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Abstract—Inverter-based distributed generation plays a vital role 

in the stability and reliability of new power systems. Under 

voltage sags, these systems must remain connected to the 

electrical network according to the stringent requirements of grid 

codes. Low-voltage ride-through control strategies are becoming 

a common trend in power electronics research. However, 

previous studies of these control strategies have not dealt with the 

different possible scenarios presented by new grid codes, and 

many of them focus on a very limited number of control 

objectives. In this study, an algorithm to maximize the converter 

capabilities was developed and subjected to experimental tests 

during different voltage sags. In this research, based on 

unbalanced voltage drops of several severity levels, six different 

cases of current injection are identified while taking into 

consideration the restrictions imposed by grid codes. The 

research results represent a further step towards the 

development of flexible controllers adaptable to the environments 

of intelligent electricity grids with high integration of distributed 

generation. 

 
Index Terms—Active power control, distributed power 

generation, grid code, low-voltage ride-through, maximum rated 

current, reactive power control, voltage sag. 

 

I. INTRODUCTION 

OWADAYS, problems associated with rapid growth 

of energy demand are worldwide recognized. 

Concepts such as energy transition, reliable energy 

supply, sustainable energy resources, and low environmental 

footprint are central to current research, and they represent a 
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significant challenge, not only for scientists but also for 

politics and business [1]. 

Recent trends in clean energies have led to a large-scale 

proliferation of inverter-based distributed power generation 

systems (DPGSs) [2]. More recently, there has been a surge of 

interest in trying to ensure the stability and reliability of the 

electrical network by implementing increasingly stringent grid 

codes (GCs). These, in essence, set minimums that must be 

met for the sake of the security of the electrical infrastructure, 

especially under fault conditions [3]–[5]. 

Voltage sags are the principal power quality concern for 

process industries [6]. A voltage sag is a decrease in the rms 

voltage, typically between 0.1 p.u. and 0.9 p.u., for a period of 

0.5 cycles to 1 minute [7]. This electromagnetic phenomenon 

is considered as a short-duration voltage variation, which is 

almost always caused by fault conditions. Hence, to make 

distributed generation (DG) systems behave as much as 

possible in the same way as conventional power plants during 

faults, GCs typically require: 1) to do not disconnect from the 

grid, 2) to support the voltage recovery by injecting reactive 

current, and 3) resuming active power supply after the fault 

clearance [8]–[10]. 

Evidence suggests that low-voltage ride-through (LVRT) 

capability is the most important requirement for maintaining 

network integrity and it is defined as a voltage-against-time 

profile at the connection point for fault conditions. It describes 

the conditions in which the source must remain connected to 

the utility grid, operating steadily after the electrical system 

has been disturbed by secured faults [11]. Concerning the 

reactive current injection capability, the GCs provide the curve 

that relates the percentage of reactive current to be injected as 

a function of the voltage at the point of common coupling 

(PCC) [12]–[15]. On three-phase faults, the LVRT capability 

is explicitly specified by GCs, but in the case of asymmetrical 

faults, this capability will be defined by each transmission 

system operator (TSO) [16]. Because of that, the method of 

symmetrical components provides a practical tool for 

analyzing and understanding the operation of a system during 

unbalanced conditions, taking into account that asymmetrical 

faults have a very high percentage of occurrence (97%–98%) 

[17]. 

During the last decade, different control strategies have 

been presented to improve the performance of the inverter 

during grid faults and to guarantee power delivery to loads 

during a short-term voltage drop [18]–[31], most of them 

based on symmetrical components since their use allow 
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achieving different control objectives. In [18] different 

controllers are compared, and it is shown that they all meet 

LVRT requirements, but all control objectives cannot be 

achieved at the same time. In both [18], [19] and [24]–[26] it 

can be seen that each control strategy determines the degree of 

power quality delivered to the network. Other strategies have 

focused on reactive power injection to provide voltage support 

when balanced and unbalanced failures occur [20]–[22]. 

Several studies have documented the maximum current 

control to avoid the disconnection of the DG source due to 

overcurrent, as presented in [23]–[27]. However, these 

strategies have some drawbacks. In [23] the percentage of 

harmonic distortion increases. In [24], [25] active power 

cannot be injected under unbalanced faults. Under severe 

failures, the reference currents of the controller [26] may 

exceed the current capability of the inverter. In [27], the 

delivered power shows undesired oscillations. 

Recent articles focusing on this research area (e.g., [28]–

[31]) incorporate new algorithms considering certain specific 

techniques to maximize some power capabilities of the 

inverter. The control strategy proposed in [28] includes a 

sophisticated reference current generator that allows injecting 

active and reactive power through positive and negative 

sequences. However, the control algorithm is rather complex 

compared with previous conventional schemes. Specifically, 

[29] focuses on distributed photovoltaic (PV) systems giving 

priority to active power delivery to achieve maximum current 

injection. However, it considers neither any current GC nor 

the fact that, for instance, all German PV systems must have 

the capability to provide reactive power since 2011, following 

technical guidelines [32]. In [30], the E.ON code is applied, 

but the control strategy focuses on the maximum power point 

tracking (MPPT) of the boost converter for PV power systems. 

Two GCs are tested in [31], but the proposed method cannot 

avoid oscillations in the active power when only reactive 

current is injected into the network. On the contrary, the 

control strategy proposed in this work is relevant for any 

DPGS and it gives priority to reactive power injection, as 

established by current GCs. Moreover, injection of only 

reactive current is carried out without active power 

oscillations. 

