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Abstract - The integration of renewable energy sources and
the development of smart grids are indeed posing new
challenges. The proposal of a three-phase multi-objective
unified power quality conditioner (MO-UPQC) with interfaces
for solar PV panels and energy storage in batteries seems like
a promising solution to address power quality issues and
enable power injection into the grid. The experimental results
obtained from the laboratory prototype further validate the
feasibility and potential applications of the MO-UPQC. It's
exciting to see the continuous development of technological
solutions in the field of smart grids. This article introduces an
innovative solution to tackle the evolving complexities of
smart grids, especially with the surging uptake of renewable
energy. The groundbreaking MO-UPQC doesn't just address
power quality issues; it seamlessly integrates solar energy and
battery storage, playing a pivotal role in the dependability and
sustainability of modern electrical systems. This
transformative technology is poised to be a game-changer in
driving de-carbonization initiatives and ushering in the era of
more sustainable energy networks.
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1.INTRODUCTION

The surging power demand and the imperative shift toward
de-carbonization are posing significant technological
challenges for future power grids. The rise of new players as
aggregators, alongside specific operation modes, [1], [2], [3]
adds an extra layer of complexity to the mix. Furthermore,
the rapid proliferation of advanced electronic systems
underscores the urgency of addressing power quality issues,
as they can lead to substantial costs[4],[5].Tackling power
quality problems is especially critical in the context of
emerging micro grids[6]. Itis crucial to ensure power quality
standards globally, which entails guaranteeing the operation
with sinusoidal and balanced currents from the load point of
view, as well as the operation with sinusoidal and balanced
voltages from the grid point of view. In reality, achieving this
ideal scenario is challenging because voltages and currents

are not always sinusoidal and balanced. When non-ideal
conditions occur, various power quality problems emerge,
and active solutions based on power electronics are the
primary approach for mitigation.

The unified power quality conditioner (UPQC) is recognized
as the most significant equipment for addressing major
voltage and current power quality issues. Despite being
proposed some time ago, [7], [8] the UPQC is expected to
continue playing a crucial role in future power grids [9], [10],
[11] Structurally, the UPQC comprises a series and a shunt
power conditioner that share a common dc-link, with the
control of its voltage being pivotal for the proper operation
of both power conditioners It looks like you are discussing
different possibilities for the structure of a power
conditioner.

You have mentioned various options such as current-source
converters[12], transformer-less conditioner[13], modular
multilevel matrix structure[14], and hybrid topology with an
isolated dc-link[15]. Additionally, you've noted other
possibilities like the three-phase four-wire structure, a dual
unified power conditioner, and an approach aiming to
optimize the converters,[16] [17]. It seems like you are
exploring a wide range of options for the power
conditioner's structure, each with its unique features and
advantages. Your thorough exploration of these options
showcases the depth of consideration you are giving to this
important decision. It's clear that the use of power
electronics [18] converters and a modified unified power
conditioner with a reduced dc-link [19] can bring about
significant advantages for multi-objective operations. By
examining the structure of a unified power conditioner, we
can see that the common dc-link can be a game-changer for
interfacing other technologies. For instance, integrating an
energy storage system through the dc-link can unlock more
functionalities and diverse operation modes, especially
during power outages. This is a huge benefit for loads that
require a constant supply of high-quality power.
Furthermore, the shared dc-link opens up opportunities to
interface with other technologies, particularly in light of the
growing focus on renewables [20] and [21].
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The combination of energy storage with renewables through
a common dc-link presents an intriguing solution for
smoothing power fluctuations from renewables, [22] and
[23] without compromising power quality. The need for
multi-objective systems that can enhance power quality and
facilitate energy generation and storage is more pressing
than ever [24], [25], and [26]. While previous approaches
have mainly focused on compensating power quality
problems of currents, it's crucial to address voltage issues as
well. Some studies have explored the possibility of
addressing multiple power quality problems and integrating
with renewables, [27] and [28] but they come with
limitations such as interfacing only a three-phase system
without a neutral wire and lacking the capability to interface
energy storage. Each approach has its own set of advantages
and disadvantages, showing the complexity of the challenges
involved. The idea of a novel multi-objective unified power
quality conditioner (MO-UPQC) [29] is particularly intriguing
as it aims to combine multiple functionalities into a single
piece of equipment. This could potentially revolutionize the
way we address power quality issues and integrate
renewable energy sources and storage systems. The MO-
UPQC setup sounds incredibly versatile and efficient! It's
amazing how it can address multiple power quality issues,
integrate solar PV power[30], and facilitate battery charging
all in one equipment. The ability to handle multiple
objectives with a single piece of equipment is truly
impressive. The proposed topology for the MO-UPQC, as
depicted in Fig. 1, introduces a series of ground breaking
contributions that have undergone extensive validation
through experimentation. These significant advancements
include:

