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Abstract

Partly because of advances in power electronic converters, the share of renewable energy in power generation is
steadily increasing. The main medium of interface for integrating renewable energy sources to the utility grid is the
power electronic inverter. Virtual oscillator control (VOC) is a time-domain approach for controlling parallel inverters in
a standalone microgrid (MG). The concept is to simulate nonlinear deadzone oscillator dynamics in a system of invert-
ers to ensure a stable AC MG in the absence of communication. VOC is a time-domain and self-synchronizing control-
ler that simply requires the measurement of filter current, whereas traditional droop control and the virtual synchro-
nous machine (VSM) require low pass filters for active and reactive power calculations. In this work, a particle swarm
optimization (PSO)-based VOC method (VOC-PSO) is proposed, in which the parameters of the VOC are designed
using the PSO algorithm. The system performance using droop, VSM, VOC, and VOC-PSO controllers are investigated
using MATLAB and Opal-RT real-time digital simulator platforms. The results show that the proposed VOC-PSO gives

demonstrated by the experimental results.

improved performance over other control strategies. The efficacy of the proposed VOC-PSO control method is also

Keywords: VOC, VSM, Droop control, Particle swarm optimization, Parallel inverters, Standalone microgrid

1 Introduction

1.1 Motivation

Excessive usage of fossil fuels has resulted in significant
emissions of greenhouse gases into the atmosphere,
which has considerably harmed the ecosystem. As a
result, renewable energy sources (RESs) received a lot
of attentions and development as they produce efficient
electric power with no pollution. Solar photovoltaics,
wind energy, and geothermal energy are a few exam-
ples of RESs. Various control algorithms, power con-
verter topologies, and power tracking systems have been
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developed for the efficient harvesting of electricity from
RESs. Research is constantly being carried out on effec-
tive integration of RESs into the power grid for increased
efficiency. Because of their critical significance in power
conversion and output power regulation from these
resources, increasing attention is being paid to power
converters and their control.

1.2 Literature review

Control strategies for parallel inverters in the microgrid
(MG) can be classified as master/slave (MS), current
sharing, droop control, virtual synchronous machine
(VSM)-based and virtual oscillator control (VOC) meth-
ods. The MS and current sharing methods both have
the disadvantage of requiring communication networks
(CN). This adds a single point of failure into the system.
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In MS methods, one master inverter is selected to con-
trol the voltage in the system, and other slave inverters
are used to feed current to the system [1, 2]. If the mas-
ter inverter fails, one of the slave inverters should imme-
diately take over as the master inverter, otherwise the
whole system would fail. Thus, a CN that can dynamically
reassign inverter functions is required for this capability.
Alternatively, the current sharing approach necessitates
the detection of the overall load current and inverters are
regulated to deliver a proportion of the total current after
the load current is shared by the inverters in the system
[3-5]. Because MS and current sharing techniques need
system level control, they are unable to provide a true
distributed plug and play MG design solution.

Droop control is the most common MG inverter con-
trol approach that does not need explicit communication
among the parallel inverters [6]. This approach is estab-
lished based on simulating the physical properties of
synchronous machines (SMs), and inverters are designed
to replicate the dynamics of traditional SMs by follow-
ing the normal Q-V and P—f droop laws. Therefore, the
behavior of droop regulated inverters is similar to that of
SMs [7, 8]. In [9], this control is used to both 3-phase and
1-phase systems, while it focuses on enhancing inverter
sharing accuracy in [10]. In [11], droop-controlled invert-
ers are modelled as coupled Kuramoto oscillators, with
adequate convergence and system stability requirements.
The work in [12-14] provide advanced droop control
algorithms for parallel inverters to enhance reactive
power sharing with different line impedance values.

In comparison to a classical droop controller, the VSM
control method has several benefits. However, the major-
ity of VSM-based investigations in the literature concen-
trate on active power and frequency characteristics of
the system [15-17]. In the standalone AC MG, because
of the nature of the inductive load, fluctuations occur
in reactive power [18]. This is the key research gap dis-
covered from prior VSM-based research. In the case of
a traditional droop controller or a VSM-based controller,
the reactive power oscillation problem weakens as the
droop gain or virtual inertia increases [19]. Thus, a fast
change of AC load with inductive properties could dis-
rupt the stability of an AC MG [20]. Research has dem-
onstrated that a VSM controller may be used in a variety
of applications.

