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Abstract: This paper proposes a new cascaded multilevel converter topology based on three-phase H
bridge cells with a common DC-link structure. The proposed multilevel converter topology main
advantages, compared with literature renowned multilevel converters topologies, are discussed in
the paper, such as modularity, construction, implementation cost, and DC voltage ripple mitigation.
Despite presenting an elementary structure and easy implementation, the use of classic PWM
switching strategies is not feasible for this topology, causing the appearance of several short-circuit
states between its capacitors. Thus, a graph theory algorithm combined with a model predictive control
is also proposed in this work to identify and avoid the new cascaded multilevel converter short-circuit
switching states and, concomitantly, guaranteeing the converter output power quality. In order
to validate the presented topology applicability, a low voltage synchronous static compensators
(STATCOM) with an optimal switching vector model predictive control (OSV-MPC) is implemented
in a hardware-in-the-loop platform. The real-time experimental results prove the proposed multilevel
topology and the OSV-MPC control strategy effectiveness.

Keywords: multilevel converter; CHB; model predictive control; CHB-SDC; STATCOM;
real-time; OPAL

1. Introduction

In the last decade, the electric energy demand increase caused by the use of high-power industrial
loads, the incentive to decentralized generation, as well as the need for better energy generation systems
integration, including renewable energy sources, have presented themselves as major challenges for
the electrical systems’ operators [1,2]. In order to provide, for example, the proper energy matrix
integration [3], the electrical systems stability maintenance, or even the reactive power compensation in
offshore wind farms, the use of advanced power electronic devices is essential to meet the requirements
for the modern grid’s operation, electricity quality included [4]. Additionally, the smart grid concept
is increasingly present in the electrical infrastructure, and such equipment can add resilience to the
power systems, making their responses to emergency situations more robust [5].
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Encouraged by this technological demand for power electronic devices, specific equipment has been
developed to improve electrical energy quality and stability and reliability of power networks. [2,6,7].
However, the rapid expansion in electricity demand culminated in a voltage level increase, in order to
reduce costs in the cable infrastructure and, consequently, the values referring to losses by Joule effect
in electrical installations. This voltage increase could exceed the semiconductor switches’ physical
limits, making it impossible to use conventional converters directly connected to medium voltage
grids [8,9].

Based on the technological deficit regarding semiconductor switches’ physical voltage limit,
the interest for multilevel converters in high-power applications in medium voltage distribution
systems has grown significantly [10]. Multilevel converters have some benefits over conventional
converters, including the ability to synthesize more voltage levels, the use of lower power semiconductor
devices [1], less harmonic distortion due to the stepped level voltage output, less noise generation,
and ease of operation at lower switching frequencies [9].

Despite the multilevel converters’ operational benefits, their main disadvantage is the high cost
due to the increase in the number of components as the voltage levels increase, limiting their use in
higher value-added applications.

Therefore, this work is motivated by the presentation of a new modular multilevel converter
topology, with reduced cost compared to the structures most used today, to expand this technology’s
reach to a more significant number of applications, mainly in low and medium voltages. However,
despite having fewer components, this proposal presents several short-circuit states when used with
switching based on pulse width modulation, requiring the development of its own strategy to activate
its switches.

In this context, this work provides, in addition to an innovative multilevel converter topology,
a solution for the short-circuit states elimination based on high frequency with model predictive control
(MPC), capable of not only eliminating the short-circuit stages in the capacitors but also to explore all
the switching states remaining without losing the converter controllability and power quality.

The topology proposed in this work can replace the classic cascaded H bridge converter (CHB)
in several power electronic applications involving multilevel converters, such as: back-to-back (B2B)
converters for driving motors or static loads [11]; solid state transformers (SST) for connecting a wide
variety of energy sources to the power grid [12]; unified power quality conditioners (UPQC) to actively
improve the quality of electricity [13]; synchronous static compensators (STATCOM) for compensating
reactive power, mitigating harmonics, and improving power factor [14,15]; and others.

In most cases, the applications mentioned use multilevel converters, depending on the voltage
level involved, connecting rectifier stages to inverter stages through a DC-link. The use of multilevel
CHB in some applications requires galvanic isolation stages, usually provided by high or low-frequency
transformers to avoid short-circuit stages inherent to these topologies [16,17]. In this CHB- single DC
(SDC) proposal, if there is a possibility of implementing a three-phase converter structure and using a
reduced number of components, the isolation stages could be eliminated, further reducing the cost of
these applications.

With the current regulation regarding the generation and electric energy commercialization
and new restrictions imposed by economic and environmental factors, there was an increase in the
participation of wind generation in the power system [18].

Most wind farms use doubly-fed induction generator (DFIG) systems because of the several
advantages this machine offers, such as increased efficiency and the ability to decouple the control of
active power and reactive power for better integration in the power grid. However, due to the fact that
the DFIG has the stator directly coupled to the grid, being more sensitive to faults and unstable wind
characteristics, power plants based on wind generation have stability problems when connected to the
power grid. Under these conditions, STATCOM presents itself as a good solution for dynamic reactive
power compensation according to grid voltage variation.



Energies 2020, 13, 4789 3 of 25

In addition to wind farms applications, STATCOM can act as a voltage regulator, power flow
control, transient stability, and dampening power oscillation, among others. Besides, the use of H
bridge cells is a good option for STATCOM applications, due to the DC-link capacitors’ presence,
which helps to reduce the current total harmonic distortion (THD), keeping its amplitude index close
to 1.0, especially when these devices provide reactive power to the system [18].

