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A Blind Spot in the LVRT Current Requirements of
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Abstract—Modern grid codes (GCs) require that inverter-based
resources (IBRs) inject both positive- and negative-sequence cur-
rents during asymmetrical low-voltage ride through (LVRT) con-
ditions. This GC provision prioritizes the reactive currents and
also demands maximizing the active positive-sequence current if
the IBR has unused current generation capacity when the re-
quired reactive current is generated. A variety of inverter control
schemes are available to generate positive- and negative-sequence
active/reactive currents, and satisfying these GCs seems to be
straightforward. However, this paper reveals that the reference
current generation methods of existing inverter control schemes
fail to fulfil some important requirements of recent GCs. For
example, they do not fully utilize the inverter capacity to generate
the maximum active and/or reactive current. It is shown that
these so-far hidden GC violations can result in a large untapped
generation capacity during asymmetrical faults. This paper also
develops an algorithm that satisfies recent GCs by deriving the
positive- and negative-sequence currents that maximize the IBR’s
reactive and active currents while the reactive current is prioritized.
The simulation of a grid with high IBR penetration verifies that
this new algorithm can unlock the full potential of recent GCs by
significantly increasing the power generated during LVRT.

Index Terms—Fault current, grid codes (GCs), inverter-based
resources (IBRs), low-voltage ride-through (LVRT).

I. INTRODUCTION

THE GRID codes (GCs) usually standardize the operation of
inverter-based resources (IBRs) during low-voltage ride-

through (LVRT) conditions. Conventional GCs required that the
IBRs support the voltage during LVRT by injecting positive-
sequence reactive current [1], [2]. More recently, however, some
GCs mandate the generation of negative-sequence reactive cur-
rent as well [3], [4]. As shown in Fig. 1, these GCs require that
an IBR’s superimposed positive- and negative-sequence reactive
currents during LVRT be proportional to their respective voltage
changes. In this figure,Δ,Q,+, and− denote the superimposed,
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Fig. 1. LVRT current requirement of [3], [4] for IBRs (Negative IQ is
capacitive).

reactive, positive-sequence, and negative-sequence components,
respectively. The curve’s slope, K, is usually between 2 to 6.

Regardless of the GC, an inverter’s phase currents must be
limited [5], necessitating a prioritization scheme for different
components of current. Recent GCs typically give higher priority
to the reactive component of an IBR’s LVRT current over its
active component. Once the reactive current requirement in
Fig. 1 is satisfied, the inverter’s remaining capacity must be
used to maximize the magnitude of the positive-sequence active
current, |I+P | [3], [4]. Maximizing the IBR’s active current (after
prioritizing the reactive currents) is mandated, for example, in
Sub-clauses 10.2.3.3 and 4.7.4.2.1.1 of [3] and [4], respectively.
Meanwhile, depending on ΔV ±, the ΔI±Q given by Fig. 1
may lead to phase currents beyond the inverter’s limit. Under
such conditions, ΔI+Q and ΔI−Q are scaled down, preferably
uniformly, to limit the phase current [3], [4]. The scaling factor
for ΔI±Q must be maximized to ensure minimum deviation from
the original ΔI±Q given by Fig. 1. Thus, this LVRT requirement
can be summarized as prioritization/maximization of ΔI±Q and
maximization of |I+P |while the phase current limit of an inverter
is met.

The literature on generation of the negative-sequence current
for inverters during LVRT does not satisfy the above require-
ments. For example, the currents derived in [6]–[11] do not
ensure full utilization of the IBR’s phase current capacity under
all LVRT conditions to maximize the magnitudes of the reactive
currents,|I±Q|, and |I+P |. In addition, ΔI+Q and ΔI−Q are not
necessarily prioritized over |I+P | in [8]–[11]. Furthermore, the
schemes in [7], [8], [10], [12]–[14] violate the GCs by generating
active negative-sequence current, I−P .

Within the industrial community, the conventional wisdom
holds that recent GCs offer all of the details needed to de-
termine the reference currents: the inverter attempts to meet

0885-8977 © 2022 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
See https://www.ieee.org/publications/rights/index.html for more information.

Authorized licensed use limited to: UNIVERSIDAD AUTONOMA DE BUCARAMANGA (UNAB). Downloaded on October 29,2025 at 11:24:09 UTC from IEEE Xplore.  Restrictions apply. 

https://orcid.org/0000-0002-6996-900X
https://orcid.org/0000-0002-0166-2757
https://orcid.org/0000-0002-3154-7784
https://orcid.org/0000-0002-4403-4750
mailto:ali.azizi@mail.utoronto.ca
mailto:hooshyar@ece.utoronto.ca
mailto:amin.banaie.92@gmail.com
mailto:MPATEL@southernco.com
https://doi.org/10.1109/TPWRD.2022.3187223


320 IEEE TRANSACTIONS ON POWER DELIVERY, VOL. 38, NO. 1, FEBRUARY 2023

the requirement in Fig. 1, and if the phase currents hit their
limit, ΔI±Q is reduced to bring the phase currents back to the
acceptable range [3], [4]. Under this condition, |I+P | would be
considered zero. Conversely, if meeting the requirement in Fig. 1
does not violate the phase current limit, the difference between
the maximum phase current and its limit determines the I+P that
can be generated using the straightforward and rather intuitive
relations in [8]–[10], which will be elaborated in Section III.

This paper reveals why the above approach does not nec-
essarily utilize the total current capacity of an IBR—that is,
the ultimate objective of the LVRT provision. This paper also
develops an algorithm to maximize both the active and reactive
currents of an IBR while the reactive current is prioritized.
We will prove that the path to prioritization and maximization
of reactive current passes, ironically, through maximization of
the active current first. As a result, the proposed solution will
either prevent the aforementioned scaling of the ΔI±Q given by
Fig. 1 or increase the scaling factor beyond what is offered
by the state-of-the-art literature; hence maximizing the reactive
currents as well. While the proposed approach fully complies
with [3], [4], these GCs do not include any information about
the possibility of such optimal reference currents for IBRs.
By shedding light on this blind spot, the paper shows the
feasibility of a significant increase in the power generated by
the IBRs that meet [3], [4], highlighting the true value of the
LVRT requirements in these GCs. The paper also presents a
detailed comparative study between the proposed algorithm and
the state-of-the-art literature on GC compliance. The problem
formulation and solution presented in this paper are applicable
to full-scale inverter-interfaced renewable energy sources, such
as solar photovoltaic and Type IV wind farms.

II. TEST SYSTEM

PSCAD/EMTDC simulations of a modified version of the
IEEE 39-bus system, depicted in Fig. 2, are used for this
study [15]. The modifications include the addition of 16 IBRs to
represent a grid with high penetration of renewable sources. The
high number of IBRs also makes the impact of GC requirements
more visible from a system-wide perspective. For the sake of
simplicity, all IBRs are rated at 34.5 kV, 200 MW, and inter-
faced to the grid through 250-MVA, 230-kV/34.5-kV, YGd1
transformers. The phase current limit of all IBRs is Imax =
1.2 pu.

III. CHALLENGES IN EFFECTIVE UTILIZATION OF AN IBR’S

CURRENT CAPACITY

This section demonstrates the shortcomings of the common
approach used in the literature to determine the reference for
the positive-sequence active current of an IBR that generates
negative-sequence current. When the reactive current is prior-
itized (as is the case in [3] and [4]), a straightforward way to
derive the reference for |I+P | is based on (1), which maintains
the scalar sum of the positive- and negative-sequence current

Fig. 2. Single-line diagram of the test system.

magnitudes below the phase current limit of the IBR [8], [9].

|I+|+ |I−| =
√

|I+P |2 + |I+Q |2 +
√

|I−P |2 + |I−Q|2 ≤ Imax

(1)
|I−P | must be zero [3], [4], so the only unknown in (1) is |I+P |.
The following case studies evaluate the performance of this
approach.

A. Case 1

This case elaborates on the effective utilization of an IBR’s
current capacity when the ΔI+Q and ΔI−Q given by Fig. 1 do not
make the phase currents hit their limit. Consider IBR-4 of Fig. 2
during a bolted phase-B-to-phase-C (BC) fault at bus B27 at
t= 1 s. The IBR’s pre-fault current is 1 pu. The power factor is
1 at the point of measurement (POM), which is the high-voltage
(HV) side of the main transformer [16]. The diagram of Fig. 1
is applied on the low-voltage (LV) side of the IBR’s interface
transformer, referred to as the point of connection (POC) [16].
Before the fault, |I+Q | = 0.037 pu (capacitive) and |I−Q| = 0 at
the POC. The fault results in ΔV + = − 0.192 pu and ΔV − =
0.177 pu at the POC. Thus, ΔI+Q = −0.480 pu and ΔI−Q =

0.442 pu for K = 2.5, resulting in |I+Q | = 0.52 pu and |I−Q| =
0.44 pu. Using these reactive currents and Imax =1.2 pu, the
maximum |I+P | given by (1) is 0.55 pu. These reference currents
are met by the IBR quickly after the fault inception in Fig. 3(a).
These measurements are taken from before the LC filter’s shunt
capacitor to focus only on the current of the inverter switches
(although the capacitor’s current is comparatively insignificant).

