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Abstract: Voltage sags are one of the main problems in transmission and distribution networks. 

This paper proposes a voltage support control scheme for grid-connected low-power rating inverters 

under voltage sags. Voltage support capability is provided thanks to reactive current injection. The 

main objective is to inject the maximum rated reactive current during the voltage sag. And second, 

to raise the higher phase voltage to a predefined maximum boundary, thus preventing over-voltage. 

Moreover, with this strategy the phase voltages can be equalized. The first objective can be always 

accomplished during voltage sags. Achieving the second objective depends on the grid 

characteristics, the sag profile and the power rating of the inverter. Selected experimental results are 

reported in order to validate the effectiveness of the proposed control. 
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1  Introduction 

The number of renewable energy sources connected to the public grid is significantly increasing due 

to the deregulation of the electric market and to environmental issues  [1]. In this scenario, grid 

codes have assumed that the contribution of the distributed generation sources (DGS) to the total 

electric generation was low, but the number of grid-connected DGS is rising year by year.  

Currently, the transmission system voltage quality is supported by synchronous generators in 

conventional high-rated power plants and by hardware compensators along the grid  [2]. However, 

during electrical disturbances distributed generation can lead to worsen the stability of the network. 

One of the most challenging disturbances is the transitory reduction of the rms voltage in one or 

more phases, known as voltage sag  [3]– [7]. There exists some international standards  [8] and 

national grid codes  [9],  [10] that regulate the operation of grid-connected DGS under nominal and 

disturbed conditions. The basic grid code requirements force DGS to act as mere voltage trackers 

and define the voltage limits measured at the point of common coupling (PCC), known as low-

voltage ride-through (LVRT). When the PCC voltage amplitudes are outside these limits, and 

following a predefined time/sag-depth profile, the DGS must be disconnected. Present grid codes 

also demand some amount of reactive power injection which helps to support the PCC voltage 

during voltage sags  [9]. The strategy for reactive current injection greatly varies depending on the 

national grid codes  [9]. Clearly, the growing number of DGS connected to the grid will force to new 

requirements in grid codes  [10],  [11]. 

In recent works, flexible injection of reactive power has been used to provide additional 

functionalities to the DGS  [12]– [17]. Some studies,  [12]– [14], deal with the mitigation of dc-link 

voltage oscillations due to grid imbalances. Reference  [15] devises a controller which achieves 

symmetrical grid currents to avoid current harmonic distortion. Reference  [16] proposes a controller 

that ensures minimum peak values in the grid-injected currents. In  [17] a dual sequence power 

injection scheme is proposed to fulfill the LVRT grid code which demands a minimum ratio 
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between total and reactive current during sags. References  [18] to  [21] propose different reactive 

current injection schemes that offer voltage support for mainly inductive grids under voltage sags. 

In  [18] a reference-current generation algorithm that provides flexible voltage support was 

introduced, although it lacks of any voltage control. Reference  [19] presents a voltage control for 

three-phase inverters based on  [18] which  requires the measurement of the grid impedance. With 

this controller the PCC voltages can be restored if the DGS supplies sufficient reactive current. 

Thus, if the system presents high-power rating, disconnection due to LVRT protocols could be 

avoided. The limitation of this control scheme is that it can be employed only with types I, II and III 

sags (also called symmetric sags: equal amplitude drop in one, two or three phases  [19]). A 

significant improvement was done presenting the voltage control scheme for high-power rating 

DGS reported in  [20], which is useful for restoring the PCC voltages to its continuous operation 

limits under any type of voltage sag. In this way, reference  [21] presents a voltage support scheme 

for static synchronous compensators (STATCOMs) based in PI controllers, thus avoiding the 

measurement of the grid impedance. In that case a very high power-rating STATCOM is employed 

for grid-quality improvement, i.e. to confine the PCC voltages between predefined set points near 1 

p.u. 

