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Abstract: With the increasing penetration of converter-based power sources into the power system,
the performance of the converter has become a key factor for enhancing grid reliability, especially
during asymmetrical faults. To meet the low voltage ride-through requirements, the converter
should feed the reactive power to the grid for voltage support while ensuring the maximum current
limitation for the converter’s safety. For such injections, the grid codes are defined. This paper
presents a novel and simplified reference current generation scheme to fulfill the requirement of
recent grid codes, ensure the current limit of the converter and confirm better utilization of the
converter’s current capacity during asymmetrical faults. Moreover, it also discusses the new sequence
extraction scheme based on the delay sample method in the stationary reference frame and the control
modifications for the negative sequence current injection. The proposed scheme was tested for
different priority injection schemes. Its performance was also compared with other control schemes.
Detailed simulation studies, in MATLAB/Simulink, were presented to confirm the performance
of the proposed scheme under different faulty conditions. The results confirmed the supremacy
of the proposed scheme over the available schemes for better utilization of the converter’s current
capacity during asymmetrical faults. It also ensured the peak current limitation of the converter while
fulfilling the recent grid code requirements. Moreover, the results showed that the new scheme has
10% more current capacity compared to the other schemes due to better incorporation of the angle
between the positive and negative phase sequences of the voltage.

Keywords: asymmetrical faults; reference current generation; peak current limitation; priority
injection schemes; voltage support; low voltage ride-through; grid connection; recent grid codes;
sequence extraction

1. Introduction

Due to increased global warming, depleting conventional energy sources, and in-
creased greenhouse gases, most countries are switching to renewable energy sources
(mostly wind and solar). Under #mission2030, Austria plans to achieve a completely re-
newable electricity generation for national balance by 2030, and to achieve this milestone,
22–27 TWh of more energy generation is expected across all renewable technologies. Addi-
tionally, the Austrian government is also committed to installing one million solar systems
(roof-mounted) by 2030 [1]. In [2], the global renewable energy trend is discussed; this
shows a steady increase in renewable energy sources worldwide. Solar and wind power
has increased to 10% of the total world’s electricity generation and this trend is increasing.
However, there are some challenges concerning integrating renewable energy sources with
conventional power systems.

The introduction is subdivided into three subsections: Motivation and Incitement,
Literature Review, and Contribution and Paper Organization.
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1.1. Motivation and Incitement

Most renewable energy resources are intermittent in nature and need a converter for
their connection with the power system. Due to the increasing share of converter-based
power sources, certain actions are required from the converters, particularly in faulty
situations. Among these actions, the low voltage ride-through (LVRT) is gaining more
attention in faulty situations. The LVRT was initially required to ensure the converter
connection during voltage dips/sags [3]. It also avoids the loss of power generation. Most
of the new converters have reactive power control capability, which makes them suitable for
supporting the grid voltage in faulty conditions and providing fault current contribution
for selective grid protection.

For modern power systems, the system operators demand voltage support from the
converters to avoid the possibility of voltage collapse. The converter’s response in faulty
conditions is defined by the grid codes. The conventional control schemes for the grid-side
converter (GSC) do not address the grid’s requirements under unsymmetrical faults. Most
of the grid faults are asymmetrical [4] but, due to the conventional control schemes, the
GSC provides equal voltage support to all the phases irrespective of the fault type. This
may cause overvoltage in the healthy phases and the voltage difference among the phases
will also increase during unbalanced faults [5].

In order to provide more voltage support to the faulty phase(s), the negative sequence
current is injected, which fulfills the requirements of recent grid codes under unbalanced
faults. Moreover, in order to get better voltage support, the full current capacity of the
converter is utilized [6]. The conventional control scheme needs to be modified to comply
with the recent grid code requirements. During asymmetrical faults, a different amount
of current is injected in each phase and needs to be flexibly controlled to ensure the peak
current limitation of the converter. Figure 1 presents the positive and negative sequence
current injection requirements mentioned in German grid codes (VDEAR-N 4100 and
VDEAR-N 4110) [7]. The motivation of this work was to provide the different voltage
support of each phase during unbalanced faults and to use the maximum converter’s
current capacity for this purpose.
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1.2. Literature Review

One approach for the implementation of the recent grid codes is to split the voltage
phasor into positive and negative sequence components. The negative sequence current
injection can be used for different purposes, e.g., minimizing the dc link voltage ripples, and
improving the injected power quality and voltage support in asymmetrical faults, etc. [5].
Broadly, the negative sequence control is achieved by changing the power references
for the negative sequence, which inherently induces different currents in each phase.
This is normally known as power control. The other method is to identify the reference
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current components directly [6]. In this manuscript, the direct reference current calculation
methodology was used.

The authors previously presented another simplified reference current generation
scheme for the GSC in case of asymmetrical faults in [5]. This scheme, however, required
a hard limit for the angle of the reference current’s positive sequence and did not ensure
better utilization of the converter’s current capacity during asymmetrical faults. In [6],
the authors presented a reference power generation strategy during unbalanced faults. It
ensured the peak current limitation. However, the proposed scheme needed to calculate the
reactive power in each phase, and then the minimum of these three was used as a reference
reactive power in LVRT conditions. Moreover, the calculation for reference reactive power
also required the true value of the angular difference between the positive and negative
sequences, which is highly dependent on the sequence extraction method and the filters’
time constants. This angular difference is also hard to estimate correctly in the case of
transients. In [7], the authors presented the effect of negative sequence current injection in
the case of unbalanced faults. However, to ensure the safe operation of the converter, the
angle between voltage sequence phasors was used to calculate the maximum current in
each phase.

In [8], the authors proposed a current limiting scheme for the offshore wind power
plant. The proposed strategy ensured the maximum current limitation during unbalanced
faults. However, for maximum current limitation, this scheme considered the positive and
negative sequence current phasors to be in-phase, which did not ensure the maximum
utilization of the converter’s current capacity. Moreover, it injected the maximum real
power during different faults and did not comply with recent grid codes. In [9], the
reference current generation scheme was discussed for asymmetrical faults. This scheme
calculated the reference real and reactive power for the LVRT conditions. However, this
scheme needed a separate phase-locked loop (PLL) for the positive and negative sequences;
it also needed the angle difference between the voltage sequence phasors.