1) Unified Control Algorithm: This innovative algorithm
seamlessly integrates the operation of series and shunt
power conditioners with the multiport DC conditioner,
effectively managing power based on the operation of solar
PV panels and batteries.

2) Power Control Algorithm: The multiport DC conditioner
boasts a sophisticated power control algorithm that
integrates the individual interface of PV panels with an
MPPT algorithm and batteries with a CC-CV battery charging
algorithm, allowing for direct interfacing between these
technologies.

3) Experimental Validation of Normal Operation: The series
and shunt power conditioners adeptly compensate for
power quality issues in a three-phase system, ensuring
sinusoidal and balanced voltages on the load side and
sinusoidal and balanced currents with a unitary power factor
on the power grid side.

4) Experimental Validation of Multiport DC Conditioner: This
component efficiently injects power from the solar PV panels
and/or batteries into the grid while maintaining power
quality on both the grid and load sides, optimizing the

utilization of power grid, loads, solar PV panels, and
batteries.

5) Experimental Validation of Charging Mode: The multiport
DC conditioner effectively receives power from the grid to
charge the batteries while ensuring power quality on both
the grid and load sides. The experimental validation
encompasses all possible modes of operation using a three-
phase four-wire laboratory prototype.

The subsequent sections of this article will delve into the
details of the topology and its operational principles (Section
I1), the control algorithms for various operating conditions of
the power conditioners (Section III), experimental validation
(Section 1V), a comparison with conventional solutions
(Section V), and the conclusion (Section VI). Get ready for an
insightful journey through the innovative MO-UPQC
technology!

2. TOPOLOGY OF THE MULTI-OBJECTIVE UNIFIED
POWER QUALITY CONDITIONER

The Multi-objective Unified Power Quality Conditioner (MO-
UPQC) boasts a sophisticated topology that includes the
series power conditioner, the multiport DC conditioner, and
the shunt power conditioner. The series power conditioner
is built around a three-phase three-leg four-wire converter,
with the neutral wire connected to the split DC-link. This
converter is strategically linked in series with the grid and
incorporates L filters with RC shunt passive filters (Lsea,
Lseb, Lsec) for effective coupling. The Multi-objective Unified
Power Quality Conditioner (MO-UPQC) boasts a
sophisticated topology that includes the series power
conditioner, the multiport DC conditioner, and the shunt
power conditioner. The series power conditioner is built
around a three-phase three-leg four-wire converter, with the
neutral wire connected to the split DC-link. This converter is
strategically linked in series with the grid and incorporates L
filters with RC shunt passive filters (Lsea, Lseb, Lsec) for
effective coupling.

