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Abstract: Distributed power generation plays a critical role in the stability and reliability of modern
power systems. Due to the rapid growth of renewable energy generation, the requirements of
the transmission and distribution system operators are becoming more stringent. Among these
requirements, one of the most important is the Low-Voltage Ride-Through (LVRT) capability, which
demands that the inverters remain connected to the grid and provide support during voltage sags.
For this purpose, flexible current control algorithms stand out because they can manage unbalanced
voltages and simultaneously achieve other control objectives. With the aim of presenting a concrete
document focused on describing fundamental principles and discussing common design guidelines,
this paper presents an overview of flexible current control strategies applied to LVRT capability. The
operation features and design aspects of experiences reported in the literature are reviewed. Moreover,
the paper proposes a general methodology to design LVRT flexible current control algorithms. Finally,
current and future trends are discussed.

Keywords: flexible current control; LVRT; voltage support; peak current; power control

1. Introduction

Over the last decade, there has been a growing penetration of renewable generation
systems into the grid due to environmental factors and the decrease in their costs [1-3].
These systems include photovoltaic arrays, wind turbines, and fuel cells, among others.
However, the large integration of distributed power generation systems (DPGS) can have a
negative impact on the stability and reliability of power systems [4—6]. As a result, several
countries have upgraded their grid codes (GCs) to regulate the interconnection of DPGS
to the grid [7-10]. A critical GC requirement is the Low-Voltage Ride-Through (LVRT)
capability, which states that the DPGS shall remain connected to the grid during a voltage
sag to avoid sudden tripping and loss of power generation [11-14]. In this sense, voltage
support is the main goal of the LVRT capability [15]. The aim is to recover the voltage level
as much and as quickly as possible.

For a suitable LVRT control action, general criteria establish that the sag has to be
quickly detected, and the full power capacity of the inverter must be exploited [16,17].
In addition, three variables are considered critical for the safety of the inverter: (1) maximum
AC output current, (2) maximum AC output voltage, and (3) maximum DC-link voltage [18].
Therefore, the voltage support must be performed, limiting these parameters to safe
operation points. Furthermore, grid codes requirements such as the minimum value of
injected currents and the maximum voltage level at the Point of Common Coupling (PCC)
must be considered. Other secondary objectives, such as minimizing voltage oscillations
on the DC-link and reducing harmonic content on the injected currents, are also desirable.
Among the alternatives of control strategies to execute voltage support, flexible current
control algorithms have drawn attention for their capacity to achieve more than one control
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objective simultaneously [19-22]. Based on the p-g power theory, flexible current control
algorithms decompose unbalanced fault voltages in symmetric sequences on the 50 frame,
allowing the regulation of the amount of active and reactive powers injected through the
positive and negative sequences [23].

Many proposals of flexible control have been presented, which are characterized
by improving operational performance using more complex control strategies. In the
specialized literature, some papers as [24,25] present reviews of control techniques under
different grid faults scenarios. However, considering that these works present a broad view
of this application, the discussion of the specific characteristics and potentials of flexible
control for LVRT operation is very limited.

Thus, motivated by the aforementioned, this paper presents an overview of flexible
current control applied to the LVRT capability. The overview includes an analysis of the
concepts and theory which constitute the flexible control fundamental principles. Regarding
the design stage, general recommendations are given, according to the experiences reported
in the literature. This is complemented with a discussion of current and future trends.
Finally, the paper proposes a generalizable methodology to design flexible current control
algorithms prioritizing the voltage support strategy. The main goal of this work is to
offer researchers and designers a clear and concrete document focused on presenting and
discussing LVRT flexible control strategies from their foundation, operation features, design
aspects, and possible future developments.

The rest of the paper is organized as follows. Section 2 presents the fundamental
concepts of LVRT capability operation. The power converter system and its control structure
are described in Section 3. In Section 4, the operational features of flexible current control
are reviewed and discussed. A description of the current state of art is performed in
Section 5. Section 6 introduces the proposed generalizable methodology to design flexible
current control algorithms. Section 7 discusses the most important aspects of the previous
sections with the aim of identifying future research trends. Finally, conclusions are drawn
in Section 8.

2. LVRT Considerations

The growth in the penetration of grid-connected DPGS has led to changes in the
ancillary services required by the GCs in order to guarantee the stability and reliability of
distribution systems. To better understand the operation of DPGS during grid faults, this
section presents the main aspects of voltage sags, reviews LVRT requirements in different
GCs, and discusses some common strategies for voltage support.

2.1. Voltage Sags

A voltage sag is a short-time reduction in the RMS voltage value of one or more grid
phases. They can be caused by short circuits, overloads, and the starting of large motors.
Table 2 of IEEE Std 1159 categorizes different electromagnetic phenomena, including
voltage sags [26]. According to this standard, the magnitude of typical voltage sags is
between 0.1 and 0.9 Vpu. Nevertheless, some grid codes consider LVRT profiles from
0 to 0.9 Vy, (e.g., the German code). Although magnitude and duration are the main
characteristics of voltage sags, other features such as phase angle jumps and unbalance
must be considered [27]. In fact, the occurrence of symmetrical faults is rare (close to 2-3%
overall [28]). Therefore, most grid faults are asymmetrical, generating negative and zero
sequence voltages in the network [29,30].