VOC is a solution for parallel-connected 1-phase and
3-phase inverters in an MG [21-24]. In the context of
VOC, inverters are designed to imitate the dynamics of
non-linear weakly coupled oscillators (deadzone or Van
der Pol), and the steady-state oscillations are approxi-
mately sinusoidal. VOC is a time domain and self-synchro-
nizing controller that simply requires the measurement of
filter current. The ability of nonlinearly coupled oscillators
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to self-synchronize to a steady-state limit cycle from ran-
dom initial conditions (excluding the origin) is known as
self-synchronization. References [23, 24] describe the syn-
chronization criteria for parallel-connected VOC invert-
ers. Since VOC does not need AC-cycle averaging and
phase locked loop (PLL), while also avoids the use of low
pass filters and active and reactive power measurements
(which are required in other control methods), it can be
configured to have a greater dynamic response than tra-
ditional droop control [21]. However, in contrast to droop
control, the output voltage of a VOC-controlled inverter
will always have harmonics. Thus, it is a design choice
between quick inverter dynamic response and harmonics.
In recent studies, VOC has been applied to grid-connected
VSIs [25-28], but the parameter selection in conventional
deadzone-based VOC is lengthy and time consuming. In
this work, an optimization scheme is used to design the
parameters of the VOC. It is simple to apply while improv-
ing system performance.

1.3 Contribution and paper organization
The contributions of this paper can be summarized as
follows:

(a) A particle swarm optimization (PSO)-based VOC
method is proposed for parallel inverters in a stan-
dalone MG;

(b) Implementation of different control algorithms,
such as droop, VSM, and VOC in an islanded MG;

(c) Eigenvalue or stability analysis of the system with
the proposed and aforementioned control methods;

(d) MATLAB and Opal-RT real-time digital simulator
studies and comparison of the results with different
control methods;

(e) Hardware experimentation on a 3-phase inverter
employing VOC-PSO in an islanded MG.

The rest of the paper is organized thus: Sect. 2 illus-
trates the system description while Sect. 3 discusses the
controllers and their implementation. Section 4 explains
the proposed PSO-based VOC control concept and its
function. Eigenvalue studies of the droop, VSM, VOC,
and VOC-PSO methods are carried out in Sect. 5, while
Sects. 6 and 7 give the results of the MATLAB and Opal-
RT simulations, respectively. The experimental findings
of VOC-PSO controlled inverter system are presented in
Sect. 8, while Sect. 9 gives an overall conclusion.

2 System description

As seen in Fig. 1, the system contains two 3-phase VSIs
that are interconnected and operated in an islanded MG.
The input DC supply is V,, which is time varying and
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Fig. 1 Schematic diagram of 3-phase VSls connected in parallel and
operated in the islanded MG

results from renewable energy resources such as solar
panels or fuel cells. The DC link capacitor C is responsi-
ble for smoothing the DC bus voltage. The filter induct-
ance, capacitance, and resistance are represented by L
Cp and R, respectively. The on-state resistance of the
IGBTs is denoted by r,,. Specifically, V,,, V,;, and V,, are
the inverter’s terminal voltages, while V,, V;, and V_ are
the voltages after the filter. Iy, Iy, I, are capacitor cur-
rents, and I;,, I}, I;. are load currents. In this paper, the
inverters are regulated using a variety of sophisticated
control methods to guarantee that the desired frequency
and voltage of the MG are achieved.

3 Control structures

3.1 Droop control

In this subsection, the fundamentals and implemen-
tation of the droop controller are presented. Figure 2
shows the implementation of the droop controlled
inverter in an islanded MG. As shown, the power
detector measures the active power (AP) and reactive
power (RP) from the sensed current and voltage values.
Based on the AP and RP, the droop control generates
the command signals to the inner voltage control-
ler, which then outputs command signals to the inner
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Fig. 2 Droop controlled inverter in standalone mode
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current controller. The inner control loops produce the
control signals to generate the switching pulses for the
inverter. The equivalent model of a standalone inverter
connected to PCC is shown in Fig. 3.

The output AP and RP can be calculated from Fig. 3
as:

3 .