In this way, this paper proposes a voltage support controller for low-power rating DGS valid for 

any type of sag and based on the current scheme introduced in  [18]. Ideally, a voltage support 

control would avoid disconnection due to LVRT protocols. However, in case of deep sags, low-

power rating DGS can not restore the PCC voltages to its continuous operation limits, thus less 

ambitious objectives should be proposed. Moreover due to the growing number of DGS present in 

the grid, voltage support objectives that can favor distributed operation must be investigated. In this 

low-power scenario flexible positive and negative reactive power injection can be used to fulfill two 

new control objectives during sags: first to achieve maximum reactive current injection supporting 

the lowest amplitude PCC phase voltage as much as possible, and second to set the higher phase 
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voltage to a predefined upper voltage limit. First objective will be always accomplished, although 

the second objective could be fulfilled or not depending on grid stiffness and DGS rated power. 

With this strategy the positive sequence reactive current increases the dropped grid voltages while 

preventing over-voltage in the higher phase voltage. On the other hand, negative-sequence reactive-

power tends to equalize the phase voltages. These two combined objectives will assist the grid 

stability, also guaranteeing that over-currents flowing through the DGS are avoided and that the 

maximum voltage boundary is not surpassed in any phase voltage. 

The paper is organized as follows. Section 2 describes the grid connected DGS system, analyzes 

the PCC voltages and the grid code requirements during voltage sags. Section 3 presents the control 

objectives. Section 4 develops the control proposal. Section 5 corroborates the expected features of 

the proposed controller by means of selected experimental results. Section 6 presents the 

conclusions. 

2  Grid-connected inverters under voltage sags 

This section deals with the description and characterization of the grid-connected DGS under 

voltage sags. Also the basic grid code requirements during these disturbances are described.  

2.1 Grid-connected three-phase inverter 

The diagram of a DGS connected to the PCC through a three-phase three-wire inverter and a LCL 

filter is shown in Fig. 1. When the system is connected to the grid via a mainly inductive line, the 

mains can be modeled with an inductance Lg, and the source vg. The controller senses the inverter 

output current i, and the PCC line-to-line voltages v. 
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Fig. 1 Diagram of a grid-connected DGS. 
 

2.2 Voltage sag characterization 

The instantaneous PCC phase voltages during voltage sags can be described as the addition of 

positive, negative and zero symmetric sequences. Neglecting the initial phase jump and due to the 

line-to-line monitoring of the voltage sag  [4], the instantaneous PCC phase voltages can be 

expressed in the stationary reference frame (SRF) as 

)cos()cos(   tVtVvvv npnp  

)(sin)(sin   tVtVvvv npnp  

(1)

(2)

where vp, vp and vn, vn are the SRF positive and negative voltage sequences respectively, Vp and 

Vn are their amplitudes,  is the grid angular frequency, and  is the phase angle between positive 

and negative sequences. The magnitudes Vp, Vn can be determined using the SRF theory  [22] and  

can be devised through simple trigonometric manipulations, see  [19]. In this case a star-delta-

connected transformer is used to interface the DGS to the grid, thus the zero sequence component is 

zero. 

From (1) and (2), the amplitude of the natural frame phase voltages can be written as a function 

of Vp, Vn and the phase angle  as 
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)(cos222 npnpa VVVVV   

)(cos2 3
222   npnpb VVVVV  

)(cos2 3
222   npnpc VVVVV  

(3)

(4)

(5)

where Va, Vb and Vc are the amplitudes of the PCC phase voltages. These amplitudes will be used 

below to develop the control proposal of this work. 

2.3 Grid code requirements under voltage sags 

The main objective of a grid connected DGS is to deliver the generated power to the grid. During a 

voltage sag other objectives are additionally required by grid codes, such as LVRT and reactive 

current injection. Under the point of view of LVRT protocols, national grid codes and international 

standards establish the PCC voltage limits for continuous operation. These limits range from a 

minimum voltage of 0.85 per unit (p.u.) to a maximum value of 1.1 p.u. of the base voltage  [8]. 

When a voltage sag occurs and the minimum limit is under-passed, or the maximum limit is over-

passed, by one or more phase voltages, the DGS must be disconnected from the grid after a 

predefined trip-time. 

Additionally, wind grid codes require some amount of reactive current injection during voltage 

sags in order to support the transmission or distribution system. Although all national grid codes 

states this injection, they demand different reactive current injection protocols  [9].  

3  Formulation of objectives and proposed control algorithm  

The aim of this section is to define the control objectives and to devise the control algorithm that 

allows their practical implementation.  

