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Abstract: The droop control scheme based on Q − ω and P − V characteristics is conventionally
employed to share the load power among sources in an islanded low-voltage microgrid with resistive
line impedances. However, it suffers from poor active power sharing, and is vulnerable to sustained
deviations in frequency and voltage. Therefore, accurate power sharing and maintaining the fre-
quency and voltage in the desired ranges are challenging. This paper proposes a novel microgrid
control strategy to address these issues. The proposed strategy consists of a virtual flux droop and
a model predictive control, in which the virtual flux is the time integral of the voltage. Firstly, the
novel virtual flux droop control is proposed to accurately control the power sharing among DGs.
Then, the model predictive flux control is employed to generate the appropriate switching signals.
The proposed strategy is simple without needing multiple feedback control loops. In addition, pulse
width modulation is not required and tuning challenges for PI regulators are avoided. In order to
evaluate the effectiveness of the proposed microgrid control strategy, simulation analysis is carried
out in Matlab/Simulink software environment. The results show that accurate power sharing is
achieved while a good dynamic response is provided. Furthermore, the voltage and frequency
deviations are significantly improved.

Keywords: droop control; microgrid; model predictive control; power sharing; remote community
energy resilience; virtual flux

1. Introduction

In recent decades, many efforts have been made to increase the penetration of dis-
tributed generators (DGs) based on renewable resources such as PV and wind turbines in
distribution networks [1,2]. The concept of microgrid has emerged as a promising approach
to integrate different types of DGs into the existing AC power grids. In particular, reliable
stand-alone DGs are very useful and promising for providing energy resilience strategies
for remote communities, i.e. DGs with proper control schemes can help to provide a reliable
and regular supply of energy and keep essential operations running when the grid goes
down. DGs are commonly interfaced to an islanded microgrid by inverters in parallel [2–7].
This structure brings the advantages of flexibility, high redundancy and is economic [8,9].

In the islanded microgrid, the connection to the main grid is not available. In this
condition, the microgrid operates autonomously. Therefore, an appropriate control strategy
should be applied to accurately share the load among DGs as well as maintaining frequency
and voltage level within the permissible ranges. The conventional droop method is widely
used for controlling islanded microgrids. The main advantage of this method is that
there is no dependency on the communication links which allows the “plug and play”
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functionality of DGs [9–12]. In the islanded microgrid with inverter based-DGs, the
conventional droop method can adjust frequency and amplitude of the inverter voltage by
adjusting active and reactive powers delivered to the microgrid, respectively. However, it
has the disadvantage of frequency and voltage deviations and poor power sharing [13].
Moreover, the conventional droop method is based on an assumption that line impedances
are inductive, while they are mainly resistive in low-voltage microgrids. As a result, the
power sharing accuracy is further reduced [14].

In order to solve problems of the conventional droop method for power sharing of
an islanded low-voltage microgrid with parallel inverters, some improved droop control
strategies have been proposed in the literature. Researchers have attempted to modify the
relations between the parameters in the conventional droop. In this regard, it was proposed
to use P−V and Q−ω for low-voltage microgrids, with highly resistive line impedances.
Although this control method offers improved performance, it cannot properly share
the active power [15,16]. A Q−

.
V strategy was proposed in [10]. However, the power

sharing accuracy of this kind of control method is affected by the improper operation of
the restoration mechanism to bring

.
V to zero at steady-state. An improved method based

on Q−
.

V was proposed to address this issue. However, it is not effective for islanded
microgrids with resistive line impedances. In [12] a P−

.
V strategy was adopted to improve

the active power sharing and voltage control. However, avoiding large oscillations in this
scheme relies on an extra control gain which needs much effort to be carefully designed.

Injecting modifying signals has been taken into account as another approach to im-
prove the power sharing control. For this reason, in [17] an amended control method based
on the conventional P − ω and Q − V droop was proposed so that a small real power
disturbance is injected to estimate the reactive power control error. Moreover, in [18] an
enhanced method using AC bus signaling was proposed to improve the accuracy of the
reactive power sharing, which needs the estimation of the line resistance. However, the
effectiveness of these control strategies depends on the accuracy of the estimation process,
which is difficult in practice. In addition, the quality of the output current and voltage may
be affected by injecting AC signals to the output voltage reference in these control methods.

