support the stator
voltage and frequency.

3.2.1.2 Sequence Component Division and Power Control

The decoupled double synchronous reference frame (DDSRF) is employed to separate the sequence
components from the measurements, offering dg+ and dg— frames that rotate at the regulated frequency.
As shown in Fig. 3.37, the GSC control follows the traditional GFL mode, utilizing the phase angle
regulated by a PLL ( 6,;; ) as the input of the DDSRF. The RSC control employs GFM mode with the

phase angle regulated by a PSL ( @py; ) as the input of the DDSRF. This preserves the distinctive features

of GFM controls.
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Fig. 3.37. Sequence component division and outer-loop frequency and power control of the proposed

GFM-DFIG.

In Fig. 3.37, the reference of the active power P is obtained by the maximum power point tracking
(MPPT) strategy. In this section, the virtual synchronous machine control is used as the most

representative PSL, as given by

P =C o PAR, 2y ®,) 2

dOpsy
=, (3.59)
d PSL
da) *
J% =D, (0, —wpg, )+ A, (s)(P" —P)
where C, .., denotes the maximum power coefficient. p is the air density. R, denotes the blade radius

of the wind turbine. 4,, and 4 denote the optimal tip-speed ratio and the swept area of the rotor,

respectively. J and D,, denote the inertia constant and damping factor for frequency. The instantaneous
active and reactive powers are utilized as the inputs of PSLs and reactive power droop (Q droop) control,
as given by
{P S AT Sl A A 7 S ) L (.60
0=V I VI VLI Ve |
The Q droop control is employed to obtain the positive-sequence virtual voltage references for the
inner voltage control. To align the d-axis with the voltage, the g-axis virtual voltage reference V4™ is

set to zero. The d-axis virtual voltage reference is established as follows:

VAT =V +Dyd (s)Q - 0) (3.61)
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where Dy denotes the damping factor for reactive power.

3.2.1.3 Inner Control Loop and Modulation
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Fig. 3.38. PNSC of the GFM-DFIG in normal operation.
In normal operation, the system is in a balanced condition, which implies that there are no negative-

sequence components that necessitate control. Hence, the references for negative-sequence rotor currents

should be set to zero, i.e., 1%~ =0 . To support the stator voltage, the references for positive-sequence

rotor currents are generated by the inner voltage control, as given by
dg+* dg+* _ yrd
1 =y ey [5) (V07 v (3.62)

where k,y and k;y are the inner voltage control parameters. To avoid overcurrent, a current limiter based
on priority settings of I1A and I1R is in service. For simplicity, denote the [1A and I1R as PQ currents.

The transformation between PQ currents and dq currents is given by

-jo
P* 0% _ gdg+r %
[r+ _][r+ _Ir+ € ’

0, =arctan (V;ﬂ:r / yar )

s

(3.63)

where 17 and 79 denote active current and reactive current, respectively. The current references under
the priority setting, denoted as I, are determined as

77| < g
<@ -7
e VA T T

0y =arctan ( o [yds )

I

(3.64)

where superscript /im denotes the current limits. The inner current control is separated into positive- and

negative-sequence loops, as follows:
VA = (kpe +hie [S)(I47 12" )+ jso,wit!
VA" = (ke +lec [s) (147 = 1) - jQ-s)op (3.65)
§= (a)n - a)r)/a)n

Vraﬁ * Vroj.ﬂ * + VrUiﬁ *

, . (3.66)
=y ?:IJr*e](gPSL =0, 4 vV dq_*e’J(BPSL +6,)
r r—
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where k,c and kic are the inner current control parameters. In normal operation, the regulation is focused

solely on the positive-sequence components. On this basis, the modulation signal is established as follows:

ap*
perr Z 2V NN, (3.67)
Vd

c
where N, /N, denotes the turn ratio between rotor and stator windings. Based on the proposed PNSC as

shown in Fig. 3.38, during asymmetrical faults, the potential challenges are summarized as follows:

For the positive-sequence loop, the stator voltage will be sharply disturbed. Moreover, due to
overcurrent, the current limiter will cut the current references. This leads to the inner voltage control not
being able to regulate the positive-sequence stator voltage properly.

Moreover, the negative-sequence and transient components typically induce rotor EMF that exceeds
the rotor voltage capability. The negative-sequence internal voltage vectors are generated and
uncontrolled. This is likely to increase the voltage unbalance and overvoltage on the healthy phase, which
introduces risks of insulation failure and protection maloperation.

Besides, to comply with the recent grid codes, it is required to offer a low-reactance path in the
negative-sequence system and implement reactive current injection. Since the flux linkages cannot
instantaneously vary, transient components are induced together with positive- and negative-sequence
components. This brings severe over-modulation issues.

To this end, there is a need to design an asymmetrical FRT control solution for GFM-DFIG. This

will be illustrated in the next section.

3.2.2 Asymmetrical FRT Control to Establish Internal Voltage Vectors

1% dgq+ 1% dq—
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Fig. 3.39. Asymmetrical FRT control of the GFM-DFIG.
Fig. 3.39 illustrates the structure of the proposed asymmetrical FRT control for the GFM-DFIG.
Based on this, Fig. 3.40 depicts a closed-loop system to establish positive- and negative-sequence internal

voltage vectors.
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Fig. 3.40. Closed-loop system to establish positive- and negative-sequence internal voltage vectors.

Assume wpg; = o, , the positive- and negative-sequence internal voltage vectors under fault steady
state conditions are determined as
. dg+ dg+*
10) Lml//’fl_z+ ]wan (Lmlsf +LrIrJlr] )

Edq+ ~ J
s Lr
L[ 14( e )] (3.68)
pir oyl ol (LB 4L 1)
T L L[ie(L ke )s]

In (3.68) and Fig. 3.40, the internal voltage vectors can be regulated by adjusting the rotor current
references. For the proposed control structure in Fig. 3.39, the positive-sequence rotor current references
are regulated by the GFM control scheme, while the negative-sequence rotor current references are
regulated by the I2R injection. In the FRT mode, priority settings should be specified to coordinate the
current references. Hence, the details of control strategies and priority settings for establishing internal
voltage vectors are illustrated in this section.

3.2.2.1 Negative-Sequence Control

Based on the recent grid codes, the required 12R equals

79 = KQVY— (3.69)

where g€ is the gain for I2R injection. Then the negative-sequence rotor current references are given

by
0
oL _LKE)
" oL, L, )° (3.70)
" =0

where " is set to zero to conform with the IEEE Std. 2800-2022 and spare the current capacity for the
I2R injection.

On this basis, the injected I2R from the stator winding is

L, ~or V,
@ = _Ltwjor, Voo (3.71)
L w, L,

s

Finally, the GSC will inject the rest of the required I2R, as given by
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* L ~0)* V
19 =12 -12 =K%, +-m]¢ - —— (3.72)
L w,L,

3.2.2.2 Positive-Sequence Control
In comparison to conventional GFL-based DFIGs, the most significant difference in the GFM-DFIG
is the positive-sequence control. This section proposes two GFM control schemes for asymmetrical FRT

to support the positive-sequence internal voltage vector of the DFIG.

1) Current Saturation-based Method
The proposed current saturation-based method implements the I1R injection in conventional GFL-

based DFIGs. The incremental I1R is given by

. L . 8
AIE = KeWy, -V.)- - (3.73)
m wl’l m

where K¢ is the gain for I1R injection. Since there is no PLL in the RSC control, the g-axis voltage is not

zero, the I1R injection in the RSC control needs to incorporate the relations between incremental I1R and
dq currents as follows:
P* d+* d+
I, = (ka +kiV/S)(Vs+ V)
0 gepre o (3.74)
I =177 + AL
where superscript pre denotes the pre-fault component. To restrict the positive-sequence rotor currents, a

current limiter based on Q priority is employed, as given by

1% | <1
(3.75)
| (- (e Y
To prioritize the 1R, the I2R is constrained as
12| < pim-|1e (3.76)

2) Virtual Impedance-based Method
To ensure the rotor current can be limited and regulated by the inner voltage control during
asymmetrical faults, a virtual impedance-based method is proposed. Firstly, adaptive virtual voltage

references yda+* are defined by subtracting the voltage drop on the virtual rotor impedance Z, ,, as
given by

"’d * d * d *

I/s-:ﬁ- :I/S-:ﬁ— _ZVVIIrz+

dg+* . dg+*
=V _(er/1+JXrV1)I?-Jr

r

(3.77)

where R.,; and X,,,; denote the virtual rotor resistance and reactance, respectively. To suppress the

current, a PI controller is employed to regulate the current reference tracking the current limit. Then the

magnitude of the virtual rotor impedance is determined as

AV, Ver =(Kppr + Ky /)L™ = 17,)
|2, =21 == = s o ) (3.78)
IG IG
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where k,,, and k;,; are the control parameters. Denote Ay, as the ratio of reactance to resistance,

the angle of the virtual rotor impedance is determined as

0, =arctan(A ) (3.79)

Based on the adaptive virtual voltage references, the positive-sequence rotor currents can be

regulated by the inner voltage control, as given by
1 = (ke + iy fs) (P v %) (3.80)

Since the virtual impedance-based method does not rely on current limiters and priority settings in

the positive-sequence control, the I2R is constrained as

>k
1N

IEARYAE (3.81)

3.2.2.3 Transient Component Extraction
To avoid over-modulation issues caused by transient components during asymmetrical faults, prior
to modulation, a simplified calculation method is employed to remove the transient components in the

rotor voltage references.
7
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Fig. 3.41. Rotor equivalent circuit.

Firstly, the transient stator flux leakage is determined as

V/;Jzﬁ :anﬁ_i_wdq-# Jjo,t +l//dq e Jjo,t
'//,aﬂ L I,aﬂ +Lmlizaﬂ
dg+ ydg+*
Sdz+ — LSI/S+R +RSLZIr+ (382)
+Jjo,
i LV R, I
. RS - wan

During faults, if the RSC’s equivalent impedance behaves as an inductor with a positive magnitude,
the rotor current can be limited with a lesser rotor voltage. Denote Lzsc as the equivalent impedance of the
RSC, combining (3.55) and (3.82) yields
L

I;aﬂ __ m '//;aﬂ
L(ocL.+L
's ( r RSC ) (383)
Iraﬁ _ Lr + LRSC rafp
s

s

Ly (0L, +Lggc)

Based on the rotor equivalent circuit in Fig. 3.41, by ignoring the derivation terms, the transient

component of rotor voltages is approximately given by
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Vil = jo, (=D (L /L Wi + oL 17 | (3.84)
Combining (3.82)-(3.84) yields

LRSCLm
LVLS - L%n + LSLRSC

v
)

r

V" = ja,(s-1)
( (3.85)

_ jerRSCLm l//la,[)’
> s
(Lrl‘s - Lm + LSLRSC)

On this basis, the modulation signal is given by
2007 V)N, /N,
Va

c

M (3.86)
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Fig. 3.42. Proposed asymmetrical FRT control solution of the GFM-DFIG.

To this end, a diagram of the FRT control for the GFM-DFIG is shown in Fig. 3.42. Initially, the AC
measurements are separated into positive- and negative-sequence components using the DDSRF-PSL
and DDSRF-PLL in RSC and GSC controls. To enhance transient stability, the frequency regulated by
the DDSRF-PSL can be frozen during faults [49]. Next, to establish internal voltage vectors, two types
of GFM control solutions are designed in the positive-sequence control in RSC control, while the
negative-sequence control implements I2R injection.

To avoid overcurrent, the priority settings, as depicted in Fig. 3.43, are implemented to coordinate
the current references within RSC and GSC controls. Since the virtual impedance-based method does not
limit the current directly, there is no need to configure the positive-sequence current limiter with priority
settings in RSC. The positive-sequence current limiter with priority settings in RSC is employed for the
current saturation-based method. Finally, transient component extraction is utilized to eliminate the

transient components in the rotor voltage references to address over-modulation issues.
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Fig. 3.43. Priority settings in asymmetrical FRT control solution of the GFM-DFIG.
3.2.3 Case Studies

In this section, the comparative studies on the current saturation-based method and virtual
impedance-based method are performed with EMT simulations. The proposed GFM-DFIG and
asymmetrical FRT controls are validated. In Fig. 3.44, the 120 kV 60 Hz EPRI benchmark system is
connected to 45x1.5 MW DFIG-based WTGs. The RSC control parameters are presented in Table 3-11.

Bus 1 Bus 4
100 km
149 Q 120 kV
. Bus 2 —l:l—@
GFM-DFIG _50 m__ 75 km Equivalent
Bus 3 system
50 km | 50 km
Load 1 @
30 MW 3 > Load 2
Bus 5
15 MVAR He &) 30 MW

Bus6 y 15 MVAR
Fig. 3.44. EPRI Benchmark system connected to a GFM-DFIG.
TABLE 3-11
Parameters of RSC Control

Parameter Value Parameter Value
J, D, 0.15,0.8038 K2, k9 2
kpe, kic 0.82,12.13 4 1 pu
kv, ki 1,200 Ax/r 1
kepvr, kive 0.2, 65 ]}{im s Igm 1.2 pu, 0.36 pu
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3.2.3.1 Internal Voltage Vector

To investigate the performance of the GFM-DFIG during asymmetrical faults, bolted line-A-to-
ground (AG) fault and line-A-to-line-B (AB) fault are applied at Bus 2 when ¢ = 2 s, respectively. The
fault duration is set to 1 s for illustration. The simulation results of positive- and negative-sequence

internal voltage vectors are displayed in Fig. 3.45—Fig. 3.48.

