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Abstract— This paper proposes a voltage controller under
voltage sags based on the current scheme,which restores
the dropped voltages to its continuous operation limits,
Voltage sags are one of the main problems in transmission
and distribution grids with high penetration of
distributed generation.This paper proposes a voltage
support control scheme for grid-connected power sources
under voltage sags.

The control is based on the injection of reactive current
with a variable ratio between positive and negative
sequences. The controller determines, also, the amount of
reactive power needed to restore the dropped voltage
magnitudes to new reference values confined within the
continuous operation limits required in grid codes.These
reference values are chosen in order to guarantee low
current injection when fulfilling the voltage support
objective.Selected experimental results are reported in
order to validate the effectiveness of the proposed control.

Index Terms— Distributed generation, low-voltage
ride-through(LVRT), reactive power injection, voltage
sag.

I. INTRODUCTION

One of the most challenging disturbances is the transitory
reduction of the rms voltage in one or more grid phases, which
is known as voltage sag [5]-[11].

There exist some international standards [12],[13] and
different national grid codes [14] that regulate the behavior of
grid connected power sources in nominal conditions and also
under voltage sags. The basic grid code requirements under
voltage sags are two: setting the point of common coupling
(PCC) voltages within the limits for continuous operation,
known as low voltage ride-through (LVRT), and fixing the
amount of reactive current injection.
the transmission system voltage is supported by Conventional
high-rated power plants via synchronous generators and
hardware compensators in the substations and feeders. Due to
the advance in semiconductor technologies,different
voltage-sourced converters are being used to improve the
electric power system: active filters, static synchronous
compensators, etc.,[15],[16].

An ancillary functionality of the low and medium-rated DGS
is to control the reactive current injection in order to support
the PCC voltages during voltage sags. Reactive power
injection is normally done via positive sequence, which raises
the positive voltage sequence,but leaves the negative voltage
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sequence unchanged. Then, in case of unbalanced sags with
one or two dropped phases, the conventional strategy of equal
increase in all PCC phase voltages can lead to surpassing the
maximum allowable voltage magnitude, and causing the
system disconnection from the grid. Recently, some works
have dealt with the injection of reactive power via positive
and/or negative sequences [17]-[23]. In [17]

and [18], the voltage support control is based on PI
controllers, with the drawback of having to tune these
controllers to handle a wide range of voltage imbalances. In
[19] a bulky series-parallel two-module system is used to feed
critical loads that require high-quality voltage. Studies
[20]-[22] deal with the mitigation of dc-link voltage
fluctuations in DGS due to grid imbalances but not with the
PCC voltage support. In [23], a flexible reactive current
injection scheme during voltage sags is proposed that
provides PCC voltage raising and equalizing by injecting
reactive current via both positive and negative sequences.
However, the work presented in [23] is only a preliminary
study, since the raising and equalizing of the phase voltages is
done without a voltage loop. This paper proposes a voltage
controller under voltage sags based on the current scheme
presented in [23],which restores the dropped voltages to its
continuous operation limits, thus guaranteeing

LVRT and also increasing the stability of the power

system. A detailed mathematical analysis of the injected
currents during the voltage sag is carried out in order to
develop the proposed control. The control objective is
accomplished when the proper values of both the reactive
power reference and the variable ratio between positive and
negative sequence reactive

current are set. These control parameters are calculated online
using a simple algorithm based on the line impedance
knowledge. Selected experiments with several types of
voltage sags are reported in order to evaluate the performance
of this control scheme. The paper is organized as follows.
Section IT describes the grid-connected DGS system, analyzes
the PCC voltages and inverter currents under voltage sags,
and describes the grid code requirements that must be applied
under these disturbances. Section III proposes the voltage
support scheme based on the injection of positive and
negative sequence reactive power. Section IV corroborates
the expected features of the proposed controller by means of
selected experimental results. Section V presents the
conclusions of this study.