Due to the modernity of applications that require actuators based on power electronics, STATCOM
was chosen to prove the functioning of the proposed CHB-SDC topology and validate the switching
strategy based on MPC in order to eliminate the short-circuit states inherent to this structure.

The paper is organized as follows: Section 2 presents a comparison between the most used
topologies of multilevel converters, mainly regarding the evolution of the number of its components.
Section 3 presents a study of the short-circuit states inherent to the proposed topology, and a comparison
between this new converter topology and the classical CHB topology. Section 4 presents the model
predictive control developed for the CHB-SDC with a STATCOM functionality. Section 5 presents
the OPAL-RT hardware-in-the-loop platform results and compares and analyzes the steady-state and
dynamic performance of the CHB-SDC with two distinct classical CHB designs, followed by the
conclusions in Section 6.

2. Multilevel Topologies’ Comparison

There are several multilevel converter topologies available in the literature and some are more
frequently used in medium voltage applications, such as the diode-clamped multilevel converter
(DCMC) [2,19], the capacitor-clamped multilevel converter (CCMC) [2,20], the modular multilevel
converter (MMC) [2,21,22], and the cascaded H bridge converter (CHB) [2,23,24]. However, the DCMC
and CCMC topologies, as shown in Figure 1, have an almost exponential relationship between the
output voltage levels and the number of components required by the converts. This exponential
relationship is due to the DCMC and CCMC topologies’ nonmodularity structure, requiring a massive
increase in the diode/capacitor ratio. Thus, some authors [23,25] proposed structure modifications in
order to incorporate the modularity in the DCMC and CCMC topologies, presenting a mixed-level
hybrid multilevel cell (MHMC) using three-level single-phase DCMC or CCMC cells in order to compose
the three-phase multilevel converters (MHMC DCMC and MHMC CCMC). Therefore, as shown in
Figure 1, even presenting a linear relationship, an advantage from the modularity structure, MHMC
DCMC, and MHMC CCMC topologies present higher electrical components and DC voltage oscillation
with twice the power grid fundamental frequency (2ω), usual in single-phase converter structures.
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There is also the asymmetric hybrid multilevel cells (AHMC) topology [23,25] that proposes a
moderate growth in the number of components required versus voltage levels number. However,
the AHMC topology does not have modular characteristics and presents a very complex DC-link
capacitor voltage control due to the different DC voltage values [25].

Among the different topologies, only the CHB, MMC, and MHCM have modular structures,
allowing additional connection of cell series connection. Furthermore, the CHB topology stands out
with fewer components than other topologies, as shown in Figure 1.

Inherent to its construction, the CHB has a large number of capacitors due to its single-phase
structure [9]. This particularity imposes the need for an elaborated DC-link voltage control, however
less complex than the MHCM. Besides, each DC-link presents voltage oscillation with twice the power
grid fundamental frequency, compromising, in some cases, the synthesized voltage. Such voltage
oscillation is characteristic of converters and rectifiers with single-phase topology, not observed in
devices with typical three-phase characteristics [26].

The comparison between the most used topologies and the structure proposed in this paper is
shown in Table 1. The CHB-SDC structure is the only one that presents a small evolution in the number
of components, having modularity and absence of 2ω-oscillation, simultaneously.

Table 1. Comparison between multilevel topologies.

Topology Number of Components Modularity 2ω Oscillation

DCMC very high no no
CCMC high no no

MHMC (DCMC) high yes yes
MHMC (CCMC) high yes yes

MMC low yes yes
CHB low yes yes

CHB-SDC very low yes no

Therefore, in order to propose an upgrade to the classical CHB structure, this work suggests a new
power converter topology that can be used in a wide variety of applications. This proposed topology
also uses H bridge cells, like the single-phase based CHB, utilizing, however, a three-phase DC-link
structure, employing three times fewer capacitors when compared to the conventional single-phase
CHB topology [9]. Furthermore, this topology is also free from the low-frequency DC-link energy
oscillation typical from single-phase converters. A constructive elements comparison between the new
topology proposed (named Cascaded H Bridge Converter with Single DC-link (CHB-SDC)) and other
classic topologies in the literature is shown in Figure 1, considering the same voltage level numbers to
be synthesized, demonstrating that the CHB-SDC has a better number of components versus voltage
level ratio when compared to the other topologies discussed [9].

However, despite the constructive simplicity, fewer structural components, and the DC-link
voltage oscillation mitigation, CHB-SDC provides many short-circuit states if a switching strategy
based on pulse width modulation is used [27], making this topology unfeasible when used with these
classic switching strategies [9]. The short-circuit states analysis of the proposed topology will be
presented and developed in Section 3.

3. The CHB-SDC Analysis

This section presents the main advantages of CHB-SDC topology over the classic CHB and then
presents an analysis of short-circuit states in the new proposal.
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3.1. The CHB-SDC Topology

As previously mentioned, this paper suggests a new power converter topology, employing three
times fewer capacitors than classic CHB due to its three-phase structure, thus, reducing the total cost of
the converter, and reducing the DC-link voltage control complexity [9].

The CHB classical multilevel structure and the CHB-SDC topology are shown in Figure 2a,b,
respectively, where its H bridge structures can be observed, as well as its modular attributes, which
is important for defective cell replacement [28,29], and also for future expansion of its quantity,
for example [30,31]. The main constructive difference between the compared topologies refers to the
capacitor connections and the DC-links designing, which have single-phase structures in the traditional
CHB and three-phase structure in the CHB-SDC topology [9].
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Figure 2. Structural comparison between topologies: (a) classical multilevel cascaded H bridge
converter (CHB) topology; (b) proposed CHB-single DC (SDC) topology [9].

