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Abstract

The synchronization method's ability is one of the fundamental guarantees for the stability and accuracy of injected current control
for grid-connected converter-based distribution resources. These synchronization methods, such as phase locked loop (PLL), are
generally based on Park transformation and grid voltage regulation, which may affect an unstable phenomenon under distortion and
unbalanced grid voltage conditions and result in more computational complexity. In this present paper, analogous to the traditional
voltage-oriented control strategy (VOC) in the synchronous rotating frame (dqO-frame) based on PLL and Parks transformation,
an improved voltage-oriented control strategy (IVOC) without synchronization methods and Parks transformation is proposed for
grid-connected four-leg inverters (GC-FLVSI) to achieve accurate current control with high-quality performance in the dqO-frame.
This proposed strategy is not only used for controlling the GC-FLVSI but also to provide the module of GC-FLVSI in the dqO-frame
based on the instantaneous active and reactive powers theory (DPC). The proposed IVOC strategy has the same properties and
identical performance as the traditional VOC when the grid phase angle is correctly detected by any synchronization method, with the
advantages of both traditional DPC and VOC at the same time. In order to validate the superiority and excellent dynamic and steady-
state performances of the proposed IVOC strategy in comparison with the traditional VOC strategy, some simulation scenarios using
MATLAB/Simulink under different operations and grid conditions have been performed and presented.
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1 Introduction

It is well known that in recent years, the worldwide demand
for electrical energy has seen a significant increase due to
the large expansion of energy demands for domestic and
industrial applications [1]. For this purpose, considerable
attention and challenge is directed towards renewable
energy resources (RER) that are inexhaustible and spot-
less, including solar and wind energy technology [2, 3].
Because of its high reliability, efficiency, low total har-
monic distortion (THD), fast dynamics, high-power appli-
cations, and bidirectional power flow, the three-phase
three-leg PWM voltage source inverter (VSI) is the key
device and the most common choice for interfacing, con-
trolling, and delivering renewable energy [4—6].

A PWM VSI-RER system can operate in two modes:
1) grid-connected VSI systems (GC-VSIs) [6] and 2) stand-
alone systems (SAVSIs) [7]. The GC-VSI operation mode
system is the focus of this work and is used for low and high
power applications to transform, control, and inject the
maximal power from RER systems into the grid with high
power quality under any climatic change [8, 9]. However,
for many GC-VSI applications, the classical three-leg
PWM VSI may not be a perfect option due to the unbal-
anced single-phase nonlinear loads connected to the main
grid or non-symmetrical grid impedance [10, 11]. In addi-
tion, if the three-leg PWM VSI is connected to an unbal-
anced grid voltage, an uncontrolled third-order harmonic
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appears as an oscillation on the grid currents. This effects
the RER system operations, which leads to further dam-
age to the three-leg PWM VSI power switches and aug-
ments the THD of the grid currents [12]. As a result,
the use of four wire grid-connected four-leg PWM VSIs
(GC-FLVSIs) is mandatory to preserve balanced sinusoi-
dal grid voltages and currents under all loading and grid
conditions, including unbalanced loads, voltages, and other
disturbances [13—15], which provides a zero-sequence cur-
rent channel and preserves the ability to handle all unbal-
anced problems [16, 17]. These FLVSIs are frequently used
in grid-connected [14, 15], active filters (AF) [17], and dis-
tributed static compensators (DSTATCOM) [18, 19].

On the other hand, the performance of the GC-FLVSI
depends strongly on the selected control strategy and its
three current inner controllers as well. The voltage-ori-
ented control (VOC) strategies in the dq0-frame are the
most popular control strategies in power converter control.
They provide a time-invariant FLVSI mathematical model
in the dq0-frame, and its control becomes very similar to
that of DC/DC power converter control, which can also be
readily controlled using diverse controllers [20-25]. These
VOC strategies that have been developed for GC-VSI have
the same purpose with various structures.

The grid synchronization method and Park transforma-
tion are two highly significant and necessary peculiarities
in these control strategies and are used for properly deriv-
ing the system time-invariant model in dq0-frame, syn-
chronizing VSlIs to the grid, and controlling the GC-VSIs.
Furthermore, the grid synchronization method has an
important role in VOC strategies, being applied in diverse
Park's transformations and inverse Park's transformations
to precisely determine the grid voltage phase angle and
consequently provide the accuracy of the grid current
closed-loop control in GC-VSI [26, 27].

