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Abstract. Power quality problems are an issue that requires, each more, particu-
lar attention, among others, to prevent equipment failure and improve efficiency.
In this context, this paper presents a three-phase four-wire multilevel AC-DC
converter operating as a shunt active power filter aiming to reduce the current
harmonic distortion, low power factor, and current unbalances, which are intro-
duced by the non-linear loads. The proposed topology comprises a total of six
full bridges, where every two full bridges are arranged in a cascade structure and
connected to one of the phases of the power grid. Both the proposed topology, as
well as the applied control algorithm, are validated using computer simulations
considering the most relevant conditions of operation in an industrial environment.
The obtained results validate the proposed three-phase multilevel converter when
operating as a shunt active power filter, showing that the power quality problems
presented in the currents are compensated and the converter operates with the
multilevel characteristic for all the conditions of operation.

Keywords: Three-phase multilevel converter - Shunt active power filter - Power
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1 Introduction

Driven by the evolution of technology, a great majority of the equipment that people
resort to contains an electrical/electronic system, which consequently leads to a grad-
ual increase in the consumption of electrical energy. Being essential for the people’s
daily lives and industries, the expectations are that by the year 2030, the demand for
energy in the world will increase about 21% [1]. Therefore, it is essential to develop
equipment that ensures an optimum power quality, by reducing or mitigating power
quality problems. At the beginning of the power grids, there were only linear loads,
i.e., loads that consume currents with the same waveform as the voltage, which means
that the power factor was the main problem. However, with the evolution of electron-
ics, new power electronics systems were developed, where, instead of the usual linear
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loads, appear non-linear loads, meaning that the current and voltage do not have the
same waveform. The proliferation of non-linear loads, such as computers, televisions,
household appliances, variable speed drives, uninterruptible power supplies, fluorescent
lamps and LEDs, arc welding systems, led to a decrease in cost, an increase in efficiency,
and greater control, but new problems appeared, such as harmonic current distortion [2,
3]. The existence of harmonics in the power grid causes several problems, such as an
increase in losses, leading to greater heating in equipment such as conductors, transform-
ers, and motors. The harmonic distortion decreases the power factor and in the presence
of capacitor banks for power factor correction can accentuate the harmonic distortion due
to resonance phenomena. Harmonics cause interference in communication equipment
and erratic operation of protection systems, besides causing a malfunction in electronic
equipment [4, 5].

Furthermore, there are other power quality problems, such as momentary interrup-
tions, swells, swags, flickers, notches, transients, current and voltage imbalances, and
electromagnetic interference [6]. Industrial facilities are the largest producers of current
harmonics since its processes use variable speed drives for motors, electric furnaces, elec-
tric welders, and energy-saving devices, such as uninterruptible power supplies (UPS)
which all lead to a deterioration of the power quality and consequently to high monetary
losses. In an industrial context, in addition to higher energy bills, there are other asso-
ciated costs such as production interruption, the production of defective products, and
increased maintenance costs [7]. In the European industry, power quality problems cost
more than 150 billion euros per year [8].

Power quality problems have been studied, to find solutions to mitigate them. For
the compensation of the power factor, initially was developed the capacitor bank, being
a cheap device, but that only compensates a fixed value of reactive power [9]. For
current harmonics compensation, passive filters were initially used, which were tuned
only to filter a single frequency but could create resonance phenomena which can be
a huge problem [10]. To compensate simultaneously the power factor and the current
harmonics, an active parallel power filter was developed. As presented in [11], this
equipment allows a dynamic compensation, and compensates the power factor, current
harmonics and compensates the current imbalances in three-phase systems. Besides
parallel active filters, there are also series active filters that compensate for voltage
problems such as presented in [12]. When it is necessary to compensate power quality
problems related to voltage and current, a unified power quality conditioner (UPQC) can
be used, which is a junction of a shunt active filter and a series active power filter [13].