Regarding the number of capacitors necessary to produce the appropriate DC-link ripple values,
the CHB-SDC structure, besides presenting a smaller number of capacitors than single-phase structures,
presents total capacitance values, on average, six times lower than the classical CHB topology [27,32–35].
Some studies claim that these values can be up to 10 times lower [28,36–38], demonstrating evident
superiority of three-phase structures over single-phase structures in terms of the total capacitance.

The Equations (1) [27] and (2) [28] used in this work represent the total capacitance for the CHB
and the CHB-SDC, respectively.

CCHB =
P

ω·UDC·∆U
(1)

CCHB−SDC =
( 1

10

) P
ω·UDC·∆U

(2)

where CCHB and CCHB−SDC are the total CHB and CHB-SDC capacitance, respectively. P is the total
converter power. ω the grid angular frequency. UDC is the DC link voltage average. ∆U is the DC link
voltage ripple.

It is important to highlight that the values obtained by (1) and (2) represent the total converter
capacitance values, that is, even though CHB-SDC has three times fewer capacitors, it has 10 times
less total capacitance used than the classic CHB for the same voltage ripple values design. That is,
considering CCHB = 10·CCHB−SDC, and NCHB = 3·NCHB−SDC, where NCHB and NCHB−SDC are the CHB
and CHB-SDC amount of capacitors, respectively, the values of individual capacitors in both topologies
are expressed by (3) and (4):

CiCHB−SDC =
CCHB−SDC
NCHB−SDC

(3)

CiCHB =
CCHB
NCHB

=
10·CCHB_SDC

3·NCHB−SDC
=

(10
3

) C3∅
NCHB−SDC

=
(10

3

)
CiCHB−SDC (4)
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where CiCHB−SDC and CiCHB are the CHB-SDC individual capacitor value and CHB individual capacitor
value, respectively.

So, for a given DC link ripple value, not only does the CHB structure has three times more
capacitors than the CHB-SDC structure but each CHB individual capacitor will have a capacitance
value 10

3 times greater than the CHB-SDC individual capacitor, which increases the equipment cost
and volume.

3.2. Converter Short-Circuit States Analysis

For the CHB-SDC short-circuit analysis, a five-level output phase voltage converter was chosen,
as shown in Figure 2b, which can be connected directly to the grid or to a load, or through a transformer.
CHB-SDC has some switching states in which one or both capacitors are short-circuited, which could
damage the converter [9]. Since these failures occur in several switching states, these converters
cannot be used without an additional stage capable of avoiding their natural short circuits using PWM
strategies, for example [27].

The effective methodology development capable of mapping the prohibitive states becomes
a critical barrier to be overcome during studies about the short-circuit stages inherent to this
converter. Therefore, a path analysis taken by the electric current in each different state combination
of each converter switch is necessary. This condition is illustrated in Figure 3, where each of the
24 semiconductor switches in this topology has two possible states (ON or OFF), being possible 224,
that is, 16, 777, 216 different switching states.
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However, the switches in the same H bridge module arm are interlocked, that is, the Sa1 switch
has an opposite state to the Sa1 switch, for example. This strategy, known as unipolar modulation,
reduces the number of control signals and, as a result, reduces the number of different switching states.

Due to this converter structural peculiarity virtue, it can be controlled with just 12 processed
signals, referring to the Snm switches (where n = a, b, c and m = 1, 2, 3, 4). Thus, the amount of
possible combinations reduces to 212, that is, 4096 distinct states, sharply sparing the required
processing capability.

The graph theory was applied to map all possible converter switching states and identify each
of its allowed or prohibited states. This theory consists of a mathematical branch intended to study
relationships between objects of a given set, producing abstract graphic structures known as graphs.
A graph is represented by a set of so-called vertices and their interdependent relations known as edges.
In the studied converter case, each electrical node was classified as a vertex and each switch as an
edge, thus allowing to trace all the existing electrical current paths. One of many prohibited states
identified in the referred converter is highlighted in red and green in Figure 3, where both capacitors
(CDC1 and CDC2) are short-circuited.

Figure 4 illustrates the converter graph, showing all possible CHB-SDC connections where we
can observe the existence of three possible short-circuit types: the first one with the CDC1 capacitor in
the fault state, that is, with the j point connected to the k point; the second with the CDC2 capacitor
in short-circuit, that is, with the l point connected to the m point; and, finally, the third, with the
CDC1 and CDC2 capacitors, simultaneously, in short-circuit, that is, with the j point connected to the m
point and the k point connected to the l point, simultaneously. The colored lines in Figure 4 correspond
to the short circuits highlighted in Figure 3.

Thus, with the graph theory applied to this five-level converter, a computer algorithm was
developed, capable of gathering each one of the 4096 possible paths and mapping the converter’s
unipolar switching states [9,11,17,38]. However only 640 states are useful for equipment operation,
that is, these combinations do not generate short-circuit states. Such amount represents less than 16%
of all possible combinations.
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Although the vast majority of switching states represent prohibitive states, that is, short-circuit
states, the converter is able to synthesize all five voltage levels per phase, as shown in Figure 5, where
the red dots represent the possible three-phase vector voltage. This characteristic is essential for
building a three-phase sinusoidal wave with low total harmonic distortion (THD), a fundamental
condition for the use of the CHB-SDC in several power electronics equipment, as the STATCOM
mentioned above.
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4. Model Predictive Control

Model predictive control has been a research and development topic since the 1970s when it was
initially introduced into the process industry [39–41]. The MPC has a broad concept, involving many
areas, its central concept being the prediction, based on a mathematical model, of all the future system
states, given a determined time horizon. An optimized control action is then chosen to minimize the
cost function, which is based on a reference and the predicted states. As the cost function optimization
requires much computational effort, only from the 1990s on [42], with the significant technological
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advancement of microprocessors, this strategy was proposed and studied as a promising alternative
for the control of energy converters and drives [43].