The third approach to achieve accurate power sharing is based on the virtual impedance
technique which can be employed in the low-voltage microgrid, where the line impedances
are highly resistive. The line impedances can be reshaped to be purely inductive or
resistive by incorporating virtual impedance. In this regard, an improved method was
proposed in [19,20]. However, the value determination of the virtual impedances in
different conditions is difficult. Furthermore, the initial value of output impedances should
be accurately acquired to completely compensate for the errors of line impedances, which
is difficult in practice.

Regarding the aforementioned methods, it should be noted that the control structures
usually consist of the inner current loop and the outer voltage loop. Subsequently, complex
coordinate transformations and careful tuning of PI regulators are needed. In addition,
using the concept of virtual impedance or injecting auxiliary signals to overcome the
disadvantages of the conventional droop method leads to multiple feedback signals, where
additional regulators have to be used. Moreover, sinusoidal pulse width modulation is
needed to generate the switching signals [21–25]. All these factors make applications of
these controllers limited in practice.

The idea of virtual flux droop control is taken into account as an effective strategy
to deal with these problems. Based on this idea, the virtual flux, which is the time in-
tegral of the voltage, is expressed as a function of the reactive power. In addition, the
angular difference between the virtual fluxes is expressed as a function of active power.
In this method, there is no need for complex transformations and tuning of PI regulators.
Moreover, the switching signals are generated by the direct flux control technique in a
similar way to direct torque control and direct power control methods. Two hysteresis
comparators are employed to produce the inputs of a look-up table, and subsequently, the
proper switching vector is selected [26–28]. However, this control strategy is developed



Energies 2021, 14, 4893 3 of 16

for an islanded microgrid with highly inductive line impedances. Therefore, it cannot
accurately share the load demand between sources in the case that the line impedances
are highly resistive. Moreover, the ripples of voltage and current are inevitable due to the
hysteresis comparators [4,29].

This paper proposes a novel microgrid control strategy to overcome the aforemen-
tioned problems in the low-voltage islanded microgrids with resistive line impedances.
Firstly, a novel virtual flux droop control (NVFD) is proposed assuming that line impedances
are highly resistive. Then, a model predictive flux control (MPFC) is developed to appro-
priately select the optimal switching vector. The idea of the model predictive control (MPC)
for power electronic converters offers several advantages; for example, this idea is simple
and provides a fast dynamic response, moreover, it is possible to incorporate nonlinearities
and constraints of the system and variables into the model. Therefore, MPFC is taken into
account as the effective solution to improve the control strategy of the microgrid. The
MPFC uses a model for predicting the future behavior of the variables to be controlled.
Subsequently, all possible switching states are evaluated by a cost function that formulates
the desired behavior of the system. Consequently, the appropriate switching signals are
obtained, and are applied to the inverter. The merits of the proposed control strategy in
this article are:

(1) It is straightforward, as there is no need for multiple feedback control loops.
(2) It can share the demanded load power between DGs proportional to their ratings.
(3) It can deal with the problem of deviations in voltage and frequency. Moreover, the

voltage and current waveforms meet the IEEE Std 519-2014 [30] and the frequency
waveform meets the international standard CENELEC EN50160 [31].

(4) The expandability and the high reliability of the islanded microgrid are maintained.

The remaining sections of this paper are organized as follows: Section 2 describes
the mathematical equations of the proposed virtual flux droop control for the islanded
microgrid with highly resistive line impedances. Then the microgrid control strategy based
on the NVFD and the MPFC is proposed in Section 3. The effectiveness of the proposed
control strategy is validated by simulation analysis in the Matlab/Simulink software
environment. In addition, the results are evaluated by comparing with the conventional
droop control scheme based on the voltage active power droop and frequency reactive
power boost (VPD/FQB) method with Q−ω and P−V characteristics in Section 4. Finally,
this paper is summarized in Section 5.

