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ABSTRACT Distributed generator of renewable energy (DGRE) requires ancillary services for protection
against disturbances in the grid system. Hence, a current limiting property is crucial for the DGRE to
achieve self-protection. However, such property would reduce the generated power that corresponds to
optimum current injection. In order to overcome this shortcoming, this paper proposes an enhanced DGRE
that features decoupled active and reactive power delivery as well as low voltage ride-through (LVRT)
strategy. An improved DGRE power delivery system is achieved by employing an auto-correction droop
control scheme. By taking into account the droop slope parameters, the system adjusts the reference voltage
based on the power value computed from the measured voltage and current. Active and reactive power
are consequently delivered proportionally, while the voltage at the point of common coupling (PCC) is
maintained despite a voltage sag. In addition, the LVRT strategywhich involves threemodes namely Constant
Average Active Power Control (CAAPC), Constant Active Current Control (CACC), and Constant Peak
Current Control (CPCC) would ensure that the grid code requirements are met and the DGRE would remain
connected to the grid during a voltage sag. By generating the necessary active and reactive power, the
grid voltage can be satisfactorily restored. In the event of a grid fault, the combination of the proposed
auto-correction droop control scheme and LVRT strategy would enhance power delivery and increase voltage
stability. The DGRE prototype has been developed and experimental tests have been conducted for validation
purposes. Both strategies have been practically implemented by the DGRE with satisfactory performance
achieved.

INDEX TERMS Droop control, power delivery, LVRT, renewable energy sources, voltage sag.

I. INTRODUCTION
Increasing the number of distributed generators (DGs) con-
nected to the primary grid will result in adverse effects if
they are disconnected simultaneously under fault conditions.
There may be a reduction in power dispatch and an increase
in system instability as a result of this situation. It is important
that the DGs remain connected during disturbances in order
to maintain the continuity of the primary grid. Inverter units

The associate editor coordinating the review of this manuscript and
approving it for publication was Emilio Barocio.

must be equipped with fault tolerance capabilities in order
to meet this additional requirement [1]. Initially, a current
limiter was applied to provide protection for the inverter in the
event of a disturbance. A policy was then issued by IEEE on
the application of low voltage ride-through (LVRT)within the
inverter control algorithm. LVRT and reactive power injection
have demonstrated their ability to maintain grid connection
and to support voltage collapse in the grid [2].

In the past, the inverter used the LVRT strategy in order to
increase reactive current injection (RCI) with reduced active
powerwhile simultaneouslymanaging the safety of the power
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system. However, this strategy requires the transmission net-
work to have an inductive impedance in order to achieve
voltage stability. In addition, LVRT methods that employ
active power curtailment control could limit power generation
from the DGRE, which may cause frequency instability and
local energy shortages. DGRE performance can be improved
under voltage sag by maintaining DC currents with DC-Link
voltage control [3]. TheDC chopper and active current limiter
control can also improve performance by maintaining Pdc,
Idc, and Vdc to regulate active (P) and reactive power (Q)
injections during voltage sags [4].

The DGRE can maintain the grid voltage at the PCC
by injecting P and Q. This situation relates to the injec-
tion of reactive current to cope with the disturbance in the
grid. Consequently, the inverter should limit the generated
current in accordance with the inverter’s rated current in
order to avoid potential instability. Current-limiting strategies
and related controls can be applied using a synchronous
reference frame (dq-frame), stationary reference frame (αβ-
frame), or natural reference frame (ABC-frame) [5], [6].
By limiting the current magnitude, a current-limiting inverter
can successfully ride through these disturbances, support the
power grid, and recover power after the trouble has been
resolved [7].

In grid-supporting inverters, the droop control scheme is
commonly used to maintain unbalanced loads, restore grid
voltage, and inject proportional amounts of P and Q [8], [9],
[10], [11], [12], [13], [14]. Since the line impedance affects
the distributed generator power-sharing accuracy and stabil-
ity, the droop control scheme with virtual impedance, com-
plex virtual impedance, adaptive virtual impedance, adaptive
complex virtual impedance, and estimated virtual impedance
were introduced to improve the power-sharing performance
of the distributed generator [8], [12], [13]. Nevertheless,
in [15], an adaptive droop control scheme was discussed,
asserting that a suitable voltage reference could enhance
the power-sharing accuracy with seamless transitions [16].
Utilizing the measured voltage coupling, it determines the
reactive power requirement. Additionally, the adjustment of
the droop slope coefficient also contributes to the improve-
ment of power-sharing accuracy. For distributed generators,
both dq-frame voltage reference adjustments provide propor-
tional sharing of P and Q.
In the light of this development, the droop control strategy

appears to be reliable if it is incorporated into the distributed
generator system. However, a protection scheme is necessary
in order to limit the amount of power that can be delivered.
In this paper, the proposed protection scheme incorporates
the LVRT algorithms and the droop control strategy in order
to satisfy the grid code requirements to be discussed later in
the paper. Based on DGRE’s capability to deliver the active
and reactive power proportionally, the auto-correction droop
control scheme is assigned to restore voltage after a sag
[17] In addition to addressing the voltage drop, the DGRE
may also utilize the LVRT algorithm in order to maintain

grid connectivity. The key contributions of this paper can be
summarized as follows:
1. The proposed strategy enhances power delivery under var-

ious grid voltage sag conditions by employing a suitable
operation selected from among the auto-correction droop
control scheme and three LVRT modes based on DGRE
apparent power, required reactive current injection and
criticality of the voltage sag.

2. The proposed droop control scheme is equipped with
auto-correction feature that provides voltage restoration
capability and overcurrent protection to satisfactorily
restore the voltage at the PCC under grid voltage drops.

3. The proposed auto-correction droop control features a
seamless and fast response in restoring the grid voltage
effectively after the occurrence of voltage sags and intro-
duces adaptive power control to proportionally regulate
active and reactive power in accordance with network
impedance.

4. The proposed LVRT strategy ensures continuing grid con-
nectivity in the event of a voltage drop on the grid via
a combination of three modes namely Constant Average
Active Power Control (CAAPC), Constant Active Cur-
rent Control (CACC), and Constant Peak Current Control
(CPCC) that maximizes power delivery with overcurrent
protection.
The following structure is followed in this paper. Section II

describes the proposed system model, control methods, and
strategies. Section III details the specific strategies that are
selected to enhance power delivery under voltage sag con-
ditions. In Section IV, experimental results are presented as
well as discussions of the results are provided As a final note,
Section V concludes with concluding remarks.

