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ABSTRACT This paper introduces a novel control strategy for multifunctional grid-tied inverters in indus-
trial/commercial power systems, aiming to address the compensation of instantaneous power oscillations.
The proposed strategy is derived from the Conservative Power Theory, which offers the ability to extract
and analyze oscillating power terms directly in the abc frame. To demonstrate the efficacy of the proposed
strategy, simulation results are presented, considering a scenario with a three-phase multi-functional grid-
tied inverter with an LCL filter operating in a laboratory scale prototype. The power system includes various
types of loads, such as linear, non-linear, unbalanced loads and a three-phase induction motor with capacitive
compensation. Simulation results show the effectiveness of the proposed strategy in coping with the active
power dispatch provided by the inverter, concomitantly ensuring that the induction motor operates with
constant torque, as well as that the industrial/commercial electric system operates with improved power
quality. Furthermore, the proposed strategy is also validated by means of experimental results obtained from a
3.6 kVA inverter prototype. The experimental findings affirm that the compensation of the targeted oscillating
power terms is successfully achieved. Such a validation underscores the practical viability of applying the
proposed strategy to real-world scenarios.

INDEX TERMS Conservative power theory, induction motor, instantaneous power oscillations, multifunc-
tional inverters, power factor, power quality.

I. INTRODUCTION

Power quality (PQ) is a relevant matter for consumers and
electric utilities worldwide, and its importance has been
elevated since the past decades due to the widespread
interconnection of electronic devices (e.g., loads - comput-
ers, lighting systems, elevators, rotating machines, electric
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vehicles (EVs) chargers, etc. [1]). Such devices present a
nonlinear characteristic intrinsic to their operation, degrad-
ing voltage and current waveforms that are ideally desired
to be sinusoidal. As a consequence, power oscillations and
resonance issues associated with the existence of asymmet-
rical and distorted voltage/current components have become
major concerns, particularly to industrial and commercial
power systems that present sensitive and expensive electric
equipment [2], [3].
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The dense existence of nonlinear electric devices is
harmful due to the fact that their operational behavior
can contribute to the amplification of non-sinusoidal cur-
rents circulating within the power grid, which degrades PQ
indexes to undesired levels, both from utilities’ and com-
mercial/industrial consumers’ perspectives [4]. The major
technical concerns related to poor PQ within such a sce-
nario include excessive transformer heating, interference in
communication systems, audible noise, malfunctioning of
protection and measurement systems, and increased vibra-
tions in electric machines [5]. Moreover, it is worth high-
lighting that the interaction between harmonic currents and
the feeder’s impedance also causes non-sinusoidal voltage
drops, distorting the voltages at the point of common coupling
(PCC) [6]. Consequently, such a voltage behavior adversely
affects the operation of induction motors, which are devices
widely used in commercial/industrial sites, causing additional
electric losses and, above all, torque pulsations [7], [8]. More-
over, low power factor is also evidenced as another cause
deteriorating the performance of such machines [9]. Another
relevant point is the incorporation of new and atypical loads
into the electrical system, such as EV charging stations, which
introduce operational challenges such as equipment malfunc-
tion and waveform distortion during the charging process,
resulting in PQ degradation [10].

In the literature, the traditional and most economically
viable solution for power factor correction and harmonic
mitigation in commercial/industrial sites is typically accom-
plished by means of passive filters and capacitor banks [11],
[12]. However, such a strategy is highly sensitive to the grid’s
impedance features, being associated with the rising of har-
monic resonances when not properly designed. In addition,
the main disadvantage of using passive filters and capacitor
banks lies in their lack of dynamic adjustment for compen-
sation. Once designed and installed, passive compensators
cannot be easily adjusted to cope with changes in the voltage
and current patterns of the grid [13].

On the other hand, solutions based on active filtering tech-
niques have gained popularity over the past decades [14],
[15], [16], [17]. The reason behind that trend is mostly due to
the constant reduction in the prices related to such equipment,
as well as the proliferation and flexibility of power elec-
tronic converters (PECs) associated with distributed energy
resources (DERSs), such as photovoltaic-(PV), fuel cell, bat-
tery and wind-based systems [18]. Considering the high
investment and operating costs of additional devices in the
installation aimed at improving power quality, the remaining
capacity of the PECs has attracted significant interest, emerg-
ing as a promising solution to address such obstacles [3].

Consequently, several compensation strategies have been
proposed in the literature to combine reactive, harmonic, and
imbalance compensation [19], [20], [21], [22], [23], [24],
[25], [26], [27] through the control setting of PECs. Nonethe-
less, despite the widespread use of PV and wind energy
systems, PECs usually end up being underutilized due to the
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intermittency of such sources [19], [25]. To cope with that and
meet cost-benefit reasonable alternatives, hybrid solutions
that combine features of passive and active solutions can
be employed to increase the utilization rate of PECs. For
example: passive filters can be combined with active power
filters (APFs); Static Var Compensator (SVC) is used in par-
allel with APF; SVC is associated with Static Synchronous
Compensator (STATCOM); and others [23].

