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Abstract—The paradigm of smart grids has been continuously 
addressing new challenges in terms of power electronics 
converters, for instance, to deal with technologies like 
renewables, electric mobility, energy storage, and hybrid power 
grids. Allied with this context, a novel topology of modular 
multilevel bidirectional (MMB) non-isolated dc-dc converter is 
proposed in this paper. Taking into consideration the nature of 
the proposed MMB dc-dc converter, it is appropriated to operate 
as back-end converter linked to front-end ac-dc converters based 
on cascade structures, i.e., with more than one dc-link. As 
distinctive features, the proposed MMB dc-dc converter can 
operate with five-voltage levels, allowing to reduce the voltage 
stress in each semiconductor, and it is controlled based on the 
interleaved principle of operation, although it is not an 
interleaved converter. A dedicated pulse-width modulation, as 
well as voltage and current control strategies, are proposed and 
clearly explained along the paper. The claimed distinctive 
features of the proposed MMB dc-dc converter are supported by 
analytic description and by computer simulation validation, 
considering steady-state and transient-state operations in 
relevant conditions of the dc interfaces. 

Keywords—Dc-dc Converter, Modular Converter, Multilevel 
Converter, Bidirectional Converter, Non-Isolated Converter. 

I. INTRODUCTION 
Nowadays, the production, transportation, and distribution 

sectors are engaged with emerging technologies toward to lead 
with environmental concerns, where special focus is given to 
new paradigms of smart grids, including smart homes, electric 
mobility and renewables [1][2][3]. Consequently, it is foreseen 
that, even further, these technologies contribute to involve 
smart cities within smart grids [4]. Analyzing in more detail the 
required power interfaces, it is well identified the power 
electronics as a central technology. In this perspective, a study 
regarding the solicitation of innovative power electronics 
technologies in the perspective of smart grids is considered in 
[6], an overview concerning power quality issues and control 
technologies from the smart grid point of view is presented in 
[7], and a role of power electronics in future smart grids is 
analyzed in [5]. Nevertheless, the application of power 
electronics is very vast and embraces distinct areas as: 
solid-state transformers at distribution level [8]; integrated 
topologies for renewables [9]; hybrid ac-dc power grids [10]; 
protection technologies for dc microgrids [11]; electric vehicle 
(EV) fast chargers [12]; EV operation modes for supporting the 

power grid [13]; high-voltage dc grids [16]; and new power 
converters with improved control stratagems [14]. Scrutinizing 
the constitution of these areas regarding power stages, the use 
of dc-dc converters is a common feature, permitting to establish 
different levels of voltage/current controllability, both in buck 
or boost power stages. A comprehensive overview regarding 
bidirectional dc-dc power converters, including topologies and 
control patterns, is presented in [15]. According to the 
application requirements, there are numerous topologies of 
dc-dc power converters, each one presenting advantages and 
disadvantages, but none of them covers all the characteristics of 
the one proposed in this paper, i.e., a non-isolated modular, 
multilevel and bidirectional (MMB) dc-dc converter. 

As differentiating aspects of the proposed MMB dc-dc 
converter, it can be highlighted: (a) Operation with two dc 
interfaces, however, one of the interfaces has two dc-links, 
each one with split capacitors; (b) Bidirectional operation, 
controlled in buck-mode (with voltage or current feedback) or 
controlled in boost-mode (also with voltage or current 
feedback); (c) Operation with multilevel voltage, allowing to 
produce up to five different voltage levels, depending on the 
voltage levels assumed by each dc interface (independently of 
the operation in buck-mode or boost-mode); (d) Operation in 
interleaved mode, regardless of the operation in buck-mode or 
boost-mode, allowing to control the variables (voltage or 
current) to present a ripple whose frequency corresponds to 
four times the switching frequency; (e) Combination of the 
previous cases, e.g., the converter can operate in buck-mode 
with current control, as well as with multilevel characteristics 
(which can change according to the voltage levels assumed by 
each dc interface) and with interleaved characteristics. 