2.2. Grid Code Requirements

GCs are a collection of technical specifications to coordinate the operation and
integration of different power generators to the grid. They are imposed by the transmission
and distribution system operators seeking to guarantee the stability and regulation of the
system frequency and voltage [31,32]. Over the last decade, the DPGS requirements have
become more stringent in many countries due to the considerable rise in renewable energy
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generation [33]. In this sense, GCs usually require the DPGS to stay connected to the grid
during voltage sags. Moreover, maximum current and reactive current injection (RCI) are
requested in order to support the voltage recovery. Once the fault is cleared, the DPGSs
must resume active power supply [34]. A voltage vs. fault duration profile is defined to
consider the safety of the equipment. Figure 1 shows the profiles of different national GCs.
Disconnection is allowed for voltages below these profiles [33,35].
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Figure 1. LVRT curves from selected countries [36,37].

In the same way, some GCs define a minimum RCI profile to provide voltage support,
as shown in Figure 2 [35,38]. However, this requirement is based on the assumption
that grid impedance is mainly inductive, which is not always valid (e.g., low-voltage
microgrids have a mainly resistive impedance). In fact, many authors have found that
the grid impedance must be taken into account to optimize the voltage support [39-41].
Another feature to mention is that some GCs determine the RCI requirement considering
the on-grid voltage reduction during the fault and the nominal power and current of the
source, e.g., GCs of Germany and Colombia [42,43].
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Figure 2. Reactive current injection required in different GCs [44,45].

2.3. Voltage Support Strategies and Secondary Objectives

Modern GCs must be adapted to overcome the challenge that the massive integration
of renewable energies will pose to the power quality of electrical systems [46]. For instance,
the suitable characterization of the grid impedance Z¢ and the voltage support strategy
selection play a relevant role in the voltage recovery. Camacho et al. has proposed three
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basic approaches of voltage support strategies: the first is an approach in which the positive
sequence voltage support is maximized [41]. In this case, all the phase voltages are raised
equally by injecting active and reactive power only through the positive sequence. However,
unfaulted phases can present a troublesome over-voltage due to the unbalance [47].
The second is an approach in which the negative sequence voltage is minimized to reduce
the unbalance between phases. Therefore, it is necessary to consume active power through
the negative sequence, which is the major inconvenience of this strategy since a backup
(EES) or an element to dissipate the power is required. The third is an approach that
combines the two mentioned methods, and its goal is to maximize the difference between
the positive and negative sequence voltages. According to Camacho et al., this strategy
is the most convenient to restore the voltages to the values prior to the occurrence of the
fault [41]. Other control proposals have focused on maximizing the power delivered and
the injection of currents, which result in a non-controlled voltage support [19,21,46].

In addition to the voltage support, other LVRT secondary objectives such as
minimizing the DC-link voltage oscillations, reducing harmonic components on injected
currents, and mitigating power oscillations are also desired [48-52]. To improve the
inverter performance, achieving these secondary objectives is not a simple task, since
the three main system restrictions must be considered: (1) maximum phase current limit,
(2) maximum phase voltage limit, and (3) maximum DC-link voltage limit [18]. In addition,
there are regulatory restrictions such as the minimum amount of injected current, LVRT
voltage profiles, and the maximum phase voltage allowed by the GC [46,47]. Furthermore,
the LVRT control strategy should also consider the type and severity of the fault, the grid
characteristics, and the power generation and power curtailment scenarios. For these
reasons, it is a common practice to organize the secondary objectives in a hierarchical
control structure [34].

3. System Description

This section presents a general model of a grid-connected inverter and its control
scheme. Moreover, the role and contribution of each control loop for the LVRT capability
is analyzed.

3.1. Grid-Connected Inverter

Figure 3 shows a general schematic of a grid-connected inverter. The DC stage
comprises the power source (renewable generation or storage systems). An optional
DC-DC converter is mainly used to manage the voltage level and control the generated
power [53]. A DC-link capacitor Cy,. is used to balance the power exchange between the
inverter and the DC-stage. A filter is implemented at the output of the three-phase inverter
to reduce the high-frequency harmonics [54,55]. The grid effect is usually modeled with a
line impedance Z¢ and a voltage source V. Although not included in the scheme, some
loads could be connected at the PCC, and Z; may include the impedance of a power
transformer between the inverter and the grid.

