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Abstract—Smart grids are incessantly contemplating new 

challenges about power electronics technologies, and this paper 

focuses on the application of solid-state transformers (SSTs) and 

the forthcoming perspective of hybrid AC/DC grids. In such 

perspective, a multilevel bidirectional four-port (MB4P) DC-DC 

converter is proposed to be integrated in a three-phase SST. It 

interfaces the SST through three independently ports, 

corresponding to the three-phases, and the other port is used to 

create a DC grid. The proposed MB4P DC-DC converter has as 

main features a multilevel operation with seven voltage levels as 

function of the voltages on both DC sides, as well as the 

interleaved operation, where the controlled variables have a 

ripple with a frequency six times higher than the switching 

frequency. Furthermore, it can operate in buck or boost modes, 

and with current or voltage control. Besides the voltage and 

current control, specific attention is given to the proposed PWM. 

The advanced attributes of the MB4P DC-DC converter are 

proven by computer simulations and by analytical description, 

both exploring steady-state and transient-state distinctive 

requirements. 

Keywords—DC-DC Converter, Solid-State Transformer, 

Hybrid AC/DC Grid, Multilevel, Interleaved, Bidirectional. 

I. INTRODUCTION 

Smart grids are a reality and are in constant development 
due to the presently energy concerns and the emerging 
technologies that are being integrated, as well as the new 
paradigms of on-grid and off-grid power grids, where electric 
vehicles and renewables are boosting technologies for such 
development [1][2][3]. This is even more applicable to 
encompass smart cities inside smart grids [4]. Moreover, 
examining in detail such development, it is identified as a 
common technology the power electronics [5][6]. However, 
since more and more power electronics solutions are used into 
the power grids, the controllability of power quality is even 
more relevant in the perspective of smart grids [7]. 
Summarizing, the use of power electronics solutions in modern 
power grids includes: solid-state transformers (SST) [8]; 
electric mobility [9]; renewables [10]; DC microgrids [11]; 
hybrid AC/DC grids [12]; and enhanced control of converters 
and topologies [13][14]. Particularizing, as exposed principally 
in last decade, SST are used for miscellaneous applications 
[15][16][17]. The pertinence of SST for forthcoming grids is 

introduced in [18], a revision of SST including crucial 
characteristics is presented in [19], a comprehensive review 
regarding of SST is available in [20], an SST connecting 
renewables and electric vehicles is debated in [21], a DCSST 
interfacing renewable sources in introduced in [22], and SST 
interfacing photovoltaic and wind power systems are presented 
in [23][24]. Typically, a SST is constituted by three power 
stages: an AC-DC converter; an isolated DC-DC converter; and 
a DC-AC converter [25][26][27]. As aforementioned, the 
possibility of the SST to interface technologies natively 
operating in DC, such as renewables and storage systems, is a 
valuable feature. Therefore, an additional DC-DC converter 
must be considered in the design of the SST, forming a hybrid 
AC/DC power grid on the secondary-side [28]. In such case, 
typically, the DC-DC converter is linked to the output of the 
isolated DC-DC converters. In a three-phase architecture of 
SST with three individual isolated DC-DC converters, the 
DC-DC converter used to create the DC grid must be designed 
with three interfaces in a DC side and with a single interface in 
the other DC side. The DC-DC converter is fundamental to 
accomplish with the requirements of voltage and current of the 
DC grid, permitting to establish a buck or boost operation [29]. 

In this context, this paper proposes a specific DC-DC 
converter to be integrated in a hybrid AC/DC SST. As main 
three distinguished features of the proposed DC-DC converter 
can be highlighted: multilevel; bidirectional; and four-port. 
Therefore, it is identified as multilevel bidirectional four-port 
(MB4P) DC-DC converter. The application of the proposed 
MB4P DC-DC converter framed in an SST is presented in 
Fig. 1. As shown, the three-ports are directly connect to the 
secondary-side of the isolated DC-DC converters, each port 
linked to each phase of the SST, while the other port is used to 
form the DC grid. Obviously, other DC-DC converters can be 
used to integrate the hybrid AC/DC SST, but not presenting the 
features of the proposed MB4P DC-DC converter, namely in 
terms of multilevel and interleaved features as following 
described. As distinguishing aspects, it can be emphasized: (a) 
four-ports distributed in two DC sides, where one of the DC 
sides has three-ports to interface a balanced three-phase system, 
while the other DC side has a single DC port; (b) each of the 
three-ports has a split DC-link, which is used to obtain the 
multilevel feature; (c) the three-ports are individually 
controlled and are independently, i.e., each port is connected to 