As shown in [24], an effective solution for harmonic
mitigation and reactive compensation is the combination
of active and passive filters, since it allows to reduce the
overall investment while attaining satisfactory filtering per-
formance. In [26], power factor correction is addressed by
using traditional capacitor banks together with PV-based
Multi-Functional Grid-Tied Inverters (MFGT]I), and a study
on the effects of installing a photovoltaic plant in an industrial
environment is conducted. In [27], the use of a MFGTI is
proposed for power factor compensation through synergistic
control of capacitive reactive power. Power factor correction
based on PECs and capacitor banks is also explored in [28],
having reactive compensation as main goal, although neglect-
ing the analysis of possible harmonic resonances.

In [2], a power factor correction strategy addressing har-
monic resonance in different demand conditions is presented.
Nonetheless, [2], as well as none of the works cited above,
address the mitigation of oscillating power components,
which can drastically reduce the lifespan of induction motors
and deteriorate PQ of the industrial/commercial site.

Regarding the compensation of power oscillations, impor-
tant findings related to the topic have been addressed in
previous studies. In [29], the performance and applicabil-
ity of compensation algorithms for switched compensators
using the p-q theory are evaluated. The authors emphasize
the oscillation of instantaneous real power, which can cause
oscillating torques or frequency variations in weak systems,
such as energy microgrids. They suggest that the oscillating
portion of instantaneous real power arises from the con-
nection of different types of low-inertia or non-controllable
generators in the microgrid. However, this methodology does
not explore scenarios involving the inverter’s multifunction-
ality. In [30] and [31], an approach based on the Conservative
Power Theory (CPT) is proposed to identify oscillatory com-
ponents of instantaneous power in three-phase systems. The
authors present an initial study to define reference signals for
compensation of oscillating instantaneous power and active
power injection in three-phase systems. They explore the use
of the MFGT!I to inject power into the grid and act as an APF,
providing that the PEC does not exceed its nominal capacity.

A multifunctional inverter integrated with a Battery Energy
Storage System (BESS) is proposed in [32]. The inverter
includes a management strategy aimed at active power injec-
tion and reactive power compensation, taking into account
the state of charge (SoC) of the BESS and PV intermit-
tency. In [33], an energy management algorithm based on an
MFGTI with BESS was developed, considering the optimal
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system operation mode as well as selective disturbance com-
pensation. However, the integration of BESS into the inverter
system, as in [32] and [33], results in additional costs, making
the system more expensive. In [34] proposes an efficient
active and reactive power management scheme via fuel cell
grid connection aiming at power factor correction; however,
it does not address harmonic mitigation. A hybrid PV-battery
system that performs multifunctional operations utilizing
a grid-connected inverter is introduced in [35]. A multi-
functional system integrating PV, battery, and APF, with
metaheuristic tuning, has been proposed in [36]. However,
neither [35] nor [36] investigates selective compensation and
requires coordinate transformation and phase-locked loops
(PLL) to generate reference currents for the inverter.

Considering that [29], [30], and [31] does not address
the integration of the MFGTI with passive compensation
solutions, it can be highlighted that the main contribution
of this article lies in proposing a methodology related to
the association of a capacitive bank and a MFGTI, resulting
in a hybrid method enabling reactive compensation through
these devices. This approach BC is used for reactive power
compensation in the fundamental component and avoids the
need to install new passive structures and their redundancy in
the facilities, which are susceptible to resonance, increased
costs, among other issues. Furthermore, the proposed strategy
would allow for the adaptation and updating of the control
structure of the MFGTI with a flexibility in the injection of
active power, compensation of residual reactive power, and
the mitigation of power and energy oscillations, thus ensuring
a constant torque for electrical machines. A summary of
the literature review concerning the comparison between the
proposed control strategy and some state-of-the-art control
strategies of multifunctional inverters and hybrid method for
power quality improvement is presented in Table 1.

TABLE 1. Comparison between proposed control strategy and some
state-of-the-art control strategies.

