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ABSTRACT The droop-based control schemes are widely used for power-sharing and control of the isolated
microgrids. The conventional droop control scheme with inner current and voltage controllers can work
effectively under ideal voltage. However, the existence of unbalance tends its performance to worsen. This
paper aims to propose an enhanced droop control method to improve the power-sharing, and maintain the
distributed generators’ (DGs) terminal voltages and the system frequency under the balanced as well as
unbalanced loads. The enhancements of the proposed control scheme include the droop controller, inner
current and voltage controller, and virtual impedance loop. The proposed virtual impedance deals with the
accurate sharing of powers in the case of unequal line impedance and the control of zero sequence current.
Moreover, to enable the proposed control to compensate for the unbalance, three-level neutral point clamped
(NPC) inverters are used to form a three-phase four-wire microgrid. With this control scheme, the voltage
unbalance factors (VUFs) of the DGs’ terminal voltages are reduced from 4% to less than 1%, negative
sequence reactive powers, which are also an indication of unbalance, have been reduced significantly, and
the system frequency is maintained within the standard permissible limit of 2.5%. Furthermore, a local
load controller is also proposed to control the reactive loading of the DGs when they have local loads
supplied from their terminals. The investigations have been carried out under simulation as well as lab-based
environments to validate the efficacy of the proposed control method.

INDEX TERMS Droop control, local load controller, power-sharing, three-phase four-wire power systems,
unbalanced loads, virtual impedance.

I. INTRODUCTION
T0 utilize the small-scale local renewable energy sources
(RES), the concept of distributed generation (DG) has been
developed. Multiple DGs can be connected in parallel to
increase the system generation capacity, system reliability,
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security, and so on; called microgrid concept [1]. The concept
of microgrids was developed to achieve more power supply
reliability by utilizing the local renewable resources [2], [3].
Basically, microgrid operates in two modes: (a) isolated, and
(b) grid connected [4]. The operation ofmicrogrids in isolated
mode can create more challenges that can affect the system
voltage, frequency, and DGs power-sharing [5]. With the
development of grid-forming inverters, it has been possible to
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operate inverters-based microgrids in an isolated mode. How-
ever, inverters-based microgrids are comparatively sensitive
over conventional synchronous generators-based system, and
affected by small disturbances, interaction among inverters,
power-sharing etc [6].

The active power/ frequency (P/f) and reactive power/
voltage (Q/V) droop control with inner current and voltage
controllers is a very popular control scheme to oper-
ate the microgrids in an isolated mode. The droop con-
trol method is widely applied in isolated microgrids as
a distributed control mechanism due to its simplicity,
dependency on the local parameters, and flexibility. How-
ever, the conventional droop control still struggles from
inherent limitations such as the trade-off between voltage
regulation and load sharing, affected by line impedance
mismatch, poor transient performance, poor unbalanced
and harmonic power-sharing [7]. The concept of vir-
tual impedance is extensively used to solve the prob-
lems created by line impedance mismatch [8], [9], [10].
A resistive virtual impedance in droop control improves
dynamic response and non-linear power-sharing in addition
to the impedance mismatch [11]. An adaptive transient droop
function is combined with conventional droop control to
improve transient response and power-sharing stability [12].
The droop-based control scheme is upgraded to share the
powers accurately without compromising the voltage regu-
lation by adding an external secondary controller to restore
the inherent deviations created in voltage and frequency due
to the conventional droop control [13].

The performance of conventional droop control isn’t sat-
isfactory under unbalanced load conditions. To date, many
attempts from different approaches have been made to deal
with the droop-controlled microgrid feeding the unbalanced
loads. Active power filters and FACTS devices can be a
very effective solution to deal with voltage/current unbalance.
However, their high cost limits their application, particularly
for small-scale capacity microgrids where they need to inject
large power in case of a severe unbalance [14], [15]. Another
approach that has been widely proposed in papers to deal
with unbalance is to damp or compensate for the unbalance
components. The negative sequence components of reactive
power can be taken as the indication of unbalance in three-
phase three-wire systems [16]. Hence, many methods have
been proposed to reduce the effect of unbalance by con-
trolling the negative sequence components such as the reac-
tive power-impedance (Q-Z*) droop control technique [17]
and virtual negative sequence impedance loop-based con-
troller [18]. Thus, virtual impedance, which was initially used
for the purpose of DG output impedance matching and power
decoupling, is also being used for the compensation of unbal-
ance components. The only difficulty associated with virtual
impedance is the prediction of its numerical values, which has
been solved by making it adaptive [19]. Though this concept
provides satisfactory performance under a three-phase three-
wire configuration, it can’t give the desired performance in a