’0"6’6'6'6’0'6"’ i o"""’&’o’u )
2 {1 u’c"'o’a’o i ""’a"&'&’6""’6""

Tlme (s)
(b) Virtual impedance-based method

Fig. 3.45. Positive-sequence internal voltage vectors (AG fault).
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(b) Virtual impedance-based method
Fig. 3.46. Positive-sequence internal voltage vectors (AB fault).

For the positive-sequence internal voltage vectors:

Fig. 3.45 and Fig. 3.46 demonstrate that the current saturation-based and virtual impedance-based
methods significantly influence the positive-sequence internal voltage vectors. Under the pre-fault
conditions, the magnitude of positive-sequence internal voltage vectors equals 1 pu. In Fig. 3.45, during
an AG fault, due to the I1R injection in the current saturation-based method, the magnitude of the
positive-sequence internal voltage vectors is maintained at 0.9 pu under steady state fault conditions.
Under the virtual impedance-based method, the magnitude of the positive-sequence internal voltage
vectors remains at 0.95 pu by using the adaptive virtual voltage references. This is close to the nominal
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value. In Fig. 3.46, during an AB fault, the magnitude of the positive-sequence internal voltage vectors
is maintained at 0.86 pu under steady state fault conditions by using the current saturation-based method.
The value is a bit lower than that during an AG fault. However, under the virtual impedance-based method,
the magnitude of the internal voltage drops to 0.67 pu by subtracting the voltage drop on the virtual rotor
impedance during an AB fault. These results indicate that the current saturation-based method exhibits
great capability in supporting the positive-sequence internal voltage vectors due to the I1R injection,

while the virtual impedance-based method lowers the positive-sequence internal voltage by adjusting the

adaptive voltage references.

1.95 2 2.05 2.1 2.15 22 2.25
Time (s)

(a) Current saturation-based method

—EF ——
s 5 s
=
NS
| =
3
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Time (s)

(b) Virtual impedance-based method

Fig. 3.47. Negative-sequence internal voltage vectors (AG fault).
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Fig. 3.48. Negative-sequence internal voltage vectors (AB fault).
For the negative-sequence internal voltage vectors:
Under the pre-fault conditions, the magnitude of negative-sequence internal voltage vectors equals
0 pu since the grid condition is balanced, as shown in Fig. 3.47 and Fig. 3.48. At the inception of
asymmetrical faults, the negative-sequence internal voltage vectors oscillate due to the generation of
transient components. Since the two control schemes implement the I2R injection in negative-sequence
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control loops, the negative-sequence internal voltage vectors gradually stabilize. Under steady state fault
conditions, the magnitude of negative-sequence internal voltage vectors is nearly consistent by using the
two methods.

The simulation results indicate that the internal voltage vectors are determined by the current
reference generation. Employing the two different positive-sequence current reference generation
methods results in varying positive-sequence internal voltage vectors, while the negative-sequence
internal voltage vectors are identical by using the same I2R injection method.

3.2.3.2 Active and Reactive Current Injection
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Fig. 3.49. Active and reactive WTG current injection (AG fault).
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(b) Virtual impedance-based method
Fig. 3.50. Active and reactive WTG current injection (AB fault).
To validate the current coordination of the proposed FRT scheme for the GFM-DFIG during
asymmetrical faults at Bus 2, the simulation results of the active and reactive current injection are shown
in Fig. 3.49 and Fig. 3.50. The magnitudes of the I2A and I2R under the two control schemes are almost

consistent due to the same I2R injection method. The difference lies in the injection of the I1A and I1R.

92



By using the K factor-based method, the I1R increases significantly under the current saturation-based
method in various fault scenarios. Under the virtual impedance-based method, there is no additional 1R
injection. Compared to the AG fault, the magnitude of the I1R gets lower during an AB fault. The I1R
injection cannot be guaranteed since it is regulated by adjusting the virtual voltage references.

In the proposed control, the current saturation-based method prioritizes the I1R while the virtual
impedance-based method prioritizes the I2R to optimize the utilization of current capacity. For the
scenario of the most severe grid fault for GFM-DFIG, the simulations under a bolted AB and ABG fault
at Bus 1 are carried out in Fig. 3.51 and Fig. 3.52, respectively. The results indicate that both the positive-

and negative-sequence currents can be injected, even when faults occur at the point of interconnection.
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(b) Virtual impedance-based method
Fig. 3.51. Active and reactive WTG current injection (AB fault at Bus 1).
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Fig. 3.52. Active and reactive WTG current injection (ABG fault at Bus 1).
To study the relations between sequence-domain stator voltage vectors and WTG current vectors,
their phasor representation during faults at Bus 2 is shown in Fig. 3.53 and Fig. 3.54. Under the two

control schemes, the negative-sequence WTG current leads the negative-sequence stator voltage by 90-
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95 degrees. This angular relation matches the requirements in recent grid codes. The magnitude of
negative-sequence WTG current is approximately 2 times that of negative-sequence stator voltage. This
matches the specified K factor of the I2R injection. Compared to the virtual impedance-based method,
the magnitude of stator voltages is higher due to the injection of the I1R under the current saturation-
based method. Moreover, the two control schemes lead to different phase angles of positive-sequence
stator voltage vectors and WTG current vectors. This may affect the sensitivity and faulted phase

selection of protective relaying.
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Fig. 3.53. Phasor of sequence components of WTG currents and stator voltages (AG fault).
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Fig. 3.54. Phasor of sequence components of WTG currents and stator voltages (AB fault).

3.2.3.3 LVRT Capability

To validate the LVRT capability of the proposed FRT scheme for the GFM-DFIG, Fig. 3.55—-Fig.
3.57 show the RMS voltage responses during various types of faults at Bus 2 in comparison with the
voltage ride-through requirements of Hydro-Quebec. From Fig. 3.55—Fig. 3.57, the three-phase voltages
can stabilize and remain within the range required for continuous operation. This indicates that the
proposed control scheme enables the GFM-DFIG to maintain stable operation during the asymmetrical
faults within 1 s. In Fig. 3.56 and Fig. 3.57, the current saturation-based method enhances the magnitude
of three-phase voltages more effectively than the virtual impedance-based method, demonstrating
superior performance in voltage support compared to the latter. Fig. 3.57 shows that although the FRT
control is developed for the asymmetrical fault ride-though, it is also effective for GFM-DFIG to ride

through symmetrical faults.
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Fig. 3.55. Three-phase RMS voltages during an AG fault
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Fig. 3.56. Three-phase RMS voltages during an AB fault
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Fig. 3.57. Three-phase RMS voltages during a three-phase short circuit fault
3.2.3.4 Rotor Current and Volage Limit
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To investigate the overcurrent issue, Fig. 3.58 and Fig. 3.59 show the three-phase rotor currents and
their bounds. The magnitude of rotor currents does not exceed the current limit under steady state fault
conditions. This validates the proposed priority settings under the current saturation-based method. In
the virtual impedance-based method, the reduction in adaptive virtual voltage references leads to a
decrease in the magnitude of rotor currents, thereby mitigating the risk of overcurrent. Compared to the
current saturation-based method, the rotor current capacity is more sufficient under the virtual

impedance-based method. Overall, the proposed FRT controls effectively meet the limits of rotor current

capacity.
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Fig. 3.58. Rotor currents during an AG fault
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Fig. 3.59. Rotor currents during an AB fault
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Fig. 3.60. Rotor line voltage and DC voltage during an AB fault

To investigate the overmodulation issue, during AB faults, the rotor line voltages and the DC voltage
are demonstrated in Fig. 3.60. Under the original control, the magnitude of the rotor line voltage
frequently surpasses the DC voltage. The rotor voltage references cannot be achieved so the rotor currents
would be out of control. This may lead to the activation of crowbar protection in practical engineering.
Under the proposed FRT controls, the magnitude of rotor line voltages is lower than the DC voltage under
steady state fault conditions. Additionally, the transient process is shortened with fewer overshoots. The
rotor voltage demand under the virtual impedance-based method is smaller than that under the current

saturation-based method. Overall, the proposed FRT controls effectively decrease transient components
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and avoid overmodulation under steady state fault conditions.

3.2.3.5 Electromagnetic Torque

In addition to the grid-side and converter responses, the machine-side responses should also be
investigated since they are critical to the stable operation of the GFM-DFIG. During an AB fault at Bus
2, the electromagnetic torque 7, is shown in Fig. 3.61 and Fig. 3.62. During an AG fault, the oscillation

magnitude of 7, under the two control schemes is nearly consistent. During an AB fault, the oscillation
magnitude of 7, under the virtual impedance-based method is much smaller than that under the current
saturation-based method. The double-grid-frequency oscillation in 7, is caused by the interaction

between the positive and negative sequence components [127], [131]. The elimination of these
oscillations is advantageous but is not necessary, and it is achieved at the expense of violating the current
injection requirements in grid codes [127]. Since the proposed GFM control is specified for meeting FRT
requirements in grid codes, the solution for eliminating these oscillations is not considered in the
proposed control. Overall, compared to the current saturation-based method, the virtual impedance-based

method exhibits better performance in reducing electromagnetic stress.
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Fig. 3.61. Electromagnetic torque during an AG fault
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Fig. 3.62. Electromagnetic torque during an AB fault

3.2.4 Conclusion
This section proposes novel asymmetrical FRT controls in a PNSC structure for the GFM-DFIG.
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The proposed FRT controls incorporate the I12R injection, transient component extraction, and positive-
sequence control with the current saturation-based method and virtual impedance-based method. The
current-limiting methods and priority settings are designed for the coordination of rotor currents and
stator currents. The internal voltage vectors are used as the control object to evaluate the FRT capabilities
of the GFM-DFIG. Based on detailed EMT studies, the main conclusions are summarized as follows:

(1) The internal voltage vectors are determined by the current reference generation. The current
saturation-based and virtual impedance-based methods significantly influence the positive-sequence
internal voltage vectors, while the negative-sequence internal voltage vectors are identical by using the
same 2R injection method.

(2) Under the proposed FRT controls, both the positive- and negative-sequence WTG currents can
be injected. The negative-sequence WTG current leads the negative-sequence stator voltage by 90-95
degrees. The magnitude of negative-sequence WTG current is approximately 2 times that of negative-
sequence stator voltage. This matches the specified K factor in line with the requirements in recent grid
codes. Hence, the GFM-DFIG can achieve the required negative-sequence behavior during asymmetrical
faults.

(3) The proposed control scheme enables the GFM-DFIG to meet the LVRT requirements during
the asymmetrical and symmetrical faults. In addition, the GFM-DFIG effectively meets the rotor current
capacity, decreases transient components, and maintains the rotor line voltage lower than the DC voltage
under steady state fault conditions, thus addressing the overcurrent and overmodulation issues. Although
the FRT control of GFM-DFIG is developed for the asymmetrical fault ride-though, it is also effective
for GFM-DFIG to ride through symmetrical faults.

(4) The current saturation-based method exhibits great capability in supporting the positive-
sequence internal voltage vectors due to the I1R injection, while the virtual impedance-based method
lowers the positive-sequence internal voltage by adjusting the adaptive voltage references. The 11R
injection under the virtual impedance-based method cannot be guaranteed since it is regulated by
adjusting the virtual voltage references. Compared to the current saturation-based method, the virtual
impedance-based method exhibits better performance in reducing electromagnetic stress and rotor

voltage demand and optimizing rotor current capacity.
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4 Short-Circuit Fault Analysis of IBR-Rich System

Accurate short-circuit modeling for IBRs with various FRT strategies is crucial for future IBR-rich
systems. While detailed electromagnetic transient (EMT) models exist [135], [138], their computational
intensity limits efficiency across multiple fault scenarios. Research has produced simplified models to
improve analysis efficiency: For GFL-IBRs, phasor domain models incorporating FRT strategies have
been developed for Type-III [139], [140] and Type-IV [141] wind turbines. The analysis employs
modified augmented nodal analysis (MANA) with fixed-point solver [142], [143], though these solvers
show slower convergence compared to derivative-based solvers. This chapter integrates the Newton-
based approach of [144], [145] into MANA formulation for improved numerical convergence under IBRs.

Recent research has produced various GFM models: RMS models under synchronous reference
frame [146], equivalent models covering transient and steady-state responses [147] positive and negative
sequence equivalent circuits [148] implemented in OpenDSS [149], and positive sequence and per-phase
phasor models [150], [151]. However, these models generally lack consideration of decoupled-sequence
FRT strategies.

The key contribution of this chapter includes a comprehensive solver with MANA formulation
incorporating static IBR models with various FRT strategies, GFM/GFL controls, and current limiters,

demonstrating scalability and new insights for future high-IBR grids.

4.1 Phasor Domain Short-Circuit Model for IBRs Considering FRT Control

Strategies

4.1.1 Basic Topology and PNSC structure of GFL- and GFM-IBR

Fig. 4.1 shows a typical full-size-type IBR plant, where the power generated by the IBRs is
transmitted to the point of interconnection (POI) via a medium-voltage (MV) collector grid, a main IBR
transformer, and a high-voltage (HV) bus. In this chapter, superscript * denotes the reference. Subscripts
+ and — denote positive and negative sequences, respectively. Fig. 4.2 shows the typical topology of a
grid-side converter (GSC) of an IBR unit. The choke circuit, shunt filters, and unit transformer are
connected at the point of connection (POC) on the low-voltage (LV) side. V7 denotes the LV-side voltage
phasor. I;zr denotes the current phasor provided by IBRs. The subscript gsc denotes the component on
the GSC side.

Type-1V
WTG

Feeder 1 I I N |

Feeder 2

WP substation

MY bus

— e o

Zig- Feeder n

= L || zag

Capacitor bank

Fig. 4.1. Diagram of a full-size-type IBR plant.
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WTG POC
transformer

Sl

GFL/GFM
control

Shunt
Filters

= LV side

Fig. 4.2. Topology of IBR unit.

