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1 | INTRODUCTION

Aissa Chouder* | Ahmed Bendib® | Hafiz Ahmed*

Abstract

Computation of active and reactive powers is a crucial step in droop-controlled single-
phase voltage source inverters (VSIs) in standalone microgtid since the performance and
stability of the power-sharing strategy are strongly influenced by its speed and accuracy,
especially in the case of non-linear loads. Here, an improved performance of power-sharing
among single-phase droop-controlled VSIs in an islanded microgrid, considering DC com-
ponent and nonlinear loads is presented. To achieve this goal, an enhanced power-sharing
control scheme including a Multiple Enhanced Second-Order Generalized Integrator
Frequency-Locked Loop (MESOGI-FLL) for power calculation is proposed. As a result,
the proposed power computation technique provides high rejection capability of DC com-
ponent and current harmonics, hence, perfect estimation of the fundamental component
of the inverter output current and its 900 phase-shifted component. This strategy makes
the power calculation method-based control scheme immune to disturbance effects of the
DC component and the high current harmonics. Detailed analysis, mathematical modelling
of MESOGI, as well as a comparison with recent methods, are also provided. Simulation
and experimental tests were carried out and the obtained results have shown the effective-
ness and robustness of the proposed power-sharing controller even under nonlinear load
operating conditions.

conditions, the traditional methods that generally introduce a
low-pass filter (LPF) to mitigate undesirable distortions, cannot

Primary control as a local controller of a microgrid (MG) is the
first control level that should be addressed in order to guarantee
load sharing between parallelized VSIs during the autonomous
operating mode [1, 2]. At this control stage, the droop con-
trol strategy is the most adopted control approach due to its
advantages in terms of ease of implementation and the required
references are calculated locally [3-5]. Based on such a con-
trol strategy, the frequency and amplitude references of the
inverter output voltage are immediately obtained by using the
measured real and reactive powers [6, 7]. This immediate effect
makes the computation of average real and reactive powers a
crucial step since the stability and performance of the droop
control are strongly influenced by its speed and accuracy, espe-
cially in the case of nonlinear loads [8]. In fact, under such

guarantee fast and accurate power calculation. In addition, the
DC component is another issue that has a critical influence on
the power calculation performances and might worsen system
stability. Therefore, the design of a power computation scheme
with improved performance should be addressed by considering
the aforementioned issues.

Traditional calculation methods for single-phase droop-
controlled systems compute the instantaneous active and
reactive powers by the multiplications of the inverter measured
output current with the inverter output voltage, and with its
90° phase-shifted component generated by a quarter-cycle delay
unit [6, 9-12]. In such a computation approach, a mandatory
LPF is needed in order to eliminate the double frequency com-
ponent, resulting from the product of the output voltage with
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the components of the output current and thus obtaining the
average active and reactive powers [9]. In other methods, addi-
tional quarter-cycle delay units have been introduced to handle
the double-frequency components cancellation [13, 14]. Instead
of using delay units and avoiding their inherent performance
degradation problems [8], advanced power calculation methods
have been proposed [15-22]. Among these methods, intended
for three and single-phase systems are those based on the SOGI
technique. These methods use SOGI as an estimator of volt-
age and current components as well as the double frequency
components estimation/rejection. In [15] and [16], the SOGT is
introduced to extract the direct and quadrature components of
both output voltage and current. Then, these components are
employed to calculate the average powers in the otf-frame [17].
The method presented in [18], calculates the instantaneous pow-
ers similar to the conventional method, but it introduces two
SOGI blocks to extract the oscillating components where their
frequency is double of the fundamental frequency and subtract
them from the instantaneous powers. The authors in [19] have
proposed an enhanced power calculation method, which uses
SOGTI to estimate the af-components of the inverter output
voltage and current. The direct product of the voltage compo-
nents with the current components is performed, and average
active and reactive powers are obtained through second-order
LPFs. These power calculation methods based on SOGI can be
easily implemented without delay as well as they have the advan-
tages of fast transient response and accepted tejection capability
of load distortions. Nevertheless, LPF is still necessary for such
methods for proper harmonics rejection under highly distorted
voltage and current. However, the LPF limits the transient
response speed of the power calculation and may degrade the
power-sharing stability. In order to avoid using LPE, solutions
based on discrete Fourier transform (DFT), least mean squates
(LMS), and moving-average approaches have been proposed to
achieve average active and reactive powers [20—22]. The main
drawback of these methods is that they need more computation
time to perform P/ calculations. In addition, a particular draw-
back of the DFT-based method is that it introduces a significant
time delay in the system process. Furthermore, the LMS based-
method has a poor dynamic response regarding the overshoot
term.

In general, all the methods mentioned above have not
propetly taken into consideration the case of nonlinear load
conditions and undesirable output voltage and current inherent
disturbances. Therefore, power calculation with good perfor-
mance and desired speed cannot be guaranteed. In addition, the
DC component, which may be caused by MG faults, conversion
process, measurement devices, and imperfect PWM patterns,
is one of the major issues that may affect the performance
of these methods and consequently worsen the stability of the
parallelized system.