three-phase four-wire microgrid because of the existence of
zero sequence components in the latter configuration. In real
applications, the low-voltage three-phase microgrids always
need four wires to supply the single-phase loads, provide a
path for the unbalanced current, and facilitate earth fault pro-
tection. Hence, the zero-sequence component appears in the
neutral and needs to be controlled [20]. Recently, a few papers
have considered four-wire microgrid configuration in their
study and proposed a control strategy based on the virtual
negative and zero sequence impedance [21]. However, this
approach becomes really complicated because of the addition
of an extra zero sequence impedance loop and sequence
component separation requirement. Another interesting con-
cept proposed to improve unbalanced power-sharing is to
use fundamental positive sequence (FPS) components in the
droop controller so that the influence of unbalanced sequence
components in generating the voltage reference and thus in
power-sharing avoided [22], [23], [24]. This paper proposed
a control scheme for an islanded microgrid operating with an
unbalanced load by combining a virtual impedance approach
and an FPS-based droop control concept, so that a simple
virtual impedance gives a satisfactory performance.

Generally, two strategies are used in unbalanced control
methods, per phase control strategy and symmetrical compo-
nents control strategy. The per-phase control strategy is used
in the three-phase four-wire system so that each phase can be
independently controlled [25]. There are three widely used
inverter topologies to form a three-phase four-wire microgrid
including Four limb inverter, Capacitor midpoint inverter, and
three H-bridge inverter [25]. However, each topology has
some limitations. The four limb inverters suffer from a few
issues such as increased control and hardware requirement,
and electromagnetic interference due to high-frequency oper-
ation of the neutral leg [26], [27]. The conventional two-level
split capacitor inverters face high stress on the switches, low
dc voltage utilization, and poor voltage sharing between the
split capacitors [28]. The applications of H-bridge inverters
are also limited due to their size and the need for a separate dc
source for each phase [29], [30]. Under these circumstances,
three-level NPC inverters could be an effective alternative
for the formation of three-phase four-wire microgrid as they
offer reduced stresses on the switches, proper voltage sharing
across the switches due to the use of clamping diodes, and
good voltage balancing of the split capacitors as unbalance
current flows to neutral through the switches, not through
the split capacitors [31], [32], [33]. To the best knowledge
of the authors, the three-level NPC inverters haven’t been
used for the formation of the three-phase four-wire microgrid
previously.

This paper presents an enhanced droop control scheme
that improve the power-sharing of three-level neutral point
clamped (NPC) inverters-based three-phase four-wire iso-
lated microgrid under an unbalanced condition. The unbal-
anced condition is placed at the point of common coupling
(PCC) and the local loads supplied from the DGs’ terminals.
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The proposed control scheme tries to compensate for the
unbalance created by unbalanced loads and improves the
effective sharing of powers. However, the harmonics-related
issues due to non-linear loads aren’t considered in this paper.
Moreover, the performance of the proposed control scheme
under load disturbances is observed considering step load
changes at the DGs’ terminals and PCC. The three-level NPC
inverters are chosen for the development of the three-phase
four-wire microgrids over two-level inverters as they do not
require an extra limb for the neutral and have reduced stresses
on the switches on high power applications and low harmonic
content in the outputs [34]. In the proposed technique, only
FPS component powers are used in the droop controller to
reduce the influence of unbalance components in the voltage
reference. The zero sequence components are controlled and
compensated by the proposed virtual impedance. The bal-
anced voltage reference obtained from the droop controller
is tracked with the help of proportional resonant (PR) con-
trollers in all αβ0-axes. The use of PR controllers in all αβ0-
axes in the voltage and current controllers help to diminish the
effects of the neutral voltage shifting and zero sequence com-
ponent to guarantee a balanced and stable voltage with opti-
mum power-sharing under unbalanced loads. The concept of
virtual impedance in allαβ0-axes is also incorporated to solve
the problem created by the line impedance mismatch between
DGs and PCC. The proposed virtual impedance incorporating
impedance in the zero sequence component also helps to con-
trol the DG neutral currents under unbalanced power-sharing.
Moreover, local loads in each DG terminal are considered
to make the microgrid structure more realistic. A local load
controller is proposed to improve the reactive power-sharing
when the system has unequal local loads supplied from DG
terminals. The test microgrid system considered in this paper
is same as in [35]. The inner current and voltage controller are
also modelled in the similar fashion. The main factor that dif-
ferentiates this paper from [35] is the approach dealing with
the unbalance. This paper proposed a control strategy with
a different droop controller approach and virtual impedance
to compensate for the unbalance whereas [35] is focused on
sharing positive and negative components of powers effec-
tively among the participating DGs.