The use of the control in power electronics converters is restricted to the set of equipment possible
switching states. Thus, the MPC becomes a feasible option with less implementation complexity [23,41].

Among all the MPC classifications in the literature, the most applied to power electronics
converters is the optimal switching vector (OSV-MPC), used in this work, which has low implementation
complexity and fast dynamic response even though it was the first predictive control strategy developed.
This strategy consists of scanning each possible switching state and its objective is to get the best
combination of semiconductor switches that produces the smallest error between the desired reference
and the signal to be built in the next time step only [23]. Therefore, this type of predictive control
produces a harmonic content spread across the frequency spectrum due to its variable switching
frequency, thus increasing the passive filter design complexity for the application in which it is
applied [41,44].

Figure 6 shows the overview operation of the OSV-MPC applied to the CHB-SDC with a STATCOM
application, which eSn and iSn are the measured voltages and currents source, UDCn are the measured
DC-link voltages, U∗DCn are the DC-link voltage references, Un are the synthesized STATCOM voltages,
P(k + 2) and Q(k + 2) are the predicted active and reactive powers, ploss(k + 2) is the required change
in the active power flow in order to regulate the DC-link capacitor voltage [45,46], P∗(k + 2) and
Q∗(k + 2) are the active and reactive reference powers, k and k+2 is the actual and predicted states
after two time steps in order to compensate the processing delay signals, N is the total prediction states,
Sopt is the optimal switching state and n is the phase to which it refers (a, b, or c).
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Figure 6. Graphical description of CHB-SDC synchronous static compensators (STATCOM) topology
using model predictive control (MPC).

4.1. STATCOM Model Predictive Control

The STATCOM basic mathematical development using CHB-SDC topology is demonstrated as
follows, in which CDCk is the DC-link capacitor voltage, r and l are the RL resistance and inductance
filter, and ldamp is the damping inductance to reduce the current peak between upper and lower H
bridge modules [9,47].
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Thus, the STATCOM voltage Un, considering CDC1 and CDC2 with the same voltage value (UDC),
can take on [−2UDC, −UDC, 0, +UDC, +2UDC] values, that is, five voltage levels. But it is important
to point out that the MPC uses the present and predicted DC-link voltage values to perform the
calculations [48,49].

The current equation in the RL filter loop is given by (5) using the Kirchhoff voltage law [9,45]:

eSn − 2l
diSn
dt
− 2riSn − ldamp

diSn
dt
−Un = 0 (5)

Applying the Euler numerical integration method, the system discrete equation is presented in (6),
being Ts the sample time for discretizing.

eSn(k) −
2l
Ts

(iSn(k) − iSn(k− 1)) − 2riSn(k) −
ldamp

Ts
(iSn(k) − iSn(k− 1)) −UN

n = 0 (6)

For the continuation of the mathematical development, it must be considered that the source
voltage value is the same for the next time step and that the source current between two consecutive
time steps will be the same for the next instant. These estimates are due to the power grid frequency
being much lower than the switching frequency [17,46].

With these approaches, the model can be simplified, and, after mathematical development,
Equations (7)–(9) are obtained. Equation (9) represents the predicted current.

eSn(k) −
2l
Ts

(iSn(k + 1) − iSn(k)) − 2riSn(k) −
ldamp

Ts
(iSn(k + 1) − iSn(k)) −UN

n (k + 1) = 0 (7)

(2l + ldamp

Ts

)
iSn(k + 1) = eSn(k) +

2l
Ts

iSn(k) +
ldamp

Ts
iSn(k) − 2riSn(k) −UN

n (k) = 0 (8)

iSn(k + 1) =
Ts

2l + ldamp

(
eSn +

2l
Ts

iSn(k) +
ldamp

Ts
iSn(k) − 2riSn(k) −UN

n (k)
)

(9)

The term UN
n represents the STATCOM module voltage multiplied by the respective switching

function Snx(k), which x is the module index (upper or lower) according to Equation (10):

UN
n (k) = Sn1(k)·UDC1(k) + Sn2(k)·UDC2(k) (10)

The function Snx(k) represents all possible switching states in each converter module, equal to
−1, 0 or 1, respectively, when a negative, neutral or positive voltage is produced at the module output.

The predicted DC-link capacitor voltages, UDCx(k + 1), can be obtained taking into account its
present value as well as the current contribution of each phase [46,48], relating them to the capacitance
value and its switching functions, presented in (11), where C is the capacitor capacitance.

UDCx(k + 1) = UDCx(k) +
Ts

C
(Sax·iSa(k) + Sbx·iSb(k) + Scx·iSc(k)) (11)

At the kth time instant, the MPC performs a scan through Equations (9) and (11) and uses the
converter inherent switching function Snx(k), in order to predict the currents determined by iSn(k + 1)
and the converter voltages expressed by UDCx(k + 1). Afterward, a cost function is computed, using a
combination between the reference signals and the predicted values, thus, selecting the optimal control
by choosing the switching states that produce the lowest cost function value.