For these reasons, recent approaches have been proposed
in the literature to overcome these issues and ensure fast and
accurate calculation of average powers while considering non-
linear loads. These methods are designed by introducing an
advanced SOGI-based scheme suitable for DC offset and non-
linear load harmonic rejection capability. For instance, a power

calculation method based on the double SOGI (DSOG]I) strat-
egy is presented in [23]. This method is similar to the one
presented in [15], but it introduces the DSOGI to provide a
perfectly filtered direct fundamental component of the output
current by ensuring the high rejection of the DC component
and high current harmonics. This component is multiplied by
the voltage fundamental component extracted using standard
SOGI, and the average powers are obtained after removing the
double-frequency component. Roughly speaking, in the case
of the presence of the DC component in the inverter volt-
age, the performance of this method might be questionable due
to the sensibility of the SOGI to such a disturbance [24]. In
[25], the average powers are achieved through SOGTI that acts
as an LPE, where its inputs are the real and reactive power
obtained by multiplying the fundamental af cutrent compo-
nents provided by another SOGI that acts as a band-pass filter
(BPF), with the a8 voltage components. Although this method,
which has been applied to a three-phase system, has provided
fast power calculation, the presence of the DC component in
the inverter voltage may lead to inaccurate power calculation
with undesirable oscillations. In [26], an ESOGI-FLL-based
power calculation method in af-frame is proposed, in which
the ESOGI is applied for the estimation of both voltage and
current a8 components. Although this method has addressed
the DC component effect cancelation, proper harmonics rejec-
tion in the case of nonlinear load cannot be guaranteed. In
[27], an approach for power calculation is proposed by using
the n-SOGI strategy, which is applied to extract the orthogo-
nal fundamental components of both inverter output voltage
and current. These components are used to calculate the volt-
age amplitude and phase, then, the active and reactive power
can be obtained by exploiting sine and cosine functions. Despite
this method have presented a performance enhancement of the
power calculation under DC component and nonlinear load
conditions, it needs more computational time due to the use
of the trigonometric functions, therefore, a control with high
computation burden is expected.

Here, we propose a substantial improvement of the power-
sharing performance among single-phase droop-controlled
VSIs in an islanded microgrid considering DC offset and
non-linear load disturbances. To achieve this objective, the
following contributions are made. First, an improved power
calculation method based on Multiple Enhanced SOGI-FLL
(MESOGI-FLL) is developed. The proposed MESOGI-FLL
strategy provides high rejection capability of DC offset compo-
nent and current harmonics. As a result, an accurate estimation
of the fundamental direct component of the inverter output
current and its 900 phase-shifted component, which are manda-
tory for power calculation, is guaranteed. Second, the details
of mathematical model derivation of the MESOGTI are pre-
sented in order to evaluate the expected performances. Third,
a simulation study evaluating the performance of the proposed
power calculation method in compatison to the recent meth-
ods is carried out. Fourth, simulation and experimental tests
are performed and the obtained results show the effectiveness
and robustness of the proposed power-sharing controller even
under nonlinear load operating conditions.
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FIGURE 1 The proposed power-sharing approach-based primary control for a single-phase inverter

The rest of this paper is structured as follows. Section 2 gives
the general architecture of the studied system and the corre-
sponding control modules. Section 3 details the mathematical
derivations and the transfer functions of the proposed power
calculation method. Simulation results considering linear and
non-linear loads are highlighted in Section 4. The experimen-
tal setup validating the proposed power calculation method is
presented in Section 5. Finally, in Section 6 some conclusions
are derived.

2 | DROOP-OPERATED SINGLE-PHASE
VSIS

Figure 1 shows a schematic diagram of the proposed power-
sharing approach-based primary control scheme for a single-
phase VSI in islanded MG. The adopted control strategy is
the droop method where the authors propose a new enhanced
power calculation algorithm based on MESOGI-FLL in order
to provide accurate average P/ powers. The calculated powers
are fed to the droop controller to generate the frequency and
amplitude references. These generated references are processed
by a sinusoidal signal generator to produce the fundamental
component reference of the inverter output voltage. More-
over, MESOGI-FLL is used to extract the in-phase component,
the orthogonal component and its harmonics components for
computing the virtual impedance voltage, to be subtracted from
the fundamental output voltage reference given by the droop
control module. The new delivered voltage reference is manip-
ulated by a multi-loop inner controller and a PWM to control
the inverter switches.