2. Proposed Virtual Flux Droop Control

The equivalent circuit of an islanded microgrid is shown in Figure 1. The parallel
inverters interfacing DGs to the microgrid are connected to the common bus through the
line impedances. The mathematical equation of this circuit is obtained by Kirchhoff’s
voltage law:

Vi = Ri Ii + Li
dIi
dt

+ E (1)

where Vi is the output voltage vector of the inverter, E is the voltage vector of the common
bus, and Ii is the injected current vector to the common bus. In addition, Ri and Li are
respectively the resistance and the inductance of the line impedance. Moreover, the number
of the inverter is denoted by the subscript “i”.

The delivered power to the common bus by the inverter is calculated by:

Si = Pi + jQi = E× I∗i (2)

where Si is the complex power. Furthermore, Pi and Qi are respectively the active and the
reactive powers.
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Similar to the magnetic flux in electrical machines, the virtual flux vectors are defined
as the time integral of the corresponding voltage vectors by:

ψi =
∫

Vi dt = |ψi|ejϕi (3)

ψE =
∫

E dt = |ψE|ejϕE (4)

where ψi and ψE are respectively the virtual flux vectors of the inverter “i” and the common
bus which have the angles represented by ϕi and ϕE. Therefore, amplitudes and phase
angles of the virtual fluxes can be achieved in terms of amplitudes and phase angles of the
corresponding voltage vectors:

ϕi = θi −
π

2
, |ψi| =

|Vi|
ω

(5)

ϕE = θE −
π

2
, |ψE| =

|E|
ω

(6)

where θi and θE are the angles of the Vi and E, respectively. In addition, ω is the angular frequency.

Figure 1. An islanded microgrid with parallel inverters.

Assuming that the line impedances are highly resistive, the injected current is obtained
in terms of virtual fluxes by neglecting the line inductance and using Equations (1), (3) and (4):

Ii =
1
Ri
(Vi − E)

= ω
Ri

(
|ψi|ej(ϕi+

π
2 ) − |ψE|ej(ϕE+

π
2 )
) (7)

Now, the delivered complex power is rewritten in terms of virtual fluxes by substitut-
ing Equations (4)–(7) in Equation (2):

Si =
ω

Ri

(
|ψi|ej(ϕi+

π
2 ) − |ψE|ej(ϕE+

π
2 )
)∗

ω|ψE|ej(ϕE+
π
2 ) (8)

Equation (8) is decomposed to the real and imaginary parts which are respectively
equal to the active and reactive powers. Therefore:

Pi =
ω2

Ri

(
|ψE||ψi| cos(−δ)− |ψE|2

)
(9)
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Qi =
ω2

Ri
(|ψE||ψi| sin(−δ)) (10)

where δ is the angular difference in radians defined as δ = ϕE − ϕi = θE − θi [26]. The
angular difference between the voltages of the inverter and the common bus is typically
small, which results in:

cos(δ) ∼= 1 (11)

sin(δ) ∼= δ (12)

Consequently:

Pi =
ω2|ψE|

Ri
(|ψi| − |ψE|) (13)

Qi = −
ω2

Ri
|ψE||ψi|δ (14)

The aforementioned analysis indicates that the active power is associated with the
amplitude difference between the virtual fluxes, i.e., |ψi| − |ψE| and similarly, the reactive
power is related to the angular difference. As a result, the mathematical equations of the
novel virtual flux droop control are proposed as follows:

δcom
i = δn

i + kδi(Qn
i −Qi) (15)

|ψcom
i | = |ψn

i | − kψi(Pn
i − Pi) (16)

where Pn
i is the nominal active power, Qn

i is the nominal reactive power, kδi and kψi are the
droop coefficients, δn

i is the nominal angular difference and
∣∣ψn

i

∣∣ is the nominal virtual flux
amplitude of the inverter. The control commands δcom

i and
∣∣ψcom

i

∣∣ determine values of the
angular difference and the virtual flux amplitude of the inverter.