Reference MFGTI Flexibility D}/;;Lhr?g Cost
[11] No No No Low
[17], [24] No No Yes Medium
[19], [21], [22], [25], [27] YES YES NO Medium
[3], [20], [23] YES YES YES Higher
[30], [31] YES YES NO Medium
[32],[33] YES YES YES Higher
[35],[36] YES NO YES Higher
PROPOSED METHOD YES YES YES Medium

This paper proposes an approach capable of integrating a
MFGTI with capacitor banks, additionality considering the
perspective of having such equipment installed in indus-
trial/commercial environments (e.g., shopping centers or
industrial sites). Hence, the integrated approach allows to
minimize oscillatory torque in three-phase induction motors
and improve the power quality in industrial/commercial
power systems. In the proposed integrated compensation sys-
tem, the capacitor bank allows to compensate the power factor
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of a three-phase induction motor. On the other hand, the
MEFGTI is responsible for injecting active power, simultane-
ously mitigating oscillatory instantaneous power according to
the conditions imposed by the industrial/commercial electric
system. Whenever necessary, the MFGTI can also compen-
sate for the remaining reactive power (i.e., the portion not
compensated by the capacitor bank), always respecting the
PEC’s nominal capacity. Thus, the full potential of the indus-
try microgrid’s, the capacitive bank (CB), and the distributed
energy resource (DER) can be exploited, only requiring the
need for a firmware update of the inverter.

The proposed approach has the potential to increase the uti-
lization of MFGTI in the industrial and commercial sectors,
resulting in greater electricity savings and stronger relia-
bility for the power supply. Additionally, it improves PQ
and increases the lifespan of induction motors (IMs), since
the MFGTTI supports the compensation pulsating torques
resulting from the intermittent nature of renewable energy
sources, as well as from load imbalances, voltage imbalances,
and harmonic components present in industrial/commercial
installations. In this way, it ensures constant instantaneous
power during the operation of IMs and other rotating
machines in general.

Il. PROPOSED COMPENSATION SYSTEM STRATEGY

An overview of a typical industrial electrical system con-
nected to the grid is presented in Fig. 1, consisting of
a DER represented by non-dispatchable generation source
(e.g., PV-based source) responsible for supplying energy.
Such a system includes a three-phase voltage source inverter
(i.e., PEC) with current-controlled output, a CB for passive
power factor compensation, line impedances, and a set of
local loads. The coupling of the inverter with the main grid
is achieved through an LCL filter, which ensures current and
voltage waveforms are practically free of high-frequency rip-
ples. Additionally, the presence of inductance L, enhances the
system’s robustness against variations in the grid impedance,
which is usually unknown and can vary with time [37].

The industrial load consists of an induction motor (IM)
with a CB (Ccgp), a balanced linear load (L and Rp),
an unbalanced load (Ly and Ry), and non-linear load (Ry,
Ly and Cy). It is important to note that a mechanical load
(ML) is coupled to the shaft of the IM, with a rated power of
14.8 kW, torque of 74 N.m, and a power factor of 0.87. Note

TABLE 2. Parameters of the MFGTI and proposed system in
computational simulation.

Parameter Value Parameter Value
vine 460V/60Hz  Rg Lg 0.08Q, 0315 mH
Poer 15 kW Ry, L, 10 mQ, 0.5 mH
Pu 14.8 kW Ry, Ly, C,  10m<, 0.5 mH, 3.3 uF
Vi 460 V Ry, L, 0280, 1.1 mH
PFit = A 0.87 Ry, Ly 90, 18 mH
Tow 74N.m Rs, Ly 30 Q, 70 mH
Ceap 55.4 uF Lu Ry, Cy 1 mH, 33 Q, 780 uF,
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FIGURE 1. Interconnection of MFGTI to an industrial grid.

that, the power factor of the induction motor falls below the
standardized index of 0.92, as stated in [38]. Table 2 shows the
values of the main parameters adopted for the CB and MFGTI
setup, as well as the characteristics of the electrical grid and
loads. It is worth mentioning that the LCL filter was designed
following [39], and the CB integrated with the three-phase
squirrel cage induction motor was dimensioned to achieve a
power factor of 0.95.

A. MFGTI CONTROL SYSTEM
The PEC’s control algorithm is implemented in natural
coordinates (abc). A simplified control system diagram is
presented in Fig. 2, showing the generation of reference
signals from the CPT and the control loops used. The mod-
eling and design of the controllers are based on [40], [41],
and [42]. The proposed control system utilizes two loops,
with one loop dedicated to controlling the output current of
the MFGTI (iy;rgrr) and another external loop responsible
for maintaining a constant voltage at the DC bus (vcce).

It’s important to note that the system shown in Fig. 1 is
a three-phase system with three wires. Thus, the current of
phase c, is obtained by summing the currents of the MFGTI,
1.6, IMFGTIc —(iMFGTIa + iMFGTIY), and the voltages are
obtained from the line voltage, as described in [43].

The controller for the MFGTTI’s output current is based on
a multi-resonant proportional controller [44], given by:

2KipRWCPRS
52 + 2wcprs + (hap)?