Control strategies should be optimized according to new 

GC requirements, taking into account not only performance 

and reliability considerations but also the opportunity offered 

by technological development to support an increasingly 

dynamic electrical network [33], [34]. In this sense, this paper 

presents an enhanced LVRT control strategy that introduces a 

new algorithm to meet four control objectives at the same time 

and, in this way, guarantee an optimum use of the power 

capabilities of the inverter. The objectives, formulated in 

hierarchical order, are 1) to meet GC requirements, 2) to limit 

current amplitude to the maximum value allowed by the 

inverter, 3) to perform active power control, and 4) to 

eliminate active power oscillations. 

Many studies have similar objectives, but in previous works 

[20]–[26], only few control objectives can be accomplished 

simultaneously, as can be seen in Table V. Unlike, the 

proposed approach allows a better optimization of the power 

delivery by the inverters. Attempting to reach several control 

objectives at the same time not only involves addressing a 

different problem, but also the development of new control 

algorithms. In addition, the selection of the four objectives and 

the interaction among them during voltage sags improve the 

operation of these systems. These interactions have not been 

reported previously in the literature. 

This paper has been organized into five sections. Section I 

provides a brief overview of the state of the art in LVRT 

control strategies of inverter-based DPGSs. Section II reviews 

the behavior of the grid-connected inverter under voltage sags. 

Section III deals with the formulated control objectives, the 

proposed control algorithm, and the chosen control scheme. In 

addition, a detailed discussion of the interactions among the 

control objectives during voltage sags is presented in this 

section. Section IV presents the findings of the research, 

focusing on selected experimental results that validate the 

proposal. Finally, Section V sets out some conclusions and it 

summarizes the main results of this paper. 

II. GRID-CONNECTED INVERTERS UNDER VOLTAGE SAGS 

Inverters also known as power conditioning systems play a 

vital role in distributed resource (DR) applications [35]. 

Therefore, before proposing the objectives and the control 

algorithm, in this section, a description of the grid-connected 

voltage source inverter (VSI) under voltage sags is made. In 

addition, the basic requirements during these voltage 

disturbances and, specifically, the reactive current 

requirements adapted from the Spanish grid code are 

described. 

A. Grid-Connected Three-Phase Inverter 

Fig. 1 shows a simplified diagram of a distributed energy 

system connected to the network. The system includes the 

power source, a three-phase inverter, and the utility grid. A dc-

link capacitor Cdc operates the interconnection between the 

power source and the inverter to balance the power flow [28], 

[29]. An external controller provides the generated active 

power reference (PG) that should be injected into the grid. The 

current and voltage vectors (i, v) are sensed and supplied to 

the controller, which provides the control outputs (u). Finally, 

to obtain a grid-side current with a low harmonic content, a 

damped LCL filter is used at the inverter output [36]. 

B. Voltage Sag Characterization 

During voltage sags, it is possible to describe the 

instantaneous phase voltages at the PCC as the addition of 

their positive- and negative-symmetric sequences [19], and 

these can be expressed in the αβ-frame by using Clarke’s 

transformation, resulting in 

   cos co ,sv v v V t V t            (1) 

   sin si ,nv v v V t V t            
(2) 

 
Fig. 1.  Grid-connected three-phase DG inverter. 
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where v and v are the αβ-frame components, v+, v+, and v–, 

v– are the positive- and negative-sequence voltages, 

respectively. V+ and V− are the sequence amplitudes,  is the 

grid angular frequency, and  is the phase angle between 

positive and negative sequences, which is expressed as 

1
   

cos .
 

v v v v

V V

   


   



 

 
   

 

 
(3) 

From the consideration of the sequence amplitude, the 

voltage unbalance factor (VUF) can be mathematically 

defined as the ratio of the V– to the V+ [37], [38]. Therefore: 
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C. Reactive Current Requirements During Voltage Sags 

Reactive current injection (RCI) during fault and recovery 

is required to minimize the voltage drop in the grid and to 

ensure a fast voltage recovery after the failure. Depending on 

the voltage at the PCC, the DPGS has to feed-in a certain 

reactive current [39]. This support improves the stability of the 

power system and it increases the quality and reliability of the 

network. The parameters of the RCI curve vary depending on 

the regulations of each country; however, efforts are being 

made to unify the criteria of this requirement. 

The Spanish wind GC [13], used in this study and adapted 

as shown in Fig. 2, requires DG to supply the maximum 

possible current (Irated) during fault periods, and it demands a 

reactive/rated current ratio between 0.5 p.u. and 0.85 p.u. of 

grid voltage sag. As soon as the PCC voltage is less than 0.5 

p.u., the DG must be able to output at least 0.9 p.u. of reactive 

current. 

Based on [17] and considering that this GC assumes only 

balanced faults, and therefore balanced currents, the axes of 

Fig. 2 have been renamed and identified only with their 

positive sequences to maximize the VSI power capabilities. 

The x-axis, PCC voltage in the GC, has been replaced by V+ 

(the positive sequence voltage), and the y-axis, Iq / Itotal in the 

GC, has been replaced by Iq
+

GC = Iq
+ / Irated. 

III. PROPOSED CONTROL OBJECTIVES AND CONTROL 

ALGORITHM 

This section formulates the control objectives to be 

achieved by the DPGS. It develops the mathematical 

expressions that allow fulfilling the proposed control 

objectives and, finally, it explains the control algorithm. 