The proposed MMB dc-dc converter can be used for several 
purposes of power electronics in smart grids, as example: (a) 
Interface between energy storage systems in EVs; (b) Interface 
between active rectifiers (ac-dc) based on cascade structures 
and single dc interface; (c) Interface of renewable energy 
sources and grid-tied inverters (dc-ac) based on cascade 
structures. The proposed dc-dc converter can be used for a wide 
range of applications, where an illustrative example is 
presented in Fig. 1. As shown in Fig. 1(a), when a cascade 
ac-dc converter is considered, the dc-side has two individual 
dc-links, which is limitative for several applications (even 
using two individual dc-dc converters). On the other hand, by 
using the proposed MMB dc-dc converter, it is possible to 
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obtain a single dc-link on the dc-side, as shown in Fig. 1(b). 
Fig. 2 shows the proposed MMB dc-dc converter, which is 
constituted by eight fully-controlled semiconductors (IGBTs in 
this case), all of them individually controlled, but in groups of 
four, i.e., the IGBTs sA to sD are controlled during the 
buck-mode and the IGBTs sE to sH are controlled during the 
boost-mode. An L filter (L1 and L2) is considered in the 
interface dc#2 due to its simplicity of analysis in terms of 
control and modulation. The rest of the paper is arranged as 
follows. Section II introduces the principle of operation. 
Section III presents the current and voltage control equations 
based on a digital implementation, as well as the details of the 
modulation. Section IV presents the validation of the distinct 
operation modes in buck-mode and boost-mode, considering 
steady-state and transient-state. Section V ends the paper with 
the main conclusions. 

II. PROPOSED MMB DC-DC CONVERTER: 
PRINCIPLE OF OPERATION 

As shown in Fig. 2, the proposed MMB dc-dc converter is 
constituted by two groups of IGBTs, which are used, 
respectively, during the buck-mode (sA, sB, sC, sD) and during 

the boost-mode (sE, sF, sG, sH), and, due to the voltage 
symmetry in the IGBTs, it is classified as symmetrical. As 
shown, the proposed MMB dc-dc converter is constituted by 
two dc interfaces, namely dc#1 or dc#2, although the interface 
dc#1 has two distinct parts (corresponding to the voltages vdc#1,1 
and vdc#1,2). When the proposed MMB dc-dc converter operates 
in buck-mode, it means that the power follows from the 
interface dc#1 to the interface dc#2, while when it operates in 
boost-mode, it means that the power follows from the interface 
dc#2 to the interface dc#1. 

During the operation in buck-mode, the average value of 
the current in the IGBTs sA to sD ( �Is) is calculated based on a 
function of the duty-cycle (D) and the current on the L filter 
( �IL{1,2}), according to: 
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while for the IGBTs sE to sH is calculated according to: 
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On the other hand, during the operation in boost-mode, the 
average value of the current in the IGBTs sA to sD is calculated 
according to: 
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while for the IGBTs sE to sH is calculated according to: 
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Concerning the average value of the voltage in each IGBT 
(�vs), during the operation in buck-mode, for the IGBTs sA to sD 
it is obtained as follows: 
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while for the IGBTs sE to sH is calculated according to: 
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On the other hand, during the operation in boost-mode, the 
average value of the voltage in the IGBTs sA to sD is calculated 
according to: 
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while for the IGBTs sE to sH is calculated according to: 
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By analyzing equations (1) to (8), it is recognized that the 
operations with values of duty-cycle near 50% are the most 
beneficial in order to balance the currents and voltages in all 
the IGBTs. The same situation occurs when both dc#1 and 
dc#2 interfaces are operating with similar values of voltage. 
Consequently, it is possible to define objectives for optimizing 
the losses through the IGBTs. 

 
Fig. 1. (a) Cascade ac-dc converter with two individual dc-links and two dc-dc 
converters; (b) Illustrative example of application for the proposed MMB
dc-dc converter. 

Fig. 2. Topology of the proposed non-isolated, modular, multilevel and
bidirectional (MMB) dc-dc converter. 
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III. PROPOSED MMB DC-DC CONVERTER: 
CONTROL AND MODULATION 

Based on the analysis of Fig. 2, it can be seen that both 
dc#1 and dc#2 interfaces are controlled separately, considering 
voltage or current strategies. 

