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Abstract—This paper proposes a voltage grid supporting
applied for DGs based on LCL-VSC converters to control the
delivered power flow and improve the PCC voltage regulation.
A variable structure adaptive virtual impedance (VS-AVI)
imposes the required DG impedance for achieving the system
voltage requirements, considering the power rating of the
DG converter. Differently of the solutions presented in the
literature, the proposed VS-AVI employs adaptive piecewise
linear droop function and dead zone for emulating the virtual
capacitance for shaping the equivalent grid impedance and
achieves the required PCC voltage regulation. Simulation
and experimental results validate the proposed VS-AVI and
demonstrate its effectiveness.

Index Terms—Adaptive virtual impedance, distributed gen-
eration (DG), droop control, LCL-VSC convertion.

I. Introduction

THE growing demands for clean energy sources have
driven the insertion of renewable energy sources

(RESs) as distributed generators (DG), generally inter-
connected to the grid through power converters. This new
electrical system concept tends to be more distributed,
intelligent, and flexible to fulfill the actual system reli-
ability and power quality requirements. Moreover, these
DGs are highly variable and stochastic, which causes
voltage fluctuations or frequency deviations, depending on
the penetration level [1]. Centralized voltage/Var control
(VVC) based on traditional devices such as capacitor
banks (CBs) or on-load tap changers (OLTCs) are slow
and ineffective to cope with fast voltage deviation [2].
Conversely, voltage source converters (VSC) employed to
interconnect DGs to the point of common coupling (PCC)
have a fast response and flexibility for reactive power
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injection range [3] and can act for regulating the PCC
local voltage.

Grid-connected VSCs interconnect the PCC via LC
(LC-VSC) or LCL (LCL-VSC) filters [4]. The LC-VSC
operates like a controlled voltage source with low-output
impedance and can regulate the PCC voltage and fre-
quency [5]. On the other hand, LCL-VSC works as a
controlled current source with high impedance, suitable to
deliver power to an energized grid [6]. Most of the control
schemes work based on a tradeoff of energy balance [7].
Both LC-VSC and LCL-VSC can provide reactive power
compensation and VVC support.

Droop-based control method applied for LC-VSC has
been identified as a viable approach for regulating micro-
grid power flow and local voltage amplitude [8], [9]. The
reason is that the droop control only uses local measure-
ments and does not need communication links between
DG units [10]. However, considering that most of the DG
units are connected in a low-voltage (LV) microgrid, the
droop-method is subjected to a few problems [11], such as

1) active and reactive power coupling;
2) reactive power-sharing inaccuracy.

Most of the microgrid output voltage regulation pre-
sented in the literature employ droop control strategies for
regulating the power flow delivered by DGs based on RES,
and they are implemented by LC-VSC grid-connected
converters in which the virtual impedance concept (VIC)
has been used to shape the interconnection impedance.
They can overcome the droop control drawbacks being
effective on active and reactive power decoupling, and
power flow control [7], [10], [12]–[22]. The VIC approaches
can be implemented by using fixed parameters or adaptive
schemes.

Both fixed parameters techniques and adaptive schemes
can provide effectiveness voltage supporting in the power
grid [12]–[14]. Usually, the implementation of the virtual
inductance employs a time derivative approach, making
the system sensitive to current noise measurements. The
use of a second-order general-integrator (SOGI) overcome
these drawbacks, as presented in [23]. Both [10] and [23]
consider the line impedance with the inductive profile, not
verified in LV networks. In these cases, it is possible to em-
ploy a virtual complex impedance approach to achieve the
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proper power-sharing and overcome the power coupling
[17]. Small-signal microgrid models considering the power
control decoupling can match the suitable interconnection
impedance for providing the required power flow control
[15]. However, it must be inside the system power range
for achieving the optimal system performance, which can
be determined by using particle swarm optimization as
proposed in [7]. This approach identifies the optimal vir-
tual impedance, considering the microgrid constraints to
achieve the required performance criteria. VIC can also
be implemented following hierarchical control approach to
supplement conventional control strategies and improve
the compensation capabilities [12]. Recently, the devel-
opment of a modified double-loop control demonstrated
to be effective for affording the PCC voltage regulation
and power-sharing in which the power flow inner loop
employs a VIC approach [18]. More recently, a coupled
virtual impedance based on coordinated control strategy
provided the power-sharing, and voltage regulation issues
applied for an ac/dc hybrid microgrid [19].