The phase currents resulting from the above sequence currents
are displayed in Fig. 3(b). The maximum current is |Ic| = 1.07
pu, i.e., 65% of the IBR’s 0.2-pu extra capacity for the LVRT

Authorized licensed use limited to: UNIVERSIDAD AUTONOMA DE BUCARAMANGA (UNAB). Downloaded on October 29,2025 at 11:24:09 UTC from IEEE Xplore.  Restrictions apply. 



AZIZI et al.: BLIND SPOT IN THE LVRT CURRENT REQUIREMENTS OF MODERN GRID CODES FOR INVERTER-BASED RESOURCES 321

Fig. 3. Measurements for IBR-4 in Case 1, (a) Active and reactive sequence
current magnitudes, (b) Instantaneous currents, (c) Sequence current angles.

current remains untapped. For phase B, 85% of this excess
capacity remains unused. For phase A, this capacity is not used
at all. This unused capacity stems from the scalar sum of (1),
which is different from the vector sum that actually determines
the phase currents. The underlying assumption of (1) is that
I+ and I− are in phase. This assumption is invalid for most
fault conditions, including the above fault (Fig. 3(c)). The 184.6◦

phase difference in Fig. 3(c) makes the vector sum of I+ and I−

smaller than the scalar sum in (1), hence the inefficient utilization
of the inverter’s current capacity.

Since the maximum phase current, |Ic|, is 0.13 pu less than
Imax, one might expect that |I+P | can be increased by at most 0.13
pu, and then the inverter’s capacity is fully utilized. However,
increasing |I+P | by 0.13 pu while |I+Q | and |I−Q| are kept the same
as in Fig. 3(a) results in |Ia| = 0.41 pu, |Ib| = 1.15 pu, |Ic| =
1.13 pu. These currents are still below the IBR’s phase current
limit. Here again, identification of reference currents based on
scalar calculations causes the undesired result.

Although the GCs prioritize the reactive power, they also
require maximizing active power [3], [4]. Effective utilization
of the seemingly small 0.2-pu excess current capacity of the
inverter in the phase domain offers sizable active power in the
sequence domain. This can be made clear only when the excess
current capacity is maximally used later in the paper.

B. Case 2

This case focuses on when the ΔI+Q and ΔI−Q given by Fig. 1
make the phase currents hit their limit (which did not happen in
Case 1). Consider IBR-16 when a phase-A-to-ground (AG) fault
withRf =5Ω occurs at bus B7. For the pre-fault |I+Q-pre| =0.038
pu (capacitive), ΔV + = −0.136 pu, and ΔV − = 0.136 pu, the
superimposed currents given for K= 5 by Fig. 1 yield |I+Q | =
0.72 pu and |I−Q| = 0.68 pu. The GCs permit lowering the active
current to create room for these large reactive currents [3], [4].
However, even with zero active current, the reactive currents
add up to 1.40 pu, violating the inequality in (1). Therefore,
following the GC provisions mentioned in Section I, |I+Q | and
|I−Q| are uniformly scaled down. The scaling factor that makes

Fig. 4. Measurements for IBR-16 in Case 2, (a) Active and reactive sequence
current magnitudes, (c) Instantaneous currents, (c) Sequence current angles.

Fig. 5. Instantaneous phase currents of IBR-16 in Case 2, (a) Below the limit
although injecting |I+P |, (b) Above the limit when injecting |I+P |.

|I+Q | and |I−Q| satisfy (1) is obtained by dividing the right side
of (1) over 1.40 pu; i.e., Imax/1.40 =0.857. This would satisfy
(1) by scaling down the reactive currents to their supposedly
maximum values of |I+Q | = 0.62 pu and |I−Q| = 0.58 pu, which
add up to 1.2 pu. Under this condition, it appears that the severity
of the voltage drop has made the reactive currents required by
the GC so large that no room is left to generate active current.
These sequence currents, shown in Fig. 4(a), lead to the phase
currents of Fig. 4(b). Phase B carries the largest current and is
0.03 pu less than Imax.

One obvious problem of the above process is that the 0.857
scaling factor obtained using (1) prevents maximizing the reac-
tive currents, and so 15% of the inverter’s excess current capacity
remains unused. If |I+Q | and |I−Q| were scaled down by a factor
of 0.879 to 0.63 pu and 0.60 pu, respectively, then the current
of phase C would reach to 1.2 pu. This would satisfy the IBR’s
phase current limit, even though it violates (1).

The second (and bigger) problem is not as obvious. It is taken
for granted that once 0.879 is used to scale down |I+Q | and |I−Q|
to 0.63 pu and 0.60 pu, and the phase C current hits the limit, no
room is left to generate |I+P | [6], [7], [10]. However, as shown
in Fig. 5(a), the addition of a randomly chosen |I+P | = 0.3 pu
(which amounts to 51.7 MW of active power) to |I+Q | = 0.63
pu and |I−Q| = 0.60 pu actually decreases the maximum phase
current from 1.2 pu by 0.03 pu. Generation of another randomly
chosen |I+P | = 0.6 pu, however, makes Ia and Ib larger than
the limit (Fig. 5(b)). For such conditions, there is currently no
solution in the literature to maximize |I+P | without violating
Imax.
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Fig. 6. Phasor diagram of the active and reactive sequence components of
phase A current.

IV. PROPOSED SOLUTION

This section presents, for the first time, an algorithm to comply
with the GCs’ requirement to maximize an IBR’s active current
during LVRT while the diagram of Fig. 1 is adhered to. This
would address the challenges discussed in the last section using
the following three-step process. While this section includes all
of the information required to implement the proposed method,
Section V will later elaborate on the reason behind the sequence
of these three steps and why such information should ideally be
included in the future revisions of any GC or IBR interconnection
agreement that adopts the diagram in Fig. 1.

A. Step 1: Maximizing |I+P | for the |ΔI±Q| of Fig. 1

The relation between the different components of an IBR’s
sequence currents and the phase currents that flow through the
inverter switches is shown in (2) shown at the bottom of this
page. where α = ej2π/3; θV denotes the voltage angle at the
POC; pre in the subscript denotes the pre-LVRT quantities; and
cap indicates the quantities associated with the shunt capacitor
of the inverter’s filter. From (2), the phase currents can be written
as

IΦ = |I+Q |∠
(
θV + − π

2
+ ϕ

)
+ |I+P |∠(θV + + ϕ)

+ |I−Q|∠
(
θV − +

π

2
− ϕ

)
(3)

where Φ ∈ {a, b, c}, and ϕ is 0, −2π/3, and 2π/3 for phases A, B,
and C, respectively. The reactive components of IΦ are derived
using (4), which includes ΔI±Q given by Fig. 1.

|I+Q | =
∣∣∣±|I+Q-pre|+ΔI+Q

∣∣∣− |I+Q-cap| (4a)

|I−Q| = ΔI−Q + |I−Q-cap| (4b)

The objective is to find the active current |I+P | in (3) such that
the largest phase current given by this equation equals Imax.
Fig. 6 displays the three vectors on the right side of (3) for
phase A, i.e., ϕ = 0. As shown in this figure, |I+Q |∠(θV + − π/2)

and |I+Q |∠(θV +) are 90◦ out of phase. Thus, they can generate
two orthogonal coordinate axes onto which the third vector, i.e.,

Fig. 7. Vector diagram of the active and reactive sequence components of
phase currents.

|I−Q|∠(θV − + π/2), can be projected. In Fig. 6,

β = π + θV − − θV + (5)

β can be used to derive the red horizontal and ver-
tical axis projections of |I−Q|∠(θV − + π/2) in Fig. 6 as
|I−Q| cosβ∠(θV + − π/2) and |I−Q| sinβ∠(θV +), respectively.
Substituting |I−Q|∠(θV − + π/2) in (3) with these two projections,
the current of phase A can be written as

Ia = (|I+Q |+ |I−Q| cosβ)∠
(
θV + − π

2

)
+ (|I+P |+ |I−Q| sinβ)∠(θV +) (6)

Therefore, the square magnitude of phase A current can be
written as

|Ia|2 = (|I+Q |+ |I−Q| cosβ)2 + (|I+P |+ |I−Q| sinβ)2 (7)

The above process must be done for all three phases. Fig. 7
shows the three vectors on the right side of (3) for all three phases.
The dotted gray lines show how the negative-sequence reactive
current of each phase is projected onto the two orthogonal
axes of the positive-sequence active and reactive currents of
the respective phase. By doing so, each phase current can be
expressed as

IΦ = (|I+Q |+ |I−Q| cos(β + ϕ))∠
(
θV + − π

2
+ ϕ

)
+ (|I+P |+ |I−Q| sin(β + ϕ))∠(θV + + ϕ) (8)

The square magnitudes of the phase currents in (8) are

|IΦ|2=(|I+Q |+|I−Q| cos(β+ϕ))2+(|I+P |+|I−Q| sin(β+ϕ))2

(9)
The IBR limit for the three phase currents can be expressed
as the three inequalities embedded in (11) for different values
of ϕ.

