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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.

flexible current control LVRT voltage support

| 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 W28 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 BIBIE As a result, several countries have upgraded their grid codes
(GCs) to regulate the interconnection of DPGS to the grid [JEIEIL 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 [LUL2IIA3I14] |y this sense, voltage support is the main goal of the LVRT

capability 251, 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 187 |n 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
objective simultaneously [22202122] Based on the p-q power theory, flexible current control algorithms decompose
unbalanced fault voltages in symmetric sequences on the ap0 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 2425 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.

| 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
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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 281, 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 Vpu (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 . In fact, the occurrence of symmetrical faults is rare (close to 2—3% overall ). Therefore, most

grid faults are asymmetrical, generating negative and zero sequence voltages in the network .

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 BX32 Over the last decade, the DPGS requirements have become more stringent in
many countries due to the considerable rise in renewable energy generation 2!, 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.

In the same way, some GCs define a minimum RCI profile to provide voltage support 2338, 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 BZE8IEY  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 B4,

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 “2. For instance, the suitable characterization of the grid impedance Zg and the voltage
support strategy selection play a relevant role in the voltage recovery. Camacho et al. has proposed three basic approaches
of voltage support strategies: the first is an approach in which the positive sequence voltage support is maximized B2, 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 “2l. 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 B, Other control

proposals have focused on maximizing the power delivered and the injection of currents, which result in a non-controlled
voltage support [1221142]

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 24143146147[48] g
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 28], In addition, there are regulatory restrictions such as the minimum amount of injected current, LVRT voltage
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profiles, and the maximum phase voltage allowed by the GC 42431 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 24!,

| 3. System Description
3.1. 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 42, A DC-link capacitor Cdc 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 BB, The grid effect is usually modeled with a line impedance Zg and a voltage source
Vg. Although not included in the scheme, some loads could be connected at the PCC, and Zg may include the impedance of a

power transformer between the inverter and the grid.

3.2. Control Loops

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 52531541551 The current controller tracks the reference signal and generates the pulses for the inverter 58157,

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.

| 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 af0 frame, as shown in (1), where V+, V-, @+, and @- are the
amplitudes and phases of the positive- and negative-sequences voltages and w is the grid angular frequency [23134],

Moreover, the instantaneous active power p and the instantaneous reactive power g are defined by (2) according to the p-gq
theory 38159,

Vo = v} +v, =V Tcos (wt + 90+) +V cos (wt + 907)

vg = v; tvg = V*tsin (wt + <p+) — V7 sin (wt + gof) @
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Using (1) and (2), the reference currents i*ka and i*f can be expressed in terms of the reference powers Px and Qx, 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 + (v; + v;) Q"

(V)2 4+ (V)2 4+ 2V+V ~cos (2wt + o+ + ™)
(vér + vg) P — (v} +v;)Q"

(V)2 4+ (V)2 4 2V+V -cos (2wt + o+ + )

—
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2
3

Similar expressions can be obtained on the dq0 frame BY6. However, working in the dgO 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 29,

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 29 in the following control

strategies:

« Instantaneous Active Reactive Control (IARC);

« Instantaneously Controlled Positive-Sequence (ICPS);
« Positive-Negative-Sequence Compensation (PNSC);
« Average Active-Reactive Control (AARC);

« 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. 9,
Equation (4) presents the reference currents for the PNSC strategy, where v+ is the positive sequence voltage vector and
v+L is an orthogonal version of v+, led 90¢ by the original vector 2. The same definition can be applied to v— and v-_L
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. 8% and Mehmet et al. (81 for a detailed explanation).

*

*
P
i=— - @ (vt —wv
T ) "
*
G Q T
L, = [or 2 — o |2(UL*”L)
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Equation (5) shows the reference currents according to the FPNSC. The most important remark is the introduction of the
scalar factors k1 and k2, which explains why the FPNSC is considered a flexible control. Constants k1 and k2 are used to

regulate the amount of active and reactive power injected through the positive and the negative sequences.

* Pt pP*
lp:k1|v+|2'v +(1— 1)‘1;_|2

. o + —
lqik2|'v+ |2”L+(1*k2)‘v, |2vL

Notice that for the particular case in which k1=k2=|v+|2/(|v+|2-|v—-]2), (5) will be equal to (4), so PNSC corresponds to a
specific design case of FPNSC. Although in some cases, the scalar factors kihave 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. [, |n 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 [61],

*

* P

. . + —
L ke P TR
) o ©)
a = | vt |24k | v |2(v1’+kv1)

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. 29 where the RMS value of the grid voltages is used instead of the instantaneous values.

(v +v,)kP" + (v; + 115) kEQ"
(V)2 +(V-)?

(vf +v5 ) RP" = (v +va) kQ”
(V)P + (Vo)

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

is obtained.

. V' + (v’ ©
(VH)? + (V)2 4 2V+V—cos (2wt + o + )

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).
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