each phase of the SST and must be voltage balanced; (d) the 
DC-DC converter can be bidirectional controlled in buck or 
boost mode, as well as with current or voltage control; (e) 
multilevel operation producing seven voltage levels as function 
of the voltages on both DC sides and, in transient-state, 
permitting to reach the reference faster than the traditional 
DC-DC converters; (f) interleaved operation, where the 
controlled variable has a ripple with a frequency six times 
higher than the switching frequency; (g) all of the previous 
aspects can be combined and are independently of the buck or 
boost mode. 

 

Fig. 1. Traditional structure of solid-state transformer (SST) constituted by 
three power stages (AC-DC converter, isolated DC-DC converter and DC-AC 

converter) and the application of the proposed MB4P DC-DC converter 

framed in the SST. 

As previously mentioned, the proposed MB4P DC-DC 
converter is dedicated to being integrated in applications of 
SST to create a DC grid aiming to form a hybrid AC/DC 
structure (therefore, various technologies can be interfaced, 
such as energy storage systems or charging systems for electric 
mobility). The proposed MB4P DC-DC converter is presented 
in Fig. 2, which is formed by 12 switching devices divided by 
the three-phases. The operation principle of the proposed 
MB4P DC-DC converter is introduced in section II, while the 
voltage and current control and the modulation in section III. 
The validation of the main features both in steady/transient 
state and in buck/boost mode are presented in section IV. The 
conclusions are summarized in section V. 

 

Fig. 2. Topology of the proposed MB4P DC-DC converter, highlighting the 
three independently ports to interface the SST and the single port to establish 

the DC grid. 

II. PROPOSED CONVERTER: 

PRINCIPLE OF OPERATION 

As exhibited in Fig. 2, the MB4P DC-DC converter is 
formed by 12 switching devices and it is categorized as 
symmetrical due to the voltage symmetry. In terms of 
operation, the MB4P DC-DC converter operates in 
bidirectional mode, exchanging power between the SST and 
the DC grid. In buck-mode (with power from the SST to the 
DC grid) are only used the switching devices sA to sF, while in 
boost-mode (with power from the DC grid to the SST) are only 
used the switching devices sG to sL.  

The switching devices are individual controlled to 
guarantee the mentioned key features, therefore, are considered 
individual carriers to control each switching device with fixed 
switching frequency, but it is considered a single reference to 
be compared with the carriers. The carriers are strategic shifted 
targeting to control the variable like the operation of a 
traditional interleaved converter. However, it is important to 
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note that the proposed converter is not constituted by the 
parallel of DC-DC converter as an interleaved converter. 

In the context of operation framed with the SST, the power 
is exchanged in a balanced way by the three-phases on the SST 
side. Even if for some reason the voltages are not properly 
balanced, this situation does not affect the operation of the 
proposed converter in terms of the DC grid. 

The average value of the current in sA to sF and the average 
value of current in sG to sL is determined, respectively, by: 
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Regarding the average value of the voltage in sA to sF and 
the average value of the voltage in sG to sL it is determined, 
respectively, by: 
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Through an examination of the presented equations, when 
the objective is to guarantee the most balancing strategy of 
voltages and currents, a value of voltage in the DC side DC#2 
close to half of the total voltage in the DC side DC#1 (i.e., the 
sum of the three independent voltages) must be considered. 
This situation can be achieved by adjusting the voltage values 
on each DC side, e.g., it can be beneficial to increase the 
voltage on one DC side by forcing the converter to operate in 
such situation. 