⎡
⎢⎣IaIb
Ic

⎤
⎥⎦ =

⎡
⎢⎣ 1 1

α2 α

α α2

⎤
⎥⎦
⎡
⎣
∣∣∣±|I+Q-pre|+ΔI+Q

∣∣∣∠(θV + − π

2

)
+ |I+Q-cap|∠

(
θV + +

π

2

)
+ |I+P |∠(θV +)

ΔI−Q∠
(
θV − +

π

2

)
+ |I−Q-cap|∠

(
θV − +

π

2

)
⎤
⎦ (2)
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Fig. 8. Measurements for IBR-4 in Case 1, repeated using the proposed
method, (a) Angles of the sequence voltages, (b) Active and reactive sequence
current magnitudes at the POC, (b) Instantaneous currents of the switches.

|IΦ|2 = (|I+Q |+ |I−Q| cos(β + ϕ))2

+ (|I+P |+ |I−Q| sin(β + ϕ))2 ≤ I2max (10)

In (11), |I+Q | and |I−Q| are given by Fig. 1, and |I+P | is the
unknown. Solving these three inequalities yields three different
ranges for |I+P |, each making the corresponding phase current
less than Imax. To maintain all phase currents below Imax,
the three inequalities must hold simultaneously. Thus, only the
intersection of the three ranges is acceptable for |I+P |, resulting
in (9) shown at the bottom of this page. In this relation, the
first range stands for the obvious fact that |I+P | ≥ 0. The second,
third, and fourth ranges are the solutions of (11) for phases A, B,
and C, respectively. If the intersection of the four ranges in (9) is
not an empty set, the maximum active current is the upper bound
of this intersection. Under such conditions, the GC is satisfied
using only (9), and the further calculations of Sections IV-B and
IV-C are not needed.

To show the difference made by the above process, consider
the fault of Case 1 while IBR-4 uses (9) to determine |I+P |.
Using the voltage angles in Fig. 8(a), β = 231◦. Moreover, the
LC filter’s shunt capacitor generates |I+Q-cap| =0.031 pu and
|I−Q-cap| =0.008 pu (not shown due to the space limitation). In ad-
dition, since there is no need to scale down the reactive currents
and the fault conditions have not changed from Section III-A,

|I±Q| in Fig. 8(b) is similar to that in Fig. 3(a). Substituting these
values into (4) and (9), the second, third, and fourth range for
|I+P | in (9) that correspond to phases A, B, and C are [–0.834,
1.531], [–1.574, 0.735], [–0.686, 0.828] pu, respectively. Thus,
the maximum of the intersection of the four ranges in (9) is
|I+P | =0.735 pu, displayed in Fig. 8(b). The sequence currents
in this figure satisfy both Fig. 1 and the GC requirement to
maximize the IBR’s active current, leading to an additional 28.3
MW of active power compared to Fig. 3. Furthermore, the phase
currents through the inverter switches, depicted in Fig. 8(c), do
not violate their limit.

B. Step 2: Scaling Down |ΔI±Q| of Fig. 1

This section and Section IV-C elaborate on (i) the conditions
under which (9) returns an empty set, and (ii) the steps that must
be taken in these conditions to satisfy the GC. An inverter’s
maximum current is fairly small. In addition, when a fault is
not very far from the IBR and so the change in the voltage is
significant, the reactive currents determined by Fig. 1 are quite
large. The additional requirement for the negative-sequence
current also increases the total reactive current by up to 100%.
The small Imax and large |I±Q| make it likely that one or more
of the terms under the six radicals in (9) become negative. Since
all of the formulations from (3) onwards are in the domain of
real numbers, a negative term under even one radical in (9)
would yield an unacceptable answer for |I+P |, i.e., |I+P | ∈ ∅.
Even if all of the terms under the radicals in (9) are positive,
it is still possible that the four ranges in (9) do not overlap,
and |I+P | ∈∅. Under such conditions, at least one of the phase
currents exceeds Imax, because otherwise solving (11) and (9)
would give |I+P | =0, not |I+P | ∈∅.

When Imax is exceeded, the sequence reactive currents must
be scaled down uniformly [3], [4]. The reference current gener-
ation schemes in the available literature scale the total positive-
and negative-sequence reactive currents, I±Q [6], [10]. Thus, the
formulations in these schemes include scaling the pre-fault cur-
rent, IQ-pre, and the current through the capacitor of the inverter’s
LC filter, IQ-cap, neither of which is actually controllable during
LVRT. The following explains how the current should be scaled.

When the reactive currents are not scaled down, the following
relation holds as long as the same K−factor is used for the

|I+P | ∈
(

R≥0 ∩
[
−
√

I2max − (|I+Q |+ |I−Q| cosβ)2 − |I−Q| sinβ,
√
I2max − (|I+Q |+ |I−Q| cosβ)2 − |I−Q| sinβ

]

∩
⎡
⎣−
√
I2max−

(
|I+Q |+|I−Q| cos

(
β−2π

3

))2

−|I−Q| sin
(
β−2π

3

)
,

√
I2max−

(
|I+Q |+|I−Q| cos

(
β− 2π

3

))2

−|I−Q| sin
(
β− 2π

3

)⎤⎦

∩
⎡
⎣−
√
I2max−

(
|I+Q |+|I−Q| cos

(
β+

2π

3

))2

−|I−Q| sin
(
β+

2π

3

)
,

√
I2max−

(
|I+Q |+|I−Q| cos

(
β+

2π

3

))2

−|I−Q| sin
(
β+

2π

3

)⎤⎦)

(11)
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positive and negative sequence in Fig. 1.

ΔI+Q
ΔI−Q

=
ΔV +

ΔV − (12)

Therefore, the IBR’s equivalent impedances in the two sequence
circuits are similar, replicating a synchronous generator. An IBR
should ideally maintain the same relation after the currents are
scaled down, so that the similarity with the synchronous gen-
erators is preserved. Scaling the total reactive currents violates
(12) since the total reactive currents are not limited to only the
superimposed currents given by Fig. 1. Therefore, only ΔI±Q
must be scaled down in the derivations that yield the scaling
factor, ρ. To calculate this factor, ΔI±Q and I+P in (2) are set to
ρΔI±Q and 0, respectively, resulting in⎡
⎢⎣IaIb
Ic

⎤
⎥⎦ =

⎡
⎢⎣ 1 1

α2 α

α α2

⎤
⎥⎦

×

⎡
⎢⎢⎣
( ∣∣∣±|I+Q-pre|+ ρΔI+Q

∣∣∣− |I+Q-cap|
)
∠
(
θV + − π

2

)
(ρΔI−Q + |I−Q-cap|)∠

(
θV − +

π

2

)
⎤
⎥⎥⎦

(13)

This equation must be solved for ρ such that
max{|Ia|, |Ib|, |Ic|} = Imax to ensure maximum utilization of
the inverter’s capacity.

Equating the square magnitudes of the phase currents given
by (13) with I2max yields the three equations embedded in (14)
shown at the bottom of this page. In this equation, ϕ = 0, −2π/3,
and +2π/3, correspond to phases A, B, and C, respectively. This
relation can be written with respect to ρ, as in

I2max = λ2ϕρ
2 + λ1ϕρ+ λ0ϕ (15)

where the coefficients λ2ϕ, λ1ϕ, and λ0ϕ must be calculated. To
this end, the terms with equal powers of ρ have to be calculated
after (14) is expanded. In this expansion, the possibility of both
positive and negative |I+Q-pre| and the presence of the absolute

value operator in | ± |I+Q-pre|+ ρΔI+Q | should be considered.
For a capacitive pre-fault reactive current, the expression inside
the absolute value operator, i.e., −|I+Q-pre|+ ρΔI+Q , is nega-

tive, so | − |I+Q-pre|+ ρΔI+Q | = |I+Q-pre| − ρΔI+Q . For inductive
pre-fault reactive current, however, the expression inside the
absolute value operator, i.e., |I+Q-pre|+ ρΔI+Q is either positive

or negative—i.e., ||I+Q-pre|+ ρΔI+Q | is either |I+Q-pre|+ ρΔI+Q or

−|I+Q-pre| − ρΔI+Q , depending on the sign of |I+Q-pre|+ ρΔI+Q .
Since both the positive and negative signs must be considered for
|I+Q-pre| in | ± |I+Q-pre|+ ρΔI+Q |, this expression can theoretically

take four distinct values, out of which only one is valid for a given
LVRT condition. All these four possibilities must be considered
in the expansion of (14). By doing so, the coefficients λ2ϕ,
λ1ϕ, and λ0ϕ can be as expressed in (16), shown at the bottom
of the next page. The introduction of a new binary variable,
μ, and using ± and ∓ signs make this equation applicable to
all four possibilities. if I+Q-pre is capacitive, μ = −1, and the

upper sign must be used in ± and ∓. For an inductive I+Q-pre,
however, the lower sign must be used in ± and ∓, and μ = −1
when |I+Q-pre|+ ρΔI+Q < 0, and μ =1 when |I+Q-pre|+ ρΔI+Q >

0. As ρ is the unknown of (15), the sign of |I+Q-pre|+ ρΔI+Q
cannot be determined before (15) is solved. Thus, (15) must
be solved for both conditions, i.e., |I+Q-pre|+ ρΔI+Q < 0 and

|I+Q-pre|+ ρΔI+Q > 0. For each of these inequalities, the calcu-
lated ρ is acceptable if the respective inequality is held for that
ρ.