II. GRID-CONNECTED INVERTERS UNDER
VOLTAGE SAGS

This section begins with the description of grid-connected
DGS. Then, the voltages at the PCC under voltage sags are
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mathematically characterized, giving a general classification
of these faults. Later the grid code requirements under voltage
sags are described. Finally, the expressions of active and
reactive currents injected by the DGS during the voltage sag
are given.

A. Grid-Connected Three-Phase Inverter

Fig. 1 shows the diagram of a DGS connected to the grid
through a three-phase three-wire inverter [4]. In this
configuration a large dc-link capacitor is placed for
decoupling the power source module and the utility. The
inverter is connected to the PCC through an LCL filter. When
the system is connected to the

grid via a mainly inductive line, the mains can be modeled
with an inductance Lg in series with a three-phase voltage
source vg.An external voltage controller is responsible for
obtaining the voltage reference for the dc-link that guarantees
optimum power generation in the DGS.The output of this
controller provides the active power reference value P*
related to the active power that must be injected to the grid.
The design and analysis of this external dc-link loop has been
widely described in the literature

and, therefore, will not be considered here [24]-[27].

When the system is in continuous operation mode, the control
block shown in the figure will drive the inverter switches in
order to inject the generated power to the grid. To accomplish
this objective, the PCC voltage v and the inverter current i
must be sensed.

de-link PCC
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Fig. 1. Diagram of a three-phase inverter connected to the
grid.

B. Sag Classification and Characterization
When voltage disturbances occur in the grid, the PCC voltage
is also affected, and the control performance is deteriorated.
Thus, the PCC voltage behavior under voltage sags must be
characterized appropriately.
1) Sag Classification: The causes of the voltage sags are
mainly short circuits between phases or between phases and
ground, overloads, startup of motors, etc. The nature of the
sag mainly depends on fault type (phase to ground, phase to
phase, etc.), system grounding and fault location [28].
Independently of the fault type and location, the sag can be
characterized by its signature at the PCC. A simplified sag
classification can be done according to the number of dropped
phase-to-neutral voltages:
single phase (type I), double phase (type II), and three phase
(type IID) [8].
2) Sag Detection and Characterization: The instantaneous
PCC voltages during a sag can be described as the addition of
positive, negative, and zero symmetric sequences. Taking into
account that in three-wire systems zero voltage sequences are
not present, the instantaneous PCC phase voltages can be
expressed in the stationary reference frame (SRF) as a
function of time as
va. = vop + van = Vp cos(wt + dp) + Vn cos(wt + dn ) (1)
vB=vfp +vpn="Vp sin(wt+ dp ) — Vn sin(wt + on ) (2)
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where vap, vfp and van, vfn are the SRF positive and
negative voltage sequences, respectively, Vp and Vn are its
amplitudes,  is the grid angular frequency, and the pair dp ,
on are the initial phase angles of positive and negative
sequences. In order to simplify the notation, a new variable,
the sequence phase-angle,i.e., the phase between positive and
negative sequences, can be defined as
d0=0dp—on. 3)

According to [28], any sag can be characterized and classified
if the magnitudes Vp, Vn , and 0 are known. These three
magnitudes can be calculated online by sensing the phase
vector v and then using the SRF theory to evaluate the
positive and negative sequences of the space vector. There are
different techniques to evaluate the space vector sequences,
and among them, one promising detection algorithm was
reported in [29]. Afterward, since the voltage vector
sequences are known, the amplitudes of the positive and
negative sequences and the phase angle can be calculated
online using

v, = \V vap + 2':2#.0 “
r” - \f 'U?U? + t;%u (5)

c — VapVan — UBpUan
§ = cos ! (—1 — z ) (6)
LJJ LH

From (1) and (2), the module of the natural frame phase
voltages can be written as a function of Vp, Vn and the phase
angle J as