3. Proposed Microgrid Control Strategy

The MPC method is considered as an effective control method for power electronic
converters. The idea of MPC is simple and easy to understand. Moreover, it is possible to
easily incorporate the constraints and the nonlinearities of the system. The desired behavior
of the MPC is guided through the formulation of a cost function to be minimized [32–34].
Thus, the MPC method is employed in this paper to propose the control strategy for the
islanded microgrid consisting of parallel inverter-based DGs.

The structure of the proposed control strategy for the islanded microgrid is shown in
Figure 2. It is composed of power sharing control, inverter model, prediction mechanism
and cost function minimization described in the following section.

Figure 2. Structure of the proposed microgrid control strategy.
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3.1. Power Sharing Control

The power demanded by the load should be shared proportionally to the ratings of
the inverters while the voltage and the frequency are maintained within the desired ranges.
This problem has been addressed in the literature by using different control methods, for
example [35], has redesigned a conventional P−ω and Q−V droop controller based on a
total sliding-mode control (TSMC) technique. In the proposed method in this article, an
accurate power sharing is achieved by the novel virtual flux droop control. As described
in Section 2, the delivered active power and the delivered reactive power are calculated
and subsequently, the command values are obtained for the virtual flux amplitude of the
inverter and the angular difference using Equations (15) and (16).

3.2. Inverter Model

Considering that two-level inverters are used in this paper, there are 8 possible switch-
ing states, which can be represented by:

su =
[

sa sb sc
]

u = 0, 1, . . . , 7 (17)

where su is the switching state vector. In addition, sa, sb and sc are three binary switching
signals corresponding to phase a, phase b and phase c of the inverter, respectively. The
status of each switch is given by sj (j = a, b, c); sj = 0 if the corresponding switch is off
and sj = 1 if the corresponding switch is on. The switching state vector can be expressed
in the α− β frame by:

sαβ
u =

2
3

(
sa + a sb + a2 sc

)
(18)

where sαβ
u is the switching state vector in the α− β frame and a = ej(2π/3). The switching

state vectors are shown in Figure 3. The corresponding voltage space vectors generated by
the inverter in the α− β frame are also illustrated, which can be obtained in terms of the
switching state vectors by:

vu = Vdc . sαβ
u

= vu α + jvu β

(19)

vu is the voltage space vector in the α− β frame, vu α and vu β are respectively the real and
the imaginary parts of vu in the α− β frame, and Vdc is the input dc voltage of the inverter.
The complex forms of voltage space vectors in the α− β frame are given in Table 1. Note
that v0 = v7, which leads to only seven different voltage space vectors.

Figure 3. Possible voltage space vectors in the α− β frame.
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Table 1. Possible switching states and related voltage space vectors used in two-level three-
phase inverter.

sa sb sc vu

0 0 0 v0 = 0
1 0 0 v1 = 2

3 Vdc
1 1 0 v2 = ( 1

3 + j
√

3
3 )Vdc

0 1 0 v3 = (− 1
3 + j

√
3

3 )Vdc
0 1 1 v4 = − 2

3 Vdc
0 0 1 v5 = (− 1

3 − j
√

3
3 )Vdc

1 0 1 v6 = ( 1
3 − j

√
3

3 )Vdc
1 1 1 v7 = 0

3.3. Prediction Mechanism

The output voltage and the virtual flux of the inverter at kth sampling instant in the
complex α− β frame are achieved using Equations (3) and (19). The virtual flux amplitude
of the inverter and the angular difference between the inverter and the common bus virtual
flux vectors have to be predicted. The components of the inverter virtual flux in the α− β
frame i.e., ψV α and ψV β are expressed using Equation (3):

ψ
(k+1)
V α = ψ

(k)
V α + Ts.v

(k)
u α (20)

ψ
(k+1)
V β = ψ

(k)
V β + Ts.v

(k)
u β (21)

where Ts is the sampling period. Subsequently, the amplitude and the phase angle of the
inverter virtual flux at the next (k + 1)th sampling instant are obtained by:

∣∣∣ψp
V

∣∣∣ =

√(
ψ
(k+1)
V α

)2
+
(

ψ
(k+1)
V β

)2
(22)