. DC- 3¢-Inverter
tde ik ;
Power > inv PCC
Filt
Source | .| Pes | Fiter
de rm— Ude 1
DC/DC | - AC : Synchronization <_: VQ
Converter : Algorithm
T _
¥ o '
| 1 ! Reference [€16
Generation g Current [« Signal & P, O
Control G Controller [--1 ~_ . . . € Ve

Figure 3. Scheme of a grid-connected inverter.
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3.2. Control Loops

The main control loops of the system are shown in Figure 3. Briefly, during fault
conditions, the reference current must be calculated to improve the voltage support while
complying with the system restrictions. The synchronization algorithm estimates the grid
frequency w and the symmetric components of the PCC voltages [56-59]. The current
controller tracks the reference signal and generates the pulses for the inverter [60,61].
The generation control manages the power production at the renewable source.

According to the general criteria of the specialized literature, employing the full
inverter capacity and a fast response are desired. It can be established that the synchronization
algorithm and the current controller are mainly related to the reaction time of the inverter.
One is responsible for sensing and obtaining the information of the PCC fault voltages,
and the other implements the control’s actions through the inverter switching. On the other
hand, generation control and reference current algorithms are responsible for exploiting
the inverter’s full capacity. Section 4 shows the benefits of using flexible current algorithms
to generate the reference signal. As for the generation control, the goal is to produce the
maximum amount of power under normal operation. However, power curtailment could
be required during fault conditions due to the current limit of the inverter. In this case,
the generation control could be operated in a non-MPPT mode to maintain the power
balance between the injected power and the power source [22,52].

4. Flexible Current Control Algorithms

Flexible current algorithms are selected for the calculation of current reference signals
during voltage sags, since these allow the injection of different amounts of active and
reactive powers via positive and negative sequences [21]. Moreover, the flexible approach
allows the manipulation of the power loops to avoid distorted currents and cancel power
oscillations as well as other operational features.

4.1. Basic Formulation

First, some basic definitions are presented in order to state some principles of the
flexible current control. For this strategy, the PCC voltages are decomposed in symmetric
sequences on the B0 frame, as shown in (1), where VT,V 9", and ¢~ are the amplitudes
and phases of the positive- and negative-sequences voltages and w is the grid angular
frequency [23,34]. Moreover, the instantaneous active power p and the instantaneous
reactive power g are defined by (2) according to the p-q theory [62,63].

vy =0 +v, = VTcos(wt+¢")+V cos(wt+¢7)

vg = vg +og = Vitsin(wt+ ¢1) — Vsin(wt + ¢7) @)

3, .
p= E(U,xla + vgip)
2

3, . .
g= §<Uﬁl“ + vaip)

Using (1) and (2), the reference currents i} and i;g can be expressed in terms of the
reference powers P* and Q*, as shown in (3). Notice that the currents have a cosine term
in the denominator that only appears if the PCC voltage is composed of positive and
negative sequences.

(v + v ) P*+ (vg +v5) QF
(VE)2+ (V)2 +2VHV-cos(2wt + ¢t + ¢~)
(v;' +og) P* = (vy +0,) Q"
(V)24 (V)2 4+ 2VHV—cos(2wt + ¢F + ¢~)

®)
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Similar expressions can be obtained on the dq0 frame [64,65]. However, working in the
dq0 frame under unbalanced conditions does not bring additional benefits beyond those
obtained by working in the a0 frame, since the respective voltage components have a
sinusoidal behavior in both cases [63].

4.2. Fundamental Concepts of Flexible Control

The main characteristic of a flexible strategy is the ability to modify the control
algorithm using scalar factors to achieve the desired control characteristics. The foundations
of flexible control are presented by Rodriguez [20] in the following control strategies:

e Instantaneous Active Reactive Control (IARC);

e Instantaneously Controlled Positive-Sequence (ICPS);
¢  Positive-Negative-Sequence Compensation (PNSC);

*  Average Active-Reactive Control (AARC);

e  Balanced Positive-Sequence Control (BPSC).

The first formal introduction of the concept flexible for current control in three-
phase inverters corresponds to a variation of the PNSC strategy called Flexible Positive-
and Negative-Sequence Control (FPNSC) proposed by the same Rodriguez et al. [64].
Equation (4) presents the reference currents for the PNSC strategy, where v is the
positive sequence voltage vector and v is an orthogonal version of v", led 90° by the
original vector [66]. The same definition can be applied to v~ and v considering the
negative sequence instead of the positive one. Therefore, the voltage vector v can be
expressed as v = v + v~ (refer to Teodorescu et al. [64] and Mehmet et al. [65] for a
detailed explanation).

P*

T (vt —o)

p |v+ |2—‘U_ |2 (4)
. Q* L

*_

W e el

Equation (5) shows the reference currents according to the FPNSC. The most important
remark is the introduction of the scalar factors k; and ky, which explains why the FPNSC is
considered a flexible control. Constants k; and k; are used to regulate the amount of active
and reactive power injected through the positive and the negative sequences.

pP* pP*

ok + _
lp = k17| oF |20 +(1*k1)7| o |27) (5)
i =k Qi*zﬁ_‘_(l_k)Qi*v*
17 Pt 0L Do 7L

Notice that for the particular case in which k; = ky =| o™ |2 /(| v |2 — | v~ [?), (5)
will be equal to (4), so PNSC corresponds to a specific design case of FPNSC.