As aforementioned, generally DG units are connected in
LV microgrids with low X/R ratios feeders that can vary
randomly due to intermitency of DG sources and nonlinear
loads, and standard power flow control strategies could
be ineffective [12], [13]. Adaptive approaches associated
with VIC can overcome these drawbacks. The use of
an adaptive virtual inductance for achieving the proper
reactive power-sharing under unbalanced conditions has
been proposed in [10]. Adaptive VIC also can improve
the microgrid power-sharing via communication systems,
mitigating the mismatches in voltage droop across feeders
[14]. The same approach could be employed without com-
munication for power-sharing and voltage regulation [20].
Similar adaptive VIC methods associated with distributed
consensus technique have been proposed to compensate
the mismathes in line impedances for required reactive
power-sharing [21] or mitigating the power-sharing errors
verified in meshed microgrids [22].

All mentioned VIC concepts applied for power flow
control and voltage regulation are based on LC-VSC DGs.
However, most of the DG systems based on RES, such as
photovoltaic (PV) or wind power, still employ LCL-VSC
operating as a controlled current source [24]. Even though
these systems are the most used choice, they have some
limitations in microgrid applications because they only
operate in grid-connected mode [25]. LCL-VSC can also
participate in the grid voltage amplitude and frequency
supporting by imposing the suitable level of the delivered
active and reactive power [6]. In these DG systems, the
maximum power point tracking (MPPT) defines the deliv-
ered active power [25], while the PCC voltage regulation
determines reactive power compensation [12].

Regarding VVC supporting issues provided by DG
based on LCL-VSC converters, piecewise linear droop con-
trol approaches [26], [27], or multimode control techniques
[28] could be employed for providing the required reactive
power and reaching the proper voltage regulation. The
piecewise proposed in [12] presents an adaptive mechanism

for adjusting the droop functions slopes without consid-
ering the converter stress. The introduction of a dead-
zone into the piecewise droop function can overcome this
drawback [2].

In the same direction, this paper proposes a variable
structure adaptive virtual impedance (VS-AVI) control
strategy applied for DGs based on LCL-VSC converters
for providing reactive power compensation and regulation
of the PCC voltage. Differently from the piecewise linear
droop functions presented in [26], [27], the proposed droop
function comprises two adaptive sectors for determining
the required virtual capacitance for suitable reactive power
compensation and reaching the required voltage regula-
tion. The first refers to an adaptive dead-zone, used when
PCC voltage is within allowed limits, in which an opti-
mized virtual capacitance is implemented, based on the
analysis of PCC voltage error and its derivative, mitigates
possible voltage deviations. The second corresponds to
two independent droop functions for positive and negative
voltage errors in which their slopes varies as a function
of voltage error, dead-zone width, and converter power
rating. Comparison with existing solutions evaluates the
effectiveness of the proposed solution. Simulation and
experimental results obtained from a DG laboratory setup
validate the proposed VS-AVI and demonstrate its effec-
tiveness.

The organization of the paper comprises the following
sections. Section II presents the description and modeling
of the microgrid employed in this study, while section III
discusses the standard control strategy applied for DGs
based on LCL-VSC. The proposed VS-AVI is introduced
in section IV, including the discussion of compensation
limits. Simulation studies are presented in section V,
and section VI depicts the experimental results of the
proposed VS-AVI. The last section summarizes the present
investigation.

II. Grid-Connected LCL Voltage Source Converter
Description and Modeling

Figure 1 shows the block diagram of the microgrid
employed in this study. It comprises a DG implemented
by a PV system (VSC 1) interconnected in parallel with
an indoor DG emulator (VSC 2). A PCC interconnects
both DGs, the power grid, and a configurated three-
phase load. The PV system employs a standard dual-
stage power conversion system, and a controlled voltage
source implements the primary source of the DG emulator.
Both DGs employ LCL-VSC topology and operate as
controlled current source. The LCL filters comprise the
inverter and grid side inductors lf (lt) and lg(lr), the filter
capacitors cf (cg) and damping resistors rd(rl). Block (SB)
and controlled switches (K1 and K2) emulate different
operational conditions.

The dynamic model of the LCL-filter comes from the
design methodology proposed in [29], [30], which transfer
function can be given by
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Fig. 1. Block diagram of the laboratory setup.