An interesting new ancillary functionality of reactive current injection would be to combine 

maximum current injection and some voltage support capabilities, in order to better sustain the grid 
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voltage during sags. Additionally, if the active power reference P* is set to zero during the sag, then 

all the available power can be dedicated to that purpose. 

When an inverter injects reactive power to a mainly inductive grid, the PCC phase voltages will 

increase proportionally to their phase current amplitudes. Thus, low values of grid impedance 

produce low voltage increments and then light voltage support. Higher impedance values improve 

the voltage support capability. Reactive current injection can be done via positive Ip, and/or 

negative sequences In, with different consequences in the PCC voltages  [18]. Balancing 

appropriately the amount of Ip and In different protocols can be used to support the grid during the 

sag. 

3.1 Comparison of different voltage support protocols 

Fig. 2 shows five examples of voltage support strategies during the same sag in different grid 

scenarios: with low and high Lg value, with low, high and very high-power rated DGS, and with 

different reactive current injection protocols (see Table 1). 
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                                       (a)               (b)                   (c)                  (d)                  (e) 
Fig. 2 Voltage support during a sag, with P*= 0 and different reactive injection protocols and scenarios, see 

Table 1.  

Table 1 Conditions for simulation scenarios in Fig. 2 
 grid 

inductance 
power  
rating 

control  
protocol 

maximum  
current 

a low low Ip = IM    In = 0 IM 

b high low Ip > 0      In > 0     [20] IM 

c high high Ip > 0      In > 0     [20] 1.5IM 

d high very 
high 

Ip > 0  In > 0   VPCC
*  1 p.u. 3IM 

e high low Ip > 0    In > 0  proposed IM 
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Fig. 2 (a) shows the PCC phase voltage amplitudes during a voltage sag in a stiff grid (low grid-

inductance value). Before t  = 0.1 s, the phase voltages are at their nominal amplitude, 1 p.u. At t  = 

0.1 s, a sag occurs and one phase voltage drops below the minimum operation boundary. Maximum 

available reactive current injection begins at t = 0.2 s. Note that the reactive injection protocol 

remains intentionally inactive from t  =  0.1 s to t  = 0.2 s in order to clearly show the sag profile. In 

this case only positive sequence current is injected, being zero the negative sequence current, 

Ip = Irated current 

In = 0, 

(6)

(7)

where Irated current is the amplitude of the maximum allowed current. This rated current will be named 

hereon as maximum allowed current IM. Consequently the phase current Ia, Ib and Ic are balanced 

with amplitude IM. Due to the balanced currents, the voltage increment V is equal in the three 

phases. Although maximum allowed current is injected, the voltage increment is small due to the 

low grid-inductance value and the phase with lower amplitude still remains outside the limits for 

continuous operation.  

Fig. 2 (b) shows the sag in a weak grid scenario where the grid inductance value is five times 

larger than in case (a). In this case the reactive current injection is based on the voltage control 

presented in  [20]. The objectives in that work were: to set the higher PCC phase voltage to 1.1 p.u. 

and the lower phase voltage to 0.85 p.u.. In the current example, these objectives are not fulfilled 

due to the low power rating DGS. In  [20], when one phase-current reaches the maximum allowed 

amplitude IM, the control is saturated in both sequences in order to protect the inverter. Despite to 

the saturation, the positive-negative sequence current injection provides unbalanced currents, with 

the highest current of the three phases presenting an amplitude of IM. It is worth mentioning that the 

phase voltage with lower amplitude remains outside the limits for continuous operation. If a DGS 

with higher power-rating was used, the two control objectives could be fulfilled.  
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Fig. 2 (c) shows the sag in a weak grid scenario but with a higher power-rating DGS. As it can 

be seen, thanks to the control scheme  [20], the PCC voltages are confined between the limits for 

continuous operation through a higher maximum-current injection, in this case 1.5IM. Afterward the 

voltage support scheme presented in  [20] works perfectly in this scenario. 

Fig. 2 (d) shows the sag in the same weak grid scenario but in this case a very high power rating 

inverter is considered (an STATCOM for example,  [21]). Also the reactive current injection is done 

via both sequences but the control objective is to set the PCC voltages roughly to 1 p.u. In this 

scenario the maximum current presents an amplitude of 3IM. Setting the PCC voltages exactly to 1 

p.u. would force higher currents due the high negative sequence current In required to provide 

voltage equalization between phases  [18],  [21]. 