Although in some cases, the scalar factors k; have a physical meaning, these are
usually implemented as a control variable that allows accomplishing specific objectives
during voltage sags. For this reason, any flexible current formulation usually has
multiple variations. For example, (6) shows an FPNSC control variation proposed by
Mehmet et al. [65]. In this case, the objective is to mitigate the active and reactive powers’
oscillating components. Therefore, Mehmet et al. have proposed only one scalar factor that
is applied to the negative sequence voltage components [65].

. p* e
1”7|v+|2—|—k\v— |2(v +kov™) o
N Q* e
- k
b= ke p ot
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Another typical characteristic of flexible current algorithms is the possibility of
avoiding distorted currents. This can lead to the appearance of an oscillating component in
the injected powers. This approach is used in the AARC strategy of Rodriguez et al. [20],
where the RMS value of the grid voltages is used instead of the instantaneous values.
For this purpose, Equation (3) can be rewritten multiplying its numerator and denominator
by (VF)2 + (V7)? +2VHV-cos(2wt + 9" + ¢~) and (V)2 + (V7)?, respectively,
and introducing a scalar factor k as follows:

L 20 +o0)kP* + (vf +05) kQ”
"3 (VER2+ (V)2
e @)
*_Z(U/z ﬁ)kp (vix"'v/x)kQ
73 (VH)2+ (V)2

This expression corresponds to a general formulation. Indeed, if k is selected according
to (8), the specific design case in (3) is obtained.

(V)2 + (V)2

k= (V)24 (V)2 +2VHV—cos(2wt + ¢t + ¢~)

®)

Thus, the flexible approach allows setting the value of k to achieve desired control
characteristics, including the removal of the term on the denominator in (3). To determine
the appropriate values of k, the injected powers are calculated by replacing (7) into (2).

_ 2VTV=cos(wt + ¢t + ¢7) .
*"(” VHE+ (V)2 )"P
B 2V V= cos(wt + ¢t + ¢7) “
7= (” (VHI+ (V)2 >kQ

)

It can be observed that if k is selected as a constant term, then the powers have a
constant and an oscillating component. Moreover, since a negative sign involves the
consumption of power, k must be a positive value. To exemplify the impact of selecting
different values of k, k = 1 is selected to produce the injection of a sinusoidal oscillation in
conjunction with a constant component equal to the reference power. This will be compared
with the simulation results using k as the value presented in (8). A voltage sag scenario
with the following characteristics was simulated: sag between t = (0.25, 0.4) (sec) with
Viom = 127 (Vrums), P* = 1500 (W), Q* = 500 (VAR), V" = 0.7 (pu), V; = 0.3 (pu),
¢t = /3 (rad), and ¢~ = 0 (rad) (see Figure 4).

1
0.8 —V*t A
06 —V
0.4 .
02F .
0 | | | |
0.15 02 0.25 03 0.35 0.4 0.45 05

Figure 4. Sequence components amplitudes of the studied voltage sag.

Figure 5 shows the injected powers and currents values according to (7) if k is equal
to (8) and k = 1, respectively. Notice that, as discussed, when k is equal to (8), distorted
currents are injected during the voltage sag, with an injection of constant powers. On the
contrary, the selection of k = 1 avoids the distorted currents by allowing the injection of
oscillations with zero-average value in the powers. This characteristic of flexible control
can be exploited to define different operating points and reference generating blocks. Then,
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the power references can be set to guarantee restrictions imposed by the GCs or as a
function of the power production in the DC stage.

__ 1500
Z
= ’
o=
‘
Z 500
2
0 1 1 1 1 1 1
0.2 0.25 0.3 0.35 0.4 0.45
t [sec]
(@)
ia
10 ib J
ic
=
3 0
3
A0+ -
1 1 1 1 1 1
0.2 0.25 0.3 0.35 0.4 0.45
t [sec]
2500 —
= 2000 g
=
< 1500
g 1000r —
2

Tabe [A]

Figure 5. (a) p and g with k equal to (8); (b) injected currents with k equal to (8); (c) p and g with
k = 1; (d) injected currents with k = 1.

5. Current State of Art

As mentioned above, several proposals of flexible current control have been presented
in the specialized literature over the last years. Table 1 presents a summary of the most
relevant contributions recently published. This table describes the application or absence
of key characteristics for flexible current control, such as complying with the operational
restrictions and achieving secondary objectives or other desired control features. In addition,
the complexity of the control structures is categorized as low, medium, or high.