Over time, the industry has evolved as new techniques and technologies have been
developed and it is currently facing the fourth industrial revolution, called industry 4.0.
Industry 4.0, which is characterized by the introduction of information and communica-
tion technologies, will contribute to make factories intelligent, becoming autonomous
and efficient. The areas of automation, control, information technology, integrates the
main technologies applied to the manufacturing process in this industrial revolution [14,
15]. Industry 4.0 is based on the following principles [16]: Acquisition and process-
ing of data in real-time, allowing a fast and effective decision making; Existence of a
virtual copy of the plants for remote tracking and monitoring of all processes; Decen-
tralization of production processes. The modules of the intelligent factory work in a
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decentralized way; Production according to demand, creating flexible and self-adjusting
manufacturing environments; Use of service-oriented software architectures.

Cyber-physical systems are the basis of the Industry 4.0, which consists of the com-
bination of a software component with mechanical and electronic parts. Control, moni-
toring, and data exchange are usually performed over the Internet. These systems include
sensors, mechanical components, and actuators [17]. The sensors acquire the data, then
the data is sent to network-based services, where it’s processed, and then as the data is
processed, orders are given to the actuators. With Industry 4.0, there is constant com-
munication between physical, digital, and human systems. Concepts such as artificial
intelligence, big data, IoT, process simulation, intelligent sensors, advanced human-
machine interfaces, cloud computing, and virtual reality will play a key role in the 4.0
industry [15, 18].

Aligned with this context, this paper proposes a three-phase multilevel AC-DC con-
verter operating as a shunt active power filter, where the performed validation was carried
out considering the real behavior, in terms of current consumption, of the presented loads
in an industry. The organization of the paper is as follows: Sect. 2 presents the proposed
topology and the principle of operation; Sect. 3 presents the control algorithm, explain-
ing the implemented control techniques; Sect. 4 presents the simulation results obtained
through the PSIM software; Sect. 5 presents the main conclusions.

2 Three-Phase Multilevel Converter: Adopted Topology

In systems that deal with high levels of power, such as industries that are powered by
medium voltage, the use of multilevel inverters is an excellent solution, being equipment
increasingly used in power electronics [19]. The use of these converters implies the use
of a greater number of power semiconductors, but the semiconductors do not have
to support such high voltages ratings. Initially, DC-AC converters were used, which
produced two or three levels in the output voltage. With the use of multilevel converters,
it is possible to generate more output voltage levels, and the more the levels produced,
the better is the quality of the output voltage, having less harmonic distortion. Also, there
is a reduction of dv/dt and allows a reduction of the switching frequency, reducing the
switching losses [20]. There are several topologies of multilevel inverters, the most used
are diode clamped, capacitor clamped, and cascade H-Bridge (CHB). The single-phase
H-Bridge cascade H-Bridge multilevel converter is based on the serial connection of two
or more full-bridge converters. This topology compared to other multilevel topologies
does not require diodes and capacitors. The output voltage is the sum of the voltage
produced by each converter. Each converter is called a cell, and each cell can produce
three voltage levels. For a converter with n cells, the number of voltage levels produced is
2n + 1 [20]. In Fig. 1 it is presented the proposed topology of the three-phase multilevel
converter. Considering that there are two independent DC-links per converter, two PI
controllers are implemented, one for each DC-link. Each of them works either in the
positive semi-cycle or in the negative semi-cycle of the grid voltage [21]. This way when
the grid voltage is higher than zero, the voltage of the upper bus (v4.;) is controlled,
and when the grid voltage is lower than zero, the voltage of the lower bus (v4.2) is
controlled. As mentioned above, five voltage levels are produced at the output of each



144 B. Nova et al.

converter. The voltage levels produced at the output of each converter are +vg. (Vg +
Vde2)s FVacl2 Vacr), 0, —vael2 (vaez) and —vge (—vger — vae2). This type of converter
presents several redundant states to synthesize +vg./2, —vg4./2, and 0. Thus, to load each
dc-link individually in both the positive and negative semi cycle of the grid voltage, it is
necessary to select states that allow the current to circulate on the desired DC-link. The
following table presents the voltage levels produced, as well as the semiconductors that
are connected to produce a certain voltage level. In Table 1, it is represented the states
for a single-phase converter, where the output voltage for each phase is between v,y.
Since it is implemented two single-phase converters equal to the single-phase converter,
the voltage levels are produced are the same on each converter.
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Fig. 1. Proposed three-phase multilevel converter.
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Table 1. Selected states of the proposed converter for each phase.