II. SYSTEM DESCRIPTION AND CONTROL STRATEGY
Figure 1 depicts the DGRE power circuit, which supports the
local load both under normal and grid fault conditions. It con-
sists of an inverter, a filter unit, and a local load connected
to the grid via a transformer. The inverter consists of three
control loops namely power, voltage, and current loops. The
modulated voltage generated by the inverter is denoted by Vi,
which refers to the unfiltered inverter voltage, contributing
to harmonics. The inverter is connected to the LC filter,
composed of capacitor Cf and inductance Lf with parasitic
resistance Rl and Rc. To achieve synchronization, a filtered
inverter voltage with reduced harmonics as represented by
E ̸ δ should be aligned with the grid voltage Vg ̸ 0◦ with
zero phase angle. Once synchronization has been achieved,
S1 is switched on to activate the grid-connected mode, which
then connects the inverter to the primary grid with power
angle δ. Meanwhile, the impedance Z connected in series to
the networks represents the resistance and reactance of the
networks.

Generally, inverter algorithms use droop control, whether
they are operating normally or in fault conditions. By inject-
ing reactive power into the grid, droop control can

VOLUME 11, 2023 139689



F. Ismail et al.: Enhanced Energy Delivery for Solar PV DGs at Voltage Sags

FIGURE 1. A power circuit of the system.

compensate for voltage drops and restore grid voltages to
their normal magnitude. As a result, operations are limited to
the inverter’s power source, and the inverter will be discon-
nected when its limits are exceeded. Thus, the LVRT strategy
can be adopted to maintain power delivery from the inverter
to the grid while remaining connected. Figure 2 illustrates the
flow chart of the inverter action during the grid voltage drops.

Initally, the DGRE sets the parameters and measures the
inverter voltage, inverter current, and grid voltage which are
denoted as Viabc , Iiabc , and Vgabc , respectively. These are used
to determine P,Q, S, and Vg pu in which the rated grid voltage
(115 V) is equivalent to 1.0 pu. Based on the grid code, the
voltage can be divided into four levels. Vg more than 1.1 pu is
categorized as over voltage, 0.9 < V g < 1.1 is known as the
normal voltage range, voltage sag is when 0.5 < V g < 0.9,
and critical voltage sag happens when Vg < 0.5. An auto-
correction droop control algorithm is employed to ensure a
proportional injection of P and Q under normal grid voltage
conditions. During voltage sag, the inverter evaluates the
apparent power (S), and determines whether it should operate
as a voltage restorer utilizing an auto-correction droop control
scheme or as an LVRT. For LVRT strategy, Constant Average
Active Power Control (CAAPC), Constant Active Current
Control (CACC), and Constant Peak Current Control (CPCC)
can be selected in accordance with the inverter’s maximum
generated power.

Referring to the power model for the distributed generator
of the grid-connected inverter as shown in Figure 1, P and Q
are defined as in (1) – (4) respectively,

P =

(
EVg
Z

cos δ −
V 2
g

Z

)
cos θ +

EVg
Z

sin δ sin θ (1)

Q =

(
EVg
Z

cos δ −
V 2
g

Z

)
sin θ −

EVg
Z

sin δ cos θ (2)

Given a very small or almost zero value for δ, which implies
that cos δ is approximately equal to 1 and sin δ is approxi-
mately equal to δ, thus

P =

(
EVg
Z

−
V 2
g

Z

)
cos θ +

EVg
Z

δ sin θ (3)

FIGURE 2. Flow diagram of the proposed strategy.

Q =

(
EVg
Z

−
V 2
g

Z

)
sin θ −

EVg
Z

δ cos θ (4)

The impedance angle θ influences the variation of the
decoupling input and output. Due to θ equals π /2 rad
and the impedance being inductive, P and δ are therefore
approximately proportional. It is important to highlight that
in this scenario, Q and E are also roughly proportional.
In order to achieve droop control, reducing frequency relates
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FIGURE 3. Block diagram of the proposed system.

to increasing active power and reducing voltage involves
increasing reactive power [18].
With reference to Figure 3, the filtered values of P and Q

can be obtained by utilizing equations (5) and (6) respectively.
The instantaneous active power (Po) defined in equation (7)
and the instantaneous reactive power (Qo) defined in equation
(8) are computed based on the measured output current Iodq
and output voltage Vodq as described below [19]:

Pf =
ωc

s+ ωc
Po (5)

Qf =
ωc

s+ ωc
Qo (6)

Po = 1.5
(
Vod Iod + VoqIoq

)
(7)

Qo = 1.5
(
VoqIod − Vod Ioq

)
(8)

where, ωc, Pf and Qf are the cut-off frequency of low-pass
filter,the filtered instantaneous P and Q, respectively.

It is possible to use active-reactive power (PQ) control
to support the grid, which involves maintaining a specific
relationship between the injected current and the voltage at
the interconnection point. Depending on the current state of
the grid, active or reactive power can be delivered. As a result
of abnormal network conditions, voltage amplitude and phase
angle fluctuations may occur at the point of interconnection
of the inverter. In the event of an undervoltage condition, the
inverter adjusts its output voltage by injecting a correspond-
ing amount of reactive power into the network [20].

According to E.ON grid code [21], the maximum amount
of active power that can be produced by the three-phase
inverter, denoted as Pi_max , is subject to certain limits during

a grid sag period and can be calculated as follows [22]:

Pi_max = Si_max × cos

tan−1 Iqref√
I2rated − I2qref

 (9)

The rated apparent power of the three-phase inverter is repre-
sented by Si_max = 3Virated ·Ii_max , while the required reactive
current is denoted as Iqref , and Irated represents the inverter
rated current.