In this control scheme, the droop control is responsible for
controlling the real and reactive power-sharing among the pat-
allelized VSIs by using the frequency and amplitude droop
characteristics defined as follows:

w=w, —nP

1
E=E,—n0 2

where w, E, w,,
erences and their nominal values, and # and » are the droop

and £, are the frequency and amplitude ref-

gains.
The sine generator provides the output voltage reference,
Viragp» given by the following equation:

Viop(®) = E X sin(@ X 7) ©)

The virtual impedance control loop, which is implemented
based on the MESOGI-FLL, is introduced to improve the
power-sharing accuracy. So, the output of the virtual impedance
control loop can be obtained as follows:

v, = ri,— L, (ig_y +3ig_3 + 5i5_s + Tig_7)  (3)
where 7, and 7., are the virtual resistor and inductor, 7, is the
actual input current, and g4, 7g.3, 1.5 and /g 7 are the current
quadrature fundamental, 3rd, 5th, and 7th components.

Accordingly, the new output voltage reference can be derived
as:

ref
Vo = Virogp — Vs (4)
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FIGURE 2  Schematic diagram of the proposed power calculation method based on MESOGI-FLL

The inner controller is in charge of regulating the output volt-
age of the inverter to its generated voltage reference given by
(4). This control stage consists of an inner current control loop
and an outer voltage control loop. For more details about this
control stage refer to [28].

3 | PROPOSED POWER CALCULATION
METHOD

This section deals with the design, modelling, and analysis of a
proposed power calculation method based on the MESOGI-
FLL scheme intended for single-phase droop-operated VSIs.
Figure 2 shows the structure of the proposed power calcula-
tion module, which consists of; (i) a MESOGI-QSG module;
that constitutes multiple ESOGI-QSG connected in parallel;
intended to accurately extract the direct and the quadrature
fundamental components of the inverter output current; (ii)
an ESOGI-QSG module suitable for DC offset rejection and
responsible for estimating the fundamental components of the
inverter voltage; (iii) an FLL unit to adapt the centre frequency
of both MESOGTI and ESOGI to frequency changes. The esti-
mated fundamental components of the inverter voltage and
current are exploited to calculate the average active and reactive
powers in the af-frame. In particular, MESOGI can provide
a fast estimation of the current components with high DC
component and harmonic rejection capabilities under nonlin-
ear load conditions. The same capabilities can be provided by
ESOGTI regarding voltage components estimation. Hence, the
proposed calculation algorithm can ensure fast and accurate
average active and reactive powers calculation, with good tran-
sient performance even in the case of highly distorted current.
In addition, as the MESOGI-FLL does not process any trigono-
metric functions, it can be easily implemented with a reduced
computation time.

In the next section, a detailed description of the proposed
MESOGI-QSG will be given. The modelling procedure

for obtaining the dynamic model of the MESOGI regard-
ing 7y, i3, and /pc estimation, will also be provided.
We note that 7, 7, and ipc are the direct, orthogonal,
and DC components respectively of the inverter output

current.
3.1 | Multiple-ESOGI modelling and analysis
3.1.1 | Structure of the MESOGI

Figure 3a shows the adopted MESOGI-QSG structure to
estimate precisely the current components under worst-case
distorted conditions (DC component and nonlinear load).
This proposed structure includes » ESOGI-QSG, as shown in
Figure 3a, connected in parallel. The first involved ESOGI-
QSG is constructed by adding a rejection/estimation unit (LPF)
to the standard SOGI-QSG as shown in Figure 3b. While
the rest of ESOGI (eSOGI) units introduce the DC compo-
nent, estimated by the first one, as an input to be subtracted
from the orthogonal component. The ESOGI (or eSOGI) units
provide total rejection of the DC component as well as its
effect on the output components [20]. Each eSOGI adaptive
filter, in the proposed structure, is tuned to a particular fre-
quency, multiple of the fundamental frequency, by multiplying
the fundamental frequency, estimated by the FLL, by a coef-
ficient that determines the order of the assigned harmonic.
Furthermore, the gain “£&” of each eSOGI is divided by the
order of such a coefficient in order to maintain the same set-
tling time of the transient response of all the eSOGI-QSG (see
Appendix A). The input current for each ESOGI (eSOGI) unit
is calculated by subtracting all the rest of the in-phase output
components of the other units from the actual input current.
In this regard, the input current of each eSOGI is cleaned up,
after a transient process, from the harmonic components esti-
mated by the rest of the blocks, which will reject the harmonic
distortions at its output.
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FIGURE 3  Structure of (a) the MESOGI-QSG method, (b) the ESOGI-QSG method, and (c) the eSOGI-QSG method
3.1.2 | MESOGI Modelling

According to the structure given in Figure 3b, the mathematical
expressions telating the output current components (ix—,, 3—»
and ipc) of each eSOGI unit to its input, 7, can be given as
follows:

. _ 1
log—n = GC(—ﬂle

iﬁ—r/ = Gﬁ—f/ifllﬂ - (’é/”) ipc )
. _ -in .
ipc = Gpe (8" = iy—1)
being # the harmonic’s order, z'i” and 7,_4 the fundamental com-
ponent of the input current and the in-phase current, and G,