P [RLVE = RiVAVa cosd, + X, ViVasing, |
1)

Q= W [XLVE - X1 Vo COS(SP — R Vi Vo Sil’l(sp}

(2)
where P and Q are the AP and RP of the VSI. R; and X
are the equivalent line resistance and reactance, respec-
tively, while V; and V,, are the respective voltages at the
sending and receiving ends.d, is the power angle which
is very small in practice. Thus sind, ~ 0 and cos 8, ~ 1.
Therefore, Egs. (1) and (2) can be simplified to:

3
= [RV2-R vv}
R%+XL2[L1 LV1Va (3)
3 2
Q= g [ - 0

From [7], applying phasor calculus to (3) and (4)
yields:

_ 3(sLi+Ry) -
oS nmal Ol ®
_ 3wl 2

= TRy T Y ©

In this work, the P—fand Q-V droop control laws are
considered, as:

f =fo—ky(P — Po) (7)

V= Vo—kg(Q— Qo) (8)

where &, and k, are the AP and RP droop coefficients,
respectively. f, and V|, are the rated frequency and volt-
age, while f and V=V, are the output frequency and
voltage of the inverter, respectively. The frequency and

S=P+jQ PCC

@I_’W/\N\,|

JXL Ry |
s, V520

Fig. 3 Equivalent model of standalone inverter connected to the
PCC
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Fig. 4 VSM implementation in an islanded MG
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voltage set points are decided from (7 to 8). The char-
acteristic equation of the droop controlled inverter and
eigenvalue analysis are presented in Sect. 5.

3.2 Virtual synchronous machine
The droop features and swing equation of a traditional
SM are the inspiration for the VSM design. In compari-
son to the well-known droop control, VSM has good
dynamic performance, and its typical implementation is
shown in Fig. 4. From [16, 17], the mathematical mod-
eling of the inverter can be understood. The swing equa-
tion, which includes the droop and damping effects, is
directly treated in this section, as:
dwysm 1

= *[P*_Poutikd(wvsm_

dt T o]

)

w?;gm) — ky (@Wysm —

The virtual mechanical input power, virtual mechani-
cal speed, and electrical output power of VSM are rep-
resented by the variables P, wys,, and P, respectively.
The time constant is denoted by the t,, while the damp-
ing and droop constants of VSM are denoted by the &,
and k,, respectively. The characteristic equation of the
VSM controlled inverter is taken from [18] and the eigen-
value plots are shown in the stability analysis in Sect. 5.

3.3 Virtual oscillator control
VOC is stimulated by the occurrence of synchroni-
zation of non-linear coupled oscillators [24], and its
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Fig. 7 3-phase VSI with VOC in islanded MG

representation is shown in Fig. 5a. VOC is composed
of two subsystems, i.e., an RLC circuit and a voltage-
dependent-current-source (VDCS). These are, derived
from the nonlinear deadzone oscillator (DZo), as:

1
Zosc :RHSL”E = (10)

s2 +

a‘% QO

1
+1c

In Fig. 5b, the characteristics of deadzone and VDCS
are depicted. The VDCS is g(vc) =f (v) — ov, where f{v)
is the DZ function given as

20V—¢), Vv>¢

fw) =40, I
200+@), v<—p

(11)

The schematic of the VO-controlled VSI is shown in
Fig. 6, while Fig. 7 illustrates the VO-controlled VSI in
the MG. The design process for the VOC parameters is
clarified in detail in [24], while an optimization technique
to design the VOC parameters is proposed in the next
section.

4 PSO-based VOC

Parameter selection is lengthy and time consuming in
conventional VOC. In this work, a PSO scheme is used
to design the parameters of the VOC. This is simple to
apply and improves system performance. PSO is a popu-
lation-based approach and an evolutionary method that
iteratively tries to develop solutions for diverse parameter
values [29]. PSO was inspired by the behaviors of a flock
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of birds, or a school of fish etc., fishes, birds and other
organisms always travel in groups, altering their positions
and velocities based on group knowledge to avoid col-
liding with other members. This strategy eliminates the
need for individuals to search for food, housing, or other
necessities.

