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Abstract—This paper presents detailed studies involving sizing,
stability analysis, and power flow through the series and paral-
lel power converters in a multifunctional three-phase distributed
generation (DG) system composed of a single-stage photovoltaic
(PV) system integrated into a unified power quality conditioner
(UPQC). The UPQC operates as a bidirectional interface when
the DG system is placed between the grid and either generic loads
or ac microgrid. In the grid-connected mode, the DG system per-
forms active power-line conditioning, while injecting the energy
produced by the PV array into the grid. In islanded operation, the
system can act as ac grid forming via a parallel inverter, whether
there is the presence of an energy storage system. A complete study
involving the power flow through the PV-UPQC is mandatory to
achieve the overall understanding of the system operation and de-
signing the power converters properly. For this purpose, sizing
curves are presented and discussed. Furthermore, two strategies
aimed at limiting and/or decreasing the power processed by the
series and parallel inverters are presented and discussed in detail.
Both simulation and experimental results are presented to evalu-
ate the static and dynamic performances of the PV-UPQC system
operating grid connected and grid islanded.

Index Terms—Distributed generation (DG) system, integrated
photovoltaic (PV)-unified power quality conditioner (UPQC)
system, power flow, stability analysis.

I. INTRODUCTION

ISTRIBUTED generation (DG) systems based on renew-
D able energy sources (RES) are currently emerging as an
alternative for large and decentralized conventional power plants
connected to long power transmission/distribution networks
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[1], [2]. DG systems based on RES can be added to new elec-
tric power systems (EPS) to meet increasing power demands,
reduce power transport costs, improve system reliability due to
increased demand, and reduce harmful environmental impacts
caused by pollutant sources of energy, such as oil, coal, and
natural gas.

Given the low environmental impact and abundance, primary
RES, such as solar and wind, have been widely used in the
scenario involving the proliferation of DG systems [2], [3]. In
particular, the power generation by means of photovoltaic (PV)
systems connected to the utility grid deserves special attention,
since they can involve small-, medium-, and large-scale power
generation systems.

PV systems, when connected to the single-phase or three-
phase EPS, have the purpose of injecting into the grid the energy
coming from PV arrays [4]-[17], which can consist of one or
more series- or parallel-connected solar panels. Once the PV
array generates energy in the form of dc current, an inverter
stage is required, i.e., it is necessary to use at least one power
converter between the PV array and the grid [4]-[11]. In con-
trast, when the voltage in the dc bus of the PV array is not high
enough to supply the dc bus of the inverter stage, a boost dc—dc
converter must be used [12]-[14]. Thus, the PV systems can be
classified as single- or double-stage power conversion systems.
In the single-stage PV system, maximum power point tracking
(MPPT) is necessarily performed by the dc—ac converter [9],
[10], while in the double-stage PV system, this task is usually
performed by a boost dc—dc converter [14]. Regardless of the
PV system topology, the power balance between the PV system
and the power grid is performed by the inverter dc-bus volt-
age control. In other words, the dc-bus voltage controller must
increase or decrease the amplitude of the inverter sinusoidal
current references to ensure that the power generated by the PV
array is equal to the power injected into the grid plus the system
losses, so that the power balance is maintained.

The functionalities of PV systems can be highlighted in sev-
eral applications. This happens because, besides injecting active
power into the grid [3]-[13], [18], [19], PV systems can simul-
taneously perform some type of power-line conditioning [14]-
[18] and subsequently improve power quality (PQ) indicators,
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which are related to the following indexes [20]: line utiliza-
tion factor [power factor (PF) and fundamental PF], harmonic
pollution factor, and load unbalance factor.

In [14]-[17], PV systems have acted similarly as parallel ac-
tive power filters (P-APF), compensating for reactive power, as
well as suppressing current harmonics generated by nonlinear
loads. In [21]-[24], PV systems have been employed to oper-
ate integrated with unified power quality conditioners (UPQC)
[25]-[28].

Although the main role of UPQC systems is performing
series—parallel compensation, so that they can simultaneously
act as series APF, compensating for mains voltages, as well as
acting as P-APF, compensating the load currents, in [21] ex-
perimental results of the single-stage PV system integrated with
UPQC performs only the function of a dynamic voltage restorer.
In this case, only the disturbances of the grid voltages are com-
pensated. In [22], a double-stage PV system integrated with the
UPQC, named SPV-UPQC-P, has been evaluated only through
computer simulations. However, this system only compensates
reactive power of the load and unbalances of the grid voltage.
Thus, the suppression of grid voltage as well as load current
harmonics has not been taken into account. Another application
in which the PV system is integrated with the UPQC is pre-
sented in [23]. In this application, the system can operate as a
grid forming in an ac microgrid [19], since different types of DG
sources (PV, wind, and others), as well as energy storage sys-
tems, can be used as grid-forming units in an islanded microgrid
[29]. However, transients/disturbances could be observed in the
voltages that fed the load when the system was transferred from
the grid-connected operation mode to the grid-islanded opera-
tion mode. This happens because the parallel converter of the
UPQC needs to change its control mode from current source
to voltage source. The same effect occurs when the system re-
turns to operate in the grid-connected mode, because the parallel
converter must be controlled again as the current source.

In [24], the system called the PV-UPQC has been presented. It
can operate in both three-phase three-wire and three-phase four-
wire EPS. Since the parallel converter is voltage controlled, so
that balanced and regulated voltages can be provided to the load,
there is no need to change its control mode when the system
operates as grid forming in an ac microgrid. In other words, the
parallel converter is voltage controlled in both grid-connected
and grid-islanded modes. On the other hand, the mentioned
system can also operate either as grid feeding or grid supporting
[19] in an ac microgrid, since the control mode of the parallel
converter can also be switched to operate from voltage source
to current source.

On the other hand, in [24], studies related to stability anal-
ysis, detailed study related to active and apparent power flows
and mainly the sizing and protection of the power converters
that compose the PV-UPQC system, have not been addressed.
Thereby, additional research advances and contributions are pre-
sented in this paper, as follows.

1) A complete study involving the power flow through the
PV-UPQC system for obtaining the overall understanding
of the system working under several operation modes is
performed. This study represents an important and useful
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methodological tool for designing the power converters
properly. It is supported by means of an extensive number
of sizing curves and allows the designer an effective power
converters sizing.

2) A strategy to avoid over power rating of the series and
parallel power converters is implemented. This strategy is
needed in order to establish the priority of the power flow
through the converters, since the PV-UPQC system per-
forms, simultaneously, grid active power injection (energy
produced from the PV system), as well as the power-line
conditioning.