So far, the phase-locked loop (PLL) has been the most
commonly used synchronization method in traditional
VOC strategies, providing faster control dynamics as its
bandwidth is increased and the proportional and inte-
gral parameters of its closed-loop control are increased
[26-28]. However, the slow dynamics of the PLL increases
the difficulty of grid voltage frequency or phase angle
detection, which affects the accuracy control performance
and dynamics responses of the grid-connected converter
systems, and the larger bandwidth of the PLL and the
parameters of its closed-loop control may affect an unsta-
ble phenomenon due to the distortion and unbalanced grid
voltage conditions and make the high-frequency resonance
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more probable to occur due to a smaller phase margin
[28, 29]. Furthermore, the inherent complexity of the PLLs
and the various Park transformations, as well as their
inverse use in these control strategies, adds a high compu-
tational burden [30].

So, to provide high control performance and better
dynamic responses with lower computational complexity
under voltage distortion and unbalanced conditions, sev-
eral control strategies without synchronization methods
have been proposed for synchronizing and controlling the
grid-connected converters in recent literature [31]. Among
them, the Direct Power Control strategy based on space
vector pulse width modulation (DPC-SVPWM) has been
researched as an alternative control strategy to directly
control the real and reactive powers without using any syn-
chronization method [32, 33]. It can reduce power fluctu-
ations while providing accurate control performance and
better dynamic responses. Another DPC with fixed switch-
ing frequency control strategies, DPC based model predic-
tive control strategies MP-DPC with system uncertainties,
multivariable, and nonlinearities consideration has been
proposed in [34-36]. These strategies provide stable and
fast dynamic responses and fixed switching frequencies,
but they may result in more computational complexity.

Other current control strategies in the dq-frame without
a synchronization method have been proposed, which have
better control performance and dynamic responses under
grid voltage distortion conditions. The VOC strategy based
on coordinate transformation for three-phase AC/DC con-
verters [37], the VOC-based DPC for GC-VSIs [23], and
the VOC-based Grid Voltage-Modulated (GVM-VOC) for
VSIs and DFIG [38, 39] are some examples. These control
strategies based on both DPC and traditional VOC con-
cepts provide a linearly time-invariant system in the dq0-
frame based on the instantaneous active and reactive pow-
ers theory, while having the same properties and control
circuit structure as the traditional VOC when the grid volt-
age phase angle is correctly detected. Furthermore, it has
both DPC and traditional VOC advantages at the same
time, as well as better control performance with lower
computational complexity.

In this work, we propose an improved VOC control
strategy (IVOC) combining the DPC-3DSVPWM strategy
and the traditional VOC strategy in the dq0-frame with-
out using both the synchronization method and the Parks
transformation for GC-FLVSI under unbalanced grid volt-
age conditions. The proposed IVOC control strategy syn-
chronizes the FLVSI to the grid based on DPC theory,
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which has high-quality performance due to direct inject
current control in the dq0-frame and improved control
performance under the slow dynamics of PLL. The four-
leg topology is adopted for its ability to provide zero-se-
quence current regulation and thus avoid voltage fluctua-
tion at the point of common coupling (PCC). In this work,
the transient responses and steady state performance of
the proposed IVOC strategy for GC-FLVSI are evaluated
and compared with those based on the traditional VOC
strategy in terms of grid current harmonics, zero-se-
quence current mitigation, neutral current reduction, and
robustness versus system uncertainties and parameter
mismatches or variations. The proposed IVOC strategy for
GC-FLVSI illustrates satisfactory results for all the previ-
ous performance indicators, which demonstrates the supe-
riority and effectiveness of the proposed strategy.

2 Modeling of three-phase four leg PWM inverter
In this section, in the first part, a traditional modeling of
GC-FLVSI in the dq0-frame based on Park transformation
and the PLL system is presented. This model is determined
based on DPC modeling without the synchronization
method and the Parks transformation in the second part.
The structure of the three-phase FLVSI topology con-
nected to the grid is depicted in Fig. 1, in which magnet-
ically independent filter inductors (L ﬁlbm) with internal
resistors (R fubm) are used to attenuate the output currents
high-frequency switching ripple. The grid is modeled by
three sinusoidal voltages e, and a grid neutral line in
series with four inductors (L o) having internal resis-
) and tied up with the FLVSI at the point of

common coupling (PCC). The FLVSI inject currents and

tances (R

gaben

output voltages are denoted as V. he and i, ,

i, and I, are the neutral line current and FLVSI input DC

respectively.

current, respectively. The voltages at the point of common
coupling (PCC) are denoted by L
2.1 Traditional GCFLVSI modeling based Park
transformation and PLL system in dq0-frame
Accordingly, the three-phase GCFLVSI average model that
describes the output voltage in the abc-reference-frame is
presented in Eq. (1).