4.1 Design problem statement
The process for designing VOC parameters is described
in [21, 22], and the main steps are as follows.

a. Set the voltage gain (k,) to generate the required out-
put voltage of the VSI, i.e., k, = 2V, uted-

b. Tune the offset voltage parameter (¢) to ensure that
the system can function within the specified voltage
range under diverse load scenarios.

c. Adjust the current gain (k;) such that during rated
operation, the system works at the lowest possible
voltage.

d. The L and C parameters of the harmonic oscillator
can be selected using (13).

e. The harmonic oscillator resistance (R), as well as the
slope of the DZ function (o), are chosen in order to
meet (14).

f. The other parameters of the VOC are chosen so that
the synchronization criterion is fulfilled, as stated in
(15).

g. Finally, all the parameters of the VOC should mini-
mize (12) to get a pure sinusoidal modulating signal
from the proposed controller.

\
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Fig. 8 Schematic of VOC-PSO implementation and flow chart of the
PSO process
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From the above design procedure, the minimum
value of the fitness function matches the optimal set of
parameter values. In this analysis, the fitness function is
expressed in (12), and the constraints are expressed in
(13-15). Zet (jo) is the filter impedance.

e = ﬁ - (12)
1
—— =w
Jic 0 (13)
o > 1/R (14)
Zyet (jw)Zosc (]w)
DR || Zet () + Zose ) H" =1 (15)

The flowchart of the PSO algorithm with VO-con-
trolled inverter is shown in Fig. 8, while Fig. 9 shows
the plot between fitness function values and the num-
ber of iterations for the VO-controlled inverter. The
values of the PSO algorithm are listed in Table 1.

Convergence Curve of PSO based VOC
1 T T T T T T

Value of Fitness Function

0 10 20 30 4 5 60 70 8 9 100
Number of Iterations
Fig.9 Convergence curve of PSO-based VOC

Table 1 Parameters of PSO method

Sl.no Parameter Value
1 Cognitive constant (c;) 1.5

2 Group constant (c,) 2

3 Inertia weight (w) 1

4 Population size 20

5 Maximum number of iterations 100
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5 Eigenvalue analysis

For eigenvalue analysis, the linearized expressions of the
aforementioned control strategies from reference work
are used. The droop controlled inverter transfer function
model is taken from [30], the VSM eigenvalue concept
from [31], and the VO-controlled inverter from [32]. The
characteristic equation of the droop, and VO controlled
VSI are shown in (16), and (17) respectively.

M(s) = n157 + n256 + ngs5 + ;1454 + n5s3 + nes2 + n7s + ng

(16)

where
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X(s) = (8C2L} Vst + (16R;C2LsV + 6ﬁaCLf2 V3 - zLaCLf2 V)s®

+ (8C*L}Vw, + 8C*RFV + 1280 CLs V3R — 80 CLy VRp)s™+

(650@} V302 — 4aw§CL} V + 8CKiKyLg Vw, + 6CPo V3R}.
— 4Co VRY)s + 3Ly V> Bow, KK, + 2VKP K] — 2L Vo w,KiK,
(19)
Figure 10i—iv display the eigenvalue plots of the system
with different controllers, while changing the filter resist-
ance. Similarly, Figs. 11i-iv shows the eigenvalue plots of
the system while varying the filter inductance. Selected
eigenvalues for different filter resistance and inductance
values are also listed in Tables 2 and 3, respectively. In com-

n = k,E2w0?(8ngE + 27Lwy); ny = 27ELsw(kyEwy + kgwnow,
— dkpky TE> ;) + 907 (Ljwy, + RY); 3 = 12k, E* T? w7 (3kyE—
Lrwy) + 6Rrwc (3L + 2Rr Twe + 3Ry) + 3Lfa)na)c(9qu+
ALr Twpw + 6Lwy); ng = —12EL T* w0 (kyE + kqoy) + 4L Twjo,
(Twe + 6) + 9L} (@7 + w?) + 4R Tw (6Lsw, + Re Twe + 6Rp)+

IR (4Lyw, + Ry); ns = 4L T 2T w0 + 3w, + 37) + 2Lroc(OLs+

4Ry T?w, + 24R; T) + 4T2wc(2R} — 3kgELywn)+

6R; 3Ly + 2R T); ne = 4L; T(Tw,, + Tw} + 6wc) + 4R T

(4Ly Ty + 6Lp + ReT) + 9LF: n7 = 4L T 2Ly T, + 3Ly + 2R T);

ng = 4LJ% T2

X(s) = (schJ% V)s* + (16R C*Ls V + 60 CL} V3 — 4o CL} V)s®

+ (8C%L2Vw + 8C*R%2V + 120 CL; V3R, — 80 CLr VR/)s*+
f i £V Ry o VRy

(60CL;V?w? — 40w CL}V + 8CKiK,Ls Ve + 6Co V>R
— 4Co VR})s + 3L V2o wKiK, + 2VKZK] — 2L Vo wKiK,