Ge () =Ke+

i=1,3,5

VOLUME 12, 2024

where h represents the harmonic order, wy is the fundamental
frequency of the grid, and K¢, Kjpgr, wcpr correspond to
the proportional gain, integral gain, and bandwidth of the
resonant controller, respectively. The gain K¢ of the cur-
rent controller is calculated to ensure a certain cross-over
frequency wc of the uncompensated open-loop transfer func-
tion, OLTF ,,. (s), as discussed in [37]:

1
 |OLTF ye(wc)

For the regulation of the DC bus voltage, a proportional-
integral (PI) controller is adopted, designed according to [40].
To be aligned with the perspective of this paper, the regulator
should operate with a sufficiently narrow bandwidth to avoid
oscillations in the peak value of the current reference and
minimize interaction with the current controller [37].

@

Kc

Kipc

Plpc (s) = Kppc + 3)

Finally, the MFGTI was designed considering a switching
frequency of 18 kHz due to the single update modula-
tion strategy and physical design of the magnetic devices.
Table 3 shows the values adopted for the current and voltage
controllers.

TABLE 3. Parameters of current and voltage controllers.

Parameter Value Parameter Value
K¢ 2 Kppe 5
Kipr 100 Kipc 50

Wepr 6.28 rad/s [ON 377 rad/s
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FIGURE 2. Control system and reference signals generation for proposed MFGTI.

The bandwidth of the current loop was set at 1.2 kHz
aiming the compensation of current harmonics and phase
margin in 45°. The bandwidth of the PI compensator for the
DC bus voltage is adjusted to 7 Hz, and the phase margin
to 70° in order to achieve a compensated system with low
overshoot in order to maintain a voltage of 400 V at the DC
bus. A detailed explanation about the complete process of
modeling and design of the controllers is available in [40].

lIl. FOUNDATIONS FOR DECOMPOSITION OF
OSCILLATORY POWER COMPONENTS

The decomposition of instantaneous power considered in this
paper is based on average and oscillatory components, taking
the CPT as a framework for such a task [45]. The CPT, which
is an approach defined in time domain, is applicable to any
periodic signal, enabling the analysis of both single-phase and
multi-phase electrical systems. The CPT decomposes cur-
rent and power signals into orthogonal components, yielding
physically meaningful quantities without the need for PLL or
coordinate transformations.

Due to the decoupling between the obtained current com-
ponents, the CPT has proven to be an effective tool for
generating reference signals to compensate disturbances in
APF [43], MFGTI [19], [21], [25], [41] and microgrids [15],
[27], [31]. A few applications can be found in [46]. The CPT
defines two conservative quantities known as instantaneous
power, p(t), and instantaneous reactive energy, w(t) [45]. The
former is given by the dot product of voltage and current
vectors, as shown in (4). On the other hand, w(¢) utilizes the
vector of the unbiased time integral of voltages (V,,) and the
vector of current as shown is (5). Further details regarding the
CPT and its main quantities are discussed in [45].

The definition of v,, is presented in (6), in which m repre-
sents the phases a, b and c, respectively.

lq
p@®) =[vavpve]- I 4)

e
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w (1) =[P4 P Ve ]| ib (%)

2

t 1 T t
Vm =/ vm(T)dT — —/ |:/ vm(r)dr:| dt  (6)
0 T Jo LJo

Observe that, the second term in (6) represents the average
value of the voltage over a period (T"). Moving Average Filters
(MAF) are employed to calculate the average values of p(¢)
and w(t) as shown in (7) and (8), respectively, yielding the
active power, P, and the reactive energy, W.

_ I
p(t)=f/ p(t)dt =P (7N
0
1 T
v‘v(t):—/ wt)ydt =W (8)
T Jo
Similarly, to the p-q theory [47], the terms p(f) and w(¢)
defined in (4) and (5) can be decomposed into average and

oscillatory components, as shown in (9) and (10), respec-
tively. In the notation used, “~” represents the oscillating

components of each term, while “—" indicates the average
components.
p(®)=p+p €))
w(t)=w+w (10)

Note that, the average and oscillatory components are valid
regardless of the voltage and current waveforms. This char-
acteristic makes the application of this methodology valid
for both sinusoidal and non-sinusoidal voltage conditions.
Moreover, the instantaneous power, p(t), represents the useful
energy per unit of time flowing from the source to the load or
from the load to the source if negative. On the other hand,
the average component, p, consists of the energy per unit of
time transferred from the source to the load (useful power).
Meanwhile, the oscillatory component, p, undoubtedly has a
zero average value and corresponds to the energy per unit of
time exchanged between the source and the load. However,
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at each instant, it represents an amount of energy that flows in
the electrical circuit due to some type of undesirable current,
caused by harmonics (usually due to uncommonly harmonic
orders existing in voltages and currents) and imbalances
present in the voltages and/or currents.

