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ABSTRACT In this work, the modeling of a three-phase four wires inverter and the design of two control
schemes for its grid-disconnected operation are presented. The advantages of the four-wire topology are
that by means of a coordinate transformation (Park transformation) it is possible to obtain a decoupled
linear model, as well as feeding single-phase and three-phase loads in this operating mode. In the model,
two control loops are taken into account: a current loop (controller slave) and a voltage loop (controller
master) with the aim that this inverter can regulate its output voltage and when it is supplied to a local load..
The contributions of this work is present in the inverter modeling, the method for obtaining the transfer
functions and in the controllers design obtained by this method. The inverter model allows to easily obtain
the transfer functions of both loops; this is very important for the control area, considering that using classical
control techniques and the methodology proposed in this work, the gains can be obtained directly and not
adjusted to trial and error. The main advantage of this proposal is that when the kp and ki gains are obtained
through the Bode diagrams, we can obtain generalized integrators; applying the coordinate transformation
method to the integral gain that was obtained by the design of the PI controller in direct current (dc); This
method is described in detail in the presented work and allows obtaining a new controller called proportional
controller plus generalized integrator (P+GI). This controller presents a good performance, since it can
follow sinusoidal references, in addition to presenting a better disturbances rejection due to the high gains it
presents at the grid frequency and harmonic frequencies of the load.

INDEX TERMS Inverter, grid-disconnected mode, microgrid, park transformation, PI controller, generalized
integrator.

I. INTRODUCTION

Technological development has led to a gradual change in
the way that modern societies have developed, causing a
significant increase in energy demand per inhabitant per year.
In this context, until a few years ago, conventional forms
of power generation associated with fossil fuel consumption
proved to be a solution to this change. Although this increase
and this strategy of energy generation have improved the
welfare of the different consumer societies, it is convenient
to take into account all the possible elements when evaluating
their impact on our quality of life. An example of this is the
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environmental impact of the processes used to generate the
demanded energy and the scarcity of the available resources.
Today, it is observed that oil production reached its peak
while gas production will reach it around the year 2030.
In this context, a strong increase in energy prices is expected,
according to studies published by the Global Wind Energy
Council (GWEC) and Renewable Energy Systems Limited
(RESL) [1]. That is why several solutions are brought into
play in the debate that aims to modify the energy production
scenario in the future. Within this framework, the so-called
renewable energies are currently present as a possible, eco-
logical and profitable option capable of satisfying the energy
needs of different societies in different parts of the world.
The renewable concept is related to the regeneration
capacity of energy sources, so that those sources whose
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regeneration rate is much higher than the utilization rate can
be considered as such. Within this group are solar, wind,
hydraulic, geothermal or biomass energy, to name the most
important. Like fossil fuels, renewable energy sources are not
distributed evenly throughout the planet, so that each country
can find in its environment the most appropriate renewable
resource for the generation of electricity. This alternative
will reduce the dependence on the generation of energy with
conventional sources. A characteristic that places them in
an advantageous position in the future environment of the
generation and distribution of energy. Because many of the
conversion systems used in renewable energies are modular,
it is easy to integrate them into the microgrids that make
up the generation systems [2], [3]. This guarantees a higher
quality and reliability in the energy consumed [4]-[8].

Taking into account that solar energy systems have pro-
liferated significantly in recent years, as shown by the data
from the IEA Photovoltaic Energy Systems Program [9],
in this research work, solar energy is the source of renewable
energy. So, the existence of a photovoltaic generation instal-
lation (IGF) is considered. The authors in [9] show that solar
energy has had an exponential evolution in installed power
throughout the world, so the scientific community is studying
the improvement of these systems, necessary to maintain this
growth trend.

An element that plays a very important role is the inverter,
which act as a means of interconnection between the renew-
able source, the load and/or the grid, its objective is to gen-
erate a sinusoidal signal that is delivered to the load and/or
inject into the grid. Considering this point, this document
proposes the modeling and design of a three-phase four-wire
inverter to operate in grid-disconnected mode. In addition,
in this application two controllers are proposed. They allow
fulfilling the objective of maintaining the amplitude of the
waveform and the frequency of the voltage signal that will be
delivered to the load.

In the literature there are published works where models
of three-phase four wires inverters have been developed using
the Park transformation matrix that allows obtaining a decou-
pled model [10], [11]. These ideas are still used in the present,
proof of this are the papers presented in [12] and [13]. In [12]
for example, a controller is designed for the voltage loop of a
four-wire inverter but the design of a controller for the current
loop is not considered. In [13], the results obtained can be
compared with those obtained in the present work where it
is observed that in the simulation tests for presented linear
load, a THD value of 1.2% was reported for the converter
output voltage signal. Particularly, in the work that is being
presented, the THD for the voltage signal with linear load
is 0.9%, that is, lower. In addition, results with non-linear
load are presented and the results with the proposed controller
(P+3GI) turn out to be very good with a THDv of 2.2%.