Yf (s) =
cfrds+ 1

lf lgcfs3 + (lf + lg)rdcfs2 + (lf + lg)s
, (1)

The transfer function in (1) has one zero and three poles,
with one pole situated at the origin and two complex poles
determined by the resonance frequency and damping set-
points. Considering the effects of the parasitic resistors rf
and rg, related to the LCL-filter inductors lf and lg, the
transfer function in (1) becomes

Isg(s) = Yf (s)V s
f (s)− Yg(s)V s

g (s), (2)

where

Yf (s) =
z1s+ z0

p3s3 + p2s2 + p1s+ p0
, (3)

and

Yg(s) =
w2s

2 + w1s+ w0

p3s3 + p2s2 + p1s+ p0
, (4)

where Isg is the DG output current, V s
f is the VSI output

voltage, V s
g is the PCC voltage in which the superscript

s denotes the stationary reference frame. The transfer
function parameters are z1 = rdcf , z0 = w0 = 1,
w2 = lfcf , w1 = (rf + rd)cf , p3 = lf lgcf , p2 = (lf +
lg)rdcf +(rf lg+rglf )cf , p1 = (rfrd+rfrg+rgrd)cf +lf +lg
and p0 = rf + rf . In this dynamic model, the three
poles in (1) are moved by |σf | to the left side of the s-
plane. The localization of the whole transfer function (2)
demonstrates that there is a real dominant pole, closed to
the origin, and two nondominant complex poles in the left
side of s-plane far from it. Therefore, applying a reduction
order process in the transfer function in (3) results in

Y
′

f (s) ∼=
κf

s+ σf
, (5)

where κf ∼= 1/rdCω
2
r and σf ∼= (rf + rg)/lt is the

pole introduced in (1) by considering the inclusion of the
parasitic elements.

III. Grid-Connected LCL Control System

The DG systems employ the most common multiloop
control strategy for a grid-connected LCL converter in
which the inner control loop regulates output phase cur-
rents, and the outer control loop sets the dc-link volt-
age. Figure 2 presents the block diagram of the DG
inner control loop. Blocks Yf (s) and Yg(s) are the open-
loop transfer functions of the grid-connected converter
output currents and the open-loop output admittance,

Yf (s)

Yv(s)
(s)

(s) (s) (s)(s)
Ri(s) Gd(s) SS

(s)Vg
s

Vf
s

Vf

s*
Ig

s
Ig

s*

Iv
s

LCLVSI

VS-AVI

+
-

+

-

Yg(s)

-

Fig. 2. Block diagram of the DG output current control loop.

represented by the first and second terms in (2). The
block Gd(s) models the VSI by a time delay required to
synthesize the output voltage V s

f (s), the block Ri(s) is the
current regulator and the block Yv(s) refers to the VS-AVI
detailed in the following section.

A. DG Current Control Strategy

The system closed-loop transfer function of the DG
without virtual impedance approach is given by

Ig(s) = Yfc(s)I
s∗
g (s)− Ygc(s)V s

g (s), (6)

where

Yfc(s) =
Ri(s)Gd(s)Yf (s)

1 +Ri(s)Gd(s)Yf (s)
, (7)

and

Ygc(s) =
Yg(s)

1 +Ri(s)Gd(s)Yf (s)
, (8)

where Is∗g (s), Isg(s) and V s
g (s) are the DG output reference

current, DG controlled current and PCC voltage; Yfc(s)
and Ygc(s) are closed-loop transfer functions of the output
current Isg(s) and the system admittance, respectively. In
terms of control purposes, Ygc(s) is a disturbance to be
compensated by the current regulator that also represents
the DG admittance which modifies dynamically the inter-
connection impedance between DG and PCC. The Padé
approximation models the time delay Gd(s) of the PWM
and VSI, given as

Gd(s) =
2− τas
2 + τas

, (9)

in which τa = 1.5Ts, and Ts is the sampling time of the
PWM scheme [16].

B. Design Criterion for the DG output current controller

The implementation and the design of the DG current
control strategy follow the pole placements and tracking
objectives defined by the following control laws

Qm(s)L(s)V s∗
f (s) = −P (s)

(
Isg(s)− Is∗g (s)

)
, (10)

where Qm(s) is the internal model of reference currents
Is∗g (s), P (s) and L(s) are polynomials (with L(s) monic).
For zero tracking error, the choice of Qm(s) satisfies
Qm(s)Is∗g (s) = 0, which results in the following controller
transfer function

Ri(s) =
P (s)