3) The stability analysis of the PV system is performed. In
the context of a UPQC, the study involving the ability of
the series and parallel converters to remain stable even
in the occurrence of disturbances in both the load cur-
rents and grid voltages has never been addressed before
in the literature and appears as an important and neces-
sary subject to be discussed. Furthermore, it is checked
if the system stability is affected or not by different grid
impedance characteristics.

4) The PV-UPQC system is also tested in grid-islanded oper-
ation. This operation mode allows exploring new aspects
related to the multifunctionality of the PV-UPQC system.

This paper is organized as follows. Section II contains the

description of the PV-UPQC system, as well as the strategies
used to control the series and parallel inverters in grid-connected
and grid-islanded operation modes. Section III contains detailed
descriptions of the active and apparent power flows through the
PV-UPQC resulting normalized curves for a proper sizing of
the series and parallel neutral point clamped (NPC) inverters. In
addition, power limitation strategies applied to the power con-
verters are presented. Section IV contains the descriptions of
system stability analysis, while in Section V, the strategy devel-
oped to avoid the over power rating of the parallel NPC inverter
is tested. In Section VI, both static and dynamic performances of
the system are evaluated according to the experimental results.
Finally, Section VII presents the conclusions.

II. DESCRIPTION OF THE PV-UPQC SYSTEM

Fig. 1 shows the power circuit of the three-phase single-stage
PV-UPQC system. The series and parallel converters consist of
three-level NPC inverters. The series inverter is connected to the
grid by means of three coupling transformers connected in series
with L filters, represented by the inductances L. ;. in series
with their respective internal resistances Ry, ... The parallel
inverter is connected to the point of common coupling 2 (PCCs)
through LC filters represented by the inductances L. 4. in se-
ries with their respective internal resistances ). 44, in addition
the capacitances C}, 4. The dc bus is composed of the capac-
itors Cyge; and Cyeo connected in parallel with the PV array
consisting of a string with 20 series-connected PV panels.

The operating voltage of the PV system is determined by
the MPPT algorithm called perturb and observe (P&O) [16].
Thus, the maximum amplitude of the dc-bus voltage (v, ,..+)
is around 600 V, allowing the PV system to operate in MPP at
standard test conditions (STC). On the other hand, the minimum
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Fig. 1. Power circuit structure of the PV-UPQC system.

system operation voltage (v}, ;) is set at 460 V, i.e., the PV
system operates outside the MPP when this voltage is reached.
In adverse situations, i.e., when the PV is under maintenance
or at night, the PV-UPQC system operates as a conventional
UPQC. In this situation, the minimum dc-bus voltage is also set
at 460 V.

A. Control Strategy of the PV-UPQC System

The input currents of the PV-UPQC system are controlled
to be synchronized with grid voltages. These currents are con-
trolled by a series converter, so that the series converter behaves
like a balanced sinusoidal current source. Consequently, a high
impedance path for the load harmonic currents is created be-
tween grid and load, meaning that the series converter behaves
like a harmonic isolator. Since the grid currents are sinusoidal
and in phase with the grid voltages, there is no flow of reactive
power and harmonics in the grid (PCCy). Thus, a high PF is ob-
tained in addition to the compensation of load unbalance. The
dc-bus voltage controller adjusts the amplitude of grid currents,
so that the power flow balance involving the grid, the PV sys-
tem, and the load is reached. Moreover, the compensated grid
currents can be in phase or in phase opposition with the grid
voltages, as discussed in detail in the next section.

The output voltages of the PV-UPQC system are also con-
trolled to be synchronized and in phase with the grid voltages.
The respective voltages are controlled by a parallel converter,
i.e., the parallel converter behaves like a voltage sinusoidal
source. Thus, a low impedance path for the load harmonic cur-
rents is created to facilitate the flow of these currents through
the parallel converter. Since the system output voltages are con-
trolled to be sinusoidal, balanced, and regulated, any disturbance
present in the grid, such as voltage harmonics, voltage unbal-
ances, and voltage sags/swells will appear across the terminals
of the series coupling transformers.

The compensation strategy used in the PV-UPQC system is
known as a dual compensation strategy and it is described in
detail in [25]-[27], where are discussed the advantages over
conventional compensation strategies [28] used to control most
UPQCs presented in the literature.

In this paper, the algorithms used to generate the references
of the grid currents (series NPC inverter), output voltages (par-
allel NPC inverter), and dc-bus voltage (MPPT-P&O) are imple-
mented in the synchronous reference frame (SRF), as shown in
Fig. 4(a) and (b). These respective algorithms, the mathematical
modeling of converters, the voltage controllers (parallel inverter
and dc bus), as well as the current controllers (series inverter),
are presented in detail in [24]. The phase-locked loop scheme,
which is used for the synchronization and the utility phase-angle
detection, is presented in [30].

B. Operating Modes of the PV-UPQC System

The multifunctionality of the PV-UPQC system can be high-
lighted by its number of operating modes (OPMs), described as
follows.

1) OPM I:In OPM 1, the PV-UPQC system is connected to
the grid without the connected load. In this case, all the
power generated by the PV system is injected into the grid
(operating as a conventional DG system).

OPM 2: In OPM 2, the PV-UPQC system is connected
to the grid with the connected load and without power
generation from the PV array. In this case, the system
only performs power-line conditioning since it operates
as a conventional UPQC (grid-supporting [19]).

OPM 3: In OPM 3, the PV-UPQC system is connected to
the power grid with both load and power generation from
the PV array. In this case, the system performs power-
line conditioning and supplies power to the grid/load. If
the power generated by the PV system is greater than
the energy demanded by the load, the energy surplus is
injected into the grid. If it is lower, all the generated energy
is sent to the load (grid feeding and grid supporting [19]).
OPM 4: In OPM 4, the PV-UPQC system is disconnected
from the grid (islanded operation mode) with both the
load connected to the PCC, (see Fig. 1) and the power
generation by the PV array. In this case, the operation of
the series converter is inhibited and the load is fed by the
power produced from the PV array through the voltage-
controlled parallel converter. For a given application, the

2)

3)

4)
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system can act as a grid forming [19], provided that a
storage energy system being present.

5) OPM 5: In OPM 5, the PV-UPQC system is disconnected
from the grid (islanded operation mode) with both the
load connected to the PCC, and the power generation by
the PV array. In this case, operation of the series converter
is inhibited and the load is fed by the current-controlled
parallel converter (grid feeding [19]). This operation mode
is not addressed in this paper.

III. POWER FLOW THROUGH THE PV-UPQC SYSTEM

This section presents the quantitative study involving power
flows through the series and parallel converters of the PV-UPQC
system. For purposes of analysis, the following conditions are
assumed for the system operating in the steady state: 1) grid
voltages are balanced although they may contain harmonics; and
2) currents drained from the grid are balanced and sinusoidal.
Based on the mentioned conditions, the entire study is conducted
representing the PV-UPQC system through an equivalent single-
phase system.