III. PROPOSED CONVERTER: 

CONTROL AND PULSE-WIDTH MODULATION 

As previously mentioned, the proposed MB4P DC-DC 

converter has two DC sides, identified as DC#1 and DC#2, 

which can be controlled independently. Since the objective is 

the integration into a three-phase SST, one of the DC sides 

(DC#1) is controlled with voltage feedback by the SST. 

Consequently, the DC side DC#2 can be controlled with 

voltage feedback in buck-mode, or with current feedback in 

buck or boost mode, permitting to establish a bidirectional 

power flow between the SST and the DC grid. Such 

possibilities of control are explored as follows. 

A. Buck Operation with Current Control 

Analyzing the converter in buck-mode, where the source is 
in the DC side DC#1 and the load is in the DC side DC#2, the 
distinct voltages are listed as follows: 
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As shown, such relation contemplate the operating voltage of 
the converter (vxy), the output voltage (vDC#2), and the voltage in 
L1,2 (vL{1,2}). Knowing that the voltage across L1,2 is function of 
its current, the previous equation can be rewritten as: 
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The digital implementation, using the forward Euler discrete 
implementation, can be obtained from: 
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The current in [k+1] must be the current throughout [k, 
k+1], consequently, as a substitute of iL{1,2}[k+1] must be 
contemplated the reference. For such purpose, vxy[k] is the 
variable that is compared with the carrier, forcing to control the 
current throughout [k, k+1]. The MB4P DC-DC converter is 
controlled by a single current, differently from a traditional 
interleaved converter, but it has the same functionally of 
obtaining a variable with a ripple whose frequency is multiple 
of the switching frequency. Therefore, it is considered a single 
control variable, in this case vxy[k], but it is compared with 6 
individual carriers shifted by 60 degrees, all of them with the 
same amplitude and frequency. The output of the comparison is 
used to control the switching devices sA to sF while the 
switching devices sG to sL are maintained off (this is valid 
during the buck-mode). 

B. Buck Operation with Voltage Control 

With the objective of controlling the converter with voltage 
feedback, a direct relation can be recognized as: 
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C. Boost Operation with Current Control 

Analyzing the converter in boost-mode, where the source is 
in the DC side DC#2 and the load is in the DC side DC#1, the 
distinct voltages are listed as follows: 
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As shown, it is possible to recognize similarities with the 
buck-mode, therefore, the final digital implementation is: 
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The performed analysis for the buck-mode is also applied to 
the boost-mode, i.e., is considered a single variable to be 
compared with six carriers, all of them with the same amplitude 
and frequency and shifted 60 degrees. The output of the 
comparison is used to control the switching devices sG to sL 
while the switching devices sA to sF are maintained off (this is 
valid during the boost-mode). 

D. Boost Operation with Voltage Control 

The objective of the proposed MB4P DC-DC converter is 
to be integrated into a three-phase SST, therefore, the voltage 
control of the interface DC#1 is guaranteed by the SST. 
However, if the converter is used in other applications, it can 
also be controlled by voltage, therefore, it can be established: 

1
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IV. PROPOSED CONVERTER: 

VALIDATION OF OPERATION MODES 

The validation was performed with a developed PSIM 
model and contemplating realistic requirements. Each 



switching device is controlled with a frequency of 20 kHz, but 
the control is executed at twice of such frequency. The voltage 
on the DC side of the grid was considered as variable, from 0 V 
to 1200 V, while the power was considered as variable from 
0 W to 24 kW. These voltage levels are only exemplificative to 
demonstrate the capabilities of the converter and are suitable 
for residential and commercial DC nano grids. The voltage on 
each port used in the interface of the SST was considered with 
a value of 400 V (considering a split DC-link, each part with 
200 V). Additionally, were considered inductors with a value of 
500 µH and capacitors with a value of 100 µF. 

 

Fig. 3. Validation during the buck-mode in steady-state with a fixed 

duty-cycle of 25%, showing the influence of the duty-cycle value on the 

current ripple: current on the DC side DC#1 (iDC#1); voltage of the converter 
(vxy); reference (vxy*) and carriers used to control the switching devices; 

control signals of the switching devices (vgeA, vgeB, vgeC, vgeD, vgeE, vgeF). 

