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Abstract—The extent of applications that claims the use of
power electronics systems is cumulative, deriving innovative
topologies from the classical topologies, and diversifying the
requisites for innovative topologies, such as the need for multiple
inputs/outputs. In addition, prerequisites such as high efficiency,
modularity, bidirectionality, low ripple, high voltage and/or high
current interfaces, high frequency, and low cost are pushing the
necessity of new power electronics topologies. Aligned with this
vision, a new topology is proposed. Due to its structure, the
modular, multi-level, interleaved-based, bidirectional (MMLIBB)
DC-DC converter topology can be utilized for various purposes,
such as the interface of renewables and/or energy storage
elements with multiple DC interfaces and hybrid AC/DC grids.
The MMLIBB topology operates in bidirectional mode and has a
modular structure, which easily incorporates additional
sub-modules for increasing the number of DC interfaces.
Likewise, as the number of added sub-modules increases, the
number of multilevel voltages rises, and the ripple current
declines. The proposed topology can operate with the classical
current or voltage control, though the modulation must be very
specific, and hence, a comprehensive attention is given to that in
this paper. The characteristics of the MMLIBB topology are
proven based on simulations obtained for decisive operating
situations.
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L. INTRODUCTION

Primarily since the initiation of this century, the instituted
power grids are confronting the incorporation of numerous
active and passive technologies, allowing a convergence for
smart grids [1]. This progress, complemented by on-grid and
off-grid concepts, is challenging even more the request for
technological solutions based on power electronics systems,
both in matters of topologies and algorithms. As examples,
renewable energies (on-shore and off-shore), solid-state
transformers, DC grids and electric mobility are essential
pillars in this proceed and are assuming a leading importance
[2][3]. Even so, other examples can be exhibited, e.g., small
everyday low-power equipment is also requiring technological
solutions of power electronics with further efficacy, features,
and power density [4][5]. Similarly, result of this development
and intending guaranteeing power quality, power electronics is
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likewise indispensable [6][7]. Very specifically within the
whole domain topic of power converters, it is recognized that
DC-DC converters are definitely indispensable as interface for
almost all applications, where a distinct interest is also
conferred for the growing DC grids.

DC-DC converters based on the grouping of an interleaved
configuration with a single-input and multi-outputs is proposed
in [8], while a modular DC-DC converter with input-series and
output-series and offering isolation is offered in [9]. A
multi-stage DC-DC with not many amounts of components and
constituted by cells of inductor, capacitor, and two diodes is
planned in [10]. A method of designing DC-DC converters
based on a particular voltage gain, identified as an inverse
problem is studied in [11]. In terms of control, distinct
procedures can be engaged giving specific DC-DC converters,
e.g., a sliding-mode control is projected in [12] for a DC-DC
cascade boost, and direct model predictive control is offered in
[13] for a DC-DC non-inverting buck-boost. Relatively to
applications, the management control of multi-port DC-DC
converters for stand-alone renewables-storage systems is
proposed in [14], a non-isolated DC-DC converter for
high-power functions is proposed in [15], a cascade modular
multi-level composition carried by a DC-DC converter is
proposed in [16], and an evaluation of non-isolated DC-DC
converters for fuel-cell electric mobility applications is offered
n [17]. Although the abundant topologies available and the
ample applications, the innovation for DC-DC converters
continues active and ranged with numerous matters, e.g., a
detailed review about soft-switching techniques, including for
DC-DC converters, is offered in [18], a unified approach for
synthesis and analysis of non-isolated DC-DC converters is
proposed in [19], a thorough view of high-gain DC-DC
converters coordinated by coupled inductors and with voltage
multipliers performances is proposed in [20], and the design
and evaluation of a DC-DC converter based on a planar
three-coupled inductors is proposed in [21].