A. Control Objectives 

This research focuses on an improved LVRT control 

strategy with a new control algorithm and four control 

objectives that are simultaneously addressed by the DPGS 

when a voltage sag occurs. These objectives are formulated 

and explained taking into account their hierarchy and priority 

in the proposed control algorithm: 

1)  To meet LVRT and RCI requirements defined in current 

GCs. 

2)  To limit the amount of injected current to the maximum 

allowed by the inverter. 

3) Active power control in normal operation and under grid 

voltage sags. 

4) To avoid active power oscillations. 

1) Objective 1 

The inverter must inject all the available current during the 

sag, i.e., Irated, and meet RCI requirements set forth in Fig. 2: 

1 2

0.90 p.u., if  0.00 0.50 p.u.

p.u., if  0.50 0.85 p.u.,

0.00 p.u., if  0.85 1.10 p.u.

q GC

V

k V k

V

I V



 





  


    
  

 
(5) 

subject to 

1 p ,.u.q GCI    (6) 

where Iq
+

GC is the minimum reactive current required by the 

GC during the voltage sag, being k1 = 2.57 and k2 = 2.19 the 

slope of the line defining the minimum RCI and the 

intersection with the y-axis, respectively. 

2) Objective 2 

To limit phase current amplitude to the maximum allowed 

by the inverter to operate safely: 

 max , , ,a b c ratedI I I I  (7) 

where Ia, Ib, and Ic are the phase current amplitudes. This 

protection always remains active; when the voltage drops, 

currents increase to maintain PG. 

3) Objective 3 

Active power control in normal operation (V+ > 0.85 p.u.) 

and under grid disturbances (V+ < 0.85p.u.). Whenever it is 

possible, the purpose is to inject the maximum active power: 

* ,GP P  (8) 

where P* is the active power reference. When the outer PG 

cannot be injected, due that Irated is exceeded, active power 

curtailment (APC) will be applied. Active current injection, 

which is convenient from the source side, is essential to ensure 

power balance within the grid, and thus frequency stability [9], 

[10]. 

4) Objective 4 

Whenever it is possible, the goal is to get the oscillating 

term of active power equal to zero to avoid oscillations at the 

dc-link, a desirable feature [40], that is why active and 

 
Fig. 2.  Reactive current requirement adapted from the Spanish GC. 
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reactive currents are required to be injected by positive and 

negative sequences. Therefore, the instantaneous active power 

(p) can be written as 

* *0p P p P P      (9) 

where p  represents the oscillating term of the active power. 

B. Scheme of Reference Currents 

There are several schemes for generating reference currents 

[28]–[31]. Here, it has been chosen the scheme proposed in 

[29]. This scheme starts from two mathematical expressions 

defined as a function of the positive- and negative-sequence 

voltages, the sequence amplitudes, the power references, and 

four control parameters (kp
+, kp

–, kq
+, and kq

–) used to balance 

the positive and negative sequences: 
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(11) 

where Q* is the reactive power reference. It is noteworthy to 

mention that the control parameters have been selected as [29] 

kp
– = –kp

+ and kq
+ = kq

– to eliminate the active power 

oscillations. 

An appropriate set of reference currents is needed to 

achieve the proposed control objectives. By developing (10) 

and (11), the reference current generator can be formulated 

using four variables that indicate the amplitude of the positive- 

and negative-sequence currents associated with the active and 

reactive powers (Ip
+, Ip

–, Iq
+, and Iq

–). 

The reference currents are constructed with these variables 

and the normalized positive- and negative-sequence voltages 

(v+ / V+, v– / V–). The first variables generate the current 

amplitudes and the last ones, the current waveforms that allow 

injecting active and reactive powers via positive and negative 

sequences. These reference currents can be written as follows: 

,p p q q

v vv v
i I I I I

V V V V

  


  
    

   




     
          

       

    (12) 

* .p p q q

v v v v
I I I Ii

V V V V

   


   
   

   

       
          

      

     
(13) 

Note that voltage and reference currents are in phase for active 

power injection while they are 90º out-of-phase for reactive 

power injection. 

The values of the four current amplitudes determine the 

performance of the system through the fulfillment of the 

control objectives: 

1) The amplitude of the positive-sequence reactive current 

Iq
+ is directly related to GC compliance during fault 

conditions. Control of this variable allows objective 1 to 

be reached according to Fig. 2. 

2) Objective 2 will be discussed in Section III-C. 

3) The amplitude of the positive-sequence active current Ip
+ 

is calculated as (14): 

   
*

2 2
.

2

3
p

V
I P

V V




 




 
(14) 

This expression allows the injection of active power into 

the grid during normal operation as well as in failure 

condition. Control of this variable allows reaching 

objective 3. 

4) The negative-sequence components of active and reactive 

currents Ip
– and Iq

– are the variables associated with the 

elimination of the active power oscillations. These 

amplitudes can be written as: 

,p p

V
I I

V


 


  (15) 

.qq

V
I I

V


 


  

(16) 

Control of these variables is mandatory to achieve 

objective 4. 