It is common for PV inverters to have spare capacity
for compensating reactive power since they often operate at
lower power levels than their rated power. To determine the
maximum reactive power available Qi_max can be calculated
as follows [23]:∣∣Qi_max ∣∣ =

√
S2i_max − P2i_max (10)

A. THE PROPOSED DROOP CONTROL STRATEGY
The proposed approach introduces an auto-correction term
for the nominal voltage, referred to asVod−e andVoq−e, which
aims to enhance the P-Q-V droop control in the following
manner: {

Vod−r = Vod−e − mpPf
Voq−r = Voq−e − nqQf

(11)

where, coefficient of the droop slope for P and Q are denoted
as mp and nq, respectively.
The respective DG independently calculates Vod−e and

Voq−e by measuring the necessary local parameters. The
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equations used to compute Vod−e and Voq−e are as follows:{
Vod−e = K2V od−n

Voq−e = K2V oq−n
(12)

The inverter can automatically detect changes in load within
the network. This function is useful to determine the inverter’s
output power against the load changes anywhere in the net-
work. Therefore, this algorithm is utilized for synchronizing
changes to P and Q.

The calculated instantaneous active and reactive power in
equations (5) to (8) are utilized to determine the apparent
power Sf =

√
P2f + Q2

f , which is used to calculate K2 as a
unitless parameter.

K2 =

K1 +

(
Pf
Sf

)
K1 +

(
Qf
Sf

) (13)

K1 is a constant, and per unit of Pf and Qf are represented
by P(pu) and Q(pu) which are expressed as below:

P(pu) =
Pf
Sf

(14)

Q(pu) =
Qf
Sf

(15)

(14) and (15) are used in (13) to calculate K2 and are
substituted into the equations in (11) and (12). As illustrated
in Figure 3, equations (16) and (17) provide the voltage
references.

Vod−r =
K1 + P(pu)

K1 + Q(pu)
Vod−n − mpPf (16)

Voq−r =
K1 + P(pu)

K1 + Q(pu)
Voq−n − nqQf (17)

Since Vref is identified as the inverter reference voltage,
hence, the voltage error can be written as:

V̇xd = Vref −
(
K2Vod − mdPf

)
(18)

V̇xq = Vref −
(
K2Voq − nqQf

)
(19)

In the steady state, V̇xd and V̇xq are very small and almost
zero. Consequently:

mdPf = K2Vod − Vref
nqQf = K2Voq − Vref (20)

In other words, the actual voltage for Vod and Voq are given
below:

Vod =
mdPf − Vref

K2
= Vref

mdPf
K2Vref

−
Vref
K2

(21)

Voq =
ndQf − Vref

K2
= Vref

ndQf
K2Vref

−
Vref
K2

(22)

Thus, mdPfVref
and nqQf

Vref
represent the ratios of voltage drop for

active and reactive components, respectively.

FIGURE 4. The control diagram of the overall system, (a) d-frame,
(b) q-frame.

B. SMALL SIGNAL MODEL OF THE PROPOSED SYSTEM
The dynamic stability of droop controllers is greater than that
of voltage and current control loops. The reference voltage
used to control the output voltage of the inverter is generated
by a droop control technique. Thus, referring back to Figure 1,
equations (1) – (4) can be expressed as the following:

P =
3

R2 + X2

(
RE2

− REVg cos δ + XEVg sin δ
)

(23)

Q =
3

R2 + X2

(
XE2

− XEVg cos δ − REVg sin δ
)

(24)

The resistive component is represented by R, while the induc-
tive component is represented by X . Then assuming a small
power angle, hence sin δ ≈ 0 and cosδ ≈ 1. Therefore, the
equations can be simplified as follows:

P =
3

R2 + X2

(
RE2

− REVg
)

(25)

Q =
3

R2 + X2

(
XE2

− XEVg
)

(26)

According to the small-signal models presented in [24] and
[25], a straightforward way to calculate the active power of
the inverter output is as follows:

P =
3 (Ls+ R)

(Ls+ R)2 + (ωL)2

(
E2

− EVg
)

(27)

Q =
3ωL

(Ls+ R)2 + (ωL)2

(
E2

− EVg
)

(28)

Considering small perturbations around the state-steady
point, the linear equations are as follows:

1P =
3 (Ls+R)E

(Ls+R)2+(ωL)2
1E+

3ωLE2

(Ls+R)2+(ωL)2
1δ (29)

1Q =
3ωLE

(Ls+R)2+(ωL)2
1E+

−3 (Ls+R)E2

(Ls+R)2+(ωL)2
1δ (30)

As shown in Figure 4, the proposed control system is
configured according to equations (29) and (30), as well as
Figure 3. Based on feedback power and auto-correction gain
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FIGURE 5. Requirement for a German grid code (a) LVRT Curve (VDE-AR-N
4120), (b) Region for reactive power injection.

K2 in (11), the proposed system generates voltage reference.
Consequently, the simplified transfer function of Hd (s) =(
Vod
V ∗
od

)
and Hq (s) =

(
Voq
V ∗
oq

)
can be written as (31) and (32),

shown at the bottom of the page.
Finally, Figure 4 shows the block diagram of the overall

system, which consists of a voltage loop, a current loop, and
an outer power loop.

C. GRID CODE REQUIREMENT
In accordance with the previous grid code requirement, dis-
tributed generators (DGs) must disengage from the grid when
the grid voltage drops occur and reconnect to the grid follow-
ing the resolution of the fault [26], [27]. Microgrids, however,
are required to provide active power along with reactive
power injection capabilities during grid voltage drops in order
to minimize the risk of instability [28].

According to Figure 5(a), a severe grid drop voltage below
the red curve may result in DG being disconnected from
the primary grid. By injecting a specific quantity of reactive
power above the curve, the system can remain connected. A
1% drop in grid voltage below 0.9VN necessitates a leastwise
k% additional current injection, as shown in Figure 5(b). The
system should be able to supply 1 pu. of reactive current if
required. The following are the related equations:

Iqref =


0, 0.9 VN < Vg

k
(
1 −

Vg
VN

)
IN , 0.5 VN ≤ Vg < 0.9 VN

IN , Vg ≤ 0.5 VN
(33)

where VN denotes nominal grid voltage, IN denotes the rated
current of the converter,1Vdenotes the extent of grid voltage
drops, 1IB denotes the increase in reactive current following
a defect, and k is a constant that should be greater or equal to
2 p.u.