To ensure stable operation in normal operation, the GFL control typically includes PLL, DC voltage
control, AC voltage droop control, and inner current regulation (blue box), while the GFM control
typically incorporates PSL, (O-droop control, inner voltage regulation (red box), and inner current
regulation (blue box), as illustrated in Fig. 4.3. The PNSC structure aims to appropriately regulate both
positive and negative sequence components to comply with current capability and current injection
requirements per grid codes. {0, w} denotes the orientation angle and angular frequency. {P, O} denotes
the active and reactive powers. Under unbalanced grid conditions, since the zero-sequence components
on the grid side are usually separated by a delta-connected IBR transformer, the instantaneous abc vectors
of IBR can be transformed into dg+ and dg— vectors. Superscript dg+ denotes components in the dg+
coordinate that rotates at the nominal frequency w,. Superscript dg— denotes components in the dg—

frame that rotates at the nominal frequency —w,.

| IBR hardware |
T gvbc*C Iabc Vabc
PWM | Sequence Decomposition |
dgt |y 49~
Ve I, Ig‘iﬁ I I Vi Vir-

M d lati
m - Vi Vie Vie Vips V'
et (o] (1] B

IgfL— Igﬂiqc* i | DC voltage control |
gset | AC voltage droop |

e
——————————— gsqc— GFL control

(a) GFL-IBR.

| IBR hardware |
T gas[?:c Iabc Vabc
PWM | Sequence Decomposition |
dgt

Van 0 ) N Fon ) 0 VLV+V

| PSL | | Power calculation |

I I Ogsc, Q'L V"
gsc+ * * 8s¢

1] [P1] P o qu+ O-droo

dq** dq** LV P
I y o qu+* ydgt* [Edat®
LS gsc v+ - - - Y= -
| CS-based limiter ' V_I_bﬂsfd_llnlltf‘r_'
——————————— 1 ;chf GFM control

(b) GFM-IBR.

Fig. 4.3. PNSC structure for the grid-side converter of IBR.
Fig. 4.4(a) illustrates the angular relations between V. and coordinates. Fig. 4.4(b) illustrates the

phasor representation of positive sequence active and reactive current (I1A and I1R). Fig. 4.4(c)
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illustrates the phasor representation of negative sequence active and reactive current (I2A and I2R). These

current phasors are given by:

17+ j12 = 1,/ ) wn

17412 =1 ¢/0-%)
where {I?, I’} denotes 11A and I2A. {I?, I?} denotes 1R and I2R. In Fig. 4.4, 6 denotes the power
angle of IBR, which is frozen in FRT mode for the purpose of short-circuit calculation. For clarity,
positive and negative sequence voltages are abbreviated as V1 and V2. Positive and negative sequence

currents are abbreviated as 11 and 12.

Fig. 4.4. Relations between the coordinates for IBR.

4.1.2 Current Injection of IBR under FRT mode

Under unbalanced grid conditions, I1R is regulated to support V1 and I2R to reduce V2. By using
a K-factor-based method, the incremental reactive currents are determined by the variation of V1 and V2

as follows:

me = K+QAVLV+ = K+Q(V ~Viry) (4.2)

NS =KAV,, =K%,

gsc—
where {Kf, K9 } denotes the K factor for reactive current injection. In normal operation, the inner voltage

1%, =1

regulation suppresses V%", to zero. Based on Fig. 4.5, gsc+ = lgsc+- Therefore, the references of I1R and

I2R are determined as

19, =127 L AIS = 197 1 AT,

SC+ SC+ s+ sc+ s+
g g g g g 4.3)
O* _ A79*
[gscf - AIgscf

where superscript pre denotes the pre-fault value.

To emulate the negative sequence behavior of SGs, 12 is injected leading V2 by 90°. Hence, I2A can
be set to zero to spare the current capacity for I2R injection. Fig. 4.5 depicts the generation of I2R, where
I* denotes the updated current reference. I'™ denotes the current limit. Based on the relations in Fig. 4.4,
the dg— current references are derived as
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Td—* _ ~O* —
Igsc— :VLqungsc—/VLV

4.4)
f i d, ~0O* —
]gqsc— = VLV—Ingc— /VLV
Ilim
[ L g5
o* ma, . dg- FO*
L ' e](angle(VLV7)+7r/2)—>]gsﬁ

_ [lim —
gsc—
Fig. 4.5. Negative sequence current limiter design
The equivalent positive sequence system integrated with IBR under CS-based and VI-based limiters
is shown in Fig. 4.6, where Z.,+ and V.,+ denote the equivalent positive sequence impedance and voltage

source of AC networks.

Ve Zuyr Vegr Vi 7., V.
gt Zyir+ eq+ :2‘1*
L. AC system L Dyes AC system
CS-based E. VlI-based
limiter limiter
(@ (b

Fig. 4.6. Equivalent positive sequence system integrated with IBR under CS-based and VI-based
limiters

Under CS-based limiter, an IBR is equivalent to a current source. Hence, IBR 11 injection is
determined by the FRT strategy as a function of the terminal voltage (LV-side voltage phasor) which is
retrieved from the iterative solver at each step. The CS-based limiters can be applied to both GFL-IBR
and GFM-IBR. For GFL-IBR, due to the regulation of SRF-PLL, I/'L?,: =0and 8y, = 6,. For GFM-
IBR, in the absence of a PLL, 6,, # 8,. Since the angular relation (6, — 8,) of GFM-IBR and GFL-
IBR is different, their reaction to I1A and I1R injection will be different. The IEEE 2800 compliant
limiter considers this angular relation to address this.

For an IBR under VI-based limiter, the I1 injection is determined by the equivalent voltage source,

the virtual impedance of the IBR, and the equivalent network impedance, as given by

1, -t Vs (4.5)
gsc+ A 7
vir+ + eq+

The VI-based limiter is only implemented in GFM-IBR.
4.1.2.1 Current Saturation-based Limiters for GFL- and GFM-IBR

Assuming the output active power remains constant during short circuit faults, I;;Eﬁ is
approximated by
pre
7 Pg»"b‘ (46)

osc+
o Vi cos(Oy, —6)

To avoid overcurrent, four types of current limiters are studied and compared in this chapter, as
below:

a) Instantaneous Limiter

The current limiting thresholds are respectively set for d+ and g+ current references in this type of

limiters, as shown in Fig. 4.7. Hence, the performance is usually conservative, resulting in underuse of
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the converter's current capacity.

, [ ~Q*
kd (Igfz |1gsr— kq (Igl:’; - ]g.scf )
ma. — ma =
* -+ +¥
197> 7 [T [ 7 — [
gs'c# . &
min min
) —
[ lim
_kd glxyz |1gvc— 7k61 ([gu |Iéu— )

Fig. 4.7. Instantaneous current limiter design.
b) Magnitude Limiter
In this limiter, the magnitude of I1 references is constrained to avoid overcurrent, but its angle would

not be affected, as shown in Fig. 4.8.

dg+* hasor mag 3 ]* (Ilim _ iQ* )
Igsﬁ_>p gct gsc gsc—
rad 9 Ofgyer S —

* > > Tk
do+* ]gSL+ 7 Ig;ﬁ

[g\ﬂ—) mag phasor —}I a L fmin
I *

Oy P1ad (i -J12:)

Fig. 4.8. Magnitude current limiter design.
Ilm 2
) gsc ‘lgsnf
ok ma ma
s g e 7 >[4

min &
2 1q+* 2
gsc+

¢) Priority-based Limiter

lim 70*
(]g.YL' - ]g.YL'—

gsc gsc—

-

Fig. 4.9. Priority-based current limiter design.

_([lim _ iQ*

This limiter allows the designated priority current to reach the maximum limit. Generally, priority
is given to the g+ current reference in the FRT mode, as shown in Fig. 4.9.

d) IEEE 2800 Compliant Limiter

The IEEE 2800 compliant limiter (2800 limiter) is developed to enable IBRs to comply with current
injection requirements in the IEEE 2800 standard. With this angular difference (6, — 6,), the relations

in (4.1) need to be reconsidered:

15;1 = LV+ gsc+ /VLV+ + VLV+Igsc+ /VLV+ @7
13&1 VLV+1£;+ /VLV+ LV+ gsc+ /VLV+

Per IEEE 2800 standard, the coordination for I1R and I2R is given by
Al Q:; +20 During balanced faults “8)
AIgQ; . ‘ asc—| During unbalanced faults .

To ensure that the incremental reactive currents do not exceed the current limit, when |KfAVLv+| +

|KCAV,,_| > Iéig?, the incremental reactive current references are determined as

gsc+> = gse—

n= 1§§'Z/(|K+QAVLV+| +|K—QAVLV—|)

{A[Q* NS }={7]K+QAVLV+,77K_QAVLV—}
4.9
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Combining (4.2), (4.3), and (4.7) yields:

g+ A790* pre
d+* VLV+A1gsc+ Pgsc
gy, v, 0, -0 (4.10)
LV+ v+ ©08(0p . —6)) :
g+* _ d+ o* q+pre
]gsc+ - LV+A[gsc+ VLV+ ]gsc+

Then the positive sequence limiter in Fig. 4.9 and negative-sequence limiter in Fig. 4.5 are employed
to avoid overcurrent. Per IEEE 2800 standard, IBRs are expected to fully utilize the maximum current
capacity. Hence, a scaling method [111] is employed to ensure that the faulty phase current can reach the

current limit, as given by

Keare = Tt fmax (|1 12| 1) 4.11)
ydg+* dg+*
Ig?c+ = Kscalelg?; (4 12)
7dg dq—* '
Igsqc = scalelggc
4.1.2.2 Virtual Impedance-based Limiter for GFM-IBR
For GFM-IBRs, the O-droop control can be expressed as
(4.13)

EF =V +Dy(0"-0,,)
EfT =0
where Do denotes control gain. The VI-based limiter restrains fault currents by modifying voltage

references:

ver=E™ R, I 4 X, T

vir+* gsc+ vir+* gsc+ (4 14)
q+* _ pgt* q+* d+* '
VLV+ - E+ szr+[gsc+ Xvu +[gsc+

where {Ryir+, Xvir+} denotes the virtual resistance and reactance. When Iy, exceeds I‘é‘s’&,, the virtual

impedance is given by
AV (1+ jO')

vzr+ Rv1r+ vu +
lzm /1 to
gsc+

where o denotes the pre-defined ratio of X,;+ over R,;+. AV denotes the positive sequence voltage drop

(4.15)

across the Z,;-, . To ensure I1 reaches Iég”& under FRT mode, a PI controller is employed to regulate the

current reference tracking the current limit. The details of control loops can be found in section 3.1.3.
4.2 Short-Circuit Solver

4.2.1 Framework of Short-Circuit Solver

The proposed short-circuit solver is illustrated in the framework of Fig. 4.10. First, set the IBR
location and read user inputs, including IBR configuration and selection of FRT strategies. Fault scenario
is selected to generate the system matrix A that includes the fault represented with switches, then compute
sequence domain equivalent impedance (Z,,) and equivalent voltage source (V.,) of the network as seen
from GFM-IBR locations with VI-based limiters. The Z,, and V., are used to compute I1 injection by
(4.5). For IBRs with CS-based limiters, the current injection is determined by the FRT strategy. Once the
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phasors I1 and 12 are computed for each IBR, they are converted in the abc domain for updating system

voltages using the MANA formulation [142], [152].

Stil't } MANA Iterative Solver
. ! 11 12
Set the IBR location | Compute and_
______________ 1y for each IBR using
: User Input I [T short circuit model
' algorithm

I
Input IBR configuration :
I
I
I

[
[

I v [

I [

: Select the FRT strategy } Calculate abc-domain

———————— # Il current distribution
[
[
[
[
[
[
\

Choose fault scenarios and phasor and bus
. voltage phasor
generate system matrix A

v
Calculate Z,,and Ve, | Converge? —
of AC network I ?i 777777777

Current distribution and

End bus voltage result output

Fig. 4.10. Framework of the proposed short-circuit solver.
B. Phasor Domain Short-Circuit Model Algorithm
The main short-circuit solver algorithm encompasses the following aspects:
1. User Input:
1.1. Input IBR configuration, including:
- IBR parameter: [}, [}, K2, K9 Do, V', Q" 0, kg, kq.
- Pre-fault value (steady state value in normal operation): 8, [ Lg:cﬁre, and Izpsrce.
1.2. Select the employed FRT strategy or limiter, including:
1-Instantaneous limiter; 2-Magnitude limiter; 3-Priority-based limiter; 4-2800 limiter; 5-VI-based
limiter for GFM-IBR only.
2. Short-circuit model algorithm:
2.1. Current reference generation:

IF the employed limiter==4

Calculate AIgQ * . and AIZ

sc+ gsc—

by (4.9);
ELSE

Qx* *
Calculate Ij,, and IgQSC_

by (4.2) and (4.3);
END
Calculate 155 by (4.6).