A specialized multilevel bidirectional DC-DC converter
was original proposed in [22], but with the intent of generating
a DC grid in the interface with a solid-state transformer, so,
only presenting four interfaces (three interfaces with the
solid-state transformer and the other one with the DC-DC).
Linked with this background, a novel modular, multi-level,



interleaved-based, and bidirectional topology, the MMLIBB
DC-DC converter, is proposed in this paper, which suggestions
as main notable feature a generalized modular design to be
adapted for numerous requests in smart grids. As noticing
features, it can be underlined: (a) the MMLIBB DC-DC
converter can be constituted by several sub-modules, connected
in a vertical cascade structure, for achieving the multi-level
characteristic and, at the same time, multiple DC ports; (b) each
DC interface has a split DC-link, which can be useful, e.g., for
interfacing three-wire DC grids; (c) however, by applying a
proper modulation, an interleaved-based operation can also be
reached at the same time, giving an important characteristic
with the intent of decreasing the size of passive filters; (d) in
addition, the bidirectionality is also a possibility independently
of the other characteristics (i.e., modular, multi-level, and
interleaved-based); (e) the control can be performed with
voltage or current feedback, independently of the modulation.
A full comparison with other topologies is out of the scope,
since the intent is to validate a topology.

Fig. 1 presents the MMLIBB DC-DC converter, where is
displayed that each sub-module is created by four
full-controlled switching devices (IGBTs) and by a split DC
interface. The detailed operation principle is shown in section
II, while the proposed modulation is established in section III.
The validation for the key characteristics is presented in section
IV and conclusions are provided in section V.
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Fig. 1. Proposed MMLIBB DC-DC converter, mainly hiéhlighting the
modular structure and the consequent distinct DC interfaces.

II. MMLIBB DC-DC CONVERTER:
OPERATION PRINCIPLE

The MMLIBB DC-DC converter is made up of several
sub-modules that can be linked together in a cascade mode.
Each sub-module is formed by a set of four IGBTs and a split
DC-link that can be contemplated as a single DC-link or, if the
application justifies it, as a split DC-link, e.g., on the interface
of three-wire DC grids or solid-state transformers. Each
sub-module can operate in buck or boost mode, and for that
intention two IGBTs are switched in each mode. During buck
operation s,4 and s,z and during boost operation s,c and s,p.
Furthermore, the control signals of each IGBT are offset from
each other (i.e., a phase angle of »), whose offset value depends
on the number of sub-modules (SM) considered, according to:

360
snA,B — m .

Obviously, the IGBTs are switched individually, i.e., no
control signal is shared by two IGBTs. Though, the control
signals of each IGBT can be active ON or OFF at the same
time or not. The condition for this is dependent on buck or
boost working and input and output voltage. Table I shows the
viable states.

(1

Table 1. Possible control states for each IGBT.

state voltage

SnA SnB SnC SnD Vxnyn Vynzn
ON OFF OFF OFF Vdel2 0

4| OFF ON OFF OFF 0 Vael2
B| oFF OFF OFF OFF 0 0
ON ON OFF OFF Vdel2 Vdel2
OFF OFF ON OFF 0 Vde/2

Z| OFF OFF OFF ON Vdcl2 0
2| oFF OFF ON ON 0 0
OFF OFF OFF OFF Vdel2 Vdel2

To achieve the control signals, it is necessary to resort to an
exact modulation strategy, subsequently, several carrier signals
(Cpwnm) are reflected according to the number of sub-modules
contemplated, conferring to:

Cowm = 4 SM . 2

Since the offset concerning carriers is given by the value
resulting from equation (1), in this way, the IGBTs are
switched individually and with a fixed frequency, and the
comparison signal with the various carriers comes from the
control, which can be with current control or with voltage
control. The suggested modulation does not depend on the
voltage or current control tactic that can be adopted. Thus, it is
feasible to declare a control in which the ripple of the
controlled variable admits a frequency (faiz) multiple of the
number of sub-modules and the individual switching frequency
of each IGBT (f;), relating to:

fair = 2.SM fo . 3)

Hence, there is an interleaved-based operation with the
worthy benefit of drastically cutting the dimensions of the
passive coupling components, even without the need to connect



converters in parallel (i.e., as with classic interleaved
assemblies). It is vital to remark that this operation is
guaranteed even if the voltage values in each sub-module are
not the same. The average value of the current/voltage in the
IGBTs is, respectively:
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Usn{a,B} = 0.5 (Udcl - W) SM, (6)
— Va _
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To undertaking a right balance between voltages and
currents, the voltage in each sub-module should be twice the
voltage in the output/input. Besides, in such case, the ripple is
cancelled. By adjusting the value of voltages, the MMLIBB
DC-DC converter can be forced to operate in this mode.