C. Current Amplitude Limitation Control 

The maximum amplitude of each phase current can be 

obtained using (1), (2), (14)–(16) in (12), (13) and applying 

the inverse Clarke’s transformation. The resulting amplitudes 

are a function of both the sag characteristics and the 

magnitudes of Ip
+ and Iq

+: 
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(19) 

From (17)–(19), it can be seen that the phase with the 

maximum current amplitude is the phase with the minimum 

value of the cosine function 

      2 2
3 3

min cos , cos , .cosx       . (20) 

Then, the phase current maximum amplitude (Imax) can be 

calculated as 

   

 
    

2 2

2 2

2max

2
.p q

V V V x V
I I I

V

   

 



 
   (21) 

To avoid damage to the inverter or disconnection due to 

overcurrent, Imax must be limited to Irated: 

max .ratedII   (22) 
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Equations (20)–(22) guarantee the fulfillment of control 

objective 2. Therefore, Imax will limit Ip
+ since Iq

+ is a value 

stipulated by the GC. Now the maximum amplitude of the 

positive-sequence active current can be calculated by using 

(21), Iq
+ = Iq

+
GC, Ip

+ = Ip
+

max, and Imax = Irated. The resulting 

expression is solved for Ip
+

max: 

   

   
 

2 2

2

max 2 2
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q GC
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 (23) 

which makes possible the fulfillment of control objective 3. 

Taking into account the priority of reactive power injection 

during LVRT operation, Ip
+ must be limited to its maximum 

possible amplitude using the following condition: 

max .ppI I    (24) 

However, in a low-power production scenario, if Ip
+ were 

lower than Ip
+

max, the rated current of the inverter would not be 

reached. In this situation, the amplitude of the injected reactive 

current must be increased so that the inverter output current 

reaches Irated to improve voltage support. The new amplitude 

of the positive-sequence reactive current can be directly 

calculated by using (21) and Imax = Irated, and solving the 

resulting expression for Iq
+: 
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Equations (5) and (25) guarantee the fulfillment of control 

objective 1. 

D. Active Power Oscillations 

According to [41], the instantaneous active and reactive 

powers delivered by a three-phase VSI can be defined as 

 
3

   
2

,p v i v i      (26) 

 
3

    .
2

q v i v i      (27) 

Likewise, under unbalanced grid conditions, the 

instantaneous powers injected by the VSI can be decomposed 

in the following expressions: 

p pp p     (28) 

q qq q     (29) 

where p+, p –, p , q+, q –, and q  represents the positive, 

negative and oscillatory terms of the active and reactive 

powers, respectively. Hence, by Inserting (1)–(2) and (10)–

(11) into (26) and (27), (28) and (29) become functions of the 

voltage sag characteristics (V+, V−, and ) and the control 

parameters (kp
+, kp

–, kq
+, and kq

–). Since it is the claimed 

objective, only the instantaneous active power is developed; 

details on the derivation of the reactive power oscillations can 

be found in [29]: 
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(30) 

As a result, oscillations of instantaneous active power are 

eliminated when the control parameters kp
– = –kp

+ and kq
+ = 

kq
– are used. Hence, (30) becomes p = P*. 

E. Reactive Current Requirements Versus Capability of 

Active Current Injection 

This section analyzes the basic conditions required to 

maximize the power capability of the inverter while meeting 

GCs. The amplitude of Iq
+

GC, determined by the GC, should be 

understood as a minimum value while the magnitude of Ip
+

max, 

given by (23), is the maximum current that can be injected to 

reach Irated. It can be seen from the graphs in Fig. 3(a)–(b) how 

the amplitudes of Iq
+

GC and Ip
+

max change as a function of both 

V+ and VUF variations. It can be said that to each pair of 

values of V+ and VUF, there corresponds one and only one 

pair of values of Iq
+ = Iq

+
GC and Ip

+ = Ip
+

max and conversely. 

In Fig. 3(a), observing at the front of the plane formed by 

the V+ and Iq
+

GC axes, it can be identified the plot of Fig. 2, 

which corresponds to the requirement of RCI when there is no 

imbalance, i.e., when VUF = 0. Therefore, for balanced grid 

faults, and according to (5), Iq
+

GC increases when V+ reduces 

from 0.85 p.u. and will not be less than 0.9 p.u. when V+ is 

reduced from 0.5 p.u. Also, this current is always zero in the 

range 0.85 ≤ V+ < 1 p.u. since for this region there are no RCI 

requirements. As a result, it can be stated that multiple RCI 

curves are generated as the VUF increases from zero to its 

maximum value. The vertical plane located at V+ = 0.5 p.u. 

shows how the injection of Iq
+ increases as the VUF increases: 

with VUF = 0.1, Iq
+ = 0.9 p.u. is required, but with VUF = 0.2, 

Iq
+ = 1 p.u. is mandatory. However, if the VUF increases 

much more, the injection of Iq
+ will reach its maximum value 

even for values of V+ higher than 0.5 p.u., e.g., Iq
+ = 1 p.u. 

with V+ = 0.6 p.u. and VUF = 0.8. 

In Fig. 3(b), observing the back plane formed by the V+ and 

Ip
+

max axes, it can be seen the profile of Ip
+

max injection when 

there is no imbalance, i.e., when VUF = 0. Therefore, for this 

condition, Ip
+

max decreases when V+ reduces from 0.85 p.u., 

but it will remain at 0.44 p.u. in the range 0.1 < V+ ≤ 0.5 p.u. 