Fig. 2 (e) shows the sag in the same weak grid scenario than is the last three tests, but assuming a 

low power rated DGS (maximum allowed current is IM). As it can be seen in (b), the phase voltage 

with lower amplitude could not be supported sufficiently to bring the system to continuous 

operation mode due to the low-power rating of the DGS. Then, in this scenario, instead of the 

scheme presented in  [20], a better voltage support algorithm can be proposed. The new proposal of 

this work is to set the higher PCC voltage to 1.1 p.u. (avoiding surpassing the upper operation limit 

as proposed in  [20]), and, as a new feature, to provide maximum rising to the most perturbed phase 

voltage (lower-amplitude one) by maximum current injection. Fig. 2 (e) shows the simulation 

results of this voltage support protocol. As can be noted in this figure, the main objective of our 

proposal is not to avoid disconnection due to LVRT protocols. In this scenario avoid disconnection 

is impossible, no matter the control scheme used, due to the low power rating of the system. On the 

other hand, as it can be clearly seen by comparing (b) and (e), the proposed solution improves the 

voltage support in the three phases, without exceeding the maximum current IM. 

Then this proposed scheme is a promising candidate to provide voltage support in low-power 

rating DGS.  
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3.2 Proposed voltage support protocol 

The new voltage support scheme with results shown in Fig. 2 (e) is based on maximum current 

injection and phase voltages equalization, and can be summarized in the following objectives:  

1) to inject maximum rated current in the most perturbed phase (i.e. phase with lower 

amplitude), and  

2) to avoid exceeding the upper voltage boundary when injecting reactive power.  

Examining carefully Fig. 2 (e) it can be noted that V takes a minimum value in the phase with 

higher voltage amplitude VM, bringing this phase just to the upper voltage boundary. Of course, this 

minimum voltage increment will be produced by the minimum amplitude current Im. On the other 

hand, V takes a maximum value in the lowest amplitude phase voltage (due to maximum 

amplitude current IM), ensuring that the most dropped phase is the most supported. Objectives 1) 

and 2) are recapitulated in the following equations 

IM  =  Irated current 

VM  = 1.1 p.u. 

(8)

(9)

where IM = max {Ia, Ib, Ic} and VM = max {Va, Vb, Vc}. To achieve (9) minimum current, Im = min 

{Ia, Ib, Ic}, must be injected in the phase with higher voltage amplitude, VM. The phase current Im is 

related with its phase voltage VM by a function γ(·), which will be determined in next section 

Im  = γ(VM – 1.1) . 
(10)

When the inverter can not afford the required current to accomplish the second objective due its 

natural physical limitations (i.e. when Im > IM), then the phase voltages will be below the upper limit 

and negative sequence current injection has no meaning. The best choice in this case is to inject 

only positive sequence current, following (6) and (7), since it produces higher V.  

Fig. 3 shows the flux diagram of the control algorithm to be implemented. 
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Fig. 3 Flux diagram to determine the support control strategy under different conditions. 

First the maximum phase current, IM, must be set to the maximum rated current. Second, the 

higher phase voltage must be determined and consequently the minimum phase current, Im, can be 

calculated with the aim of raising this voltage to 1.1 p.u. If this minimum phase current is higher 

than the maximum rated current, the reactive power injection is done only via positive sequence, Ip. 

On the other hand the reactive power injection is done via both positive and negative sequence 

currents, Ip and In. In next section, the mathematical relationships between phase and sequence 

variables will be found to develop the expressions to practically implement the control proposal. 

4  Theoretical approach to the control scheme 

To fulfill the control purposes, first the expression of the PCC natural frame currents during voltage 

sags will be analyzed, taking into account their positive and negative sequences. After that, their 

amplitudes will be chosen appropriately to accomplish the objectives expressed in (8)–(9). 