A similar procedure can be used to understand the com-
ponents associated with reactive energy, w(t). The average
value, w, corresponds to the average reactive power, arising
from energy storage elements in the network or circuits with-
out energy storage capability, which are responsible for the
phase shift between voltages and currents. The oscillatory
component, w, originates from harmonic components uncom-
monly existing in unbiased voltages integrals and currents,
as well as imbalances associated with the flow of reactive
energy in the electrical grid.

Works such as [29], [47], and [48] have demonstrated
methods to compensate for oscillatory power components
to achieve constant power in the grid side using p-g theory.
However, these studies applied such concepts solely to APF
and presented a trade-off between obtaining constant power
and the resulting current waveform in the electrical grid.
Nonetheless, the application of CPT for compensating oscil-
lating power by means of MFGTI in industrial/commercial
systems remains unexplored, necessitating in-depth studies
on validation and applicability. Moreover, there is gap in
the literature related to the application of such an approach
when alongside CBs: requiring further studies to assess if
this collaborative operation ensures the smooth and efficient
working of industrial/commercial systems. Therefore, the
primary objective of the upcoming sections is to address this
gap and explore the potential of CPT in such applications.

A. REFERENCE SIGNALS FOR APF FUNCTION TO POWER
QUALITY IMPROVEMENT
With the instantaneous power and reactive energy terms
defined in (9) and (10), two instantaneous current compo-
nents can be defined, namely instantaneous active (i,) and
reactive

(i,y) currents:

B[] 5|
ip([):il’;—i-iﬁ:z— Vb +2— Vp (11)

abc | v, Vabe Ve

. o w e W
(@) =ty+iyg=S5— |V [+ 5| W (12)

Vabe Ve Vabe Ve
where v, =12 +v2 +v2 and 9%, = 92 + 97 + 92 are the

instantaneous collective values of voltages and their unbiased
time integral values, respectively, with the bold variables
defined as vectors. Notice that the current vectors associated
with the instantaneous terms p(¢) and w(¢) can be decomposed
into two subcomponents, the average components (i and iy,)
and the oscillatory components (i; and ;). The terms i; and
ij; represent the contributions of harmonic components and/or
current imbalances that drive the oscillation in instantaneous
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power and energy, along with introducing additional losses
within the power system.

It should be noted that from the load’s perspective, the
decomposed components in (11) and (12) do not represent
any specific characteristics of the load behavior. Only under
conditions of sinusoidal and balanced voltage, iy and iy, coin-
cide with the originally defined balanced active and reactive
currents by CPT [45].

As the oscillatory component (i3) does not contribute to
active power (P), the compensation reference signals can be
expressed as the sum of iy, 7 and i, as illustrated in (13).
It is worth noting that this compensation reference signals
can be selectively applied, where the sum of the oscillatory
components (i + i) is linked to the oscillation, while iy is
associated with the flow of reactive power within the system.

icomp =iy + l[7 + iy = iapr (13)

From (13), the oscillatory components (i; and i) and
iy can be independently compensated by a MFGTI (APF
function) or even by combining a CB to compensate i;; (par-
tial or total) and MFGI to compensate i; + i;. Therefore,
since the main objective of this work is to obtain constant
instantaneous power (compensate for oscillations), the sum
of the oscillatory components, ii? + i;;, will be considered as
the reference.

B. REFERENCE SIGNALS FOR DER FUNCTION TO INJECT
ACTIVE POWER

In this work, the Sinusoidal Current Synthesis (SCC) strat-
egy [21], [49] is employed to feed the DER generated
power into the grid. According to the SCC approach, the
injected current waveform should match the fundamental
positive-sequence component of the voltage at the point of
interconnection, as seen in eq. (14).

(14)

IpER = vip
+42
(Vl ) V—li_c

where, (V;r)2 = (Vf;)z + (VIJ;,)2 + (VIJ;)2 is the collective
RMS value of the fundamental positive-sequence component
of the voltages, and Ppgg (15) represents the net power gen-
erated by the DER that needs to be injected into the electrical
grid.

1 T
%m=;/vmmmww (15)
0

C. REFERENCE SIGNAL GENERATION TO MFGTI

Based on the reference signals for compensation (i4pr) and
active power injection into the grid (ipggr), the current refer-
ence, denoted as iyrgrr, is defined. This reference current
will be synthesized by the multifunctional active power
injection and compensation system, and its expression is as
follows:

iMFGTI = IDER — iAPF = IpER — iy — (5 +1i3)  (16)
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FIGURE 3. Waveforms of voltage, currents, active powers and power factor considering different compensation objectives.