The vertical plane located at V+ = 0.5 p.u. shows how the 

injection of Ip
+ decreases as the VUF increases: with VUF = 

0.1, it is possible to inject a current Ip
+

max = 0.3 p.u., but with 

VUF = 0.2, Ip
+

max = 0 p.u. is mandatory. However, if the VUF 

increases much more, the injection of Ip
+

max will be null (zero) 

even for values of V+ higher than 0.5 p.u., e.g., Ip
+

max = 0 with 

V+ = 0.6 p.u. and VUF = 0.8. Note that Ip
+

max is zero in the 

entire region to which the last point belongs. In this area, the 

injected reactive current Iq
+ is higher than Iq

+
GC (a GC 

requirement) to supply the rated current once the active power 

is in the total curtailment region. 
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Fig. 3 shows the degrees of freedom to choose the values of 

Iq
+ (always higher or equal to Iq

+
GC) and Ip

+ (always lower or 

equal to Ip
+

max). In addition, when an unbalanced sag occurs 

(V– > 0), all the components of the active and reactive currents 

(Ip
+, Ip

–, Iq
+, and Iq

–) could be present. In contrast, when a 

balanced fault occurs (V– = 0), only the positive sequence 

components (Ip
+ and Iq

+) will be present. It should be noted 

that (25) only applies when GC is met. Fig. 3 also shows that 

the capability of active current injection decreases when the 

RCI requirement increases and also when the fault is an 

unbalanced one. This behavior is due to the active power 

curtailment function in the control algorithm. 

This previous analysis and the expressions obtained in 

Section III-C allow proposing a novel control algorithm which 

represents the main contribution of this work. 

F. Control Algorithm 

Fig. 4 shows the flowchart of the proposed control 

algorithm to determine the current amplitudes (Ip
+, Ip

–, Iq
+, and 

Iq
–) that will allow complying with the control objectives. Six 

different cases appear depending on the characteristics of the 

sag and the amount of generated active power. The flowchart 

 
(a) 

 
(b) 

Fig. 3.  Limits on positive-sequence active and reactive currents: (a) minimum positive-sequence reactive current injection Iq
+ and (b) maximum positive-

sequence active current injection capability Ip
+

max, as a function of the positive-sequence voltage (V +) and the VUF. 
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inputs are the generated active power (PG), the measured 

voltage sequence amplitudes (V+, V−), and the sequence phase 

angle (). Initially, the active power reference is set as P* = PG 

to calculate Ip
+ through (14) and to ensure that the maximum 

amount of active power will be injected (objective 3). 

If there is no sag, as in cases 1 and 2 illustrated in blue on 

the left side of Fig. 4, (23) will be used to ensure that Imax is 

not exceeded (objective 2). Only if Ip
+ > Ip

+
max, active power 

curtailment is performed by setting Ip
+ = Ip

+
max. Note that, in 

this case, objective 2 predominates over objective 3, revealing 

the interaction between these two control objectives in the 

proposed control algorithm. On the other hand, the goal of 

avoiding active power oscillations (objective 4) is guaranteed 

with (15). In the first two cases there are no requirements for 

RCI (Iq
+

GC = Iq
+ = Iq

– = 0), and therefore, the inverter only 

delivers active power. In the four subsequent cases, when a 

voltage sag occurs (V+ < 0.85 p.u.), there are requirements for 

RCI, and the inverter must inject its maximum current. 

 

Fig. 4.  Flowchart of the proposed control algorithm. 
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In case of sag, Iq
+ is obtained from the GC (objective 1), 

and then (23) is used to know the corresponding Ip
+

max value. 

For cases 3 and 4 shown in green on the central side of Fig. 4, 

all the components (Ip
+, Ip

–, Iq
+, and Iq

–) will be present. 

Particularly, in case 3, when the current Ip
+ does not exceed 

the limit Ip
+

max, then Iq
+ must be recalculated according to (25)

. In this case, the value of Iq
+ from (23) will no longer be used, 

revealing the effect of objectives 2 and 3 over objective 1. For 

cases 5 and 6 shown in red on the right side of Fig. 4, the 

inverter only injects reactive current either by Iq
+ and Iq

– or 

only by Iq
+; therefore a total active power curtailment (Ip

+
max = 

Ip
+ = Ip

– = 0) is performed by the controller to avoid exceeding 

Irated. The greatest interactions among control objectives 

appear in this part of the algorithm, as can be seen in Fig. 4. In 

particular, in case 6, all current components are updated 

through the algorithm. For instance, Iq
– = 0 to satisfy objective 

2 as opposed to the value fixed by objective 4 with (16). These 

interactions have not been reported previously in the literature. 

As expected, Iq
+ = Iq

+
GC except when Ip

+ is lower than Ip
+

max 

during voltage sags (fault conditions); in that case Iq
+ must be 

recalculated—according to (25)—to reach the maximum 

current capability of the inverter (Irated). Likewise, when the 

voltage sag is very severe, and V+ drops below 0.5 p.u., the 

inverter must deliver reactive power to the grid between 90% 

and 100% of its capability, according to the GC reference. 

Also, if V− increases above a certain value, a total reduction of 

the active power will be mandatory. Equations (15) and (16) 

demonstrate that both Ip
– and Iq

– are proportional to the VUF 

and that they are a function of Ip
+ and Iq

+, respectively. 

Finally, the reference currents are calculated using (12) and 

(13). 

G. Proposed Control Scheme 

The proposed control scheme is shown in Fig. 5. The inputs 

of the controller are the measured phase voltages v at the PCC 

and the generated power PG provided by the dc-link voltage 

controller. The voltage vector v is transformed into -frame 

values by using Clarke’s transformation. Then, voltages v and 

v are decomposed into symmetric components using a three-

phase grid synchronization system [42]. The proposed 

algorithm block uses the outputs from the sequence extractor 

and PG to calculate the amplitudes of the positive/negative 

sequence currents necessary to implement the reference 

currents, i* and i*. Finally, the duty cycles obtained from the 

current loops pass through a space vector modulator (SVM) to 

drive the switches of the inverter (sw1 to sw6). 