The system is linearized to produce the subsequent
small signal model to examine the transient response of
the VO-driven inverter system. The state space equations
for the overall VOC are given as:

parison to the other approaches, the negative real parts of
the VOC and VOC-PSO eigenvalues move far away from
the imaginary axis, as shown in Figs. 10 and 11. As a result,
VOC’s response is more damped and faster than the others.

0o o && )
p AV 0 =Xk o o AV
AS 2CV AS T
il — -R - 18
dt | AL Loon 70 || g | FLO100] A (18)
Aly 0 ;Rf w 1 Al
Lf n Lf
L ea-322
where 4 = ——=*—. From (18), the characteristic equa-

tion of the VO-controlled inverter is given as:
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Fig. 10 Eigenvalue plot by changing the filter resistance (i) Droop (ii)
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6 Simulation results and discussion

Two 3-phase VSIs connected to separate DC sources are
operated in parallel in the simulation model and simu-
lations are conducted for the standalone MG system as
shown in Fig. 1. A 3-phase balanced load is shared by
both inverters. In the droop and VSM controllers, cur-
rent sharing is determined by the droop coefficients,
whereas in VOC, it is determined by the inverter power
rating. During the simulation, the initial load is 2 kW,
but is increased to 3 kW at 0.4 s and then goes back to
2 kW at 0.6 s, as shown in Fig. 12. The current sharing
is evident in VOC and VOC-PSO, shown in Figs. 13(iii)

Table 2 Eigenvalues for different filter resistor values

R¢(mQ) Droop VSM voC VOC-PSO

0.1 —955£24794i —1.504591.23I, —112344£58211 —7943£73.13i
—1.504+591.23i

0.2 —841£21284i —176%£57564i, —9217£5514i —68524+64.42i
—1.76 £ 575.64i

0.3 —731£189391 —192456142i, —7828450.28i —60.64+59.83i
—1.92456142i

04 —621£175391 —223454524i, —71364+4642i —5572+£5525i
—2234+545.24i

0.5 —589+£14686i —249453178i, —64.17144.681 —52.64£53.89
—2494531.78i

0.6 —512+£116421 —2564+519.26i, —60.93+£42.12i —49.66+51.22i
—2.564519.26i

0.7 —456+£87.59 —275%510.18i, —57.561+4098i —47.41£50.21i
—2.75+510.18i

0.8 —321£62481 —2964506.29, —5575438.12i —4558+£49.82i
—2.964506.29i

09 —259+56.06i —3.124£50145, —5096£37.52i —40.87+49.68i
—3.12£501.45i

1 —226+£53.191  —3294496.58i, —49.124+36.68i —38.23+£4823i
—3.294496.58i

(iil) (iv)
Fig. 11 Eigenvalue plot by changing the filter inductance (i) Droop
(if) VSM (i) VOC (iv) VOC-PSO

and (iv), and the zero crossing points of the currents in
inverters are also the same. As illustrated in Fig. 13(i)
and (ii), the zero-crossing points in droop and VSM do
not exactly match. In comparison to the droop and VSM
control methods, the VOC and VOC-PSO methods per-
form better.

Figure 14(i—iv) illustrate the synchronization of the
inverter output voltages in droop, VSM, VOC, and VOC-
PSO. In droop and VSM, load voltage changes are big-
ger than those in VOC and VOC-PSO when the load is
changed at 0.4 s and 0.6 s. The VOC concept is based on
the deadzone oscillator, in which it maintains a constant
output voltage and frequency. Therefore, when the load
rises quickly, the load side voltage varies less in VO con-
trolled inverters than in droop and VSM control meth-
ods, while the proposed VO-controlled VSIs also allow
faster output voltage synchronization over the classical
VOC method.