4.1 Current injection during voltage sags 

According to the instantaneous power theory, the active power, p, and reactive power, q, injected to 
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the grid by a three phase inverter can be defined as: 
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The reference currents can be derived by ensuring that the instantaneous powers track their 

references, assuming that the inner current control loop is properly tuned, (i.e. there exists a perfect 

matching between the reference and the generated current, i = i*). After that, the SRF currents can 

be decomposed in active and reactive current components 
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(14)

During voltage sags, if the active power reference is set to zero, all the rated current can be used to 

support the grid stability, thus improving the functionalities of the DGS. This slight loss of power 

generation has a minimum impact in the overall efficiency of the system, due to the usual short-time 

duration of voltage sags. Then, based on  [18], the reference reactive/active currents can be defined 
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where Ip
* and In

* are the positive and the negative sequence components of the reactive current 

references, respectively. It must be noted that it is necessary to find the proper values of Ip
* and In

* 

to perform the chosen control objectives. Therefore, similarly to (3)–(5), the natural frame 

amplitudes of the phase currents can be expressed as 

)(cos2 **2*2* npnpa IIIII   

)(cos2 3
2**2*2*   npnpb IIIII  

)(cos2 3
2**2*2*   npnpc IIIII . 

(18)

(19)

(20)

By choosing appropriately Ip
* and In

* the values of the minimum and the maximum amplitude 

phase-currents can be determined, see (8) and (9).    

4.2 First objective: maximum current injection 

To fulfill the first objective, the expression of the maximum current amplitude must be calculated. 

From (18)–(20), it can be clearly noted that the minimum and maximum amplitude phase currents 

are related with the maximum, cosM, and minimum, cosm, value of the cosines functions, 

respectively 

 )/cos(),/cos(,)cos(max 3
2

3
2  Mcos  (21) 

 )/cos(),/cos(,)cos(min 3
2

3
2  mcos . (22) 

Thus the minimum, Im, and maximum, IM, amplitude phase currents are 

M
*
n

*
p

*
n

*
pm cosIIIII 222   

m
*
n

*
p

*
n

*
pM cosIIIII 222  . 

(23)

(24)

Note that the reference value for IM will be set by the designer taking into account the inverter 

maximum current rating, then accomplishing the first objective. Im will be determined below to 
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fulfill the second objective. 

4.3 Second objective: to raise the PCC voltages preventing over voltage 

The second control objective is to raise the PCC voltages, preventing any phase from surpassing the 

upper voltage boundary. This objective can be accomplished by first determining the higher 

amplitude of the grid phase voltages, VM, and the appropriate minimum-amplitude reactive- current 

to be injected in order to raise this voltage to 1.1 p.u. 

From Fig. 1, the grid voltage can be expressed as 

t

q
Lg d

)(d *

g
i

vv  . (25)

The amplitudes of the positive and negative grid voltage sequences, when injecting a known 

reactive current, can be derived by inserting (1), (2) and (13)–(17) in (25) 

*
pgpgp ILVV   

*
ngngn ILVV  . 

(26) 

(27)

From (26) and (27), the amplitudes of the grid voltage sequence components can be calculated on-

line by assuming that the grid inductance is a known value (a method for measuring Lg on-line can 

be found in  [23]). The higher amplitude of the grid phase voltages, VgM, can be derived using the 

amplitudes of the grid voltage sequence components (26) and (27) following the previous approach 

employed for the phase currents (18)–(24) 

MgngpgngpMg cosVVVVV 222  . (28)

Then, the voltage increment that prevents from exceeding the upper voltage boundary is 

gMVV  1.1  (29)

being this increment produced by the lowest amplitude phase current, Im, as discussed above, 
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)cos( mg ILV  . (30)

The term cos( ) appears due to the phase shift between phase voltage and phase current produced 

by the simultaneous positive and negative sequence current injection. The angle   takes the value  
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(31)

where sinM is the sine value of the angle δ, δ – ⅔ π or δ + ⅔ π, that presents maximum cosine value 

cosM. 

After that, the reference current value which will raise the higher PCC phase voltage to 1.1 p.u. 

can be calculated rearranging (30) 

 θL

V
I

g
m cos
*




 . 
(32)

4.4 Derivation of the control parameters Ip
* and In

* under different grid scenarios 

Taking the known values of the maximum, (24), and the minimum, (32), phase current amplitudes, 

the following two equations can be written 

m
*
n

*
p

*
n

*
pcurrent_rated

*
M cosIIIIII 222   

  M
*
n

*
p

*
n

*
p

g

*
m cosIIII

cosL

V
I 222 




. 