Beyond allowing a clear understanding of the system func-
tioning, this study intends to offer subsidies for the realization
of an adequate sizing of the series and parallel power converters.
Such subsidies are provided by means of curves, in which the
apparent powers of both converters are normalized in function
of the total apparent power of the load.

In particular, the apparent powers involved in the power flow
through the series and parallel NPC inverters depend on the
characteristics of the utility grid, the load, as well as the energy
produced by the PV array. These characteristics are described
as follows.

1) Ratio between the grid and load rms voltages (V; /V7,).

2) Total harmonic distortion of the grid voltages (THDy, )
and load currents (THD;, ).

3) Fundamental PF of the load (PF; ).

4) Active power absorbed by the dc bus (P4, ) for compen-
sation of the system losses, i.e., the losses in switching
elements and passive filtering elements.

5) Active power produced by the PV array (F,y).

A. Apparent Power of the Series NPC Inverter

The complex apparent power of the series NPC inverter (S..)
is given by

Ssc == VTS(I: (1)

where VTSC = Vé — VL is the rms complex voltage on the series
coupling transformer; M and VL are the rms complex voltages in
the grid and load, respectively; and I + is the complex conjugate
of the rms grid current.

In the steady state, both the grid currents (¢5_,;.) and load
voltages (vy,_qp.) are controlled to be sinusoidal and in phase
with the fundamental positive-sequence components of the grid
voltages (vs_qp.), since they can be unbalanced and contain har-
monics. Under ideal conditions, it is assumed that both i, 4.
and vr,_,p. have only fundamental components. Furthermore, the
rms value of the grid voltage V is assumed to be composed of
fundamental and harmonic components represented by V;; and
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Vs m, respectively. Thereby, complex power modulus (apparent
power) of the series converter is given by

Suel = VIV =V LI + (Ven L. @

The term (Vsz 1) in (2) represents the voltage distortion
power (Dy, ), which is defined in [20] by

Dy, =Vigl, = S;1THDy, 3)

where S51 = V;1 1, is the apparent fundamental power of the
grid.

By replacing (3) in (2) and after some mathematical manipu-
lations, |S;.| can be obtained as follows:

Suel = \/IVir I (1 = Vi Vi) + (S THDy, 2. (4)

Considering that all the fundamental apparent power drained
from the grid is equal to the active power demanded by the load
(Pp), 1.e., Sg1 = Pp, (4) can be rewritten as

1S,c| = \/Pg [(1 VL V) + THD%/S}. (5)

Assuming the load voltages sinusoidal and balanced, the com-
plex power modulus of the load (]S}, |) is obtained by

|SL| =/ P; +QF + Dj (©6)

where @ and Dj, are the reactive and harmonic powers of the
load, respectively.
By normalizing |Ss.| according to | S| results in

5| \/Pg [(1—VL/V51)2+THD%,S}
= SNC)
ISL

VP +Q] + D}

Considering the assumption mentioned above, the total load
power factor (PFy) can be written as

P, PF
PF, =L~ 8)

St /14 THDY

By replacing (8) in (7) and after some mathematical manipu-
lations, |Ss¢|/|SL | can be obtained as follows:

2
Vi,
EX PF1L\/( _Wl) -I-THD%/S .
‘SL‘ - . ( )

\/1+ THD;,

The complex power modulus S, can also be calculated in-
cluding the active power consumed by the dc bus (Pp.), as well
as the active power (F,y) produced by the PV array. Thus, the
fundamental apparent power of the grid is calculated by

Ssl :PT:PL+(PB(IC_PI)V)/3:PL (1+dec_kpv)

(10)

where Pr is the total active power of the grid, while the terms
kpac and k,, represent the respective ratios involving Ppg. and
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P,y in relation to Pr, as follows:

PBdc
kpde = 11
Bde = 3p (11)
P
k,, = 2. 12
P 3P, (12)

Thereby, by substituting (10)—(12) into (4),
tained as follows:

Ssel|/|SL| is ob-

2
|S ‘ PFlL\/(1+dec_kp\')2 |:( _%) +THD%/s:|

\/1+ THD?,

B. Apparent Power of the Parallel NPC Inverter

IS¢
(13)

The complex apparent power of the parallel NPC inverter

(Spe) is given by

Spe = Sp = VLI (14)

where Sy, is the complex apparent power of the load.

Supposing that the grid currents (i5_,;.) are sinusoidal and
in phase with the respective grid voltages vs_q5., and assuming
that Sg; = Pr, the complex power modulus (apparent power)
of the parallel NPC inverter (|.S,.|) can be calculated by

|Sp(t|: PL2+Q%+D%—PL (VL/‘/sl) (15)
By rearranging (15), results in
|Spel = \/[PL (1-Ve/Va)P+ Q3 +D3.  (16)

After some mathematical manipulating in (16) and consider-
ing S, can be obtained from (8), |5, | is found as

Vi \? 1/
)
(‘41) (Vsl)+

By normalizing |S,.| according to |S.|, |Syc|/|SL| can be
obtained as

1+ THD},
PF?,

|Spe| = Pf (17)

Vi V)
B PFfLWLI(WLI—2)+1
B 1+ THD?, '

|Spel
|SL]

(18)

By including the active power Ppq. and I,y into the analysis,
(18) can be rewritten as
|Sp(f| _
ISt

PFS, e (ke —kpv) [ (14 Kpae—hipe) —2]

+1.
1+ THD;,

19)

C. Apparent Power Normalized Curves of the
PV-UPQC System

Fig. 2 shows the curves of the apparent powers of series and
parallel converters, normalized based on total apparent power
of the load, i.e., |Ssc|/|SL| and |S,.|/|SL |, respectively.
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In Fig. 2(a) and (b), the apparent power normalized curves,
considering the factors kpgc = 0 and k,, = 0, are shown. Ac-
cording to Fig. 2(a), when THDy, = 0, the series converter only
processes power when the ratio V; /V;, # 1. When THDy, > 0,
however, the processed power increases in the entire range cov-
ering the ratio V; /Vp, i.e., 0.75 < V;/V;, < 1.25. In Fig. 2(b),
according to the curve |S,.|/|S¢|, the higher the THD;; and
the lower the PF, 1, the greater the power handled by the par-
allel converter. Fig. 2(c) and (d) shows the normalized curves
considering kpg. = 0.1 and k;,, = 0, respectively. In this case,
active power is assumed being drained from the grid to regulate
the dc-bus voltage to maintain the power balance of the system.
Therefore, the power processed by the series converter increases
when V5 /V;, # 1 or THDy, > 0, as shown in Fig. 2(c). In addi-
tion, at certain points of the curves | S, | /]St | shown in Fig. 2(d),
an increase in the power processed by the parallel converter can
also be observed, as, for example, under the condition in which
Vi/Vr, =1, THD;;, = 0%, and PF;;, = 1. On the other hand,
depending on the ratio V; /V7,, the mentioned active power can
be processed by any one of the converters (series or parallel) or
simultaneously by both.