In [10], the authors presented the impact of negative sequence current injection over
the voltage unbalance in the case of a microgrid, but the maximum current limitation
strategy was not discussed. In [11], the authors discussed the control of the grid following
the converter in the case of unbalanced conditions. It did not discuss the maximum current
limit of the converter. In [12], the authors presented a control scheme to address the LVRT
in unbalanced conditions. However, this scheme considered the angle difference between
positive and negative voltage sequences, which is highly dependent on the sequence
extraction scheme.

In [13], a negative sequence current injection scheme was presented with different
values for the proportional constant for the negative sequence (k−). However, this scheme
also needed angle information to confirm the safe operation of the converter and it did
not confirm better utilization of the converter’s current capacity. In [14], the authors
proposed a control scheme for the static synchronous compensator (STATCOM) under
unbalanced conditions. This scheme also involved the true angle difference between the
voltage sequence phasors. It computed the current for each phase and identified that the
maximum of these should be less than or equal to the current limit of the converter.

The publications cited in this section confirm that either the true angle difference
between the positive and negative voltage sequences is required to completely utilize the
current limit for the converter, or the numeric addition of positive and negative sequence
current phasors needs to be kept lower than the maximum allowed current limit of the
converter. The first approach depends on the sequence extraction scheme and the filters’
time constant, whereas the second scheme is unable to confirm the maximum utilization of
the converter’s current capacity in unbalanced faults.

1.3. Contribution and Paper Organization

This manuscript aimed to develop a new current injection scheme for GSC during
unsymmetrical faults. The proposed scheme incorporated the requirements of the recent
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grid codes for faulty conditions. It ensured the peak current limitation of the converter,
and it did not require angle information about the positive and negative sequence voltage
phasors. The proposed scheme also ensured the better utilization of the converter’s current
capacity during asymmetrical faults. It used one inner current controller for both positive
and negative sequence current injection. The major contributions of this manuscript are:

• Simplified and accurate current limiting scheme for unbalanced faults, which fulfills
the requirements of recent grid codes while ensuring the maximum current limit of
the converter.

• Ensuring better utilization of the converter’s capacity during unbalanced faults.
• A robust control scheme for the negative sequence current injection without a dedi-

cated PLL.
• Sequence extraction scheme in αβ-domain based on the delay sampling method.
• Comparison of the priority injection schemes for different types of faults.

The phase angle between positive and negative sequence voltage phasors is dependent
on the sequence extraction scheme and in different scenarios, it may not be computed
accurately. Thus, the proposed scheme did not use it to ensure the maximum current limit
of the converter.

The rest of the paper is organized as follows: The layout of the test network is discussed
in Section 2. In Section 3, the conventional and proposed control schemes for GSC are
presented. The priority selection schemes, along with the maximum current limit strategy,
are also discussed in Section 3. Section 4 discusses the results for different priority schemes
under different fault scenarios. Finally, the paper is concluded in Section 5.

2. Layout of Test Network

The general layout of the test network is given in Figure 2.
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A primary energy source was connected to the grid with the help of a 2-level three-
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The control unit required the current and voltage information at PCC, and it represented 
both the proposed control scheme and the conventional one. The output of the control 
unit was the reference three-phase voltage which was passed to the modulation unit. By 
using the pulse width modulation (PWM) technique, the modulation unit generated the 
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in Table 1. For per unit (p.u.) calculations, 100 kVA and 400 V were used as base power 
and base voltage line to line (L-L) respectively. 

  

Figure 2. Schematic diagram of the network under consideration.

A primary energy source was connected to the grid with the help of a 2-level three-
phase converter, an LCL filter, and a step-up Y-∆ transformer. The measurements were
taken at the point of common coupling (PCC). An unbalanced fault was applied at PCC.
The control unit required the current and voltage information at PCC, and it represented
both the proposed control scheme and the conventional one. The output of the control
unit was the reference three-phase voltage which was passed to the modulation unit. By
using the pulse width modulation (PWM) technique, the modulation unit generated the
six pulses for the converter’s switches. The control scheme compensated for the voltage
drop across the filter and the transformer. The parameters, related to Figure 2, are given in
Table 1. For per unit (p.u.) calculations, 100 kVA and 400 V were used as base power and
base voltage line to line (L-L) respectively.
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Table 1. Network Parameters.

Grid

Voltage (L-L) Frequency Short Circuit Power X/R

400 V 50 Hz 800 kVA 5

Filter

Inductance (Lf) Capacitance (Cf)

0.38 mH 95 uF

Transformer

Type Rated Power Voltage Rated
Frequency Reactance Resistance

Y∆1 200 kVA 400/260 V 50 Hz 0.03 p.u 0.0012 p.u

Inverter

Rated Power Rated Voltage (L-L) DC link voltage (vdc)

100 kVA 260 V 425 V

3. Control Schemes

The conventional control scheme provides equal voltage support to each phase irre-
spective of the type of fault. The proposed control scheme, along with different priority
injection schemes, provides more voltage support to the faulty phase(s) compared to the
healthy phase(s). Both the conventional and proposed control schemes are discussed in
this section.