A voltage detection method based on the Conventionally
Synchronously Rotating Reference Frame (CSRRF) [29] is
illustrated in Figure 6. This method detects voltage sag by uti-
lizing the abc− dq transformation to calculate DC quantities(
Vd ,Vq

)
proportional to AC quantities of the grid voltages

(Va,Vb,Vc) which can be expressed as:[
Vd
Vq

]
=

2
3

[
cosωt − sinωt
sinωt cosωt

][1 −1
/
2 −1

/
2

0
√
3
/
2 −

√
3
/
2

]VaVb
Vc


(34)

As shown in Figure 6, the sag signal is generated from a
filtered Vdq =

√
V 2
d + V 2

q which is then compared with a DC
reference in the comparator (i.e., 0.9 pu.). Here, Vdq varies
according to measured grid voltage, and a Low Pass Filter
(LPF) is utilized to eliminate 100 Hz component or 2ω.

In reference [30], the absolute difference (k tsag) between the
load voltage and the actual terminal voltage is calculated.

k tsag =

∣∣∣∣1 −

√
V 2
d + V 2

q

∣∣∣∣ (35)

D. COMPARISON OF TECHNIQUES TO HANDLE GRID
VOLTAGE DROPS
Table 1 summarizes the previous research proposed by var-
ious authors. The inverter can provide ancillary services,
such as handling grid voltage sag, by injecting appropriate
reactive power. However, inverters require a higher current
to support grid voltage, especially in critical sag conditions.

Hd (s) =
3mLs+ 3mR

TpLs3 +
(
2L + 2TpLR

)
s2 +

(
2LR+ TpR2 + Tpω2L2

)
s2 + R2 + ω2L2

(31)

Hq (s) =
3nωL

TpLs3 +
(
2L + 2TpLR

)
s2 +

(
2LR+ TpR2 + Tpω2L2

)
s2 + R2 + ω2L2

(32)
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FIGURE 6. CSRRF-based voltage sag detection.

TABLE 1. Comparison of techniques to handle voltage sag.

A multifunctional inverter must therefore be protected by
LVRT and current limiting strategies.

LVRT strategy ensures the interconnection of inverters to
the primary grid. It sustains power delivery during voltage
sag, in which the constant average active power control [32],
[37], [38] and the adaptive DC link-voltage with MPPT
algorithm [3] regulate the maximum active power injection.
Overshoot currents, however, appear on the falling edge of
voltage sags. Thus, the inverter must provide overcurrent
protection, such as constant peak current control [31], [32],
[36], [37], [38], active power curtailment [33] and constant
active current control [32], [37], [38]. Another approach
to droop control is the LVRT mode with features such

as limiting current strategy [39] and voltage restorer [28].
Dynamic voltage restorer (DVR) in particular has a function
to support the grid voltage drop by restoring the nominal
voltage [30], [40].

A simulation of an inverter with LVRT and voltage restorer
capability during grid voltage sag is presented by [34] and
[35]. Additionally, the methods considered current limits for
overcurrent protection during voltage sags. A similar objec-
tive has been achieved with the proposed auto-correction
droop control, which provides voltage restoration capability
and overcurrent protection. Inverters limit the amount of reac-
tive current injected during voltage sags in order to restore the
voltage at the PCC.
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FIGURE 7. Operating region of DGRE with high ZTh and R/X ratio [41].

FIGURE 8. The required reactive current injection of E.ON grid connection
requirement (Germany) [21].

III. ENHANCED POWER DELIVERY UNDER VOLTAGE SAG
The traditional protection scenario of the grid-connected
inverter under grid fault conditions uses an anti-islanding
strategy to ensure that the inverter is disconnected from the
grid. As part of the grid code requirement IEEE 1547, the
LVRT feature is introduced to allow the inverter to remain
connected in the event of a voltage drop on the grid. In addi-
tion, the distributed generator droop control is also introduced
in order to regulate P and Q under unbalanced grids and
voltage drops on the grid. Droop control can restore the
voltage drop, but it limits the amount of power generated.
LVRT is used in conjunction with droop control strategy to
maximize power delivery into the grid. When voltage sag
occurs, LVRT and droop control work in accordance with
power and current levels, respectively.

A. VOLTAGE RESTORER CAPABILITY
Adaptive power control is used to regulate P and Q based
on network impedance when autocorrection droop control is
used. In this method, a maximum power is used to generate

reactive power in order to restore the PCC voltage during sag
disturbances. If it is unable to inject enough reactive power as
a result of power source limitations, the droop control strategy
may result in another system failure. As shown in Figure 7,
the DGRE maximum energy capacity must be reduced to
provide sufficient margin [41].

According to Figure 7, the DGRE attempts to reduce active
power associated with peak current curtailments when pro-
viding reactive power to the primary grid [42], [43]. DGRE
power losses can have more severe consequences than grid
voltage drops due to the increasing penetration of DGRE
power. In accordance with IEEE Std. 1547-2018 [43], during
a grid voltage drop, the inverter should provide reactive power
and remain connected to the grid. For persistent voltage
drops, the inverter must be disconnected.

Peak current curtailments to prevent exceeding active
power injection are represented by a circle with a Smax radius
in Figure 7. Thus, the DGRE provides power to the primary
grid as follows:

S = P+ jQ =
kmVdc

∣∣Vg∣∣ e−jδ −
∣∣Vg∣∣2

Z∗
Th

(36)

where line-to-line RMS voltage of the inverter, line-to-line
RMS voltage of the grid, phase angle between inverter and
grid, and the complex conjugate of the Thevenin equivalent
impedance of the grid are kmVdc, Vg, θ , and Z∗

Th = |ZTh| e−jθz,
respectively. Meanwhile, variables such as the voltage at
the dc-bus (V dc) and the modulation index (m), as well as
the network impedance, determine the amount of P and Q
available to the inverter at any given time [44], [45], [46].

A distributed generation converter (DG converter) is typ-
ically required by the grid code to supply the necessary
reactive current in order to maintain grid voltage in the event
of a decrease in voltage. According to Figure 8, E.ON spec-
ifies the reactive current based on the remaining voltage (V )
and rated current (Irated ) of the DG converter [21].

B. LVRT CAPABILITY
Traditionally, the IEEE 1547 standard assigns the DERs reg-
ulations that provide active power control for interconnection
to electric power systems [23]. In spite of this, enhanced
standards allow injecting reactive power in a range that is
acceptable for maintaining voltage levels. Under normal grid
conditions, the DGRE must be capable of supplying active
power to the grid and injecting reactive power with over-
current protection. The level of grid voltage determines the
amount of reactive current injections.

Iq = IN , 0 ≤ vg <

(
1 −

1
k

)
pu.

Iq = k
(
1 − vg

)
IN ,

(
1 −

1
k

)
pu. ≤ vg < 0.9 pu.