2.2. Negative sequence current limiter:

IF [Z, > [im
Igse— = 1%
END
I3y = 153 — |Ige_;
Calculate I~ and Ijs._ by (4.4);

= d— . vq— ji(0o—angle(18s+519.7 )
Igse- = abs(lgsct +]155ci)ej( omang (gsc Tgsc-) .
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2.3. Positive sequence current limiter:

The details of each current limiter are presented as below:

Algorithm 1 Instantaneous limiter

d+lim jq+limy) _ limx limx).
{Igsc+ 'Igsc+ }_ {kdlgsc+'kq1gsc+}7

IF [9F > [atim

gsc+ gsc+
Iq+* _1q+lim_
gsc+ — ‘gsc+ >

q+* q+lim

ELSE IF [[" < —I17"
Iq+* _ Iq+lim_
gsc+ — " lgsc+ >
END
END

P18, >
Id+* — Id+lim .

gsc+ gsc+ > ]
ELSE IF I&5, < —I&m
Id+* — _Id+lim.

gsc+ gsc+ >

END

END

Fd+x Fq+* * +* Fx Fd+% . 57q+* i
{IgSt+'I;sc+} = {I;]iS-EW Igsc+}; IgSC+ = (I.gs-t‘+ +]I;]Isc+)8190;
RETURN I},

Algorithm 2 Magnitude limiter
* dq+*

Igsc+ = abs('Iggc-: >

IF [, > 117,

I* — Ilim .

gsc+ gsc+»

END

. dq+x*
i* _ 1* . 7* _ i* ](60+an‘gle(1g§c+ ))
gsc+ = lgsc+s gsc+ = lgsc+€ 5

RETURN I},

Algorithm 3 Priority-based limiter

q+x lim
IF [37, > i,
Iq+* — Ilim .
gsc+ — ‘gsc+»

ELSE IF [0 < —Ilim,

gsc+
q+x _ im .
Igsc+ - _Iélsnclﬂ
END
END

. . 2 cotx \2
IF Igds+c+ > \[(If;lsrg+) - ([5_:;+

; 2 = 2
d+* _ lim _(79t* )~
Igsc+ - \/(Igsc+) (Igsc+ ’

., ~a+x \2
ELSE IF [, < —J (1) — (I3,
. . 2 ~g+x* \2
g == ()’ - ()’
END
END

fd+x FATEY _ frd+s g4 ) e (fde 4 A% ) ,)60.

{Igsc+'1gsc+ - {Igsc+'lgsc+}’ Igsc+ = (Igsc+ +]Igsc+)e] o3
T*

RETURN T,

Algorithm 4 IEEE 2800 compliant limiter

Calculate {I§t5, 1750, 165, Igse—} by (4.4) and (4.10);

q+x li
IF 1057, > [im,
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Iq+* — Ilim .

gsc+ gsc+>

+x i
ELSE IF I3 < =1},
IQ+* — _Ilim .
gsc+ gsc+»
END
END

i > () - (85)°
= 0l - ()"
ELSE IF %, < —\/ (1dim)* = (132’

i = ()’ - ()"

END
END
I;sc+ = (Igst: +j[;;;1)3190;

T Sd—x g —% jl8o—angle id_c*_+jiqs_;_
I = abs(lgsc_ +]I;SC_)3 ( o (gs g )))
Ig;c_* = [0 I;sc+ I;sc—];

21
a=e3A=[1 1 L1 o> w1l a a?l;

lim

- I SC
Jebex — 4[0+—*- K — g .
sc sc s Dscale >
g g max(abs(lgsbf*))
T* . — T* . T* . — T* .
Igsc+- - Kscalelgsc+ > Igsc—- - scalelgsc— >

RETURN I}, I

Algorithm 5 Virtual Impedance-based limiter

Assume Z ;. = 0, calculate I 55, by (4.5);
IF abs(Iysc4) < 1M,

Ryiry = 05 i;sc+ =l gscy;

ELSE IF abs(I g, ) > I1m,

Calculate E¢** by (4.13);

Ei”*eje" —Veq+

Ryir, = abs ((T —Zes)/(1 +j(7)>;

j| angle 4E$+*ejgo_veq+
- lim Ryir+(1+jo)+Zeq+ )
Igsc+ = Igsc+e 5
END
END

RETURN T,

The VI-based limiter is only used in GFM-IBR. The CS-based limiters are applicable to both GFL-

and GFM-IBRs. Since the pre-fault values 8, and 177" for GFL- and GFM-IBRs differ, their outputs

gsc+
will not be identical even when using the same CS-based limiter.

2.4. Updating LV-side current phasor:

Iippy = Ty _VLV+/Zf+

*

iIBR— = igsc— _VLV—/Zf—

where {Z L f_} denotes the phasor domain equivalent impedance of shunt filters.

4.2.2 Iterative Solver

(4.16)

The proposed short-circuit models can be implemented within a MANA-based iterative solver. For
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each fault scenario, a sparse system matrix A is built in the phase domain that can also handle unbalanced
distribution systems. The iterative process is described as follows:

Step 1. Compute currents in the sequence domain and transform: The set of {Ipg, I;gr_} is
calculated using the proposed short-circuit models, and transformed into three-phase currents I}z and
populated into b. Hence, b = [I;3z V,, 0]T. V, denotes the known voltage sources in the system.

Step 2. Calculate current distribution phasor and bus voltage phasor: Using sparse LU factorization,
the equation Ax = b is solved to update nodal voltage phasors V and LV-side voltage phasors {V;,,,
V,y_}. The dg+ and dg— components of LV-side voltage phasors:

oy, =angle(V,, . )—6,

Oy_ =8 —angle(V;,_)

{VLdI;r+ VL(1;+} =abs(Vyy,){cos Sy, sindy, | @17
(Ve Vi) =absvy, ){coss,_ sins, |

Then go to step 1 for the next iteration until the convergence criterion (4.18) is satisfied. € denotes

the predefined tolerance for convergence. For the £-th iteration,

{AVLV+ =abs(V ) —abs(V ) < & @18)

AV, =abs(Vis" ) —abs(V P ) < &

When integrating high-penetration IBRs, the nonlinearity of FRT strategies can compromise the
numerical stability of iterative mechanisms, potentially causing non-convergence. To address the
challenge, this chapter integrates the secant-based variation of Newton’s method proposed in [144] into
MANA formulation, which represents IBRs by a Norton equivalent in each iteration. The Newton-
Raphson-based solver [144], [145] linearizes the short-circuit model of IBRs I3z = f(V,}) around the
solution of the &-th iteration (£>1), as given by
o (V)

(k)

LV
From (4.19), the IBR model can be linearized to a Norton equivalent, i.e., a virtual admittance

iIBR = i}é}e + (VLV _Véllc/)) (4.19)
Y gr = 0f (V1) /0Vy in parallel with an ideal current source. This added linearity allows for seamless

integration of the IBR model equations with the network's linear equations. For the £-th iteration (A>1),

the virtual admittance can be determined as

k) F(k-1

YI%Z% = _af(VLV) __ Iigh — Tz (4.20)
k k k-1
vy Vv

Assuming the Norton admittance in the k-th iteration (k>1) to be given by YE,’;L, an additional

admittance matrix can be denoted as

Y= diag{[yg,; 0}} (4.21)
The system equation becomes
7(k k k+1 k
I Y (v -viy)
A[VL(/;H) I’(nk+l):|T _ v, (4.22)
0

108



7k k k
[ vy
[A+Y][VL(’;+” I,(nkH)J = v, (4.23)
0

The solver updates node voltage phasors until criterion (4.18) is satisfied.

4.3 IBR Short Circuit Model and Solver Verification

4.3.1 Test System and Fault Cases

In this section, the proposed IBR short-circuit models and solver are verified by comparing the
iterative solution with EMT simulation results. A modified 500 kV/60 Hz IEEE 39 bus system integrated
with GFM- and GFL-IBRs is used, as shown in Fig. 4.11. Each IBR plant contains an aggregated model
of full-size-type IBR units with the PNSC scheme. Droop control is employed as the GFM primary
control. The IBR configuration can be found in Table 4-1. For demonstration purposes, two combination
schemes of FRT strategies are set in this system:

Scheme I: IBR1 (GFM mode, magnitude limiter); IBR2 (GFM mode, Instantaneous limiter); IBR3
(GFL mode, priority-based limiter).

Scheme II: IBR1 (GFM mode, 2800 limiter); IBR2 (GFM mode, VI-based limiter); IBR3 (GFL

mode, priority-based limiter).
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Fig. 4.11. Modified IEEE 39 bus system integrated with GFM-IBR and GFL-IBR

TABLE 4-1
Configurations of IBRs
Parameter Value
DC voltage, DC capacitor 1.15kV, 15 kJ/MVA
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Parameter Value
Choke impedance, Shunt filter impedance 0.01+0.15j pu, -11.107j pu

I plim 0.6 pu, 1.2 pu
Pre-fault [1R 0.022 pu
K factor 3
ka, kq 0.5,0.5
Do, o 0.04, 1

To demonstrate the accuracy and efficiency of the proposed model, three typical fault scenarios are

performed, as below:
Case 1: Bolted line-A-to-ground (AG) fault at B25.
Case 2: 10 Q line-A-to-line-B-to-ground (ABG) fault at B27.
Case 3: 5 Q line-B-to-line-C (BC) fault at B14.
In system matrix A, the switches can be set to 0 (open) or 1 (closed) for changing fault scenarios,

including any type and number of simultaneous shunt or series faults. The sparsity pattern of matrix A is

shown in Fig. 4.12.
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- 400t
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Number of nodes = 2799

Fig. 4.12. Visualized sparsity pattern of matrix A

4.3.2 Accuracy under Various FRT Strategies

Table 4-2—Table 4-6 present the voltage and current phasors, formatted as “magnitude (angle)”. The
magnitude is expressed in per unit (pu) and the angle in degrees. The predefined tolerance for
convergence is set to 0.0005 pu. In EMT simulation, FRT strategies are activated at the inception of faults
and continue to operate without interruption for validation purposes.

The comparison of the iterative solver with EMT simulations shows that the proposed models
accurately estimate the current contribution and voltage support capability of multi-IBRs under various
FRT strategies. The absolute error is within 0.01 pu in magnitude and 2.1° in angle, caused by the

tolerance for convergence, pre-fault conditions of IBRs, and the simplifications in IBR controllers.

TABLE 4-2
Phasors of IBR1 under Magnitude Limiter (Scheme I)

Mag. Mag. Ang. Ang.