From the perspective of integrating the MFGTTI into com-
mercial or industrial systems where traditional compensation
systems like CB are already installed, compensation efforts
can be divided in various ways. For instance, to enhance the
operational flexibility of the MFGTI, the reference current,
which is now to be synthesized by the combined MFGTT and
CB system, results:

iref = IMFGTI +icB = IDER — IAPF — icB 17

where, the average reactive current component (i), associ-
ated with reactive energy (reactive power), can be compen-
sated through cooperation between MFGTI and CB:

(18

In this manner, the current reference for MFGTI is rewrit-
ten as:

iy = iy_ApF +Iy_cB

iMFGTI = IDER — biv_apF — (i + i) (19)

where, iy apr represents the residual reactive current, that
which CB does not compensate.

Hence, the current reference generation structure enables
the synthesis of the reference signal to compensate for oscil-
lating torque in rotating machines (i + i) by the MFGTI,
while reactive power (iy;) is compensated by the CB. How-
ever, in real industrial and commercial electrical systems,
power factor correction is typically based on limits set by
standards and/or regulatory guidelines.

Therefore, it is common to design the CB to correct the
power factor, for example, to 0.92. In this scenario, the
remaining reactive power that is not compensated by the
CB would be complemented by the MFGTI, as indicated in
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equation (19). Furthermore, iy sapr enables dynamic reac-
tive power compensation, in contrast to the almost static
function performed by the CB, ensuring greater dynamism
and flexibility in enhancing the power quality of indus-
trial/commercial electrical systems.

IV. SIMULATION RESULTS

The computational simulation of the system shown in Fig. 1
is conducted in this section with the aim of demonstrating
the flexibility of the compensation system proposed in this
work and to showcase the effectiveness of compensating
power oscillations, resulting in reduced torque oscillations for
induction motors widely used in industrial and commercial
systems. The system and controller parameters simulated are
presented in Table 2 and Table 3. The simulation results
are discussed in terms of voltage and current waveforms
at the PCC and at the IM’s connection point, as shown
in Fig. 3 and Fig. 4.

Att < 1.7 s, the system operates without any compensa-
tion, as observed in Fig. 3 and Fig. 4, with a low power factor
at the grid (Agrig = 0.82) and highly unbalanced and distorted
current in the grid (igq). The IM operates with an initial
power factor (PF yy = Ay = 0.87) and exhibits fluctuations
in instantaneous power, as well as torque oscillations.

For t > 1.7 s, the CB is connected to the terminals of the
IM. In this situation, as expected, the power factor at the IM
terminals converges to the desired value, i.e., Apy = 0.95.
Consequently, the power factor measured at the PCC also
improves, converging to Agrg = 0.89. However, observed
that, the current at the IM terminals becomes more distorted
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FIGURE 4. Waveforms of voltage, currents, active power, instantaneous power, torque and power factor at the connection point of the IM.

due to the interaction with the CB and the harmonics imposed
by the non-linear load.

Att > 1.9 s, the MFGTI initiates its operation by inject-
ing only active power into the grid. Note that the inverter
current (iyFgrr) is sinusoidal, meaning that there is no dis-
turbance compensation, resulting in the persistence of power
and torque oscillations in the IM as well as the unbalanced
and distortion current at the grid. With the injection of active
power into the system, the net active power in the grid
decreases, consequently the power factor in the grid, decreas-
ing to, Agrig = 0.80.

Att > 2.1 s, the multifunctional operation of the MFGTI
begins, with the activation of the current reference to com-
pensate for oscillatory terms (p e w). At this moment, the
current reference for the MFGTT is given by iygrr=ipEr —
i5 — i, while the CB contributes by compensating part of the
reactive power seen by the grid (i; — icp). Consequently, the
current synthesized by the MFGTI (iyyrgrr) becomes highly
distorted and unbalanced, as shown in Fig. 3, while the grid
current (iGrig ) becomes sinusoidal and balanced, and the grid
power factor increases to 0.91. On the other hand, Fig. 4
illustrates that, starting from point 3, due to the compensation
of p and w, the previously observed oscillation in instanta-
neous power ceases. Thus, the contribution of this work to the
compensation of power oscillations is highlighted, resulting
in constant torque in the IM.