However, this strategy implementation in practice can only be applied in the (k + 1)th time instant
due to the hardware computational delay [44,46]. Thus, a step time delay must be inserted in the
system to compensate for this peculiarity.
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Therefore, at the kth time instant, the MPC computes the (k + 1)th system state through the
Equations (9) and (11). Subsequently, the control effects a new scan, but this time, using the calculated
(k + 1)th values to predict the (k + 2)th values, represented through (12) to (14), only the cost function is
calculated, and the optimal vector is chosen [46,50].

iSn(k + 2) =
Ts

2l + ldamp

(
eSn +

2l
Ts

iSn(k + 1) +
ldamp

Ts
iSn(k + 1) − 2riSn(k + 1) −UN

n (k + 1)
)

(12)

UN
n (k + 1) = Sn1(k + 1)·UDC1(k + 1) + Sn2(k + 1)·UDC2(k + 1) (13)

UDCx(k + 2) = UDCx(k + 1) +
Ts

C
(Sax·iSa(k + 1) + Sbx·iSb(k + 1) + Scx·iSc(k + 1)) (14)

When the reference signals are calculated, the coupling between the active power and the DC-link
capacitor’s voltages must be taken into account, that is, the DC-links regulation requires an extra active
power amount that causes an additional active power flow related to the capacitors in order to keep
these voltages close to the set reference values [9,46]. This real power ploss is the sum of each capacitor
power portions pDCx, as shown in Equations (15) and (16) [46].

pDCx(k + 2) =
C
Ts

[
(UDCx

∗(k + 2))2
− (UDCx(k + 1))2

]
(15)

ploss(k + 2) =
2∑

x=1

pDCx(k + 2) (16)

The active and reactive reference powers, P∗(k + 2) and Q∗(k + 2), are determined by the
system operator and used to reference currents calculation through instantaneous power theory [51].
The required capacitor power ploss is added to the active power reference becoming in the total active
power reference P∗T(K+2)

, as shown in Equation (17).

P∗T(k + 2) = ploss(k + 2) + P∗(k + 2) (17)

In the STATCOM developed in this work, the active reference power P∗(k + 2) was null, being
used only to supply the internal capacitors losses (16). The reactive power reference is provided by an
author’s free choice pattern in order to cover situations of reactive supply and consumption, however,
Q∗(k + 2) can be originated according to the end-user needs, either through a factor power control or
any other desired.

Thus, P∗T(k + 2), Q∗(k + 2), and eSn pass through a αβ-current calculation transformation and
then through an inverse Clarke transformation to build the reference currents i∗sn(k + 2) [51], as are
expressed from (18) to (20).

[
eSα(k + 1)
eSβ(k + 1)

]
=

√
2
3

 1 −
1
2 −

1
2

0
√

3
2 −

√
3

2




eSa(k + 1)
eSb(k + 1)
eSc(k + 1)

 (18)

 i∗Sα(k + 1)
i∗Sβ(k + 1)

 = 1

eSα(k + 1)2 + eSβ(k + 1)2

[
eSα(k + 1) eSβ(k + 1)
eSβ(k + 1) −eSα(k + 1)

][
P∗T(k + 2)
Q∗T(k + 2)

]
(19)


i∗Sa(k + 1)
i∗Sb(k + 1)
i∗Sc(k + 1)

 =
√

2
3


1 0

−
1
2

√
3

2

−
1
2 −

√
3

2


 i∗Sα(k + 1)

i∗Sβ(k + 1)

 (20)
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4.2. Cost Function

The MPC cost function main objective applied to STATCOM is to scan all possible switching
combinations and choose which state has the smallest error between the reference currents and the
predicted currents, in addition to the smallest error between the reference and the predicted DC-link
capacitor voltages. However, since the prohibitive states must be avoided, there is also the addition of
a penalty in the cost function.

The expression for the cost function adopted in this study is shown in (21), where gN is the cost
for all the switching states, Wia, Wib, Wic, WUDC1 and WUDC2 are the weight factors and Pen is the
described penalty [46].

gN = Wia[i∗sa(k + 2) − isa(k + 2)]2 + Wib
[
i∗sb(k + 2) − isb(k + 2)

]2

+Wic[i∗sc(k + 2) − isc(k + 2)]2 + WUDC1
[
U∗DC1(k + 2) −UDC1(k + 2)

]2

+WUDC2
[
U∗DC2(k + 2) −UDC2(k + 2)

]2
+ Pen

(21)

In this work, a null active power reference, P∗(k + 2) = 0, was used in order to obtain the
equipment behavior only as a provider of reactive power, as a STATCOM. Furthermore, as all possible
converter states are known, whether they are prohibitive or not, it was decided to use only the
switching states that do not cause short circuits in equipment, saving computational processing and
thus suppressing the term Pen in Equation (21) [9].

5. Experimental Results

In order to demonstrate, not only the CHB-SDC superiority over the classic CHB but also its
technical feasibility, the experimental results of both structures were compared on a real-time platform.
For the experiment, the topologies were applied as a STATCOM device with similar characteristics and
the same voltage and current levels.

Both converters are configured with five-level phase-voltage, connected in a 400 V rms grid
voltage, and providing ±25 kVAr reactive power. The CHB-SDC is controlled by the OSV-MPC
described previously, and the CHB uses a classical set of linear controls, with a combination of global
and cluster DC voltage balancing, well established in the literature [7,52], combined with a classical
multicarrier phase shift pulse width modulation (PSPWM).

5.1. Real-Time Platform

A powerful hardware-in-the-loop (HIL) platform has been used to experimentally investigate
the CHB-SDC STATCOM operation [53,54]. The OPAL-RT 5700, using a potent processor, can allow
a high-frequency drive solution providing complete OSV-MPC implementation and power plant
emulation through the eFPGASIM tool present in the equipment.