ϕ
(k+1)
V = tan−1

ψ
(k+1)
V β

ψ
(k+1)
V α

 (23)

The superscript “p” denotes the predicted variables. It should be noted that the phase
angle of the virtual flux of the common bus is generated using a virtual three-phase voltage.
Then, it is achieved at the next (k + 1)th sampling instant by:

ϕ
(k+1)
E = ϕ

(k)
E + ω.Ts (24)

Therefore, the angular difference between the virtual flux vectors of the inverter and
the common bus is predicted at the next (k + 1)th sampling instant by:

δp = ϕ
(k+1)
V − ϕ

(k+1)
E (25)

3.4. Cost Function Minimization

In order to select the optimal switching state vector, the predicted values of
∣∣∣ψp

V

∣∣∣ and δp

are evaluated by the cost function for all seven voltage space vectors. Therefore, the optimal
vu, which minimizes the cost function, is selected and the related switching state vector
will be applied to the inverter at the next sampling instant. The cost function represents
the desired behavior of the system. In this paper, the cost function is defined in such a way
that both the virtual flux amplitude of the inverter and the angular difference between the
virtual fluxes of the inverter and the common bus are close to their command values. The
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related command values are calculated based on the NVFD using Equations (15) and (16).
Thus, the cost function is expressed by:

Jmin = k1

∣∣∣|ψcom| −
∣∣∣ψp

V

∣∣∣∣∣∣ + k2|δcom − δp| (26)

where k1 and k2 are the weighting factors. By reducing the cost function, the first term aims
to decrease the virtual flux ripples, and the second term aims for a reduction in the angular
difference ripples. Therefore, the weighting factors are tuned by considering a trade-off
between the ripples’ reduction in the virtual flux amplitude and the angular difference.

4. Simulation Results Analysis

The effectiveness of the proposed control strategy is evaluated using the simulation
analysis in Matlab/Simulink software environment. In this regard, the islanded microgrid
for which the line impedances are highly resistive is simulated and the proposed control
strategy is applied. The inverter based-DGs are connected to each other through a tie-line,
as shown in Figure 4. For a small remote community it is desirable to have DGs close to
each other, which leads to low voltage drop and easy communication, however for some
reasons, the DGs may be far apart. In this condition, good DGs parallel operation will be
achieved by connecting the inverters through tie-lines. Therefore, the tie-line connection
has been considered in this paper for more accurate analysis. In addition, the inductances
of the line and the filter are modeled together as Leq [26,28].

Figure 4. Parallel operation of the islanded microgrid under study via a tie-line connection.

In studying the system, an event is created in which the load demand suddenly
decreases at t = 2 s and then it increases to the initial value at t = 4 s. The parameters of the
microgrid and the controller are listed in Table 2. The performance of the proposed control
strategy is compared with the VPD/FQB method [16], which is based on P−V and Q−ω
characteristics, for the highly resistive microgrids. The comparison results are presented in
Table 3. The droop characteristics of the VPD/FQB method are described by the following
mathematical equations:

ωi = ωrated + mi.Qi (27)
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Vi = Vrated − ni.Pi (28)

where ωrated and Vrated are the angular frequency and the output voltage amplitude of the
inverter at no load, respectively. Moreover, Qi and Pi are the injected active power and the
injected reactive power, respectively. In addition, ωi and Vi are the command values for
the angular frequency and the output voltage amplitude of the inverter. Furthermore, mi
and ni are the droop coefficients. The subscript “i” denotes the number of the inverter.

Table 2. Microgrid and control parameters.