Qm(s)L(s)
. (11)
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Considering that the LCL-filter transfer function described
in (5) and, the implementation of the control algorithm on
the stationary reference frame, the choice of the controller
polynomials are Qm(s) = s2 + ω2

g , L(s) = 1 and P (s) =
a2s

2 + a1s+ a0. Therefore, the following transfer function
can be written

Ri(s) =
a2s

2 + a1s+ a0
s2 + ω2

g

, (12)

where a2, a1 and a0 are the controller gains. With the
proposed current regulator, the characteristic polynomial
of the closed-loop transfer function of the DG output
current can be given by

s3 + (σf + κfa2)s2 + (κfa1 + ω2
g)s+ κfa1 + σfω

2
g . (13)

Based on this approach, the suitable closed-loop poles of
the DG current control loop are assigned to those of an
Hurwitz polynomial A∗

s(s) given by

A∗
s(s) =

(
s2 + 2ζnωns+ ω2

n

)
(s+ ηζnωn) , (14)

where ζn and ωn are the design damping ratio and natural
frequency, and −ηζnωn is the position of the nondominant
pole. By solving the Diophantine equation for the Hurwitz
polynomial A∗

s(s), the gains of the controller are

a2 =
δ∗2 − σf
κf

, (15)

a1 =
δ∗1 − ω2

g

κf
, (16)

a0 =
δ∗0 − ω2

gσf

κf
, (17)

IV. The Proposed Virtual Impedance Control Approach for
Grid Voltage Regulation

The closed-loop transfer function of the DG current
control loop with the virtual impedance insertion is given
by

Isg(s) = Yfc(s)I
s∗
g (s)− Ygcv(s)V s

g (s), (18)

where

Yvc(s) =
Yg(s) +Ri(s)Gd(s)Yf (s)

1 +Ri(s)Gd(s)Yf (s)
. (19)

In comparison with (2), the first term remained the
same while the second term was modified with the inser-
tion of the virtual admittance Yv(s) that results in the
transfer function Yvc(s), and still refers to a disturbance
to be compensated by the current regulator. However,
it modifies the DG-PCC interconnection impedance that
follows the control purpose imposing the required power
flow control. The effect of the virtual impedance insertion
can be verified in the equivalent circuit shown in Fig. 3.
According to this equivalent circuit, the synthesized ad-
mittance Yvc(s) = Yfc(s)Yv(s) is parallel associated with
the standard closed-loop admittance Ygc(s). Based on this
observation, it is possible to propose a design methodology
for both accomplishing the performance constraints of the
DG current control loop and achieving the suitable DG-
PCC interconnection impedance.

Zs

Es

Is
+

+ -

IlIv

I Ig g,v

IgYfc
*s

s

s

s

s

s

ss
Ygc YfcYv

+

-

-

Vg

PCC

Fig. 3. Virtual impedance-based equivalent circuit for ac current control
loop.

A. Mitigation of Voltage Deviation by using Virtual
Impedance Approach

The LCL-VSC topologies behave like a controlled cur-
rent source in which the primary objective is to inject
active power in the microgrid. However, the introduction
of the virtual impedance can contribute for regulating the
voltage of the microgrid by modifying the DG reference
current for injecting reactive power into the grid and
providing the voltage system requirements. To understand
how the use of virtual impedance can help to improve
the PCC voltage regulation, considers the unifilar electric
circuit of Fig. 3 operating under following scenarios: (a)
the DG produces enough energy to feed the load and
injects the surplus into the grid and, (b) the load con-
sumption becomes higher than the DG rated power and,
the microgrid provides the rest of the energy required by
the load.

Figure 4 presents the phasor diagram of the steady-
state operation of the DG under the scenarios described
before without and with the introduction of the virtual
impedance-based control scheme. Figure 4 (a) shows the
first scenario in which the DG produces enough energy to
feed the load and injects the surplus into the microgrid
(Ig,l > Il). In this case, the higher R/X ratio of microgrid
produces PCC voltage Vg,l higher than the maximum
voltage (Vg(max)) allowed by the standards. The insertion
of the virtual impedance generates the current jIv that
modifies the DG output current Ig,v, compensating the
load reactive and reducing the voltage amplitude of the
PCC to Vg,v, inside the range delimited by the standards
[31]. δg,l and δg,v are the phase displacements between the
internal voltage (Es) and the PCC voltage (Vg) without
and with the introduction of the virtual impedance, re-
spectively, and φl is the phase displacement between Es

and the load current Il. Figure 4(b) presents the second
scenario when the load consumption overcomes the DG
power rating (Il > Ig(max)), and the microgrid feeds the
rest of the required energy. In this case, the R/X ratio
results in a PCC voltage with an amplitude Vg,l smaller
than the lower limit imposed by standards (Vg(min)). The
insertion of the virtual impedance approach injects a
current −jIv that modifies the DG output current to Ig,v
and increases the PCC voltage amplitude to Vg,v, inside
the allowed range imposed by the standards.
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Fig. 4. Vector diagram of DG system operating on the following
scenarios: (a) DG feeds the load and injects the surplus on the grid
and, (b) the load consumption is higher than the DG rated power and
the microgrid provides the rest of the energy to the load.