(M

Vf V +Lfa ddl +Rflf+Rﬁ,l,,-+-Lﬁ7((1i

The dynamic equations of GC-FLVSI inject currents in
abc-reference-frame are expressed as:
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Fig. 1 Structure of the four leg PWM VSI connected to the grid
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Using Park transformation based on the PLL system and
after several mathematical operations, the system Eq. (1) is
expressed in the dq0-frame as:

d Ry

Lyd ———fifd +oig, Yed | Vi

ds Ly - Ly
dig Ry G

l/q :__/l-ﬁi_wifd_‘{ﬁ_i_m , (3)
dr L Ly Ly
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ds (Lf+3L) (Ly+3L,)

where i L b

sequence current) FLVSI inject currents, respectively;

and ’}o are the d-axis, q-axis, and 0-axis (zero-

Vie Vip

sequence voltage) FLVSI output voltages, respectively;

and v are the d-axis, g-axis, and 0-axis (zero-

and o the grid angular frequency.
The zero-sequence current Iy is given through the inject

currents ( ,) and the neutral 1nput current (l ) as:
ir —L(i»ﬂ' +i»)—ii» @)
/0 \/?—’ Ja i T fe \/?—’ S

2.2 Grid connected four-leg PWM VSI modeling in
dq0-frame based power theory

Using the Concordia transformation of the system Eq. (1),
the dynamic equations of GCFLVSI in the stationary ref-
erence frame (0p0-frame) are given as follows:

di fa Ry . Vea  Via

— " = ______Z/IX == 4 L2

dr Lf Lf Lf

digp _ Ry, _Yep Vi 5)
di Ly "" Ly Ly

difo (Rf +3Rn)_
0_ R ;

_ o Vg0 +Vf0
dt  (L;+3L,) "

(Lf +3Ln)




where i, Vg0

rents, output voltages, and grid voltages in the aff0-frame,

and L indicate the FLVSI inject cur-

respectively.
The grid active and reactive powers (pg and qg) can be
expressed in the abc-frame as follows [6]:

Pg = Vgaifa + vgbiﬂ, + Vgciﬁ
1 . . LT
qeg = \/;[(vgb _Vgc)lfa + (Vgc - Vga)lfb + (Vga - ng)lfc] (6)

These powers can be expressed in the af0-frame as:

{Pg = Vel fa +Vepirp +Veoiso o

g =Veplfa ~Vealsp
Using the derivative of Eq. (7), the inject power dynam-
ics can be obtained as:

dpg difa . dvga difﬁ . dvgﬁ
=v +ig +v +i
dar 2 dr T Tar ¥ Tar TPy, ®
dqg difa . dvgﬁ difﬁ . dvga
=Vs - +1 — Vg +1
ar a7 a4 P4

These power dynamics are influenced by the FLVSI
inject current and grid voltage dynamics. To simplify
these dynamics, we assume that the grid voltage is bal-
anced. Thus, the grid voltage in the af0-frame can be
obtained as:

Voo = ngax cos(ar)
Vgp = Vgmax Sin(@r) | )
Vo0 = 0

where Vymax =+/vea +vzp is the grid voltage magnitude.

The grid voltage dynamics in the af0-frame are
obtained by the derivative of Eq. (9), as follows:

d
—zga = — Vg max SIN(O) = —0Vgp
! (10)
dvg B
T = 0V g max COS( @) = Vg

Substituting Eq. (5), Eq. (7), and Eq. (10) into Eq. (8),
the grid power dynamics in Eq. (8) become [32]:

d R 1
Pe _ Pg —0qg +——(VeaVsa +VepVysp _V;max)
dr Lf Lf
. 1 (1)
dg f
—2 =P, ——— Gy +— (Vo Vsy — VoV
ds Pg L dg Lf( 2BVfa ~VeaVrp)

It can be observed from Eq. (11) that the grid power
dynamics model is a multi-input multi-output (MIMO)
system in which the FLVSI output voltages Vi and v, are
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the original control inputs and the grid powers P, and q,
are the outputs. We also observed that the grid power
dynamics are a time-varying (TV) system, where the con-
trol inputs Vi and v, are multiplied simultaneously by the
grid voltages Voo and Ve 1o simplify this power dynam-
ics model, we are introducing the following new control
inputs, v, and v, as follows:

Vp = VegaVfa +VepVrp ) (12)
Vg = VgpVia = VeaVrp
By using the grid voltages given in Eq. (9), the new con-
trol inputs v, and v, given in Eq. (12) are changed into dc
components as follows:

PP} =V max F)S(“”) sin( @) }{Vﬂ*}:yg max {Vﬂ} (13)
v sin(ar) —cos(e) || vrp v

where Vi and v /, are the FLVSI output voltages in the dq0-
frame, which are obtained through the new control inputs
in Eq. (13) without using the synchronization method and
Park transformation.

Using these new control inputs, the grid power dynam-
ics model in Eq. (11) becomes:

dp R 1

_g — __fpg _a)qg +_(Vp _ngmax)
dg, Ry 1

— = ——— (o t+—V

de Pe Lf 1 Lf 1

Note that the inject power dynamics in Eq. (14) are
a MIMO and a time-invariant (TI) system with a coupling
effect between active and reactive powers and have the
same structure as the FLVSI inject current dynamics in the
dq0-frame given in Eq. (3). Then, we will present the rela-
tionship between these dynamics. The grid active and reac-
tive powers can be expressed in the dq-frame as follows:

pg=ngl'ﬁ'1+quif¢'] . (15)
Qe =—Vedlfg * Vs lfd

In the dq0-frame, when Vo is oriented to the grid volt-
age vector and Ve, is in quadrature with it, V.=V, and

gmax

v =0, the grid powers in Eq. (15) become:

849

Pg = I/:gmaxifd (16)
qg = _ngaxiﬁ]
Substituting Eq. (16) into Eq. (14) and using Eq. (13),
the new dg-axes FLVSI inject current dynamics can be
derived from the grid power dynamics model as follows:
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L _ B+ iy — -y Y
dr Ly Ly Ly an
diy __ Ry, Vi
= fq — a)zfd +
dr L/ Lf I

Note that the proposed new dq-axes FLVSI inject cur-
rent dynamics in Eq. (11) are changed into traditional
dg-axes FLVSI inject current dynamics without using the
synchronization method and Park transformation.

By considering the zero-sequence input current
dynamic (Dip/;), the new dg-axes FLVSI inject current

dynamics model in Eq. (17) becomes:

di R Ve max

Qg _ Ry, Vems  va

dr Ly Ly Ly

di R

S L i+ (18)
dr L/ Lf

dif'() (R/ +3L) Vg0 T V0

d (L +3L) " Ly +3L,)

We can observe that the new dq0-axes FLVSI inject
current dynamics model in Eq. (18) derived from the grid
active and reactive power theory without using any syn-
chronization method and Park transformation is almost
the traditional model in Eq. (3) obtained from Park trans-
formation using the PLL.

3 Improved VOC strategy for grid connected four leg
PWM VSI

Figs. 2 and 3 show both traditional VOC and proposed
IVOC schematics for the GC-FLVSI controlled using lin-
ear PI controllers in the dq0-frame, respectively. As shown
in Fig. 2, the traditional VOC structure is formed using
PLL, some parks transformation, and inject current con-
trollers, while the proposed IVOC structure has no PLL
and no Parks transformation, which is based on the DPC
concept to determine the dq0-axes inject currents and
dq0-axes grid voltages and to synchronize the GC-FLVSI
system as shown in Fig. 3.

3.1 Current controller of both control strategies

In this section, both control strategies, traditional VOC
and the proposed IVOC based on a simple linear PI con-
troller of grid-connected four leg PWM VSI in the dq0-
frame, are represented and analyzed.

dig, .
Uy =(Lfd—/d+Rflfd)
(L/ dr +Rflfq) (19)
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Fig. 2 Traditional VOC circuit schematic of the three-phase grid-connected four leg PWM VSI
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Fig. 3 Proposed IVOC circuit schematic of the three-phase grid-connected four leg PWM VSI

According to Eq. (19), there are coupling terms between
the d-axis output current Iy and the g-axis output current Iy
These coupling terms are mitigated by the introduction of
decoupling control variables (u, and uq) as follows:

The FLVSI output voltages, or the control inputs Vg0 in
the dq0-frame, are given as:

* .
Vg =Uq —O)Lfl_/q +ngax
——
feedback feedforward
* .
Vg =Ug+ a)Lf'lfd (20)
—_ -
feedback feedforward
*
Vo = U

Using the inverse of Eq. (9) and the control inputs Viago
in Eq. (20), the original control inputs Vs in the aff0-frame

can be expressed as:

Via Vea Vep O Vrd
Vi |= Vep Ve Ol Vi @D
* g max *
Vo 0 0 1y,

From these system equations, it is clear that the d-axis
output current 7, and the g-axis output current i, can be
regulated by the decoupled control variables u, and u,
separately.