In this paper, the authors aim to propose a droop-based
control scheme for a NPC inverters-based isolated microgrid
that guarantees the improvement in the power-sharing as well
as the control efficacy. Though described in detail in further
chapters, the main contributions of this paper are:

1. A control scheme for the three-level NPC inverters-
based three-phase four-wire isolated microgrid is proposed,
with which the DGs’ terminal voltages are kept in balance
with better VUFs even under unbalanced loads, so the micro-
grid stays stable. The operation of isolated microgrids under
unbalanced loads is further improved by compensating the
negative sequence reactive power.

2. The concept of a virtual impedance loop is improved
to control the DGs’ neutral currents under unbalanced load

FIGURE 1. Test microgrid layout.

conditions. After the application of this concept, power-
sharing is found to be improved.

3. To present a more realistic view of a microgrid, local
loads supplied from DGs’ terminals are also taken into con-
sideration and a novel local load controller has been proposed
to enhance the reactive power-sharing between the DGs.

4. The proposed scheme has been verified through experi-
ments under simulation as well as a laboratory environment.
Both experiments provide satisfactory results.

This paper first introduced the technical background, sci-
entific activities, research gaps and motivation through liter-
ature reviews. Section II presents an overview of the adopted
layouts of the microgrid and the components. The detailed
power calculation is discussed in Section III. After that,
the system modeling of each component found in a typical
microgrid is presented in Section IV. The outcomes contained
from the simulation as well as the experimental analysis
are detailly presented in Section V. Finally, in Section VI,
conclusions are drawn and presented based on the results and
discussion.

II. MICROGRID SYSTEM UNDER STUDY
The layout of the test microgrid system taken in this paper is
shown in Figure 1. It consists of two DGs connected to the
PCC through certain line impedances. A three-level inverter
with a fixed DC voltage source in its input and a low pass
LC filter in its output is considered as a DG. Linear balanced
and unbalanced loads are supplied from the PCC and their
switching is managed by the circuit breakers. The local loads
are supplied from each DG terminal through certain local line
impedance.
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FIGURE 2. Three-level inverter.

A. THREE-LEVEL NPC INVERTER
In this paper, the three-phase four-wire microgrid is formed
taking the clamped dc neutral of the three-level NPC inverter
to the load terminal as the fourth wire neutral. The three-level
NPC inverters used in this paper comprise insulated gate
bipolar transistors (IGBT) and diodes as switches. The IGBTs
have better switching characteristics than bipolar junction
transistors (BJT) and more power handling capacity than
metal oxide semiconductor field-effect transistors (MOS-
FET). The three-level NPC inverters composed of IGBTs
and diodes have many benefits over conventional two-level
inverters such as reduced stress on switches, higher power rat-
ing capability, low harmonic content in output, ride-through
capability, improved dynamic performance, higher efficiency,
and lower cost [34], [36]. The schematic diagram of a
three-level inverter is shown in Figure 2.

B. SELECTION OF LOW PASS LC FILTER
A common practice in filtering out the higher-order harmon-
ics in inverter output is to use a low pass LC filter. The
cut-off frequency of low pass filter (fc) is a compromise
between the attenuation effect and control bandwidth. The
attenuation effect can be increased by decreasing the cut-off
frequency, but a small cut-off frequency limits the control
bandwidth. Increased control bandwidth is required for the
inverter system [37]. Generally, the cut-off frequency is kept
between 1/10th of switching frequency and ten times the
fundamental frequency, and the output voltage total harmon-
ics distortion (THD) is kept less than 5%. The inductance
of the series inductor filter (Lf ) is selected such that the
voltage drop across it remainswithin 3%of the inverter output
voltage [38]. The capacitance of the shunt capacitor filter (Cf )
is calculated from the cut-off frequency. Thus from above
discussion, the cut-off frequency is obtained using equation 1.