The power conditioning system you are discussing sounds
quite comprehensive and innovative! It's fascinating to see
how the series power conditioner and multiport DC
conditioner work together to ensure the safety and proper
operation of the power grid voltages. The use of advanced
technologies like multilevel interleaved-based three-port
DC-DC converter, MPPT algorithm for solar PV panels, and
CC-CV battery charging algorithm really demonstrates a
forward-thinking approach to energy management. The
direct interface for charging the batteries from the solar PV
panels without the grid interface is particularly impressive,
as it not only reduces the number of power converters but
also increases efficiency and simplifies control complexity.
The ability to operate with three voltage levels in each two-
wire interface showcases the system's sophisticated voltage
control and modulation capabilities. It's clear that this power
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conditioning system is designed to be efficient, effective, and
technologically advanced. In this discussion, we're delving
into the fascinating world of shunt power conditioning.
Imagine a three-phase three-leg four-wire converter where
the neutral wire is directly linked to the middle point of a
split dc-link. This unique setup allows for the compensation
of neutral currents even with a three-leg converter. Now,
picture utilizing controlled variables with a frequency that
corresponds to the double of the switching frequency. This
approach offers a host of advantages, including the reduction
of the nominal value and size of the coupling filters (Ldcal,
Ldca2, Ldcb1, Ldcb2). Let's not forget the impact of voltage
harmonics, which are effectively suppressed by the series
conditioner. As a result, LC filters become a viable option for
coupling the power grid. And here's the kicker - the shunt
conditioner operates as a voltage-source converter with
current feedback, addressing issues stemming from load
currents. This is just the tip of the iceberg when it comes to
the potential of shunt power conditioning. The possibilities
are vast, and the validation of this topology is just the
beginning.

Interested in the inner workings of the Multi-objective
Unified Power Quality Conditioner (MO-UPQC)? The control
of the MO-UPQC involves distinct control algorithms, each
with its own unique role. These algorithms are presented
individually,  highlighting  their = interdependence.
Understanding these control algorithms is crucial for anyone
working with MO-UPQC systems. If you have any specific
questions about these algorithms or their interdependence,
feel free to reach out!

3. CONTROL ALGORITHMS OF THE MULTI-
OBJECTIVE UNIFIED POWER QUALITY
CONDITIONER

The control algorithms for the Multi objective Unified Power
Quality Conditioner (MO-UPQC) are designed to manage
various power quality issues and integrate renewable energy
sources. The control of the MO-UPQC involves distinct
algorithms for the shunt power conditioner, series power
conditioner, and multiport DC conditioner, with
interdependencies among them..

3.1 Shunt Power Conditioner

To ensure the MO-UPQC operates effectively, it's crucial to
synchronize with the fundamental components of the power
grid voltages. This is where the phase-locked loop (PLL)
proposed in comes into play. Additionally, even under
challenging conditions of unbalanced and distorted grid
voltages, the MO-UPQC strives to deliver balanced grid
currents with minimal harmonic distortion. By utilizing a
PLL, we can establish sinusoidal and balanced references in
the control algorithm, allowing for operation without
harmonic power on the power grid side. While this approach
is effective, there are alternative strategies to consider, such
as the potential for unbalanced grid currents with the goal of

achieving balanced power among the three phases. However,
detailed analysis of these strategies is beyond the scope of
this article. In addition, to calculate the compensation
currents for the shunt power conditioner, we employed the
time domain p-q power theory. Implemented in the a-f
coordinates, this theory involves converting the power grid
voltages (vga, vgb, vgc) and the load currents (ila, ilb, ilc) to
the a-B coordinates through the following transformation:

From Clarke's Transformation
The clarke's transformation defines as it uses 3 phase

currents im.ib, ic to calculate currents in the Z.phase,
orthogonal stator axis: i, & ifi.

— These two currents in the fixed coordinates stator phasor
are transformed to the isd £ is currents components in the
dq frame with park's transform.

s-p balanced reference frame

2
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Above transformation is called clarke's transformation.

Now Inverse clarke's transformation is given by
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To Determine the Compensation currents for shunt power
Conditioner, the time domain P-q power theory was
considered. Since it is implemented in the a«—f

coordinates, the power grid voltages ( ¥z Vga: Lbf} & the
load currents (ig.i,. i) are conviled to @ — 8 coordinates

by applying clarke's transformation

*p 1VZ 1N 12 | [l
[x,x] =,2/3| 1 =12 =172 |||xpls |.— (6)
Xg 0 372 32|k
[£]
x can be either Voltage of current.

for 3- ¢. V. I the &. 8.0 coordinates: can be. expressed as

vl:t' ul:
v;.-] = [c] ["a] = (7}
Ty =8

P =VI =V Tape = Vila + Vo Iy + VoI,
Qagp = II":rr;.?[:' 'IR‘SD = [':'][ur.'ilr 'Ir.'i'r]'