To find the optimal ρ that satisfies all of the constraints, one
should note that the equation for each phase embedded in (15) is
solved independently of the other two equations in (15) (for the
other two phases) but the constraint on the current magnitude
must be satisfied for all three phases. Therefore, the scaling
factor can be found by, first, finding all of the possible solutions
for ρ in each equation embedded in (15); then, discarding any
ρ that is outside the [0, 1] range because such ρ’s do not scale
down the current magnitude; then, choosing the largest ρ that is
the solution of (15) for one of the phases but also simultaneously
keeps the current magnitude in the other two phases below Imax.

C. Step 3: Maximizing |I+P | After Scaling Reactive Currents

Since (13) was solved to satisfy the max{|Ia|, |Ib|, |Ic|} =
Imax condition, the scaled-down positive- and negative-
sequence reactive currents obtained in Step 2 make the current
of at least one phase equal to the inverter’s limit. When one of
the phase currents reaches the limit, it might seem natural that
the inverter has no room to inject active current, as it has been
assumed so in various studies, e.g., [6], [7], [10], and [11]. The
following formulation attempts to calculate non-zero positive-
sequence active current, I+P , while the reactive currents obtained
in Step 2 remain intact and the inverter’s phase current limit is
satisfied.

Assume, without loss of generality, that |Ia| is the largest
phase current at the end of Step 2 when I±Q is scaled down and
no I+P is generated, i.e.,

|Ia| =
∣∣∣|I+Q |∠

(
θV + − π

2

)
+ |I−Q|∠

(
θV − +

π

2

)∣∣∣ = Imax

(17)
The angle between I+Q and I−Q in (17) is β defined in (5).

Either 0 ≤ β ≤ π, as in Fig. 9(a), or π < β < 2π, as in Fig. 9(b)

I2max =

( ∣∣∣±|I+Q-pre|+ ρΔI+Q

∣∣∣− |I+Q-cap|
)2

+ (ρΔI−Q + |I−Q-cap|)2 + 2

( ∣∣∣±|I+Q-pre|+ ρΔI+Q

∣∣∣− |I+Q-cap|
)

× (ρΔI−Q + |I−Q-cap|) cos(β + ϕ) (14)
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Fig. 9. Two possible situations for phase A sequence components depending
on β, (a) 0 ≤ β ≤ π, (b) π < β < 2π.

(Section V-C will elaborate on the probability of each of these
conditions in practical power systems). The following analyzes
both of the conditions in Fig. 9. When I+P is not generated, by
projecting I−Q onto the axes made by I+Q and its orthogonal axis
(which is the axis of the respective I+P if I+P were generated),
|Ia| can be written as

|Ia| = Imax =
√

|Ix|2 + |Iy|2 (18)

where

Ix = (|I+Q |+ |I−Q| cosβ)∠
(
θV + − π

2

)
(19a)

Iy = (|I−Q| sinβ)∠θV + (19b)

For Fig. 9(a), in which sinβ ≥ 0, Iy and |I+p |∠θV + are in
phase. Therefore, generating any |I+p |∠θV + in this case in-
creases |Iy| and pushes |Ia| beyond the Imax limit considered in
(17). Thus, the IBR cannot generate I+P when 0 ≤ β ≤ π.

For π ≤ β ≤ 2π in Fig. 9(b), however, sinβ < 0, and so Iy
and |I+p |∠θV + are 180◦ out of phase. Thus, an active current as
large as

|I+P | = −2|I−Q| sinβ (20)

can be generated. This would keep |Iy| unchanged because for
the |I+P | given by (20), Iy = (|I−Q| sinβ − 2|I−Q| sinβ)∠θV + =

−|I−Q| sinβ∠θV + . When |Iy| and |Ix| in (18) do not change, |Ia|
is maintained at Imax. However, there is no guarantee that Ib and
Ic remain below Imax after injecting the I+P given by (20).

Although the above formulation does not ensure that Ib and
Ic are less than Imax, it proves that (9) can be used again to
determine the |I+P | that can be generated after scaling down I±Q
in Step 2. Substituting the Imax given by (18) and (19) into
(9) shows that the |I+P | given by (20) is, in fact, the upper
bound of the second range on the right side of (9), which
corresponded to phase A in the derivations of Section IV-A.
It can be similarly proved that if the derivations in (17)–(20)
are carried out for phases B and C (which would require only
shifting β by +2π/3 and −2π/3, respectively), substituting the
Imax given by (18) and (19) into (9) makes the upper bound

Fig. 10. Measurements for IBR-16 in Case 2, repeated using the proposed
method, (a) Angles of the sequence voltages, (b) Active and reactive sequence
current magnitudes, (d) Instantaneous currents.

of the third and the fourth range on the right side of (9) equal
to the |I+P | in (20), respectively. The third and the fourth range
in (9) corresponded to phases B and C in the derivations of
Section IV-A, respectively. Consequently, if the scaled-down
reactive current calculated in Step 2 are plugged into (9) as I±Q,
this equation will provide the maximum |I+P | that keeps all of
the phase currents below Imax.

The algorithm developed in this section can be summarized
as Step 1:
� Calculate ΔI±Q in Fig. 1 using the measured ΔV ± and the

given K-factor.
� Calculate |I±Q| using (4), β using (5), and |I+P | using (9).
� If |I+P | ∈∅, proceed to Step 2; otherwise, no further action

is needed and the references are |I±Q| and |I+P | given by (4)
and (9), respectively.

Step 2:
� Find λ2ϕ, λ1ϕ, and λ0ϕ using (16).
� Find ρ in (15).
� Set |I+Q | = | ± |I+Q-pre|+ ρΔI+Q | − |I+Q-cap| and |I−Q| =
ρΔI−Q + |I−Q-cap|.

Step 3:
� Calculate |I+P | using (9).
The derivations in Sections IV-B and IV-C whenever (9) does

not return a non-zero |I+P |, which is a wide range of LVRT
conditions. Consider, for example, the previously-studied Case
2 when IBR-16 implements the proposed method. From Sec-
tion III-B, |I+Q-pre| =0.038 pu (capacitive), ΔI+Q =0.68 pu, and
ΔI−Q =0.68 pu. The angles of the sequence voltages in Fig. 10(a)
give β = 93.1◦. For the filter’s capacitor, |I+Q-cap| =0.035 pu and

λ2ϕ = (ΔI+Q)2 + 2μΔI+QΔI−Q cos(β + ϕ) + (ΔI−Q)
2 (16a)

λ1ϕ = 2ΔI+Q |I+Q-cap| ± 2μ|I+Q-pre|ΔI+Q + 2ΔI−Q|I−Q-cap|+ (∓2μ|I+Q-pre|ΔI−Q + 2μΔI+Q |I−Q-cap| − 2|I+Q-cap|ΔI−Q) cos(β + ϕ)

(16b)

λ0ϕ = |I+Q-pre|2 ± 2μ|I+Q-pre||I+Q-cap|+ |I+Q-cap|2 + |I−Q-cap|2 + (∓2μ|I+Q-pre||I−Q-cap| − 2|I+Q-cap||I−Q-cap|) cos(β + ϕ) (16c)
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|I−Q-cap| =0.005 pu. Substituting these values into (4) and then
(9) makes the term under the radical in the third range on the
right side of (9) (corresponding to phase B) negative. Thus, |I+P |
cannot be found in the first step, and the reactive currents must
be scaled down.