B. Variable Structure Adaptive Virtual Impedance Approach

As aforementioned, DG grid-connected based on LCL-
VSC can also implement VVC functionalities. Their im-
plementation requires the definition of the type and value
of the virtual capacitance for matching the PCC voltage
amplitude within the allowed limits imposed by the stan-
dards or grid-codes [31]. However, the exact dimensioning
of the required capacitance depends on the knowledge
of the grid impedance that can range stochastically due
to the microgrid operation. To overcome grid impedance
uncertainty, the proposed VS-AVI employs an adaptive lin-
ear piecewise droop function for determining the required
virtual capacitance to be emulated. Figure 5 presents
the adaptive piecewise droop function employed in the
proposed VS-AVI. The piecewise droop function comprises
two adaptive droop capacitive functions C+

v and C−
v for

injecting or absorbing reactive power into PCC, and an
adaptive dead-zone hys delimited by the allowed voltage
limits.

Figure 6 presents the block diagram of the VS-AVI. In
this diagram, the block DLB refers to a decision logic-
based that determines the impedance structure to be used
based on the normalized voltage error (εv), the length
of the dead-zone (hys) and, the amplitude of maximum
voltage regulation allowable by the standards (εv,max).
The normalized voltage error is defined as

εv =
(vg − Vgn)

Vgn
× 100%, (20)

where vg is the rms value of the PCC voltage and Vgn is
the nominal voltage of the microgrid.

The DLB defines four zones used for implementing the
virtual capacitances denoted here as: (a) adaptive dead-
zone (−hys < εv < hys); (b) adaptive droop functions
C+

v (−εv,max < εv < −hys) and C−
v (hys > εv > εv,max)

-hys

hys ev

cv

cv,1
+ cv ,1o

+

cv ,1o
-

cv ,o n
+

cv ,o n
-

cv,3
+

cv,6
+

cv,1
-

cv,3
-

cv,6
-

-ev,max

ev,max

Fig. 5. Graph of adaptive piecewise droop functions used to implement
the virtual impedance.

and, saturation zone (|εv| > εv,max) as presented in Fig. 5.
The virtual capacitances implemented in the proposed VS-
AVI are calculated based on the available reactive power
of the DG, length of the dead-zone and, maximum voltage
regulation. The maximum available reactive power can be
determined as

qmax =
√
S2
r − p2g, (21)

where Sr is the power rating of the LCL-VSC and pg is
the active power delivered by the DG.

Based on the qmax, the value of the maximum capaci-
tance that could be implemented is given by

cv,max =
qmax

3V 2
gnωg

. (22)

The insertion of an adaptive dead-zone into the piece-
wise droop function optimizes the power balance and
reduces the LCL-VSC energy loss when the voltage error
is within the allowed voltage limits. The dead-zone length
employed in this work takes into account the allowed PCC
voltage limits recommended in [31].

When the voltage error is inside the dead-zone, the VS-
AVI can implement two different control actions based
on the signals observation of the voltage error and its
derivative. If both signals are equal, the VS-AVI imple-
ments a virtual capacitance optimizing the reactive power
compensation and reducing PCC voltage deviation. Other-
wise, if both signals are different, zero virtual capacitance
is implemented. Table I summarizes the control actions
related the dead-zone. The value of cvo = ±κcv,max in
which the constant κ can be determined based on power
flow studies.

TABLE I
Dead-zone control actions

sign(εv) sign
(

dεv
dt

)
cvo

+ + +κcv,max

+ − 0
− + 0
− − −κcv,max
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Fig. 6. Block diagram of the proposed variable structure adaptive virtual
impedance VS-AVI.