Case Variable EMT Short-circuit Model Absolute Relative Absolute Relative
error error error error
1 Viva 0.553 (17.411°) 0.553 (17.447°) 0.001 0.11% -0.04° -0.20%
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Vive 0.799 (-87.518°) 0.798 (-87.478°) 0.000 0.01% -0.04° 0.05%
Vive 0.846 (131.664°) 0.846 (131.668°) 0.000  0.03% 0° 0.00%
1ira 1.067 (-27.526°) 1.065 (-27.352°) 0.002 0.20% -0.17° 0.63%
Iisry 0.166 (-139.702°) 0.163 (-138.333°) 0.003 1.65% -1.37° 0.98%
IisRe 1.016 (143.759°) 1.018 (144.022°) -0.002  -0.19% -0.26° -0.18%
Viva 0.803 (22.192°) 0.807 (22.027°) -0.004 -0.44% 0.17° 0.75%
Vive 0.804 (-87.319°) 0.807 (-87.532°) -0.003  -0.39% 0.21° -0.24%
) Vive 0.928 (147.392°) 0.931 (147.225°) -0.003  -0.35% 0.17° 0.11%
IiBra 1.195 (6.874°) 1.196 (5.902°) -0.001 -0.06% 0.97° 14.14%
Ligry 0.796 (-124.158°) 0.801 (-125.555°)  -0.005 -0.62% 1.4° -1.13%
Iipre 0.902 (145.112°) 0.897 (143.849°) 0.005 0.59% 1.26° 0.87%
TABLE 4-3
Phasors of IBR2 under Instantaneous Limiter (Scheme I)
Mag. Mag. Ang. Ang.
Case Variable EMT Short-circuit Model Absolute Relative Absolute Relative
error error error error
Viva 0.351 (21.437°) 0.352 (21.254°) -0.001 -0.17% 0.18° 0.85%
Vive 0.75 (-80.812°) 0.752 (-80.911°) -0.001 -0.15% 0.1° -0.12%
1 Vive 0.758 (126.094°) 0.76 (125.989°) -0.002 -0.22% 0.11° 0.08%
Iigra 0.915 (-44.249°) 0.918 (-44.561°) -0.003 -0.29% 0.31° -0.70%
Iisro 0.183 (66.768°) 0.184 (68.335°) -0.002 -0.99% -1.57° -2.35%
Iigre 0.866 (147.096°) 0.863 (146.794°) 0.004 0.42% 0.3° 0.21%
Viva 0.802 (18.675°) 0.803 (18.527°) -0.001 -0.17% 0.15° 0.79%
Vive 0.797 (-89.908°) 0.798 (-90.087°) -0.001 -0.10% 0.18° -0.20%
) Vive 0.933 (144.63°) 0.934 (144.493°) -0.001 -0.10% 0.14° 0.09%
Iigra 0.922 (-9.26°) 0.919 (-9.628°) 0.003 0.32% 0.37° -3.97%
Ipry  0.601 (-156.672°) 0.602 (-157.25°) -0.001 -0.11% 0.58° -0.37%
Ligre 0.527 (132.876°) 0.523 (132.318°) 0.005 0.88% 0.56° 0.42%
TABLE 4-4
Phasors of IBR3 under Priority-based Limiter (Scheme I)
Mag. Mag. Ang. Ang.
Case Variable EMT Short-circuit Model Absolute Relative Absolute Relative
error error error error
Viva 0.93 (31.518°) 0.932 (31.477°) -0.002 -0.26%  0.04° 0.13%
Vive 0.988 (-87.723°) 0.991 (-87.745°) -0.003 -0.34%  0.02° -0.02%
1 Vive 0.971 (148.949°) 0.974 (148.882°) -0.003  -0.33%  0.07° 0.05%
Iigra 1(10.946°) 1(10.395°) 0.000 -0.03%  0.55° 5.03%
Iigry 0.943 (-103.3°) 0.942 (-103.816°) 0.001 0.10% 0.52°  -0.50%
Iipre 1.056 (136.439°) 1.056 (135.96°) 0.000 -0.02%  0.48° 0.35%
Viva 0.937 (30.007°) 0.939 (29.99°) -0.002 -0.25%  0.02° 0.06%
Vive 0.952 (-86.849°) 0.955 (-86.833°) -0.003  -0.29% -0.02°  0.02%
) Vive 0.989 (150.819°) 0.992 (150.799°) -0.003 -0.32%  0.02° 0.01%
I1Bra 1.051 (13.096°) 1.053 (12.655°) -0.003  -0.25%  0.44° 3.37%
Iigry 0.947 (-107.113°) 0.949 (-107.523°)  -0.002 -0.21% 0.41° -0.38%
Iipre 1 (138.135°) 1.003 (137.727°) -0.003 -0.28%  0.41° 0.30%
TABLE 4-5
Phasors of IBR1 under 2800 Limiter (Scheme IT)
Mag. Mag. Ang. Ang.
Case Variable EMT Short-circuit Model Absolute Relative Absolute Relative
error error error error
2 Viva 0.817 (23.408°) 0.82 (23.302°) -0.002 -0.26% 0.11° 0.45%
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Vive 0.819 (-86.257°) 0.821 (-86.364°) -0.002 -0.27% 0.11° -0.12%
Vive 0.942 (148.511°) 0.945 (148.398°) -0.002 -0.27%  0.11° 0.08%
11Bra 1.2 (3.181°) 1.2 (3.034°) 0.000 0.01% 0.15° 4.64%
IRy 0.82 (-129.951°) 0.819 (-130.141°) 0.001 0.11% 0.19°  -0.15%
Iigre 0.876 (140.087°) 0.875 (139.992°) 0.001 0.09% 0.09° 0.07%
Viva 0.984 (29.606°) 0.987 (29.527°) -0.002  -0.23%  0.08° 0.26%
Vive 0.828 (-93.745°) 0.83 (-93.804°) -0.001 -0.18%  0.06° -0.06%
3 Vive 0.871 (157.006°) 0.873 (156.962°) -0.002 -0.24%  0.04° 0.03%
1Lira 0.944 (28.485°) 0.943 (28.361°) 0.001 0.11% 0.12° 0.43%
Ligry 1.2 (-114.944°) 1.2 (-115.181°) 0.000 0.02% 0.24°  -0.21%
Ligre 0.715 (116.926°) 0.713 (116.612°) 0.002 0.27% 0.31° 0.27%
TABLE 4-6
Phasors of IBR2 under VI-based Limiter (Scheme II)
Mag. Mag. Ang. Ang.
Case Variable EMT Short-circuit Model Absolute Relative Absolute Relative
error error error error
Viva 0.822 (25.545°) 0.828 (25.124°) -0.006 -0.74%  0.42° 1.65%
Vive 0.833 (-83.418°) 0.839 (-83.888°) -0.005 -0.65% 0.47° -0.56%
) Vive 0.962 (150.529°) 0.968 (150.119°) -0.006 -0.64% 0.41° 0.27%
1I1BRa 1.199 (2.003°) 1.199 (0.528°) 0.000 -0.04% 1.47° 73.64%
IBrp 0.792 (-132.874°) 0.799 (-134.958°) -0.007 -0.85% 2.08° -1.57%
Iigre 0.851 (140.764°) 0.843 (138.893°) 0.009 1.00% 1.87° 1.33%
Viva 1.031 (31.438°) 1.035 (31.254°) -0.004 -0.38%  0.18° 0.59%
Vive 0.906 (-91.469°) 0.909 (-91.618°) -0.003 -0.34% 0.15° -0.16%
3 Vive 0.932 (156.743°) 0.936 (156.592°) -0.004 -0.42%  0.15° 0.10%
1Lira 0.95 (23.944°) 0.947 (23.22°) 0.002 0.26% 0.72° 3.03%
ILigry 1.19 (-113.511°) 1.191 (-114.266°) 0.000 -0.02% 0.76° -0.67%
Ligre 0.808 (119.096°) 0.808 (118.157°) 0.001 0.07% 0.94° 0.79%

To examine the performance of FRT strategies, Case 2 (Scheme I) is taken as an example. The

current injection requirements specified in the IEEE 2800 standard are summarized as below:

(a) IBRs shall be capable of injecting current up to the maximum current limit under FRT mode.

(b) For full-size-type IBR, 12 shall lead V2 by 90°—100°.

(¢) During unbalanced faults, the incremental 1R shall not be lower than the incremental I12R.

Table 4-7 shows the phase currents of IBR2 under different FRT strategies. With the 2800 limiter,
the current in the faulty phase reaches the current limit (1.2 pu), fully utilizing the converter's current
capacity. The active and reactive current contributions of IBR2 under different FRT strategies can be
calculated by (4.1), as shown in Table 4-8.

TABLE 4-7

Phase Currents under Different Current Limiters

Current limiter Iigr, IRy Ligr.
Instantaneous limiter 0.917 (-9.47°) -9.468 (0.6°) 0.597 (-157.25°)
Magnitude limiter 1.195 (7°) 6.996 (0.77°) 0.766 (-125.48°)
Priority-based limiter 1.197 (4.45°) 4.446 (0.78°) 0.779 (-129.29°)
2800 limiter 1.2 (4.51°) 4.515 (0.78°) 0.781 (-129.18°)
VI-based limiter 1.199 (0.57°) 0.566 (0.8°) 0.799 (-134.98°)

TABLE 4-8

Active and Reactive Currents under Different Current Limiters
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Current limiter e 1%y Tare I2e_ Viv+ Vir-

Instantaneous limiter 0.52 038 0.00 0.28 0.844 (24.241°) 0.092 (-93.923°)

Magnitude limiter 0.85 035 0.00 0.28 0.849 (32.297°) 0.092 (-92.716°)
Priority-based limiter 0.84 039 0.00 0.28 0.86 (31.594°) 0.092 (-92.802°)
2800 limiter 0.84 039 0.00 0.28 0.86 (31.648°) 0.092 (-92.782°)
VI-based limiter 0.81 045 0.00 0.28 0.875 (30.454°) 0.092 (-92.952°)

With the magnitude limiter, the incremental I1R is lower than the incremental I2R, violating the
IEEE 2800 standard. In addition, with these FRT strategies, [2A equals 0, indicating that 12 leads V2 by
90°, meeting the IEEE 2800 standard. The VI-based limiter demonstrates the highest magnitude of V1,
indicating that it is the most effective method for providing voltage support. Overall, following the steps
of the proposed short-circuit calculation method, the system operator can efficiently perform short-circuit

analysis of IBR-rich systems for protective relaying studies and the evaluation of FRT strategies.
4.3.3 Robust Convergence

The section shows that the Newton-based iterative solver shows superior convergence
characteristics and addresses the non-convergence issue under the conventional fixed point-based solver.
Fig. 4.13—Fig. 4.15 shows the iteration process. Fig. 4.16 shows the comparison between the Newton-
based iterative solver and the fixed-point iterative solver using MANA. Table 4-9 presents the iteration

numbers for various scenarios.

TABLE 4-9
Comparison of Iterations of Short-Circuit Solvers
Case Number of iterations
Fixed-point solver | Newton-based solver
1 12 7
2 103 10
3 Non-convergence 11
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Fig. 4.13. Current contribution of IBRs in Case 1 (Scheme I)
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Fig. 4.16. Phase C current contribution of IBR1 under different solvers (Case 3, Scheme II)

4.4 Conclusion

Modern grid codes require IBRs to implement specific FRT strategies, which introduces complexity
in current limiter design and short-circuit analysis. This chapter addresses these challenges by proposing
phasor domain short-circuit models of IBRs incorporating various FRT strategies and an iterative solver
for rapid short-circuit calculation in IBR-integrated power systems, combining a modified Newton
algorithm with MANA formulation. The key findings demonstrate:

(a) With the CS-based limiter, the current contribution of IBRs is determined by their FRT strategies.

With the VI-based limiter, the current injection of IBRs is determined by the equivalent voltage and
impedance of IBRs and AC systems.
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(b) The proposed short-circuit model accurately estimates the current contribution and voltage
support capability under steady-state fault conditions. The MANA formulation with Newton-based
iterative solver shows superior convergence and addresses non-convergence issues when compared to
the MANA formulation with fixed-point solver.

(c) From the comparative studies on these FRT strategies, the IEEE 2800 compliant limiter fully
utilizes converter current capacity, and the VI-based limiter enhances the voltage support capability. The
proposed short-circuit models enable protection engineers to efficiently analyze short-circuit behavior in
IBR-integrated systems, support FRT strategy development, and conduct comprehensive protective

relaying studies.
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5 Impact of Grid-Forming IBR on Protection Elements

5.1 Impacts of GFM-IBR on Apparent Impedance Measured by Distance Relays

5.1.1 Impacts of Grid-Forming BPSC on Apparent Impedance

In this section, boldface letters denote vectors. Italic letters denote complex space vectors. The

symbol notation is given by

{x =/t = Re(x)+ jIm(x) 5.1)

6, = £x = arctan(Im(x)/Re(x))
x 0= [x+ x x° T
x¥ = [xd x4 ]T (5.2)
<abe — |:xa U T
where +, —, and 0 denote the positive, negative, and zero sequence components, respectively. dg and abc

denote dg components and three-phase components, respectively. By using the symmetrical component

method, the transformation between the sequence components and phase components is defined as

+ N 0
a a a
1 1 1), |1¢ 1 T} 53)
Tﬁg =| g/240°  G120° = T+b Tt Tob
Q1207 ,j240° e ¢ T¢I
The sequence components for each phase (4=a, b, or c) are derived as
=T x =T 1T a0 o e (5.4)

To analyze the impacts of GFM-IBRs on protection systems, a typical two-bus transmission system
integrated by GFM-IBRs is displayed in Fig. 5.1. The distance protective relay is installed on bus M. The

apparent impedance equals the ratio of the locally measured voltage v, over the locally measured

current ; . Considering the influence of R, the apparent impedance equals

m .
lm m

I
z =v—m=zld+.in (5.5
i

where R, and i, denote the fault resistance and current, respectively. z,_denotes the impedance of the
main IBR transformer. z denotes the unit impedance of the transmission line. / and d denote the line

length and fault distance, respectively.
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converters -

Fig. 5.1. Two-bus transmission system integrated by GFM-IBRs during faults.
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To calculate the apparent impedance for ground faults and phase faults, assume the line-A-to-ground

(AG) and line-A-to-line-B (AB) faults:

i
2 =zfd+—L R (5.6)
S T ot + kol !

ab _ _+ if
Zy =z7d+ T4 §70 _pb §+0 Rf (.7)
+-0"m +-0"m

where f, denotes the coefficient for the zero-sequence compensation. From (5.6) and (5.7), considering

the influence of fault resistance, the sequence behavior of GFM-IBRs will affect the impedance trajectory.
Due to the hardware limits, IBRs may not be able to operate as GFM-IBRs that maintain voltage and
frequency support during faults. According to IEEE Std. 2800-2022, GFM controls have two operation
modes: Actual GFM mode, which requires adequate headroom in current and energy, and Restricted
mode, which is activated when hardware limits are reached. In this section, the impacts of GFM BPSC
in the two modes are discussed separately.

5.1.1.1 In the Actual Grid-Forming Mode

During unbalanced faults, three-phase measured voltages are expressed as

AR A

A cos(a)nt+ L+ 5¢) (5.9)
Vit =y cos(a)nt+év;, —5¢)

v

where ga =0°, 56 =-120° and ¢ =120°. o, denotes the nominal angular frequency.

iz od vy (I-d)z 7

Wiz dz (-d)z }Zeq

F—--J—H 0 ] _ _ _
i,?, 22. le0 (- a’)Z;O Zg } . 2y dz (I=d)z oz
[

(a) AG fault (b) AB fault
Fig. 5.2. Equivalent sequence network integrated by GFM-IBRs.
In the fault steady state, when the converter currents are below the current limits, the current limiter
is inactive. The positive sequence terminal voltages of GFM-IBRs are supported by the inner voltage

control, thus
d . d+* . * * *
p eyt =yt et =" 10, (0 -0) (5.9)
where Q denotes the reactive power. D, denotes the damping coefficient of the reactive power. The

superscript * denotes reference. The phase voltage is given by

V=t cos(a),t+ACv+ +5¢) (5.10)
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yr= (V"’+ )2 +(Vq+ )2

£v?" = arctan (V“/V“’+ )

(5.11)

where ¢, equals @, . For AG and AB faults, the equivalent sequence network is established in Fig. 2 (a)

and (b), respectively.
From Fig. 5.2 (a), the AG fault current equals

v v g ((1-d)z 2y 5.12)
4 Rf+z;q +qu Rf+z;q +z£q

where z, denotes the equivalent impedance. The sequence-domain equivalent impedances are

determined as

. :(z;+dz,+)((l—d)27+zg) (5.13)
“ zy +lz) + 2z
_ :(Z; +z, +dz;)((l—d)zf +Z§) (5.14)
“4 z, +z, +lz; +z,
P :(zﬁ+dz?)((1—d)z?+zg) (5.15)

eq 0 0. 0
Zy +lz) + 24

The sequence components of measured currents are determined as

L v v rig (=)= v zy)

it =it = (5.16)
m s +
Zey
/PR (G E ) (5.17)
" 4z 4dry oz 4z, +lz + zy
iz
0 _ .0 _ ‘feq (5.18)
m =1 =75 0 ’
z, +dz

From (5.12) and (5.17), the fault current and measured current are related to the negative sequence

impedance of GFM-IBRs. Combining (5.12) to (5.18) yields

b _ i, ((Z—d)zf“é) +(1+ko)23q

; B ; z, +z, +lz; +z; zg. +dzlo
x (5.19)
(v+ _v})(Rf+Z£q +qu) e (1+k0)zgq
a R 0 0
ZegVr z,. +dz;
zy =(1=%)((1=d) 7 +2;) (5.20)

Similarly, from Fig. 5.2 (b), the zero sequence equivalent impedance and fault current are given by
0
z,, =0
“ (5.21)
.+ —
i —vf/(Rerzeq)

118



.ab .+
ZL:li(l_ej240°)_x(l_ej1200)

iy iy
D Loan G (G R

+ +
ZegVy

(5.22)

Therefore, jf,’l / i r and j;b /i / are closely related to the term x containing - . This indicates the

z; will affect the apparent impedance under unbalanced faults with a resistance.