3.1. Conventional Control Scheme

The conventional control scheme is developed in the synchronous rotating reference
(dq) frame. The layout of the conventional control scheme is given in Figure 3. The inputs
for the control scheme are the measured three-phase voltages and currents at the PCC. The
reference real and reactive powers are also the input to the control scheme.
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In the conventional control scheme, only the positive sequence injection is performed;
the expression given in this section is applied to the positive sequence component. The
three-phase measured voltages and currents are transformed into the synchronous rotating
reference frame. The mathematical expressions for these transformations are discussed
in [15]. The mathematical expressions, considering only the fundamental frequency, are
given in (1):
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where the subscripts abc are used for each phase, αβ is used for the stationary reference
frame components, and dq is used for the rotating reference frame components. ω and θ
are the angular frequency and initial phase angle of the voltage phasor, respectively. Such
expressions can also be derived for the current. The three-phase active and reactive power
expressions in the dq-frame are given in (2):[

p
q

]
=

3
2

[
id iq
id −iq

][
vd
vq

]
(2)

where p and q are the three-phase real and reactive powers, respectively. Considering the
ideal performance of the synchronous reference frame PLL (SRF-PLL), the q-component of
voltage (vq) is zero. Thus:

p =
3
2
(idvd); q =

−3
2
(
iqvd

)
(3)

for the generation of reference active and reactive current components in normal conditions,
the expressions in (3) are used. The reference currents in normal conditions are given in (4):

id∗ = f (vd, p∗) ; iq∗ = f (vd, q∗) (4)

where the superscript * is used to define the reference quantities. Moreover, the real power
injection has priority in normal conditions. In faulty conditions, the grid operators demand
voltage support from the converters. Thus, the reactive current injection is given priority
and its value is dependent on the voltage dip. The expressions for the generation of
reference currents in faulty conditions are given in (5) where the proportional constant for
positive sequence (k+) ranges from 2 to 6. The range of the proportional constant is defined
in German grid code (VDE-AR-N 4110). A summary of this code can be found in [16]:

iq∗ = k+∆vd + iq,pre f ault
∗ ; id∗ = f (vd, p∗) (5)

where the subscript prefault stands for “steady state value before fault” and ∆ is used to
define the difference between nominal value and actual value for a particular quantity. The
current limits in normal and faulty situations are given in (6) and (7), respectively. The limit
for the id is less than imax

NC (maximum allowed current in normal conditions). This is to
have some margin for the reactive power support in normal conditions:

idlim = 0.95 p.u

iq
lim =

∣∣∣∣√(imax
NC)

2 − (id∗∗)
2
∣∣∣∣ (6)

iqlim = imax

id
lim =

∣∣∣∣√(imax)2 −
(
iq∗∗

)2
∣∣∣∣ (7)

where the superscript lim and max stand for the limit of the particular quantity and maxi-
mum converter’s current respectively. In this manuscript, the parameter with superscrip-
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tion of ** was the actual value of a particular component after applying its limit to its
reference value, e.g.:

|ix
∗∗| = min

(∣∣∣ix
lim
∣∣∣, |ix

∗|
)

(8)

The current controller mentioned in Figure 3 was the PI controller. The calculations
for the control gains of the inner PI current controller and for SRF-PLL are discussed
in [17]. This scheme is defined as “balanced current injection” (BCI) scheme throughout
this manuscript.

3.2. Proposed Control Scheme

The BCI was derived for the balanced conditions. However, most of the faults are
unbalanced faults and the grid operators require different voltage support for each phase.
This can be achieved by controlling the positive and negative sequence injection. The pur-
pose is to inject the reactive current in positive and negative sequences in faulty conditions
while the maximum current limit of the converter is ensured. Different priority injection
schemes are possible. The layout of the proposed control scheme is given in Figure 4.
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To fulfill the recent grid codes, only the positive and negative sequence extraction is
important. Thus, the zero sequence is not discussed in this section. The voltage and current
phasors can be transformed into positive, negative, and zero sequence components [18].
The mathematical expressions are given below [19].va(t)

vb(t)
vc(t)

 = vp

 cos
(
ωt + θp

)
cos
(
ωt + θp − 2

3 π
)

cos
(
ωt + θp +

2
3 π
)
+ vn

 cos(−ωt− θn)
cos
(
−ωt− θn − 2

3 π
)

cos
(
−ωt− θn +

2
3 π
)
 (9)

In this manuscript, the subscript p and the superscript “+” were used for the positive
sequence variables. Similarly, the subscript n and the superscript “−“ were used for
the negative sequence. From (9), it is clear that the angular frequency of the positive
and negative sequences is the same, but the direction of rotation is opposite to each
other. Figure 5 represents the phasor addition of the positive and negative sequence
components [20].
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The Clark transformation was applied to (9) and the expressions are given in (10).[
vα(t)
vβ(t)

]
= vp

[
cos
(
ωt + θp

)
sin
(
ωt + θp

)]+ vn

[
cos(−ωt− θn)
sin(−ωt− θn)

]
[

vα(t)
vβ(t)

]
=

[
vαp(t)
vβp(t)

]
+

[
vαn(t)
vβn(t)

] (10)

3.2.1. Sequence Extraction Scheme

For real-time sequence extraction, there are different techniques available in the lit-
erature [21–25]. The most common scheme is to take the orthogonal signals of the αβ
components of the resultant voltage. The expressions for the positive and negative se-
quences, in terms of the resultant signal and its orthogonal signals, are given below. The
expression given in (11) can be easily derived by shifting the original αβ components by 90◦:

vαp(t)
vαn(t)
vβp(t)
vβn(t)

 =
1
2


vα(t)− vβ(t)T

vα(t) + vβ(t)T

vβ(t) + vα(t)T

vβ(t)− vα(t)T

 (11)

where the signal with superscript T represents the orthogonal of that signal. The important
task is to acquire the orthogonal of a signal in real time. For this purpose, the first-order
generalized integrator (FOGI), or the second-order generalized integrator (SOGI) can be
used. The layout of the FOGI is given in Figure 6.
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The transfer function (Laplace) and the output (in time domain) for the FOGI are given
in (12).

G(s) = 2ω
s+2ω → G(jω) = 4

5 −
2
5 j

y(t) = 4
5 x(t)− 2

5 x(t)T
(12)

By using FOGI, the orthogonal of a signal can be achieved with just one integrator. It
is important to mention here that due to the distortion in the input signals, a low-pass filter
was used to remove the high-frequency distortions. The filter also affected the magnitude
of the signal, and it also changed the phase angle, which can cause inaccuracy while
calculating the limits for different current components. The other method is to use SOGI.
The layout for the SOGI is given in Figure 7.
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The SOGI uses two integrators, and it gives two outputs, one is the same as the input
and the other is orthogonal to the input. The expressions for SOGI are given in (13).