Table 1 begins with the IARC strategy, in which distorted currents are injected to
guarantee constant power delivery. IARC uses the original current definition of the p-q
power theory [62,64]. It is worth mentioning that the injection of high harmonic contents
is not a common practice. Not only is the power quality affected, but also other technical
issues must be considered. For instance, the injection of this kind of current is limited
due to the low-pass effect of the grid-tied filter. As a matter of fact, the IARC is the only
reviewed strategy that considers the injection of currents with high harmonic contents.
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Table 1. Characteristics of different reference current generators.
Restrictions Secondary Objectives Control Features
Control Strategy ~ Year Flexible Cfn)r‘:(:ﬂ Over Deals with Osc. 040 Osc. Injection Grid RCI- .
Control Voltage Power Control 4 C(;ntrol 5 Impedance GC Complexity
1 Control 2 Curtailment 3 P, Q P Q R 6 X 7
w 2w g g

[64] * X v X X v v v v v X X X Low
[67] 2012 v X X X v X v v X X v X Low
[68] 2013 v o v X X X X X v X v X Low
[23] 2013 v v X X o X X v v X v X Medium
[69] 2014 v v v X X X X X v X v v Medium
[70] 2014 v X X X X X X v X v X X Low
[71] 2014 X v v X X X - X v X v v Low
[21] 2015 v v X v X X X v v v v X Low
[18] 2015 X v v X X X v X v X v X Medium
[72] 2015 X v v X X X X v v X v X Low
[73] 2016 X v X v o X X v v X X v Low
[74] 2016 X X X X o o o v v v v X Low
[19] 2016 v v X X v X v v v X X X Low
[22] 2017 v v X v v X v v v X X X Medium
[75] 2018 v v v X X X X X v X v X Low
[34] 2018 v v X X o X ) v v X X v Medium
[48] 2018 X v v v ) X o v v v v X High
[41] 2018 X v X X X X X v v v v X Low
[47] 2018 v v v X X X - v v X v v Low
[76] 2019 v v X X o o o v v X X X Medium
[77] 2019 X v X X X X X v v v v X Low
[40] 2020 v v v X o o o v v v v X Medium
[78] 2020 v v X X v X v v v v v X Low
[79] 2020 v v X X o o o v v X X X Medium
[80] 2020 v v v X o o X v v X v v Medium
[65] 2021 o v X X v o v v v X X X Low

v Achieved or partially covered x Not achieved o Achieved under certain conditions — Unable to determine. ! Over current control refers to the limitation of the maximum instantaneous
phase current. 2 Over-voltage control refers to the limitation of the maximum instantaneous phase voltage at the PCC. 3 Power curtailment refers to the capability of the control to deal
with the extra energy on the DC stage caused by the power curtailment. 4 Oscillation control describes if power oscillations are canceled or mitigated. > The table shows if the algorithm
is able to inject active and/or reactive power during the voltage sag. ® Grid impedance shows if the resistance or the inductance are considered in the control strategy. 7 RCI-GC refers to
reactive current injection according to the grid code. * Although it was named as IARC by Rodriguez in 2007 [20], this strategy correspond to the power definition according to the
Instantaneous Power Theory.
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The review shows that most works only focus on ensuring a maximum current limit.
Other operational restrictions, such as the maximum voltage limit, are not commonly
addressed. Similarly, the capacity of regulating the balance between the power generated
at the source and the power injected by the inverter to the system, which allows dealing
with the extra energy during power curtailment action, has been barely explored [52,81].
Regarding the secondary objectives, the mitigation or cancellation of the v, oscillations
is the most usual, while the active and reactive power oscillation control has been much
less implemented.

One of the main aspects that the review brings out is that over the years, the proposals
presented in the state-of-the-art have tended to include more features in order to improve
the inverter performance. For instance, in the early works, the exclusive injection of P or Q
during voltage sags was considered (not simultaneously), which can be sub-optimal [67-70].
In fact, multiple studies have concluded that if the grid impedance is considered for the
simultaneous injection of P and Q, the voltage support can be enhanced [41,74,77,78].

On the other hand, simplicity is a favorable characteristic for the practical use of
control strategies, since simple control schemes can be easily adapted to the operation
with different GC. When more control features are considered, the strategies become
more complex, and their computational burden increases. As shown in Figure 2, only the
minimum value of the RCI is required in most GCs. Therefore, the strategies currently
used in practice are those that focus on the injection of the maximum value of I; without
considering optimal voltage support or other secondary objectives. This is one of the
reasons why, in the near future, GCs must add new LVRT requirements.

Something remarkable is that the reactive current injection according to a grid
code (RCI-GC) is taken into account in very few works [34,71]. Considering that each
country defines its own RCI profile, some authors prefer to address the general problem.
Nevertheless, studying the application of the strategies with specific GCs allows an in-
depth analysis of the benefits and disadvantages of the proposals.

Improving the LVRT voltage support action considering simultaneously different
operational restrictions, power scenarios, and types of voltage sags is a complex task with
multiple solutions. The current trend of research in LVRT control strategies seeks to increase
the number of features of the strategies to improve their operation. Considering the large
number of operating scenarios that distribution grids can present, and the challenges of
new GCs, the design of LVRT strategies is still a developing research subject. Section 7
discusses the current trends mentioned and the possibilities for future development in this
area of research.