V, = /V2 + V2 +2V,V, cos(d) (7)
Vi = \[V2 + V2 + 2V, Vs cos(8 — 2fym) )
Vo= V2 + V2 + 20V, cos(d + 2fom) )

where Va, Vb , and Ve are the amplitudes of the PCC phase
voltages. These expressions will be used later to develop the
control proposal of this study. Keeping in mind the previous
analysis, any voltage sag can be detected and characterized
using (4)—(6). In a balanced system the negative sequence is
zero, and the positive sequence coincides with the phase
voltage amplitudes. Type III sags are characterized by an
equal drop in the three PCC phase voltages, consequently,
only the positive sequence is present. Conversely, if the
negative sequence is present, by measuring the phase angle §
the sag type (I or II) and the dropped phases are easily
derived. Fig. 2 shows the sequence phase angle that
determines the sag type and the dropped phase(s).

I, I,

Fig. 2. Sag characterization based on the sequence phase
angle J. Uppercase letters denote the sag type (I or II), and
lowercase letters denote the dropped phase(s).
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It must be noted that in transmission and distribution systems
the majority of the voltage sags have a sequence phase angle,
which is roughly an integer multiple of #/3 rad, i.e., 6 =n - 7/3
rad, n € BI[5]. For example, if the sequence phase angle is 6 =
7/3 rad, the sag type is I with a voltage drop only in phase .

C. Grid Code Requirements Under Voltage Sags

The main objective of a grid-connected DGS is to deliver the
generated power to the grid even during voltage sags.
Additionally, wind grid codes require also some amount of
reactive current injection during voltage sags in order to
support the transmission or distribution system. The amount
of reactive current that must be injected depends on the sag
depth and its

time duration.Under the point of view of LVRT protocols,
national grid codes and international standards establish the
limits of continuous operation voltages at the PCC [12], [13].
These limits range from a minimum voltage of 0.85 per unit
(p-u.) of the

rms base voltage to a maximum value of 1.1 p.u. in [12].
Then, for continuous operation, the natural frame voltage
amplitudes (7)—(9) must fulfill

min (Va, Vb, Vc) >0.85 (10)

max (Va, Vb, Ve ) <1.1. (11)

When a voltage sag occurs and the minimum limit is under
passed (or the maximum limit is overpassed) by one or more
phase voltages, the DGS must be disconnected from the grid
after the established trip time.

D. Current Injection During Voltage Sags

According to the instantaneous power theory [30], the active
power p and reactive power ¢ injected to the grid by a three
phase DGS can be defined as

p=032)(vaio+vpif)(12)
q=@2)(—vfia+vaif). (13)

Based on these expressions, the reference currents can be
derived ensuring that the instantaneous powers follow their
references,
p=Pxand g= Q0%

i, =1, (p) + i, (q)

ig(p) +i3(q)

(14)
(15)

where the active currents are

E Uy o
2 UEp

P

i, (p) =

(16)
(17)

P

iz(p) =

and the reactive currents are

— gkq Ugp + (l — kq)z‘iu
3 kqlf}? +(1— kq)V]?
7% 'l"q'vnp + {1 - kr;)vnn

3 kVE+ (1 ky)V2

o

i (q)
(18)

(20)

iz(q) = Q"

The control scheme for active power injection, (16) and (17),
provides a current that follows the averaged positive voltage
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sequence. It avoids the appearance of current harmonics when
the grid presents unbalanced voltages, at the expense of
generating oscillations in the injected active power at twice
the grid frequency [31]. The control scheme for reactive
currents (18) and (19) was presented in [23] and provides
flexible positive/negative reactive power injection. Also, with
this scheme no harmonic distortion is introduced by the
injected reactive currents. The control balancing factor kq
allows to flexibly inject the reference reactive power O+ via
positive and negative sequences, simultaneously. The
parameter kg can take values inside the range 0 < kg < 1.
When kq tends to 1, the reactive current is injected via
positive sequence, and when kq tends to 0 it is injected via
negative sequence. The main contribution of the previous
work [23] was a new current scheme, (18) and (19),for
injecting reactive power and the qualitative analysis of its
influence in the positive and negative PCC voltage sequences
during a voltage support scenario. The values of the control
parameters QO+ and kg were chosen in an open loop, without
any knowledge or control about the new PCC voltage values
after the reactive current injection. Then, to complete that
work, it would be interesting to develop a novel voltage
control scheme to inject both the correct amount (determining
0O#) and the accurate balance (determining kg ), of reactive
current that bring the PCC voltages inside the continuous
operation limits. This way, in Section III, a closed loop
voltage control scheme based on the current scheme presented
in [23] is developed to provide online values for Q* and kq
depending on the sag profile and grid characteristics.