This HIL implementation has an optional computer as a supervisor, connected to the hardware,
setting the references and some element values, with access to the generated waveforms. The signals
were obtained through the signal acquisition boards and the oscilloscope Yokogawa DL750 connected
to I/O ports. This architecture is shown in Figure 7a, and the implementation image in Figure 7b.
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necessary to perform all calculations and comparisons related to (k + 1)th values and to predict the (k 
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Some experimental results obtained on the OPAL-RT 5700 platform through signal acquisition 
plates and the Yokogawa DL750 oscilloscope are shown in Figure 8, where it is possible to observe 
the synthesis of the grid current and the STATCOM voltage signals, as well as the voltage variation 
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from Figure 9. 
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As previously mentioned, the computational hardware delay considered is one-time step, being
necessary to perform all calculations and comparisons related to (k + 1)th values and to predict the
(k + 2)th states system [53,54].

Some experimental results obtained on the OPAL-RT 5700 platform through signal acquisition
plates and the Yokogawa DL750 oscilloscope are shown in Figure 8, where it is possible to observe the
synthesis of the grid current and the STATCOM voltage signals, as well as the voltage variation of the
DC-link of the capacitors. Clearer and more elaborate experimental results will be shown below, from
Figure 9.
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5.2. Results

The five-level CHB-SDC and the CHB experimental results configured as STATCOM are verified
by means of implementation in OPAL-RT 5700 in order to demonstrate the proposal viability.

Thus, two comparisons between the converters were developed: one with equal DC-link voltage
ripple values; and another with equal capacitance individual values.

When using a 1·10−4s time step (Ts) to call the OSV-MPC functions, the control analyzes whether
it needs to change the state of any switch, thus producing a variable switching frequency that is not
expressed exactly by the Ts value. As the CHB-SDC OSV-MPC provides the semiconductor switches
activation in the three phases, simultaneously, it was necessary to observe the average number of
changes per cycle per phase produced by the converter with the adopted time step value. Thus, for a
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CHB PSPWM, a 2 kHz carrier frequency was chosen in order to generate the same 40 switchings per
cycle per phase observed in the CHB-SDC OSV-MPC with 1·10−4s Ts.

5.2.1. Equal DC-Link Voltage Ripple

This comparison between CHB and the proposed topology uses the same DC-link voltage ripple
per capacitor in order to observe the difference in design capacitance values.

Equation (1) was used to design the CHB capacitors, where the maximum ripple is designed for
11 V. The DC-link voltage average is 300 V, the angular frequency is 2·π·50, and the power is 25 kW.

According to (1):

CCHB =
25·103

2·π·50·300·11
= 24, 114.4 µF ≈ 2400 µF (22)

This is, since the CHB has six capacitors, where each device has approximately 4000 µF. Thus,
for this experiment, all ripple value (in CHB and in CHB-SDC topology) are equal, approximately 11 V.

5.2.2. Equal Capacitance

This comparison between CHB and the CHB-SDC topologies uses the same capacitance values
per capacitor in order to observe the difference in the DC-link voltage ripple.

Equation (2) was used to dimension the proposed topology capacitors, where the maximum ripple
designed is 11 V; the other parameters are the same as in the previous implementation.

According to (2):

CCHB−SDC =
25·103

10·2·π·50·300·11
= 2411.44 µF ≈ 2400 µF (23)

This is, since CHB-SDC topology has only two capacitors, each device has approximately 1200 µF.
Thus, for this experiment, all capacitors (in CHB and in CHB-SDC topologies) are equal, with 1200 µF
individual capacitance. It’s important to note the CHB total capacitance is six times the individual
values, because it has six capacitors, equal to 7200 µF.

The system parameters used are shown on Table 2.

Table 2. System parameter specifications.

Parameter Symbol CHB Equal Ripple CHB Equal
Capacitance CHB-SDC

Rms grid line voltage es 400 V 400 V 400 V
Grid frequency fs 50 Hz 50 Hz 50 Hz

STATCOM power Snom ±25 kVA ±25 kVA ±25 kVA
MPC time step Ts - - 1e−4s
Sampling time Tsamp 5e−5s 5e−5s 5e−5s

Carrier frequency fc 2.0 kHz 2.0 kHz -
Damping inductance ldamp 1 mH 1 mH 1 mH

Filter inductance l 5 mH 5 mH 5 mH
Filter resistance r 200 mΩ 200 mΩ 200 mΩ
DC-link voltage UDC 220 V− 400 V 220 V− 400 V 220 V− 400 V

DC-link capacitance CDC 4000 µF 1200 µF 1200 µF
total capacitance CTOT 24, 000 µF 7200 µF 2400 µF

The complete experimental results obtained on the OPAL-RT 5700 platform through signal
acquisition plates and the oscilloscope are shown from Figure 9, where in each figure, the images (a)
refer to CHB with 11 V ripple (equal DC voltage ripple), the images (b) refer to CHB with 1200 µF
individual capacitance (equal capacitance), and the images (c) refer to CHB-SDC with 11 V ripple and
1200 µF individual capacitance.
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The oscilloscope data was imported into the MATLAB software only for better graphical
presentation, having not been manipulated and maintaining their originality.

The reference powers are specified to validate the proposed topology and control system strategy,
maintaining a null active power, P∗(k + 2) = 0, and ranging the reactive power, Q∗(k + 2), from
−25 kVAr to +25 kVAr to observe the converters steady-state and dynamic performances in the
same conditions.

The CHB and CHB-SDC behaviors due to reactive power variation are demonstrated in Figure 9,
presenting in both CHB configurations higher active power ripple than in CHB-SDC, although all of
them are set to 0 W as the central value. These ripples are observed also in CHB reactive power curves
when the STATCOM requires positive VArs, being the classic controllers present in this topology
challenging to tune. Furthermore, CHB-SDC presents an automatic and fast synchronization with the
grid, minimizing the power errors and showing well-defined curves.