Gg.,, and Gpc are the transfer functions of the ESOGI defined
as follows:

G _ log—yp _ kWs
an i T2+ kws 4 w2
. = B—r-DC _ knw?
1 F 2+ kws + nw? ©)
n
o = ipc _ %r
DC = "y ; T +w -
L noT g1 f

where s denotes the Laplace operator, w is the centre frequency
generated by the FLL block, and @/ is the cutoff frequency of
the LPE

In addition, from Figure 3a, the relation between the input

current 77 of each ESOGI unit and the actual input current 7,

#=0
i=2p+1
i#j

Equation (7) can be written in matrix form as follows:

i 0 1 1 1[4y
i 1 0 1 1{{ dy—s
sl ==[1 1 0 1{]7ys
) .
i 1 1 1 0| i,

U

®)

Based on (5), the transfer functions of the output compo-

nents of the eSOGI adaptive filters can be represented in matrix

form as follows:

a. For the output components 7,_,, which is in-phase with the

input signal 7 of each eSOGTI block:

it | [Gar 0

lo—3 0 Goc—S

lg—s| = 0 Ga—s
s | | O 0 0

n
73

5

&)
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b. For the output components 7g_,, which is in-quadrature [ G G G 1!
. . . Jin a—1 a—1 a—1
phase with the input signal 7,” of each eSOGI block:
Ga—3 1 Gy—3 Gy—3
(i) [Gp-i 0 0 0 ‘Z'l‘”’ X| Gg—s GOf—'v 1 Ga—s
Z.ﬁ—B O 65_3 O O 2'3 ’
. , Goa—n Ga—p Ga—y 1
Zﬁ—t—) = 0 0 G‘g_5 0 5 - -
. . . . . Ga_l Gﬁ_l k
3 0 0 = Gpy]lin] Gas Gp—3 k/3
X | Gy—s +| Gp—s ||, — | #/5 |inc
[ £ ] . : .
/é/?) Gy Gﬁ—n ’é/”
— | &/5|ipc (10) (13)
| &/ c. For the output component 75,
c. For the output components 7, which is the DC compo-
nent related to the input signal 7 and the ditect output
components z,_, of each eSOGI block: inc = Gpe |1 = [1 1 1 - 1 ]
— . oin — . _
n la—1
7 lo—3 4
ipc =Gpc[l 0 0 = O] —fis|] (1D P Gat Gat v Gomf [ Gay
: : Got—3 1 Ga—3 e Goc—B Goc—B
. X | Gyos  Gys 1 o Gaos Go—s |4
| 7 Tot—n.| . . . . .
By substituting (8) into (9)—(11), the closed-loop transfer Ga-r Ga-n Gamy 1 G-
functions of the output components of the proposed structure (14)

can be expressed as follows:

a. For the output components 7,_,

la—1 1 Ga1 Gyt Ga-1 Ga-1
la—3 Go-s 1 Gus Gus Go-s3
lg-5 | =| Ga—s  Ga-s 1 Ga-s Gu—s |4,
Z.a_ﬂ GOL—ﬂ GOL—IZ GD{—/I 1 Ga_ﬂ

12)

b. For the output components 7g_,

_Z.ﬁ_1_ [ 0 Gﬁ_1 65_1 Gﬁ_1
i8—3 Gg_3 0 Gg_z -+ Gps
Zk—;_s = - Gﬁ_5 Gﬁ_5 0 Gﬁ—S

_Z.ﬁ—n_ _Gﬁ—ﬂ Gﬁ—ﬂ Gﬁ—n 0 |

As it is well known, the harmonics close to the fundamental
component (i.e. 3rd, 5th, and 7th harmonics) have a high effect
on the output fundamental components than high-order har-
monics (far from the fundamental component). Therefore, only
the 3td, 5th, and 7th low harmonics are taken into consideration
in the present study, where they will be estimated /rejected from
the input fundamental signal of the proposed MESOGI-FLL
structure.

Accordingly, the closed-loop transfer functions of the
proposed structure regarding the estimation of the output
components 7_, and ig_, corresponding to the fundamental
component, the selected 3rd, 5th, and 7th harmonics, and the
DC component can be expressed as follows:

a. For the output components [fy—1,iy—3,lq—5,lq—7] r

Iy GBr.a—1

lg_3 Grra—s| .