(33)

(34)

By solving (33) and (34), the values for Ip
* and In

* that satisfy the biquadrate system can be 

found as 
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(36)

with x = cosM
2 –1, y = cosm

2 –1 and z = 1 – cosm cosM.  

When the current amplitude required to raise the higher phase voltage to 1.1 p.u. is lower than 

the maximum rated current (Im
*  IM

*), the values obtained in (35) and (36) can be used in the 

current scheme (15) and (16) and both control objectives are satisfied. Conversely, when Im
* > IM

*, 

only positive sequence current is injected, i.e. Ip
* = Irated current, In

* = 0, see flux diagram of Fig. 3. 

Depending on the sag profile both references can present values between 0 and Irated current, with 

boundary values Ip
* = Irated curren, In

* = 0 and Ip
* = 0, In

* = Irated current. In addition, it must be noted that 

a high unbalancing between currents can cause overheating in some power switches. This is not 

desired in normal operation but is not a severe limitation due the usual short duration of the sag. 

4.5 Proposed control scheme  

The proposed reactive current control scheme is depicted in Fig. 4. In the first block, the voltage at 

the PCC is sensed and processed on the basis of the SRF theory with the following steps: 1) it 

detects the voltage sag by comparing the rms values of the PCC voltages with the lower boundary 

limit; 2) in the case of a voltage sag, it extracts the amplitudes of the voltage sequences, Vp and Vn, 

and the phase angle . The second block is responsible for calculating the amplitudes of the grid 

voltage sequence components by means of the plant model, which uses the estimated value of the 

grid impedance and the current references, Ip
* and In

*. The third block determines the minimum 

phase current, Im
*, that must be injected to raise the higher PCC voltage to 1.1 p.u. The fourth block 

computes the sequence current reference amplitudes Ip
* and In

* using the calculated minimum phase 

current, Im
*, and the design parameter which is the rated current, IM

*. 
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Fig. 4 Block diagram of the proposed voltage support control scheme. 

5  Experimental results 

An inverter prototype rated at 2.3 kVA was built using a SEMIKRON full-bridge with a resistor 

damped LCL filter. The DGS behavior is implemented using an AMREL-SPS1000 dc-source. The 

utility grid is emulated by means of a programmable three-phase Pacific AMX-360 ac-source 

connected to the PCC with coupling inductors modeling the line inductance. A TMS320F28335 

floating point digital signal processor was chosen as the control platform. 

A sequence detector implemented with generalized integrators is used to evaluate the voltage 

vector sequences  [22]. The settling time of the sequence detector is 1.5 grid periods due its filter 

behavior. All the mathematical calculations that implement the controller are done in roughly 40 s, 

resulting in a period idle time of 60%. The computed reference-current sequence-components 

present oscillations at twice the grid frequency, due to system unbalancing. To reduce this noise a 

low-pass filter with a cut-off frequency below the grid frequency is placed before the current 

generator block. The current control consists of a proportional-resonant controller  [24] and a space 

vector PWM. 

Table 2 lists the parameter values of the inverter and controller. Two different line inductance 

values (0.06 p.u. and 0.02 p.u.) were used in the test. The higher of them was chosen in the same 

order of magnitude than the inductance of the LCL filter in order to clearly show the capacity of 

voltage support provided by the proposed control scheme. Due to the low-power rating of the DGS, 

smaller values of this inductance would make difficult to appreciate the voltage restoration 

behavior. 
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Table 2 System Parameters 
 

nominal rated power (base power) Sb 2.3 kVA 

active power reference P* 750 W 

maximum current amplitude IM 10 A 

grid voltage line to neutral Vg 110 V rms 

grid frequency f 60 Hz 

dc-link voltage vdc 350 V 

LCL inverter side inductances Li 5 mH 

LCL filter capacitors Co 1.5 F 

LCL resonance damping resistors Ro 68  

LCL output side inductances Lo 2 mH 

line inductances Lg 2.5 mH, 0.84 mH 

cut-off frequency of the reference current sequences LPF  fc 40 Hz 

proportional gain PRES compensator kp 30 

integral gain PRES compensator ki 50 

sampling/switching frequency fs 10 kHz 

 

5.1 Voltage sag without support service 

A variable-profile voltage sag was programmed in the ac-source to evaluate the behavior of the 

system, see Fig. 5 (top). The proposed control can deal with any type of voltage sag, although the 

sag with slow recovery described in  [6] is reproduced here due its complex profile: first it presents a 

type I voltage sag (one dropped phase-voltage), then a second phase begins to drop dynamically 