N Sa S3 S4 Ss Se Sy Sg Output voltage (vxy)
1 0 0 1 1 0 0 1 +Vde

0 1 0 1 1 0 0 1 +vg./2

0 1 1 0 1 0 0 1 0

0 1 1 0 1 0 0 1 0

0 1 1 0 0 1 0 1 —Vgel2

0 1 1 0 0 1 1 0 —Ve

3 Three-Phase Multilevel Converter: Control Algorithm

The power required to regulate the voltage on each DC-link is calculated in the first
instance. To calculate this power, two proportional-integral (PI) controllers are used.
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Next, the Fryze-Buchholz-Depenbrock power theory (FBD) is applied, to calculate the
reference current for the current of each multi-level converter. After the reference current
is calculated, current control is applied to calculate the reference voltage that each con-
verter must produce, and this voltage is used for pulse-width modulation (PWM) mod-
ulation, to control the switching of power semiconductors. The explanation of power
theory, current control, PWM modulation, will be made for one phase, and since the
three multilevel converters operate independently for the other phases, the control is
the same, being only replicated. To determine the reference of current, the FBD power
theory was used. This theory is based on determining the current component that must be
supplied by each phase of the power grid, a sinusoidal current in phase with the voltage
of the power grid, with the same effective value and 120° apart from the currents of the
other phases [22]. The goal is that the power grid provides only the active power, and
the harmonics and reactive power are provided by the multilevel converter. The control
block diagram applied to each phase of the multilevel is represented in Fig. 2.
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Fig. 2. Block diagram of the proposed control structure for each phase of the converter.

For this purpose, the total power is calculated and the average power, which is the
three-phase active power, is calculated. Then the three-phase power is divided by three
to determine the power that each phase must provide. This power theory is based on
the representation of a load by a conductance in parallel with a current source [22]. The
conductance corresponds to the power component of the load that the power grid must
provide, i.e., the active power. The current source represents the reactive power and the
harmonics that the load consumes. From here, Eq. (1) is used to calculate the reference
of current for each phase. Knowing the current in each phase (i}) and the reference of
current of each phase (ig), a subtraction is made between these two currents to obtain
the reference current for each phase of the multilevel converter (ir .f+), being represented
in Eq. (2). Adding Eq. (1) to Eq. (2) gives Eq. (3) where v, represents the instantaneous
value of the voltage in the mains and v, is the rms value of the grid voltage, where P
represents the active power that the grid must provide for each phase and P, is the
power to regulate the DC-link. Each DC bus has an independent PI controller, which
allows the DC buses to be loaded separately using the applied PWM modulation level
shifting, which is explained in this chapter.



146 B. Nova et al.

The phase-locked loop (PLL) algorithm is applied for synchronization with the grid
voltage. The PLL algorithm produces a sinusoidal signal in phase with the fundamental
component of the power grid voltage [23]. This signal produced is used in the calculation
of the reference current because it allows the reference current to be sinusoidal, even for
a distorted voltage. Equation (4) is used to calculate the reference current, replacing the
grid voltage values in Eq. (1). Once the reference current has been calculated, it is used
for current control.

P+Preg

lgref = V2 Vg (D
If _ref = I — lgref (2)
If_ref =11 — P+V—§reng 3)
if ref = i1 — F —;greg Vpli “4)

After analyzing the converter and its connection to the power grid, the following
equations could be described:

Vay_ref = Vg T VL (®)]
diy,
Vay_ref = Vg + LE (6)
L. .
Vxy_ref = Vg (k] + ﬁ(lf_ref [k] — lfn[k]) @)

The voltage produced by the converter (vyy ), in each phase, is equal to the sum of
the grid voltage (v¢) and the voltage in the coupling filter (v.). By applying the Euler
method, it is possible to transform Eq. (6) to the discrete domain, obtaining Eq. (7),
where L represents the coupled inductor, T's represents the sampling period, and i, it
represents the current in the converter. The reference voltage is then compared with a
triangular carrier, and the PWM modulation is applied [24, 25]. Three reference currents
are calculated, one current for each phase.