G1(s) = ωs
s2+ωs+ω2 → G1(jω) = 1

G2(s) = ω2

s2+ωs+ω2 → G2(jω) = −j

y1(t) = x(t); y2(t) = −x(t)T

(13)

The advantage of SOGI is that it also acts as active filter. It is also important to mention
here that the FOGI and SOGI methods work well if the signal frequency is exactly equal to
the reference angular frequency “ω” (used in the layouts of FOGI and SOGI).

Another method is the delay sampling method. This method is discussed in [22]
with the synchronous rotating frame of reference for the positive sequence. The newly
developed extraction method is based on the delay sampling method in the stationary
frame of reference. The unit sample delay is introduced in (10) and the new expressions are
given in (14).

[
vα(t + Ts)
vα(t− Ts)

]
=

[
cos(ωTs) − sin(ωTs) sin(ωTs)
cos(ωTs) sin(ωTs) − sin(ωTs)

] vα(t)
vβp(t)
vβn(t)


[

vβ(t + Ts)
vβ(t− Ts)

]
=

[
cos(ωTs) sin(ωTs) − sin(ωTs)
cos(ωTs) − sin(ωTs) sin(ωTs)

] vβ(t)
vαp(t)
vαn(t)

 (14)

After doing some mathematical steps, the final expressions are given in (15).

vαp(t) = 1
4

(
vα(t+Ts)+vα(t−Ts)

cos(ωTs)
+

vβ(t+Ts)−vβ(t−Ts)

sin(ωTs)

)
vβp(t) = 1

4

(
vα(t−Ts)−vα(t+Ts)

sin(ωTs)
+

vβ(t−Ts)+vβ(t+Ts)

cos(ωTs)

)
vαn(t) = 1

4

(
vα(t+Ts)+vα(t−Ts)

cos(ωTs)
− vβ(t+Ts)−vβ(t−Ts)

sin(ωTs)

)
vβn(t) = 1

4

( vβ(t−Ts)+vβ(t+Ts)

cos(ωTs)
− vα(t−Ts)−vα(t+Ts)

sin(ωTs)

)
(15)
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In order to introduce the sample delays in the discrete domain, the signal was delayed
by double the sampling time and the Z−2Ts operator was introduced. The output of the
delayed operator was used as the delayed signal in (15). The layout diagram is given in
Figure 8 and the expressions for the discrete domain are given in (16).

vαp(k) = 1
4

(
vα(k)+vα(k−2)

cos(ωTs)
+

vβ(k)−vβ(k−2)
sin(ωTs)

)
vβp(k) = 1

4

(
vα(k−2)−vα(k)

sin(ωTs)
+

vβ(k−2)+vβ(k)
cos(ωTs)

)
vαn(k) = 1

4

(
vα(k)+vα(k−2)

cos(ωTs)
− vβ(k)−vβ(k−2)

sin(ωTs)

)
vβn(k) = 1

4

( vβ(k−2)+vβ(k)
cos(ωTs)

− vα(k−2)−vα(k)
sin(ωTs)

)
(16)
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As is clear from the above expressions, in this scheme, there is no need to acquire
the orthogonal of a signal in real time. However, the active filter is required to get the
fundamental component of the signal. The active filter is normally of higher order and can
be replaced with the first-order low pass filter if the unit step delay (Ts) is at least five times
the controller step time; but, in this case, more harmonic injections are expected.

3.2.2. Reference Current Generation Scheme

The proposed scheme is designed in such a way that the positive sequence reference
current calculation is the same as the BCI scheme for the normal conditions. Thus, for
the positive sequence current generation (active and reactive current components), the
expressions given in (4) are valid. However, the priority and current limits are different
and are discussed later in this section. The reference currents in faulty conditions are
given below.

iqp
∗ = k+∆vdp + iqp,pre f ault

∗ ; idp
∗ = f

(
vdp, p∗

)
iqn
∗ = k−∆vn ; idn

∗ = 0 (17)

For the negative sequence current injection, the αβ-frame of reference is used instead
of the dq-frame of reference. The major drawback with αβ-frame design is that the constant
limit clips the signal. Thus, applying a constant limit in αβ-domain can cause harmonic
injection. In order to address this problem, the expressions of the αβ-components were
derived with respect to a dc amplitude. For unbalanced faults, the negative sequence
current injection should be proportional to the change in voltage magnitude in the negative
sequence. Moreover, the current injection needs to be the reactive current, and its value
should be equal to k-∆vn. For this purpose, the expression given below in (18) was derived.

iαβ,n
∗ = iqn

∗
( vβn

|vn|
− j

vαn

|vn|

)
(18)
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If the magnitude of iαβ,n
* is calculated from (18), it comes to be iqn

* = k−∆vn, which
is according to the grid codes. To verify that the injected current in the negative sequence
corresponds to the reactive power, the following expressions were derived.

vαβ,n × conj(iαβ,n
∗) = jiqn

∗|vn|

tan−1
( vβn

vαn

)
− tan−1

( iβn
∗

iαn∗

)
= x

x = tan−1
( vβn

vαn

)
− tan−1

(
−vαn
vβn

)
= 90◦

(19)

In (19), the first expression confirms that the real power component in the negative
sequence is zero. Hence, the transfer of reactive power is ensured. Moreover, the sec-
ond expression in the same equation confirms that the phase angle between voltage and
current of the negative sequence is 90◦, which confirms the voltage support in the neg-
ative sequence. Hence, by using (18), the negative sequence reactive current injection is
confirmed without a dedicated PLL for the negative sequence. Moreover, the constant
current limit is also applicable with this approach, which changes the amplitude of the αβ

components accordingly.

3.2.3. Priority and Limit Selection

For unbalanced faults, the resultant current is the phasor summation of the positive
and negative sequence currents. Unlike the circular trajectory of the positive and negative
sequence current phasors, the resultant current’s trajectory is elliptical. The authors of
this paper have discussed this in detail in another publication [5]. Figure 9 illustrates the
trajectory of the resultant current and its sequence components.
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The reason for the elliptical trajectory is the opposite rotation of the positive and nega-
tive sequence components. As the converter is designed in the grid following methodology,
the positive sequence current phasor is rotated with the angle of the positive sequence
voltage and the same is true for the negative sequence. The maximum amplitude of the
resultant current is achieved when the phase angle of the positive and negative phase
sequences is the same (numeric addition of both the positive and negative sequences).
Similarly, the minimum of the resultant current is equal to the numeric subtraction of the
positive and negative sequence phasors’ magnitude.