(change in  from /3 to 2/3), evolving to a clear type II at the sag-end  [4],  [19]. To correctly sense 

the sag, delta connection monitoring was used in this test  [4]. The sag follows this sequential 

behavior: first, during 0.1 seconds, the grid voltages are almost balanced with the following rms 

voltages: 1.031 p.u., 1.036 p.u. and 1.038 p.u. At time t = 0.1 s, the sag begins and evolves during 

0.3 s. At t = 0.4 s the fault is cleared and the PCC voltages recover their pre-fault values. Fig. 5 

(middle) shows the rms values of the PCC phase voltages during the voltage sag. A dashed line at 

1.1 p.u. is drawn horizontally to highlight the chosen upper voltage boundary. Fig. 5 (bottom) 

shows the measured positive and negative voltage sequences. 
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Fig. 5 Measured PCC voltages. Top: phase voltages (50 V/div.). Middle: rms phase voltages. Bottom: 

amplitudes of the positive (in gray) and negative (in black) voltage sequence components. Test without 

activation of the proposed control. 

5.2 Supporting sags in a stiff grid 

To demonstrate the proposed control behavior, the support control kicks in at t = 0.1 s and, after one 

grid cycle necessary to stabilize the voltage measurements, the correction begins. In this first 

experiment, a stiff grid is supposed, thus an Lg = 0.84 mH is used to emulate the line impedance 

(corresponding to 0.02 p.u.). 

Fig. 6 (top) shows the injected currents when the control is activated. Before the sag, the 

inverter is injecting an active power of P* = 750 W. When the sag is detected the active power 

injection ceases, P* = 0, and only reactive current is injected. Due to the stiffness of the grid, the 

second objective (raising the higher PCC voltage amplitude to 1.1 p.u.) can not be fulfilled. This 

issue is detected by the controller and thus all the reactive current is injected only via positive 

sequence (Ip
* = 10 A, In

* = 0 A). Thus the phase currents are perfectly balanced and only the first 

control objective (IM  = 10 A) is satisfied. 
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Fig. 6 Measured PCC currents and voltages. Top: inverter phase currents (3.3 A/div.). Middle: rms phase 

voltages. Bottom: positive (in gray) and negative (in black) voltage sequence components. Proposed 

control activated, supporting a stiff grid, Lg = 0.02 p.u. 

Fig. 6 (midle) shows the PCC phase voltages during the experiment. Comparing this figure with 

Fig. 5 (middle), it can be observed that all the phase voltages rise slightly. Only a precise 

comparison between Fig. 5 and Fig. 6  confirms this small voltage raise.   

The second objective is not satisfied, as the higher amplitude PCC voltage is raised but placed 

below 1.1 p.u. Since only positive current injection is done, only the positive sequence voltage 

amplitude is affected, being the negative sequence voltage amplitude unaltered, see Fig. 6  (bottom). 

In this test the minimum current necessary to raise the phase voltage to 1.1 p.u. is Im
* 20 A. It must 

be noted that this high current amplitude is required due to the grid stiffness. This current is higher 

than the inverter rated current (10 A) and the second objective can not be fulfilled. The controller 

detects this issue and sets the current references according to the algorithm shown in Fig. 3. It must 

be noted that, during the sag, the system becomes unbalanced, and an oscillation at twice the line 

frequency appears in both active and reactive power. 
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5.3 Supporting sags in a weak grid 

When supporting a weak grid, i.e., remote sag locations with high line inductance, the PCC voltage 

amplitudes can be raised with less reactive power injection than in a stiff grid scenario. In this 

second experiment a higher line inductance value was used, Lg = 2.5 mH (0.06 p.u.). 
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Fig. 7 Measured PCC currents and voltages. Top: inverter phase currents (3.3 A/div.). Middle: rms phase 

voltages. Bottom: amplitudes of the positive (in gray) and negative (in black) voltage sequence 

components. Proposed control activated, supporting a weak grid, Lg = 0.06 p.u. 