6. Design of an LVRT Flexible Current Algorithm

Based on the fundamentals previously presented, a generalizable methodology to
conceive a flexible current algorithm applied to the LVRT capability is presented.

6.1. Scalar Factor Definition
The design of the control parameters of a flexible strategy is a cyclic process. The first

step is the definition of the scalar factors ké to manipulate the current expression and achieve
specific objectives. Even if these can be defined arbitrarily, it is convenient to apply criteria
based on power theory in order to achieve the desired results [21]. On the other hand,
assigning a physical meaning for these scalar factors is not mandatory. If the algorithm
does not accomplish the expectations in the following steps, the designer must return to
step one and start the process over.

The current definition shown in (10) and (11) is considered to perform an analysis

. . . . + + —
and exemplify the steps of the design. This formulation has four scalar factors k7, k7, k),
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and k; that give flexibility to achieve multiple secondary objectives [34]. Garnica [82] has

studied in detail the impact of these four parameters kf on the voltage support.

() e () () - ()

o vy + (10
S I B +( 2 —( Pu
%‘%<w>+1<w>‘5(f)‘5<¢)
+ p* — V-~ p*
o 2 kyvePp I*:% k, V=P
P Bk (v )2+k;(vfy P Bk (V)2 4k, (V)2 an
o2 ki vtQ* ) kg V= Q*
TSk (VIR Ak (Vo) T Bk (V)2 kg (V)2

6.2. Injected Powers

The second step is to calculate the injected active and reactive powers according
to the modified currents definition and analyze if these accomplish the desired control
features. Equation (12) shows the delivered power by injecting (10) to the grid [78]; where
§=2wt+ ¢t +¢.

i (ki +k, )VFV~cos(9) (ki — kg )V Vsin(o)
PU)=F *( GV Rk (V)2 )P +< TR (V) )Q

i} (ki + kg )VFV~cos(d) (kf —k, )V*V sin(J)
1= +< R (77 > <k§<v+> GV )P

The analysis of the effect of the kf-' factors on the injected powers is complex due to the
non-linearity of Equation (12). Therefore, although these scalar factors can take any real
value, it is recommended to define some discrete values that reduce the analysis to a limited

(12)

number of case studies [50]. For example, assuming that each ki- can take only one of these
three values: -1, 0, or 1, there would be at least 81 control modes. As the analysis is focused
on achieving some desired control features, not all of these modes must be considered.
From (12), it is observed that the constant terms are equal to the reference powers P* and
Q*, and the values of k;,tq control the oscillating components. Table 2 shows four specific
cases of interest. Note that two of these allow cancelling the oscillating components of p or
g but not both simultaneously. The other two cause the oscillations of p or g to depend only
on the value of P* or Q*.

Table 2. Power behavior for different k{ combinations.

Mode ki ky ki k- 7 7 P 1

5 ; ; - o P o
1 1 1 1 1 v 0 0 v
2 1 1 1 1 , , 0 v v 0
3 1 1 1 1 P Q 0 0 v v
4 1 1 1 -1 v v 0 0

v Oscillations are caused by this component.

6.3. Voltage Support Strategy

The third step is the evaluation of the voltage support action. It requires modeling the
whole system to observe the control outcomes (see Figure 3). Since the inverter works in
grid feeding or current mode, the PCC voltage restoration depends on the action of the
currents. In addition, the support could be limited by the power production or power
curtailment scenarios.
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The voltage support is modeled by (13) in terms of the line impedance Z; = Ry + jwLg
and the current injected to the grid I, (14).

Vpce = Zglg + Vg (13)
L[t |zet
ST |46
I+
(L2 + (1) atan2< Ij ) (14)
_ p
9

(I,)2+ (I )?Z atanZ(ip )

Shabestary and Mohamed [48] have developed this model in the time domain to find
the amplitudes of |Vj| and |Vc|. This paper uses the IEEE Std-241 approach, which
leads to (15) and (16) [41,83]. It is assumed that the qu factors are equal to 1 to simplify
the analysis. On the one hand, if the injected current angle is equal to the angle of Z,
WLl — Rgl = 0, and |Vpecl is maximized. On the other hand, |Vp¢| is minimized
since wLgl,” + Rgl,” increases. Therefore, the voltage support is enhanced [41,78].

[Vpcel = Rely + wLgly + \/(V;)Z — (wLgl) — Rl )? (15)

Vpcel = Rely —wLely +1/(Vs 2 = (wLgly + Ryl )2 (16)
Figure 6 shows an example of how the values of the scalar factors impact the
performance of the voltage support strategy. For this example, the parameters of the
voltage sag described in Section 4.2 are used (see Figure 4).
The three operation strategies described in Section 2.3. were implemented, using the
values presented in Table 3.