Finally, at # > 2.3 s, reactive compensation is added, i.e.,
now the reference for the MFGTT is given by (19). Since the
term iy g4pr encompasses the reactive current related to the
remaining reactive demand of the system, the power factor in
the grid increases from 0.91 to 1.0.
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V. EXPERIMENTAL RESULTS

Experimental results are presented herein to validate the
operation of a three-phase three-wire MFGTT that is capa-
ble of injecting active power into grid and compensating
oscillating instantaneous power, aiming at improving power
quality at the PCC. Fig. 5 depicts the electric circuit and

Loads

FIGURE 5. (a) An overview of the laboratory’s small-scale experimental
setup of MFGTI, (b) Schematic diagram of MFGTI connection to AC grid.
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a picture of the laboratory-scale prototype assembled for
the experiments. A three-leg topology using SEMIKRON
SEMiX 403GB128Ds IGBT modules with Skyper 32PRO
gate drivers was adopted for experiments, considering a
22.5 kVA grid-connected inverter. The detailed specifications
considered for the grid, loads, line impedances cables con-
necting the grid to the PCC of the prototype and MFGTI
during the experiments are shown in Table 4.

TABLE 4. Parameters of the experimental prototype.

Grid
Nominal line-line voltage 220 V/60 Hz
Line impedances (Z;e5) 0.11+j10° Q
Loads
Ly Ruys Ly 1 mH; 124.3 Q; 40 mH
MFGTI
DC-link voltage (Vpc) 500 V
Rated Power/ DER 22.5kVA/ 5 kW
Li=1L, 1 mH,
Cs; Ry 22uF;1Q
Proportional gain (G(s) Kc=0.0401
Harmonic gain (Gc(s)) Kipr=15.63
Switching frequency (f;.) 18 kHz

In this prototype, a 30 kVA four-quadrant AC voltage
source, REGATRON (model TC-ACS-30-528-4WR), emu-
lates the power grid, and two loads are responsible for
drawing power. One of the loads (i.e., L) is composed by
a three-phase diode-bridge rectifier presenting inductors at
the input terminals, consequently drawing active, reactive
and harmonics currents from the grid. On the other hand,
the second load (i.e., Ly) is single-phase connected and
presents an inductive behavior, causing the circulation of
unbalanced currents. Hence, by analyzing the power flow
through the PCC (see Fig. 5), oscillating instantaneous pow-
ers are expected to be measured during the operation of
this circuit. The measurement and data logging of voltages
and currents are performed by a DPO3000 Tektronix oscil-
loscope, and MATLAB/Simulink® is also used to plot the
results of the instantaneous active and reactive terms.

The prototype also comprises a MFGTI, which is com-
posed of a voltage source inverter (VSI) having an LCL
output filter with passive damping. A 5 kW DC voltage
source is connected to the DC-link of the VSI to emu-
late the active power generation generated by a DER.
A TMS320F28379D digital signal processor (DSP) is used to
control the MFGTTI and implement the current decomposition
presented in Section III, which allows to compensate the
oscillating powers. Proportional-resonant controllers [36],
tuned at the fundamental and selected odd harmonic orders
(i.e., 3rd up to 13th), are responsible for guaranteeing ade-
quate tracking of the current references generated by the
proposed approach. The following four main operational con-
ditions are considered for the experiments carried out with the
prototype:
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o Scenario I: only the loads operate and the MFGTT is idle
(i.e., not processing any currents);

o Scenario II: the MFGTI starts to operate by only inject-

ing active power;

o Scenario III: besides providing active power injection,

the p and w terms are compensated;

o Scenario IV: the MFGTTI only compensates p and w.
The experimental results for Scenario I are presented in Fig. 6,
in which one can note the waveforms measured at the PCC for
the line voltages (vpcc—ap and vpcc—cq) and the line currents
(ipcc—a, ipcc—pand ipcc—c). It is evident that, although the
grid voltages are sinusoidal and balanced, the two loads draw
currents that are distorted and unbalanced. Consequently,
since the MFGTTI is not operating and does not influence on
the operation of the circuit, the instantaneous power p (¢) and
reactive energy w (¢) present significant magnitudes. More-
over, the decomposition of the power components shown in
Fig. 6 indicates that p, w, pandw flow through the PCC. Note
that these last two terms present significant amplitudes (i.e.,
approximately 4+ 3200 W and + 10 J, respectively).

For Scenario II, the MFGTI is enabled, aiming at only
processing at active power, similarly to the operation of a
distributed generation system. Thus, 1600 W is injected into
the grid, as demonstrated in Fig. 7 by the practically sinu-
soidal currents processed by the MFGTI. As a consequence,
the PCC current waveforms slight change in relation to Sce-
nario I. Most importantly, Fig. 7 shows that the term p and
the reactive energies, w and w remained practically the same.
However, the term p became negative (i.e., approximately
-860 W), indicating that the active power provided by the
MFGTT fed the loads and its exceeding quantity is dispatched
to grid.