DC-link capacitor voltages analysis is one of the most crucial investigation points for the converters,
since their perfect functioning depends on consistent design and adequate capacitance values, being
the main topic of the comparison between the chosen topologies. Therefore, for better converters
response, the reference DC-link capacitor voltages adapt to the required power, increasing or decreasing
according to its variation, therefore when the STATCOM needs to consume reactive power, the DC-link
voltage values reduce. In contrast, when the equipment needs to provide reactive power, the DC-link
voltage values rise. For no reactive power required, DC-link capacitor voltages feature 300 V; for
−25 kVAr, DC-link capacitor voltages feature 220 V, and to +25 kVAr, DC-link capacitor voltages
feature 380 V, as shown in Figure 9.

As designed, the DC-link ripple voltage of the CHB with 4000µF individual capacitance, Figure 10a,
and the CHB-SDC with 1200 µF individual capacitance, Figure 10c, present approximately 11 V. On the
other hand, the DC-link ripple voltages of the CHB with 1200 µF individual capacitance, Figure 10b,
presents approximately 45 V. These values demonstrate in this regard the superiority of the CHB-SDC
over the CHB, presenting, as previously mentioned, three times fewer capacitors and 10 times less
total capacitance required to obtain the same level of DC voltage ripple.
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Figure 10. Capacitor DC-link voltages: (a) CHB (4000 µF); (b) CH (1200 µF); (c); CHB-SDC (1200 µF);.

The STATCOM three-phase synthesized currents are shown in Figure 11 and do not exhibit
significant harmonic distortions, presenting remarkable similarity among the converters and preserving
its sinusoidal shape when power is required. We can observe that the CHB-SDC currents show
high-frequency ripple higher than CHB currents due to the variable switching frequency, typical of
OSV-MPC control since a PWM technique is not used. However, the difference between the THD of
topologies is numerically insignificant.
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Figure 11. Three-phase grid currents: (a) CHB (4000 µF); (b) CHB (1200 µF); (c) CHB-SDC (1200 µF).

Figure 12 shows the converter’s current harmonic spectrum in the inductive mode, presenting in
both CHB implementations concentration close to the carrier frequency and, in the CHB-SDC close to
2 kHz. It is important to note the similarity between the frequency spectrum of the two topologies,
even though the MPC does not have a fixed switching frequency.
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Figure 12. Grid current harmonic spectrum in inductive mode: (a) CHB (4000 µF); (b) CHB (1200 µF);
(c) CHB-SDC (1200 µF).

When the STATCOM is in inductive mode, requiring reactive power, the synthesized current
lags the grid voltage, while it is in capacitive mode, providing reactive power, the current leads the
voltage. This behavior can be noted in Figures 13 and 14, where only the phase a voltage and current
are presented. The THD values are shown in Table 3.
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Figure 14. One phase grid current in capacitive mode: (a) CHB (4000 µF); (b) CHB (1200 µF);
(c) CHB-SDC (1200 µF).

Table 3. Comparison between the current total harmonic distortion of topologies.

Operation Mode CHB Equal Ripple CHB Equal Capacitors CHB-SDC

inductive mode 2.24% 2.32% 2.41%
capacitive mode 4.08% 4.79% 4.98%

We can observe that, even with an extremely reduced capacitance when compared to the CHB
topology and, having restrictions to several switching states, the CHB-SDC is able to provide a current
waveform with little THD difference when compared with the CHB PSPWM, meeting the harmonic
requirements and Electromagnetic compatibility [55,56].

Figure 15 shows the dynamics performance when the STATCOM reactive power shifts from
inductive to capacitive mode, showing a continuous change in the current amplitude and angle
concerning the grid voltage. This behavior corroborates with the perfect equipment functioning,
showing in practice the possibility of operation in both situations. The MPC applied to the CHB-SDC
shows agility when changing the load, presenting behavior similar to CHB using classic control, being
represented in the synthesized currents.
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(c) CHB-SDC (1200 µF).

The three-phase voltage waveforms generated at the converter terminals (Un), before the filters,
are shown in Figure 16 and the synthesized output phase-voltages can be observed.
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Figure 16. Three-phase synthesized STATCOM voltage: (a) CHB (4000 µF); (b) CHB (1200 µF);
(c) CHB-SDC (1200 µF).

All the voltage waveforms have magnitude and frequency consistent with the desired specifications,
with 120◦ lag among the phases as expected, and the differences resulting from each condition can
be observed.

The outputs inherent to the classic CHB topology present the five voltage levels quite pronounced
and well-defined, presenting better results the smaller the DC-link ripple is. Thus, for CHB with 1200 µF
individual capacitance, the oscillations present in the DC-link are higher in the voltage waveforms
than those observed in the CHB with 4000 µF individual capacitance.

From another perspective, the voltage waveforms produced by the CHB-SDC with OSV-MPC,
present unusual waveform, with relatively fewer states in ±2UDC voltage levels.

Since the number of short-circuit states surpasses 80% of the possible states in this topology,
the predictive control chooses, through intrinsic equations, the best switching sequence that will
provide the best waveform to be synthesized most similarly to the desired one.
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It is important to remember that the three-phase switching occurs simultaneously, once they share
the same capacitor, the switching states of each one of them should be taken into account. For this
specific five-level application, the values related to ±2UDC in each phase is the one that presents the
smallest number of available possibilities.