An exemplary result is shown in Fig. 3 during the 
buck-mode, in which a fixed duty-cycle value of 25% was 
considered. This result allows to visualize the influence of this 
duty-cycle value on the current ripple. Thus, this figure shows 
the current, the operating voltage of the converter, all carriers 
that allow the control of all switching devices during 
buck-mode, as well as the control signals of the IGBTs. As can 
be seen, 6 carriers are required, and they are properly out of 
phase with each other. As there are 6 carriers, the shift between 
them is 60 degrees. Therefore, the control signals of the IGBTs 
show the same control shift. As the switching devices are 
controlled with a switching frequency of 20 kHz, the current 
ripple has a frequency that corresponds to 6 times more, 
specifically, a frequency of 120 kHz. This feature is very 
relevant since it is possible to significantly reduce the coupling 
filter when comparing with tradition buck converters. In this 
situation, as the duty-cycle is 25% and the output voltage is less 
than half the voltage of one of the DC-links, it results in an 
operating voltage of the converter with values of 200 V and 
400 V. 

Fig. 4 shows, in more detail, the current ripple as a function 
of the control signals of the switching devices. As can be seen, 
when only one of the switching devices is in the on state, the 

operating voltage of the converter assumes the value of 600 V. 
Obviously these values depend on the values of the output 
voltage and the voltage of each DC-link, which is necessarily 
influenced by the duty-cycle value. This result permits to verify 
the influence of the duty-cycle on the ripple of the current. 
Since a duty-cycle value of 50% was considered, it is verified 
that the current ripple is canceled, illustrating the operation like 
a traditional interleaved converter (but only requiring the 
control of a single variable). 

 

Fig. 4. Validation during the buck-mode in steady-state with a fixed 
duty-cycle of 50%, showing the influence of the duty-cycle value on the 

current ripple: on the DC side DC#1 (iDC#1); voltage of the converter (vxy); 

reference (vxy*) and carriers used to control the switching devices; control 
signals of the switching devices (vgeA, vgeB, vgeC, vgeD, vgeE, vgeF). 

Fig. 5 shows a result of the current and the operating 
voltage of the converter, considering a fixed value of resistive 
load. In this way, it is possible to verify that by increasing the 
operating current, i.e., by changing the current reference, the 
output voltage also increases, forcing the operating voltage of 
the converter to also assume different values. In this case, as it 
turns out, the current increased from a value of 0 A to a value 
of 22 A, and the operating voltage assumed all possible values, 
according to the value of half the voltage of each DC-link, i.e., 
0 V, 200 V, 400 V, 600 V, 800 V, 1000 V and 1200 V. This 
result is illustrative when the DC output voltage varies, which 
can happen, e.g., when a battery is connected to the DC side 
DC#2 of the converter. In this case, e.g., the converter could 
only be used to interface an energy storage system. 

Fig. 6 shows the detail of the current and the operating 
voltage, demonstrating that the current ripple is null during the 
transition between voltage levels. Obviously, specific control 
strategies can be used to minimize the ripple, mainly through 
the adjust of the voltage on the DC sides. Fig. 7 shows a result 
in transient-state that allows visualizing the dynamic operation 
of the converter. In this case, a variation from 10 A to 20 A was 
considered, and the operating voltage varied due to the fixed 
value of the load. In this case, the operating voltage varied 
between 400 V and 600 V and after the sudden variation of the 
operating current, the voltage started to vary between 800 V 
and 1000 V. As a curiosity, as the voltage on the DC side DC#2 



became 1000 V, the duty-cycle is 50%, allowing to cancel the 
current ripple, as can be seen. 

 

Fig. 5. Validation during the buck-mode showing the current (iDC#1) and the 

voltage (vxy) of the converter, increasing the operating current to force the 

voltage of the converter to assume all different possible values (i.e., 0 V, 
200 V, 400 V, 600 V, 800 V, 1000 V and 1200 V). 

 

Fig. 6. Validation during the buck-mode showing in detail the current (iDC#1), 
the voltage (vxy), reference (vxy*) and the carriers used to control the switching 

devices, demonstrating that the current ripple is null during the transition 

between voltage levels. 