(37)

According to the German grid code in Figure 5(a), the
DGRE should be capable of detecting grid voltage drops
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and injecting reactive power to the primary grid through the
Reactive Power Injection (RPI) scheme [47]. As part of fault
ride-through operations, the DGRE assigns injected reactive
current in accordance with the grid voltage range [47]. The
initial reactive current under a normal grid and the per unit
(pu.) of instantaneous voltage under voltage sag are denoted
as Iq0 and vg, respectively. Therefore the relationship can be
written as:

k =

(Iq−Iq0)
IN(

1 − vg
) ,when Iq < IN (38)

where k ≥ 2 p.u.

Ig max =

√
I2d + I2q ≤ Imax (39)

The proposed RPI strategies are based on equations (37) and
(39), where the current is in active mode. The peakmagnitude
of injected current, and the peak level of allowable current for
the inverter are denoted as Id , Ig max , Imax , respectively.

1) CONSTANT AVERAGE ACTIVE POWER CONTROL (CAAPC)
In the LVRT mode, the RPI scheme is designed to enhance
power delivery to support the primary grid. The objective of
this scheme is tomaintain the average active power at a steady
level over a short period of time. It can be expressed as

P =
3
2
VgmId (40)

where the amplitude of grid voltage and injected active cur-
rent are represented by vgm and Id , respectively. In regular
operations, the active current (Id ) is equivalent to the nominal
current (IN ). Therefore, the average active power operated
under LVRT mode with CAAPC scheme can be computed
as P = kdPN =

(
kd
/
2
)
vgmnIN . The nominal value of grid

voltage is vgmn, the nominal value of the current is IN , and the
output power reduction factor is kd .
When the instantaneous grid voltage drops are within the

range of vg :
(
1 −

(
1
/
k
))
pu. ≤ vg < 0.9 pu., Id and Iq can

be defined as follows: Id =
kd
vg
IN

Iq = k
(
1 − vg

)
IN

(41)

where k is previously defined in Equation (38), the DGRE
may continue to operate with CAAPC mode, although the
grid voltage drops below

(
1 −

(
1
/
k
))

pu. Based on the limits
of the inverter current, the DGRE should entirely inject reac-
tive power without active power (i.e., Iq = IN ). The dq frame
of the inverter current can be defined as: Id =

kd
vg
IN

Iq = IN
(42)

Nonetheless, the DGRE should consider overcurrent and
overheating risks in order to maintain a constant output
power, as shown in Equation (39). Under LVRT mode, the

inverter must adhere to the constraints specified in equations
(41) and (42).

1
vg

√
k2d + k2

(
vg − v2g

)2
≤
Imax
IN

(43)

When
(
1 −

(
1
/
k
))
pu. ≤ vg < 0.9 pu., and

1
vg

√
k2d + v2g ≤

Imax
IN

(44)

when vg <
(
1 −

(
1
/
k
))
pu.

2) CONSTANT ACTIVE CURRENT CONTROL (CACC)
As another option, the DGRE can maintain a constant active
current of the RPI approach under LVRT operation. Referring
to Equation (38), active current can be written as:

Id =
2P
vgm

= mIN = const. (45)

where m is a scaling factor ranging from 0 ≤ m ≤ 1 pu.
considering the design in case of derating operations. Refer-
ring to Equation (45), the RPI control approach responds
to the voltage sag by reducing active power automatically,
i.e.,P ∝ vgm. Meanwhile, Equation (37) specifies the reactive
current Iq. Therefore, Id and Iq can be expressed as{

Id = mIN
Iq = k

(
1 − vg

)
IN

(46)

Here, the voltage range is defined as
(
1 −

(
1
/
k
))
pu. ≤ vg

< 0.9 pu., where k is defined earlier. It is worth mentioning
that the DGRE must inject full reactive power due to severe
grid voltage drop. In such a scenario, Id and Iq can be calcu-
lated as {

Id = mIN
Iq = IN

(47)

where vg <
(
1 −

(
1
/
k
))
pu.

The DGRE with CACC approach is possible to inject
the surpass current as per Equation (39), which triggers the
inverter to be tripped. In order to prevent this, the following
requirements must be met:√

m2 + k2
(
1 − vg

)2
≤
Imax
IN

(48)

when
(
1 −

(
1
/
k
))
pu. ≤ vg < 0.9 pu., and

√
m2 + 1 ≤

Imax
IN

(49)

when vg <
(
1 −

(
1
/
k
))
pu. For simplicity, the active current

level can be regulated to match the rated current. (i.e., m =

1 pu., and Id = IN ).
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TABLE 2. Parameters of the proposed system.

3) CONSTANT PEAK CURRENT CONTROL (CPCC)
A PV inverter operating in LVRTmode can be at risk of over-
current overloading due to the aforementioned RPI strategies.
A CPCC control strategy has been proposed as a solution to
this problem. During LVRT, the grid current peak is main-
tained continuously below the inverter current limit to prevent
unintentional inverter shutdowns caused by overcurrent pro-
tection. In other words, the peakmagnitude of injected current
(Ig max) is equal to a constant value, which is equal to n
times the nominal current (IN ), where n represents the peak
current scaling factor. According to Equation (37), when the
grid voltage is between the range of

(
1 −

(
1
/
k
))
pu. ≤ vg <

0.9 pu., the current in the dq-frame can be determined as
below. {

Id =

√
n2 − k2

(
1 − vg

)2IN
Iq = k

(
1 − vg

)
IN

(50)

If the grid voltage drops below (1 −

(
1
k

)
pu., as stated in

Equation (39), the current in the dq-frame must be:{
Id =

√
n2 − 1IN

Iq = IN
(51)

where vg and k are defined previously.
It is essential to recognize that the value of n cannot exceed

Imax
/
IN pu., which considers the inverter current protection

as detailed in Equation (39). For instance, if an inverter is
designed with a safety margin of 2 pu. (meaning Imax = 2IN ),
the maximum value of n should be 2 pu. to maintain a stable
RPI without triggering the inverter during LVRT operation.
Therefore, if n is less than or equal to

(
Imax

/
IN
)
, the PV

inverter operation will not cause an increase in the amplitude
of the injected grid current. At the same time, as stated in
equations (40) and (50), the DGRE should provide adequate
reactive power by reducing active power when operated in
LVRT mode.