In the reviewed works [14]-[16]; where is propose two
control schemes: a proportional-integral control scheme (PI)
for both loops: current - voltage and a second control scheme
based on symmetric components for both loops. The second
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scheme is designed due to the low performance shown by
the classic PI control schemes; however, they do not present
the design of these controllers. In [17], the authors propose
control schemes PR (Proportional-Resonant) also for both
loops. These control schemes PR are proposed due to the
difficulties of using proportional-integral control schemes for
the tracking of setpoints of alternating current signals [18].
In the control schemes design, the authors present a frequency
analysis using the closed loop transfer functions for positive
and negative sequences, this is confusing since the gain values
of both controllers are not known. In general, open loop
calculation is used for the design of these control schemes
to obtain the closed loop. In [19], the authors propose three
control schemes PI (Proportional-integral), PR (Proportional-
Resonant) and DB (Dead-beat). Where they obtain by alge-
braic means the transfer function that allows to obtain the
gains of the PI controller and use them for the PR controller.
In the gain calculation of the PR controller design, they use
the root locus theory technique to adjust the proportional gain
k, and subsequently, with the obtained k;, gain, they use the
Bode diagram with different values of the integral gain k; to
select the best value that provides a high gain to the resonant
frequency of the controller. This design methodology is not
clear since to apply the root locus theory technique, it is
necessary to set one of the two gains k,, and/or k;. The authors
never present the method that allowed them to obtain the
value of k; and kp. That is, from performing several tests
randomly they obtained the best value of k;. In the design
of the DB controller, the authors recommend the following
method ““increase artificially the gain b of the controller in
respect to its initial value calculated”. In [20] a novel blended
state estimated adaptive controller is designed for voltage
and current control of microgrid against unknown noise.
An adaptive PID controller is also developed and used in
system conjunction with the estimator to regulate its voltage
and current against the number of loads. Deviation in load
parameters hamper the function of the microgrid system.
The performance of the developed controller is also evalu-
ated against number of loads. Results indicate the controller
provides a more stable and high-tracking performance with
the inclusion of the unscented Kalman filter (UKF) in the
system. In [21] is presents the independent control design
per phase for PV three-phase four-wire inverters, which are
able to inject different active and reactive powers in each
phase, in order to reduce the system phase unbalance is
considered

The contributions of this work is present in the inverter
modeling, the method for obtaining the transfer functions and
in the controllers design obtained by this method. In particu-
lar, a current loop and a voltage loop are considered in the
inverter model; which allows to clearly obtain the transfer
functions of both loops. For the controllers design of both
loops, the coordinate transformation method is used, which
allows controllers designing in ac from the controllers design
in dc. It is highlighted that when taking into account the two
inverter control loops, it can work both in grid-connected and
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grid-disconnected from it. However, in this work its design is
given for grid-disconnected operation.

Another important aspect in this work, it is the controller
design called proportional controller add generalized integra-
tor (P4-GI) [22]-[24].

Particularly, the control configuration used in this appli-
cation is obtained initially from the PI control design [25]
in direct current (dc) and through a process of coordinate
transformation that is applied to the integral action. The main
advantage provided by this controller is the disturbances
rejection and to have a better setpoint tracking, that may occur
when the inverter is in grid-disconnected mode. A general-
ized integrator can provide high gains to the frequency of
the grid and the harmonics frequency derived from different
types of loads, so it turns out to be a suitable solution for
the disturbances rejection (Total Harmonic Distortion THDv)
characteristic of the grid and of different types of loads [26].

Current
Sy D;S: D,S3 DSs D, sensors
)
La

ila o~ TR 2 ioa

s ANV io

iltrt\m r*'%'\ Ve foc Va

e o= 1, s

deol @ L5 vIr(bo
= == == 2Ra

. Ln

itn P

Voltage
S\ D5SE\ DsS7 D,s,\ Dg sensors
Vret 2 Voltage % Current PWMa
() controler (xX) controller O
> &> I m
Va la

FIGURE 1. Three phase four-wire inverter.

Fig. 1 shows the structure of the four-wire inverter. In appli-
cations in grid-disconnected operation, the inverter has an
LC low pass filter at its output. The filter has the purpose
of attenuating the high voltage switching frequencies and the
current undulations. The fourth wire representing the neutral
wire is connected at the point where the three phases a, b
and c are interconnected. The neutral wire inductor L,, allows
reducing the ripple of the switching current and limit the fault
current in short-circuit conditions [27], [28]. Therefore, it is
highly recommended to use the inductor filter of the fourth
leg.

The four-wire inverter requires two additional power
switches, as well as gate control circuits, so the modulation
and control technique used is can be more complex [26]-[29].

As mentioned above, control techniques that achieve
high performance of the four-legged inverter under different
conditions linear/non-linear load and balanced/unbalanced
are required. Several models and methods of scheme con-
trollers of the four-legged inverter are reported in the liter-
ature [30]-[36].

A four-wire inverter has the following advantages: it allows
feeding three-phase and single-phase loads in addition to sup-
porting load imbalance; since in neutral thread the currents
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derived from the imbalance can circulate maintaining a good
performance, as it is observed in the tests obtained by means
of simulations.

It is worth mentioning that any source of direct current
(dc) energy such as renewable energies, storage devices or
ac/dc converters can be connected to the inverter input, all of
them represented by direct current sources (Vpc), as shown
in Fig. 1. In this figure, it is also presented the sensing of the
current and voltage signals as well as the control structure
used.

This work is organized as follows: the second section
presents the model in state variables, development and
description. In section three is presented the master-slave
control schemes design. In section four, the results obtained
from the inverter performance are presented, through simula-
tions. In section five, the results discussion obtained through
simulations are presented and finally in section six the work
conclusions are presented.

In the following section, the four-wire inverter model is
developed and described in state variables. This work high-
lights the inclusion of the inductor in the fourth wire or
neutral wire, which is considered for the regulators design of
the current and voltage loops current and voltage loops that
integrate the inverter

Il. MODEL IN STATE VARIABLES, DEVELOPMENT AND
DESCRIPTION

To obtain the inverter model, it is considering a phase by
shown in Fig. 2.
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FIGURE 2. Representation of a phase of the inverter circuit.

Applying Kirchhoff’s voltage law to the electrical circuit
shown in Fig 2, the expression (1) is obtained by.

—Vuf +Ve+Van + Ve =0 ey

The expressions show the inductors voltages:

di (1) din(1)
Vig = LaLst and Vy, = L, :’h

It is possible rewrite the equation (1) as follows:

dia(r) s din(1)

L
“dr dt

= Vuf — Van

Following this procedure for the phases uf and wf the
differential equations that describe the inverter input circuit
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are obtained by.

LO0OO d iLa d Iy Vuf Van

0OLO 7 irp —|—Lnd— in = Y | —| Vin

00L || i. i, Vi Ven
2)

where L, = L, = L. = L is considered.
Applying the Kirchhoff currents law to the inverter output
node, in particular to node a in the Fig. 2, it is obtained by.