Substituting the above values into (16), the coefficients
(λ2,ϕ, λ1,ϕ, λ0,ϕ) of the quadratic (15) for phases A, B, and
C (corresponding to ϕ = 0, −2π/3, and +2π/3) will be (0.8748,
0.0103, 0.0000), (1.7495, 0.0206, 0.0000), and (0.1501, 0.0018,
0.0000), respectively. Solving the three quadratic equations
in (15), the solutions for ρ will be (–1.2889, 1.2771), (–
0.9131,0.9014), and (–3.1035, 3.0917), for ϕ = 0, −2π/3, and
+2π/3 associated with phases A, B, and C, respectively. Among
these values, ρ =0.9014 is a solution of (15) for phase B inside
the [0, 1] range. For this ρ, the scaled-down current references
on the right side of (13) are |I+Q | = | − |I+Q-pre|+ ρΔI+Q | −
|I+Q-cap| =0.62 pu, and |I−Q| = ρΔI−Q + |I−Q-cap| =0.62 pu. When
these reference currents are plugged into (13), the current of
phase B is limited to Imax=1.2 pu while the current of the
other two phases are smaller than the limit (|Ia| =0.85 pu and
|Ic| =0.35 pu). Thus, ρ =0.9014 is the acceptable scaling factor.

Since the current of phase B is maximum, the IBR will be able
to generate I+P if 180◦ < β − 120◦ < 360◦. β = 93.1◦, and so
this condition holds. Using the above I±Q, the largest |I+P | that
satisfies (9) is 0.43 pu, displayed along with |I±Q| in Fig. 10(b).
As shown in Fig. 10(c), this additional active current keeps the
phase currents below Imax; it just changes the maximum current
from phase B (at the end of Step 2) to phase A (|Ia| =1.2 pu in
in Fig. 10(c)). From the perspective of LVRT performance of the
IBR, the impact of this I+P is profound: it leads to the generation
of 74.7 MW of active power by IBR-4, while the inverter control
schemes available in the literature (such as [6], [7], and [10])
offer zero active power for this fault scenario.

V. DISCUSSION

The formulations derived in the last section are sufficient to
implement the proposed method. This section presents further
insight into this solution, including its superiority in the gener-
ation of reactive current, justification for the sequence of steps
taken in this solution, and the probability of generating non-zero
active current in practical power systems.

A. Reactive Currents Improvement by the Proposed Method

This section demonstrates that the advantages of the proposed
method are not limited to only the increased active current
generation discussed in Section IV. This method maximizes
also the inverter’s reactive current beyond the levels given by
existing techniques. In the available literature for GC compliance
of IBRs, when theΔI+Q andΔI−Q given by Fig. 1 make the phase
currents exceed Imax, the scaling factor for ΔI±Q is obtained by
dividing Imax over the estimated maximum phase current caused
by the ΔI±Q of Fig. 1 [8], [10]. In the state-of-the-art literature,
such as [8] and [9], this estimate is obtained based on (1) and is
the scalar sum of |I+| and |I−|. However, the phase current is
actually the sum of I+ and I− (for each phase). The phase angle

Fig. 11. Measurements for IBR-4 in Case 3 using the method of [8], [9],
(a) Active and reactive sequence current magnitudes, (b) Instantaneous currents,
(c) Angles of the sequence currents.

between I+ and I− makes the scalar sum used in the available
literature larger than I+ + I−, causing a smaller scaling factor.
This would, in turn, make the reactive current generated by
existing techniques smaller. The proposed method, however,
estimates the maximum phase current correctly through the
vector sum of sequence currents and calculates the scaling factor
using (13) to (16). This can result in noticeably larger reactive
currents. The following case study illustrates this issue.

1) Case 3: Consider IBR-4 implements existing methods,
such as [8] and [9], during a bolted AG fault at B16. For
this case, K = 6, |I+Q-pre| =0.038 pu, ΔV + = −0.199 pu, and
ΔV − =0.155 pu, and so the sequence reactive current references
are |I+Q | = 1.23 pu and |I−Q| = 0.93 pu. The maximum phase
current estimated by (1) will be 2.16 pu, which violates the 1.2
pu limit. Thus, the reference currents are scaled down by a factor
of Imax/2.16 = 0.555 to obtain |I+Q | = 0.68 pu and |I−Q| = 0.52
pu shown in Fig. 11(a). The maximum of the resultant phase
currents in Fig. 11(b) is |Ia| = 1.05 pu.

If IBR-4 adopts the proposed method, i.e., by substitut-
ing |I+Q | = 1.23 pu, |I−Q| = 0.93 pu, |I+Q-cap| =0.033 pu, and
|I−Q-cap| =0.004 pu, along with sequence voltage angles of
Fig. 12(a) in (4) and (9), the terms under the radicals in the
first and third ranges on the right side of (9) (corresponding
to phases A and C) become negative. Thus, |I+P | cannot be
found in Step 1, and the reactive currents must be scaled down.
Calculating the coefficients (λ2,ϕ, λ1,ϕ, λ0,ϕ) from (16) and
solving (15), the solutions for ρ will be –0.6524 and 0.6439
for phase A, –0.6576 and 0.6491 for phase B, and –4.5768
and 4.5691 for phase C. Two of these solutions, i.e., 0.6439
and 0.6491 are inside the [0,1] range. However, ρ = 0.6491
yields |Ia| =1.21 pu, |Ib| =1.20 pu, and |Ic| =0.17 pu and so
makes the phase A current exceed the limit. The acceptable
solution is, therefore, ρ = 0.6439, for which the sequence cur-
rents are |I+Q | = | − |I+Q-pre|+ ρΔI+Q | − |I+Q-cap| =0.77 pu, and
|I−Q| = ρΔI−Q + |I−Q-cap| =0.60 pu. Note that β = 59.2◦ for this

case, and the condition for generating extra |I+P | in Section IV-C
does not hold. This would result in the sequence currents of
Fig. 12(b), which yield the phase currents of Fig. 12(c). A
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Fig. 12. Measurements for IBR-4 in Case 3 using the proposed method,
(a) Angles of the sequence voltages, (c) Active and reactive sequence current
magnitudes, (d) Instantaneous currents.

comparison between Figs. 11(a) and 12(b) reveals the advantage
of the proposed method, which results in the generation of an
additional 16 MVAr reactive power.

B. Sequence of Steps

The following explains the rationale behind the order of the
steps taken in Section IV. Since the GCs prioritize reactive
current over active current during LVRT, it might be naturally
presumed (as has been done in [6] and [11]) that the order of
the steps taken to satisfy the GCs’ LVRT requirement should
plausibly be: first, checking if the reactive currents given by
Fig. 1 increase the phase currents beyond the Imax limit. Only
if this limit is not violated, a non-zero active current is calcu-
lated/generated. Otherwise, no attempt is made to generate an
active current, as the IBR has supposedly no extra capacity left,
and even the pair of reactive currents given by Fig. 1 needs to
be scaled down.

Conversely, the algorithm proposed in Section IV first at-
tempts to find the maximum active current for the reactive
currents of Fig. 1 without examining whether these reactive
currents cause unacceptably large phase currents. Only after-
wards are the reactive currents scaled down if need be. This
might seem counterintuitive given the requirement to prioritize
reactive currents. However, the irony is that for the very purpose
of prioritizing/maximizing reactive currents, it is necessary to
examine the possibility of generating active current before a
potential scale-down of reactive currents. This stems from the
fact that, depending on the magnitudes/angles of the sequence
currents, there may occur a condition in which the non-scaled
I±Q of Fig. 1 (without any I+P ) make the phase currents exceed
Imax, while the addition of a properly chosen I+P can bring the
phase currents below Imax without the need to scale down the
reactive currents given by Fig. 1. Such a scenario is depicted for
the phase A current in Fig. 13. The phase current derived from
the sum of I−Q and I+Q , I(1)a , exceeds the Imax limit. However,
this figure shows that the addition of I+P places the phase current

Fig. 13. Phasor diagram relating Imax to sequence active and reactive
currents.

Fig. 14. Measurements for IBR-14 in Case 4 without active current generation,
(a) Active and reactive sequence current magnitudes, (c) Instantaneous currents,
(d) Angles of the sequence voltages.

(I(2)a ) within the acceptable range without reducing the reactive
currents.

The GCs allow scaling down I±Q only if it is necessary to do
so, which is not the case for conditions like the one displayed
in Fig. 13. Thus, the above sequence of steps is pivotal for
satisfying [3], [4]. The following case study shows how the
sequence of steps for calculating the inverter currents impacts
the GC compliance.