When the voltage error is inside the zones −εv,max <
εv < −hys or hys > εv > εv,max, the droop functions
employed for implementing the required virtual capaci-
tances are defined as follows: if the voltage error εv is inside
the zone delimited by −εv,max < εv < −hys, the virtual
capacitance tracks the function droop, implemented by
block C+

v , given by

c+v (εv) =
cv,max − cvo
−εv,max + hys

εv +
cv,maxhys− cvoεv,max

−εv,max + hys
, (23)

else, if the voltage error εv is inside the zone delimited
by hys > εv > εv,max, the virtual capacitance follows the
droop function, implemented by block C−

v , expressed by

c−v (εv) =
−cv,max + cvo
εv,max − hys

εv +
cv,maxhys− cvoεv,max

εv,max − hys
. (24)

Finally, when the voltage error extrapolates the limits
imposed by the standards (i.e. |εv| > εv,max), the value of
the virtual capacitance is limited in cv,max.

C. Analysis of the DG output admittance

According to (18) the total output admittance of the
LCL-VSC DG consists of the closed-loop admittance
Ygc(s) in parallel with the virtual admittance Yvc(s) syn-
thesized by the VS-AVI. According to (13) the closed-
loop admittance Ygc(s) depends on LCL parameters and
controller gains. For evaluating the dynamic behavior of
Ygcv(s) under system parameter variation, three simula-
tion tests were realized in which the inverter-side and grid-
side inductances as well as filter capacitor range. In each
test, these parameters ranged by 50 % of the nominal
values presented in Table II. In all simulations, the VS-AVI
emulates a virtual capacitance of c−v = −400 µF. More-
over, the delay imposed by the VSI for synthesizing the
output voltage modeled by the block Gd(s) is neglected.

Figure 7 presents the bode diagram of Ygcv(s) for
inverter-side inductance with step-variation of 50 % from
LCL-VSC nominal value. Figure 8 shows the bode diagram
of Ygcv(s) for grid-side inductance with also step-variation
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Fig. 7. Bode diagram of the LCL-VSC output admittance with a
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Fig. 8. Bode diagram of the LCL-VSC output admittance with a
variation of the grid-side inductance

of 50 % from the rated value. Finally, the same procedure
is applied for filter capacitance variation, as presented in
Fig. 9. In all simulations, the bode diagrams present, at
the fundamental frequency, a magnitude of approximately
-16.4 dB and a phase degree of -90 degrees, which corre-
spond to the emulation of virtual capacitance c−v = −400
µF. These simulation results demonstrate the effectiveness
of the proposed VS-AVI.

V. Simulation Results

This section evaluates the reactive power-sharing ca-
pabilities of the proposed VS-AVI method in a scenario
with multiple DGs interconnected in parallel regulating
the same PCC voltage cooperatively. Referring to Fig. 1,
the system topology used in the simulation study uses
a PV panel linked to a dc-link capacitor instead of the
voltage source Vin for VSC 2. Moreover, the switch K1 is
open. Both DG systems use the same LCL-filter in Table II
with the power rating of VSC 1 and VSC 2 being 10 kVA
and 5 kVA, respectively. The simulation studies employ
the PSIM for accomplishing the power-sharing analysis.
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Fig. 9. Bode diagram of the LCL-VSC output admittance with a
variation of the filter capacitance

The VS-AVI setpoints are hys = 2% and εv,max = 10%
according to [31].

Figures 10 and 11 present the simulation results of
the reactive power-sharing evaluation. Figure 10 shows
the active power delivered by both DG1 (pg1) and DG2
(pg2) systems as well as the voltage error (εv(V S−AV I)) at
the PCC. The voltage error is under the allowed limits
imposed by standards [31]. Figure 11 depicts (c−v1 and c−v2)
as well as the reactive power absorbed by both LCL-VSC
converters (q1 and q2), respectively. According to Figs.
10 and 11 the proposed VS-AVI operates cooperatively
for regulating the PCC voltage by emulating the required
virtual capacitance and absorbing the required reactive
power according to their power rating.

VI. Experimental Results

The experimental results were obtained from a labora-
tory setup described in Fig. 1, in which VSC 1 and VSC
2 have the power rating 8 kWp and 5 kWp, respectively,
and the proposed VS-AVI control strategy is implemented
in the PV system. A fast prototyping system dSPACE
1103 executes the algorithms of the control strategy and
proposed VS-AVI at a sampling rate of Ts = 100 µs. The

TABLE II
DG System Parameters

Parameter Value
Rated line-to-line voltage 220 V rms

Grid frequency 2π60 rad/s
Grid impedance rs = 0.43 Ω, ls = 375 µH

Filter inductance lf 1 mH
Intrinsic resistance rf 0.13 Ω
Filter inductance lg 500 µH

Intrinsic resistance rg 0.065 Ω
Filter capacitance cf 15 µF
Damping resistor rd 4.7 Ω
Controller gain a2 3.4048
Controller gain a1 1106.8
Controller gain a0 212280

Fig. 10. Simulation results of the voltage regulation for the DGs
operating under different penetration levels.