A. Buck-Mode Operation 
1) Current Control and Modulation 
Considering the interface dc#1 as the input-side (source) 

and the interface dc#2 as the output-side (load), the relation of 
voltages on the output-side is established as: 

�
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where vxy denotes the voltage level of the dc-dc converter 
(voltage measured between the points x and y), vdc#2 denotes the 
voltage of the interface dc#2, and vL{1,2} denotes the voltage in 
the inductors L1 and L2. By substituting the voltage in the 
inductors, yields: 
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where, by applying the forward Euler method and knowing that 
the current in both inductors is the same, the digital 
implementation results in: 

$����

'&
����
()  �* � &
����
()*+

,�
 �����()* � �!"()* � # � (11)

The current in the instant [k+1] corresponds to the current 
that must be reached in the period [k, k+1]. So, the reference 
current must be considered instead of iL{1,2}[k+1]. With the 
objective of controlling the current in the period [k, k+1], the 
voltage vxy[k] is the reference that the MMB dc-dc converter 
must synthesize during such period. Taking into account that 
the proposed MMB dc-dc converter is controlled as an 
interleaved topology, the same reference voltage is compared 
with four carriers (shifted by 90 degrees between each other 
and with the same frequency and amplitude). In this case 
(buck-mode operation), only the IGBTs sA to sD are controlled, 
while the IGBTs sE to sH are turned-off. 

2) Voltage Control and Modulation 
Considering the voltage control in buck-mode, the 

following relation can be established: 
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B. Boost-Mode Operation 
1) Current Control and Modulation 
Considering the interface dc#2 as the input-side (source) 

and the interface dc#1 as the output-side (load), the relation of 
voltages on the output-side is established as: 

�
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where vxy denotes the voltage level of the dc-dc converter 
(voltage measured between the points x and y), vdc#2 denotes the 
voltage of the interface dc#2, and vL{1,2} denotes the voltage in 
the inductors L1 and L2. By substituting the voltage in the 

inductors and applying the forward Euler method, the digital 
implementation results in: 
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The analysis performed during the operation in buck-mode 
is also applied during the boost-mode regarding the reference 
voltage that is compared with the carriers, as well as the 
characteristics of the four carriers (shifted by 90 degrees 
between each other and with the same frequency and 
amplitude). However, in this case, as the MMB dc-dc converter 
is operating in boost-mode, only the IGBTs sA to sD are 
controlled, while the IGBTs sE to sH are turned-off. 

2) Voltage Control and Modulation 
Considering the voltage control in boost-mode, the 

following relation can be established: 
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IV. PROPOSED MMB DC-DC CONVERTER: 
VALIDATION OF OPERATION MODES 

The main results obtained for validating the MMB dc-dc 
converter are presented in this section. The validation was 
carried out according to a simulation model developed in PSIM 
v9.1. With the objective of obtaining realistic conditions of 
operation, distinct voltage levels were considered in both dc 
interfaces, therefore, it was possible to validate the multilevel 
feature of the proposed dc-dc converter. The switching 
frequency was fixed at 20 kHz and the control algorithm was 
executed with a sampling frequency of 40 kHz. In terms of 
passive elements, it was considered: L{1,2} = 500 μH and 
C{1,2,3,4,5} = 100 μF. 

Fig. 3 shows the principle of operation of the pulse-width 
modulation (PWM) proposed for the MMB dc-dc converter, 
assuming as an exemplificative case a duty-cycle reference of 
75% during the operation in buck-mode. Taking into account 
that it is necessary to control solely four IGBTs during each 
mode (buck or boost), four independent carriers are necessary. 
In addition, as the MMB dc-dc converter operates with an 
interleaved feature, the four carriers must present a phase-shift 
of 90 degrees between each other. Fig. 3 shows the four 
carriers (triA, triB, triC, and triD) and the reference signal (vPWM, 
which corresponds to the reference voltage vxy established in 
the control equations). As result of the comparison, Fig. 3 also 
shows the PWM signals applied, respectively, to the IGBTs sA, 
sB, sC, and sD. Obviously, the phase-shift between the four 
carriers is the same as that between the four PWM signals (sA, 
sB, sC, and sD). As it can be seen, due to being considered a 
duty-cycle value of 75%, there are some periods of time that 
the PWM signals are overlapping, i.e., times when the IGBTs 
are turned-on at the same time, since they are turned-on over a 
time interval of 3Tsw/4. 