1II. MMLIBB DC-DC CONVERTER:
MODULATION AND VALIDATION IN DISTINCT OPERATIONS

The operating validation of the MMLIBB DC-DC converter
was approved using a PSIM simulation model. To get a proof
that permits to attest all the potentialities of the proposed
converter, four sub-modules were considered. For the switching
frequency a value of 20 kHz was specified and for the passive
coupling filters a value of 500 uH. As a sampling frequency for
the control, implemented in C language, a value of 40 kHz was
stipulated. For the voltages at every interface, several values
were contemplated to acquire a more extensive validation, as
indicated in the thereafter results.

Fig. 2 displays all the carriers and all the control signals of
the IGBTs during buck action, indicating a representative
operation. Perceptibly, as described in the previous sections,
the carriers are not synchronized with the same phase, but they
present a phase shift corresponding to 360 degrees divided by
twice the number of sub-modules, in this case resulting in a
value of 45 degrees (equation (1)). Hence, e.g., for the first
sub-module, accepting that the first carrier is in phase 0
degrees, the second carrier is in phase 45 degrees, and
subsequently for the others. Hence, the control signals have,
respectively, the same offset.
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Fig. 2. Carriers and all the control signals of the IGBTs during buck operation.

This condition is explicit in the result displayed in Fig. 3,
where the signals resultant from the comparison are verified.
This principle of activity is valid for any sub-module.
Obviously, by adding more sub-modules, the delay between
carriers and the respective control signals will be greater. As
this is a buck function, the control signal accepts a positive
value when the reference is greater than the carrier and a null
value when it is less.
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Fig. 3. Signals resulting from the comparison of the reference signal with the
carriers for the buck operation.

This operating criterion is the same for any sub-module, so,
for the case in question in which four sub-modules are
considered, the signals have a 45 degrees offset angle between
them, starting at 0 and until reaching 360 degrees. This
situation is shown in the result of Fig.4. Evidently, the
remaining IGBTs are OFF when operating in buck.
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Fig. 4. Control signals for the IGBTs during the buck operation.

When a current control plan is employed, the principal
properties of the MMLIBB DC-DC converter are proved (in
this case, based on predictive control), and which make it
appealing for a varied selection of applications. Thus, Fig. 5
reveals the current for a reference of 10 A, considering an
output voltage with a value of 400 V that is twice the value of
the input voltage of each sub-module. This result is exhibited
with such values to suggest that, under such operating
restrictions, the current ripple does not exist and that, distinctly,
the current follows the established reference.

If the voltage values and circumstances remain the same,
even if the current reference varies, the current follows such
variations, continuously maintaining a zero ripple. This
situation is feasible to achieve, even in the transition moment,
because the converter is forced to change the voltage levels at



which it is operating, as can be appreciated in the result proved
in Fig. 6. In this instance, the current doubled and the converter
operated with five voltage levels. After the transition, the
converter continues to operate with zero current ripple and with
the same voltage levels, since the values of the input and output
voltages did not change. This kind of operation can correspond,
e.g., to applications using batteries charged with different
currents that vary abruptly (e.g., regenerative braking in electric
mobility). This operation is noted in Fig. 7, confirming that the
current diverges approximately instantaneously with its
reference, evidently not being the same.
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Fig. 5. Current for a reference of 10 A, considering an output voltage with a
value of 400 V that is twice the value of the input voltage of each sub-module
(200 V).
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Fig. 6. Transient state of the current changing from 10 A to 20 A, maintaining
an output voltage with a value of 400 V that is twice the value of the input
voltage of each sub-module (200 V), verifying the multi-level voltage
transition.