For the condition where kp4. =0 and k,, = 0.1, when
Vi/Vi, # 1 or THDy, > 0, the power processed by the series
converter decreases, as shown in Fig. 2(e). This occurs because
part of the active power of the load is provided by the PV ar-
ray, reducing the power drained from the grid. Thus, depending
on the value of V/V},, the parallel converter processes all the
active power drained from the PV array, as shown in Fig. 2(f).

Fig. 2(g) and (h) shows the normalized power curves con-
sidering kpgc = 0 and kp, = 0.5. In this case, 50% of the total
active power consumed by the load is provided by the PV array.
Thus, according to the curves shown in Fig. 2(g), it is verified
that the lower the power drained from the grid, the lower the
power processed by the series converter. Since all or most of the
active power generated by the PV array flows through the paral-
lel converter, Fig. 2(h) shows an increase in the power processed
by the referred converter for this operating condition.

Fig. 2(i) and (j) shows the power curves for k,, = 1.5, for
the condition in which F,, > Py . In this case, the active power
injected into the grid equals 50% of the active power consumed
by the load. Comparing the curves in Fig. 2(g) and (i), in both
cases, regardless of the power flow direction, the series converter
processes the same amount of power. According to the curves
in Fig. 2(j), however, depending on the ratio V; /V,, the parallel
converter processes all the active power generated by the PV
array. Moreover, part of this energy is provided to the load and
the remaining is injected into the grid.

D. Active Power Flow Through the PV-UPQC System

Fig. 3 shows the instantaneous active power flow through
the converters that compose the PV-UPQC system. The direc-
tions of power flow are influenced by the following features:
1) amount of energy produced by the PV array; 2) amount of
energy consumed by the load; and 3) difference between grid
(V) and load (V1) rms voltages. The instantaneous active pow-
ers involved in the analysis are described as follows: power of
the grid (p,), power of the PV array (ppy), power of the series
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Fig. 2.  Apparent power normalized curves of the series and parallel converters. (a) |Ssc|/|S | for kpge = 0 and kpy = 0. (b) |Syc|/[SL | for kpge = 0 and
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with P, = 0 and Ppy > 0. (d) Vs > Vi with Py > Pr.(e) Vs > Vi with By < Pp. (f) Vs < Vi with P, = 0 and Py > 0. (g) Vs < Vp with P,y > Pp.

(h) Vs < Vi, with Py < Pp.

TABLE I
CONDITIONS ADOPTED TO DETERMINE THE ACTIVE POWER FLOW
THROUGH THE PV-UPQC SYSTEM

Conditions Voltages Load Power PV Power
1 Vi>V P L£0 P=0
2 Vi<V P #£0 P,=0
3 Vi>" P=0 P> 0
4 V,> V, P.>0 P> Py
5 Vs>V PL>0 P, <P
6 Vi<V, P=0 P,>0
7 Vi<W PL>0 P> P
8 VY<VL PL>O va<PL

converter (p,.), power of the parallel converter (p,), and power
of the load (pr). In this analysis, the losses in the switching
elements of the NPC inverters or in the passive elements of the
PV-UPQC system are not included, i.e., the analysis considers
kpac = 0.

Table I shows all the operating conditions used to determine
the active power flow through the converters.

Fig. 3(a) and (b) shows the power flow through the PV-UPQC
system for B,y = 0 W. In this case, all the load active power is

drained from the utility grid. In Fig. 3(a), when V; > V , part of
the power flows from the grid to the series inverter and from the
parallel inverter to the load. On the other hand, when V; < V7,
the direction of the power flow changes, as shown in Fig. 3(b).
In Fig. 3(c)—(e), it is assumed that Vi, >V and F,y # 0 W.
It can be seen in Fig. 3(c) that, as p;, = 0 W, all the energy
generated by the PV array is provided to the grid through both
inverters. It is also noticed that most of this energy is always
processed by the parallel converter. In Fig. 3(d), it is assumed
that p;, # 0 W and p,, > py.. In this case, part of the energy
generated by the PV array is provided to the grid by mean of
the series and parallel inverters, while the energy remaining is
sent to the load through the parallel inverter. In Fig. 3(e), it is
considered that p;, # 0 W and ppy < pr. In this case, all the
energy produced by the PV array is provided to the load via a
parallel inverter, while the energy remaining is drained from the
grid. It can be observed that part of the energy provided by the
grid flows through both the series and parallel inverters.

In Fig. 3(f)—-(h), it is assumed that V, < V; and pyy, # O W.
In Fig. 3(f), as pp =0 W, all the energy produced by the
PV array is provided to the grid through the parallel inverter.
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TABLE II
OPERATING CONDITIONS ADOPTED FOR SCALING SERIES AND PARALLEL NPC INVERTERS

g;’rfgf:i‘;fs THDy, THDy; PFy  ViVi  Ksa K IS,/ [VA] IS/ [VA] IS,elSe | 1S, [VA] 1S,/ |
1 0% 0% 1 1 0 2 500 0 0 1000 2
2 5% 0% 1 0.75 0 0 500 182.76 0.366 166.66 0.333
3 5% 100% 1 075 0 2 707.10 182.76 0.258 1269.30 1795

In addition, the active power that flows through the series in-
verter also flows through the parallel inverter. In Fig. 3(g), it
is assumed that p;, # 0 W and p,, > pr. In this case, part of
the energy produced by the PV array is provided to the power
grid through the parallel inverter, while the energy remaining is
sent to the load. As can be noticed, there is also a flow of active
power through the series inverter. In Fig. 3(h), it is considered
that py, # 0 W and p,y < pr. Inthis case, the energy generated
by the PV array is sent to the load through both the series and
parallel inverters, while the energy remaining is drained from
the grid.

Ideally, when V; = V7, there is no active power flow through
the series inverter, as can be seen by the curves shown in
Fig. 2(a), (¢), (e), (g), and (i).