IV. RESULT AND DISCUSSION
The proposed strategy is tested experimentally in order to
evaluate its effectiveness in enhancing power delivery in the
event of grid voltage sag. As shown in Figure 9, an exper-
imental prototype has been constructed. The values of the
parameters used in the experiment are shown in Table 2.
The test considers two scenarios. First, with the proposed

FIGURE 9. Prototype of the proposed system.

FIGURE 10. Simulation result of auto-correction droop control with Vg
droop to 56.6V.

auto-correction droop control strategy based on the inverter
capacity, the system should be able to support the PCC volt-
age. Second, the system should be able to operate using the
LVRT strategy with curtailed power and overcurrent protec-
tion. In this case, the system is operated in accordance with
the diagram shown in Figure 2.

Four ranges of the voltage sag level has been considered.
For the first scenario, auto-correction droop control operates
during the normal grid condition in which the grid voltage is
within 0.9 > vg > 0.78. For the remaining voltage ranges,
the second scenario which involves LVRT strategy applies:
CAAPC mode for 0.9 > vg > 0.78, CACC mode for
0.78 > vg > 0.65, and CPCC mode for 0.65 > vg > 0.5.
Combination of the two strategies provides an effective way
to support the grid despite voltage sags.
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FIGURE 11. Simulation result of auto-correction droop control with Vg
droop to 51.7V.

FIGURE 12. Experimental result illustrating auto-correction droop control
with voltage restorer capability.

A. DGRE WITH VOLTAGE RESTORER CAPABILITY
When the grid voltage is normal, the proposed system oper-
ates primarily with auto-correction droop control. Active
power is also injected into the main grid as a result of the
inverter supporting the local load. In order to maintain the
grid voltage, the CSRRF is used as a real-time measurement
system to detect grid voltage sags. An accurate detection
enables the system to determine how much reactive power
to inject based on the capacity of the inverter to support the
grid under voltage drop disturbance and may restore the grid
voltage. As a result, the proposed droop control can maintain
the PCC voltage.

FIGURE 13. Simulation result illustrating the CAAPC mode under voltage
sag (k = 2.0, and kd = 0.7).

FIGURE 14. Experimental result illustrating the CAAPC mode under
voltage sag (k = 2.0, and kd = 0.7).

Auto-correction droop control strategy restores the grid
voltage after a sag by injecting proportional active and reac-
tive power as illustrated in Figure 10. The grid voltage

(
vg
)

drop from 66.5 V to 56.22 V at 0.5 s until 0.6 s has triggered
the controller to restore Vpcc to the normal rated grid voltage
by injecting the required active and reactive power to the pri-
mary grid. The grid voltage increases from 57.33V to 65.94V
which indicates that it has been successfully restored. During
the voltage restoration, the current increases from 3.93 A to
5.5 A. Moreover, when the grid voltage drops to 51.14 V,
the controller attempts to restore the voltage to 59.61 V only,
as depicted in Figure 11. Since 66.5 V is equivalent to 1.0 pu
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FIGURE 15. Simulation result illustrating constant active current (Id ) with
CACC mode (k = 2.0, and m = 0.7).

then 65.94 V, 59.61 V, 57.33 V and 51.14 V are 0.992 pu,
0.896 pu, 0.862 pu and 0.769 pu, respectively. 0.78 pu is the
critical value for the auto-correction droop control to restore
Vpcc to the normal grid voltage. Since 0.769 pu is less than the
critical value, the controller is not able to restore to the normal
grid voltage. The increase in voltage is only up to 59.61 V or
0.896 pu, which is not enough to fully restore the voltage at
66.5 V or 1.0 pu.

Figure 12 illustrates the result of the first scenario to
overcome the voltage sag. Under grid-connected operation,
the grid voltage drops suddenly from 65.98 V (RMS) to
53.30 V (RMS) which are equivalent to 1.0 pu to 0.78 pu,
respectively. As per the old grid code, the inverter should be
disconnected from the primary grid. However, the new grid
code allows the inverter to remain connected by injecting
reactive power along with or without active power. Therefore,
the proposed scheme supports an increase in inverter voltage
to 63.09 V (RMS) with a 800ms of sag duration which results
in the inverter to increase current injection from 1.545 A to
3.078 A, where the current lags the voltage by 60o. Despite
the grid voltage sag, there no significant distortion in the
injected current during the voltage drop, and the system able
to regain stability quickly and precisely after the voltage
drop ends.

B. DGRE WITH LVRT STRATEGY CAPABILITY
When voltage sag occurs in the second scenario, the inverter
remains connected to the main grid in the LVRT mode of
operation. Three LVRT modes are considered as explained
below:

FIGURE 16. Experimental result illustrating constant active current (Id )
with CACC mode (k = 2.0, and m = 0.7).

FIGURE 17. Experimental result illustrating P and Q injection with CACC
mode (k = 2.0, and m = 0.7).

1) LVRT IN CAAPC MODE
The first mode of LVRT strategy is assigned to maximize
power delivery. For this mode, the DGRE injects reactive
current to handle voltage sag without reducing active current
injection into the grid. As illustrated in Figure 13, this mode
is simulated during the grid voltage drops from 66.5 V to
54.71 V. The DGRE responds by injecting active and reactive
current that is reflected as increasing current from 3.9 A to
5.02 A. By applying CAAPC fast transient response can be
achieved to handle the voltage sag.

Figure 14 illustrates the system’s response to voltage sag,
where the RMS grid voltage is programmed to drop from
65.77V to 50.70 V over a time period of 800ms. The constant
average active power control is configured to handle grid
voltage sag. Active power reference Pref is fixed at 0.270 pu
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FIGURE 18. Simulation result illustrating CPCC strategy with constant
Ig max under voltage sag (k = 2.0, and n = 0.5).

TABLE 3. Comparison between LVRT modes during voltage sag (0.78 p.u.).

which equals 270 W, and reactive power reference Qref is
fixed at 0.0 pu equalling 0Var; these are displayed in CH3 and
CH4 of Figure 14, respectively. Using a voltage sag detector,
a sudden drop in voltage of the grid can be detected in real-
time.With the RPI strategy, the inverter can remain connected
to the grid in LVRT mode. The RPI can be identified with
the grid current lagging the grid voltage. As shown in CH2
of Figure 11, inverter current increases during voltage sag,
to maximize output energy of the inverter in handling voltage
drop.