Under the synchronous reference frame, double-frequency negative sequence components exist in
the GFM control loop. The current references are regulated by the inner voltage control based on dg

voltages, as given by

s

i~ pJ2o, (F 4w,
iy =R (v lf v ) (5.23)
where A;“’n = ejafhéﬂ denotes the complex gain of measurement filters under the system frequency.

Réz“’n = kp c+kic / J20, denotes the complex gain of PI regulators under the double frequency. C=i and

v denote the inner current control and inner voltage control, respectively.
Since the voltage references are only positive sequence components, the double-frequency

oscillations in ;-* are conveyed by the ,,—. The double-frequency negative sequence components of

converter voltages are determined as

vy = A (\f —z,i; +R/* ( RI2¥ny™ 4i )) (5.24)
The equivalent negative sequence impedance is given by

A (B VP

s =

(5.25)

Z —
lS

‘n 2 n j2 n .n
l_ljj’(l) _Rv] a)le a);t;a)

Since the phase shift is relatively minimal, the angle of the equivalent negative sequence impedance

is approximately given by

z; ~—1/R>™ (5.26)
. 2
Z; = - 2 - (5.27)
J, ) +(ky /20,))
ALz, = AC(—I/RVJQ”" ) = arctan(kiv/za)nkpv) (5.28)

From (5.27) and (5.28), considering the influence of fault resistances, the trajectory of the apparent
impedance can be altered by the parameters of the inner voltage control. The sensitivity of distance
protection may be reduced by improper inner control parameters.

5.1.1.2 In the Restricted Mode

Under severe grid faults, the converter currents can exceed the current limits. Then the current

limiter is active to suppress the converter currents. The magnitude and angle of the total current are

m >

i vic| (5.29)
iy = £ (i +i7)
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From (5.29), the current references are modified by the CLM. The inner voltage control is not able
to influence the negative sequence impedance, as the current output is limited. Consequently, advanced
FRT solutions, such as current saturation-based and virtual impedance-based methods, are developed to

improve the FRT capacities. Assuming that the current capacity is fully utilized, i.e., i, =~ I i, we

have
. . 0 li . 0
a m
by I e Iy Ll Zy (5.30)
. . 0 0 . 0 0
Iy Iy z,+dz Iy z,+dz
i240° .+ i120° .— . i240° .+ i120° .—
ab - e/ Vit el VT ) lim - (e-’ ii+el Vi )
@i, (P AL 5 : (5.31)

i ir Ir by Ir
where ii and i; are determined by FRT solutions for current limiting. From (5.30) and (5.31), the
apparent impedance in fault steady state changes as 7’7" varies. xi, can be altered by different FRT

solutions, ultimately affecting the trajectory of the apparent impedance.
5.1.2 Interaction between Fault Ride-Through Control and Apparent Impedance

IBRs can be equivalent to controlled current sources under FRT mode since they are required to
inject specified current per grid codes. Fig. 5.3 shows a simple transmission system with an IBR and its
equivalent circuit for the purpose of illustration. {Va, Iy} denotes voltage and current vectors measured
by the distance relay at the IBR terminal. Z; denotes the equivalent impedance of IBR. I denotes the
current contribution from the external grid. Rr denotes the fault resistance. {Z;i, Z;»} denotes the

equivalent impedance from fault points to each terminal.

Ao

Fig. 5.3. Transmission system with IBR and the equivalent circuit

From Fig. 5.3, the apparent impedance measured by the distance relay can be derived as

Vi _IyZp +1pRp _

Z, = ZLH'M:ZUJF[H'II_GJRF (5.32)

where Iy is determined by the current limiting scheme, as given by

I, |=|if +i;

[l =i+ (5.33)

Ay = £(if +iy )
where |1,,| and x7,, denotes the magnitude and angle of Iy, With the specified scheme, the current
capacity can be fully utilized. Hence, (5.33) can be rewritten as

|IM | = imax
(5.34)
Ly =L(1p+1,)

where Ir and Ip denote active and reactive currents. The derivation indicates that the reactive current

injection can alter the angle of the current vector, affecting the trajectory of the apparent impedance. To
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enable 12 to lead V2 by 90°, I, =0. For the CS-based CLM, (5.34) yields
LIy = £(L+ I+ 1)
= Kscale—ph (Kvscale‘Ql<Jr (l - Vg:r ) + iépm )

|Ié| = Kscale—thscaleQKngi (535)

Kieateg == (imax —10"™) / (‘K+ (1-77)

Kscale—ph = imax /max(iabc)

.
1,

+|K‘Vg‘|)

where i denotes the maximum current limit. Kiweo denotes the scaling factor for reactive current.

-+ pre

i denotes the pre-fault I1R. Kicatepn denotes the scaling factor for phase current.

From (5.32)—(5.35), the apparent impedance Zy, can be altered by the Z1, R, and {K*, K" }. These
impact factors represent the fault proximity, fault resistance, and K factors for reactive current injection,
respectively. Since the interaction between these parameters and Zj, is nonlinear and complicated, EMT-
type tools can be used to analyze the performance of distance protection under these varying impact
factors. For the VI-based CLM, (5.33) yields

|l

A +(ka +kiV/s)AV

irJrrlax (ka +kiV/S)(v;* —V;) i

e (K +hy [s) AV

1

AV = [v;* —(kaI + ki /s)(,':]ax —i;* )]ejtan*'(AX/R)

n X 2 -1/
Imax = T2%max |:7712 + 27712 max(cos(ﬁabc )) + 1:|

LI, =X (5.36)

where {kyy, kiv} denotes PI parameters of the inner voltage control of GFM-IBRs. Ay, : virtual

impedance ratio. {k,ys, kir;} denotes PI parameters of the VI-based limiter. 77, is the current limiter ratio.

The current contribution and apparent impedance Zys can be altered by the PI parameters, virtual
impedance ratio, and current limit ratio. Since the interaction between these parameters and Zy is
nonlinear and complicated, EMT-type tools can be used to analyze the performance of distance protection

under these varying impact factors.

5.1.3 Case Studies

5.1.3.1 Performance of Apparent Impedance Near IBRs with the BPSC

To validate the impacts of GFM BPSC on the apparent impedance during unbalanced faults, four
illustrative examples are presented based on the EPRI benchmark system integrated by a GFM wind park
(WP) in EMTP as shown in Fig. 5.4. The default FRT solution is the CS-based CLM.
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120 kV

149 Q

30 MW 30 MW
_______ 15 MVAR 15 MVAR

Fig. 5.4. EPRI benchmark system integrated by GFM-IBRs.
In the test system, - =0.028+/0.325 Q, /=112 km. The fault point is located at 86 km of the

transmission line (77% of the total length). The magnitude and angle of the total positive sequence line
impedance are 36.5348 Q and 85.0759°, respectively. The reach of zone 1 and zone 2 is 29.2279 Q and
43.8418 Q, respectively.

a) Performance under Different Inner Control Parameters

During an AG fault, when R, =5 Q, 10 Q, 50 Q, and 100 Q, the negative sequence impedance of

GFM-IBRs and apparent impedance are measured under different inner control parameters based on

EMT simulation. Since k,, is sensitive to the stability, k, is taken as the tuning parameter for

illustration. From Fig. 5.5, under different fault resistance, as k,, increases, z- reduces while 92,

gradually approaches —100°. This shows that the inner control parameters have a significant impact on

the negative sequence impedance of GFM-IBRs.

Z; (pu)

50 2000

1400

800 10
1400 5000 5 50200

k. Rf(ﬂ) R.() k

v

10 800

(a) Magnitude (b) Angle
Fig. 5.5. Equivalent negative sequence impedance of GFM-IBRs under different inner control
parameters.

In Fig. 5.6, during an AG fault with R, =50 Q, the trajectory of the apparent impedance is altered
saliently by different inner control parameters. Smaller . reduces the apparent impedance of the GFM-

IBR. This validates the analysis in section 5.1.1. In Fig. 5.7, a maloperation issue of the distance

protection caused by the improper inner control parameters is identified. During an AG fault with R, =7

Q, the apparent impedance locus cannot enter the protection zone 1, causing incorrect operation when

k,,=0.9 and k, =2000. Overall, the apparent impedance measured by the distance relay varies under

different inner control parameters, leading to reduce the sensitivity of the distance protection.
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(a) Time-varying apparent impedance (b) Apparent impedance in the R-X diagram

Fig. 5.6. Apparent impedance under different inner control parameters.

—Fk =11,k =200 — £k =0.9, k. =2000
pv A4 pv iv

zone 1

zone 2

2.5

Fig. 5.7. Apparent impedance locus in the Phase A distance relay under different inner control
parameters.
b) Performance under Different Current Limits

During AB faults with R, =50 €, the apparent impedance is simulated under different current limits,

as shown in Fig. 5.8. As the current limit increases, the apparent impedance reduces under steady state
fault conditions, as elaborated in section 5.1.1. Fig. 5.9 identifies a maloperation issue of the distance

protection caused by the current limit. During AB faults with R, =5 Q, the apparent impedance locus

with a small current limit (1.15 pu) cannot enter the protection zone 1, causing the incorrect operation.

Overall, the current limits alter the apparent impedance and then decrease the sensitivity of the distance

protection.
6 - -
—1"™=1, R =50 Q)
55F - ! -
7 — "=, R=50 Q)
ST ——1"M=1.4, R =50 Q]
s /
45t -
2.2 2.4 2.6 2.8 3
R
Fig. 5.8. Apparent impedance under different current limits.
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Fig. 5.9. Apparent impedance locus in the Phase AB distance relay under different current limits.

¢) Performance under Different FRT Solutions

11 2
Current saturation: ——= - >

Virtual impedance: — > .....>
0.5 3

12=0.56/74 .8°

12=0.4./72.9°

11=0.59/-14.5° 4

[1=0.9/-47.8°

0 0.1 0.2 0.3 0.4 0.5 0.6
X

Fig. 5.10. Phasor representation of sequence currents under different FRT solutions.

—current saturation —— virtual impedance
zone 2 zone 1

4 T T T T T T T

Fig. 5.11. Apparent impedance locus in Phase AB distance relay under different FRT solutions.
During AB faults with R, =6 Q, when £,,=1 and k,, =2000, the sequence currents regulated by the

current saturation-based and virtual impedance-based methods are illustrated in Fig. 5.10. I1 and 12
denote positive and negative sequence currents, respectively. The magnitude and angle of the currents
vary across different FRT solutions. This affects the trajectory of the apparent impedance, as shown in
Fig. 5.11. The FRT solutions alter the current injection, ultimately causing different protection results.

d) Comparison with SGs and GFL converters
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GFM: —=> 11=0.9 /-47.8° > 12=0.4 /72.9°
GFL: —= 11=0.75 /-74.5° > 12=0.62 /-26.1°
SG: —= =215 /37.7° > 12=125 A£10°

)

0 0.5 1 1.5
X
Fig. 5.12. Phasor representation of sequence currents under the GFM WP, GFL WP and SG.

—GFM SG
—GFL zone 2
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T 12141618
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Fig. 5.13. Apparent impedance locus in Phase AB distance relay under the GFM WP, GFL WP and SG.

In this section, fault simulations are considered by replacing the GFM WP with the GFL WP and

SG. During AB faults with R, =5 Q, the sequence currents and apparent impedances under different

generators are shown in Fig. 5.12 and Fig. 5.13, respectively. The GFL WP employs negative sequence
reactive current injection during faults. Hence, there is an 12 contribution of 0.62 pu. Since these sources
yield varying current contributions, the resulting apparent impedances differ. The protection settings

should be designed in accordance with the specific current contribution of GFM-IBRs.

5.1.3.2 Performance of Apparent Impedance Near IBRs with the Current Saturation-based CLM

To study the impacts of IEEE 2800 current injection requirements on distance protection, a modified
IEEE PSRC D29 system integrated with Type-IV WTGs is used, as shown in Fig. 2.17. IBR1 on the left
and IBR2 on the right. Distance relays are located at the point of interconnection (POI) of IBR1 and
IBR2. IBR1 employs the specified current-limiting scheme that meets the IEEE 2800 standard, while
IBR2 employs the conventional FRT scheme that meets German grid codes. The details of the
conventional FRT scheme can be found in [135]. The manufacturer of distance relays is Generic Electric.