Now, during Scenario III, the multifunctional capability
of the MFGTI is demonstrated. Fig. 8 shows the behavior

/
\
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0.06 0.07
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FIGURE 6. Voltage and current waveforms and instantaneous active and
reactive terms for Scenario 1 (only loads connected to the PCC).
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FIGURE 8. Voltage and current waveforms and instantaneous active and

reactive terms for scenario Il (MFGTI processing active power and p and
W terms are compensated).

of the system when the compensation of p and w is added
to operation of the MFGTI, while still injecting 1600 W of
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FIGURE 9. Voltage and current waveforms and instantaneous active and
reactive terms for Scenario IV (MFGTI only addressing p and w
compensation without any active power injection).

active power into the grid. Note that the MFGTT’s currents
are now distorted and unbalanced, consequently resulting in
low-distorted and balanced currents at the PCC during steady
state. Hence, such result proves that the MFGTI is capable of
offering ancillary services concomitantly to the conversion of
active power. Moreover, it is evident in Fig. 8 that the oscil-
lations previously existing in the instantaneous active and
reactive terms (p(¢) and w(t)) were significantly reduced. For
instance, note that p and w now present maximum amplitudes
close to + 330 W and & 1.5 J. Yet, the term w remained
practically unchanged, which validates the feasibility of the
compensation approach to real applications.

The last experiment depicted in Fig. 9 considers the
MFGTT operating without having power being generated at
its DC side (e.g., as an active filter). This case is presented
to certify that the proposed power decomposition method
is not only valid to MFGTIs, but it can also be applied for
the operation of other power conditioners. Thus, during this
experiment, the MFGTI injects no active power but compen-
sates pandw. By doing that, the PCC again operates with low
oscillations for p(t) and w(¢) during steady state, although the
grid is responsible for entirely supplying the loads with active
and reactive power. One can, for example, note that p and w
present practically the same amplitude as during Scenario I
(see Fig. 6), resulting in PCC currents that are low-distorted
and balanced, since the harmonic and unbalanced currents
were practically mitigated by the MFGTL
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FIGURE 10. Experimental results demonstrating the transition from
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Finally, an additional experimental result in presented in
Fig. 10, aiming at demonstrating the dynamic behavior of the
MFGTI while transiting from different operational scenarios.
This result starts with the MFGTI operating as in Scenario II
(i.e., only injecting active power), then transiting to Scenario
III by adding the compensation of p and w to its current
reference generation. This result proves that the MFGTI
operation practically did not respond with any current or
voltage spikes, and a smooth transition occurred between the
operating modes. The same behavior can also be evidenced
at the PCC, as the current smooth and quickly becomes
practically sinusoidal and balanced. Hence, it is validated
that the proposed compensation of oscillating power does not
impact negatively the dynamic response of the MFGTI.

VI. CONCLUSION
This paper has introduced a novel strategy aimed at enhancing
the power quality in industrial and commercial systems. The
compensation system is based on the mean and oscillatory
terms derived from the CPT. Experimental and simulation
results have demonstrated that this proposed approach lever-
ages grid-connected inverter infrastructure to inject active
power while concurrently compensating for oscillatory terms
in instantaneous power. This feature is of paramount impor-
tance in industrial and commercial sectors equipped with
electric machines, such as induction motors, as the reduction
in instantaneous power oscillations leads to a decrease in
oscillating torque, thereby preventing their degradation and
improper operation. This, in turn, contributes to preserves
their lifespan, reducing losses, and minimizing heat gener-
ation of these and other equipment installed in industrial and
commercial systems.

Furthermore, this paper has also shown that in industrial
and commercial systems comprising both linear and non-
linear loads, as well as electric machinery, the integration
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of grid-connected multifunctional inverters with pre-installed
capacitor banks for induction motor power factor correction
can collaborate to minimizing the internal power losses and
enhance the power quality of the electrical network. In the
analyzed scenario, while the capacitor bank partially provides
to the reactive power demand of the induction motor, the
MFGTI injects active power, compensates for oscillations in
instantaneous power, and still supplies the remaining reac-
tive power demand of the industry or commerce. Thus, the
flexibility introduced by the proposed control system enables
collaborative operation between the capacitor bank and the
MFGTI, instantly adjusting the power factor compensation
level at the PCC to values exceeding those originally achiev-
able with capacitor banks, for example.

It is worth noting that the proposed compensation of oscil-
lating power not only avoids torque oscillation, but also
minimizes both distortion and unbalance currents on the grid
side, and increases the lifetime of electrical machines. On the
other hand, separation of the oscillatory components, as in
p-q power theory (or its derivatives), can be achieved by
using low-pass filters. Consequently, there are delays in the
compensation response when load variations are present.

Finally, future research activities principally intend to: i)
validate the adequate operation of the proposed strategy under
distorted voltage conditions; ii) address the methodology for
four-wire systems; iii) expand the methodology by consider-
ing the separation of harmonic effects and imbalances, given
that power and energy oscillations stem from such effects,
as well as the consideration of DGs operating under limited
power capability.
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