The output control variables of the PICs used in the
three current inner loops of both control strategies are
given in the subsequent expression:
ki—idq0

s
where kp and k, are the proportional and integral gains of

)i fitgo —i1ag0) » (22)

Udqo = (Kp-iago +

the PICs, which are calculated using the pole placement
method as follows:

{kp—idq = 2Lf§iE"c—i - Rf

) ) (23)
kiiag = Ly

{k,,_,-o =Ly +3L, )& i ~(Ry +3R,) o

kizjo =(Ly +3Ln)w3—i

where @, and £, are the cut-off angular frequency and the
damping factor of PIC, respectively. The damping factor
is chosen as ¢, = 0.707 for appropriate overshoot under
a transient process. And the cut-off angular frequency is

chosen as @_, = 3500 rad/s for the adjustment between

1
dynamic responses and immunity versus distortion and

harmonic currents.

4 Test studies
In order to investigate the control performance and dynamic
response of the proposed IVOC strategy, the simulations
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of the grid-connected four-leg VSI system shown in Fig. 1
are achieved in MATLAB/Simulink under balanced and
unbalanced grid voltage conditions. The parameters of the
grid-connected four-leg VSI control system and simulation
are presented in Table 1.

The simulation scenarios chosen for the control perfor-
mance and dynamic response evaluation are the dg-axes
four leg PWM VSl inject current variations as well as out-
put active and reactive power variations under both bal-
anced and unbalanced grid voltages. In addition, to fur-
ther demonstrate the performance of the proposed IVOC
strategy, simulation scenarios in which the PI, natural

frequency w, is varied are achieved under traditional

1
VOC strategies, and the output active and reactive powers
are analyzed.

Firstly, a comparative study between the proposed [IVOC
and traditional VOC strategies under a balanced grid volt-
age case In the first scenario of this case, the reference of Iy
is set to 5 A, and the references of iaresetto 0 A (p set
to 1350 W and q set to 0 VAR) is performed, as shown
in Figs. 4 and 5. The waveforms of both figures, from top
to bottom, respectively, are: a) three-phase grid voltages;
b) three-phase and neutral grid currents; c) dq-axes four leg
PWM VSl inject currents; d) zero-sequence current; e) grid
active and reactive power.

The second scenario of this case is that the reference of
Iy is changed from 5 to 10 A at t =0.05 s and the references
of i, are set to 0A (p change from 1350 to 2700 W and ¢
set to 0 VAR). The results of both strategies in this scenario
are depicted in Figs. 6 and 7.

The results of the third scenario, when the reference of
i, is changed from -5 to 5 A at 7= 0.05 s and the references
of Iy are set to 0 A (g changed from -1350 to 1350 VAR at
t=0.05 s and p set to 0 W), are illustrated in Figs. 8 and 9.

The fourth and final scenario of this case is that the ifd is
changed from 0 to 5 A at 7= 0.05 s and the i, is changed
from 0 to -5 A at £ = 0.1 s, and the results of both control

Table 1 Values of system and simulation parameters

Parameter Value
AC grid voltage 220V
Fundamental frequency of grid voltage 50 Hz
DC-bus voltage, V,, 650 V
Input filter inductances, L/, L,n 2mH, 1 mH
Input filter resistances, R, R 0.15Q

A

Grid inductances, Lg, Lg,, 0.1 mH, 0.05 mH

Sampling period of simulation 10-°s

Switching frequency, f

s

16 kHz
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Fig. 4 Performance of the grid-connected four-leg PWM VSI controlled
by traditional VOC strategy
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Fig. 5 Performance of the grid-connected four-leg PWM VSI controlled
by proposed IVOC strategy

strategies are illustrated in Figs. 10 and 11. The waveforms
of both figures in each of the last three scenarios, from top
to bottom, are, respectively: a) three-phase and neutral grid
currents; b) grid active and reactive power; and d) first-
phase grid current and its corresponding voltage.