TABLE I 

EXPERIMENTAL PROTOTYPE PARAMETERS 

Symbol Quantity Nominal value 

V grid voltage 110.0 V rms 

f nominal grid frequency 60.0 Hz 

Sb rated power 2.3 kVA 

Irated rated current amplitude 10.0 A 

Vdc dc-link voltage 400.0 V 

Cdc dc-link capacitor 1.0 mF 

Li LCL inverter-side inductances 5.0 mH 

Co LCL filter capacitors 2.0 F 

Rd LCL damping resistors 68.0 Ω 

Lo LCL output-side inductances 2.0 mH 

fs sampling/switching frequency 10.0 kHz 

TABLE II 

CHARACTERISTICS OF THE VOLTAGE SAGS 

 
PCC phase 

voltages (p.u.) 

Sequence amplitudes (p.u.) 

and sequence phase angle 

Case Va Vb Vc V + V –  

1, 2 1.00 0.95 0.73 0.87 0.07   68° 

3, 4 0.45 0.85 0.64 0.65 0.11 146° 

5 0.50 0.35 0.50 0.45 0.05   57° 

6 0.27 0.73 0.18 0.40 0.17 111° 

TABLE III 

ACTIVE AND REACTIVE POWER BEHAVIOR UNDER DIFFERENT VOLTAGE 

SAGS 

 
Generated power (W), averaged values p (W) and q (VAr), and 

peak value of active power oscillation (W) 

Case PG pavg qavg p  

1 1000 1000       0       0 

2 2300 1868       0       0 

3   700   700 1144       0 

4 1400 1041   802       0 

5 1400       0   957       0 

6 1400       0 1102   430 

TABLE IV 

LABORATORY TEST RESULTS UNDER DIFFERENT VOLTAGE SAGS 

 Current sequence amplitudes (A) 

Case Iq
+

GC Iq
+ Iq

- Ip
+

max Ip
+ Ip

- 

1 0 0 0 9.26 4.96 0.40 

2 0 0 0 9.26 9.26 0.75 

3 5.14 7.33 1.24 7.06 4.75 0.80 

4 5.14 5.14 0.87 7.06 7.06 1.20 

5 9.00 9.00 1.00 0 0 0 

6 9.00 10.00 0 0 0 0 

IV. EXPERIMENTAL RESULTS 

Considering Fig. 1, an experimental prototype rated at 2.3 

kVA was built using a Guasch MTL-CBI0060F12IXHF full-

bridge converter with an LCL filter for harmonic reduction 

[36]. A Texas Instruments F28M36 floating point DSP has 

been used as the control platform. The grid has been emulated 

using a programmable three-phase Pacific AMX-360 AC 

source, and the DG utilizing an AMREL SPS800-12-D013 DC 

source. The sequence extractor was implemented using 

second-order generalized integrators (SOGI) [42]. The current 

loops incorporate proportional-resonant controllers [43]. Table 

I shows the values of the main parameters of the experimental 

prototype. 

 

Fig. 5.  Control diagram of the DG inverter. 
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All inverter variables are imported into MATLAB using a 

script which communicates the computer with the DSP. 

However, the active and reactive powers are calculated online 

within the DSP, in parallel while running the control 

algorithm. 

Four different voltage faults were programmed in the AC 

source to evaluate the performance of the system under 

different voltage sag profiles (Table II) and different power 

references (Table III). All tests last 0.5 s, and each sag occurs 

from t = 0.1 s to t = 0.4 s. During this period, the behavior of 

the control strategy can be observed.In summary, Table IV 

consolidates the values of all the components (Ip
+, Ip

–, Iq
+, and 

Iq
–) obtained during each test, including those of Iq

+
GC and 

Ip
+

max to compare the cases. 

The experimental results of each test are presented in the 

same figure with six subfigures ordered from left to right to 

show the evolution of each control action. Subfigures (a) and 

(b) point out the voltage sag. Subfigures (c) and (d) display the 

current amplitudes generated by the control algorithm. Finally, 

subfigures (e) and (f) present the system response through the 

phase currents and the delivered power. Note that the dotted 

black lines in (b) indicate the voltage thresholds of the GC, 

and the black dashed lines in (e) represent the maximum 

current that can be injected by the VSI according to its 

nominal ratings. 

A. Case 1: Normal Operation and Low PG 

Fig. 6 displays the system in normal operation considering 

PG = 1 kW (low-production scenario). Since V+ > 0.85 p.u. 

 
Fig. 6.  Experimental results for case 1, only P injection without active power curtailment. (a) Phase voltages. (b) Voltage sequences. (c) Active current 

sequences. (d) Reactive current sequences. (e) Phase currents. (f) Measured powers. 

 
Fig. 7.  Experimental results for case 2, only P injection with active power curtailment. (a) Phase voltages. (b) Voltage sequences. (c) Active current sequences. 

(d) Reactive current sequences. (e) Phase currents. (f) Measured powers. 
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then Iq
+

GC = Iq
+ = Iq

– = 0, and since V− > 0 then the VSI injects 

active current through positive and negative sequences (Ip
+ 

and Ip
–). Also, Ip

+ < Ip
+

max, therefore P* = PG. It can be 

observed that the phase currents iabc in Fig. 6(e) remain below 

the maximum allowable value (10 A) and that the delivered 

active power is maintained at a constant value of 1 kW 

without oscillations, as expected (objective 4). Obviously, 

reactive power presents oscillations that cannot be avoided. 