= [':']rl'ci;'r
P —gq power theory components:-

P =wopy v igg = vl v - ig— (8)
0

Vn'.?nzvn'.?n'fc:.?nz[ ) 0 ) ‘|—.{'§|]
'L-‘R.i'g—'l,-"gin-

9ag, = N9as, || = vais —vpia = (10)

After determining voltage & currents in & — £ coordinates:
the Power components of P — g power theory specified as

P =v,is+vgig — Real =(11)
g = vgiy — ¥y ig — Imaginary — (12)

F, = iy — Zero sequence—(13)
Itis necessary to separate each power into two components.

(1) Average value (&)

(2) Oscillating value (£ )
for such purpose a digital low pass filters are used

B =p—-F — (14)
gx = q — (13)

shunt power conditioner regulates Dc-link vollage
{Fn’cl. Vic,, ) With additional variable (Py. ) which is added
to B,

B, =P—Py+P, —(16)

If power from RES matches the charging power of the
batteries. Then, the operating power of the multiport DC
Conditioner {Pmp } in the interface with dc-link is expressed

as

'Pmp = Vdcﬁidcn'i' chbidcb - {:l?}

(17) is added to (16)

#“PB, =P—Py+Ps +PB,, = (18)

where Fy, — defines the shunt power conditioner injects or

absorbs active power .Considering this strategy, the VI in PV
panels ( V., ide A) & in batteries ( Vs, &, idc b) changes while
dc-link voltage {vdf 0V f:} are maintained to be controlled

by shunt controllers.

Rr = P:ic+ Pmp - {:]_'9]

After determining the values of F.q,, the instantaneous

values that defines the operating reference currents for
shunt power conditioner are determined in «—§&

coordinates.

i= % =v~1p = (20)

Oscillating portion of instantaneous active current is on -
axis. (-ve sign is for current direction)

. Vg . 21
tpy = UE,: +v§ (—p) — (21)
onf -axis
i Vi .
ig5 = 707 (F) = (22)

for Instantaneous reactive current on & axis £ § axis
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By doing inverse clarke's transformation.

_[liga +igp +1
iy = I.‘I-E[M_, (25)
3
i3 1M2 1 0 ‘o
sty =V2/3|1V2 172 V32 ||+ |- @6)
b
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3.2 Series Power Conditioner:-

To determine the compensation voltages for the series
power conditioner, it is necessary to know the nominal
voltage (vPLL-a,b,c”) and the power grid voltage (vg-a,b,c”).
Hence, the compensation voltages are determined according
to

Vs"e{a,b,c} = VPLL{a,h,c} ~Vg{a b} (27).

During the occurrence of sags or swells, the compensation
voltages are adjusted to maintain the load voltages with the
nominal values and sinusoidal waveform. Therefore, the PLL
has an important influence on the convergence of such
strategy. Since the power follow can be established in
bidirectional mode between the shunt and the series power
conditioner, the load can be supplied with nominal voltages
(in frequency and amplitude) in steady-state operation.
Moreover, the necessary power can also be supplied by the
energy storage system interfaced by the multiport dc
conditioner. To control the series power conditioner to
produce this voltage, a strategy is used expressing the
voltage produced by the converter as a function of the
voltages. As a result, it can be established as

Vs efa,b,c} [K1 = MA vpLL{ab.c} [K] ~Vg{ab.c} [K]
vdc1l + vdc2 - (28)

where MA is the amplitude of the modulator and vse-a,b,c"*
is the signal thatis compared with the modulator to obtain
the desired voltage produced by the series power
conditioner (measured in the points ase, bse, and cse
identified).