Fig. 11. Simulation results of the virtual capacitance implemented and
reactive power absorbed by the DGs.

dSPACE A/D converters realize measurements of system
voltages and currents obtained via Hall-effect sensors, with
the use of anti-aliasing filters with a cutoff frequency of
2.5 kHz for reduce the noise introduced by the LCL-VSC
PWM. The experimental setup has the same parameters
of those presented in Table II. Figure 12 shows the ex-
perimental platform employed for realizing the validation
essays.

The essays employed to validate the proposed VS-AVI
control strategy are as follows: (A) Comparison with ex-
isting solutions; (B) proposed method effectiveness: para-
metric variation; (C) proposed method effectiveness: un-
dervoltage condition and (D) effectiveness of the adaptive
dead-zone.

A. Comparison with existing solutions

In this experiment, only the PV system in Fig. 1 was
operating connected to the grid, and the proposed VS-AVI
was evaluated when the PV operates under overvoltage
caused by weak-grid conditions. In this essay, the SB
circuit in Fig. 1 modifies the internal grid impedance by
interconnecting an RL three-phase branch zwg = (0.5 +
j0.188) Ω in series via controlled switches for emulating
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Fig. 12. Laboratory setup of LCL-VSC-based grid-connected PV system.

a weak-grid condition. The proposed VS-AVI was tested
in comparison with the piecewise droop reactive control
(PDRC) approach [26] and conventional droop control
strategy (DCS) [25] for evaluating its effectiveness.

Figure 13 depicts the PV delivered power (pg), and
voltage errors of VS-AVI(εv(V S−AV I)), PDRC (εv1) and
DCS (εv2). In this experiment, the active power delivered
by the PV was pg = 6.2 kW. Before the grid impedance
modification, the voltage errors are approximately εv1 ∼=
4.5%, εv2 ∼= 4.1% and εv(V S−AV I)

∼= 4.6%, respectively.
The conventional solution depicts the smallest error (εv2)
due to the absence of a dead-zone. However, it produces
more power losses. At t = 7.51 s, the SB circuit modifies
the grid impedance emulating the weak-grid condition.
The average value of the voltage errors are approximately
εv1 ∼= 5.7 %, εv2 ∼= 5 % and εv(V S−AV I)

∼= 5.2 %.
However, voltage errors related to the PRDC (εv1) and
DCS (εv2) present undesired oscillations with maximum
values arriving at 6.3 % and 5.7 %, respectively. Instead,
the results obtained from the proposed VS-AVI presented
a steady average error, which is more appropriate for PCC
voltage regulation purposes.

B. Proposed method effectiveness: parametric variation

The robustness of the proposed VS-AVI, under grid
impedance variations, was evaluated in this test. The
impedance variation employs the same procedure as the
essay realized in Section VI-A. Also, both DGs imple-

Weak grid
condition from

this time

7.5 7.7 8.1 8.3

Fig. 13. Experimental results of the voltage regulation for the DG
operating in weak-grid conditions.
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Fig. 14. Experimental results of the virtual reactance implemented,
internal grid impedance and normalized voltage error in weak-grid
conditions.

mented by power converters VSC 1 and VSC 2 oper-
ate in parallel, delivering power to the grid. Figure 14
presents the experimental results of the proposed VS-AVI
with the grid impedance modification. Before the grid
impedance modification, the voltage error εv(V S−AV I) is
approximately 4.7 %, and the grid impedance Zs and
virtual reactance Xv are 0.46 Ω and -8.3 Ω (presented in
the graph as Xv/10), respectively. At t = 8.84 s, the SB
circuit changes the grid impedance, making the voltage
error εv(V S−AV I) being approximately 8.8 %, the new grid
impedance reaches 0.8 Ω, resulting in the virtual reactance
of -5.6 Ω.