On the other hand, as can be seen in Fig. 4, when the 
duty-cycle is 50% during the operation in buck-mode, there is 
a threshold situation in which the IGBTs are turned-on during 
the same time interval (Tsw/2) maintaining a phase-shift of 90 
degrees between carriers. With the objective of verifying the 



behavior of the PWM with duty-cycle inferior to 50%, Fig. 5 
shows the results when the duty-cycle is 25% during operation 
in boost-mode. In contrast with the situation reported in Fig. 3, 
when the duty-cycle is 25%, the exact opposite situation 
occurs, i.e., the PWM signals are never overlapping (IGBTs 
are never turned-on at the same time, since they are turned-on 
during a time interval of Tsw/4), despite the phase-shift of 90 
degrees in the carriers.  

A. Buck-Mode: Steady-State Operation 
Fig. 6 shows the operation of the MMB dc-dc converter 

during the steady-state operation with a power of 4.5 kW, 
where a voltage value of 800 V was considered on the interface 
dc#1 (400 V in vdc#1,1 and in vdc#1,2) and a voltage value of 
450 V on the interface dc#2. The output current has been 
controlled to a value of 10 A. As it can be seen, the voltage of 
the converter varies between 400 V and 600 V due to the 
voltage levels of the dc#1 and dc#2 interfaces. This figure also 
shows the current in each IGBT, and it turns out that the MMB 
dc-dc converter operates with a duty-cycle value (D) near 50% 
(due to the voltage value at each dc interface). In more detail, 
this figure also shows the current at the output iL{1,2} and the 
current in the IGBTs. As shown, the output current iL{1,2} has a 
ripple whose frequency corresponds to four times the switching 

frequency of each IGBT, illustrating the principle of operation 
in interleaved mode. 

Fig. 7 shows a particular situation in which a voltage of 
400 V was considered in the interface dc#2, meaning that the 
MMB dc-dc converter operates with a duty-cycle value of 50%. 
Therefore, as expected, the output current iL{1,2} has a zero 
current ripple. In this figure, it is also possible to verify the 
voltage applied to each IGBT, and it is verified that this voltage 
corresponds to 200 V (voltage in each half of the split dc-link 
in the interfaces dc#1,1 and dc#1,2). 

B. Buck-Mode: Transient-State Operation 
Fig. 8 shows the main results during the transient-state 

operation in buck-mode with a power range between 4.5 kW 
and 2.25 kW. In this situation, a voltage value of 800 V was 

Fig. 3. Pulse-width modulation (PWM) of the MMB dc-dc converter
considering a duty-cycle of 75% and operating in buck-mode: Triangular 
carriers (triA, triB, triC, triD); Gate-pulse patterns of the IGBTs (sA, sB, sC, sD) 
during the buck-mode operation. 

Fig. 4. Pulse-width modulation (PWM) of the MMB dc-dc converter
considering a duty-cycle of 50% and operating in buck-mode: Triangular 
carriers (triA, triB, triC, triD); Gate-pulse patterns of the IGBTs (sA, sB, sC, sD) 
during the buck-mode operation. 
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Fig. 5. Pulse-width modulation (PWM) of the MMB dc-dc converter 
considering a duty-cycle of 25% and operating in boost-mode: Triangular 
carriers (triA, triB, triC, triD); Gate-pulse patterns of the IGBTs (sA, sB, sC, sD) 
during the buck-mode operation. 

Fig. 6. Steady-state operation of the MMB dc-dc converter during buck-mode: 
Current in the inductor (iL{1,2}); Produced voltage (vxy); Current in each IGBT 
(isA, isB, isC, isD). 
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considered at the interface dc#1 and a voltage value of 450 V at 
the interface dc#2. However, initially a reference current with a 
value of 10 A was considered and, at 1.85 ms, the reference 
value was reduced by 50% (i.e., to a value of 5 A). Initially, the 
current follows the reference and, when the sudden transition 
occurs, the current takes 25 μs until it reaches again the 
steady-state (i.e., it takes about one control period). As shown 
and expected, the current in each IGBT follows the sudden 
transition. It is of particular interest to visualize that the voltage 
produced by the converter varies between different levels due 
to the sudden transition, where the values of 200 V, 400 V and 
600 V are assumed. This situation is related to the fact that the 
converter has to react quickly aiming to changing its current 
according to the reference. A detail of the current at the output 
iL{1,2}, as well as the current in each IGBT, is also shown in this 

figure, showing that the MMB dc-dc converter maintains the 
interleaved features even with the sudden transition in the 
reference current. 