III. PROPOSED VOLTAGE SUPPORT CONTROL
SCHEME

The main purpose of this study is to develop a voltage support
method that diminishes the adverse effects of sags in the PCC
voltage, i.e., avoid undervoltage and also overvoltage. In an
inductive grid, the injection of reactive current will produce a
positive increment in the PCC voltages. During a voltage sag,
the DGS disconnection could be avoided if the amount of
injected  reactive current increases the PCC voltages
sufficiently to bring them within the continuous operation
limits.
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Fig.3.Block diagram of the proposed voltage support control
scheme.

The proposed voltage support control scheme is depicted in
Fig.3. 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) detect the voltage sag by comparing the PCC voltages
rms values with the lower boundary limit;
2) extract the amplitudes of the positive and negative
sequences;
3) determine the sag type; and
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4) set the positive and negative PCC voltage reference
amplitudes V#p and V #*n using (25).with the natural
frame reference values (22)—(24).
The second block is responsible for estimating the grid
voltage by means of (34) and (35), taking into account that the
reactive power reference QO+ and the balancing parameter kg
are given at the output control scheme and Lg is properly
measured. The third block calculates the new reactive power
reference O+ and kq values using (36) and (37). If the rms
value of any
phase current i reaches the maximum rated current, the values
of O* and kq are saturated in order to avoid system damage.In
this case, the voltage support objective cannot be fulfilled. If
the maximum current rating is not exceeded, the new values of
QO+ and kq are calculated and sampled at each line cycle T'and
then used to generate the reactive reference currents (18) and
(19). The transient response of the proposed control scheme
will be determined basically by the sequence extractor
response and the sampling period. By setting the sampling
period at one line cycle, a settling time of ts~=5-T is
expected.A lower sampling period is not possible since the
voltage sequence extractor requires at least one line cycle to
stabilize the sequence amplitudes [29].

D. Control Strategies for Different Sag Profiles
As stated previously, the control strategy to be chosen will
depend on the relation between AVboundaries and AV.

1) Strategy 1, AV < AVboundaries . The three PCC phase
voltages must be increased equally. In this case, the reactive
current injection must be done only via positive sequence:
setting kg = 1, i.e., the positive voltage sequence

min(¥, ) < 0.85 pu

| AV =max(V,, }-min(V,, ) |

l

| Set V", V," (22)-(24) |

| Calculate V', 7, (25)-(30) |

Strategy 2
Compute kq (37)

Fig. 6. Flux diagram of the algorithm, which determines the
control strategy under different voltage sags.
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is increased, while the negative voltage sequence is
unaffected. Following this strategy, only the control
parameter O * must be calculated online using (36).

2) Strategy 2, AV > AVboundaries . In this case, if kq is set to
1 (i.e., equal increment in the three phases) the higher
voltage at the PCC will overpass the maximum boundary, thus
forcing the disconnection of the DGS after the trip time. To
avoid this, the parameter kg must be less than 1, allowing
some amount of reactive power injection via negative
sequence, which tends to equalize the phase voltages. Note
that, in this case, both parameters Q* and kq are calculated
online.The sag detector block in Fig.3. is also responsible for
choosing the adequate strategy for each situation. Fig.4 shows
the flux diagram of the algorithm implemented in order to
determine the control strategy to be used.