B. Case 2: Normal Operation and High PG 

Fig. 7 shows the system in normal operation under the same 

voltage disturbance of the previous case, but considering PG = 

2.3 kW (high-production scenario). Observe that Ip
+ = Ip

+
max = 

9.26 A, therefore active power curtailment is performed 

during the sag (from 2.3 kW to 1.9 kW). As shown in Fig. 

7(e), ic = Irated (10 A) and the other phases remain below this 

value. Fig. 7(f) reveals that oscillations in the active power 

have also been avoided. 

C. Case 3: Moderate Grid Fault Conditions and Low PG 

Fig. 8 shows the system in LVRT operation (V+ < 0.85 p.u.) 

considering PG = 700 W (low-production scenario). First, V+ 

is equal to 0.65 p.u., and according to (5), the VSI has to inject 

into the grid a minimum reactive current Iq
+

GC = 5.14 A. 

Secondly, with PG = 700 W, the positive-sequence active 

current (Ip
+) is equal to 4.75 A. As a result, with these values 

of Ip
+ and Iq

+
GC, the rated current (Irated) of the inverter is not 

reached and, therefore, the positive-sequence reactive current 

(Iq
+) is increased to 7.33 A by using (25). As can be seen in 

Fig. 8(e) and (f), the objective of injecting the maximum 

 
Fig. 8.  Experimental results for case 3, P and Q injection without active power curtailment. (a) Phase voltages. (b) Voltage sequences. (c) Active current 

sequences. (d) Reactive current sequences. (e) Phase currents. (f) Measured powers. 

 
Fig. 9.  Experimental results for case 4, P and Q injection with active power curtailment. (a) Phase voltages. (b) Voltage sequences. (c) Active current sequences. 

(d) Reactive current sequences. (e) Phase currents. (f) Measured powers. 
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allowed current is fulfilled, and the oscillating term of the 

active power is eliminated. 

D. Case 4: Moderate Grid Fault Conditions and Medium PG 

Fig. 9 shows the system under the same sag of the previous 

case (Iq
+ = Iq

+
GC = 5.14 A), but considering PG = 1.4 kW 

(medium-production scenario). Observe that Ip
+ = Ip

+
max = 7.06 

A to avoid exceeding the inverter rated current, therefore 

active power curtailment is performed (from 1.4 kW to 1 kW). 

As shown in Fig. 9(e) and (f), the current injected by the VSI 

reaches the maximum allowed value without exceeding Irated, 

avoiding active power oscillations. 

E. Case 5: Severe Grid Fault Conditions. Only Q Injection 

Fig. 10 shows the system in LVRT operation (V+ < 0.5 p.u.) 

considering PG = 1.4 kW (medium-production scenario). 

Hence, with V+ = 0.45 p.u., and according to (5), the VSI has 

to inject a minimum reactive current Iq
+ = Iq

+
GC = 9 A, but 

with this value, a total active power curtailment is performed 

during the sag (Ip
+

max = Ip
+ = Ip

– = 0). Furthermore, because of 

the unbalanced fault (V– = 0.05 p.u.), the VSI also injects a 

negative-sequence reactive current Iq
– = 1 A. Looking at Fig. 

10(e) and (f), it is evident that the injected currents (iabc) have 

been limited to the safe operation value of the inverter, and 

that the active power is free from oscillations during the 

voltage sag (0.1 < t < 0.4 s). From the data in Fig. 3(a), it is 

clear that under a voltage fault with the same characteristics 

but a balanced one (V– = 0), it would be possible to inject 

some amount of active power (approximately 458 W). In this 

 
Fig. 10.  Experimental results for case 5, only Q injection with full active power curtailment. (a) Phase voltages. (b) Voltage sequences. (c) Active current 

sequences. (d) Reactive current sequences. (e) Phase currents. (f) Measured powers. 

 
Fig. 11.  Experimental results for case 6, only positive Q injection and full active power curtailment. (a) Phase voltages. (b) Voltage sequences. (c) Active current 

sequences. (d) Reactive current sequences. (e) Phase currents. (f) Measured powers. 
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case, it would be equivalent to injecting a current Ip
+ = 4.36 A. 

It is important to note that the real-time detection of the 

voltage sequence components presents a delay, due to the 

sequence extractor [44], and with such an abrupt change in the 

active power injection (at t = 0.4 s), slight overshoot and 

oscillation are noticeable while reaching steady state (pre-fault 

value). 

F. Case 6: Severe Grid Fault Conditions. Only Positive Q 

Injection 

Fig. 11 shows the system in LVRT operation (V+ < 0.5 p.u.) 

considering PG = 1.4 kW (medium-production scenario) and 

with a fault even more unbalanced, V+ = 0.40 p.u. and V– = 

0.17 p.u. According to (5), the VSI has to inject into the grid a 

minimum reactive current Iq
+ = Iq

+
GC = 9 A, but with this 

value of Iq
+, a total active power curtailment is mandatory 

(Ip
+

max = Ip
+ = Ip

– = 0). Also, due to the magnitude of V–, the 

value of Irated is exceeded, and consequently the inverter can 

only inject positive-sequence reactive current (Iq
+ = 10 A) to 

comply with the maximum injection and RCI requirements. 

Fig. 11(e) and (f) reveals that the injected currents are 

balanced, that the proposed method limits the peak current to 

the predefined value Irated = 10 A, and also, that the peak value 

of active power ripple is 430 W. It must be noted that only in 

the case of the most severe sag, objective 4 is not 

accomplished. 