The PWM modulation used for the control of semiconductors is based on the level-
shifted, which consists of four triangular carrier waves in phase, with the same frequency,
with the same amplitude, but with different mean values [26]. The reference signal
obtained in Eq. (7), is a sinusoidal signal. After obtaining this sinusoidal reference, it is
divided into two modified sinusoidal references. In Fig. 3 (a) and (b), these two modified
sinusoidal references are presented. The division of the reference signal in two is due
to the fact that the proposed multilevel converter has many redundant states as seen
in Sect. 2, and so, to select only the needed ones. Considering only one phase of the
proposed topology, the upper full-bridge is modulated by the modified sinusoid sin;
(Fig. 3 (a)) and the lower full-bridge by the modified sinusoid sin, (Fig. 3 (b)).
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When the reference signal is greater than 0, the modified sinusoid (sin;) is used and
S1, S2, S3, S4 are switched and S5 and S8 are on and S6 and S7 are off, to get +vdc, +
vdc/2, and 0. When the reference signal is less than 0, the changed sinusoid (sinz) is used
and S5, S6, S7, S8 are switched and S2 and S3 are on and S1 and S4 are off, to obtain
—vdc,—vdc/2 and 0. Figure 4 shows the output voltage of the inverter, where the five
voltage levels can be checked. This figure also shows the reference voltage that results
from the applied current control. Figure 5, presents the state of each IGBT, where the
switching of each IGBT is displayed according to the value of the reference voltage.

sinl

MMMMNMWNMW/W\WMM

sin2

(a) (b)

Fig. 3. PWM modulation: (a) PWM carriers and the reference signal sin;; (b) PWM carriers and
the reference signal siny.

voltage(V)

Fig. 4. The output voltage (vxy) and voltage reference (vyy yof) Of the proposed multilevel
converter.

4 Three-Phase Multilevel Converter: Computer Validation

This section presents a set of validations resorting to the software simulation tool PSIM.
To perform the validation, the DC-links are set at 200 V each to guarantee that the sum
of both DC-links presents a higher value than the peak voltage (325 V) of the grid, per
phase. The main goal of the computer simulation is to validate the successful operation
of the converter as an active power filter, filtering current harmonics.

To validate the operation as shunt active power filter, two different experiments were
made. The first experiment consists, in a steady-state, to verify if the active power filter
can compensate the harmonic current and guarantee a sinusoidal current waveform on
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Fig. 5. Pulse-patterns applied to the IGBTs (SI to S8) of phase a of the proposed multilevel
converter.

the power grid side. The second experiment consists of starting in a steady state without
harmonic loads and then introduce harmonic loads to ensure the dynamic response of
the converter. To perform the experiments based on a real industrial environment, three
single-phase rectifiers with a RC filter were used in each phase to emulate the loads
of the industry, as well as one RL load per phase and one R load per phase. The tests
were also carried out considering a distorted voltage (THD%vV) of 4% to emulate the
real three-phase voltages.

The first experiment is executed with the converter in a steady-state and with the
previously described load connected to it. Figure 6 presents the power grid voltages,
where it is considered a THD%v value of 4%, as well as the currents consumed by the
emulated loads, presenting a THD%i value of about 34%.

The shunt active power filter control algorithm calculates the compensation currents,
and as can be seen in Fig. 7, the shunt active power filter produces the compensation
currents to obtain a sinusoidal waveform on the power grid side. The compensation
currents produced by the shunt active power filter are not going to be symmetrical with
the current consumed by the loads since the DC-link needs to be kept balanced, allowing
the power grid to only provide the active power needed by the loads.

With this operation, it is possible to verify that the current total harmonic distortion
(THD%i) was reduced from around 34% on each phase to 3.78% on phase A, 3.80% on
phase B, and 3.90% on phase C. Figure 8 presents the grid-side voltage and current. It’s
possible to observe that voltage is in phase with the generated current by the multilevel
converter and that the power factor is 0.98.