ILa = lan + loa

where i, is the current flowing through the capacitor and
ioq 1S the current flowing through the load. In particular, the
current iy, is expressed by.

) dv,
ign=C d;m
The above expression is written by:
dVan

iLa - ioa =C

Applying the same procedure for phases vf and wf it is
possible to obtain the inverter phase output circuit model.

C 0 0 d Vgn iLa iOll
0CO m Ven | = | i | — | iob 3)
00C Ven iLc loc

Consider now the three phases diagram in the inverter output

shown in Fig. 3.
1 oa
1 ob
Loc
t%n E I

Applying the Kirchhoff currents law in the nodes a, b, c.
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FIGURE 3. Inverter output circuit.

loc = e — lens  lob = ILb — lbn, loa = lLa — lan

where i, ipn € i., are the currents that circulate for each
capacitor of each inverter phase, i,,, ipp € iy are the currents
that circulate through the loads. The sum of currents in node
n is given by.

ioc + iob + ioa + icn + ibn + ian = in

Substituting the relations of the currents flowing through
the loads of each inverter phase i,, ipp and i,¢, the relation of
the currents at output node is obtained by.

e +iph +ipa =1 (4)
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Substituting (4) in (2) and performing the operations for
each row of the matrix differential equation (2) for better
tracking of expressions, operations are performed for one
TOW.

diLa(t) dln (t)
L = - =V,
dt dt uf — Van
dlL @)
da +L,— [ch +ip +igg] = uf — Van
dlL( (t) dirp dir,
(L+Ly) ——= +Ly—— -+ ndtc= uf — Van

Following the same procedure for each of the rows in
equation (2), the inverter currents model as a function of the
supply and inverter output voltages is obtained by.

d Ua Vuf — Van
Leqa ip | = | Vor — Vim
L iLc _ wa —Ven
d i Ua ] . Vuf — Van
7| | =Leg | Vo = Vin )
L ILc _ wa — Ven

where the matrix L, and L;ql are given by.

L+L, L, L,

Ly=| L, L+L, L,
L, L, L+1L,

L2 Ly Ly

L L L

i 1 Ly 2 L
T L+1L, L L L
L, Ly 2L

L L L

Finally, equations (3) and (5) describe the inverter dynamic
behavior.

The following subsection presents the development of the
decoupling of equations of state.

A. DECOUPLING OF STATE EQUATIONS

Applying the Park transformation matrix that allows trans-
forming the uvw reference system to a reference system a8y
given by.

Vaf ] Vuf Van Van

vegr | =T | Vg || vgn | =T | Ven
| Vs | wa Vyn Ven

L iLa Lo loa

ipg | =T | iy |5 lop | =T | iob (6)
L iLy a | iLc ioy ioc

where the transformation matrix 7 and 7! are given by.

it 1 0 1

2 2
2| A-vA | | L Y3
TZ_O——,T=22 (7)
3 2 2

LT -1 =v3,

2 2 2 2 2
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Applying the mathematical relations (6) and (7) to (5),
is obtain the decoupled model in the reference system ¢Sy .

d iLa Vi — Van
TE ip | = TLe_q1 Vit — Vin
iLc ] wa — Ven
d iLa ] ) Vaf — Van
T irg | = TLe_qlT_ VBf — Vg (8)
iLy | Vyf = Vyn
where the equation TL,' T~ is given by.
1 —
-0 0
L
nlr=|ol o
eq - L
1
0
L +3L, |
applying these mathematical relationships in (3).
d i Van ] 1 iLa i loa
E Vin = TEI3X3 irp | — | iob
L Ven _ iLc L loc
d 0 Van ] 1 ) iLa — loa
| VBn | = T—I3x3T™ iL/B - ioﬁ 9)
al,,| ¢ iLy — ioy

The decoupled model in state variables is given by (10) and

(11).
d Van
|| =

Vyn
d iLOt
ar | T
lLy

1

— 00
1 iLOt - ioa
0 = 0 || is—ios (10)
1 ILy — loy
00 Pl
1
-0 0
L 1 Vaf = Van
0 I 0 Vg — Vgn (11)
0 1 Vyf — Vyn
L+3L,

The diagrams shown in Fig. 4, represent the decoupled
model given by (10) and (11), where the load is represented

by a linear load (R).
ila s i1 iy
if‘m_b' ¢ A0a +,-m_'. B o *'m_;' Y for
+ L + ¥
+ 4 L T 13ln 4 T
Voy =c \im R vy T an R vy Lc v, Sk
n n n

FIGURE 4. Uncoupled electrical circuit.

Considering the block diagrams of Fig.4, the mathematical
relations is obtained by.

Van = Rigq, VBn = Rioﬁa Vyn = Rioy
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This allows to rewrite the models in state variables (10) and
(11) in decoupled models for each coordinate.

] o -2 Trwt [4]

— o -
dVan = l _L |:Vomi|+ 6 Vaf (12)
L dr LC RC - =
S = ~

% O =7 |Tiee !

dy =0 _F L] sl
L dt LC RC - -
[0 e |y [~

_ 14 T A1

dvyn | | 1 __n [vyn}r L+O3Ln vyr (14
L dr LC RC

The models in state variables for & and B axes are equal as
can be seen in expressions (12) and (13). The model for the
y axis expression (14) presents the inductance effect of the
neutral wire.

The following subsection presents the analysis by transfer
function.

B. ANALYSIS BY TRANSFER FUNCTION

Let us consider only the component [J of the inverter model,
which is represented by equation (12). The block diagram of
this model is shown in Fig. 5. Note that this model also applies
to coordinate f3.

FIGURE 5. Block diagram of the « axis.

This diagram is the most important in this work, since it
is used to obtain the transfer functions that allow the current
and voltage loop controllers design.

Applying block algebra to the diagram in the Fig. 5,
the transfer function that relates the output voltage vy, and
the current signal iy, is obtained by.