IV. EXPERIMENTAL RESULTS

An experimental prototype rated at 2.3 kVA was built using a
SEMIKRON full bridge as the power converter and a
TMS320F28335 floating point digital signal processor as the
control platform. The DGS behavior is emulated using an
AMREL-SPS1000 dc source. The utility grid is emulated by
means of a programmable three-phase Pacific AMX-360
acsource connected to the PCC, with coupling inductors
modeling the line inductance (see Fig. 1). The current control
consists of an SRF proportional-resonant controller, [33]. A
detection system implemented with generalized integrators is
used to evaluate the space vector sequences, [29], [34].In a
real distribution power system, the capacity of voltage
restoration is obviously limited by the power rating and the
grid stiffness. Some studies consider that the maximum grid
impedance for distribution systems is within the 0.05 and
0.1p.u. range [24], [35]. Different voltage sags have been
programmed in the ac source to evaluate the behavior of the
system. The programmed sags will follow the same sequential
behavior. First, during 0.2 s, the grid voltages are roughly
balanced with the following rms

voltages: 1.064, 1.069, and 1.076 p.u.At time ¢ = 0.2s, the sag
occurs and three, two or one voltages drop(s) below
0.85p.u.,which is the minimum limit for continuous operation.
Afterward, during 0.2 s (from ¢ = 0.2 to 0.4 s) the sag control
is not yet enabled, in order to clearly show the voltage sag
profile.Then, at time ¢ = 0.4 s, the voltage support control is
enabled

and the calculation of the control parameters O * and kg begins
by means of (36) and (37). The calculation lasts one line
cycle. After this delay, the computed values are used in the
reference current generation during the following line cycle.
Then, the reactive

power injection starts and, as a result, the PCC voltage is
supported. Finally, at time ¢ = 0.8 s, both the sag and the
reactive current injection are disabled. For the entire duration
of the experiments, the inverter maintains an active power
injection of

Px=750W, i.e., it continues to sell the generated power to the
grid independently of the sag.

A. Supporting Type III Sags

Fig.5 shows the PCC phase voltages before, during, and after
a type III voltage sag. When the sag takes place, at £ = 0.2 s,
the three rms phase voltages drop to 0.79 p.u. approximately.
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As stated previously, with type III sags AV< AVboundaries ,
thus the support strategy consists in an equal raising of the
threephase

voltages until they reach the minimum limit voltage for
continuous operation, i.e., 0.85 p.u. The voltage raise is
obtained by injecting the reactive power via positive
sequence, kg = 1. Between ¢ = 0.2 and 0.4 s, the voltage
support control is still not enabled in order to clearly show the
sag depth. Attime = 0.4 s,

the voltage support control is activated and the calculation of
QO# begins by means of (36), which will be used in the
generation of the reference currents during the following line
cycle.
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Fig. 5. PCC phase voltages during the type III voltage sag.
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Fig. 6. Positive and negative sequence amplitudes (PCC
voltages in black, grid voltages in gray), type III voltage sag.
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Fig. 7. Reactive power reference and measured reactive
power with type III sag.
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As can be seen, after the control startup, the phase voltages
become stabilized at 0.85 p.u. At time ¢ = 0.8 s, the sag
disappears and the voltages recover their prefault values.
Fig.6 shows the measured positive and negative voltage
sequences at the PCC, Vp , and Vn , as well as the estimated
grid voltages, Vgp and Vgn . As can be seen, the value of the
positive

voltage sequence is increased (in black trace, top figure) when
the reactive power is injected via positive sequence. The
negative voltage sequence remains unaffected.

i hmﬁ""’ﬁ'ﬁ’?

W 1|Il

ﬁm i ‘\ s .flﬂglﬂ‘@

(b)

Fig. 8. Type III voltage sag, (a) PCC phase voltages (50
V/div) and (b) inverter phase currents (2.5 A/div), (100
ms/div).