Figure 15 illustrates the reactive power (q) absorbed by
the VSC 1 and the droop function slope (α) of the VS-
AVI, normalized with respect of the base capacitance of
the system, under grid impedance variation. The droop
function slope represents the tangent of the angle between
the droop curve and the horizontal axis. Before the grid
impedance modification, the absorbed reactive power is
approximately -4.8 kVAr and the droop function slope is
-0.86. At t = 8.84 s the grid impedance changes and the
reactive power becomes -9.5 kVAr with droop function
slope of approximately -2.3. These experimental results
demonstrate the adaptive capability of proposed solution
under grid impedance variation by changing piecewise
droop function parameters for achieving the required PCC
voltage regulation.

C. Proposed method effectiveness: undervoltage condition

In this test, the SB circuit (see figure 1) interconnects a
three-phase resistive load (rwl = 5 Ω) in parallel to the RL
load (zl = 20+j22.61 Ω) for provoking an undervoltage at
the PCC. Figure 16 presents experimental results of the
proposed VS-AVI operating under undervoltage condition.
At the startup condition, the internal grid impedance is
0.46 Ω with a voltage error of approximately 2.32 %,
resulting in a virtual reactance of -53.1 Ω (presented in
the graph as Xv/100). At t = 4.36 s, the SB circuit
modifies the three-phase load increasing the phase currents
ig123 from 4 A to approximately 30 A, and provoking an
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Fig. 15. Experimental results of the reactive power and the droop
function slope for the DG operating in weak-grid conditions.
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Fig. 16. Experimental results of the virtual reactance implemented,
internal grid impedance and normalized voltage error with undervoltage
conditions.

undervoltage that generates a voltage error of εv ∼= −6.3%.
In this condition, the equivalent grid impedance and the
virtual reactance become 0.12 Ω and 9.01 Ω, respectively.

Figure 17 depicts the graphs of reactive power injected
by the VSC 1 and droop function slope of the proposed
VS-AVI under load step variation. Before the three-phase
load connection, the VSC 1 absorbs a reactive power of
approximately 0.8 kVAr, and the droop function slope is
-2.6. After t = 4.36 s the proposed method synthesizes a
virtual reactance that results in a reactive power of 4.7
kVAr injected by VSC 1 with the droop function slope of
approximately -2.95.

The experimental results of the VS-AVI operating un-
der undervoltage conditions demonstrate that the system
regulates the PCC voltage within the allowed limits. More-
over, it demonstrated the adaptive action for compensat-
ing PCC voltage in an undervoltage occurrence.

D. Effectiveness of the adaptive dead-zone

This test evaluates the efficiency of the proposed adap-
tive dead-zone for preventing PCC voltage deviation when
−hys < εv < hys. For accomplishing this operation
condition, the DG operated in low-penetration level, which
addresses to voltage error inside the dead-zone. Figure 18
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Fig. 17. Experimental results of the reactive power and the droop
function slope for the DG operating in undervoltage conditions.

Fig. 18. Experimental results of the virtual capacitance and error
εv(V S−AV I) inside the dead-zone.

shows the emulated virtual capacitance (c−v ) and the PCC
voltage error (εv). At the beginning, the DG operates in
steady-state condition (dεv/dt=0), and the proposed VS-
AVI synthesizes zero virtual capacitance. At t = 1.73 s,
the SB circuit modifies the grid impedance similarly to
the weak-grid experiment. The derivative dεv/dt becomes
positive like the voltage error εv. Thus, the adaptive
dead-zone approach synthesizes a virtual capacitance of
cvo = −κcv,max according to Table I. In this test, the
optimized constant is κ = 0.1, which results in the virtual
capacitance of cvo ∼= −100.9µF.

VII. Conclusion

Differently from most of the virtual impedance solu-
tions presented in the literature, an adaptive piecewise
linear droop function determines the virtual capacitance
for providing the PCC voltage regulation by injecting
or absorbing suitable reactive power according to grid
constraints and DG power rating. The piecewise droop
function, composed of two adaptive sectors, determines the
required virtual capacitance. In the first, an adaptive dead-
zone defines an optimized virtual capacitance, based on
signal analysis of PCC voltage error and its derivative, for
mitigating voltage deviations when PCC voltage is within
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allowed limits. In the second, two independent adaptive
droop functions, for positive and negative voltage errors,
adjusts their slopes based on the voltage error, dead-zone
width, and converter power rating. Besides the voltage
regulation, it provides power balancing and optimized re-
active power compensation. The design concepts employed
for determining the VS-AVI parameters was also detailed.
Experimental results demonstrated the effectiveness of the
proposed method for performing VVC issues in DGs based
on LCL-VSC systems.
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