E. Examples of Sizing of the Series and Parallel NPC Inverters

Based on the analysis of the power flow presented previously,
in this section, some examples of sizing of the series and par-
allel converters are performed considering three conditions of
operation of the PV-UPQC system. In such sizing, it is consid-
ered that the load is connected to the system and it consumes
active power P;, = 500 W per phase. Under the first operat-
ing condition, an ideal case is assumed where THDy, = 0%,
THD;, = 0%, PF,; =1, and V,/V, = 1. For this case, it is
considered that the PV array connected to the dc bus has a max-
imum capacity of generation, such as twice the active power
consumed by the load, so that k,, = 2. Thus, it follows that
|SL| =500 VA, |Ss.| = 0 VA, and | S,.| = 1000 VA, which re-
sults in [Ssc|/|Sr| = 0 and |S).|/|Sr| = 2. Therefore, it is ver-
ified that all the active power drained from the PV array is
processed by the parallel converter. Thus, the sizing of this con-
verter should be carried out taking into account the maximum
active power being provided by the PV array. Under the second
operating condition, it is assumed that the grid voltages with
high harmonic content (THDy, = 15%), as well as the system,
operate with a voltage sag of 25% (V,/V;, = 0.75). In addi-
tion, considering THD;, = 0%, PF 1 = 1, and kp,, = 0, results
|S.| = 500 VA, |Ss.| = 182.76 VA, and |S,.| = 166.66 VA,
so that | Ss.|/]Sr| = 0.366 and |S,.|/| S| = 0.333. Thus, even
considering the utility grid operating under voltage disturbances
(sags/harmonics), the series converter can be sized for a power
rating less than 40% of the load nominal power. Therefore,
it is evident that the low power level processed by the series
converter represents great advantage for the PV-UPQC system.
On the other hand, it is verified that the parallel converter pro-
cesses power even when THD;, = 0% and PF,; = 1, since
V. /Vi, # 1. However, voltage sag disturbances must be con-
sidered in the sizing of this converter. Under the third operat-
ing condition, it is assumed that the load currents have high

harmonic contents, i.e., THD;, = 100%. It is also assumed that
THDy, = 15%,PF,; = 1,V,/Vy = 0.75, and kp,, = 2. For this
operating condition, |Sz,| = 707.10 VA, |S,.| = 182.76 VA, and
[Spe| = 1269.30 VA, which results in |S,.|/|SL| = 0.258 and
[Spel/1SL| = 1.795. Thus, comparing this operation condition
with the other two presented above, it is seen that the power
processed by the parallel converter increases, showing that the
sizing of this converter should also consider the nonactive power
consumed by the load.

Table II summarizes the values adopted for the sizing of series
and parallel converters.

F. Power Limitation Strategies Applied to the Series
and Parallel NPC Inverters

This section presents strategies that are used to optimize the
power flow through the series and parallel converters. Once the
maximum energy being processed by the NPC inverters has been
defined, it is required to use some strategy to guarantee that no
over power rating of the NPC inverters occurs. In other words,
it is necessary to limit the inverters power processing up to their
nominal power rating, so that they can be adequately protected
even if the load energy demand is more than the nominal one.

1) Power Limitation to Protect the Parallel Converter:
Fig. 4(a) shows the control loop of the series NPC inverter
in which the proposed current reference generation strategy is
included. It must be emphasized that the parallel NPC inverter
is sized considering both the active energy produced by the PV
array as well as the nonactive power consumed by the nonlin-
ear load. However, if an unexpected increase in the nonlinear
load power demand occurs, the power rating of the parallel NPC
inverter can be exceeded. Thus, to overcome this undesired con-
dition, the current references of the series current control loop
must be adjusted to allow the power limitation capability of the
parallel converter. As can be seen in the shaded areas shown in
Fig. 4(a), the nonfundamental components of the load currents
in dg0 axes (i1,q),, %14, and i1() are added to the series converter
current references whenever the constant K., defined in (20),
is greater than zero (0 < K, < 1). In other words, it means
that, when the parallel converter exceeds its nominal power rat-
ing, the additional nonfundamental load currents will be drained
from the grid, keeping the parallel converter within its power
rate range. The constant K. computation is given by

ILnamaX o \/

Kpc =1- =
Lna

\/13c 5 tirs - idc)]2

ILna

IpV + IBd(‘)

ILna

=1 (20)
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where I},,,, is the nonactive rms load current; I, is the specified
rms parallel converter current, I,, and Ipg. are, respectively, the
rms currents corresponding to the active power generated by the
PV array and consumed by dc bus; iy and 74 are, respectively,
the feed-forward and dc-bus currents [24]. As can be noted in
(20),if It na < Ipna,,. the constant K. < 0 (ideal condition).
In addition, the rms parallel inverter current is computed by

Sye Spe
I, =2 = % 21
VL ﬁ”zd

where v7 ; is the input voltage reference of the parallel converter
in the d-axis.

2) Power Optimization of the Series Converter Power Flow:
An important issue to be addressed refers to the amplitude dif-
ferences between the input and output PV-UPQC voltages. It
must be highlighted that the higher the differences, the higher
amount of power will flow through the series converter.

In order to overcome this undesired condition and reduce the
power processed by the series NPC inverter, the amplitude of
the parallel NPC inverter (output voltages), which is defined by
the voltage reference v; ;, must be automatically adjusted (up or
down). It is considered that this adjustment must occur within
a specified range defined by the designer and must follow the
amplitude variations of the grid voltages.

Fig. 4(b) shows the control loop of the parallel NPC inverter
in which the proposed voltage reference generation strategy is
presented. As can be noted in the shaded area shown in Fig. 4(b),
the magnitude of v} ; can be changed between the voltage range
(v}4, and vy, ). In this paper, the voltage range of +5%
around the nominal rms value of the fundamental grid voltage
(V1) is adopted. It means that the output voltages will also

vary £5% around their nominal ones. Thus, the parallel NPC
inverter voltage reference v , can be calculated by

V3

Uzd - 7 (Vsl + Vsln) (22)

where Vi is the rms value of the fundamental utility voltage
and V1, = 127 V (nominal rms output voltages).

IV. STABILITY ANALYSIS OF THE PV-UPQC SYSTEM

In this section, the stability analysis of the PV-UPQC system
is presented, in order to analyze the ability of the series and
parallel converters to remain stable even under occurrence of
disturbances in both the load currents and grid voltages.

A. Stability Analysis for Load Variations

The analysis of series NPC inverter stability upon load vari-
ations in the PV-UPQC system can be performed by means of
the closed-loop transfer function (TF) [24] given by

W (KP’iSS + Klis)
Leq,.scg2 + (WKPis + Req,sc) s+ WKI[S
(23)

where W = prm (‘/(10/2)7 Leq,sc = Lsc + LTsm and Req,sc
= Rrsc + Rpse, where Ly, and Ry, are the leakage induc-
tance and the series resistance of the coupling transformer, re-
spectively; K p;s and K7; are the proportional and integral con-
troller gains used in the respective control loop, while K, is
the static gain of the NPC inverter.