Van(s) - R

ira(s) sCR + 1
The transfer function that relates the output voltage v, and

the input signal v,y is given by (16).

Van(s) _ R

Var(s)  S2LCR+sL + R

Gi(s) = 15)

Gy (s) = (16)

Finally, the transfer function that relates the current signal
iz and the input voltage vy is given by (17).
ira(s) _ sCR + 1

ver(s)  s*LCR+sL +R

G3(s) =
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Note that relationships are fulfilled.

ira () van(s) — Van(S)
Vaf(s) ira(s) Vaf(s)

G2(5) =G3(5)G1(s) =

Taking into account, that the average current in the inverter
output filter inductor and inverter output voltage must be
regulated, a master-slave control scheme is used. The slave
loop controller allows to regulate the inductor current and
the master loop controller allows regulates the inverter output
voltage. The control scheme is shown in Fig. 6, where G, (s)
and G;(s) are the transfer functions representing the voltage
and current loop controllers, respectively; vy, (s) is the ref-
erence signal for phase «, Gi(s) and G3(s) are the transfer
functions obtained in (15) and (17).

Current loop

Van ()

Gs(s) I——»

Var (5) ) ira(s)
o

(s
> ova | >§—>{Gus) d o) >

<
<

Voltage loop

FIGURE 6. Master-slave control scheme for the inverter.

The transfer functions for y axis is obtained by following
the same steps that are carried out for the « axis. The transfer
functions of y axis are given by the equations (18)-(20).
In obtaining these equations, the model presented in state
variables (14) is used.

Gasy = r® _ R (18)
iry(s) SCR+1

Gs (5) = rn _ K (19)
vyr(s)  s2CR(L+3Ly)+s(L+3L,)+R

Ge (5) = iry(s) _ sCR+1 20)

vyr(s)  S2CR(L+3Ly)+s (L+3L,)+R

The following subsection presents the inverter output filter
design. The parameters of the inverter output filter are calcu-
lated below.

C. INVERTER OUTPUT FILTER DESIGN
The calculation of the four-wire inverter output filter is
obtained considering that each phase of the three-phase
inverter with respect to the neutral is equivalent to a
single-phase inverter. Another factor that is considered for its
design is its crossover frequency for which it is recommended
that it be between 15 harmonic and 17 harmonic; in order to
provide greater disturbance rejection. Considering this, the
equivalent circuit for each phase that allows to determine the
filter transfer function is presented in Fig. 7.

Applying the Kirchhoff law of voltages and Laplace trans-
form, the transfer function is determined by (21).

Vo(s) 1
Vi(s) ~ s2CL + 1

2
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FIGURE 7. Equivalent circuit for calculating the inverter output filter.

from which it is obtained (22)

1
on= = (22)

Considering an attenuation of -3dB and a crossing fre-
quency fn of 934 Hz that is between the 15th harmonic and the
17th harmonic and using the expression (23), the following
values of the filter parameters are obtained by.

1
2r/LC

where, an inductance with a value L =880uH is proposed,
and the capacitor value is calculated from the expression (23);
being its value C= 33uF.

In Table 1, the main parameters and their inverter values
are shown.

Jo = (23)

TABLE 1. Parameters of the inverter.

Parameter Value
Inverter nominal power (P) 3kW
DC_LINK voltage (vp) 390V
Inverter output voltage (V,) 110V
Inverter output frequency (f;) 60Hz
Inverter output inductance (L) 880uH
Inverter output capacitor (C) 33uF
Load resistance 12Q
Sample frequency 15kHz
Inverter switching frequency (f;) 15 kHz

The next section presents the methodology used to control
scheme design presented in Fig. 6. This method allows the
current controllers design (slave loop) and the voltage loop
(master loop).

Ill. CONTROL SCHEME DESIGN

The proposed methodology for the master and slave loop
controllers design is simple and direct. This methodology is
based on the frequency analysis [25]. In this work, a controller
with proportional-integral (PI) structure is proposed.

1
Ge (5) = ky + ki

Considering the inverter cutoff frequency, the cutoff fre-
quency w, is selected. Using this condition and considering
a phase margin Ph,, between 50° and 90° it is possible to
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obtain the controllers gains. In general, the steps to follow in
the design are the following.

1) The open-loop transfer function G,(s) of the
controller-plant set is obtained.

2) The crossover frequency w,,and the phase margin Ph,,
are selected.

3) The open-loop transfer function at the crossing fre-
quency w,, is evaluated and considering the conditions
of magnitude and phase, the gains of the controller are
obtained.

On the other hand, once this controller is designed, a coor-
dinate transformation method is applied to obtain a new
controller named proportional controller plus a generalized
integrator (P4-GI). This method is summarized as follows:
once the PI controller is designed in direct current (dc),
a coordinate transformation is applied to the integral control
action, which allows obtaining a generalized integrator at
the system’s operating frequency “60Hz” and therefore a
controller in (ac).

This new controller is integrated a proportional controller
plus a generalized integrator (P4GI). The transformation
allows obtaining a new controller in a synchronous or ac
reference system from a controller in a stationary or dc
reference system. The controller designed in ac presents a
better performance, minimizing the errors in steady state
of amplitude and phase of the inverter voltage and current
signals; besides improving the disturbances rejection to the
converter operation frequency [22].

The following subsection presents the PI controller design
in dc.

A. PI CONTROLLER

The open loop transfer function G,;(s) is represented by
expression (24), where a feedback control scheme is consid-
ered. G (s), is the controller transfer function of process or
plant and G.(s) is the controller transfer function.

ki
Goi(s) = (kp + ;) ~G(s) =kp - (s+ B) Guls) (24)

where g = ,1:—’) and G, (s) = @

The open-ioop sinusoidal transfer function G,;(jw) is given
by (25).

Goi(jw) = kp (jo + B) Gu(jo) (25)

The open-loop transfer function when evaluated at the
crossover frequency wc, has gain one, as shown in expres-
sion (26).

kp liweo + Bl 1Gr(jweo)l =1 (26)

Performing some algebraic operations, it gets the rela-
tion (27).

k, = 27)
v |Gn(iwco)| 1324-(1)%0
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The next step is to propose a phase margin Ph,, between
50° y 90°. From this condition, expression (28) is obtained
by.