. = 7, (15)
lgs Gpra—s

Z.o¢—7 GB]_’.(Z—7
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Frequency response of the proposed MESOGI-FLL structure regarding the direct and orthogonal output components estimation; (a) fundamental

TABLE 1  Parameters of power calculation methods
Method Block Parameters Symbol Unit Value
Proposed Method ESOGI-QSG, multiple- SOGI-QSG gain 3 - 0.6
ESOGI-QSG, MFLL FLL gain r 1 50
LPF cut-off frequency w/ 21 Hz 20
Add-SOGI SOGI-QSG #0, FLL SOGI-QSG gain kg - 1
FLL gain r s 50
SOGI-QSG #1,2 SOGI-QSG gain k12 - 0.707
LPF cut-off frequency w, /21 Hz 10
SOGI SOGI-QSG, FLL SOGI-QSG gain /3 - 0.7
FLL gain r s 50
LPF cut-off frequency w, /21 Hz 10
DSOGI DSOGI-QSG SOGI-QSG gain /3 - 0.21
n-Order SOGI n-SOGI-QSG SOGI-QSG gain kv - 0.7
FLL SOGL-QSG gain ki - 0.25
FLL gain r s 50

b. For the output components [iﬁ—l ,iﬂ_3,iﬁ_5,iﬁ_7]1

gy Gpr g1

g3 Gpr -3

X = P2 (16)
s Grr g—s ’
g7 Gpr p—7
c. For the output components 7y
ipc = Gpr.pc-iy 17)

where Gpr o_1357, Gpr.g—1,3,5,7, and Gpr pc are the transfer
functions relating the output orthogonal components and DC
component to the actual input current (7,), and their expressions
are given in Appendix B.

The magnitude and phase bode plots of the closed-loop
transfer functions Gpp o—1357 and Ggpg_j357 of the 1%,
3rd, 5th, and 7th harmonics are depicted in Figures 4a—4d,
respectively. The frequency response curves; of Gpr 1357
and Gpr g_1357; are presented for three different values of
the damping factor, £ = 0.3, 0.7, and sgrz (2), and w = 27x X 50
(rad/s). According to these figures, it can be observed that
the transfer functions Gprg_1357 and Gppg_1357 exhibit
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Fig. 6. Obtained results in response to Test 2: (a) active power, and (b) reactive power.
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FIGURE 6 Obtained results in response to Test 2: (a) Active power, and (b) reactive power

band-pass adaptive filters where their bandwidth depends on
the gain 4.

As can be seen, increasing £ decreases the filter bandwidth,
hence, enhancing the filtering capabilities of the sub- and low-
harmonics (i.e. 3trd, 5th, and 7th harmonics). But, this effect
slowdowns the speed of the estimates’ transient response. Fur-
thermore, from these figures, it can be noticed that the output
componentsiy_1, lg—3, iy—s5, and ig_7 have the same amplitude
and quadrature in the phase with the harmonics set in the input

signal (7,).

As a consequence, the proposed MESOGI-FLL can ensure
proper estimation of the direct and quadrature fundamental
components, as well as provide good estimation/rejection of
the 3rd, 5th, and 7th harmonic and DC components.

3.2 | Comparative study

To assess the performance of the power calculation based
on the proposed method in comparison with the other

recent methods, a simulation study is carried out in
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FIGURE 7 MESOGI-FLL estimated and input: (a) DC component, (b) 3rd harmonic, () 5th harmonic, and (d) 7th harmonic in response to test 2
Line TABLE 2  Parameters of the simulation study
Inverter LC Filter impedance By;?ass
b ; Switch Parameters Symbol Unit Value
Sources | | @ — = = —
| I 75 Ly T G L . Nominal voltage (RMS) E, v 220
inear
sh:,;:;if,end‘rp‘:::sm | = Load Nominal frequency fy Hz 50
primary control
Line Switching frequency 1 kHz 20
Inverter LCFilter  impedance }SYE(HS; ’ :
; e Simulation frequency A MHz 1
DG k
Sources B L ¢ L DC voltage Upe: \Y% 495
| | Ty by T Diode bridge  RC load
Proposed power 1 rectifier Output filter capacitor C jas 23
sh aril)g controlbased Vpee Nonlinear load
rimary control | L. Output filter inductor L r mH, Q 2,1
FIGURE 8  Simulated model of the two DG units interfaced micro-grid Line impedance of DG #1 L1 mH, Q 15,08
in MATLAB /Simulink \Line impedance of DG #2 L, mH, Q 0.5,0.8
Virtual inductance L, mH 2.7
Virtual Resistance R, Q 1
. P- d/(W. s 0.000
MATLAB/SIMULINK environment. Here, the performance @ droop ” rad/(¥.5) >
of the proposed strategy and other methods are evaluated L-Vdroop o V/Var 0.001
in front of input current and voltage perturbations (with- Voltage controller P gain - uE.rad/s 0.1839
out and with DC component and harmonic distortions). The Voltage controller I gain Koy mH.rad/s 183.87
simulations are performed corresponding to the following Current controller P gain £ mH.rad/s 6.2831

scenarios:

1.