 

Fig. 7. Validation during the buck mode in transient-state, from an operating 

current from 10 A to 20 A, showing the current (iDC#1), the voltage (vxy), the 
reference (vxy*) and carriers used to control the switching devices. 

Fig. 8 shows a result that allows to validate the boost-mode. 
In this result, the current assumes a negative value only due to 
the position of the sensor (i.e., a position contrary to the 
buck-mode). This result was obtained with current control, in 
this case, imposing a reference value of 10 A. The operating 
power is 3 kW, with the voltage on the DC side DC#2 being 
300 V. As the voltage value is more than half of the voltage of 
one of the DC-link, the converter operates with a voltage 
between 200 V and 400 V. By varying the voltage on the DC 
side DC#2, obviously the operating voltage of the converter 
will also vary. Also in this result, like in the buck-mode, it is 

proven that the current ripple has a frequency of 120 kHz, 
which is six times higher than the switching frequency. As can 
be seen, a single control variable and six carriers are used, 
corresponding to the control of the switching devices SG to SL. 
This result is illustrative of an operating situation in 
steady-state in which power is injected into the SST from the 
DC grid. 

 

Fig. 8. Validation during the boost-mode in steady-state showing in detail the 
operating current (iDC#1), the voltage (vxy), reference (vxy*) and the carriers used 

to control the switching devices, demonstrating that the current is centered in 

the reference of 10 A. 

Fig. 9 shows a result corresponding to the boost-mode, but 
in a transient-state. In this case, it was considered a fixed 
operating voltage on the DC side DC#2, as well as on the DC 
side DC#1, and a current variation from 10 A to 20 A, which 
corresponds to a sudden variation in the operating power of 
3 kW to 6 kW. The transition takes 50 µs, and during the 
transition the operating voltage assumes the values of 0 V, 
200 V and 400 V, allowing the converter to reach the normal 
operation as quickly as possible. As soon as the nominal 
steady-state is reached again, the operating voltage returns to 
only the values of 200 V and 400 V. This result illustrates an 
operating situation in which power is injected into the SST 
from the DC grid, validating the variation in transient-state and 
with a sudden variation, i.e., no smooth transition strategy is 
used. In this way it is possible to validate the dynamic behavior 
of the converter in boost-mode. 

 

Fig. 9. Validation during the boost mode in transient-state showing in detail the 
operating current (iDC#1), the voltage (vxy), reference (vxy*) and the carriers used 

to control the switching devices, corresponding to a sudden variation in the 

operating power from 3 kW to 6 kW. 



V. CONCLUSIONS 

Smart grids are constantly evolving, where the 
incorporation of solid-state transformers (SSTs) and hybrid 
AC/DC grids are promising and revolutionary technologies. 
Focusing on such technologies, a multilevel bidirectional 
four-port (MB4P) DC-DC converter is proposed. It is 
constituted by two DC sides, one of them with three ports 
interfacing a three-phase SST and the other port forms a DC 
grid. Along the paper the proposed MB4P DC-DC converter is 
validated under the main distinctive operation modes with the 
objective of demonstrating its main features. Both in buck and 
boost modes, it was verified the multilevel feature, highlighting 
how the distinctive seven voltage levels (0 V, 200 V, 400 V, 
600 V, 800 V, 1000 V and 1200 V) are obtained, and the 
conditions of operation that forces such voltage levels. Besides, 
independently of the operating voltage levels, the operation in 
buck or boost modes, and the value of operating power (with a 
maximum power of 24 kW), it was verified the interleaved 
operation, demonstrating controlled variables with a ripple 
whose frequency corresponds to six times the switching 
frequency (6 x 20 kHz = 120 kHz). Particular detail and 
explanation is given to the proposed PWM, since it is 
fundamental to guarantee the correct operation of the MB4P 
DC-DC converter. Intending to achieve a practical validation, 
distinguishing requirements were contemplated in steady-state 
and transient-state to verify the dynamic comportment of the 
seven levels, while maintaining the interleaved feature. 
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