Item Value

Line Resistance 0.3 Ω
Line Inductance 2 mH

Tie-line Resistance 3 Ω
Tie-line Inductance 4.8 mH
Filter Capacitance 100 µF
Filter Inductance 2 mH

Nominal Line Voltage 300 V
Nominal Frequency 60 Hz
DGs Output Voltage 600 V

Nominal Angular Difference 0.2 Rad
Nominal Active Power 1 9.6 kW

Nominal Reactive Power 1 3.9 kVAr
Nominal Active Power 2 8.4 kW

Nominal Reactive Power 2 3 kVAr
Slope of P − |ψ| Droop 1 −2.67 × 10−5 Wb/W

Slope of Q − δ Droop 1 1.15 × 10−4 Rad/VAr
Slope of P − |ψ| Droop 2 −1.54 × 10−5 Wb/W

Slope of Q − δ Droop 2 −1.55 × 10−4 Rad/VAr

Table 3. Comparison results in steady-state for the nominal condition.

Item dV df ep eQ THDV THDI

Conventional
Method 2.5% 0.05 Hz 21.3% 2.6% 1.95% 2.60%

Proposed
Method 0.4% 0.01 Hz 0.5% 2.5% 1.19% 1.70%

dV and d f are respectively voltage and frequency deviations. ep and eQ are respectively active and reactive power
errors. THDV and THDI are voltage and current THD values.

The load-side voltage waveforms of DG1 for the conventional method and the pro-
posed control strategy are shown in Figures 5 and 6, respectively. Subsequently, their THD
spectra in the nominal condition are illustrated in Figures 7 and 8, respectively. Further-
more, the per-unit values of the line voltages for the conventional method and the proposed
strategy are compared as shown in Figure 9. Although the voltage waveforms are balanced
and quite sinusoidal for both control schemes, the amplitude of the voltage deviations
for the proposed control strategy is considerably lower than the conventional method as
given in Table 3, which also leads to an improvement in the THD index. Decreasing the
load at t = 2 s typically leads to an increase in the per-unit value of the load-side voltage.
However, the conventional control method cannot keep the voltage within the permissible
range, while the proposed control strategy can maintain the voltage within the desired
range (±5%), and therefore, its effectiveness in the voltage control is validated.
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Figure 5. Load-side voltage waveforms of DG1 based on the conventional control method.

Figure 6. Load-side voltage waveforms of DG1 based on the proposed control strategy.

Figure 7. THD spectra of load-side voltage of DG1 based on the conventional control method.

Figure 8. THD spectra of load-side voltage of DG1 based on the proposed control strategy.
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Figure 9. Line voltage comparison of the load-side voltage of DG1.

The current waveforms injected by DG1 based on the conventional and the proposed
schemes are respectively shown in Figures 10 and 11. In addition, their THD spectra are
depicted in Figures 12 and 13, respectively. Furthermore, the injected currents of DGs
in the nominal condition, based on the conventional method and the proposed strategy
are also shown in Figures 14 and 15, respectively. As can be seen, the load demand is
improperly shared among DGs in the conventional method because the injected currents
of DGs are almost equal despite being different in rating. On the other hand, the injected
currents of DGs based on the proposed control strategy are proportional to their ratings.
The effectiveness of the conventional method depends on the performance of the inner
current control loop, where PI regulators are employed. However, PI regulators and also
the inner current control loop are omitted in the structure of the proposed control strategy
and the best switching vector is chosen using the model predictive flux control scheme.
Thus, the performance of the proposed strategy is overall improved in different conditions
of the load demand, which leads to better current control. As a result, the THD index of
the current is reduced in comparison to the conventional method, as given in Table 3.

Figure 10. Injected current waveforms of DG1 based on the conventional control method.

Figure 11. Injected current waveforms of DG1 based on the proposed control strategy.
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Figure 12. THD spectra of the injected current of DG1 based on the conventional control method.

Figure 13. THD spectra of the injected current of DG1 based on the proposed control strategy.

Figure 14. Injected currents of DGs to the microgrid based on the conventional control method.