Fig. 7 shows the computed reactive power reference and the
measured reactive power. It clearly shows the stabilization of
the calculated reactive power reference, Q* = 1 kVAr.as
discussed previously (i.e., ts~= 5T).The discrete actualization
of the computed value QO+ at each line cycle can be clearly
appreciated in the figure. Fig.8 shows the measured
instantaneous voltages and currents during the test with sag
type III. Before the sag, only active power is injected into the
grid. When the sag occurs and the voltage support control is
not enabled, an increase in the active current can be observed
to maintain the same active power injection. Afterward, when
the support control kicks in, the current increment is due only
to the reactive power injection. When the sag and the support
control cease, the currents return to their initial values, i.e., the
active power generated in the DGS is fed continuously to the

grid, without disturbing the voltage support control.

B. Supporting Type II Sags

Fig.9 shows the PCC phase voltages during a type II voltage
sag with AV <AVboundaries . In this fault, two of the phase
voltages drop to 0.79 p.u. approximately, while the third one
drops to 0.91 p.u. In this case, AV = 0.12, the reference
amplitude voltages are set to V' *

L =10.85 p.u. and to V*H = 0.97 p.u. (0.85+0.12), and the
calculated positive and negative sequence reference values
are V*p = 0.89 p.u. and V#n = 0.08 p.u. according to (27) and
(28). When supporting this sag only the value of Vp is
increased, i.e., reactive power is injected via positive
sequence. O+ is set automatically to approximately 1kVAr,
with the balancing parameter kg = 1. As can be seen, when the
control kicks in, the PCC voltages rise to the desired values.
Fig. 10 shows the PCC phase voltages during a type II voltage
sag, now with AV >Vboundaries . In this fault, two of the

www.ijerm.com



Control Strategy with Voltage Support Capability for Distributed Generation Inverter under Voltage Fluctuations

phase voltages drop to 0.78 p.u. approximately, while the
third one is maintained at 1.071 p.u. The PCC voltage
difference is AV= 0.29, thus AV >Vboundaries , and the
amplitude reference values are set to V'*L = 0.85 p.u.
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Fig. 9. PCC phase voltages during a type II voltage sag with
AV < Vboundaries .
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Fig. 10. PCC phase voltages during a type II voltage sag with
AV > Vboundaries .
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Fig. 11. Sequence amplitudes (PCC voltages in black, grid
voltages in gray), type II voltage sag with AV > Fboundaries .

and V*H = 1.1 p.u.(with the calculated references
V#p=0.92 p.u. and V*n=0.17 p.u.). After the control startup,
the two dropped voltages rise to 0.85 p.u.,

1
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Fig. 12. Control parameter kq and reference value of reactive
power O, type
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Fig. 13. Measured active and reactive power during the type 11
voltage sag with AV > Vboundaries .

and the non dropped to 1.1 p.u., as desired. In this case, both
parameters O+ and kq are calculated online.In Fig. 11,the
balanced compensation of the PCC positive and negative
voltage sequences are clearly shown. As can be seen, the
value of Vp is increased (via positive sequence reactive
current) and Va is decreased (via negative sequence reactive
current). Fig. 12 shows the control parameter values during
this test.Q* is set automatically to approximately 1.1 kVAr,
and the balancing parameter is stabilized at roughly kg = 0.27.
Fig. 13 shows the instantaneous active and reactive power
during the type II fault. The mean value of the active power is
750W for the duration of the test. The measured mean value
of the reactive power is almost 1.1 kVAr, following its
reference value, O*. When the sag occurs, the system
becomes unbalanced, and an oscillation at twice the line
frequency appears in both active and reactive power. Note
that the apparent power is 1.3 kVA, less than its nominal value
Sb.