Scenario 1 (pure sinusoidal inputs): In this case, no sub-
harmonic and harmonic distortions are induced in the input
current and voltage expressed by (18), given below. This test
is conducted to highlight the response to an amplitude step
change of the inverter current from 0 to 5 A.

v, =1V Xsin (@?) , i, = I X sin (w0t — @) (18)

2. Scenario 2 (distorted sinusoidal inputs): DC component and

harmonic distortions are introduced in the input current and
voltage as follows:

2% of the DC component, 10% of the 3rd harmonic, 5%
of the 5th harmonic, and 1% of the 7th harmonic from the
amplitude of the input voltage (,)
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FIGURE 9

Plots of the performed scenarios for test 1
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FIGURE 10 Time evolution of (a) active powers, (b) output voltage frequencies, (c) reactive powers, and (d) output voltage amplitudes, of the inverters 1 and 2

in response to linear load change

4. 2% of the DC component, 50% of the 3rd harmonic, 10%
of the 5th harmonic, and 5% of the 7th harmonic form
amplitude of the input cutrent (7,);

Accordingly, the mathematical expressions of #, and 7, can be
given as follows:

v, = 0.021 4+ IV X sin (w?) + 0.1 X sin (3w?)
+0.051 X sin (50) + 0.011” X sin (Ta?)

7, = 0.027 + I X sin (wz — @) + 0.5 X sin 3wz — @)
+ 0.17 X sin (5w — @) + 0.057 X sin (7w? — @)

19)

The parameters for the simulated schemes, in this compara-
tive study, are given in Table 1.

The obtained results of this comparative study in response to
scenarios 1 and 2 are illustrated in Figures 5 and 6, respectively.
These figures evaluate the P and Q calculation performance
obtained by the proposed method compared to those provided
by other methods-based schemes, for an input current step
change. In addition, Figure 7a—d depicts the transient response
of the DC component, 3rd, 5th, and 7th harmonic components
estimated by the MESOGI-FLL and the induced ones in the
input current given by (19). Based on these simulation results
the following remarks can be highlighted.

For scenario 1:

* All the power calculation schemes have the same steady-state
responses, in which no ripples in the estimated active and
reactive powers.
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FIGURE 11 Time evolution of the inverters output voltages and currents, and, zooms, in response to linear load change
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FIGURE 12 Plots of the performed scenarios for test 2

* The SOGI-based P and Q calculation method has the fastest
transient response but with significant oscillations, whereas,
the method-based DSOGI has the slowest transient response
but without any oscillations (very small oscillations in the
calculated Q).

* The scheme based on Add-SOGI can achieve the P and O
calculation with a good transient response but with a high
settling time, after the one based on DSOGI.

* The proposed scheme is the fastest method for P and O
calculation than the other method, except the one based

on SOGI scheme, and without oscillations in the transient
response.

For Scenario 2:

* The performance of the power computation (P and Q) using
SOGI- and n-SOGI-based schemes are much affected by
the induced DC component and harmonics into the input
current and voltage, in which they suffer from higher ripple
distortion at steady-state
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FIGURE 13  The performance of the proposed power control when sharing non-linear load

TABLE 3  VSIs power stages and primary control level parameters

Parameters Symbol Unit Value
Nominal voltage (RMS) E, % 24
Nominal frequency A Hz 50
Switching frequency 1 kHz 10

DC voltage Upc 4 32
Output filter capacitor C jas 26
Output filter inductor L mH 2.7

Line impedance of DG #1 Ly mH 0.5

Line impedance of DG #2 L, mH 0.8
Virtual inductance L, mH 4
Virtual Resistance R, Q 1

P—w droop m rad/(W. s) 0.0003
O-17droop n V/Var 0.003
Voltage controller P gain o uE.rad/s 0.1307
Voltage controller / gain Kpi mH.rad/s 32.5476
Current controller P gain /3 mH.rad/s 146x10°
Current controller / gain & mH.rad/s 1.02x10°

* The features of the structure based on the DSOGI regarding
active power calculation are not influenced by the introduced
perturbations, where, less ripple distortions than all the other
methods, except the proposed one, are observed (with small
oscillations can be noticed in the @ calculation). Despite,
these features, this method has a very slow dynamic response.

* The scheme based on Add-SOGI has much lower ripples
than the first two methods. However, it has the slowest tran-
sient tesponse than the other methods; except the method
based on DSOGL

* The proposed scheme provides improved performances in
terms of DC component and harmonics effects rejection in
the estimated Pand Q. In addition, it has a better settling time
than Add-SOGI, n-SOGI, and DSOGI-based schemes.

* Itis worth noting that further oscillations are obtained in the
estimated reactive power of all the reported methods, except
the proposed method that almost has no oscillations.

* The proposed MESOGI-FLL scheme ensures accurate esti-
mation of the DC component and harmonic components of
the input current 7, (from Figure 7).

As a consequence, one can be deduced that the proposed
scheme can achieve better power calculation performance in
terms of the speed of dynamic response, high DC component
and harmonics rejection capabilities, and almost no ripples at
steady-state, than all the other methods.