The model is GE 60. The protection configuration and line parameters are listed in Table 5-1.
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TABLE 5-1

Protection configuration and line parameters

Protection Functions and Settings Value
direction Forward
shape Quad
RCA 85°
Distance protection range (zone 1/2/3) 80% / 135% / 200%
delay (zone 1/2/3) 0/20/40 cycles
VT ratio 115000:115
CT ratio 500:5
Transmission line R1/X1/B1 5.87/38.29/2.79¢-4 Q
R0/X0/BO 33.3/115.9/1.79¢-4 Q

a) Performance under Varying Fault Proximity

For illustration, 10 Q line-A-to-ground (AG) faults are applied at transmission lines L1 and L2 when

=2 s. The fault distance is set to 30 miles, 45 miles, and 55 miles, respectively. The fault duration is set

to 1 s. Fig. 5.14-Fig. 5.16 show the phase A current angle and reactive current injection under the

specified scheme (IBR1) and the conventional FRT scheme (IBR2). Longer fault distance causes a larger

current angle and a smaller reactive current injection. Fig. 5.17 shows the apparent impedance locus

under the specified scheme (IBR1) and the conventional FRT scheme (IBR2), where red and black lines

denote the border of zone 1 and zone 2, respectively. The results show that IBR1 exhibits greater reactive

current injection than IBR2 since the current capacity of IBR1 is fully utilized. Under the two FRT

schemes, Zone 1 can correctly trip under the fault at 55 miles (78% total length) of transmission lines.

——30 mi (IBR1) ——45 mi (IBR1) 55 mi (IBR1)
---------- 30 mi (IBR2) 45 mi (IBR2) 55 mi (IBR2)
~ 20
< 0r
S 20 KR osummommmmmmmm
40
~60 . . : . 1
2 2.05 2.1 2.15 2.2
Time (s)

Fig. 5.14. Current angle xT7,,, under varying fault proximity

——30 mi (IBR1) ——45 mi (IBR1) 55 mi (IBR1)
---------- 30 mi (IBR2) = 45 mi (IBR2) 55 mi (IBR2)
Z 04 —————————————
= 02 g
00 J / ‘ |
2.1 2.15 2.2
Time (s)

Fig. 5.15. T1R injection under varying fault proximity

——30 mi (IBR1) ——45 mi (IBR1) 55 mi (IBR1)
---------- 30 mi (IBR2) 45 mi (IBR2) 55 mi (IBR2)

\IQI (pu)
o o
(38} EN

2 2.05 2.1 2.15 2.2
Time (s)

Fig. 5.16. I2R injection under varying fault proximity
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——30 mi (IBR1) ——45 mi (IBR1) —— 55 mi (IBR1)
---------- 30 mi (IBR2) 45 mi (IBR2) 55 mi (IBR2)

05 1 15 2 25 3 35 4 45
R(Q)

Fig. 5.17. Apparent impedance Zy, under varying fault proximity
b) Performance under Varying Fault Resistance
For illustration, AG faults are applied at 55 miles of L1 and L2 when =2 s. The fault resistance is
setto 10 Q, 15 Q, and 17 Q, respectively. Fig. 5.18 and Fig. 5.19 show the ratio of |Is4| over |Ij.| and the
apparent impedance locus under the specified scheme (IBR1) and the conventional FRT scheme (IBR2).

— 10 Q (IBR1) —— 15 Q (IBR1) —— 17 Q (IBR1)
---------- 10 Q (IBR2) == 15 Q (IBR2) = 17 Q (IBR2)

o

I, 1

2 2.05 2.1 2.15 2.2
Time (s)

Fig. 5.18. Ratio of |Is4| over |Iy.| under varying fault resistance

——IBR1 ——IBR2
3 12 g
Za 1
=~ 038 ) ) ) )
2 2.05 2.1 2.15 2.2
Time (s)

Fig. 5.19. Comparison of |I | under a 17 Q fault resistance
From Fig. 5.18, the ratio of |Is.| over |Iu,| under the conventional FRT scheme is higher than that
under the specified scheme. The reason is that under fault steady state conditions, |/g,| can reach the
maximum current limit by using the specified scheme, as shown in Fig. 5.19. Fig. 5.20 shows that with
a 17 Q fault resistance, the trajectory of apparent impedance under the conventional FRT scheme cannot
enter zone 1, decreasing the sensitivity of distance protection. In contrast, the specified scheme enables

zone 1 of protection to identify the fault correctly.
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Fig. 5.20. Apparent impedance Zj, under varying fault resistance

¢) Performance under Varying K factors
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Fig. 5.21. Current angle <1,,, under varying K factor
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Fig. 5.22. T1R injection under varying K factor
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Fig. 5.23. I2R injection under varying K factor
For illustration, 10 Q AG faults are applied at 55 miles of L1 and L2 when =2 s. The K factor for
I1R injection (K™) is set to 2, 4, and 6, respectively. Fig. 5.21-Fig. 5.23 show the current angle, reactive
current injection, and the apparent impedance locus under the IBR1 and IBR2. A larger K" results in a
smaller current angle and a larger I1R injection. Moreover, since the specified scheme scales the phase
current, there is a significant oscillation in waveforms when K*=6, increasing the settling time, as shown
in Fig. 5.24. The IEEE 2800 requires a step response time of less than 2.5 cycles and a settling time of

less than 4 cycles for the injected fault current of a fully sized converter unit. Hence, although the fault
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steady state current injection meets the IEEE 2800 when K*=6, the dynamic performance fails to comply
with IEEE 2800. Fig. 5.25 and Fig. 5.26 show that the trajectory of apparent impedance shifts up as K*

increases, decreasing the speed of distance protection.

1 — With phase current scaling
— = Without phase current scaling
=
< 0s /\v
+ Q
~
0
2 2.05 2.1 2.15 2.2
Time (s)

Fig. 5.24. Comparison of I1R injection of IBR1 when K*=6
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Fig. 5.25. Apparent impedance Zj, under varying K factor

+ +

K =4 K =6

~~ . B
G
N
> S on e
= 1.94+j2.94,t=2.1284 s
3k -

’1.82+j2.95,t=2.1411 s ‘ Q‘ PRI
I B -

1.6 1.8 2 2.2 24 2.6
R ()

K'=2

Fig. 5.26. Apparent impedance Z)s and crossover points of IBR1 under varying K factor

5.1.3.3 Performance of Apparent Impedance Near IBRs with the Virtual Impedance-based CLM
The current contribution under the VI-based CLM can be modified by the inner voltage control
parameters and virtual impedance settings. In Scenario 2, 10 Q AG faults are applied at 55 miles of L1

when =2 s. The virtual impedance ratio (A, ;) is set to 1, 5, and 10, respectively. Fig. 5.27-Fig. 5.29
show the current angle, reactive current injection, and the apparent impedance locus under varying Ay p.
A larger Ay, results in a smaller current angle and a larger I1R injection. The settling time increases

and exceeds 4 cycles, which fails to comply with the dynamic performance requirements in IEEE 2800.

Fig. 5.29 shows that the trajectory of apparent impedance shifts up as Ay, increases, decreasing the
sensitivity of distance protection. When A, is 5 and 10, the trajectory does not enter the zone 1 since

the varying A, alters the X1, .
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Fig. 5.27. Current angle x1,,, under varying Ay,

——AX/R=1 —— AX/R=5 —— AX/R=10
02F
£}
o
= 0Ff
+ Q
~
02k - . . ,
2 2.05 2.1 2.15 2.2
Time (s)
Fig. 5.28. I1R injection under varying A, .
—— AX/R=1 —— AX/R=5 —— AX/R=10
341 1
_32f |
)
W oap ]
28 3
2.6 & 1 1 1 L 1 B
2.2 2.4 2.6 2.8 3
R(Q)

Fig. 5.29. Apparent impedance Z), and crossover points of IBR1 under varying Ay,

The PI control parameters can also affect the current contribution of IBRs. In this paper, we use the
integral coefficient for illustration. Fig. 5.30—Fig. 5.32 show the current angle, I1R injection, and

apparent impedance locus under varying £;,, (65,200, 400). The results show that varying k;,, affects

the dynamic performance saliently. However, the modification to the fault steady-state value is minimal,
resulting in little change to the trajectory of the apparent impedance. To achieve the dynamic performance

requirements in IEEE 2800, the PI control tuning of VI-based limiters is essential.

s —k,,=65 ——F,, =200 ——Fk_ =400
TS 40
3 -45
2.05 2.1 2.15 2.2
Time (s)
Fig. 5.30. Current angle X7, under varying k,,,
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Fig. 5.31. I1R injection under varying k;,,
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Fig. 5.32. Apparent impedance Z) and crossover points of IBR1 under varying £,

Fig. 5.33—Fig. 5.35 show the current angle, I1R injection, and the apparent impedance locus under

varying k;, (150,200, 250). The results show that varying k;, affects the dynamic performance and fault
steady state value slightly, leading to a minor change to the trajectory of the apparent impedance.

—kiVZISO —kiVZZOO —kiVZZSO

2.05 2.1 2.15 2.2 2.25 23 2.35 2.4
Time (s)
Fig. 5.33. Current angle <7,,, under varying &,
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Fig. 5.34. I1R injection under varying &,
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Fig. 5.35. Apparent impedance Zj, and crossover points of IBR1 under varying &,

Fig. 5.36—Fig. 5.40 show the current angle and magnitude, reactive current injection, and the
apparent impedance locus under varying 7, (1, 2, 3). The results show that a larger 7, increases the
current magnitude and I1R injection significantly. Due to the larger current contribution, the trajectory

of the apparent impedance shifts downward, improving the sensitivity of protection.
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Fig. 5.36. Current angle x17,,, under varying 7,,

— = =072 ——7,73
—~ 1.2
=
& 1
3038
= 06 . . . .
2 2.05 2.1 2.15 2.2
Time (s)

Fig. 5.37. Current magnitude |7,,,| under varying 7,
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Fig. 5.38. I1R injection under varying 7,
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Fig. 5.39. I2R injection under varying 7,
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Fig. 5.40. Apparent impedance Zj, and crossover points of IBR1 under varying 7,,

5.2 Impacts of GFM-IBR on Negative Sequence Components-based Protection

To validate the performance of the negative sequence components-based protection system, the
instantaneous negative sequence overcurrent (50Q), directional negative sequence overcurrent (67Q),

and fault-identification (FID) elements are tested under a 49-mile AG fault in a modified IEEE PSRC
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D29 system (see Fig. 2.17). Although the impact of GFL-IBRs on the negative sequence-based protection
elements have been studied before, the idea here is to provide the performance of GFM-IBRs with respect
to GFL-IBRs. The protection settings are listed in Table 5-2.

TABLE 5-2
Settings of negative sequence components-based protection

Category Physical meaning Parameter
Relay measurement Vi rat.io 115000:115
CT ratio 500:5
50Q 12 threshold 0.2 pu
Rated current 500 A
6 Directional element characteristic angle 80°
Q Forward and reverse limit angle 85°
Overcurrent thresholds 0.1 A
FID Characteristic angle 50°

The 50Q element activates when I~ surpasses a specified threshold, known as the pickup setting.
From Fig. 5.41, the magnitude of I~ under GFM-BPSC, GFL-PNSC, and GFM-PNSC is 0.28 pu around,
ensuring operation as expected. Whereas, as expected, under GFL-BPSC, this magnitude is around 0.05

pu which is smaller than the pickup setting of 0.2 pu, resulting in maloperation of the protection element

50Q.

04, ——GFL-BPSC
——— GFM-BPSC

=03} GFL-PNSC
S ——GFM-PNSC
E02fp-———————————
&
S01F

O L

1.8 1.9

Time (s)

Fig. 5.41. The magnitude of I” measured by a 50Q element during an AG fault.

The 67Q element [153] identifies the fault direction (forward or reverse relative to the relay) by
measuring the phase angle difference between V™ and I, i.e., the angle of Z~, as shown in Fig. 5.42(a).
Under GFM-BPSC, GFL-PNSC, and GFM-PNSC, the angle of Z~ is —97.9°, —91.0°, and —91.3°,
respectively. Thus, the Z~ vector falls within the forward zone (67QF), and the 67Q element successfully
declares the fault direction as 67QF. In contrast, under GFL-BPSC, the angle becomes 138.2° which is
mistakenly within the reverse zone (67QR), showing that the FRT control can alter the angle of Z~, thus
affecting the fault direction detection by 67Q.

The FID element [63], [153], also known as phase selection, is utilized by protective relays to
determine the type of fault, as shown in Fig. 5.42(b). I° denotes the zero-sequence current. Under GFM-
BPSC, GFL-PNSC, and GFM-PNSC, FID scheme sees a phase angle difference of about —10° between
the I™ and I°, which is within the blue sector, and the scheme successfully declares the fault type as AG.
However, under GFL-PNSC, the measured angle difference is about 115° which falls within the red sector,

and the FID scheme mistakenly detects the fault type as CG.
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Fig. 5.42. Phasors measured by negative sequence component-based protection: (a) 67Q; (b) FID.

Overall, Fig. 5.43 shows the tripping results of 50Q, 67QF, and 67QR. The employed FRT control
solutions in the GFM-BPSC, GFL-PNSC, and GFM-PNSC can address the negative sequence
components-based protection issues for this case. However, GFM-BPSC exhibits a significant limitation
as its current injection is highly sensitive to the inner control parameters and current limits. In practice,
these parameters cannot be freely adjusted to meet current injection requirements. Depending on the
proximity of the fault, the GFM-BPSC may not be able to address the asymmetrical FRT. Hence, GFM-

PNSC and GFL-PNSC will be effective solutions to ensure the correct operation of negative-sequence

component-based protection.