10f0 < fc < (1/10)f sw (1)

and

I lmax × (2π fL) < 0.03V inv. (2)

FIGURE 3. Power calculation.

where Ilmax is the maximum RMS value of the load current
and f is the frequency of the output voltage, Vinv.

Taking the value of switching frequency f sw = 18000HZ ,
cut-off frequency fc = 750HZ , inverter output phase voltage
V inv = 230V , and rearranging the equation (2). The filter
inductor is calculated using equation 3.

L < (0.03 V inv)/(I lmax × (2π f ) (3)

Taking the value of filter inductor L = 1.46mH for I lmax =

15A, the filter capacitance can be calculated using 4.

C = 1/((2π fc)2L) (4)

Thus, values of filter inductor and capacitor used are C =

30.8µF , for fc = 750Hz and L = 1.46 mH .

III. POWER CALCULATIONS
A. POWER CALCULATION IN ABC-REFERENCE FRAME
The instantaneous active and reactive powers shared by each
DG can be calculated from the voltage of output capacitor
(Vc), and DG current (Il) using equations 5 & 6 respectively.

Pi = Vc × Il (5)

Qi = (jVc) × Il (6)

The per-phase active power is the product of the phase voltage
and current. The reactive power is calculated by introducing
a 90-degree phase delay in the voltage of the output capacitor
and multiplying it with the DG current [39]. In this paper,
the phase delay of 90-degree in the voltage of the output
capacitor in reactive power calculation is achieved with the
help of the second-order general integrator (SOGI). A SOGI
has two outputs, one in phase with the input and the other
in quadrature (90-degree lag) with the input [40]. The block
diagram of the three-phase power calculation used in this
paper for balanced as well as unbalanced load is shown in
Figure 3.
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FIGURE 4. Sequence power calculation.

B. SEQUENCE POWER CALCULATION IN
αβ0 -REFERENCE FRAME
A balanced system has only positive sequence components
of current and voltage. An unbalanced current or voltage can
be decomposed into three balanced components as positive,
negative, and zero sequence components. The sequence com-
ponents of active and reactive power in αβ0-reference frame
are calculated from the respective sequence components of
current and voltage [41]:

PB1 = VαIα + Vβ Iβ (7)

QB1 = Vβ Iα − VαIβ (8)

The block diagram of the sequence power calculation used
in this paper is shown in Figure 4. A SOGI-bandpass filter
(BPF) based structure has been used to extract the positive
and negative sequence components of the current and voltage
in αβ0-reference frame. Then respective sequence powers are
calculated in the stationary reference frame from the extracted
sequence components of current and voltage.

IV. THE PROPOSED CONTROL STRATEGY
Figure 5 presents the overall schematic diagram of the pro-
posed control scheme in this study. It is identical for both of
the DGs except the concept of virtual impedance is incorpo-
rated only in the voltage controller of the DG having smaller
line impedance. The capacitor voltage and DG current in
the abc-reference frame are taken for the active and reactive
power calculation. A SOGI-BPF based power calculation
block is introduced for the positive and negative sequence
power calculation. Only the positive sequence active and
reactive powers are supplied to the droop controller. The P/F
andQ/V droops give angle andmagnitude respectively for the
generation of reference voltage in the abc-reference frame.
The generated voltage reference is transformed into αβ0-
reference frame and supplied to the voltage controller. The
voltage controller compares the actual line voltage with the
reference generated and the error signal is passed through a
PR controller. This latter tracks the reference voltage with a
minimum steady-state error. Regarding the line impedance
mismatch, the effect of the virtual impedance is also intro-
duced in the voltage controller of the DG having lower line
impedance by multiplying the line current with the value of

this virtual impedance. Thus obtained virtual voltage drop
is subtracted from the voltage reference so that the line
impedance of theDGhaving lower line impedance is virtually
increased. Now the line impedances have the same effect on
their controllers even they actually have different values.

For the case with local loads, a local load controller is intro-
duced in this paper to compensate for the effect of unequal
local loads on reactive power-sharing and enables the reactive
power to be shared equally between both DGs even when the
local loads connected in each DG terminal are unequal.