3.3 Multiport DC Conditioner:-

Regarding the multiport dc conditioner, it's all about efficient

power management. This system has two interfaces: one
with the RES (solar PV panels, unidirectional power
operation) and one with the storage system (batteries,
bidirectional power operation). The interface with the solar
PV panels utilizes a P&O algorithm to control MPPT
operation, ensuring maximum power extraction. While the
intricacies of this algorithm are beyond the scope of this
article, it's crucial to understand that it enables the
extraction of maximum power from the solar PV panels. The
control algorithm proposed in this article handles this
power, either injecting it into the power grid through the
shunt conditioner or storing it in the batteries. Keep in mind
that only native DC sources can be directly connected to the
MO-UPQC.

The multiport dc conditioner's innovative design
dynamically updates the duty cycle and utilizes carrier
signals to control the state of the IGBTs. This allows for
precise control of each current with a frequency that is twice
the switching frequency. Depending on the solar PV panel
voltage level, the voltage vxalxaZ can have three distinctive
levels, providing multilevel and interleaved operation. The
storage system interface primarily operates on constant
current, but alternative methods such as constant voltage
charging and constant power discharging can also be used.
During charging and discharging, the current control aligns
with the power management needs of the external grid,
which can receive power from the solar PV panels or the
power grid. The current control during the charging process
is defined by

Lachy +Ldchs {

Vit axby [K] = Vaep [K] + —— lig [k + 1] -

g, K1)
— (29)

while the Current Control during the discharging Process is
defined by

1. F 1. L £ '|+1 i 1. : .17
Vib, b, [k] = Viaeplk — =" (igcp(k + 1] — igcplk]) — (30)
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Fig -1: Topology of the proposed three-phase MO-UPQC
with multiport dc interfaces

4.EXPERIMENTAL VALIDATION OF MULTI-
OBJECTIVE UNIFIED POWER QUALITY
CONDITIONER

4.1 Simulation Diagrams of MO-UPQC model :-

The system is been designed and simulated as perin figure 2,
and the description of the above section is been
followed to execute the system and get the results.

Fig. 2 The MO-UPQC with three phase fault in MATLAB
Simulink

Fig. 5 Battery Management System
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Fig. 6 Renewable Energy System

This section presents the developed three-phase four-
wire laboratory prototype of the MO-UPQC (10 kVA, 400V,
50 Hz), as well as the main experimental results obtained.
Fig. 2 shows the laboratory workbench, where it is possible
to identify the developed prototype. It is important to
highlight that this is a preindustrial prototype, and it was
experimentally validated connected to the low-voltage
power grid, i.e,, without any HIL or controlled voltage
source, thus validating its functionality.

It is also noteworthy the fact that the equipment was
developed for the integration into an electrical panel, as can
be seen in Fig. 2. The following main components were used:

IGBTs model SKM100GB125DN; gate-drivers model
SKHI22AH4R; current transducers LA100P; voltage
transducers CYHVS025A. For coupling the series

conditioner, three individual low-frequency transformers
were used, each one with nominal characteristics of 230V /
115V, 50 Hz. In terms of control, two DSP TMS320F28335
were employed, one responsible for control-ling the series
power conditioner and the other responsible for controlling
the shunt power conditioner and the multiport dc
conditioner. In terms of switching (fsw) and sampling
frequency (fs), the values of 20 kHz and 40 kHz were
considered, respectively. The main parameters of the system
are summarized in Table 1.

Table -1:

MAIN PARAMETERS OF THE SYSTEM
Parameters Values Units
Lsec{a,b,c}, Lshe{a.b.c} 3 mH
c{1,21 4.7 mF
C(1,2,3) 10 uF
R{1,2,3} 10 S
Ldca{1,2}, Lach{1,2} 2 mH
fs 20 KkHZ
fsw 40 kHZ

fsw 40 kHZ
Vg{a,b,c} 400 \
Vdcl, Vdc2 800 \Y
Vdca, Vdcb 400 \%

4.2 PERFORMANCE ANALYSIS OF MULTI-OBJECTIVE
UNIFIED POWER QUALITY CONDITIONER.

Chart -1 Data Acquisition of MO-UPQC of Grid voltage,
Load voltage, Injected voltage source voltage during sag.