2) LVRT IN CACC MODE
The second LVRT mode namely CACC maintains active
current during grid voltage drops. As depicted in Figure 15,
grid voltage drops from 66.5 V to 45.89 V forces the DGRE
to inject 0.4 pu of reactive current by maintaining 0.7 pu of
active current. Hence, the CACC mode is able to maintain
active current of 0.7 pu during the voltage sag with a smooth
transient response achieved.

Figure 16 shows the result for the constant active current
control of LVRT with parameters k = 2, and m = 0.7. The
DGRE sets constant Id = 0.26 pu and Iq = 0.0 pu for grid-
connected operation. Since the grid voltage sag is detected,

FIGURE 19. Simulation result illustrating CPCC mode under ultra weak
grid voltage (k = 2.0, and n = 0.5).

FIGURE 20. Experimental result illustrating CPCC mode with constant
Ig max under voltage sag (k = 2.0, and n = 0.5).

the DGRE reacts to inject reactive current and maintain its
connection to the grid. The experiment has demonstrated that
the DGRE generates 0.379 pu of reactive current during volt-
age sag. Meanwhile, the transition looks seamless, with fast
and accurate response without any significant delay. It can be
observed too that the current increases from 1.08A to 2.121A
as a result of the voltage sag before it is restored once the
voltage sag disappeared.

Figure 17 illustrates the experimental result of P and Q
during normal and grid-connected operation. The DGRE ini-
tially generates 0.213 pu (213 W) and 0.0 pu (0 VAr) of P
and Q, respectively. As a result of a voltage sag, the DGRE
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FIGURE 21. Required injected current for different LVRT modes.

generates 0.253 pu, which equals 253 VAr of Q to sustain the
interconnection between the DGRE and the grid. However,
P was reduced to 0.205 pu (205 W). It is also noted that the
inverter current lags the inverter voltage by 60o during the
voltage sag.

3) LVRT IN CPCC MODE
The third LVRT mode is CPCC that assigned to limit the
inverter current during a critical sag

(
0 < Vg < 0.65 pu

)
.

As illustrated in Figure 18, the grid voltage drop from 66.5 V
to 40.11 V or 0.6 pu. In this situation, the DGRE with CPCC
mode injects 0.55 pu of reactive current and reduces the active
current from 0.7 pu to 4.0 pu. In order to ensure current of the
DGRE remains constant (4.0 A).

In case of critical voltage sag, the DGREwith CPCCmode
has been employed to avoid islanding condition. Figure 19
shows the result of simulation to validate the proposed strat-
egy under ultra weak grid fault. The grid voltage drops from
66.5 V to 11.62 V in a duration of 0.1 s. Consequently, the
DGRE reacts by injecting 0.7 pu of active current and reduces
the active current to zero. Therefore, the DGREmaintains the
peak current.

Figure 20 depicts the result of the constant peak current
control, which offers inverter overcurrent protection. The
experiment has been set up for k = 2, and n = 0.5, which
results in an inverter voltage of 65.77V (RMS) and an inverter
current of 1.531 A (RMS) during the normal grid-connected
operation. The inverter injects 0.302 pu (302W) of P and 0 pu
(0VAr) of Q during this operation. Owing to the voltage drops
in the line networks, the system cannot support restoring
the voltage. As a result, the controller reacts to inject Q by
maintaining the inverter peak current with P reduction. Under
the sag condition, the inverter limits the injected current,
increases Q, and reduces P to 1.582 A (RMS), 0.239 p.u
(239 VAr), and 0.015 pu (15 W), respectively. The controller
records an accurate and fast response to maintain the peak
current and shift the phase angle by about π

3 . The response
time (tr ) to achieve the required phase angle is about half a
cycle of the voltage period (0.01 s).

TABLE 4. Comparison of the LVRT modes.

4) PERFORMANCE COMPARISON OF THE LVRT STRATEGY
As presented in Table 3, three different modes have been
presented to validate the effectiveness of the LVRT strategy.
Based on the experimental results, the three modes perform
satisfactorily well in handling voltage sag disturbances by
providing reactive power injection. CAAPP can support volt-
age sag operation by injecting 263 VAr of reactive power and
maintaining 270W of active power. This leads to a maximum
power delivery to the primary grid. Nonetheless, the current
spike that was observed, can be a concern. CACC reduces
the current spike by limiting the active current. Under nor-
mal grid-connected operation, CACC generates lower current
compared to other LVRT modes. As presented in Table 3,
CACC generates 1.08 A of injected current, with 213 W of
injected active power. Meanwhile, during voltage sag con-
dition, CACC records a slight reduction in the active power
(205 W) while injecting 253 VAr of reactive power, leading
to an increase in the inverter current. As for the CPCC mode,
the injected active power reduces dramatically from 302 W
to 15 W during the transition from normal grid-connected
operation to voltage sag operation. At the same time, a reac-
tive power of 239 VAr has been injected, resulting in a slight
increase in the inverter current from 1.531 A to 1.582 A.

Figure 21 shows the performance comparison between
CAAPC, CACC, and CPCC based on the injected current.
Here, the injected current is calculated using equations (37),
(39) – (40), and (44) – (47). Similar parameter values utilized
in the experiment are also used in the calculation i.e., IN =

3.5A, k = 2, kd = 0.7, m = 0.7, and n = 0.5. The nominal
current injection IN is limited to 3.5 A. Depending on the
level of voltage drop and the DGRE capacity, each LVRT
mode exhibits better performance in comparison to the others.
It is observed that for CAAPC to be effectively operated,
the effective operating range is 0.78 < vg < 0.9. In this
voltage range, CAAPC and CACC generate current less than
IN , which is considered safe for the DGRE. However, since
CAAPC injects more current (below IN ) than the CACC,
CAAPC would then inject optimum power to the grid as
compared to that of the CACC. As for CACC, it is effectively
operated for 0.65 < vg < 0.78, since the injected current is
below IN while other LVRTmodes would inject current more
than IN . For the operating range of 0.5 < vg < 0.65, only
CPCC can achieve effective operation as the injected current
equals IN while other LVRT modes are not able to meet the
IN constraint.
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The summary of the LVRT modes are shown in Table 4.
The main advantage of CAAPC mode is the fact that it
maximizes output power. However, this mode is derating the
inverter, and overshoot current appears in the falling edge of
the sag transition. Consequently, the inverter must use high
current ratings for the switching components to avoid high
stress and increasing temperature. As for the CACC strategy,
despite derating the inverter, this mode offers a reduction in
the stress and temperature of the switching components dur-
ing LVRT operation. This mode shows a seamless transition
and holds the active power before, during, and after voltage
sag, thus preventing from achieving maximum energy deliv-
ery. On the other hand, the CPCC mode offers overcurrent
protection capability despite its drawback in reducing active
power.