In this section, a new current limiting scheme is introduced, which does not need the
information of the true angle between the positive and negative sequence voltage phasors.
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At the same time, the proposed scheme also ensures better utilization of the converter’s
current capacity compared to the scheme presented in [5]. The mathematical expression for
the resultant current is given in (20):

iαβ = ipej(ωt+θp+ϕp) + ine−j(ωt+θn−ϕn)

iαβ = (idp + jiqp)ej(ωt+θp) + (idn + jiqn)e−j(ωt+θn)
(20)

where ϕ is the initial phase angle of the corresponding current phasor. The expressions for
the idp, iqp, idn and iqn are the horizontal and vertical projections of the positive and negative
current phasors in the synchronous rotating frame of reference.

idq,p = ip cos
(

ϕp
)
+ jip sin

(
ϕp
)

idq,n = in cos(ϕn) + jin sin(ϕn)
(21)

If all three phasors are rotated with the e−j(ωt+θp) and applying the definition of (21) to
(20), then the new expression is as given in (22).

i′ = iαβe−j(ωt+θp) = idq,p + idqne−j(2ωt+θp+θn)

δ(t) = 2ωt + θp + θn

real(i′) = idp + idn cos(δ(t)) + iqn sin(δ(t))

img(i′) = iqp + iqn cos(δ(t))− idn sin(δ(t))

(22)

After performing the mathematical steps in (22), the mathematical formula for the
magnitude of the resultant current is given in (23). It is important to mention here that the
magnitude of the resultant current will not be changed due to the above mathematical steps.

|i|2 =
∣∣ip
∣∣2 + |in|2 + 2

(
idpidn + iqpiqn

)
cos(δ(t)) + 2

(
idpiqn − iqpidn

)
sin(δ(t)) (23)

Equation (23) can be further simplified because, in the negative sequence, only the
reactive current injection is required. Thus, putting idn = 0 in (23) leads to a simpler
expression that is given in (24).

|i|2 =
∣∣ip
∣∣2 + |in|2 + 2iqn

(
iqp cos(δ(t)) + idp sin(δ(t))

)
(24)

By examining the expression in (24), it is clear that it is dependent on the time and
initial angle of the positive and negative phase sequences, which is in accordance with
previous literature. It is important to mention here that in balanced situations, (24) con-
verges to the expressions given in (6) and (7). The further simplification of (24) is discussed
within the priority scheme, where the limits for the different components of the current
are calculated.

Normally, in faulty situations, the reactive current injection is given priority over the
real component of the current. Two priority schemes are discussed here. In the first scheme,
the reactive current injection in the negative sequence has the highest priority, after this, the
reactive current injection in the positive sequence is given priority, and lastly, the limit for
the active current component in the positive sequence is computed. In this manuscript, this
scheme is termed as the “NQP” priority scheme. In the other scheme, the positive sequence
reactive current’s limit is computed first, then the negative sequence reactive current is
given priority, and lastly, the limit for the active component of the positive sequence current
is computed. This scheme is termed as the “QNP” priority scheme.

As discussed earlier for the NQP, first the full current capacity of the converter is
used for the negative sequence reactive current injection. If the actual current computed
from the grid codes is less than the current capacity of the converter, then the remaining
capacity is used to decide the current limit for the reactive current injection of the positive
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sequence. For this purpose, the expression given in (24) is used but it can be simplified.
While deciding the limit for the iqp, idp can be put to zero and the cos term can be defined as
equal to one (maximum limit).

Similarly, while computing the current limit for the idp, the term involving idp is taken
as maximum (sin(δ) to 1). The term iqpcos(δ) is a critical one, which decides the better use of
the converter’s current capacity. If the numeric addition of positive and negative sequence
current phasors is limited to the maximum current capacity, then cos(δ) should be taken as
one; however, this scenario does not give the better utilization of the converter’s current
capacity. On the other hand, if the cos(δ) is taken as zero then the maximum utilization of
the converter’s current capacity is ensured but, in this case, the maximum current in the
faulty phase may go up to 5% higher than the maximum converter’s current limit. In order
to get better performance, this value is selected as 1

4 (cos(δ) to 1/4) in these calculations.
These values are selected to simplify the expression for the idp and also to get the accurate
current limit. Keeping in view the above discussion, the current limits for NQP are given
in (25) and for the QNP are given in (26).

iqn
lim = imax

iqp
lim =

∣∣imax −
∣∣iqn
∗∗∣∣∣∣

idp
lim =

∣∣∣∣√(imax)2 −
(
iqp∗∗

)2 − iqp∗∗×iqn∗∗

2

∣∣∣∣− ∣∣iqn
∗∗∣∣ (25)

iqp
lim = imax

iqn
lim =

∣∣imax −
∣∣iqp
∗∗∣∣∣∣

idp
lim =

∣∣∣∣√(imax)2 −
(
iqp∗∗

)2 − iqp∗∗×iqn∗∗

2

∣∣∣∣− ∣∣iqn
∗∗∣∣ (26)

By carefully examining the expression given in (25) and (26), it is clear that the iqn
is considered to be in phase with the iqp while computing the limits for iqp and, for idp
the major projection of iqn is projected on the idp. In this way, simpler expressions can
be computed for the current limits in unbalanced conditions. This scheme works well
irrespective of the type of fault, the severity of the fault, and the reference real and reactive
powers. Moreover, it is not affected by the low-pass filters and the performance limitations
of the PLL.

It is also important to mention here that only one inner current controller can be
used both for the positive and negative sequence current injection. For this scheme, the
quasi-proportional resonant controller (QPR) was used as the inner current controller. The
calculation for the control gains of QPR is discussed in [26].

4. Results and Discussions

The response of the proposed scheme with different priority schemes was compared
with the response of the conventional scheme and with the response of the in-phase
sequence phasor scheme discussed in detail in [5]. In this paper, the scheme presented
in [5] is denoted by “PNSIa”.