—180° + Phyy, = (jweo + B) + << (Gpjweo) (28)

Performing some algebraic operations, a second condition
is obtained, that is shown by (29).

Wco

ﬂ - tan (th—ISOO — < (G,1(iwco))

(29)

The gains k, and y k; are obtained by solving equations
(27) and (29).

The following subsection presents the P+GI controller
design by coordinate transformation method.

B. P+GI CONTROLLER DESIGN METHOD BY
COORDINATE TRANSFORMATION

The objective of the integral part of the PI controller is to
reduce the steady state error of the system to zero, eg; = 0
when the input signal is a step type, so it is said that they
are designed in dc. However, when the reference signal is
sinusoidal, a new compensator that presents a good perfor-
mance for this type of signal must be designed. With this cri-
terion, a proportional plus generalized integrators controller
is proposed in this work. The controller is designed so that
the inverter works both at the system operating frequency
and at the harmonics frequency that occur when supplying
local load; linear and nonlinear in this operation mode. The
objective of a (P4+GI) controller is to achieve a phase and
zero magnitude error in ac systems [22]. This compensator
is obtained based on the PI controller previously designed in
dc and applying the dc-ac coordinate transformation shown
in expression (30).

2 2
s+ a)n> 30)

Gac () = Gpc - ( o

where Gpc(s) and Gac(s) are the control schemes in dc
and ac respectively, o, is the fundamental system operating
frequency and the complex variable is replaced by, - ;w 2,
In other works developed, this strategy is solved by an
approximation using the transfer function of a low-pass filter,

as shown in expression (31).

WB

Gpc () =kp + k; 3

stow

Therefore, the ac compensator, which we will call the
P+GI controller, is represented as shown in the expres-
sion (32).

2wps

Gac () =ky + ki (32)

52 + 2wps + a)(z,

wp represent the lowest crossover frequency of the dc
transfer function, k, and k; are the gains of the PI controller
previously obtained [10].
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1) CURRENT AND VOLTAGE LOOP CONTROLLER « AXIS

The design of the slave loop is based on the controller design
methodology presented in section III, as well as in the block
diagram presented in Fig. 6. Particularly in this section the
current loop controller design is described. The frequency at
which the crossover gain of the current or slave loop occurs
is selected as f, . = 1.5 kHz, which is 10 times less than
the switching frequency f; = 15 kHz, and the phase margin
Ph,, . is selected from 60°. The sub-index _s indicates that
the data is for the design of the slave loop.

The open loop transfer function is given by (33).

ki s\ G3(s)
Go s =k s =
s () - <S * kpx) s
RCs + 1
= kp s (s + Bs) (33)

s (LCR + sL + R)

When replacing in the expressions (26)-(29), the values of
the proportional and integral gains of the slave loop controller
are obtained.

ky s = 4.18 and k; ; = 31508 (34)

On the other hand, the P4+GI controller is obtained directly
from the expression (32), with the gains &, ; and k; ¢ given in
(34), wp = 0.2 rad / s and the fundamental frequency wy =
27 - 60 rad/s.

The Bode diagrams of the open loop transfer functions of
the PI and P+-GI controllers are shown in Fig. 8. The phase
margin for the PI controller is 60° to 1.5 kHz according to the
controller design proposal. The phase margin for the P+GI
controller is of 66.3° to 1.45 kHz.

Bode diagram of Ti_a

=

Magnitude (dB)
3

Phase (deg)
g (=]

-90]

-135'
107! 10
Frequency (Hz)

FIGURE 8. Bode diagram of Pl vs P+Gl controller for slave loop « axis.

The main difference between the two control proposals is
the low frequency behavior of the P4-GI controller, where it
is observed that at 60 Hz there is a high gain. This gain is due
to the coordinate transformation of the integral action that is
obtained from the PI controller design in the dc. This feature
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allows a better tracking of the command and improves the
disturbances rejection at the inverter operating frequency.

The controller for the master loop is implemented follow-
ing the same design methodology as the slave loop. This
control establishes the reference that the slave controller
should follow. The open loop transfer function G, ,(s) for
the voltage loop design is given by the expression (35) where
the sub-index m indicates master loop. The open loop transfer
function is be obtained from the diagram of Fig.6.

Gi(s)G3 (s)
14+ Gi(s)G3 (s)

where the current controller transfer function G;(s) is

designed in sub-section III.LB and % is the

closed-loop transfer function of the slave loop and is given
by

Gi(s)G3 (s)
14+ Gi(s)G3 (s)

Gol_, (8) = Gy (s) Gi1 (s) (35)

B 0.0195>+199.95437810
C1.38x 107454 +1.35x 107053 +0.01352+41.145+35510

The transfer function of the voltage control scheme G, (s)
is selected again as a PI control.

1 s+
Gy (s) = p_m T ki_m; = kp_m ( ,3m>

N

where the subscript m indicates master loop, when solving
the expressions (27) and (29) and considering the crossover
frequency of the master or voltage loop as f, » = 700 Hz;
and the phase margin Phy, , of 90° the proportional and
integral gain values of the controller are obtained in (36).
The crossover frequency of the voltage loop was chosen with
a value close to half the current loop crossover frequency,
its choice is justified considering that the overall stability of
the system is not affected, obtaining a phase of 90°. Further-
more, this bandwidth allows a greater number of generalized
integrators to be designed. This is justified in Fig 12, where
generalized integrators were added to the grid operating fre-
quency and to the frequency of the 3rd and 5th harmonic,
which allows to have a greater system disturbances rejection

ky_m = 0.21, andk; ,, = 336.1 (36)

The P+GI controller obtained by the dc-ac transformation
method is calculated directly from the expression (29), with
the gains &, _,; and k;_;, given in (36), wp = 0.2rad /s and the
fundamental frequency given by wog = 27 - 60 rad/s.