C. PERFORMANCE COMPARISON BETWEEN THE
PROPOSED STRATEGY AND THE OTHER TECHNIQUES
There are 10 out of 13 research teams who carried out exper-
imental validation of their respective techniques as listed
in Table 1. Among these, there are two techniques that
employ Dynamics Voltage Restorer for voltage sag compen-
sation [23], [33]. Seven methods present the LVRT strategy
with varying test cases and conditions [3], [21], [24], [25],
[26], [29], [31]. Additionally, the droop control strategy is
also presented by [32] to handle grid voltage sag. Unlike
all these techniques, the proposed method combines the
LVRT algorithm with autocorrection droop control scheme
to enhance its capability in handling voltage sag. The auto-
correction droop control feature can restore the voltage drop
by injecting active and reactive power if the apparent power is
less than the maximum generated apparent power. However,
if it exceeds the maximum generated apparent power, the
LVRT strategy is employed to handle voltage sag. Three
LVRT modes have been introduced and they operate in man-
ner to optimize power injection based on the level of grid
voltage drops.

Based on the experimental results, the DVR methods
pesented by [23] and [33] have been used as a means of
compensating for grid voltage drop through the injection
of the required voltage, as depicted in Figures 22(a) and
Figure 22(b). Both methods respond promptly in managing
voltage sag and restoring the grid voltage. On the other hand,
the proposed strategy illustrated in Figure 22(c) restores PCC
voltage to the typical grid voltage by injecting reactive power.
These methods share a common goal of rectifying the voltage
during a voltage sag. However, the strategy in [23] and [33]
cease injecting the required voltage during normal grid oper-
ations, a contrast to the proposed strategy, which can inject
active power during normal grid operations and inject active
and reactive power during grid voltage sag to restore the PCC
voltage.

In addition, a current limiter droop control has been pre-
sented by [32]. The objective of this approach is to optimize
power injection into the primary grid during grid faults,
achieved through the injection of active and reactive power.

FIGURE 22. Comparison of experimental result on the voltage restorer
performance. (a) [23], (b) [33], (c) [this paper].

FIGURE 23. Experimental result for advanced droop control strategy
(a) current limiting droop control [32], (b) autocorrection droop control
[this paper].

It has been found that this strategy has a limitation in
post-fault transient conditions, where the controller exhibits
a slow response to achieve a steady state current after the sag
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FIGURE 24. Performance comparison among several LVRT. (a) He et.al [3],
(b) Zhao et.al [21], (c) Chen et.al [24], (d) Yang et.al [25], (e) Sosa et.al
[26], (f) Lopez et.al [29], [g] Easley et.al [31], (h) [This Paper].

has disappeared. It can be observed in Figure 23(a) that more
than eight cycles were required to reach a steady state after the
fault vanished. This response time is relatively slow compared
to the proposed strategy, which can attain a steady-state con-
dition in less than one cycle after the fault has disappeared,
as demonstrated in Figure 23(b).

The proposed strategy incorporates multiple LVRT modes
including CAAPC, CACC, and CPCC with autocorrection
droop control to manage grid voltage sag. The chosen mode
is determined by the level of voltage drop. The proposed
approach strives to inject optimal active power into the pri-
mary grid until it can no longer deliver active power. At this
point, reactive power injection becomes necessary to resolve
the voltage sag. Here, the proposed approach offers several
advantages to ensure that the DG remains connected to the

primary grid, primarily when autocorrection droop control
and LVRT algorithms are utilized. To verify performance,
the controller response can be evaluated during pre-fault and
post-fault conditions, explicitly looking at overshoot current
and delay response as indicators of the proposed approach
effectiveness in handling faults.

Figure 24 exhibits eight distinct techniques for handling
grid voltage drop, including the proposed strategy. The
pre-fault and post-fault transient responses are analyzed and
compared, while post-fault power recovery and voltage sup-
port capability are discussed and highlighted by [3]. Notably,
Figure 24(a) depicts the overshoot current at the PCC (Ipcc)
during the pre-fault condition, as opposed to the results pro-
vided by [21], which indicate a five-cycle delay to achieve
a steady state during the post-fault situation. Fast response
times during both pre-fault and post-fault conditions are
achieved by [24] and [25] and the proposed strategy, as illus-
trated in Figure 24(c), (d), and (h), respectively. However,
both techniques serve different objectives, with [24] minimiz-
ing power ripple during active and reactive power injection
and [25] presentingmaximumpower injectionwhile reducing
overcurrent during voltage sag. Furthermore, the experimen-
tal results indicate a one-cycle delay of the pre-fault response,
whichwas utilized by [26] tomaximize power delivery during
sag conditions. Figure 24(f) shows the experimental results
of [29], wherein pre-fault and post-fault transient responses
show a one-cycle delay while implementing the inverter capa-
bility to deliver power to the primary grid. In reference [31],
a seamless transition with a slow transient response during
voltage sag can be observed in Figure 24(g).

V. CONCLUSION
Either under normal or under voltage sag conditions, the
system successfully maintains energy delivery to the primary
grid. Adaptive power control is introduced by auto-correction
droop control to regulate P and Q in accordance with net-
work impedance. It is possible to support grid operation
under normal or voltage sag conditions by proportionally
generating P and Q based on the capacity of the inverters.
By adopting an LVRT strategy and ensuring that the inverter
remains connected during voltage sag, the proposed strategy
prevents overcurrent injection beyond the inverter’s capacity.
A LVRT strategy can be implemented in three different ways,
each with its own advantages and disadvantages. Based on
the experimental results, the three modes provide a fast and
accurate response when handling voltage sags. Despite the
fact that there may be overshoot currents in the falling edge of
the voltage sag, the CAAPC provides the full power delivery
to sustain the primary grid. By restoring voltage at the PCC,
the proposed droop control works well to maintain the grid
voltage.
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