1) Case 4: Consider an AG fault with Rf = 5 Ω at 40%
of the line connecting B23 to B24 in Fig. 2. For IBR-14,
ΔV + = −0.109 pu and ΔV − =0.106 pu, and so the super-
imposed reactive currents in Fig. 1 will be ΔI+Q = −0.65 pu
and ΔI−Q = −0.64 pu for K = 6. Before the fault, the power
factor of this IBR is 1 at the POM, which makes the pre-fault
reactive current at the POC |I+Q-pre| =0.038 pu. The POC voltage

can be used to calculate |I+Q-cap| =0.037 pu and |I−Q-cap| =0.003
pu for the shunt capacitor of the inverter’s filter. Therefore, the
reactive current references given by (4) are |I+Q | =0.66 pu and
|I−Q| =0.64 pu. Using the sequence voltage angles shown in
Fig. 14(a), the angles of I+Q and I−Q are –121.3◦ and –34.9◦,
respectively. If the IBR generates these reactive currents, with
no active current, as in Fig. 14(b), the current of phase B will
exceed the limit in Fig. 14(c). If the sequence of steps used by
the proposed method is not applied, the only way to bring the
phase current within the acceptable range is to scale down I±Q by
96%; i.e., sub-optimal reactive currents and zero active current.

Meanwhile, if the reactive currents and sequence voltage
angles shown in Fig. 14(b) and 14(c) are plugged into (9),
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Fig. 15. Measurements for IBR-14 in Case 4 with the proposed method, (a)
Active and reactive sequence current magnitudes, (c) Instantaneous currents.

the |I+P | generated by the inverter becomes 0.33 pu. Using the
sequence voltage angles of Fig. 14(c), the angle of I+P is –31.3◦.
The angle between this I+P and the above-mentioned reactive
currents brings |Ib| below Imax and makes |Ia| equal to Imax

(Fig. 15). Therefore, the phase current limit is satisfied without
reducing reactive currents and with generating maximum active
current; i.e., full compliance with [3] and [4]. Similar to the case
at the end of Section IV, the active power generated by the IBR
is huge and exceeds 60 MW.

C. Probability of Finding Non-Zero |I+P | in Step 3

Section IV-C proved that an IBR can generate non-zero |I+P |
after I±Q are scaled down only if β + ϕ is inside the [180◦, 360◦]
range, whereϕ is 0,+120◦, or−120◦ when the maximum phase
current after scaling down I±Q occurs in phase A, phase B, or
phase C, respectively. This section investigates the likelihood
of 180◦ < (β + ϕ) < 360◦ in real power systems. As explained
below, this analysis depends on the fault type.

1) Single-Phase-to-Ground-Faults: For a bolted AG fault,
the phase lead of the negative-sequence voltage over the positive-
sequence voltage (θV − − θV +) is about 180◦. This angle pro-
gresses in the counterclockwise direction as the fault resistance
increases, but the progression does not exceed 60◦ ∼ 70◦ even
for very large fault resistances (refer to Fig. 10 in [17]). Thus,
θV − − θV + is inside the [180◦, 240◦] range at an IBR’s POM.
Assuming a YNd1 interface transformer for the IBR, θV − and
θV + shift by +30◦ and −30◦ when moving from the POM to
the POC, and so the β (defined in (5)) measured at the POC is
normally inside [60◦, 120◦] for AG faults and YNd1 transformer.

In the meantime, the phase lead of the negative-sequence
reactive current over the positive-sequence reactive current,
∠I−Q − ∠I+Q , obtained through (13), is β, β − 120◦, and β +
120◦, for phases A, B, and C, respectively. Given the above
range for β, the following angles are obtained at the POC:
� 60◦ < ∠I−Q − ∠I+Q < 120◦ for phase A,
� −60◦ < ∠I−Q − ∠I+Q < 0◦ for phase B, and
� 180◦ < ∠I−Q − ∠I+Q < 240◦ for phase C.
The smaller angle between the two sequence components of

phase B current makes |Ib| larger than the phase A and C currents
and equal to Imax in Step 2 (as observed in the case study at the
end of Section IV-C). As mentioned earlier, when |Ib| = Imax,
the IBR is able to generate |I+P | in Step 3 if 180◦ < β − 120◦ <

360◦. This condition is normally satisfied as the above discussion
indicated that β is inside [60◦, 120◦] for AG faults.

For a YNd11 transformer, θV − and θV + shift by −30◦ and
+30◦, respectively, when moving from the POM to the POC,
and so normally −60◦ < β < 0◦ at the POC during AG faults.
This makes the angle between I+Q and I−Q minimum for phase A,
hence |Ia| = Imax in Step 2. Thus, the IBR can generate |I+P | in
Step 3 if 180◦ < β < 360◦. This condition normally holds since
−60◦ < β < 0◦. A similar analysis and conclusion can be made
for phase-B- and phase-C-to-ground faults as well.

2) Double-Phase-Faults: For BC and BCG faults, θV − −
θV + at the POM is close to zero [17]. It can be proven that as the
fault location moves farther from the IBR, intermediate infeed
currents with active component in the path between the IBR
and the fault location makes θV − − θV + retard into the fourth
quadrant. The active intermediate infeed currents are generated
by the other IBRs and synchronous generator-based sources (the
latter of which has a greater impact due to its higher fault current
magnitude). As a result, θV − − θV + tilts towards the [−60◦,
0◦] range at the POM [17]. Considering the ±30◦ phase shifts
introduced by a YNd1 transformer, β given by (5) is in the [180◦,
240◦] range at the POC. Using (13), this range for β leads to
� 180◦ < ∠I−Q − ∠I+Q < 240◦ for phase A,
� 60◦ < ∠I−Q − ∠I+Q < 120◦ for phase B, and
� −60◦ < ∠I−Q − ∠I+Q < 0◦ for phase C.
The angle between I+Q and I−Q is smaller for phase C, in-

dicating that the current of phase C is maximum and equal
to Imax at the end of Step 2. As mentioned in Section IV-C,
when the phase C current is maximum, an IBR can generate I+P
if 180◦ < β + 120◦ < 360◦. Meanwhile, it was shown in the
above that 180◦ < β < 240◦, and so 300◦ < β < 360◦. Thus,
the condition on β to generate I+P in Step 3 holds.

If the transformer’s vector group is YNd11, β at the POC is
normally inside [60◦, 120◦] for BC and BCG faults. This makes
|Ib| equal to Imax in Step 2. Thus, the IBR is able to generate |I+P |
in Step 3 if 180◦ < β − 120◦ < 360◦, which is usually satisfied
since β is inside [60◦, 120◦] as mentioned above. A similar result
is obtained for other double-phase faults as well.

D. Compensation of Shunt Capacitor’s Current

One of the differences between the method developed in
Section IV and previous studies (such as [6]–[8], [10], [12], [13])
is that this method factors in the current of the LC filter’s shunt
capacitor (IQ-cap) in the formulation that derives the reference
current. This would marginally impact the reference currents de-
rived in Section IV. The following explains the rationale behind
the approach adopted in this paper. IQ-cap is an uncontrolled
current that is added to the currents of the inverter switches
before the POC. Thus, if IQ-cap is neglected when the refer-
ence currents are calculated, the superimposed reactive currents
measured at the POC will deviate slightly from what the GC
requires. This error was compensated for the positive-sequence
circuit in (4a) by subtracting |I+Q-cap| from the required reactive

current at the POC, i.e., | ± |I+Q-pre|+ΔI+Q |. Similarly, ΔI−Q-cap
was added to the required negative-sequence reactive current at
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TABLE I
TOTAL ACTIVE AND REACTIVE POWERS OF THE 16 IBRS IN THE IEEE 39-BUS TEST SYSTEM

the POC (i.e., ΔI−Q) in (4b) to derive |I−Q|. Thus, when I±Q-cap
is taken into account, the IBR generates smaller positive- and
larger negative-sequence reactive currents, compared to when
I±Q-cap is neglected.

Since the positive-sequence voltage at the POC never drops
below the negative-sequence voltage, |I+Q-cap| always exceeds
|I−Q-cap|. Therefore, when I±Q-cap is taken into account, the de-
crease in the positive-sequence reactive current is larger than the
increase in the negative-sequence reactive current. Therefore,
besides the absolute precision in complying with the GC, con-
sidering I±Q-cap in the formulation creates more room to generate
active current.

VI. PERFORMANCE EVALUATION

This section investigates the benefits of the proposed solution
from a system-side perspective when the penetration level of
IBRs is high. Subsequently, the performance of this method
and the state-of-the-art literature on GC compliance will be
compared.

A. System-Wide Impacts

Maximum utilization of the IBRs’ current generation capacity
achieved by the proposed method enhances the grid stability
from the following perspectives:
� The GCs mandate that after the LVRT, the IBRs ramp

up the active power to the pre-LVRT level quickly to
prevent instability [18]. However, high ramp rates for the
active power can cause voltage fluctuations if the grid is
not strong [16]—a common scenario with the increased
penetration of IBRs. Maximizing the IBRs’ active power
during the LVRT enables the IBR to return to the pre-LVRT
level of active power without the need for a high ramp rate

and improves frequency stability of the grid after the LVRT
conditions [18].

� Maximizing the IBRs’ reactive current elaborated in Sec-
tion V-A improves the grid’s short-term voltage stability
and fault-induced delayed voltage recovery [19].