4 | SIMULATION RESULTS

In this section, numerical tests are performed in order to assess
the effectiveness of the proposed power-sharing control. In
these tests, the performance of the proposed control scheme is
verified in the case of sharing linear and non-linear loads and
during linear load change as well. The testbed considered in
the simulations is depicted in Figure 8, and it consists of two
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FIGURE 16
load change

single-phase inverters paralleled-connected to a common AC
bus through a line impedance. These inverters supply a criti-
cal load and form an islanded microgrid. An RL load (20 Q, 3
mH) is considered as a linear load, while a diode-bridge rectifier
feeding an RC load (200 €, 1000 uF) represents the nonlinear
load. The microgrid system with the proposed control scheme
is simulated in SimPowerSystem under the MATLAB/Simulink
environment. The proposed power-sharing control stage is
given in Figure 1, which includes the improved power calcu-
lation method. The main parameters taken for the simulations
are given in Table 2. To assess the overall system under a realis-
tic environment, Gaussian noise is added to DC voltage sources
and sensors’ measurements.

Figure 9 illustrates the performed scenatios for the connec-
tion and disconnection of linear loads 1 and 2. The obtained
results in response to linear load change are shown in Figures 10
and 11. In these figures, the time responses of the active and
reactive power, output voltage amplitude, and frequency, as well
as the output voltage and current waveforms of inverters 1 and
2 are presented. First, there is no load connected to the MG, the
inverter frequencies and amplitudes are equal and set to their
nominal values i. e, fper = fpez =/, and Epgy = Epey = E,,
while Ppe1, Pz, Opers and Opep powers are equal to zero.
After, when the first load is connected (at # =1 ), the invert-
ers’ active and reactive powers increase and the output voltage
frequencies (f¢;; and fp¢p) and amplitudes (£, and E)¢»)
drop, as seen in Figure 10. At # = 2 s, the second load is con-
nected, the powers seamlessly increase without overshoot and

Time (s)

Transient responses of the inverters and the load; (a) active powers, (b) frequencies, (c) reactive powers, and (d) amplitudes in response to linear

with reduced settling time (0.02 s). In addition, the amplitudes,
Epcr and Epey, and the frequencies, £y, and f¢», drop even
more with the same amount, and with a faster dynamic. Fur-
ther, it can be noticed that the active power is perfectly shared
among the inverters. The same observation can be made for
the rest of the scenarios, when the first and the second loads,
are disconnected and connected again. It is worth noting that
the reactive power in Figure 10 is not constant and varies when
the load change. This is due to the increase and decrease of
the current passed through the line impedance which leads to a
change in the line impedance voltage, and as the reactive power
is proportional to the voltage it changes when the load varies.

According to Figure 11, it can be observed that the inverters’
output voltages, v, p;; and v, e, are matched, as well as the
currents, 7, ¢y and Z, e, and have pure sinusoidal forms, also,
they change with good transient responses during linear load
variations.

The results showing the performance of the proposed con-
troller when the inverters shared nonlinear load are presented
in Figures 13 and 14, while Figure 12 presents the performed
scenarios. Figures 13 and 14 depict the time evolution of the
same variables of test 1. Similar to test 1, the MG system starts
with the no-load operation, then, at # = 1 s a non-linear load
is connected to the MG. As seen in Figure 13, the VSIs’ active
powers grow and have the same values which mean that they
share accurately the load power demand. Also, these powers
achieve the rated values respective to load demand, with a
fast response time of 0.02 s and without overshoots, and they
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FIGURE 17 Transient responses of the output voltages and currents, and zooms of the VSIs and the load, in the case of linear load change

do not have any ripple distortions or oscillating components
in steady-state, even with the distorted currents, as can be
seen in Figure 13. Further, the figutes demonstrate that /),
and fpe, droop with the same amounts, showing excellent
dynamic response in terms of settling time (0.02 s) and without
oscillations, and no ripples are obtained in steady-state as well.
Regarding the voltage amplitudes, it can be observed that they
increase to compensate for the load reactive power, which is
shared between the two VSIs. From the output voltage and
current, in this case, shown in Figure 14, one can be noted that
the inverters’ voltages, #, ¢y and v, p¢p, are matched and have
sinusoidal waveforms, while the currents are equal and take the
nonlinear load current form to compensate the load reactive
power. Moreover, it is clearly appearing that transient responses
with good performance are obtained.

5 | EXPERIMENTAL RESULTS

In order to validate the effectiveness of the proposed power-
sharing control, an experimental setup of an islanded microgrid
is carried out, as shown in Figure 15. The MG is formed by

two single-phase parallel-connected VSIs feed by DC sources,
supplying linear or nonlinear loads. A resistive load (20 Q) is
considered for the linear load while the nonlinear load is a full-
bridge diode rectifier with an RC load (20 €, 470 uF). In this
system, the ARM cortex microcontroller (STM32F407VGTO0)
is chosen as the main control unit with a switching frequency
of 10 kHz for implementing the control strategy. Where each
VSI’s local controller is implemented in a separate microcon-
troller and without any communication between them. The
main parameters taken in the tests are listed in Table 3. The
same tests and scenarios as simulation cases are considered but
at different times.