The Bode diagrams of the open-loop transfer functions of
the PI and P4-GI controllers are shown by Fig. 9.

The phase and gain margins of the PI controller are 90° to
701 Hz and 17.9 dB to 2.8 KHz. The phase and gain margin
of the P+GI controller are 94.2° to 666 Hz and 18.9 dB to
3.06 KHz.

2) CURRENT AND VOLTAGE LOOP CONTROLLER FOR y AXIS
Particularly, inverter coordinate y presents the effect of the
neutral wire given by expression (14) so that in this section
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Bode diagram of Tv_a
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FIGURE 9. Bode diagram of controller Pl vs P+Gl for master loop « axis.

the control schemes design for this phase is carried out. The
procedure performed to obtain the controllers of « axis is
applied again to obtain the gains of the controllers for y
axis. Remember that the transfer functions for this coordi-
nates are given by expressions (18)-(20). When applying the
same methodology presented in subsections III.A and III.B,
the proportional and integral gains for the slave or current
loop and for the master or voltage loop are given by (37).

ky s =418, ki ,=31508
kpm =021, kin=2336.1 (37)

where again the sub-indices s and m represent slave loop and
master loop. The current and voltage Bode diagrams for the PI
and P4-GI control schemes are shown in Figs. 10 and 11. The
design conditions are the same as those used for « axis, that s,
for the slave loop the crossover gainisf., ¢ = 1.5 kHz and the
phase margin Phy,  is 60°. The crossover frequency and the
phase margin of the master loop are f., » = 700 Hz and
Phy m = 90° respectively.

In Fig. 10, the Bode diagram of current loop presents a
phase margin for the PI controller from 60° to 1.5 kHz, satis-
fying the design conditions, while for the P+GI controller it
is from 64.9° to 1.45 kHz. In Fig. 11, the voltage loop Bode
diagram presents a phase margin for the PI controller of 90°
to 700 Hz and a phase margin of 94.6° to 673 Hz for the P+GI
controller. In both cases the graphs of Figs. 10 and 11 show
behavior similar to the Bode diagrams obtained for y axis.

Fig. 12, shows the open-loop Bode diagram with the con-
troller implementation (P+GI), considering generalized inte-
grators to the grid frequency and load harmonics frequency
(3rd and 5th); as well as with the PI controller implementa-
tion. Presenting, the following stability margins: phase mar-
gin for the PI controller from 90 ° to 700 Hz and a phase
margin from 79.5 ° to 830 Hz for the P+GI controller.

It is important to mention that in the P+GI’s controllers
design at the 3rd and 5th harmonics frequency, the same
gains of the PI controller and the structure (32) were used,
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FIGURE 10. Current loop Bode diagram. Axis y.
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FIGURE 11. Voltage loop Bode diagram Axis y.

modifying only the frequency w, at which the harmonics
occur.

The following section presents the results obtained through
the inverter operation simulations in island mode and with the
implementation of control schemes designed in the previous
section. These results are obtained by feeding linear and
non-linear load.

IV. SIMULATION RESULTS
The digital simulations reported in this paper are obtained
using two controller combinations:

1) Scheme 1. PI controller in the slave loop and PI con-

troller in the master loop.

2) Scheme 2. PI controller in the slave loop and P+GI

controller in the master loop.

These combinations present a better dynamic performance
unlike when the P+GI controller was used in the slave
loop (current loop). This is justified because, in inverter
island mode operation is responsible for regulating the output
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Bode diagrams of open voltage loop with 3 IGs

-50 |
90
451

—FPl
P+Gls

Magnitude (dB)
o
Voltage (V)
: o

&
=]

45 |
=0 N
135 —

180

225 | | I
10 102

Frequency (Hz)

Phase (deg)

FIGURE 12. Voltage loop Bode diagram Axis y, with three generalized
integrators added to the harmonic’s frequency (3rd and 5th).

voltage and the waveform of the current is determined by the
type of load to be fed. Particularly, this better behavior occurs
when non-linear loads are fed.

The control strategies designed were implemented in
MATLAB/Simulink and the inverter was simulated in the
PowerSim computer package. The data communication
between both platforms was carried out through the Sim-
Coupler tool of PSIM™. In digital simulations, two tests are
considered:

1) Test 1 Linear load R = 12 Q balanced in all three phases
and with an imbalance in one of the phases

2) Test 2. Non-linear load in the three phases, the load
consists of a rectifier diode bridge and a filter with a
capacitance of 180 uF and a resistance R = 12 Q.

A. TEST 1. LINEAR LOAD (R), SCHEME 1

Two test were carried out in the first, a balanced load of 12 2
was connected to the inverter output. In a second test an
imbalanced load was connected, particularly between phases
a and b and the neutral wire was connected a load of 12 €2,
while between phase ¢ and neutral wire a load of 8 €, it was
connected.

In the Fig. 13 the output voltage signals versus their ref-
erence signals is obtained using scheme 1. In this Fig. It is
observed that the output voltage signals of the three phases
present a setpoint tracking error. However, the voltage signals
have: adequate waveforms, frequency and amplitude.

The THD presented by these voltage signals is 0.9%.
In Figs. 14 (a) and (b), the graphs of the three phases current
signals are observed when the inverter supplies balanced and
unbalanced linear loads, respectively.

Particularly in the Fig.14(b) an increase in the current of
phase c is observed due to the higher load that was connected
between the phase ¢ and the neutral wire, however the out-
put voltages of the three phases maintains its waveforms of
amplitude and frequency, respectively.
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FIGURE 13. Waveforms of voltage signals, scheme 1.
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FIGURE 14. (a). Waveforms of current signals, scheme 1 with balanced
load. (b). Waveforms of current signals, scheme 1 with unbalanced load.