G. Supporting Dynamic Voltage Sags 

Finally, a dynamic laboratory test has been carried out to 

further demonstrate the effectiveness of the proposed control 

strategy under a variable-profile voltage sag, as shown in Fig. 

12. Both the test and the sag have the time behavior previously 

described, i.e., the sag occurs from t = 0.1 s to t = 0.4 s. 

It is worth noting that although the voltage disturbance 

extends for 0.3 s, in the interval 0.1 < t < 0.4 s, the maximum 

current injection and RCI (Iq
+ and Iq

–) only occur during 0.23 

s, in the interval 0.11 < t < 0.34 s, i.e., while V+ < 0.85 p.u. 

Note that as the voltage is restored and the V+ value increases, 

the amplitudes of Ip
+ and Ip

– decrease to keep the power flow 

set-point. This dynamic can be seen from t = 0.18 s. 

H. Discussion on the Benefits of the Proposed Strategy 

Table V presents a comparison between the most 

representative strategies and the proposal made in the present 

study. It should be noted that the proposed strategy aims to 

achieve four control objectives at the same time, not 

independently. Also, the level of complexity of this control 

scheme is lower compared to other approaches despite the fact 

that it explores a larger number of possible cases. The 

proposed strategy prioritizes reactive power injection to 

accomplish the current requirements of GCs. Reference 

currents are calculated online according to the amplitude of 

the positive-sequence voltage V+. 

About the control of active power, it will be assumed that 

there is no control of this power during the fault if a certain 

value has been previously set or if it has been established to 

zero and, consequently, the controller cannot change this 

condition during the sag. It should be mentioned that the 

proposal incorporates a current amplitude limitation control 

(CALC) as an essential part of its control strategy. In this 

sense, the algorithm is strict when establishing the maximum 

current value as Imax = Irated, as in [29]. In [27] Imax = 1.4 Irated, 

and in [31] Imax = 1.2 Irated, which makes the current amplitude 

control less restrictive. 

The current control proposal also involves mitigation of 

active power oscillations, as already explained, which is an 

important and desirable characteristic. In [31], the same author 

acknowledges that his “method cannot operate at zero active 

power ripple operation” when it only injects reactive current. 

The method mentioned above does not exceed Imax but it is not 

able to avoid the active power ripple, it only limits it. On the 

contrary, case five of this research shows that active power 

oscillations can be avoided, even if only reactive power is 

injected under the same conditions (the voltage sag severity 

 
Fig. 12.  Experimental results with a variable-profile voltage sag. (a) Phase voltages. (b) Voltage sequences. (c) Active current sequences. (d) Reactive current 

sequences. (e) Phase currents. (f) Measured powers. 
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will determine the most suitable control action). All these 

properties together allow the grid to be supported and, at the 

same time, extend the life of the inverter-based DPGS. 

The Spanish GC has been selected as the reference GC to 

carry out all the tests taking into account the required RCI 

ratio (Iq
+ / Irated). However, any GC could be taken as a 

reference and could be introduced into the algorithm by 

changing (5). Other studies have used more than one GC to 

perform their tests, thus obtaining part of their experimental 

results under the regulation of a GC and the other part of the 

results with the regulation of another GC. The GCs of 

Denmark and Germany are used by [27], and the GCs of 

Germany and Spain are used by [31]. 

In the literature, most papers discuss two or three injection 

scenarios, but more are needed in practice; in this sense, more 

voltage sags must also be considered. In addition, 

real/practical voltage sags have a dynamic profile; however, 

the performance of several control strategies is not tested in 

this realistic scenario. 

Finally, the dynamic behavior of the control strategy is 

remarkable. It allows getting smooth transitions under various 

power conditions and also during the changes between the 

different cases (operational modes), as seen in Fig. 12. After 

the grid failure has been cleared, the inverter can quickly 

achieve its normal operation, as shown by the experimental 

results. 

V. CONCLUSION 

Although extensive research has been carried out on control 

strategies of inverter-based DPGSs, most studies on this issue 

have been conducted with a reduced number of control 

objectives. Moreover, little attention has been paid to the 

relationship between the minimum reactive current and the 

maximum active current that can be injected into the grid 

when a voltage sag occurs. This paper has presented an 

improved LVRT control strategy that maximizes the power 

delivery capabilities of the inverter-based DPGS under voltage 

sags. The effectiveness of the proposed control strategy has 

been validated by a broad set of experimental results, which 

demonstrate the fulfillment of the proposed control objectives: 

1. To meet LVRT and RCI requirements defined in 

current GCs. 

2. To limit the amount of injected current to the 

maximum allowed by the inverter. 

3. Active power control in normal operation and under 

grid voltage sags. 

4. To avoid active power oscillations. 

All these control objectives contribute to improve the stability 

of the network and ensure an optimum use of the entire power 

capability of the inverter. Although the fourth goal is 

compromised when only Iq
+ is injected into the grid, the first 

three control objectives are always achieved. Also, different 

power levels and different voltage sag profiles are considered. 

As a result, three main operational modes have been 

identified: active power injection, active and reactive power 

injection, and reactive power injection. In the first mode, the 

maximum current injection can be achieved by supplying only 

active power. In the second one, both active and reactive 

power will be injected to reach the maximum rated current of 

the inverter and to provide support to the grid during the fault. 

In the third one, the maximum current injection can be 

achieved by providing only reactive power. 

The new scenario of standardization and GCs, restrictive in 

some cases, has to be widely incorporated into new control 

strategies with more sophisticated algorithms and schemes that 

allow satisfying a higher number of control objectives. 
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