Table 3. kf: combinations for the voltage support analysis

Mode Voltage Support ky k, ki kg
1 vt 1 0 1 0
I vl 0 1 0 1
Il V*tand V- | 1 1 1 1

1 Increase, | decrease.

Mode Il is a particular case because it requires setting a negative power reference
—P* enabling the power consumption through the negative sequence. As mentioned,
the injected powers for the studied case will be the reference powers regardless of the k;,tq
values. Therefore, if P* is used instead of —P*, active power will be injected through the
negative sequence. As a consequence, the amplitude of V™~ will increase, which is undesired.
The same concept also applies to reactive power. This kind of analysis shows why the
power definition step is chosen before the voltage support verification. In Figure 6a,b, it
is possible to observe the effect on the positive sequence and negative sequence voltage
support, respectively. While in the first results, the value of V- is increased, in the second,
Vpcc is reduced as far as the limits of the system allow. Finally, in Figure 6¢, a combination
of these two effects is presented.
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Figure 6. Voltage Support Simulations (a) Mode I: maximization of the positive sequence voltage;
(b) Mode II: minimization of the negative sequence voltage; (c) Mode III: combination of Mode I and
Mode II; and (d) o; for each voltage support model.

6.4. System Restrictions

Once it is verified that the control algorithm accomplishes the desired power
injection and voltage support, the next step is to ensure that the control will satisfy the
system restrictions.

6.4.1. Maximum Current Limitation

For the overcurrent control, the common strategy is to define each phase current in
terms of the instantaneous values of the sequence voltages at the PCC and the reference
powers. Hence, the performance of this method depends on the accuracy and speed of the
synchronization algorithm to estimate the voltage components [84]. Equation (17) shows

the maximum phase current calculated for the studied strategy (10), where A = I’ I,, — I I,
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B=1II, +IJI; and x = ¢* — ¢~ + ¢y The maximum current is determined by the value
of ¢ = {0,27t/3,—271/3} which maximizes the function described in (17).

By = (L7 4+ 1) + (1,7 + 1;%) + 2ACos(x) + 2BSin(x) 17)

If the values of the currents are out of range, a power curtailment strategy must
be implemented. The strategy will be mainly defined by the GC requirements and the
desired control features. Garnica et al. [34] have used Equation (17) to set the power
curtailment according to the Spanish national GC. This paper presents an example of a
power curtailment strategy focused on improving the voltage support by injecting a current
at the angle of Z¢. To guarantee that the injected current angle coincides with Z, angle, (18)
must be satisfied. Then, the maximum phase current I,;,;, must be calculated according to
(17), where P* = Pg (see (11)).

Lw QFf
tan() = — = = 18
== =5 (18)

Two possible operating situations may emerge according to the power production
scenario. If I,y is greater than the nominal current of the inverter I, the power
curtailment factor o; must be applied. o; is calculated according to (19), and it is used
to redefine the reference powers as P}, = 0;P* and Q},,, = ;Q".

g = Do (19)

Imux
On the other hand, if I,y is less than Iy, the amplitude of the injected reactive
current can be increased to employ the full inverter capacity. Therefore, a new reactive
power reference QZpt must be calculated from (17) with P* = Pg and Lyx = Liom. Solving
Qgp: for the general case involves a complex procedure because k;tq should be treated as
variables. Equation (20) shows Q

Ve, =Vvtipv-2

for a simplified case in which k,; = —k;, k; = k;” and

*
opt p’rq

3 V2 Liom? 2
Qi = Viyl = —If 20
v 2\ V2 vt vcos(x) + V-2 P 20)

In Figure 6d, it can be observed that the current limitation influences each voltage
support strategy in a different way. Therefore, the performance of the voltage support
strategy is linked to the power curtailment strategy and the power generation scenario.

6.4.2. Maximum Voltage Limitation

A similar approach as for the current limitation should be adopted for the voltage
limitation. The phase voltages are decomposed in terms of the sequence components
as shown in (21). Moreover, the maximum voltage value is determined by the value
in ¢ = {0,27t/3,—27/3}, which maximizes the function described in (21) [48,81,85].
Regarding this, different formulations have being proposed. A widely used method is to
use (13) to define the reference amplitudes V" and V" in terms of VX, and Vr”nll?fl, which
are selected considering the GC’s requirements [68,69]. With these values, the power or
current references to be injected are determined [48].

V2 =V V242Vt cos(pT — 9 + gupe) @1)

abc

6.4.3. Maximum DC-Link Voltage

The value of v, is directly linked to the power balance between the generation
source and the injected power to the grid [84,86]. Since the current limitation reduces
the power injection capability of the inverter during a voltage sag, a key contribution
of a control strategy from the AC side is to limit the amplitude of the active power
oscillations to constrain the maximum value of v, [65,84,87]. However, this limitation and
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the management of the extra energy indicate that the power curtailment can be treated
from the DC stage. Some common strategies consist of operating the system in a non-MPPT
mode, the use of a breaking chopper resistor, or dumping the extra power in an EES such
as batteries or supercapacitors [86,88,89]. This subject will be further discussed in Section 7.