The obtained results during transient linear load are given
in Figures 16 and 17, which depict the transient response of
the active and reactive powers, frequencies, amplitudes, output
voltages, and currents of the inverters and the load (at the
PCC). According to these figures, one can be seen that at no
load the power components and currents are zero, while /¢,
o2 Epcr, and Epe, ate set to the nominal values. When
the loads are added and removed, it can be noticed that active
and reactive powers are perfectly shared between the inverters,
showing good transient responses in terms of settling time and
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no overshoots (see zooms) as well as no ripples at a steady state.
Also, the fper, fpczs Epcr and Epe, droop and grow with
the same amounts, respectively, during the load transient to
deliver the required load power. Further, they ensure the pure
sinusoidal form of the output voltage and current in this case.

Figures 18 and 19 highlight the results obtained in the case
of sharing a nonlinear load, and they show the same variables as
the first test. In these figures, it can be noted that when the non-
linear load occurs at #=0.75 s, the inverters share accurately the
active power delivered to the nonlinear load. In addition, fj¢;
and /¢, are dropped with equal amounts according to the load
demand. The same effect occurs for the reactive powers and
amplitudes of the VSIs. Furthermore, the output voltages and
currents of the VSIs are matched, in which the currents have the
same distorted forms as the load current form. Moreover, the
presented figures demonstrate that all obtained vatiables have
good transient responses and steady-state performances.

6 | CONCLUSION

An improved droop-based control strategy, for achieving
accurate power-sharing among single-phase parallelized VSIs,
considering linear and nonlinear loads, was proposed here. The
proposed scheme involves a MESOGI-FLL-based enhanced
power calculation method. Computing the averaged powers
using multiple ESOGI strategy-based power calculation was
performed and verified. It is worth mentioning here that the
use of MESOGI-FLL leads to an accurate P/Q calculation
with fast transient response and low computational cost com-
pared to the reported recent methods. The mathematical model
of MSOGI and its analysis has been derived in this work.
In addition, the proposed power calculation method has been
compared to some relevant reported power calculation meth-
ods. A performance comparison between the proposed method
and these power calculation methods under normal and dis-
torted operating conditions was then conducted. The simulation
and experimental findings confirm that the proposed method
offers proper power calculation with high rejection capability
for DC component and current distortions and a good trade-off
relationship between harmonic rejection and transient response
speed.
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APPENDIX A
In this appendix, we give the demonstration that describes how
the gain £ of the ESOGI corresponding to the harmonics’

estimation, is selected. As mentioned above, the gain £ of the
ESOGTI blocks of the harmonic estimates is divided by the order
of the harmonic component, 7, to keep the same settling time
of transient responses of all the ESOGI blocks.

Indeed, it is well known that the settling time, 7., of a
second-order transfer function, can be defined as a function
of its resonance pulsation @, and damping factor £ as follows
(for ESOGI corresponding to the fundamental component
estimation):

4
Loy = 7—— (A1)

=W, _
> r—>hl

Accordingly, the expression of the settling time, #,,, corre-
sponding to the 7-order harmonics can be obtained as follows:

4 4
Ly = = (AZ)
’(s'/)n k/m

5 @y 5 (” X wr—/ﬂ)

where w,,, is the resonance frequency of the ESOGI corre-
sponding to the #-order harmonic estimation, which is equal to
ﬂx(l)ﬂ_;ﬂ.

In order to maintain the same settling time as that of the fun-
damental component estimation dynamic, i.c., Z.,= 7, the
expression of the gain £, of each unit should be defined as
follows:

Ky = = (A3)

7

APPENDIX B
In this appendix, the closed-loop transfer functions;
GBF.a—l,3,5,7a GBF.ﬁ—l,3,5,7a and GB]T.DC; that relate the output
current components of the MESOGI-FLL; i.e., direct, quadra-
ture, fundamental, and DC components; to the actual input
current are provided. These transfer functions can be defined
as follows:

ks + 83kw’s® + 18914w°s* + 110254 s

o Gppg =

Den(1)
c ks’ + 75k s+ 12994w° 5 + 1225k 5
BF.a=3 = Den(l)
c _ kws] 459k’ P + 499w’ S + 4414w
Bla=s = Den(1)
c _ ks’ + 35k % + 250k’ + 2254w’ s
BT Den(1)
. kP + 83kt st + 18914 % + 11025kw°
BF.f-1 = Den(1)
. 3k’ + 225k st + 38974 7 + 3675kw°
BEp=3 = Den(1)
c _ 5kw? ¢ +295kw" 5t + 2495k0° & + 2205k0°
I Den(l)
o _ Th@?s® + 245kw" st + 1813400 * + 157540
BEE=T T Den(1)
co,»;8 + 84w’w s + 1974&)450/»:4 + 12916&)(’50/»:2 + 11025&)850/»
Gry: =
Bl.DC D€”<2)

(A4)
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