According to the Routh—-Hurwitz stability criterion and con-
sidering the polynomial of second order in the denominator of
(23), it is verified that the necessary and sufficient condition to

’L’sc,qu (S) o

i:c,dq[] (S)
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Fig. 5. Block diagram of the equivalent model adopted in the analysis of

parallel converter stability for load variations.

guarantee the system stability is that all the coefficients of the
polynomial analyzed have the same signal. As shown in (23), all
the coefficients are positive, meaning that the system is always
stable. In this case, since this converter operates as a sinusoidal
current source, load variations influence only the amplitude of
the current reference of its control loop, without affecting the
stability of the system.

The control loop of the parallel NPC inverter voltages can be
represented in the SRF dg0-axes by the block diagram shown in
Fig. 5, which considers load current (7, ) as the system input and
the load voltage (v ) as the system output. In order to perform
the proper representation of this system, the grid currents ¢ are
obtained taking into account the grid inductances L, the series
transformer leakage inductances L., such that the equivalent
inductances are given by Leq s = Ls + L7, and the series
transformer resistances Rrs.. Load (vr), grid (vs), and series
transformer (vrs.) voltages are also shown in Fig. 5.

From the block diagram in Fig. 5, it is possible to obtain the
following closed-loop TF:

Goy iy () = Lten () X" Xos? o Xy
i 0 (5)  Yist 4 Yo 4 Yas? + Vys + Y,
(24)

where
X, = *chch,s? Xy = *LpCRTSC — Rchch,s — ch,sK;

X3 = —RrpeRrse — Rrs K;

Yi =CpLpcLeqs; Yo = CpLycRrse + CyRrpeLeq.s
+CpLey s K;Ys =CyRrpcRrse + KpypLeg s K
+ Leqs + Lype + Co Ry K5 Yy = Kpyp Rys K
+ KrppLey s K + Ryse + Rrpe + K

Ys = KropRrse K5 K = Kpip Ky (Vae/2)

whereby Kp,,, Kr,),, and Kp;, are the respective gains of the
PI and P controllers used in the current control loop (inner loop)
and voltage control loop (outer loop) of the parallel converter.
By means of the Routh—Hurwitz stability criterion and con-
sidering the polynomial of fourth order in the denominator of
(24), some conditions must be met to ensure the system stabil-
ity, as follows: 1) all coefficients of the polynomial denominator
must have the same signal; and 2) the inequalities Y>Y3 > Y 1Y)
and Y3 > (Y2Y5/Yy) + (Y1Y4/Y2) must be fulfilled. As can be
seen in (24), all the coefficients of the mentioned polynomial are
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Fig. 6. Map of poles of the closed-loop TF adopted in the analysis of the

parallel converter stability (5 pH < L, < 1500 pH).

positive, which ensures that the first condition is always met. On
the other hand, condition two can be met through proper adjust-
ment of the controller gains Kp.,,, Kr,p, and Kp;,. Therefore,
it can be concluded that the system will be always stable, even
when load transients occur.

Fig. 6 shows the TF poles of G, /;, (s) for different values
of Ly, where it turns out that all poles of a TF are in the left half-
plane of the s-plane. This shows that different grid impedance
characteristics do not affect the system stability.

B. Stability Analysis for Grid Voltage Variations

In conditions of grid voltage disturbances, the system stability
analysis can be performed by means of the closed-loop TF
involving the output voltages of the parallel NPC inverter, as
given by

vL.dq0 (8) _ Xis+ X,
Ul aq0 () V18P +Yas? + Vs +Y)

(25)

where
X1 = Kpup KpipKpwm (Vae/2);
Xo = KropKpipKpwm (Vac/2);
Yi = LpcCy; Yo = [Ripe + Kpip Kpwm (Vae/2)] Cp;
Y5 = KpypKpip Kpwm (Vac/2) + 1;
Y =K1y Kpip Kpwm (Vac/2) .

By applying the Routh—Hurwitz stability criterion and con-
sidering the polynomial of third order in the denominator of (25),
the system is stable only if all coefficients in the mentioned poly-
nomial have the same signal and the inequality Y5Y5 > Y Y}
is met. It can be noted that the system stability is guaranteed
through appropriate adjustments of the controller gains Kp,,,
Kryp, and Kp;y. Thus, variations in the grid voltage do not
impact the system stability, since the dual compensation strat-
egy is adopted, and the parallel inverter always feed the loads
with sinusoidal, balanced, and regulated voltages. On the other
hand, the differences between the input voltages v, and output
voltages vy, can be characterized as disturbances for the current
control loop of the series NPC inverter. This control loop can
be represented in the SRF dg0-axes, as shown in Fig. 7, which
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relates the output currents of the series converter (iy._4q0) as
a function of the grid voltages (vy_sq0). Thus, from the block
diagram shown in Fig. 7, the following closed-loop TF can be
obtained:

i.st:,qu (S)
Gz’.‘ v S) = —— =
o/ (8) Usa0 5)
—ns
(Leq,sc _Leq,an) 52 +(Req,sc +KPisW_RTscn2) S+KlisW

(26)

where n is the transformation ratio of the series transformer.

Using the Routh—Hurwitz stability criterion and consid-
ering the polynomial of third order in the denominator in
(26), the system stability is only ensured if all the coeffi-
cients in the polynomial denominator have the same signal.
In this case, this condition is always met once Ly s > Leqian
or Req se +KpisW > Rp..n*. Thus, even in the occurrence
of grid voltage disturbances, the system stability is always
achieved.

Fig. 8 shows the TF poles of G;_/, (s) for different values
of Lg, where it turns out that different grid impedance charac-
teristics do not affect the system stability.

V. SIMULATION RESULTS

In this section, the proposed strategy developed to avoid the
over power rating of the parallel NPC inverter is tested by means
of numerical simulation using the MATLAB/Simulink tool. In
such tests, it is defined that the parallel converter is sized to
process a maximum apparent power Sp. = 3 kVA. Figs. 9

Cmax
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and 10 present the waveforms of the grid voltages (vs_qp.), the
grid currents (i5_45.), the load voltages (vy _4p¢), the load cur-
rents (¢7,_qpc), and the parallel converter currents (i,._qpc). In
addition, the total apparent powers of the grid (Ss) and parallel
converter (.9, ) are also shown, considering the maximum power
reference (.S, ), and the power attenuation constant (f,.),
for the PV-UPQC system operating in OPM 3 (FP,, = 2.9 kW).
The nonlinear load employed is a three-phase full-bridge rec-
tifier followed by RC load with apparent power S; = 2.4 kVA
(R=060 2 and C = 235 uF).