This section presents a comparative analysis to show the
system-wide impact made by the proposed method in increasing
the power of the IBRs across the grid shown in Fig. 2. Table I
shows the total active and reactive power (P and Q) generated
by the IBRs in Fig. 2 using three methods for different fault loca-
tions, fault types, and IBR K-factors. Columns 5 to 7 report the
results for the method used in the available literature, such as [8]
and [9], which involves (1) explained in Section III. Since this
method does not consider I±Q-cap in the formulation of reference
currents (Section V-D), it cannot be directly compared with the
algorithm developed in Section IV. For a better comparison,
therefore, Table I reports the results for two versions of the
proposed method: the version reported in columns 11 to 13
strictly follows the relations in Section IV; the other version
in columns 8 to 10 removes I±Q-cap from (4) to neglect the
capacitor’s effect, enabling direct comparison with [8] and [9].

1) Positive-Sequence Powers: Columns 5 and 8 of Table I
indicate the for all fault conditions P+ of the proposed method
is larger. Consider, for example, Case 6 with K = 6 in Table I.
The total active power generated by the IBRs using the proposed
method is 443 MW (124%) larger than the total active power
when the methods of [8] and [9] are used. A noticeable pattern for
P+ in Table I is that as the K-factor increases, the active power
generated by the proposed method becomes more superior. For
instance, for a BC fault at bus B16, and for K = 2, K = 4,
and K = 6, the proposed method generates 163 MW (11%),
306 MW (52%), and 318 MW (110%), respectively, more than
existing methods. The reason is that for larger K-factors, exist-
ing methods do not attempt to generate any active current after
scaling down the reactive currents. For the proposed method,
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however, large amounts of active current can be generated in
Step 3.

As discussed in Section V-A, the superiority of the proposed
method lies in the generation of not only larger active power,
but also higher levels of reactive power. As shown in Table I,
the improvement in the reactive power is more significant for
cases involving single-line-to-ground faults and largeK-factors.
These are the cases for which the reactive currents need to be
scaled down due to the large K-factor even though the voltage
drop at the POC is not very severe. In Case 12 in Table I, for
example, the IBRs generate 259 MVAr (15%) of extra reactive if
they use the proposed method. For the same case, the proposed
method generates 64 MW (13%) of additional active power as
well. Only in three cases with lower K-factor, the Q+ generated
by the proposed method is 1 to 3 MVAr smaller. For instance,
the Q+ given by the proposed method is 882 MVAr, while the
method in [8] and [9] yields 885 MVAr; i.e., a mere 0.34%
difference. This stems from the fact that for the method in [8]
and [9], the dip in the positive-sequence voltage during the
transients of the first cycle of the fault is larger. The first cycle
of the fault is when the K-factor diagram in Fig. 1 is used to
calculate ΔI+Q . Therefore, a larger reactive current is obtained
by the K-factor diagram.

2) Negative-Sequence Reactive Power: Comparison of
columns 7 and 10 reveals that the proposed method gener-
ates larger Q− for all of the cases. Meanwhile, the pattern of
variations for Q− is different from what is observed for Q+.
As the K-factor increases, Q+ generated by IBRs naturally
increases for all of the three methods in Table I. Similarly, Q−

increases in columns 7, 10, and 13 as K is increased from 2 to 4.
However, in most cases, from K = 4 to K = 6, Q− decreases.
The reason is that fromK = 4 toK = 6, the generation of larger
amount ofQ+ causes the system to become more balanced, with
larger positive-sequence voltage and smaller negative-sequence
voltage throughout the grid.

3) Effect of Compensating Shunt Capacitor’s Current: As
explained in Section V-D, compensating for the capacitor’s
currents enables the IBR to generate larger active currents. This
issue can be observed by comparing P+ in columns 8 and 11 of
Table I. Furthermore, a comparison between the reactive currents
of these two methods confirms the discussion in Section V-D that
when an IBR compensates for the current of the shunt capacitor,
Q+ decreases and Q− increases. The numbers for Q− seem
to stay unchanged in some cases. This is due to the rounding
error. For instance, Q− in Case 1 in Table I for the proposed
method without and with compensation of the capacitor’s current
is 103.00 MVAr and 103.13 MVAr, respectively.

B. Comparative Analysis

To the best of the authors’ knowledge, the state-of-the-art
methods for compliance with recent GCs have been published
in [8], [6], and [11]. In [8], the phase current magnitudes are
formulated as the scalar sum of |I+| and |I−|, as opposed to
the actual vector sum relation between the phase and sequence
currents. Section IV-A demonstrated that the inverter power ob-
tained by the proposed method is larger than the power obtained

by the different formulation of [8]. In [6], the relation considered
in (19) of that paper between the phase and sequence currents
holds only when the angle between I+ and I− is 45◦, which is not
valid during most LVRT conditions. Among the aforementioned
three papers, the full range of possible angles between I+ and
I− is considered only in [11]. Therefore, this section presents
a detailed comparative analysis between the proposed method
and the technique developed in [11].

The method proposed in Section IV of [11] has six steps,
which focus on deriving the setpoints for the inverter’s power,
not current. This process is different from following the explicit
superimposed reactive currents given by the GCs in Fig. 1—i.e.,
the approach adopted in this paper—and results in IBR currents
that are not compliant with recent GCs and standards for the
following main reasons.

1) The method in [11] relies on the calculation of the in-
verter’s maximum total reactive power, Qmax. For a given
LVRT condition, Qmax is calculated in [11] by setting
the active power reference to zero and finding the reactive
power that makes the maximum phase current equal to the
IBR’s current limit. However, Section V-B, including Case
4, demonstrated that depending on the angles/magnitudes
of the sequence currents, the maximum reactive current of
an IBR can potentially be obtained when the active current
is not zero. This renders the formulation for Qmax in [11]
invalid.

2) An inverter’s LVRT currents must satisfy (21) obtained
from Fig. 1 (which is also expressed as (27) in [11]).

ΔI±Q = k±ΔV ± (21)

In this relation, k± denotes the K-factors for the posi-
tive and negative sequences. However, if the inverter’s
operating point satisfies the condition for the second
row of (30) and (31) of [11], those equations return
Q+ = k+Qmax(1− V +) and Q− = k−QmaxV

−. Divid-
ing these sequence reactive powers over their respective
sequence voltages yields

|I+Q | = k+Qmax(1− V +)

V +
(22a)

|I−Q| = k−Qmax (22b)

The reactive current given by (22) is different from the
current required by the GCs and expressed by (21). The
comparison between (21) and (22) becomes easier if the
pre-fault reactive currents are assumed to be zero, making
ΔI±Q equal to |I±Q|. It can be shown that a similar discrep-
ancy exists between the currents given by [11] and (21) if
the inverter’s operating point satisfies the condition in the
third rows of (30) and (31) in [11].

3) The additional negative-sequence reactive current re-
quired by the IEEE 2800 standard during LVRT shall
not exceed the additional positive-sequence reactive cur-
rent [16]. In addition, the positive-sequence current ob-
tained from the curve in Fig. 1 is equal to or larger
than the negative-sequence current for the typical pairs
of ΔV + and ΔV − of actual power system faults. The
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Fig. 16. The CIGRE North American high-voltage benchmark system [20].

relative magnitude of sequence currents given by [11]
can be determined using (30) of [11] and (22) derived
above. The condition for the second row in (30) of [11]
is 1−1/k+ < V + < 0.9, which can be written as 0.11
< 1−V +

V + < 1
k+−1 . The upper boundary of this inequality

is less than 1 because 2 ≤ k+ ≤ 6. Therefore, 1−V +

V + in
(22a) is below 1. Thus, if k+ = k− (which is always the
case in [3]), |I+Q | given by (22a) becomes smaller than
|I−Q| given by (22b). This problem can also occur when
the inverter’s operating point satisfies the condition for
the third row of (30) in [11]. If k2 given by (33) of [11]
is below 0.5, then Q− > Q+ in (29) of [11]. Since V + is
always greater thanV −, this will lead to |I+Q | < |I−Q|. Even
whenk2 >0.5, sinceV + > V −, althoughQ+ > Q−, |I−Q|
may be larger than |I+Q |. Thus, |I−Q| given by [11] is larger
than |I+Q | in most fault conditions. This can be observed in
Figs. 6, 8, 9, 11, 12, and 14 of [11]. Inefficient utilization
of the inverter’s capacity and generation of more |I−Q| than
|I+Q | can jeopardize the IBRs’ dynamic voltage support,
which is the main purpose of the GCs’ requirement for
reactive current generation during LVRT.

Considering the above issues, the following case study com-
pares the proposed method with the method of [11].