A numerical example, illustrating the performance of this scheme with different
priority injection schemes is given below. This also includes the calculations for the BCI
and PNSIa control schemes.

4.1. Numerical Example

Assuming that an asymmetrical fault occurs on the network shown in Figure 2, all the
quantities stated below are in per unit (p.u).
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For vp = 0.6 and vn = 0.29, the reference real power (p*) is 0.95 and q* = 0, k± = 2. The
pre-fault reactive current will be zero in this case. The maximum current limit (imax) is
1.2 p.u. To calculate the reference reactive current, use the expression given in (17).

idp
* = 1.58; iqp

* = −0.8; iqn
* = −0.58

4.1.1. BCI Scheme

To calculate the limit and actual reference value of the particular quantities, the
expressions given in (7) and (8) can be used when iqn

lim is zero.

iqn
lim = 0; iqn

** = 0; iqp
lim = imax = ±1.2; iqp

** = −0.8;

idp
lim = ±0.895; idp

** = 0.895;

ip = 1.2; in = 0; i = ip + in = 1.2

4.1.2. QNP Priority with Proposed Scheme

To calculate the limit and actual reference value of the particular quantities, the
expressions given in (8) and (26) are used.

iqp
lim = imax = ±1.2; iqp

** = −0.8; iqn
lim = ±0.4; iqn

** = −0.4;

idp
lim = ±0.4; idp

** = 0.4;

ip = 0.8944; in = 0.4; i = ip + in = 1.295

4.1.3. NQP Priority with Proposed Scheme

To calculate the limit and actual reference value of the particular quantities, the
expressions given in (8) and (25) are used.

iqn
lim = ±1.2; iqn

** = −0.58; iqp
lim = ±0.62; iqp

** = −0.62;

idp
lim = ±0.36; idp

** = 0.36;

ip = 0.715; in = 0.58; i = ip + in = 1.295

4.1.4. NQP Priority with PNSIa Scheme

To calculate the limit and actual reference value of the particular quantities, use the
expressions given in [5].

iqn
lim = ±1.2; iqn

** = −0.58; iqp
lim = ±0.62; iqp

** = −0.62;

idp
lim = 0.0; idp

** = 0.0;

ip = 0.62; in = 0.58; i = ip + in = 1.2

This example confirms better utilization of the current capacity of the converter with
the proposed scheme. Moreover, it also confirms that the NQP priority injection is better
when compared to the QNP, as it prioritizes the negative sequence current injection.

4.2. Simulation Results

These control schemes were tested consecutively on the network shown in Figure 2.
Different types of faults were applied at PCC and the response of each control scheme was
observed. The fault duration for each fault was 0.2 s. The first fault was applied at 0.05 s,
and it was repeated every 0.4 s. In the 0.2 s interval between the faults, the system settled
and reached a steady state pre-fault condition. For the first fault occurrence, the BCI control
was activated. In the next fault occurrence, the control shifted to the proposed scheme with
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the QNP priority injection scheme. Similarly, for the third fault duration, the NQP priority
injection control was activated and for the fourth fault occurrence, the PNSIa scheme was
activated. It is also important to mention that the PNSIa also had the NQP priority scheme
in this study. Moreover, for the simulation results, the reference real power was 0.95 p.u
and the reference reactive power was zero.

With such a fault occurrence scheme, the transient response of each scheme was also
tested. Moreover, the active current injection in the positive sequence was rate limited and
it did not allow a sudden increase in the real current component of the positive sequence.
In faulty conditions, the maximum current limit is 1.2 p.u and the k± was chosen as 2 for
these simulations.

4.2.1. Single Line to Ground Fault (SLG)

The response of the single line to ground fault (b-G) is given in Figure 10. The
subplot Figure 10a shows the three-phase voltages at PCC. This graph confirms that the
maximum healthy phase(s) voltage was more in the BCI control (1.085 p.u) compared to
the rest of the control schemes. The three-phase converter’s current injection is shown in
subplot Figure 10b. This graph shows that the BCI scheme injected the same amount of
current in each phase regardless of the type of fault, but all the other schemes were able to
provide more voltage support to the faulty phase(s), which is the requirement of the recent
grid codes.
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Figure 10. Performance comparison of different schemes for SLG Fault. (a) instantaneous three phase
voltages (phase to neutral) at PCC, (b) instantaneous three phase converter’s currents, (c) magnitude
of positive and negative sequence current phasor, (d) reference current components for positive and
negative sequences, (e) magnitude of positive and negative sequence voltage phasor along with
unbalanced factor.

Moreover, as far as the maximum current in any phase is concerned, all the control
schemes gave better results for the SLG faults. The positive and negative sequence current
phasors are presented in subplot Figure 10c. This graph also confirms that there was no
negative sequence current injection in the BCI control but for all the other schemes, its value
was dependent upon the recent grid codes requirement and the capacity of the converter. In
this case, the magnitude of the positive and negative current phasors was almost identical.
The negative sequence current injection was purely the reactive one, but the positive
sequence current injection was the vector sum of its active and reactive components.
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This can be confirmed from the subplot Figure 10d, which shows the magnitude of each
component of the current.

The subplot Figure 10e shows the magnitude of the positive and negative sequence
voltages, and the unbalanced factor (UF), which is defined as the ratio of magnitudes of the
negative sequence voltage phasor to the positive sequence voltage phasor (vn/vp). Less
UF means more uniform voltage among the phases. According to subplot Figure 10e, the
proposed scheme results in less UF factor compared to the BCI scheme. It is also important
to mention here that in case of high impedance faults, the different priority schemes give
the same result. This is due to the lower reactive current requirement arising from lower
∆vp and ∆vn. However, with the increasing severity of the fault, the priority schemes
have different responses, which will be discussed for the line-to-line fault and double
line-to-ground faults.