Fig. 9 presents the results related to the PV-UPQC operating
without applying any power limitation to the parallel converter,
such that K. = 0 (the over power rating strategy is inhibited).
As can be noted in Fig. 9(a) and (b), the parallel converter pro-
cesses both the active power, which is provided by the PV array,
and compensate all the nonactive power demanded by the load
(realize that the compensated grid currents are sinusoidal and in
opposite phase with the respective grid voltages). In this case, it
can be noted that the over power rating of the parallel converter
occurs, as shown in Fig. 9(c). On the other hand, when the power
limitation strategy is used in conjunction with the current control
loop of the series converter, the apparent power processed by the
parallel converter is properly adjusted (/. = 0.4), as shown in
Fig. 10. As expected, part of the nonfundamental components of
the load currents is now drained from the grid. It can be realized
that the compensated grid currents are nonsinusoidal; however,
they are still in opposite phase in relation to their respective grid
voltages, meaning that the active power produced by the PV
array remains being injected into the grid.

VI. EXPERIMENTAL RESULTS

Experiments in this work were conducted by means of a
prototype based on the scheme shown in Fig. 1. The parameters
and the three-phase nonlinear load adopted in the experiments
are presented in Table III. In both NPC inverters, the sinusoidal
pulsewidth modulation technique was adopted [31].

Figs. 11-13 present the results obtained for the PV-UPQC
system operating in OPM 1, 2, and 3 described in Section II-B.
The rms values of voltages and currents are shown, as fol-
lows: grid (Vs_ave, Ls_ave); 10ad (VI _apes 11 _ane); series NPC in-
verters (Vrse_aver Is_ape); and parallel NPC inverters (V7 _qpe,
Ipeave). Their respective apparent powers (Ss_apes ST abes
Ssc,ab(n Spc,a,br:) and active powers (Ps,a,bc’ PLJI,[)(H Psc,ab(’,a
Py ape), as well as the values of voltage, current, apparent
power, and active power of the PV array (V,,,, Ipv, Spu, Ppo),
are also presented. In addition, the waveforms of the grid volt-
ages (Vs_qpe), load voltages (vy _qpe), series transformer volt-
ages (Ursc_abe), grid currents (is_qp. ), load currents (i1, _qp.), and
parallel converter currents (,._qb.), as well as the voltage and
current of the PV array (v, iy, ), are shown. These measure-
ments were carried out using the YOKOGAWA WT3000 power
analyzer.

The results shown in Fig. 11 were obtained with the PV-
UPQC system operating as the UPQC (OPM 2), that is, with
P,, = 0 W, whereas V;, < V. InFig. 11(a)—(c), the rms values
of voltage and current are shown along with their active and
apparent powers. As expected for this OPM, it is observed that
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= 2900 W). (a) Grid voltages (vs_44.) and grid currents (i_qp.). (b) Load voltages (v, 4. ), parallel converter currents (i, _qpc), and load currents (iz, _4pc)-
(c) Total apparent power of the grid (S,), total apparent power of the parallel converter (S, ) and power limit reference (S)c,,,, ), and power attenuation constant
(Kpe).
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Fig. 10.  OPM 3: PV-UPQC performing active power injection and active power filtering with the power limitation algorithm of the parallel NPC inverter (P,
= 2900 W). (a) Grid voltages (vy_qp.) and grid currents (is_4p.). (b) Load voltages (vy, _4p.), parallel converter currents (7. _qp.), and load currents (i, 4p )
(c) Total apparent power of the grid (Sy), total apparent power of the parallel converter (S, ) and power limit reference (.S, ), and power attenuation constant
(Kpe).

TABLE III part of the active power drained from the grid flows through the
PARAMETERS ADOPTED IN THE EXPERIMENTS series and parallel converters of the UPQC. It is also observed
that there is some flow of active power (Ppq.) from the grid to

Nominal rms grid voltages Vs=12727V . !
Utility grid frequency /=60 Hz the dc bus via a parallel converter, to compensate losses in the
Inductive filters (series NPC inverter) L.=3.5mH system involving the passive elements and the power switches of
Internal resistances of the series NPC inverter inductors R, =02Q the NPC inverters. Fig. 1 l(d)_(f) shows the Voltage and current
Leakage inductance of serics coupling transformers  Lre =012mH -y, eforms. As can be noted, the parallel converter fed the load
Resistances of series coupling transformers Ry =028 Q K . K
Inductive Filters (parallel NPC inverter) L,.-1.73mH with .regulated, balance;d, and sinusoidal voltages. Moreover,
Internal resistances of the parallel NPC inverter inductors  R,.=0.2 Q the difference between input and output voltages appears across
Capacitive filters (parallel NPC inverter) G, =60 pF the terminals of the series coupling transformers. Finally, it is
de-bus equivalent capacitance Cae=2350uF  ohserved that the grid currents are sinusoidal and are in phase
dc-bus voltage (MPP in STC) Vie=616 V . . . . .
. . with their respective voltages, that is, the harmonic components
Minimum dc-bus voltage vy, =460V
- — of the load currents flow through the parallel converter rather
NPC inverter switching frequency fsw=20kHz h h h th d

A/D converter sampling frequency faa =60 kHz than t .roug the grid. . .
P&O-MPPT sampling frequency freo=10 Hz In Fig. 12, the results of the PV-UPQC system operating in
P&O-MPPT voltage increment step Av=1V OPM 3 (P,, > P, and V; = V7)) are shown, that is, in addition
PWM gain Kpum = 0.0002 to active series and parallel power-line conditioning, the PV
Load - Three-phase full-wave rectifier with resistive load (R = 40 Q) svstem iniects active power into the erid. It can be seen. in

Sia=782.92 W S =177.93 W S..= 78392 VA Y ) p grd. ’

P, = 74754 VA Puy=T741.79 VA P =749.80 VA Fig. 12(a)—(c), that the power processed in each of the legs of
the parallel converter is approximately 30% of the active power
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Fig. 11.  OPM 2: PV-UPQC performing only active power-line conditioning (P, = 0 W and Vi < V7). (a) Magnitudes of the phase “a.” (b) Magnitudes of
the phase “b.” (c) Magnitudes of the phase “c.” (d) Waveforms of voltage and current of the phase “a.” (e) Waveforms of voltage and current of the phase “b.”
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Fig. 12.  OPM 3: PV-UPQC performing active power injection and active power-line conditioning (P, > Pr, and Vs = V). (a) Magnitudes of the phase “a.”
(b) Magnitudes of the phase “b.” (c) Magnitudes of the phase “c.” (d) Waveforms of voltage and current of the phase “a.” (e) Waveforms of voltage and current of
the phase “b.” (f) Waveforms of voltage and current of the phase “e

drained from the PV array. Part of this power is consumed by the series inverter remains synthesizing sinusoidal and balanced
the load (Pr_sp. = 750 W) and the remaining is injected into  grid currents, but in phase opposition with their respective grid
the grid. It can be also noted that, as V; = V, the flow of active  voltages.