The virtual voltage drop, which appears across the con-
troller due to the presence of local load is compensated by
the local load controller. The output of the voltage controller
is used as a reference for the inner current controller. This
reference is tracked by the PR controllers in the current
control loop. As this paper has considered unbalanced loads
in the test microgrid, the voltage and current controllers based
in αβ- axes are modified adding a PR controller in the 0-axis
of αβ0-reference frame to track the reference in the same way
used in the other phases. It enables control of the unbalanced
effect. These controllers work well with both balanced and
unbalanced loads. The neutral voltage shifting effect due to
the unbalanced load is compensated by the PR controller
in 0-axis of αβ0-reference of the voltage control loop and
the unbalanced current in the neutral is controlled using the
PR controller in 0-axis of αβ0-reference of the inner current
control loop. The voltage controller regulates the voltage and
reduces the unbalance. Thus, it enabled the voltage source
inverters (VSIs) based microgrid to operate in the isolated
mode with unbalanced and local loads. Finally, the controlled
signal is transformed back to abc reference and passed to the
three-level pulse width modulation (PWM) to generate the
gate pulses.

A. DROOP BASED CONTROL SYSTEM
Master-slaves control, instantaneous current sharing con-
trol, and voltage and frequency droop control are generally
used for power-sharing and control of an isolated microgrid.
Among them, the droop control method is simple and inde-
pendent as it requires no communication links. The droop
control technique is developed from the operation of an alter-
nator (i.e. when there is a large demand for active power,
the alternator speed increases resulting in drooping the fre-
quency). Similarly, when the reactive load on the alternator is
increased, its voltage droops slightly. This principle has been
now generalized in controlling the inverters-based microgrid.
From static power flow equations, for an inductive line, the
flow of power from DG to PCC can be expressed as:

P = EVsin(φE − φY )/X (9)

Q = (E2
− EVcos(φE − φY ))/X (10)

where E and V are the magnitudes of the inverter output
voltage and PCC voltage, X is the line reactance. Thus,
voltage and frequency droop equations for a microgrid can
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FIGURE 5. Overall controller block diagram.

be defined as:

φ = φ∗
− mP (11)

E = E∗
− nQ (12)

where φ∗
=

∫
ω∗dt and E∗ are the references of the phase

angle and magnitude of the voltage, m and n are the droop
coefficients. Similarly, the droop equations can be derived for
positive sequence powers as

φ = φ∗
− (mpP+

+ mi

∫
P+dt) (13)

E = E∗
− nQ+ (14)

Equation (13) acts as a proportional-derivative controller for
the frequency and improves the dynamic behavior of power
sharing [14].

B. VIRTUAL IMPEDANCE CONCEPT
The virtual impedance concept in load sharing has been used
for two purposes. One is for power decoupling and another is
for impedance matching. The conventional droop equations
are derived and the powers are decoupled considering the line
to be inductive. While using conventional droop control for
resistive lines, a large inductive impedance is virtually added

to the system so that the line could be assumed inductive.
In this paper, the virtual impedance is used for impedance
matching.When the lines connecting the DG to the PCC have
different impedances, the voltage drop in the lines will be dif-
ferent. A circulating current flows from the DG with smaller
line impedance to the DG with larger impedance due to the
voltage difference. Then the power-sharing gets disturbed.
As the reactive power-sharing is dependent on the voltage,
it is mostly affected. To solve this problem, the impedance
of the line with a smaller impedance is virtually increased to
make it equal to the larger one. Virtual impedance required
for DG1, Z1v is calculated using equation 15.

Z1v = S2/S1 × (Z2 − Z1) (15)

where S2/S1 is the ratio of the load sharing, and Z1 and
Z2 are the impedances of the lines connecting the DG
and PCC. In this paper, the virtual impedance concept for
impedance matching as proposed in [8] is modified by adding
an impedance in 0-axis of αβ0-reference frame to have equal
neutral loading of DGs in the case of unbalanced power-
sharing. The value of virtual impedance in 0-axis (Z0V ) is
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FIGURE 6. Virtual impedance implementation.

FIGURE 7. Voltage controller.

obtained using equation 16:

Z0V = 3 ×

√
(R2v + ω2

lv
) (16)

The block diagram of the virtual impedance implementation
is shown in Figure 6. It is named virtual as no physical
impedance is used in the system. Only the voltage drop effect
of the impedance is added in the controller just to equalize
the unequal voltage drops due to unequal line impedance.