Figure 15(i—iv) demonstrate the load current with the
four aforementioned control schemes. The steady state
responses in all controllers are nearly identical for the
same load change as indicated earlier. However, com-
pared to droop control and VSM, the dynamic behav-
iors of the system employing VOC and VOC-PSO are
superior. The VSM-based system has a better dynamic
response than the droop-based system. All inverters in
VOC have the same zero-crossing point for currents,
while the zero-crossing positions in droop and VSM
differ.

Figure 16a depicts the system frequency when employ-
ing the three distinct control mechanisms outlined above,
during the load disturbance shown in Fig. 16d. As seen
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Table 3 Eigenvalues for different filter inductor values
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L¢(mH) Droop VSM voC VOC-PSO

0.1 —0.392+4156i —22.31+£9.6e3i,
—22.3119.6€3i,

—3342,—3342

—13.62+8.8e3i,
—13.62+8.8e3i,
—28.68,—2868

—10.1447.9e3i,
—10.1417.9e3i,
—23.13,-23.13

—826+74e3i,
—826+74e3i,
—19.87,—19.87

—744+£7.12e3i,
—744+£7.12e3i,
—1691,—16.91

—741£696€3i,
—7.41£6.96e3i,
—14.24,—14.24

—740£694e3i,
— 740+ 6.94e3i,
—1218—-1218

—739+692e3i,
—739+£6.92e3i,
—10.82,—10.82

—7.38+£6.89%3i,
—7.39+£6.89%3i,
—8.14,—-8.14

—736%6.7€3i,
—736%£6.7€3i,
—631,-631

— 1084351121 —46.21+£4535i

0.2 —0.358439.24i —98.71£56411 —4126+46.17i

0.3 —032343738i —89.82+61.381 —39.59+£47.28i

04 —0.285136.49i —78.63£66.24i —37.98+£48.36i

0.5 —0.228432.17i —67.71£69.861 —35.13£49.71i

0.6 —0.167+£19.38i —5829+72.211 —3332+£5092i

0.7 —0.143+16.82i —5256+73.351 —31.46+£51.65i

0.8 —0.121+£14.54i —46.75+£74.121 —29.89+52.57i

09 —0.115+£12.84i —40.96+75.521 —26.46+53.96i

1 —0.02+£10.37i —35.12£75981 —2421+£5465i

2.5 b

Load disturbance (kW)

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8
Time (s)
Fig. 12 Sudden change in the load

in Fig. 16a, in the droop control approach, the system
frequency abruptly drops when load variation occurs,
resulting in a high rate of change of frequency. This indi-
cates poor stability (potentially causing unnecessary df/dt
relay tripping). As demonstrated in Figs. 16b, c, the fre-
quency change rates in VSM are lower than in droop and
VOC. Because VOC uses immediate current feedback
signals, the rates of change of frequency are much higher
than VSM. In comparison to droop and VSM, the steady-
state frequency errors in VOC and VOC-PSO are lower.
Figure 17 demonstrates the AP tracking results for
droop, VSM, VOC, and VOC-PSO. VOC is a time-
domain control method that reacts instantly and does
not need further computation, whereas droop and
VSM use phasor values that are not well characterized
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in real-time. In comparison to droop and VSM control
approaches, the VOC and VOC-PSO dynamic responses
are extremely quick, while VSM-based system has better
dynamic response than the droop-based system. The rise
and settling times with the four aforementioned control-
lers are shown in Table 4, where, ¢, ¢, and e are the rise
time, settling time, and steady-state error, respectively.
The overshoot is less with faster response in the proposed
VOC-PSO than with the conventional VOC method.

The robustness of the VOC and VOC-PSO controllers
for load variations of 25-200% are shown in Figs. 18, 19,
20 and 21, which demonstrate the terminal voltage and
current sharing of inverters employing VOC and VOC-
PSO controllers. The voltage dips during substantial fluc-
tuations in load are reduced in both situations as seen in
Figs. 18 and 19, and the controllers maintain the output
voltage within the required limits. The current sharing
between the two VSIs is prominent, as seen in Figs. 20
and 21. VOC-PSO reaches its steady state quicker at
starting than VOC control.