C. Supporting Type I Sags

Fig. 14 shows the value of the PCC phase voltages with the
programmed type I voltage sag. When the sag occurs, one
voltage drops to 0.73 p.u. while the other two voltages drop to
1 pu. The voltage difference is AV = 0.27 p.u., thus AV >
AVboundaries , and the online calculated references are V+p
=1.01 p.u. and V*n = 0.16 p.u. according to (25) and (26). In
this

test, the reactive power reference value is stabilized at
QO+=2kV Ar approximately, and the balancing parameter is kq
= 0.66. As desired, the lower voltage amplitude becomes
stabilized to 0.85 p.u., and the other phase amplitudes to 1.1
pu.
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Fig. 14. PCC phase voltages during the type I voltage sag
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Fig. 15. PCC phase voltages (50 V/div) during the variable

profile type I sag. (a)When the control is inactive, (b) when

the voltage support control is activated during the sag. (100
ms/div).

D. Supporting Variable Profile Sags

The proposed voltage support control scheme was tested also
with a variable profile sag. The idea is to evaluate the control
in real conditions with a sag following a slow transient
recovery. Fig. 15(a) shows the PCC phase voltages during a
type I variable profile voltage sag. Fig. 15(b) shows the PCC
phase voltages when the voltage support scheme kicks in just
at the beginning of the sag. Fig.16 shows the PCC phase
voltages during the dynamic sag (top) and when it is corrected
(bottom). As can be seen, the

control restores the PCC voltages correctly, even in this
situation in which the grid voltages are evolving during the
sag. Fig. 17 shows the control parameter values during this
last test. As predicted, the profile of the control parameters is
not constant. At the valley of the sag, O+ is set by the
controller to approximately 2.1 kVAr, a high value due to the
depth of the sag.
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Fig. 16. PCC phase voltages during the type I variable profile
sag, without (top) and with voltage support (bottom).
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Fig. 17. Control parameter kq and reference value of reactive
powerQ* during the type I variable profile sag.
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In this case, the maximum delivered apparent power is 2.2
kVA, almost the nominal base value Sh. After

t=0.4 s, the reactive power reference progressively decreases
in accordance with the sag profile. Also the balancing
parameter evolves with time until it reaches its maximum
value, kg = 0.55, at the valley of the sag and after it is reduced
to kg = 0.39. As a result, the control continuously adjusts the
injection of reactive power by means of positive and negative
sequences. After examining the previous tests, it can be stated
that the proposed controller has clearly demonstrated its
capability to correct all types of voltage sags. In all the
presented tests, the inverter injects less than its maximum
acceptable power rating,allowing the system to bring the
phase voltages within the continuous operation boundaries. In
a real system, however,

the capacity of voltage restoration would depend on both the
inverter power rating and the grid stiffness.

E. Computational Load

Despite the a priori complexity of the proposed voltage
support control scheme, the additional computational load is
not excessive. The measured algorithm execution time when
the grid operates in normal conditions is 26us. This control
scheme includes the analog-to-digital converter, the voltage
sequence detector, the current reference generator, the current
loop, and the modulator. During the sag (when the voltage
support algorithm is activated), the execution time suffers an
increase of 8us, resulting in an idle time of 66% of the
sampling period.

CONCLUSION

A detailed mathematical analysis of the injected currents
during the voltage sag has been carried out in order to develop
the proposed control. It sets two control parameters online:
the reactive power reference and a parameter that balances the
injection of reactive power via positive and negative
sequences. By means of the proposed controller, the inverter
helps to restore the droped voltages within the continuous
operation limits established by the grid codes. This control
strategy has been selected in order to fulfill the desired control
objectives by means of low current injection. Analyzing the
experimental results, it can be concluded that this proposal
may be a good solution to provide voltage support by means
of DGS. Further analysis on the performance of the proposed
control

scheme is open for future research. Particularly, a sensitivity
study considering the behavior of the system against
variations in power and control parameters should be
performed. Also an analysis of the impact of considering
variable grid impedance during the fault condition would be
of great interest.
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