6.5. Secondary Objectives

The last step involves reviewing the flexible current control capability to achieve other
secondary objectives. The mitigation of powers oscillations and low harmonic contents
are commonly treated objectives. As mentioned, active power oscillations can be treated
by selecting properly the ki] to minimize p. Another option is to regulate the power
production on the DC stage. In contrast, the reactive power oscillations can only be treated
from the AC side. Regarding the harmonic content, most of the flexible current controllers
use the approach presented in Section 4.2 to minimize harmonic contents. Nevertheless,
some level of power oscillations or harmonic content may be acceptable if a suitable voltage
recovery is achieved [79]. Once this analysis is complete, the designer must decide if the
performance of the algorithm is adequate. Usually, some of the secondary objectives can
only be accomplished under specific scenarios giving rise to different control modes [34].
Nevertheless, if the proposed control does not meet the desired behavior, the scalar factors
must be redefined, and the designer must return to the first step.

6.6. Summary

The design steps of the exposed methodology are summarized in Figure 7. It is worth
recalling that this methodology is presented to develop a flexible current control applied to
LVRT capability. However, the fundamental concepts can be extended to other applications
not covered by this work. The design could be an iterative cyclic process if the aimed
objectives are not fulfilled.

Step 1 Step 2 Step 3
Flexible Power | Voltage
current (fication »  support

definition ver strategy
Other System
End secgndary -~ Restrictions
objetives
Step 5 Step 4

Figure 7. Flexible current control design steps.

7. Discussion

It is expected that the DPGS connected to electrical grids will increase in the coming
years [22,25]. As a result, GCs will change accordingly, and more stringent requirements
are expected, since renewable generation will significantly impact the grid stability [46,90].
One of the aspects that future GCs should consider is the definition of precise technical
guides related to the voltage support operation, since some voltage support strategies
perform better than others according to the fault type, the power generation scenario and
the grid impedance.

Most GCs only contemplate reactive current injection [41]. However, according to the
grid impedance and type of sag, strategies such as power consumption through negative
sequence could be a better alternative than power injection via positive sequence during a
power generation deficit. The drawback of the mentioned approach is that a resistor or an
EES is required to enable power consumption.

The effect of the grid impedance is a key aspect that should be studied to improve the
performance of the flexible current control strategies. Since the difference between the PCC
voltage and the grid voltage is the voltage drop in the line, a small value of grid impedance
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implies that even with a high current injection, the voltage support impact will be minimal.
Further analysis is required to define the inverter behavior under this particular condition.

Although the principal characteristic of flexible current control is the application of the k]
factors, the definition of methodologies based on design guidelines is still barely analyzed
in the specialized literature. Although these scalar factors can take any real value, most of
the studied works define them in a range of 0 to 1. This normalization is valid, since P* and
Q* are the reference variables. Therefore, a value above 1 could lead to a reference beyond
the available or desired power. However, some flexible algorithms, such as Garnica [34],

have the k; scalar in both the numerator and denominator, making this normalization
unnecessary. The search for optimal factors is a complex task due to the non-linearity of
the equations; hence, the study of these alternatives is an open research field.

The performance of the other control loops is another key factor. For the correct
operation of the inverter during a voltage sag, these strategies must contemplate aspects
that are not considered under normal operation conditions, i.e., the presence of negative
sequence, ramp amplitudes and the effect of phase shifts on the grid voltages [27]. As an
example, for the current limitation technique used in this paper, a fast and accurate
estimation of the frequency and the sequence voltages, amplitudes and phases is critical.
Therefore, the compatibility between the control loops must be verified.

In recent years, different works have focused on treating the active power balance and
the DC-link voltage oscillations by regulating the power production in the DC stage [91].
The usual approach to maintain the power balance is to adjust P*. Nevertheless, this
approach is limited, since a power curtailment scenario could be required during a fault
condition. In such cases, the power balance must be treated from the DC side. There are
three options to perform the power regulation. The first one is to regulate the generated
power according to the control needs. The strategy to achieve this goal depends on the
type of renewable source, making it the most complex of the presented options [92,93].
The second one is to consume the extra power using a chopper resistor [94]. Although it
is a simple approach, it suffers from several drawbacks. In addition to the need for an
additional resistor, a percentage of the available power is lost. Moreover, the resistor can
only treat the excess of power but not its lack. The last option contemplates an energy
storage element allowing bidirectional power flow. The main drawback of this approach is
its high cost, since an additional power converter is necessary for the charge and discharge
of the EES. Further analysis is required to select the best options. Such as analysis should
contemplate that it is possible to combine the action of the inverter and the power source to
manage the power balance simultaneously.

8. Conclusions

This paper presented an overview of flexible current control applied to the LVRT
capability. The document aims to review the key aspects related to the foundation and
operation of this type of control strategies. In addition, a generalizable methodology to
design flexible current control algorithms was presented, giving general guidelines to the
researchers interested in this research topic. Finally, a discussion was presented related to
current and future trends.
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