4.2.2. Line-to-Line Fault (LL)

A line-to-line fault was applied between phase “a” and “b”. The response of the
different control schemes is given in Figure 11. From subplot Figure 11a, it is clear that the
healthy phase had more overvoltage in the BCI, followed by the QNP, NQP, and PNSIa
schemes, respectively. The maximum amplitudes are given in Table 2. Moreover, subplot
Figure 11b shows that almost every control scheme was able to confirm the safe operation
of the converter. As far as the comparison for the PNSIa scheme is concerned, it is clear
from the subplot Figure 11b, that the PNSIa scheme injected more current in the healthy
phase and less current in one of the faulty phases compared to the NQP priority scheme
with the proposed control. Similarly, from subplot Figure 11c, it is clear that the PNSIa
scheme injected a lower total current compared to the proposed scheme. This is because
the PNSIa scheme confirmed the converter’s safe operation by limiting the maximum point
of the elliptical trajectory to the maximum current and considering the numeric addition of
sequence phasors; however, the proposed scheme did not consider both the phasors exactly
in phase. This is the reason why the numeric addition of the positive and negative sequence
current phasors was more than the maximum current limit of the converter for the QNP
and NQP, although the maximum phase current was still within the converter’s current
limit. This means that the PNSIa scheme did not use the full capacity of the converter, but
the newly proposed scheme was able to use it efficiently.

As far as the comparison of the QNP and NQP priority schemes is concerned, subplot
Figure 11d shows that the share of the active current increased in the QNP compared
to the NQP. Moreover, from subplot Figure 11e, it is clear that the UF was almost equal
for the NQP and PNSIa schemes, followed by the QNP and BCI schemes, respectively.
Hence, based on the UF and better utilization of the converter, it can be concluded that the
proposed control scheme with NQP priority injection is more suitable compared to the rest
of the schemes.

4.2.3. Double Line to Ground Fault (DLG)

To apply DLG fault, phase “b” and “c” are grounded. The control schemes were also
compared for this type of fault. Figure 12 shows the response of these control schemes
in the case of a DLG fault. As far as the overvoltage in the healthy phase is concerned,
the response of the control schemes was similar to their response in the case of an LL
fault, i.e., NQP and PNSIa schemes gave better results, followed by the QNP and BCI
schemes, respectively.
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Table 2. Comparison of Control Schemes.

Fault
Type Parameter NQP

≈
PNSIa
≈

QNP
≈

BCI
≈

Reduction
with

NQP (%)

Reduction
with

PNSIa (%)

Reduction
with

QNP (%)

Phase over voltage
(p.u) 1.06 1.06 1.06 1.09 2.75 2.75 2.75

Voltage unbalance
factor 0.32 0.32 0.32 0.37 13.51 13.51 13.51

Peak current in
healthy phase(s) 0.79 0.79 0.79 1.21 34.71 37.41 37.41

Peak current in
faulty phase 1.19 1.19 1.18 1.2

Positive sequence
converter current

(0.58 − 0.4i)
≈ |0.7|

(0.58 − 0.4i)
≈ |0.7|

(0.58 − 0.4i)
≈ |0.7|

(1.15 − 0.36i)
≈ |1.2|

Negative sequence
converter current

− 0.51i ≈
|0.51|

− 0.51i ≈
|0.51|

− 0.51i ≈
|0.51|

− 0.0i ≈
|0.0|

SLG

Numeric sum of
pos. and neg. seq.

currents
1.21 1.21 1.21 1.2

Phase over voltage
(p.u) 0.97 0.96 1.02 1.13 14.16 15.04 9.74

Voltage unbalance
factor 0.59 0.59 0.61 0.65 9.23 9.23 6.15

Peak current in
healthy phase(s) 0.28 0.52 0.23 1.2 76.67 56.67 80.83

Peak current in
each faulty phase 1.04 1.16 0.77 1.17 1.04 1.17 1.2

Positive sequence
converter current

(0.27 − 0.42i)
≈ |0.5|

(0.0 − 0.44i)
≈ |0.44|

(0.37 − 0.64i)
≈ |0.73|

(1.06 − 0.56i)
≈ |1.2|

Negative sequence
converter current

− 0.78i ≈
|0.78|

− 0.76i ≈
|0.76|

− 0.57i ≈
|0.57|

− 0.0i ≈
|0.0|

LL

Numeric sum of
pos. and neg. seq.

currents
1.28 1.2 1.3 1.2

Phase over voltage
(p.u) 1.03 1.0 1.06 1.15 10.43 13.04 7.83

Voltage unbalance
factor 0.47 0.47 0.49 0.52 9.62 9.62 5.77

Peak current in
healthy phase(s) 0.32 0.54 0.58 1.2 73.33 55 51.67

Peak current in
each faulty phase 0.97 1.22 0.68 1.19 1.02 1.22 1.2

Positive sequence
converter current

(0.37 − 0.65i)
≈ |0.75|

(0.0 − 0.67i)
≈ |0.67|

(0.4 − 0.81i)
≈ |0.91|

(0.93 − 0.76i)
≈ |1.2|

Negative sequence
converter current

− 0.55i ≈
|0.55|

− 0.53i ≈
|0.53|

− 0.39i ≈
|0.39|

− 0.0i ≈
|0.0|

DLG

Numeric sum of
pos. and neg. seq.

currents
1.3 1.2 1.3 1.2

Compliance with recent
grid codes X X X 7



Energies 2023, 16, 1276 19 of 22

Subplot Figure 12b shows that the NQP scheme not only confirmed the converter’s
safe operation, but it also injected more current in the faulty phases and less current in
the healthy phase compared to any other scheme fulfilling the recent grid codes. From
subplot Figure 12c, it is clear that, even though the QNP scheme worked at the same
current capacity and incorporated the angular difference between the positive and negative
sequence voltage phasors, the UF was less for the NQP schemes compared to the QNP
scheme. Moreover, subplot Figure 12e shows that the NQP and PNSIa schemes had less
UF compared to the QNP and BCI. Overall, the performance of the control schemes for the
DLG fault was similar to their performance for the LL fault.

Table 2 summarizes the comparison of the proposed scheme with different priority
injections, the BCI scheme, and the PNSIa scheme. The key parameters were the healthy
phase overvoltage, voltage unbalance factor, maximum current injection in the healthy
and faulty phase(s), the converter’s current limitation, and the maximum utilization of the
converter. Different color bars are used in order to define the performance of the schemes
for a particular parameter. Green is for the best performance followed by light green,
orange, and red, respectively.