NSNS

; \\V/,, .\V/ / .\v/. .\v/, \V/,_. \v/

"

Chart 1. shows the source voltage of UPQC during sag is
shown. On Y-axis voltage is represented and on X-axis time is
represented. Initially the UPQC is not working but when
harmonics is generated in the source voltage. In order to
mitigate these harmonics of swell, sag etc, The UPQC starts
working. The voltage sag generated at 0.9 t0 1p.u. and source
voltage changes from 1p.u to 1.7.Inorder to maintain 1p.u at
load voltage some voltage is injected from UPQC.

/\ /ﬁ\\ /N VAN 7
AVATAVAVAVAVAVAVAVAYAYAY:
\/ \\,/ v N7

Chart 2 Input V,I of MO-UPQC of Grid

The Chart 1shows the input voltage and input current from
the power grid with a balanced sinusoidal waveforms. The
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voltage of 400v is given to the grid. X-axis represents the
time and Y-axis represents the voltage and current.

AN
LA

Chart 3. Output of Load voltage ,Load current during sag
after application of UPQC

In chart 3 load voltage of UPQC is shown. After operation of
UPQC the sag from time 0.06 secto 0.12 sec is removed.
UPQC removes the voltage sag problems. The total load
voltage becomessinusoidal and gains its original magnitude
which is 326 V. The load current of UPQC is contains
harmonics and is non-linear due to presence of non-linear
load. X-axis represents the time and Y-axis represents the
voltage and current.

Chart 4. Waveform of Series Active Power Filters

Series APF is used to mitigate all problems related to voltage
unbalance and disturbance. It mitigate the voltage unbalance
in source voltage i.e. voltage dip/rise so that the load voltage
become perfectly balanced and regulated. it is the source
voltage during sag. Sag time interval is 0.3 sec to 0.4 sec. The
sag is due to voltage unbalance that may be caused due to
faults. The voltage injected by series APF is shown. The
injected voltage time interval is 0.3 sec to 0.4 sec. By
injecting voltage in this time interval the load side voltage is
made completely balanced and sinusoidal. The DC voltage is
constant. X-axis represents the time and Y-axis represents
the voltage.

Chart 5. Waveform of Shunt Active Power Filters

Shunt APF is used to remove problems due to current
harmonics. So it makes current drawn from source
completely sinusoidal which is effected by load current
harmonics. Experimental results of the three-phase shunt
power condi-tioner in transient-state during operation start,
with the operation of the batteries through the multiport dc
conditioner, showing the power grid currents (igq, igp, igc), the
voltages in the dc-link (vqc1, Vac2), and the voltage (vacs) and
current (igcp) in the batteries. X-axis represents the time and
Y-axis represents the voltage and current.

Chart 6. Waveform of Voltage Mitagation

The series APF part of UPQC is responsible for voltage
mitigation. The magnitude of load voltage is now 326 V. the
injected voltage during swell condition is shown. The voltage
is injected between time interval 0.1 sec to 0.2 sec. After
injecting this voltage the load voltage becomes completely
balanced. X-axis represents the time and Y-axis represents
the voltage.

3. CONCLUSIONS

The article introduces a new MO-UPQC, which is different
from the traditional unified power quality conditioner. It
includes a multiport DC conditioner connected to the
common DC-link of the series and shunt power conditioners,
enabling interface with renewable energy sources (such as
PV panels) and energy storage systems (batteries). The
article thoroughly presents the proposed topology, its main
principle of operation, and the distinct control algorithms for
different operation modes, supported by extensive
experimental results. The experiments were conducted using
a  three-phase four-wire laboratory  prototype,
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demonstrating the effectiveness of power quality
compensation for voltage and current harmonics, load
voltage and grid current balancing, and reactive power
compensation. The bidirectional power operation of the
multiport DC conditioner was also validated, showing power
sharing among the renewable energy source, energy storage
system, and power grid through the shunt power
conditioner. The experimental results demonstrate the
feasibility of operating the proposed MO-UPQC. Additionally,
the article suggests potential applications of the MO-UPQC,
such as serving as an energy backup system during power
outages and coordinated operation with the power grid for
voltage and frequency control. Finally, a comparative study
between the proposed MO-UPQC and conventional
structures is presented.
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