GFL-BPSC GFM-BPSC
50Q 50Q )
67QF 67QF -
67QR 67QR
FID A 1 FID_A -
FID B FID B
FID _C FID C
2 2.1 2.2 23 2 2.1 2.2 2.3
Time (s) Time (s)
GFL-PNSC GFM-PNSC
50Q — 50Q —
67QF - 67QF —
67QR 67QR
FID A LUl FID A L
FID B I FID B '
FID C FID C
2 2.1 2.2 2.3 2 2.1 22 2.3
Time (s) Time (s)

Fig. 5.43. Tripping results under different GFL and GFM control strategies

5.3 Conclusion

In this chapter, the apparent impedance measured by distance relay is elaborated mathematically in

a two-bus system integrated by GFM-IBRs. The results indicate that, during unbalanced faults with
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resistance, the inner control parameters, current limit, and FRT solutions can influence the impedance
locus by providing different positive and negative sequence currents. Particularly, this section studies the
impact of IEEE 2800 IBR FRT requirements on the performance of a line distance relay. The analysis in
a simple system integrated with IBR indicates that the apparent impedance would be altered by the fault
proximity, fault resistance, and K factors for reactive current injection. In a modified IEEE PSRC D29
system integrated with IBRs, the performance of distance protection and negative sequence components-
based protection is explored under various FRT solutions. Main conclusions are drawn as follows:

(1) When the current capability is sufficient, during unbalanced faults, GFM-IBRs can mimic the
positive sequence performance of SGs. However, the inner control parameters may adversely affect the

negative sequence behaviour, thus reducing the protection's sensitivity. In the case studies, smaller £,

leads to the decrease of apparent impedance. The impedance locus may not enter the correct protection
zone under improper inner control parameters. When the current limit is reached, the current limit and
FRT solutions determine the magnitude and angle of current references, which in turn changes the
apparent impedance and ultimately impacts the protection outcomes. In the case studies, larger current
limit leads to the decrease of apparent impedance. The impedance locus may not enter the correct
protection zone when the current limit is small. The variation in current contributions from different
sources (SGs and IBRs) leads to discrepancies in apparent impedances.

(2) Per IEEE 2800 standard, IBRs shall be capable of injecting current to the maximum current limit.
Hence, the ratio of |I4| over |Iy.| under the IEEE 2800-conforming FRT scheme is lower than that under
the conventional FRT scheme, weakening the impacts of fault resistance on apparent impedance
trajectory. Therefore, compared to the conventional FRT scheme, the trajectory of apparent impedance
under the IEEE 2800-conforming FRT scheme is less sensitive to fault resistance, improving the
sensitivity of distance protection. The phase current scaling method in the IEEE 2800-conforming
scheme FRT scheme causes an oscillation in waveforms when the K factor is large, increasing the settling
time. Consequently, the trajectory of apparent impedance shifts up as the K factor increases, decreasing
the speed of distance protection. Hence, the selection of K factors should be based on the converter
current capacity to meet the dynamic performance requirement in IEEE 2800 and improve the speed of
distance protection.

(3) In negative sequence components-based protection studies, maloperation issues of 50Q, 67QF,
67QR, and incorrect faulted phase selection are found under GFL-BPSC. The proposed FRT control
solutions in GFM-BPSC, GFL-PNSC, and GFM-PNSC address these issues for the test case. Given the
limitations of BPSC approaches, future work should focus on advancing PNSC strategies to ensure
reliable IEEE 2800 compliance and asymmetrical FRT enhancement across varied operational conditions.
The pickup settings of future protection schemes should consider both the limited current contribution of

IBRs and the recommended adoption of PNSC strategies for more reliable protection coordination.
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6 Conclusions

GFM controls are considered an avenue of solution to accommodate high-penetration IBRs. The
thesis investigates the performance of GFM-IBRs under unbalanced grid conditions and proposes
transient and FRT control solutions for enhancing system protection and stability.

To clarify the performance of IBRs in negative sequence systems, dynamic and static negative
sequence models of GFM-IBRs are proposed for understanding and mitigating their negative-sequence
behavior. Comparative studies on the negative sequence behavior of GFL- and GFM-IBRs with BPSC
and PNSC are performed in a modified IEEE PSRC D29 system.

To enhance the FRT capability of GFM-IBRs, enhanced CS-based and VI-based CLMs are
developed for grid code compliance. Asymmetrical FRT control solutions for GFM Type-IV and Type-
III WTGs are proposed and validated using EPRI benchmark system.

For rapid and accurate short-circuit analysis in IBR-rich systems, phasor domain short circuit
models of GFL- and GFM-IBRs are developed considering diverse FRT solutions. In an IEEE 39 bus
system integrated with multi IBRs, the proposed short-circuit model accurately estimates the current
contribution and voltage support capability under steady-state fault conditions by using Newton-based
iterative solver.

To study the impacts of GFM-IBRs on protection elements, the performance of distance protection
and negative sequence components-based protection is explored in systems with GFM-IBRs under
various FRT solutions and fault scenarios.

Key conclusions of this thesis are summarized as follows:

I) For GFL-BPSC, the magnitude and angle of negative sequence impedance are primarily
determined by the phase shift in measurement filters, leading to GFL inverter being an open circuit
approximation in the negative sequence network. For GFM-BPSC, the magnitude and angle of negative
sequence impedance are influenced by inner voltage control parameters. Consequently, GFM-BPSC
exhibits significant limitations including current distortion and high sensitivity to inner control
parameters, current limits, and fault proximity. The 2w negative-sequence components induce
undesirable oscillations across various frequencies, substantially degrading system dynamic performance.
From internal oscillatory mode studies, the adoption of supplementary negative-sequence controls in
GFM-IBRs to enhance control damping. Furthermore, FRT compliance cannot be guaranteed for all
conditions with BPSC due to the constraints on inner controller tuning. PNSC strategies are strongly
recommended as they enable independent control of sequence components and optimal utilization of
converter capacity through current scaling, providing more reliable FRT compliance without
compromising stability.

II) For full converter-based GFM-IBR, the CS-based CLM enables GFM-IBRs to provide optimal
I1R and I2R injections, fully utilize current capacity by using current scaling methods, and emulate the
negative sequence behavior of SGs during unbalanced faults. The adaptive VI-based CLM updates the
positive sequence internal voltage vectors to retain inner voltage dynamics and achieves optimal
utilization of current capacity via adaptive decoupled-sequence current limits. Voltages and currents can

stabilize in less than two cycles after fault inception. For GFM Type-IV WTGs, the proposed

136



synchronization loop reduces the complexity of multiple parameter design and demonstrates robustness
under asymmetrical grid conditions. In restricted mode, the VSL addresses imbalance between the wind
turbine power output and the grid power demand, preventing the divergence of DC-link components.
Compared with the GFL-WTG employing DDSRF-PLL, the proposed GFM synchronization control
converges quickly without notable overshoot, enhancing frequency ride-through. During asymmetrical
faults, the reactive current injection and the current scaling method maximize voltage support capabilities
of WTGs, fulfilling overvoltage/undervoltage ride-through requirements. Following fault clearance, the
VI-based CLM effectively eliminates current transients, preventing overcurrent issues during the
transition process, thus improving the dynamic performance of WTG restoration and the safety of
converter devices.

IIT) For GFM-DFIG, the internal voltage vectors are determined by the current reference generation.
The CS-based and VI-based CLMs significantly influence the positive-sequence internal voltage vectors,
while the negative-sequence internal voltage vectors are identical by using the same I2R injection method.
The negative-sequence WTG current leads the negative-sequence stator voltage by 90-95 degrees,
achieving the required negative-sequence behavior during asymmetrical faults. The proposed control
scheme enables the GFM-DFIG to meet the LVRT requirements during the asymmetrical and
symmetrical faults. In addition, the GFM-DFIG effectively meets the rotor current capacity, decreases
transient components, and maintains the rotor line voltage lower than the DC voltage under steady state
fault conditions, thus addressing the overcurrent and overmodulation issues. The CS-based CLM exhibits
great capability in supporting the positive-sequence internal voltage vectors due to the I1R injection,
while the I1R injection under the VI-based CLM cannot be guaranteed since it is regulated by adjusting
the virtual voltage references. Compared to the CS-based CLM, the VI-based CLM exhibits better
performance in reducing electromagnetic stress and rotor voltage demand and optimizing rotor current
capacity.

IV) In large-scale IBR-rich power systems, with the CS-based CLM, the current contribution of
IBRs is determined by their FRT strategies. With the VI-based CLM, the current injection of IBRs is
determined by the equivalent voltage and impedance of IBRs and AC systems. From the comparative
studies on these FRT strategies, the IEEE 2800 compliant limiter fully utilizes converter current capacity,
and the VI-based limiter enhances the voltage support capability. The proposed short-circuit models
enable protection engineers to efficiently analyze short-circuit behavior in IBR-integrated systems,
support FRT strategy development, and conduct comprehensive protective relaying studies.

V) In distance protection studies, the variation in current contributions from different sources (SGs
and IBRs) leads to discrepancies in apparent impedances. In actual GFM mode, the inner control
parameters may adversely affect the negative sequence behaviour, thus reducing the protection's
sensitivity. In restricted mode, the current limit and FRT solutions determine the magnitude and angle of
current references, which in turn changes the apparent impedance and ultimately impacts the protection
outcomes. The phase current scaling method in the IEEE 2800-conforming scheme FRT scheme weakens
the impacts of fault resistance on apparent impedance trajectory, also causes an oscillation in waveforms
when the K factor is large, increasing the settling time. Consequently, the trajectory of apparent

impedance shifts up as the K factor increases, decreasing the speed of distance protection. Hence, the
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selection of K factors should be based on the converter current capacity to meet the dynamic performance
requirement in IEEE 2800 and improve the speed of distance protection.

VI) In negative sequence components-based protection studies, maloperation issues of 50Q, 67QF,
67QR, and incorrect faulted phase selection are found under GFL-BPSC. The proposed FRT control
solutions in GFM-BPSC, GFL-PNSC, and GFM-PNSC address these issues for the test case. Given the
limitations of BPSC approaches, future work should focus on advancing PNSC strategies to ensure
reliable IEEE 2800 compliance and asymmetrical FRT enhancement across varied operational conditions.
The pickup settings of future protection schemes should consider both the limited current contribution of
IBRs and the recommended adoption of PNSC strategies for more reliable protection coordination.

Future works may include:

a) Small-signal stability analysis:

2w oscillations are present in control systems due to voltage and current unbalance. Although
control solutions (e.g. sequence decomposition methods and negative-sequence controls) were proposed
to improve system dynamics (small-signal stability) of GFM-IBRs in unbalanced grids, the following
topics are rarely discussed: System-level dynamics analysis of an unbalanced system with multiple GFM-
IBRs, e.g., impacts of CS-based and VI-based CLMs and current coordination methods on IBR-rich
system dynamics. Control solutions for IEEE 2800 dynamic performance compliance (e.g., step response
time and settling time).

b) Enhanced protection scheme for IBR-rich systems:

To improve the performance of legacy protection systems, develop novel protection algorithms and
control solutions near GFM-BPSC and GFM-PNSC for system-wide coordination. Investigate the
impacts on system frequency and frequency protection in unbalanced grids, such as under-frequency load
shedding and rate of change of frequency protection, ensuring compliance with primary frequency
response (PFR) and fast frequency response (FFR) requirements

¢) Transient stability analysis:

Solutions for enhancing transient stability focus on addressing the loss of synchronism in GFM-
IBRs when operating in restricted modes. However, these solutions often overlook synchronization with
the negative sequence system. There is a need for further development of robust PSL-PLL switching
methods for GFM-IBRs with simple implementation to achieve effective synchronization in unbalanced
grids. Additionally, the capability of GFM-IBRs to maintain the DC voltage level and eliminate DC-link
oscillations during unbalanced faults has not been thoroughly investigated. To improve transient stability
analysis, it is important to develop advanced unbalanced models of GFM-IBRs that strike a balance
between accuracy and simplicity. This would help reduce the computational burden of transient stability

analysis
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7 Appendix

TABLE Al
IEEE PSRC D29 system parameters

Category Physical meaning Parameter
Aggregated number 100
Rated power for a unit IBR 1 MVA
DC voltage 2450 V
WTG DC capacitor 15 kJ/MVA
Choke resistance/ inductance 0.01 pu/ 0.15 pu
Filter reactive power 25 KVAR
Active power commander 75 MW
Ratio 120 kV/ 35 kV
tran:f\’[o}:‘mer Nominal power 210 MVA
Impedance 0.0027+j0.08 pu
Relay VT ratio, 115000:115
Measurement CT ratio 500:5
50Q 12 threshold 0.2 pu
Rated current 500 A
67 Directional element characteristic angle 80°
Q Forward and reverse limit angle 85°
Overcurrent thresholds 0.1 A
FID Characteristic angle 50°
TABLE A2
EPRI benchmark system parameters
Category Physical meaning Parameter
Positive/zero sequence resistance 0.028/0.1 Q
Transmission line Positive/zero sequence inductance 0.325/1.0Q
Positive/zero sequence capacitance 4.9575/2.8245 uS
Aggregated number 75
Rated power for a unit IBR 1 MVA
DC voltage 2450V
WTG DC capacitor 15 kI/MVA
Choke resistance/ inductance 0.01 pu/ 0.15 pu
Filter reactive power 25 kVAR
Active power commander 75 MW
VSM control (J/ Dy) 0.15/0.8038
droop control (Dp) 0.0033
dVOC (k1) 0.0033
VSL (0 / énw) 0.707/0.1
WTG PI parameters (DDSRF-PLL) 0.27, 1
control PI parameters (inner current) 1.02, 79.03
PI parameters (inner voltage) 1,200
PI parameters (virtual impedance) 0.2, 65
K factor 3
Virtual impedance ratio 1
WP Ratio 120 kV/ 35 kV
transformer Nominal power 210 MVA
Impedance 0.0027+j0.08 pu
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