From Table 2, it is clear that the performance of all the schemes, except the BCI
scheme, was almost identical for the SLG fault. The reason is that due to less severity of
the fault, there was less deviation of the positive and negative sequence voltages from its
nominal values, and the calculated reference current was less than its limit for all these
three schemes.

For the LL fault, the response of the proposed scheme with NQP priority was better
when compared to the responses of the PNSIa and BCI schemes. The proposed scheme
results in better utilization of the converter’s current capacity, which is clear from the
last row of the LL fault section in Table 2. The numeric sum of the positive and negative
sequence currents was more than the maximum allowed limit for the current, but no
phase current was more than its maximum value, which shows better incorporation of the
angular phasor difference between the positive and negative sequence voltage phasors by
the proposed schemes. As far as the comparison of the different priority injection schemes is
concerned, the NQP provided less UF when compared to the QNP. The same was also true
for the DLG fault. The last three columns in Table 2 present the percentage reduction in the
parameters, obtained by using a particular control scheme. This reduction was calculated
with respect to the BCI scheme (conventional control). The important parameters were the
reduction in UF, healthy phase overvoltage, and the reduction in current for the healthy
phase. The better performance of the NQP was evident for all these parameters.

As the proposed scheme and the PNSIa fulfill the recent grid codes, the difference
between the two schemes is in the current limitation calculation. From these results, it can
be confirmed that the PNSIa limits the current based on the numeric addition of the positive
and negative sequence current phasors, due to which, it is unable to use the converter’s
current capacity effectively in case of asymmetrical faults; however, the proposed scheme
is able to use the converter’s current capacity effectively. Hence, better utilization of the
converter is ensured by the proposed current limiting scheme. Moreover, unlike the PNSIa
scheme, the newly proposed scheme does not need to consider the angle of the positive
sequence current phasor. From a grid perspective, the NQP priority scheme is better than
the QNP priority scheme. Like the PNSIa scheme, the results presented in [6–9] show that
the numeric sum of the positive and negative sequence current phasors is equal to the
maximum current capacity of the converter, which means that the presented schemes are
unable to use the maximum current capacity of the converter effectively. The proposed
scheme provides better utilization of the converter’s current capacity, and it also does not
need the true angular difference between the positive and negative sequences.

5. Conclusions

In this paper, a new control scheme is presented that ensures the safe operation of
the converter in unbalanced faults while fulfilling the requirements of recent grid codes.
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It also ensures better utilization of the converter’s current capacity during asymmetrical
faults. This scheme does not need the angle difference between voltage sequence phasors,
so its performance is not affected by the error caused by sequence extraction and PLL
performance in such conditions. It also does not need to compute the reference current
for each phase. Moreover, the new scheme also simplifies the negative sequence reactive
current injection control and does not need a separate PLL for it. Additionally, a sequence
extraction scheme based on the delay sample period was developed in the αβ-domain.
The simulation results confirm the better utilization of the converter with the proposed
control scheme. Its performance was also compared with the conventional control scheme,
the PNSIa scheme, and other schemes presented in the literature. The results show its
advantage over these schemes. Moreover, the two priority schemes were also compared; it
was found that the NQP priority scheme gives better performance compared to the QNP
scheme under different faulty conditions.

As the proposed scheme allows better utilization of the converter’s current capacity
compared to the already available schemes in the literature, it provides better voltage sup-
port in LVRT conditions; hence, it improves the voltage stability of the power system having
high penetration of the converter-based power sources. Even though the proposed scheme
provides better utilization of the converter’s current capacity during unbalanced faults
without using the true angle difference between the positive and negative voltage phase
sequences, this utilization can be further improved by achieving the true angle difference
between the two sequences. This work can be extended in the future to incorporate the zero
sequence. The impact of different values of the proportional constant for positive and nega-
tive sequence injection (k-factor) can also be investigated with this scheme. The optimal
negative sequence injection can also be performed to achieve a better unbalanced factor.
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Nomenclature

Symbol Description
k+- Proportional constant for positive and negative sequence injection
∆vp Change in magnitude of the positive sequence voltage phasor
∆vn Change in magnitude of the negative sequence voltage phasor
∆iqp Change in reactive current injection for positive sequence
∆iqn Change in reactive current injection for negative sequence
vg Grid’s voltage
Rg Grid’s resistance
Lg Grid’s inductance
Lf Filter’s inductance
Cf Filter’s capacitance
vdc DC link voltage
vabc

* Converter’s reference voltage



Energies 2023, 16, 1276 21 of 22

vpcc Three-phase voltage at Point of Common Coupling (PCC)
iabc Three-phase feed in current by the converter
f Fundamental frequency
ω Angular frequency (2пf)
ωPLL Angular frequency for phase-locked loop
p* Reference real power of the converter
q* Reference reactive power of the converter
vαβ Alpha-Beta (αβ) components of measured voltage
vdq dq-components of measured voltage phasor
idq dq-components of measured current phasor
idq

* dq-components of the reference current
vdq

* dq-components of the reference voltage
θ Initial phase angle of the voltage phasor
θp Initial phase angle of the positive sequence voltage phasor
ωp Angular frequency of positive sequence voltage phasor
θn Initial phase angle of the negative sequence voltage phasor
vp Magnitude of the positive sequence voltage phasor
vn Magnitude of the negative sequence voltage phasor
vαβ,p αβ-components of the positive sequence voltage
vαβ,n αβ-components of the negative sequence voltage
vdq,p dq-components of the positive sequence voltage
idq,p

* dq-components of the reference current for the positive sequence
iαβ,n

* αβ-components of the reference current for the negative sequence
iαβ αβ-components of the measured current

iαβ
** αβ-components of the reference current after applying the priority

and current limit scheme
Vp Positive sequence voltage phasor
Vn Negative sequence voltage phasor
a Unity phasor with an angle of 120◦

Ts Unit sample time
imax Magnitude of maximum current
ixlim Limit value for the current of type “x”
ip Positive sequence current phasor’s magnitude
in Negative sequence current phasor’s magnitude
i Phasor of measured current
ϕp,n Initial angle of the corresponding current phasor
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