Figure 15. Injected currents of DGs to the microgrid based on the proposed control strategy.
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The delivered active and reactive powers of both DGs to the microgrid for the con-
ventional method and the proposed control strategy are shown in Figures 16 and 17,
respectively. To compare the results, the errors for active and reactive powers in the
nominal condition are defined as:

eP =

((
N

∑
i=1

Prated
i − Pactual

i

Prated
i

)
/

N

∑
i=1

i

)
× 100 (29)

eQ =

((
N

∑
i=1

Qrated
i −Qactual

i

Qrated
i

)
/

N

∑
i=1

i

)
× 100 (30)

where eP and eQ are respectively the active power and the reactive power errors, In addi-
tion, Pactual

i and Qactual
i are respectively the actual active and reactive powers. Furthermore,

Prated
i and Qrated

i are the rated values of the active and reactive powers of DGi. N is the
number of total DGs, which in this paper is equal to two. The load demand is improperly
shared among DGs due to the poor performance of the conventional method in power shar-
ing. Therefore, the power share of each DG is not proportional to its rating. Nevertheless,
the proposed control strategy can accurately share the load demand in different conditions
among DGs proportional to their ratings. As a result, the power errors (especially the active
power errors) are reduced in comparison to the conventional method, as given in Table 3.

Figure 16. Delivered power to the microgrid based on the conventional control method.

Figure 17. Delivered power to the microgrid based on the proposed control strategy.

Figure 18 shows the comparison of the frequency response for both control schemes.
The poor frequency control of the conventional VPD/FQB control method based on Q−ω
control loop leads to the frequency deviation. However, because of the tight control of the
angular difference between the virtual flux vectors of the inverter and the common bus in
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the proposed method, both virtual flux vectors will rotate with a fixed angular frequency.
As a result, regardless of how much δ has changed, the angular frequency of the virtual flux
vector of the common bus will be constant. Regarding Figure 18, the dynamic frequency
response of the proposed strategy is very fast and its transient response is sufficiently
damped. Therefore, the frequency response based on the proposed strategy reaches the
steady-state sooner. In the steady-state condition, the frequency error is quite near zero
and the frequency deviations are negligible. On the contrary, the steady-state frequency
deviations of the conventional method, i.e., VBD/FQB method, are larger and persistent.
In addition, after the load changes from a nominal value, the frequency error is significant
in the steady-state in the VBD/FQB method. However, there is a drawback in the proposed
method. The maximum frequency deviation in the transient state is more in the proposed
strategy than in the conventional method. Nevertheless, it is still less than ±0.2 Hz (or
about 0.34%) which is significantly less than the allowed variations range for frequency
i.e., ±1% [18,31]. It should be noted that the control parameters in the proposed strategy
can be tuned in such a way that the maximum frequency deviation is reduced. However,
this leads to slower dynamic response. Therefore, the proposed strategy is superior in
terms of its performance compared to the conventional method in frequency control.

Figure 18. Frequency comparison of the islanded microgrid.

5. Conclusions

Studying the control schemes of islanded microgrids is very important for at least
two reasons: (1) these microgrids may be designed as autonomous stand-alone microgrids,
which have many applications. One application is to assist remote communities with
having a reliable, resilient electrical energy service. (2) Grid-connected microgrids may
occasionally switch to islanding mode either in a short period of time after a contingency,
or for a longer time during natural disasters.

The control method for power sharing in the low-voltage islanded microgrid is con-
ventionally based on P− V and Q− ω droop characteristics. However, it suffers from
disadvantages such as poor active power sharing, and frequency and voltage deviations.
This paper proposes a novel microgrid control strategy to overcome these problems in
a low-voltage islanded microgrid with highly resistive line impedances. The proposed
strategy consists of the novel virtual flux droop (NVFD) control and the model predictive
flux control (MPFC). Firstly, the NVFD control produces the command values for the
amplitude of the virtual flux vector of the inverter and its angular difference from the
virtual flux vector of the common bus. Then, the MPFC uses the model of the system to
predict the future behavior of the control parameters, i.e., the virtual flux amplitude of
the inverter and its angular difference compared to the common bus. Subsequently, all
possible voltage space vectors are evaluated using a defined cost function, and the optimal
switching state vector is selected for applying to the inverter.

The proposed control strategy and the conventional control method are compared by
simulation in the environment of Matlab/Simulink software. The results highlight that the
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proposed strategy offers more accurate power sharing and better voltage and frequency
control in comparison to the conventional method. Therefore, the effectiveness of the
proposed control strategy is confirmed.
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