Case 5: The mathematical formulations in the paper do not
rely on any information about the grid topology and the number
of IBRs in the grid. To further demonstrate the independence
of the proposed method from the grid conditions, this case
study uses a different test system. Fig. 16 shows the CIGRE
North American high-voltage network—whose specifications
are given in [20]. In the system of Fig. 16, the synchronous
generator connected to bus B11 and its step-up transformer
are replaced with a 34.5-kV, 100-MW IBR plant, which is
interfaced to the grid through a 150-MVA, 230-kV/34.5-kV,
YGd1 transformer. The HV side of this transformer is connected
to bus B3 via a 50-km tie-line. The phase current limit of the IBR
is Imax = 1.2 pu. Prior to the fault, the IBR is working at unity
power factor at the POM, corresponding to |IQ-pre| = 0.05 pu at
the POC. At t = 1 s, an AG fault occurs in the middle of one of
the parallel lines that connect buses B3 and B4. In the following
analysis, the steady-state fault voltage is used to determine the
current reference because the power-based formulation in [11]
requires continuous measurement of voltage.

Fig. 17 displays the results obtained for the above LVRT
condition when K = 2 and the IBR uses the method of [11]
(considering that the negative sign for the second term on the

Fig. 17. Measurements for Case 5 andK = 2 using [11], (a) Sequence voltage
magnitudes, (b) Sequence voltage angles, (c) Sequence powers, (d) Active and
reactive sequence currents, (e) Instantaneous currents.

right side of (34) of [11] is a typographical error and must
be positive). The voltages in Fig. 17(a) and (b) correspond to
ΔV + = 0.232 pu and ΔV − = 0.157 pu, for which the curve
in Fig. 1 returns |ΔI+Q | = 0.464 pu and |ΔI−Q| = 0.314 pu. The
method in [11] regulates the sequence powers and yields the
curves shown in Fig. 17(c). Dividing these sequence power over
their respective sequence voltages results in |I+Q | = 0.23 pu and
|I−Q| = 0.77 pu (measured before the LC filter’s capacitor). Since
the pre-fault reactive current is |IQ-pre| = 0.047 pu and the shunt
capacitor’s current is |I+Q-cap| = 0.032 pu and |I−Q-cap| = 0.008

pu, the superimposed currents generated by the IBR are |ΔI+Q | =
0.22 pu and |ΔI−Q| = 0.76 pu (from (4)). This confirms the above
analysis that the superimposed reactive currents obtained by the
method of [11] are different from the currents required by the
GCs (in this case, |ΔI+Q | = 0.464 pu and |ΔI−Q| = 0.314 pu).

This discrepancy is particularly problematic due to the very
large negative-sequence current, which is more than triple the
positive-sequence reactive current. This large negative-sequence
current prevents the inverter from generating a larger positive-
sequence reactive current for dynamic voltage support. In ad-
dition, as shown by the instantaneous currents of Fig. 17(e),
although the method of [11] has maximized current of phase A,
the excessive negative-sequence current changes the rotation of
three phase currents from ABC to ACB during the fault.

Increasing the inverter’s K-factor exacerbates this problem.
The measurements for the same fault condition are shown in
Fig. 18. The sequence voltage and power curves of Fig. 18(a)–
(c) yield the sequence current curves of Fig. 18(d), in which
I−Q consumes almost 1 pu of the inverter’s current generation
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Fig. 18. Measurements for Case 5 andK = 4 using [11], (a) Sequence voltage
magnitudes, (b) Sequence voltage angles, (c) Sequence powers, (d) Active and
reactive sequence currents, (e) Instantaneous currents.

Fig. 19. Measurements for Case 5 and K = 2 using the proposed method,
(a) Sequence voltage magnitudes, (b) Sequence voltage angles, (c) Sequence
powers, (d) Active and reactive sequence currents, (e) Instantaneous currents.

capacity, hence a lower dynamic support for the voltage and an
obvious ACB rotation for phase currents in Fig. 18(e).

The performance of the proposed method for the same LVRT
conditions is shown in Fig. 19 for K =2. In Fig. 19(a), ΔV + =
0.203 pu and ΔV − = 0.197 pu. For these voltage changes, the
curve in Fig. 1 returns |ΔI+Q | = 0.406 pu and |ΔI−Q| = 0.394
pu. Plugging these two currents along with the pre-fault and

Fig. 20. Measurements for Case 5 and K = 4 using the proposed method,
(a) Sequence voltage magnitudes, (b) Sequence voltage angles, (c) Sequence
powers, (d) Active and reactive sequence currents, (e) Instantaneous currents.

the capacitor’s reactive currents in (4) yields the reactive current
setpoints of |I+Q | = 0.42 pu and |I−Q| = 0.40 pu. The reactive cur-
rents in Fig. 19(d) are identical with these GC-compliant reactive
currents. Besides compliance with the GCs, the phase currents
maintain their ABC rotation in Fig. 19(e). More importantly,
the positive-sequence voltage obtained by the proposed method
in Fig. 19(a) is 3% higher than the respective voltage obtained
by the method of [11] in Fig. 17(a). The difference between
the voltages obtained by the two methods naturally increases
if the number and/or rating of IBRs increase beyond the single
100-MW unit that has been considered in Fig. 16. The results
obtained by the proposed method forK =4 are shown in Fig. 20,
demonstrating strict compliance with the curve of Fig. 1. This
makes V + of [11] in Fig. 20(a) 4% higher than V + in Fig. 18(a).

Further simulation results are presented in Tables II–IV to
compare the proposed method and [11]. Table II shows the total
active and reactive powers and the positive-sequence voltage
for different fault types and K-factors when the IBR of Case 5
implements the method of [11] and the proposed method. For
all fault types and K-factors, Q− generated by [11] is larger
than that obtained by the proposed method, resulting in the
same problems that were discussed for Case 5. An interesting
observation is that the difference between Q+ of these two
methods in each row of Table II is larger than the difference
between their Q−’s. This is due to the fact that V − is always
smaller thanV +, soQ− given by [11] is only slightly larger even
though [11] utilizes a substantial capacity of the IBR to generate
|I−Q|. On the other hand, by generating GC-compliant I−Q and
utilizing the rest of the IBR’s capacity for the positive-sequence
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TABLE II
ACTIVE AND REACTIVE POWERS AND THE POSITIVE-SEQUENCE VOLTAGE OF THE IBR CONNECTED TO B3 IN FIG. 16 FOR THE FAULT LOCATION OF CASE 5

TABLE III
ACTIVE AND REACTIVE POWERS AND THE POSITIVE-SEQUENCE VOLTAGE MAGNITUDE OF THE IBR CONNECTED TO B6B IN FIG. 16 FOR FAULTS ON B6A

TABLE IV
ACTIVE AND REACTIVE POWERS AND THE POSITIVE-SEQUENCE VOLTAGE MAGNITUDE OF THE IBR CONNECTED TO B6B IN FIG. 16 FOR FAULTS ON B1

current, the proposed method offers a significantly larger Q+.
This can be observed by comparing columns 5 to 8 in Ta-
ble II. The above differences between [11] and the proposed
method are ultimately reflected in the positive-sequence voltage
reported in the last two columns of the table. In all cases, the
proposed method exhibits superior dynamic voltage support.
Both methods are able to maximize their active powers (for
their own positive- and negative- sequence reactive powers).
The difference in the active powers of the two methods stems
from the difference in their reactive powers.

In order to test another topology and IBR rating, the syn-
chronous generator connected to B12 in Fig. 16 and its step-
up transformer are replaced with a 34.5-kV, 200-MW IBR
plant which is interfaced to the grid through a 250-MVA, 230-
kV/34.5-kV, YGd1 transformer. Tables III and IV show the

results for different faults on buses B6a and B1, respectively.
Both of these tables confirm the previous findings. Note that
for AG faults at B1, ΔV + and ΔV − are both in the 0.1-pu
dead-band of Fig. 1, and neither method enters the LVRT mode.

VII. CONCLUSION

This paper demonstrated that existing literature on inverter
control does not satisfy the requirements of recent GCs for
maximum active and reactive current generation during LVRT.
The available techniques that use the scalar sum of the sequence
currents to derive the inverter reference currents lead to mis-
calculation of an IBR’s capacity for generating active current.
This may also cause unnecessary reduction of the reactive
currents without any active current generation. The solution
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developed in the paper addressed all of these problems and
maximized both the active and reactive currents of an IBR.
In particular, the paper showed that when the reactive currents
make the phase currents exceed the IBR’s limit, it is possible
to generate non-negligible amounts of active current and bring
the phase currents below their limit without scaling down the
reactive currents. Additionally, the proposed method derived
a larger scaling factor and so maximized the reactive current
generated by the IBR. It was also shown that after scaling
down the reactive currents, although at least one of the phase
currents reaches the IBR’s limit, the IBR is still usually capable
of generating active current. Furthermore, a detailed compara-
tive study verified the superiority of the proposed method over
the state-of-the-art literature with respect to GC compliance and
dynamic voltage support during the LVRT.
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