However, it is worth mentioning that this peculiarity does not significantly affect the synthesized
currents THD, presenting small variation among the harmonic distortion values for configurations
that use CHBs with classic controls.

The voltage synthesized in each module is shown in Figure 17, presents more oscillation the
smaller the DC-link ripple is and they are very pronounced in CHB with 1200 µF capacitors for the same
reasons than previously explained in Figure 16, once that the sum of each module values produces the
phase voltages.
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(c) CHB-SDC (1200 µF).

The CHB-SDC presents small oscillations and the switching pattern is less uniform than in CHB
because the MPC control searches the best module voltage value taking into account the values of
other phases. This phenomenon also has little influence on the current THD.

The results obtained experimentally demonstrate similar operation between the two compared
topologies (CHB and CHB-SDC), mainly when they operate under the same power specifications and
DC-link ripple. In such a situation, the CHB-SDC has 10 times less capacitance than the classic CHB.

Additionally, the proposed converter’s three-phase structure, compared to the CHB’s single-phase
structure, drastically and naturally reduces the oscillations in the DC-links, providing quite ease control
implementation via software.

This control, which in CHB, features 15 classic controllers and 6 signal filters to suit any application
with five voltage levels, requires a clustered balancing control between the phases and individual
balancing control between the two cascaded converters inside each cluster per phase. The tuning of
all these gains becomes complex, spending a great deal of time. Furthermore, the individual balance
control does not work when the reactive power reference is zero, imposing a practical limitation [51].

The CHB-SDC control does not even have an integral proportional controller, directly receiving
voltage, current, and reference signals, and choosing the best switching state only via software,
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presenting extremely fast responses to required power variations, being its adaptation simple and fast.
The comparison between topologies is shown in Table 4.

Table 4. Comparison between five voltage levels topologies.

CHB Same Ripple CHB Same Capacitors CHB-SDC

number of components 30 30 26
number of capacitors 6 6 2

individual capacitance 4000 µF 1200 µF 1200 µF
total capacitance 24,000 µF 7200 µF 2400 µF

structure single-phase single-phase three-phase
2 ω ripple yes yes no

amplitude ripple 11 V 46 V 11 V
low-pass filters 6 6 0

control elements 15 15 0
THD inductive mode 2.24% 2.32% 2.41%
THD capacitive mode 4.08% 4.79% 4.98%

The choice of the reactive power reference standards with variation in the capacitor DC-link
voltages was intended to observe the CHB-SDC functioning using OSV-MPC during rapid variations
of the reference signals and to analyze the ability to deal with the present transients in the systems,
presenting a fast and adequate response as expected.

As the aim of the work is to present a new topology, show one of its applications and demonstrate
the possibility of controlling it by switching strategies different from conventional PWM, complex
fault detection strategies were not added to the MPC, being the generation of references produced
through calculations from instantaneous power theory, and the use of a reduced time step, fast and
effective enough to satisfy the objectives of this work. According to the literature, MPC-based controls
are used to provide better responses than some controls of the active fault-tolerant controller (AFTC)
and passive fault-tolerant controller (PFTC) type [18,57,58].

However, the structure of OSV-MPC, by not using control elements, allows the implementation of
more elaborate failure detection controls (FTC), some of which are used in other branches of electronics,
opening a vast field of studies related to these topics [59,60].

6. Conclusions

This article presents a new topology proposal for power converters, as a classical CHB upgrade
with potential applications in a diverse range of equipment to be studied and developed, using a
STATCOM as an application example.

CHB-SDC topology would not have been possible to implement a few decades ago due to the
various short-circuit states inherent to the use of the known PWM switching strategies. However,
as actual processors can perform various calculations in tiny time intervals, a model-based predictive
control strategy could be used with a full scan to provide only safe switching states, mapped using an
offline mathematical tool based on the graph theory.

The results obtained by the study and investigation of the proposed topology proved to be
attractive and in accordance with the theory involved, presenting fast power variations and response,
as well as the DC-link capacitor voltage control, being developed totally in the MPC platform.

In order to demonstrate the superiority of the CHB-SDC proposal with MPC over the CHB used
nowadays, were proposed comparisons with two different configurations using classical control and,
thus, obtaining undeniable CHB-SDC structural advantages.

The STATCOM experimental implementation on the HIL platform became necessary to prove
the real execution of the CHB-SDC with the control and drive equipment available on the market.
The results obtained using the OPAL-RT 5700 equipment present the perfect functioning of the CHB-SDC
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as STATCOM, showing remarkably similar and consistent results with those generated by CHBs with
classic control based on similar projects with same power and ripple on the capacitors DC-links.

The main advantages of the CHB-SDC topology over the CHB topology refer to the construction
costs and the ease of controlling the parameters inherent to the project, since CHB-SDC presents
10 times less capacitance and three times fewer capacitor devices than same power and ripple CHB
specifications. Due to its three-phase structure, the CHB-SDC also does not present 2ω oscillations in
the capacitor voltages as observed in the classic CHB, which have single-phase structures.

Added to such features is the ease in the regulation of DC-link voltages due to its three-phase
structure, being developed entirety via MPC with few code lines, against the 15 controllers necessary
for the same control in the classic CHB topology, which makes it extremely difficult to tune the
proportional and integral gains and the low-pass filters time constants.

Considering the structural analyzes and the results obtained experimentally, we can conclude
that the CHB-SDC topology presents itself as a modern classic CHB upgrade, having lower cost and
less complexity of construction and control, due to the use of powerful processors developed and
popularized in the recent years, which provide operating with only 16% of the permitted states and
obtain results compatible with topologies that operate with PWM switching.
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