C. INNER CURRENT AND VOLTAGE CONTROLLERS
When unbalanced loads are connected to the system, the ter-
minal voltages of the DGs also become unbalanced because
of the unbalance voltage drop in the internal impedance
of DG. An inverters-based system has a large unbalance
voltage drop due to the presence of a large impedance low
pass filter [42]. In this paper the test system contains unbal-
anced loads, so only the positive sequence active and reac-
tive powers are used in the droop controller to produce a
balanced reference signal. To facilitate an effective tracking
of the reference, the voltage and current controllers used
in [14] are modified by incorporating one additional PR
controller in the 0-axis of αβ0-reference frame. The shifting
of neutral voltage is regulated using a PR controller in the
0-axis of αβ0-reference in voltage controller as shown in
Figure 7. The output of the voltage controller is tracked by an

FIGURE 8. Current controller.

FIGURE 9. Local load controller.

inner current controller. The effect of the unbalanced current
flowing in the neutral is compensated with a PR controller
in 0-axis of αβ0-reference in the inner current controller.
The block diagram of the inner current controller is shown
in Figure 8.

D. LOCAL LOAD CONTROLLER
The test microgrid has been made more realistic by adding
different rating local loads in each DG terminal in addition
to the loads connected from the PCC. When local loads are
connected in DGs’ terminal, the virtual line voltage drops
across the controller become unequal due to the additional
local currents. Hence, the power-sharing, mostly reactive
power being dependent on the voltages get disturbed severely.
The effect of local loads is compensated with the help of
a local load controller, which gives the additional virtual
voltage drop seen across the controller due to the local loads.
The local load virtual voltage drops are calculated using
equations 17 & 18.

V vlocal1 = I1local × Z1v (17)

V vlocal2 = I2local × Z2 (18)

where Z1v & Z2 are themainline impedances seen across their
voltage controllers. For the DG having lower line impedance,
it is equal to the sum of actual line impedance and the virtual
impedance. For the other DG, it is equal to the actual line
impedance. The block diagram of the local load controller is
shown in Figure 9.
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TABLE 1. Simulation parameters.

TABLE 2. Details of loads used in case-1.

V. TEST RESULTS AND DISCUSSION
This section will be sub-divided into two sub-section:
(A) Simulation environment, and (B) Laboratory based
environment.

A. SIMULATION ENVIRONMENT
Firstly, the proposed concept of the controller is studied
within a simulation environment by using a powerful simu-
lation tool called MATLAB/ Simulink software. To demon-
strate the effectiveness of the proposed control scheme under
unbalanced and local loads, two cases are considered in this
study. The considered cases are described in detail and pre-
sented in sub-sections. While simulation, some assumptions
had been made regarding the parameters, which are listed in
Table 1.

1) CASE-1: UNBALANCED LOAD
In this case, the balanced as well as the unbalanced loads
are supplied from PCC. The performance of the proposed
control scheme is analyzed by measuring the DG terminal
voltages, DG currents, active and reactive power-sharing,
negative sequence reactive power, and voltage unbalanced
factor (VUF). For the sake of simplicity, the local loads are
not considered in this case. The load parameters used in this
case are summarized in Table 2.

The simulation of the test system is run for three seconds.
Initially, the test system supplies the balanced loads only, and
then the unbalanced load is connected to the system from
one second (1s) to 2s. The performance observed with the
conventional droop control method is presented in Figure 10.

The load starts drawing an unbalance current when the
unbalanced load is connected to the PCC at 1s. It causes
the the DGs’ terminal voltages to become unbalanced due to
unbalanced drop in the DGs’ internal impedance, as shown
in Figure 10a. When the unbalanced portion of the voltages

FIGURE 10. DG terminal voltages with conventional droop control.

are zoomed, it can be seen that phase with smaller load has
small reduction in the voltage and the phase with larger load
has voltage reduced the most, as shown in Figure 10b. This
happens because of the large voltage drop in the DG internal
impedance. The VUFs of the DGs’ terminal voltages reached
to 4% with conventional droop control under an unbalanced
load, which can be seen in Figure 11. Furthermore, the nega-
tive sequence reactive power is not shared accurately with the
conventional droop and virtual impedance loop. The unequal-
ized distribution of the negative sequence reactive power is
shown in Figure 12. TheDG2 (having higher line impedance)
has shared more negative sequence reactive power than the
other.