Fig. 7 (top) shows the injected currents when supporting a weak grid. The first control 

objective, to set at least one phase current at its maximum rated value, IM  = 10 A, is also 

accomplished after a settling time of 70 ms. In this experiment the reactive current is injected via 

positive and negative sequences (Ip
* > 0 and In

* > 0 A), thus unbalancing the phase currents. Fig. 7 

(middle) shows the rms values of the PCC phase voltages during the supported voltage sag. It can 

be observed that the higher voltage raises to 1.1 p.u., satisfying the second control objective. 

Comparing the positive and negative sequence amplitudes (bottom) with the respective graphs 

shown in Fig. 5 (voltage sag without support), it can be noted an increment in the positive sequence 
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and a decrement in the negative sequence.  

In all the previous tests, and also in this last experiment, and due to the low power rating of the 

DGS, the disconnection of the system due to LVRT protocols has not been avoided. In real 

transmission systems only high-power rating DGS (or STATCOMS) are capable of fulfill a 

successful voltage support that would avoid disconnection. 

5.4 Supporting different kinds of voltage sags 

A complete set of simulations has been done with the intention of demonstrate the effectiveness 

of the proposal under any kind of voltage sag. The system with parameters described in Table 2 has 

been simulated under weak grid scenario. In this simulation a more realistic grid-impedance with an 

R/X ratio of 0.25 has been tested. Six sags characterized by its common parameters: Vp = 0.82 p.u., 

Vn = 0.2 p.u. and a sequence phase angle with different values   = n · /8 rad. (for n = 0 to n = 7), 

have been implemented in order to obtain a wide range of sag-types  [4],  [19]. Fig. 8 shows the PCC 

phase voltages during these different sags. The sag begins at t = 0.1 s., and the control is activated at 

t = 0.2 s. When   = 0 an almost pure type II sag is simulated. On the other cases nonsymmetrical sags 

are produced. In all the tests the most perturbed phase is the most supported (objective 1: injected reactive 

current equal to IM). And the higher phase voltage never surpasses 1.1. p.u. (objective 2). The slight 

difference between the two drooped phases in type II case (  = 0) is due the presence of resistive behavior 

in the grid-impedance (R/X=0.25). This difference is also present in the other test but is difficult to 

appreciate. Table 3 presents the amplitudes of the sequence and phase currents in these simulations. As in 

previous tests LVRT disconnection is not avoided due to the low-power rating. 

 

 

 



23 

0.6

0.8

1
1.1

V
ol

ta
ge

 (
pu

)

 = 0
 

 = /
8

 = /
4

0 0.5

 = 3/
4

0 0.5

 = 7/
8

 = 3/
8

0 0.5
Time (s)

 = 5/
8

0 0.5

0.6

0.8

1
1.1

 = /
2

V
ol

ta
ge

 (
pu

)

 

Fig. 8 Simulations for a set of voltage sags with common parameters Vp, Vn and varying sequence phase 

angle . Phase voltages: a in light grey, b in grey and c in black. Weak grid: Lg = 0.12 p.u., R/X=0.25. 

 

Table 3 Simulation results of sequence-currents and phase-current amplitudes 
 

 0 /8 
/4 

3/8 
/2 

5/8 
3/4

 7/8
 

Ip 8.72 9.04 10.0 10.0 9.11 8.72 8.81 9.92 

In 2.03 1.13 0.00  0.00 1.02 2.02 1.52 0.08 

Ia 6.70 8.05 10.0 10.0 9.24 9.79 10.0 10.0 

Ib 9.80 9.20 10.0 10.0 8.23 6.76 7.42 9.86 

Ic 10.0 10.0 10.0 10.0 10.0 10.0 9.24 9.91 

After examining the previous tests, it can be stated that the proposed controller has 

demonstrated its capability to meet the proposed control objectives in several grid scenarios. 

6 Conclusions 

This paper has presented an ancillary voltage support service for three-phase grid-connected low- 

power rating inverters operating under voltage sags. By adjusting the amount of the reactive current 

injected via positive and negative sequences, two different objectives can be fulfilled: first the 

injection of the maximum inverter current as reactive current, and second to raise the higher 

amplitude voltage to a predefined upper voltage boundary. Due to the growing number of DGS 
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present in the grid these objectives can favor a distributed voltage-support control, being this topic 

open for further research. A complete set of experimental results are reported in order to validate 

the effectiveness of the proposal. 
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