B. TEST 1. LINEAR LOAD (R), CONTROL SCHEME 2

On the other hand, when scheme 2 is implemented, the track-
ing error is minimized compared to the results obtained with
the implementation of scheme 1, this can be seen in Figs. 15.
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FIGURE 15. Waveforms of voltage signals, scheme 2.

Also, in Fig. 16 (a), (b) and (c), the graphs of the currents
of the three phases are presented when the inverter feeds
balanced and unbalanced linear loads respectively. In 16 (b)
an increase in the current of phase c¢ is observed due to
the greater load that was connected between phase ¢ and
the neutral wire, however, the output voltages of the three
phases maintain their waveforms of amplitude and frequency
respectively. Particularly in Fig 16 (c), it is observed that
when the loads fed by the inverter are balanced, the current
through the neutral wire presents a value close to zero. This
behavior is similar when control schemes 1 and 2 are used.

C. TEST 2. NON-LINEAR LOAD, CONTROL SCHEME 1

In a second test, a balanced non-linear load it is connected at
the inverter output with the following characteristics: a Diode
Bridge, a 12 2 resistor in parallel with a 220 uF capacitor.
This test is very important, since it allows evaluating the
inverter performance with the implementation of the P + GI
controller versus the PI controller.

Figs. 17 and 18, show the voltage waveforms and inverter
output current when scheme 1 is implemented. In addition,
in Figs. 20 and 21 these same signals are presented when
scheme 2 is implemented.

Particularly, in the Fig. 17, it is observed that the output
voltage signals present a non-sinusoidal waveform, this due
to the characteristics of the non-linear load that causes a total
harmonic distortion of this signal (THDv=10.7 %). Also,
their reference signals are out of phase; and the peak-to-
peak output voltage is greater than their respective reference
signals. In Fig. 18, is shows the current signals of each
phase, which have a non-sinusoidal waveform caused by non-
linear load. This causes the inverter current waves to have an
amplitude of about £ 20 A peak-to-peak. These responses are
obtained when implementing control scheme 1.

In Fig. 19, the phase A and neutral wire waveforms
are presented when the inverter supplies non-linear load.
In this test, the phase currents present an imbalance of
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FIGURE 16. (a). Waveforms of current signals, scheme 2 with balanced

load. (b). Waveforms of current signals, scheme 2 with unbalanced load.
(c). Waveforms of current signals, scheme 1 and 2 with balanced load.

approximately 6 A, considering that the current amplitude
when the inverter supplies linear load is approximately 12 A
peak to peak and with non-linear load it is 18 A peak to peak.
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FIGURE 17. Waveforms of voltage signals, scheme 1, feeding non-linear
load.
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FIGURE 18. Waveforms of current signals, scheme 1, feeding non-linear
load.

Therefore, the amplitude of the current flowing through the
neutral wire is approximately 18 A peak to peak as shown in
the graph.

In Fig. 20, a lower total harmonic distortion of the voltage
signal is observed (THDv = 5.4 %) compared to the results
obtained with control scheme 1 (THDv = 12.8 %). In this
test, the offset between the reference signals and the inverter
output voltages is reduced, achieving better setpoint tracking.
Furthermore, the amplitudes of both signals are similar.

In Fig. 21, the current signals of each phase are shown,
which have a non-sinusoidal waveform caused by the non-
linear load feeding the inverter. However, compared to the
previous test, the currents have a greater amplitude with a
value of 21 A peak to peak. These responses are obtained by
implementing control scheme 2.

In Fig. 22, the phase A and neutral wire waveforms are
presented when the inverter supplies non-linear load. In this
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FIGURE 20. Waveforms of voltage signals, scheme 2, feeding non-linear
load.

test the phase currents present an imbalance of approximately
5 A, considering that the current amplitude when the inverter
supplies linear load is approximately 15 A peak to peak and
with non-linear load it is 20 A peak to peak. Therefore,
the amplitude of the current flowing through the neutral wire
is approximately 15 A peak to peak as shown in the graph.
This shows that with control scheme 2, the sum of the total
current flowing through the neutral is less than when control
scheme 1 is used.

On the other hand, in Fig. 23 the waveforms of voltage
signals that were obtained with the implementation of gener-
alized integrators at the load harmonics frequency (3rd and
5th) are presented. In this figure there is less distortion in
the inverter output voltage signal, as well as a better setpoint
tracking, this compared with the results obtained in Fig. 20;
which confirms that the controller designed under scheme
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FIGURE 21. Waveforms of the current signals, scheme 2, feeding
non-linear load.3
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FIGURE 22. Waveforms of phase A and neutral wire.

2 presents a good performance. Also, Fig. 24 shows the
waveform of inverter output current signals.

Finally, simulations are presented for changes in load and
unbalance of their lines that allow observing the inverter
performance and the implemented controllers.

In Fig. 25, the waveform of voltage and current supplied by
the inverter are presented when a load change occurs. In this
figure it can be seen how during the load change transition,
the output voltage is maintained at its nominal value and the
current in the neutral wire has a value close to zero.

In Fig. 26, inverter waveforms are presented when a load
imbalance occurs; observing that in the neutral wire cir-
culates a current with an inverter operation nominal value,
maintaining in equilibrium the system and therefore a good
performance.
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FIGURE 23. Waveforms of voltage signals, scheme 2, feeding non-linear
load with three generalized integrators.
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FIGURE 24. Waveforms of the current signals, scheme 2, feeding
non-linear load with three generalized integrators.

In Fig. 27 the harmonic spectrum of the inverter voltage
signals is presented, which were obtained with the implemen-
tation of a PI controller in dc, a P+GI controller that was
obtained by applying coordinate transformation and which
allowed obtaining an integrator generalized to the system
operating frequency. In addition, a P + 3GI controller, charac-
terized by having three generalized integrators: for the system
operating frequency and the frequency of the third and fifth
harmonic of the non-linear load that is supplied.

In the next section, the results analysis discussion previ-
ously obtained through simulations are presented.