7 Real-time digital simulator results

In this section, the real-time digital simulator (Model:
OP-5142) is used (shown in Fig. 22) to test the system
performance with different controllers. Figures 23, 24 and
25 depict the current distribution, voltage synchroniza-
tion of inverters, and system load current with a sudden
change in load, for droop, VSM, VOC, and VOC-PSO
control methods. As seen the VOC-PSO outperforms all
other control systems and has the best response.

8 Hardware results and discussion

The proposed VOC control technique has an improved
enactment over traditional droop and VSM, as dem-
onstrated by simulation and Opal-RT studies. The
VOC-PSO control technique is thus used to implement
hardware testing in the lab. Figure 26 depicts the experi-
mental setup.

The main components in the hardware experimenta-
tion can be seen in Fig. 26, while the complete hard-
ware circuit diagram is shown in Fig. 27. A Semikron
inverter is used to provide the desired DC to VSI con-
version through an auto-transformer. Low voltage DC
power supplies are used to supply the current sensor,
logic circuits, level shifters, and opto-isolators. The
current sensor gives the feedback current to the Opal-
RT controller (only one current signal is required which
is the main advantage of this controller). The top views
of the current sensor and LC filter are also clearly
shown in Fig. 26. Figure 28 shows the gate pulses of
one leg of the VSI, while Fig. 29 shows the transient
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response of the inverter with the proposed control dur-
ing load transients. As seen, the performance during
load transients is largely inline with the simulation, and
is satisfactory.

9 Conclusions

In an islanded MG, droop, VSM, VOC, and VOC-PSO
control techniques are implemented to control paral-
lel inverters, and to ensure synchronization and power
sharing. VOC-PSO provides improved synchroniza-
tion and current sharing among all the different control
methods, while the synchronization condition in VOC is
unaffected by the load characteristics or the number of
inverters. All control schemes require no communicat-
ing between different inverters. Eigenvalue analysis of the
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system with the aforementioned controllers is discussed.
When compared to other control methods, the VOC
method has the lowest real-parts of the eigenvalues and
these are far away from the imaginary axis, resulting in
a rapid and damped response. The change in frequency
rate is less in VSM, while PSO provide superior VOC
design parameters such that the proposed PSO based
VOC has faster synchronization than the conventional
VOC. The active power tracking is also excellent in the
proposed control method. VOC-PSO outperforms droop
and VSM control in MATLAB and Opal-RT digital simu-
lations, while the efficacy of the proposed VOC control
strategy is also demonstrated by the experimental results.
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Appendix
Simulation parameters

System parameters: PCC voltage=415 V (line-line
rms); frequency =50 Hz; L;=3.5 mH, C;=>50 uF; DC
supply =800 V; switching frequency =12 kHz.

Droop  control parameters: droop constants:
kp,;=0.6/2000,  kq,=10/1000,  kp,=0.3/2000,
kq,="5/1000.

VSM  parameters: o, =314.15 rad/s, k,=20,
k;=150,7,=1, 2 for VSI (i) and (ii) individually.
VOC parameters: oscillator RLC parameters: R=10
Q, L=250 pH, C=28.14 mF. Oscillator non-linear
parameters: 0=1S, ¢$ =0.47 V. Voltage and current
gains: k,=338.85, k;=2.984 x 107>,

VOC-PSO parameters: oscillator RLC parameters:
R=11.87Q, L=271.59 uH, C=37.31 mF. Oscillator
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non-linear parameters: c=1.78S, ¢ =0.47 V. Voltage
and current gains: k,=338.85, k,;=2.984 x 107,

Hardware details

DC supply=260 V, DC link capacitor (SKC 4M7), IGBT
modules in inverter is (SKM75GB12T4)), L;=12 mH and
C;=36 pF a load (balanced and resistive load) is varies
from 350 to 700 W. The controller is OPAL-RT (OP5142).
Optoisolator (MCT2E), NOT gate (IN74LS04N), level
shifter (CD4502BE), current sensor (LA 55-P), and DC
power supplies.

Abbreviations

VOC: Virtual oscillator control; MG: Microgrid; VSM: Virtual synchronous
machine; PSO: Particle swarm optimization; MS: Master/slave; CN: Com-
munication network; SMs: Synchronous machines; PCC: Point pf common
coupling; RESs: Renewable energy sources; VSI: Voltage source inverter; PLL:
Phase locked loop; VDCS: Voltage dependent current source; DZo: Deadzone
oscillator.
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