C. Boost-Mode: Steady-State Operation 
Fig. 9 shows the operation of the MMB dc-dc converter 

during the steady-state operation in boost-mode with a power 
of 3.5 kW, where a voltage value of 800 V was considered on 
the interface dc#1 (400 V in vdc#1,1 and in vdc#1,2) and a voltage 
value of 350 V on the interface dc#2. As shown, the output 
current has been controlled to a value of 10 A (it is important to 
note that the negative value of the current is only due to the 
position of the current sensor), while the voltage of the 
converter varies between 400 V and 600 V. This figure also 
shows the current in each IGBT, as well as a detail of the 
current at the input iL{1,2} and the current in the IGBTs. Also in 
this mode, the current iL{1,2} has a ripple whose frequency 
corresponds to four times the switching frequency of each 
IGBT, illustrating the principle of operation in interleaved 
mode also in boost-mode. 

D. Boost-Mode: Transient-State Operation 
Fig. 10 shows the main results during the transient-state 

operation in boost-mode with a power range between 3.5 kW 
and 875 W. The voltage conditions during the steady-state were 
also considered in this situation, however, it was considered a 
sudden transition in the reference current from 10 A to 2.5 A. 
As shown, also in boost-mode, the current takes 25 μs until it 
reaches again the steady-state and the current in each IGBT 
follows the sudden transition. It is of particular interest to 
visualize that the voltage produced by the converter varies 
between different levels, due to the sudden transition. By quite 

Fig. 7. Steady-state operation of the MMB dc-dc converter during buck-mode: 
Current in the inductor (iL{1,2}); Produced voltage (vxy); Voltage in each IGBT
(vsA, vsB, vsC, vsD). 

Fig. 8. Transient-state operation of the MMB dc-dc converter during 
buck-mode: Current in the inductor (iL{1,2}); Produced voltage (vxy); Current in 
each IGBT (isA, isB, isC, isD). 
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the opposite in relation to the sudden transition in the 
buck-mode, in this case the produced voltage assumes the 
values of 200 V, 400 V, 600 V and 800 V. This is caused by 
the sudden transition, where the reference current was reduced 
75%. A detail of the current iL{1,2}, as well as the current in each 
IGBT, is also shown in this figure, showing that the MMB 
dc-dc converter maintains the interleaved features even with 
the sudden transition in the reference current. 

V. CONCLUSIONS 
A novel topology of a modular multilevel bidirectional 

(MMB) non-isolated dc-dc converter is proposed for several 
power electronics applications in smart grids, including 
renewables, electric mobility, energy storage systems and 
hybrid power grids. The analysis of the principle of operation is 
established and the proposed voltage and current control 
strategies are presented, as well as the pulse-width modulation. 
As demonstrated along the paper, the proposed MMB dc-dc 
converter has as main advantageous characteristics the 
possibility of operating with multilevel voltage and as an 
interleaved structure. The validation of the MMB dc-dc 
converter was achieved during the operation in buck-mode and 
boost-mode for a maximum operating power of 4.5 kW and a 
switching frequency of 20 kHz, and controlling the current. 
Furthermore, it was also considered the operation in 
steady-state and transient-state, showing the dynamic behavior 
of the voltage levels synthesized by the MMB dc-dc converter, 
while preserving the interleaved feature. The obtained results in 
the distinct conditions of operation validate the claimed 
advantages of the proposed MMB dc-dc converter. 
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Fig. 10. Transient-state operation of the MMB dc-dc converter during
boost-mode: Current in the inductor (iL{1,2}); Produced voltage (vxy); Current in 
each IGBT (isE, isF, isG, isH). 
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