On the other hand, altering the voltage value, e.g., dropping
the output voltage value to a value lower than the voltage of
each sub-module, perceptibly, the current ripple is no longer
null and starts to assume a value proportional to the difference
in voltages between the input and the voltage of each
sub-module. Still, the current ripple has a frequency that
matches the IGBT frequency multiplied by twice the number of
sub-modules. Accordingly, for the case in question of four
sub-modules, the ripple has a frequency of 160 kHz. This
method is exceptionally beneficial when is needed to reduce the
passive components (i.e., using an interleaved-based
operation). This condition is illustrated in Fig. 8, where the
voltage of the converter does not accept as many values as in
the case offered before, because the values of the output
voltages and of each sub-module are different, although they

remain with the same value even with the change of voltage.
The note proving the correlation between the frequencies
(switching and current ripple) is shown in Fig. 9, where the
current absolutely follows its reference.
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Fig. 7. Detail of the transient state of the current changing from 10 A to 20 A,
verifying the multi-level voltage (assuming five distinct values) during the
transition.
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Fig. 8. Transient state of the current changing from 10 A to 20 A, with output

voltage of 300 V and input voltage of each sub-module of 200 V, verifying the
multi-level voltage transition and the ripple presented in the current.
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Fig. 9. Detail showing the relationship between the switching frequency and
the frequency of the current ripple in buck mode.

If instead of a voltage with a fixed value at the output (e.g.,
a battery), a resistive load is considered and the current
reference is progressively expanded, noticeably, the voltage
also expands. Hence, expanding the output voltage forces the
converter voltage to adopt another value, changing the value at
every half of the voltage value in each sub-module. In this case,
as indicated in Fig. 10, the nine voltage values are visible.
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Fig. 10. Transient state of the current changing from 0 A to 30 A, and the
output voltage changing from 0 V to 1500 V, with the input voltage of each
sub-module of 200 V, verifying the multi-level voltage transition (nine voltage
levels) and the ripple presented in the current.

The earlier cases refer to the operation in buck, but the
operation in boost is not very distinct. Fig. 11 displays the
carriers and control signals of the IGBTs of one of the
sub-modules, also authenticating that the offset is 45 degrees,
where the control signal assumes a positive value when the
reference signal is smaller than the carrier, and the opposite
happens when the reference signal is higher than the carrier.
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Fig. 11. Signals resulting from the comparison of the reference signal with the
carriers for the boost operation.

Fig. 12 reveals all the IGBT control signals in boost mode,
with 45 degrees offset between each control signal. The lasting
IGBTs are in OFF mode during boost. In addition, it is proven
that the current arises its reference regardless of the voltage
values, as checked in Fig. 13. In this instance, an input voltage
value lower than the voltage of each sub-module was
contemplated. The current is revealed with a negative value for
the reason that it is the position of the sensor. Also in this case,
the voltage levels of the converter are exposed, and they vary
giving to the operating settings. As for buck, the current has
zero ripple when the input voltage is equal to the voltage of
each sub-module and undertakes a distinct value when these
voltages also alter. In these states, again, the current ripple has
a frequency of 160 kHz as evidenced in Fig. 14.
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Fig. 12. Control signals for the IGBTs during the boost operation.
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Fig. 13. Transient state of the current changing from 10 A to 20 A with input
voltage of 300 V and output voltage at each sub-module of 200 V, verifying
the multi-level voltage transition and the ripple presented in the current.
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Fig. 14. Detail showing the relationship between the switching frequency and
the frequency of the current ripple in boost mode.

IV. CONCLUSIONS

Power electronics is unequivocally indispensable for the
development of more innovative applications for smart grids. In
this paper, a novel modular, multi-level, interleaved-based,
bidirectional (MMLIBB) DC-DC converter topology is
proposed, which have precise characteristic to be used in
exceptional applications, e.g., that requires multiple DC
interfaces. The modular structure was explained, and it was
depicted that expanding the number of sub-modules, expands
the number of DC interfaces, the number of voltage levels (i.e.,
multilevel feature), and the ripple frequency (i.e.,
interleaved-based feature). Along with the paper, the proof
through simulations exhibits the bidirectional operation, in



buck mode from the sub-modules to the main DC interface, or
in boost mode from the main DC interface to the sub-modules.
In addition, for a MMLIBB topology based on four
sub-modules, it was tested that the current has no ripple when
the voltage in the main DC interface is equal to the double of
the voltage in each sub-module, and that it is independent of
the current control both for operation in steady and transient
state. When such voltage condition does not happen, it was
verified that the current ripple present a frequency with a value
eight-times greater than the switching frequency. Besides, the
operation with multilevel voltages (nine levels) was proven for
both steady and transient state.
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