It can be observed from these four scenarios that the
control performance of the proposed IVOC strategy for
grid-connected four-leg PWM VSl under different changes
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of current references in terms of settling times, tracking
references, overshoots, and steady-state errors is identical
to that of the traditional VOC strategy, since the grid volt-
age phase angle is correctly detected by the PLL. In addi-
tion, the dynamic responses of the grid-connected four-
leg PWM VSI with both control strategies are identical as
well, because PLL in the traditional VOC strategy does
not lose the phase angle information in these scenarios.
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So, according to these results, we can conclude that when
the grid voltage is balanced, the proposed IVOC strategy has
good control performance and dynamic responses with lower
computational complexity than the traditional VOC strategy.

In addition to the balanced grid voltage case, the unbal-
anced grid voltage is also carried in order to examine the
control performance of the proposed IVOC strategy in dis-
turbance grid conditions.
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In the first scenario of this case, a comparative study
between the proposed IVOC and traditional VOC strate-
gies is performed when the first-phase grid voltage has 20%
sag at 0.05 to 0.1 s, as shown in Figs. 12 and 13. The wave-
forms of both figures, from top to bottom, respectively,
are: a) three-phase grid voltages; b) three-phase and neu-
tral grid currents; (c) grid active and reactive power; and
(d) first-phase grid current and its corresponding voltage.
It is observed from these results that the proposed IVOC
strategy has identical control performance and dynamic
responses to the traditional VOC strategy, because the
PLL in the traditional VOC strategy does not lose the
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phase angle information in this scenario. Even under this
scenario test, the proposed IVOC strategy achieves the
current and power control objectives and does not subject
the GC-FLVSI system to instability.

We can anticipate that the proposed IVOC strategy will
be casily applied to unbalanced grid voltage and will per-
form well in this scenario.

The second scenario of the unbalanced grid voltage case
is that the grid voltages have a 20 % rising amplitude change
at 0.05 to 0.1 s, and the results of both control strategies for
this scenario are depicted in Figs. 14 and 15. The waveforms
of both figures, from top to bottom, respectively, are:
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a) three-phase grid voltages; b) three-phase and neutral grid
currents; (c) injected active and reactive powers; (d) first-
phase grid current and its corresponding voltage.

It is observed from these results that both control strate-
gies have almost identical control performance and dynamic
responses. Even under these scenario tests, the proposed
IVOC strategy meets the current and power control objec-
tives and does not permit the GC-FLVSI system to instability.

To further demonstrate the proposed IVOC strategy per-
formance, a lower Plp, natural frequency values scenario
is considered. Fig. 16 shows the active and reactive power
responses for both VOC strategies when the dynamic of
the PLL is deteriorated by the decreasing of Plp, frequency
value in the traditional VOC strategy.

In this scenario, when the Plp, natural frequency value
is decreasing, the phase angle is not correctly detected,
and the traditional VOC strategy has been influenced.
So, the decreases of w, impact the increases in settling time
and overshoot as well as decrease stability compared to the
proposed IVOC strategy, which does not need the PLL.
We can conclude that the proposed IVOC strategy has bet-
ter control performance and dynamic responses than the tra-
ditional VOC strategy when the PLL causes any problems.

5 Conclusions

An improved Vector Oriented Control (VOC) strategy in
the dq0-frame without synchronization method and Parks
transformation for a grid-connected three-phase four leg
inverter has been presented. The control performance in
terms of settling times, tracking references, overshoots,
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and steady-state errors is achieved at both balanced and
unbalanced grid voltages. This proposed IVOC strategy is
not only used for grid-connected four leg inverter synchro-
nization and control but also to provide a linearly time-in-
variant system in the dq0-frame based on the instanta-
neous active and reactive powers theory (DPC). This
proposed IVOC strategy is validated in a wide range of
scenarios through MATLAB/Simulink. Moreover, the pro-
posed IVOC strategy has been compared to a traditional
VOC strategy. In contrast to the traditional VOC strategy,
the proposed IVOC strategy can achieve identical perfor-
mance and dynamic responses under both balanced and
unbalanced grid voltage without requiring the synchroni-
zation method or Parks transformation but will have high
performance in several cases where the traditional VOC
strategy's bandwidth or natural frequency of PLL causes
any problems. We can anticipate, in summary, the follow-
ing features and advantages of the proposed IVOC strategy:
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1. The proposed IVOC strategy does not need Parks
transformation to provide a linear time-invariant
GC-VSI system in the dq0-frame and can be provided
using the instantaneous active and reactive powers
theory (DPC).
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