V. RESULTS DISCUSSION
In the tests carried out, the advantages of the methodol-
ogy developed in this work are observed, particularly in
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FIGURE 26. Waveform detail of voltage and current when load imbalance
occurs.

the results obtained with the control scheme design by the
coordinate transformation method in ac (P+GI), over the
control schemes classics (PI) designed in dc. In the simula-
tions carried out with the PI controller implementation in the
current and voltage loop, feeding the linear load (Fig. 13),
a low performance of the controller is observed, that is, with
this implementation the inverter has a non-zero steady-state
error (eee # 0). That is, there is a reference signal tracking
error that is imposed on the inverter, however, the currents are
distributed in a balanced way with a current value of 12.96 A
peak to peak; value that is proportional to the linear nominal
load of 12 © (Fig. (14 (a)). When a load imbalance occurs
in the inverter phase ¢ from 12 €2 to 8 €2, an increase in the
current of this phase occurs, going from 12.96A to 19.44 A,
which is observed (Fig. 14 (b)).

On the other hand, when a PI controller is implemented
in the current loop and a P + GI controller in the voltage
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FIGURE 27. Harmonic spectrum of inverter voltage signals.

loop (Fig. 15), a better inverter performance is observed, that
is, the error has a value close to zero (eee &~ 0) producing a
better set point tracking. This is presented by the action of
the generalized integrator that occurs at the system reference
signal frequency. For this test, the behavior of the currents is
similar to that presented in the previous case (Fig. 16 (a)) and
(Fig. 16 (b)).

In the simulations performed with the PI controller imple-
mentation in the current loop and the voltage loop and feeding
non-linear load (Fig. 17), a low controller performance is
observed a poor inverter set point tracking, that is, the eee
> 0. Also, there is an increase in the amplitude of the inverter
output voltage signal with a value of 168 V peak-to-peak with
respect to the reference voltage that is 155.5 V. In this test,
it is clearly seen that the inverter performance decreases by
compared to that presented when feeding a linear load, that is,
the eee is greater. However, the currents are evenly distributed
and their waveform is characteristic of a non-linear load
(Fig. (14 (a)).

Similarly, to the linear load test, when PI controller is
implemented a in the current loop and a P+GI controller in
the inverter voltage loop, feeding a non-linear load (Fig. 20);
a better inverter performance is presented; observing a better
setpoint tracking, eee=0. This is presented by the action
of the generalized integrator that is designed at the sys-
tem reference signal frequency. In this case the behavior
of the currents is similar to that presented in the previous
case (Fig. 21).

In conclusion, presenting quantitative data, with the PI
controller implementation in the current loop and a P+GI
controller in the voltage loop the converter reduces the
total harmonic distortion (THDv) of the voltage signal from
10.7 % t0 5.4 %.

Taking into account that the value of THDv allowed by the
normative that must be less than 5 %, generalized integra-
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tors are added to the harmonic frequency (3rd and 5th) as
shown in (Fig. 12); allowing to reduce the THDv of 5.4 %
to 2.2 % (Fig. 23). These tests were performed with a
non-linear load with a value equivalent to the nominal value;
which shows that this presents a good performance. Also,
with the implementation of a greater number of generalized
integrators, better setpoint tracking is achieved as shown
in Fig. 23.

Finally, Fig. 25 and 26, allow to observe a good inverter
performance in case of load changes and unbalance of any of
the phases of this. In this Figs, it is observed that when the
load changes from 0 A to nominal current values of 12.96 A
peak-to-peak, the inverter output voltage maintains its wave-
form, amplitude (155.5 V) and frequency (60 Hz).

VI. CONCLUSION

This paper is present the modeling for a four-wire three-phase
inverter, the method for obtaining the transfer functions and in
the controllers design obtained by this method. In particular, a
current loop and a voltage loop are considered in the inverter
model; which allows to clearly obtain the transfer functions of
both loops. The main advantage of this proposal is that when
the kp and ki gains are obtained through the Bode diagrams,
is can obtain generalized integrators; applying the coordinate
transformation method to the integral gain that was obtained
by the design of the PI controller in direct current (dc).
This allows obtaining a new controller that in this work
was defined as a proportional control plus generalized inte-
grator (P+GI). This new controller was specially designed
for the voltage loop (master controller), considering that in
inverter island mode operation the objective is to maintain
the waveform, amplitude and frequency of the voltage signal.
Therefore, a PI controller was used in the current loop (slave
controller).

To evaluate the performance of the inverter with the imple-
mentation of the designed controllers: PI controller, P 4 GI,
tests were performed with linear and non-linear load, as well
as with load changes. Particularly, with the PI controller
implementation, is observed that this present setpoint track-
ing error greater than zero (eee>0); in addition, a greater
amplitude was presented in the inverter output voltage sig-
nal (168 V) versus the magnitude of the reference signal
(155.5 V) when nonlinear load was supplied. With the PI
controller implementation, feeding non-linear load, a total
harmonic distortion of the voltage signal (THDv) of 10.7 %
is presented; value higher than that recommended by regula-
tions, which is 5 %.

On the other hand, with the P+GI controller implementa-
tion, it was observed that this presented an setpoint tracking
error equal to zero (eee=0), in addition, the amplitude of
the inverter output voltage signal and the reference signal
presented the same value (155.5 V) when feeding non-linear
load. With this controller, the inverter performance was con-
siderably improved, since when supplying non-linear load the
THDv was reduced from 10.7% to 5.4 %; and with the design
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of generalized integrators at the frequencies of the third and
fifth load harmonics, the THDv was reduced to 2.2 %.

Finally, when the inverter underwent load changes,
it exhibited good performance since it was observed that for
a change the load from its nominal value 12.96 A peak to
peak at 0 A, the inverter output voltage remained constant.
Also, when one inverter phase reduced its load to zero (i=0),
the current was conducted by the neutral wire, keeping the
voltage signals unchanged in amplitude (155.5 V) and fre-
quency (60 Hz). This behavior with load changes was similar
with the implementation of the PI controller.

As future work it is recommended to develop the inverter
for its grid-connected operation.
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