When the proposed control method is applied to the con-
sidered test system, the performance seems to be improved.
The DGs’ terminal voltages are now balanced even when
the unbalanced load at the PCC draws an unequal current as
presented in Figure 13.

During these processes, the current waveforms are in
unbalanced condition as shown in Figure 14. However, the
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FIGURE 11. VUFs with conventional droop control.

FIGURE 12. Negative sequence reactive power with conventional VI loop.

DGs’ currents are found to be correlated with the load shared
by the DGs.

One of the important observations for the proposed method
is that the VUFs of the DGs’ terminal voltages are reduced
from 4% to 1% while supplying the unbalanced load. The
dynamic characteristics of the VUFs for both of the DGs
can be seen in Figure 15. In addition, the negative sequence
reactive power in the system is significantly reduced while
applying the positive sequence power components within the
droop controller. The nature of the negative sequence reactive
powers is shown in Figure 16.
When a balanced or unbalanced load is added to the sys-

tem, both DGs have supplied an equal amount of active and
reactive power. Similarly, whenever an active or reactive load
is removed from the system, the active or reactive power
shared by each DG is decreased by half of the load removed.
This processes can be seen in Figures 17 and 18. From this
performance it can be said that the power-sharing is improved

FIGURE 13. DG terminal Voltages with the proposed control scheme.

with the proposed control scheme as the influence of negative
sequence components is compensated significantly.

The conventional virtual impedance loop based on α & β

axes ignores the unbalanced current flowing in the neutral
so that the DG neutrals are unequally sharing the unbalance.
In this paper conventional virtual impedance loop has been
modified incorporating 0-axis so that the DG neutral currents
are also made equal whenever the DGs are sharing equal
unbalanced power as shown in Figure 19.
Similarly, the frequency response of the conventional con-

troller is shown in Figure 20. The system frequency is
decreased whenever the load is added to the system and
increased whenever the load is removed from the system.
Here in this case, no system is applied to restore the system
frequency and the system stability. It is just presented to
determine the maximum deviation of the frequency in the
system if load is changed accidentally. Although no restoring
system is implemented, the system frequency has remained
within the standard frequency deviation limit of 2.5%. On the
other side, the system frequency can be maintained within a
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FIGURE 14. DG currents with the proposed control scheme.

FIGURE 15. VUF With the proposed control scheme.

permissible limit despite any active load change by choosing
a suitable P/F-droop coefficient.

2) CASE-2: PRESENCE OF LOCAL LOADS
Similarly, in second case, the unequal local loads are applied
to the local lines with a certain line impedance, and connected
to the DGs’ terminals. However, the considered DGs are
identical with equal droop coefficients. The detail values of
the considered parameters are given in Table 3.

FIGURE 16. Negative sequence reactive power with the proposed control
scheme.

FIGURE 17. Active power-sharing.

FIGURE 18. Reactive power-sharing.

The local lines impedances are, Z1local = 0.3 + j0.5 &
Z2local = 0.6 + j1. The values for local load controllers used
in both DGs are Rv+jXv = 0.4+j1.2. Initially, the simulation
of the test system is run with PCC load1 and local load1.
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FIGURE 19. DG neutral currents.

FIGURE 20. System frequency.

TABLE 3. Details of loads used in Case-2.

Then PCC load and local loads are varied in the time interval
as described in Table 3.

FIGURE 21. Reactive power-sharing without local load controller.

FIGURE 22. DG currents without local load controller.

The distribution of reactive power-sharing without the
local load controlled is shown in Figure 21. When the local
reactive load of DG1 is increased at 0.5s, it is supplied by the
DG1 only. Similarly, when the local reactive load of DG2 is
increased at 1s, it is supplied by the DG2 only. However,
the PCC reactive load is shared equally when it is added at
1.5s. Similar cases when the reactive local loads of each DG
are decreased. The reactive power-sharing with local loads is
affected by local line currents. Thus, when the DG takes its
entire local load itself in absence of the local load controller,
its local line current increases, and the reactive power-sharing
of other the DG gets decreased slightly due to further increase
in its local line current. This results in an unequal loading of
DGs as shown in Figure 22.

With the help of the proposed local load controller, the
effect of local loads on the reactive power-sharing is com-
pensated and the reactive power-sharing of each DG is made
equal even when the reactive load is changed in each DG
terminal as shown in Figure 23. Thus, the current loading of
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FIGURE 23. Reactive power-sharing with local load controller.