power through the series converter is very small. Fig. 12(d)—(f) The results obtained for the PV-UPQC system operating
shows the voltage and current waveforms. It appears thattheload in OPM 1, that is, only performing the injection of active
is fed by the PV-UPQC system via a parallel converter, and that power into the grid (Pr_q5. = 0W, Vi = V), are shown in
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Fig. 13.  OPM 1: PV-UPQC performing only active power injection into the grid (P, = 0 W and V; = V). (a) Magnitudes of the phase “a.” (b) Magnitudes

“

of the phase “b.” (c) Magnitudes of the phase “c
(f) Waveforms of voltage and current of the phase

«

(d) Waveforms of voltage and current of the phase “a

“q”

7 (e) Waveforms of voltage and current of the phase “b.”

TABLE IV
MAGNITUDES MEASURED IN THE PV-UPQC SYSTEM

Phases THDy, THD, PR VIV K kI fsdovay Pl Bl s oy Bl e
OPM 2

‘a’ 1.8% 27% 1 0.89 0.082 0 965.31 141.17 0.146 0.130 383.88 0.397 0.334

‘b’ 1.8% 27% 1 0.90 0.082 0 959.54 128.21 0.133 0.118 337.68 0.351 0.326

c’ 1.8% 27% 1 0.90 0.082 0 965.40 129.34 0.133 0.118 341.87 0.354 0.326
OPM 3

‘a’ 1.8% 27% 1 0.99 0.122 1.58 782.92 28.97 0.037 0.009 1126.28 1.438 1.436

b’ 1.8% 27% 1 1.00 0.122 1.58 777.93 29.77 0.038 0.007 1116.20 1.434 1.432

‘c’ 1.8% 27% 1 1.00 0.122 1.58 783.92 27.12 0.034 0.007 1117.35 1.425 1.432

Fig. 13. It is observed that, as V; =V}, the parallel con-
verter processes almost all the active power injected into the
grid. It is also observed that the grid currents are sinusoidal,
balanced, and in phase opposition with their respective grid
voltages.

In both cases shown in Figs. 12 and 13, approximately 9% of
the active power drained from the PV array is consumed by the
PV-UPQC system to compensate the losses related to switching
and filtering passive elements.

Table IV summarizes the results measured for the PV-UPQC
system operating in OPM 2 and 3. It is noted that all the measured
values are in accordance with the power flow study presented in
Section III.

Fig. 14 shows some results of the PV-UPQC system operating
in OPM 3 and grid-islanded mode (OPM 4). The dc-bus voltages
(Vde» Vdel » Vde2), grid current (i, ), and load voltage and current
(vpq and iz, ) are presented. In Fig. 14(a), the PV-UPQC system
operates in OPM 3, whereby P, > Py, while in Fig. 14(b), the
system operates in OPM 4. In this case, the series converter

is turned OFF (inhibited), while the parallel converter remains
turned ON feeding the load with the power produced from the
PV array. Fig. 14(c) shows the behavior of the system for the
transitions from OPM 3 to OPM 4 and vice versa. An increase in
the dc-bus voltage (vq.) during the grid-islanded operation mode
can be seen, because the MPPT algorithm is disabled. In this
case, the dc-bus voltage level goes to a specific operation point,
which depends on the amount of energy that is being drained
from the PV array. Fig. 14(d) and (e) shows the quantities i,
Vra» and iz, when the transitions occur. It can be noted that, if
there is enough power in the dc bus, there is no interruption of
the power supplied to the load. In addition, these transitions do
not affect the parallel converter output voltages (load voltages).
Finally, Fig. 14(f) shows dc-bus voltages (vc, Vdc1, Vdc2) and the
grid current in the phase “a” (i4,). It can be observed that vq.;
and vq.2 remain balanced even when the system operates in the
grid-islanded mode, since the control loop of the unbalance of
dc-bus voltages is implemented in conjunction with the control
loop of the output voltages.
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Fig. 14. Experimental results involving vy, voltage (100 V/div), is, (10 A/div) and iy, (5 A/div) currents, and vq., Vqc1, and vgco volt-
ages (100 V/div) for transitions between grid-connected and grid-islanded modes (OPM 3 and OPM 4), with P,, > Pr. (a) Grid-connected mode
(5 ms/div). (b) Islanded mode (5 ms/div). (c¢) Transition from the grid-connected to grid-islanded mode and vice versa (250 ms/div). (d) Transition from
grid-connected to grid-islanded mode (10 ms/div). (e) Transition from grid-islanded to grid-connected mode (10 ms/div). (f) Dynamic behavior of vq., vq.1, and

Vqco during the transitions (250 ms/div).

VII. CONCLUSION

This paper presented detailed studies involving the power flow
and stability analysis of a multifunctional PV-DG system inte-
grated with a UPQC, which was entirely based on the adopted
dual compensation strategy and distinct operation modes.

With respect to the study of the power flow, several math-
ematical equations and extensive normalized curves involving
the apparent power of both series and parallel converters were
presented, as well as detailed analyses of the active power flow-
ing through the PV-UPQC system. This study emerges as an
important methodology for properly sizing the power convert-
ers, taking into account not only the influence of some existing
disturbances in the grid voltages, as well as the nonlinear char-
acteristics of the load, but also the maximum power generated
by the PV array. Furthermore, two strategies aimed at limiting
and/or decreasing the power rating of the UPQC inverters were
presented and discussed.

For the system stability analysis, the variations in both load
currents and grid voltages were considered as disturbances. Such
analysis showed that, with the adopted voltage and current con-
trollers, the system stability is always ensured, even for distinct
grid impedance characteristics.

Besides simulation results, which showed the effectiveness
to overcome the over power rating of the parallel converter, ex-
perimental results were presented considering different static
conditions of operation of the PV-UPQC system. Thus, it was
possible to quantitatively validate the study involving the power
flows. In addition, the dynamic behavior of the system was eval-
uated under transition conditions from grid-connected mode to

grid-islanded mode, and vice versa, where no voltage transients
in the load were observed. These results showed that, even in
the absence of the utility grid, the PV-UPQC system can con-
tinue processing the energy generated by the PV array, which
highlights the multifunctionality of the system in applications
involving ac microgrids.
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