The second experiment aims to validate that the active power filter can compensate
for the load’s current in a transitory situation. In order to perform this validation, only the
non-harmonic loads are connected to the converter, which means that only the dc-link is
being controlled. Then the harmonic loads are connected to the converter with the goal
to verify if the active power filter can properly calculate the compensation currents and
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Fig. 6. Results showing the power grid voltages (vga, vgp, vgc) and the consumed currents (i,
i1p, i1c) by the loads.
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Fig. 7. Validation, in steady-state, of the proposed multilevel AC-DC converter operating as shunt
active power filter: Compensation currents (i, i, if.); Power grid currents (iga, igp, igc)-

reduce the harmonic distortion of the currents. Figure 9 presents the currents measured
on the loads, grid, and filter. It is possible to observe the moment when the harmonic
loads are connected (0,1 s) as well as the moment where the filter starts to produce
the compensation currents (0,1 s) to keep the grid waveform sinusoidal and with low
harmonic content. Figure 10 presents the voltage output waveform of each one of the
converters that compose this three-phase system. It is possible to observe at 0,1 s the
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Fig. 8. Validation, in steady-state, of the multilevel AC-DC converter showing in detail, as

example for phase c, the power grid current (ig) and the power grid voltage (vgc).

moment when the harmonic loads are connected because the dc-link sinks for a short
moment and then recovers as the filter starts compensating.

current (A)

0.08 0.09 01 0.11 0.12 0.13 0.14 0.15
time (s)

current (A)

0.08 0.09 0.1 0.11 0.12 013 0.14 0.15 0.16

time (s)

i "
10 / / I

current (A)

0.08 0.09 01 0.11 0.12 0.13 0.14 0.15 0.16

time (s)

Fig. 9. Validation, in transient-state, of the multilevel AC-DC converter, showing: The currents
consumed by the loads (4, ijp, ijc); The power grid side currents (igq, igp, igc); The compensation
currents (ifg, ifp, ife) of the multilevel AC-DC converter.
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Fig. 10. Validation, in steady-state, of the multilevel AC-DC converter regarding the produced
voltages (Vxya, Vxyb» Vxyc), showing in detail the five voltage levels in each phase.

5 Conclusions

Nowadays, in an industrial context, a large amount of the presented loads is characterized
by a non-linear behaviour, meaning that the consumed currents present harmonic distor-
tion, leading to deteriorate power quality. Additional, low power factor and unbalances
are also critical power quality problems that are presented in industries. As a contri-
bution to mitigate such problems, this paper proposes a three-phase multilevel AC-DC
converter, with five different levels, operating as shunt active power filter considering
an industrial environment. Due to the fact that this converter can operate with five volt-
age levels, it allows to reduce, even more, the THD value of the power grid currents
when compared to traditional topologies with fewer voltage levels. In this paper, for
the adopted multilevel AC-DC converter, the dedicated digital control algorithm is pre-
sented, as well as the PWM specific to this converter, allowing to control the DC-links
voltages depending on whether the half-cycle of the power grid voltage (i.e., during the
positive or negative half-cycle), which improves their voltage balance since they are
independent in terms of control. The adoted multilevel AC-DC converter was validated
in two different situations: in a steady-state situation and in a transient-state situation.
By analysing the obtained results, it is possible to observe that the THD%:i value of each
phase was reduced from 34% to approximately 4%, while the THD%pv of the voltages has
a value of around 4%. Even though the THD%i is still 4%, the obtain power factor was



152 B. Nova et al.

almost unitary. The presented results show the correct performance of the adopted mul-
tilevel AC-DC converter. Compared to traditional topologies that produce fewer voltage
levels, although it applies more semiconductors, the semiconductors are not exposed to
such a high dv/dt, which is beneficial since it allows the application of semiconductors
with a lower voltage rating. Additionally, since the adopted multilevel AC-DC converter
also permits the connection of renewable energy sources on each independent DC-link,
represents another important advantage.
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