FIGURE 24. DG currents with local load controller.

DGs is identical as shown in Figure 24. Also, whenever the
active load is added or removed to/from the system (i.e. either
at PCC or DG terminal) the change is equally shared by both
DGs as shown in Figure 25.

B. LABORATORY BASED ENVIRONMENT
After obtaining the simulation results, experimental valida-
tion work is done in a laboratory-based environment of Opal-
RT. An Opal-RT-4510 Rapid Control Prototyping System is
used for real-time simulation. The system is a part of a large
platform called the Smart Power Platform of the IREENA
Laboratory. The Opal-RT-4510 testing system comprises tar-
get nodes, oscilloscope, host PC, real-time and Ethernet com-
munication links, and input and output boards. A picture of
the lab setup can be seen in Figure 26. The power circuit,
controller, and load parameters used for the experiment are
similar to those used in previous simulationwork as described
in Tables 1 and 2. The validation work is done for both

FIGURE 25. Active power-sharing with local load controller.

FIGURE 26. Experimental setup for real-time simulation.

considered cases. It is observed that the experimental results
obtained are found to be similar to those obtained with sim-
ulation previously. Some of the major findings are described
here. The system runs with the balanced loads initially and
unbalanced loads are switched into the system at 1s. The
unbalanced load at PCC draws an unbalanced current from
the DGs, which causes an unbalanced voltage drop in the
internal impedances of DGs. This makes the DGs’ terminal
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TABLE 4. Summary of the proposed control strategy.

FIGURE 27. DG terminal voltage of DG1.

voltages unbalanced. With the proposed control scheme, the
DGs’ terminal voltages are found to be balanced throughout
the time considered despite the load change. The measure-
ment of the VUFs of the DGs’ terminal voltages quantifies
the unbalance. The VUFs of the DGs’ terminal voltages are
reduced from almost 4% to less than 1%, which is an accept-
able value according to the current international standards.
The nature of the terminal voltage and DG current are shown
in Figure 27 and 28 respectively.

Table 4 summarises the performance of the proposed con-
trol scheme as compared to the conventional droop control

FIGURE 28. DG1 current.

method and other competing alternatives in dealing with the
following operational issues.

For the second case, the details of local and PCC loads are
similar to those described in Table 3. Both active and reactive
loads are varied to observe the controller performance. The
system starts with certain loads at DGs’ terminals and PCC.
At 0.5 seconds, active and reactive local loads are added at
both DG’s terminals. Similarly, active and reactive loads are
connected to the PCC at 1s. The active load has been shared
equally whenever the load is either added to DGs’ terminals
or at the PCC as shown in Figure 29.
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FIGURE 29. Active power-sharing.

FIGURE 30. Reactive power-sharing.

However, the local reactive load isn’t shared equally by the
DGswithout the proposed controller. But with the application
of the proposed local load controller, it is made equal as
shown in Figure 30.

VI. CONCLUSION
A control scheme for the three-level NPC inverters-based
three-phase four-wire microgrid with balanced and unbal-
anced loads is proposed in this paper. With this control
scheme, the system parameters (voltage and frequency) are
closely regulated within their standard permissible limits
against several balanced and unbalanced load disturbances.
Application of proposed control strategy has reduced the
VUFs of DGs’ terminal voltages from 4% to less than 1%
while supplying unbalanced loads. The observed reduction
in the negative sequence reactive power after the use of the
proposed control strategy also ascertains the compensation
of unbalance. The proposed virtual impedance has performed
two roles: one is impedance matching for accurate reac-
tive power-sharing, and another is neutral current control.
Thus, equal currents in the DGs’ neutrals have been achieved
with the proposed virtual impedance loop while sharing the
unbalanced loads. Furthermore, the proposed droop con-
troller acting only on the positive sequence components of
powers reduces the impact of other sequence components
in power-sharing. Moreover, different rating local loads are
considered in each DG terminal to make the test microgrid

more realistic. The presence of local loads disturbs the
power-sharing mostly reactive as the voltage drop in the DGs
differs with the unequal local line currents. Consequently,
a local load controller is proposed to compensate the effects of
local loads in the voltage controller and improve the reactive
power-sharing. Hence, all in all, the proposed control strat-
egy contributes to improved power-sharing under unbalanced
loads. The claimed performances of the proposed control
scheme are also validated through an Opal-RT laboratory
environment.
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