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Abstract—Recently, DC grids have been an important 

subject of research due to their attractive features comparing 

with AC grids. The characteristic advantages of DC grids are 

not only related with the integration of native DC technologies, 

as renewable energy sources (RES) and energy storage systems 

(ESS), but also with the reduced number of power converters. 

Relatively to the configurations of DC grids, in this paper, it is 

presented a bipolar DC grid, where an innovative bidirectional 

multilevel DC-DC converter is considered under a 

fault-tolerance analysis. This converter can be used to interface 

with several technologies, but, in the scope of this paper, it is 

considered the application of an electric vehicle (EV) battery 

charger. Taking into account that some failures can occur, 

namely in the DC-DC converter and in the bipolar DC grid, the 

operation of the DC-DC converter within the bipolar DC grid 

can be harmful. Therefore, this paper also presents a 

fault-tolerance analysis of the DC-DC converter when facing the 

occurrence of failures in itself and in the bipolar DC grid, 

namely for different scenarios of failure in the DC-link wires. 

Besides, the control strategy for the DC-DC converter is 

described in detail for distinct scenarios of operation, both in 

steady-state and transient-state. 

Keywords—Bipolar DC Grids, EV Battery Charger, 

Fault-Tolerance, Multilevel DC-DC Converter. 

I. INTRODUCTION 

The increasing power consumption, the use of fossil fuels 
as the primary energy source in the world, and the low power 
quality represents a huge concern that requires special 
attention in order to improve the power grid as a whole [1][2]. 
DC grids can be part of an innovative solution to tackle these 
problems. The reduction of power losses and the power flow 
improvement become DC grids an attractive solution for 
distributed generation (DG) units [3]. DC grids have the 
particularity of being very beneficial to DG due to the 
efficiency of power exchange and the integration of native DC 
technologies, as energy storage systems (ESS) and renewable 
energy sources (RES) [4]. Thus, DC grids contribute to a 
cleaner environment due to the introduction of RES, namely 
the PV panels and fuel-cells to generate as much of DC power 
as possible. On the other hand, the increasing use of DC loads 
such as electric vehicles (EV), LEDs lighting, and personal 
computers, become the DC grids fundamental for their 
operation [5][6]. In DC grids, several technologies, 
infrastructures and systems can be included, such as: hybrid 
energy storage systems [7]–[9], smart homes [10]–[12], 
renewable energy parks [13]–[15], and EV charging stations 
[16]–[18]. Moreover, DC grids present many advantages 
comparing to the traditional AC grids, e.g., the efficiency is 
higher due to the minimization of power losses caused by the 
power conversion of AC-DC converters [19]. On the other 

hand, in case of failures in the AC grid, DC grids can be 
disconnected and continue operating correctly [20], which 
means that DC grids can operate independently (stand-alone 
operation) or operate in conjunction with the grid 
(grid-connected mode) [21]. 

Over the years, many studies have been conducted in 
different DC grids configurations and control strategies 
[22]-[26]. Relatively to DC grids configurations, there are two 
main structures: the unipolar and the bipolar. Both 
configurations present advantages and disadvantages. The 
unipolar configuration is simpler in terms of control and it is 
less complex since it has only two wires, which means that 
carry only one DC voltage level. However, the case of bipolar 
DC grids is quite different because this configuration is 
composed by three wires, so the complexity of the control is 
evident comparing with the unipolar configuration. Despite 
that, the bipolar DC grids present two DC voltage levels and 
due to the number of wires that compose this type of structure, 
the bipolar DC grids allow the integration of power converters 
of different voltage levels. Moreover, in case of failure of one 
wire, the bipolar DC grid can continue operating. However, in 
case of the interface of power converters of three wires, when 
the occurrence of failures of only one wire of the bipolar DC 
grid, it is important that the operation of the power converters 
is not affected. 

In this context, this paper presents a bidirectional 
multilevel DC-DC converter [27][28] applied as interface of 
an EV battery charger as illustrated in Fig. 1. The multilevel 
DC-DC converter is validated for different cases, namely the 
presence of failures in the positive wire, negative wire, or the 
neutral wire of the bipolar DC grid. The validation of the 
DC-DC converter is carried out without any additional 
hardware to prove the fault-tolerance of the power converter. 
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Fig. 1. Multilevel DC-DC converter under analysis, connected to a 

bipolar DC grid, and applied as interface of an EV battery charger. 



II. OPERATING PRINCIPLE OF THE MULTILEVEL DC-DC 

CONVERTER 

In this section is described in detail the operating principle 
of the presented multilevel DC-DC converter in two different 
scenarios, namely under normal conditions and under fault 
conditions. Under normal conditions, it is not verified any 
fault in bipolar DC grid, whereas under fault conditions the 
operation of the multilevel DC-DC converter is analyzed in 
three different faults that can occur in bipolar DC grid, such 
as failures in the positive wire, neutral wire and negative wire. 

A. Normal Conditions 

The bidirectional DC-DC converter is perfectly suitable 
for a bipolar DC grid due to the middle point which allows the 
connection of the power converter to three wires of the DC 
grid. Moreover, the multilevel DC-DC converter is a good 
solution to interface an EV battery charger, presenting two 
operation modes: buck-mode to charge the EV battery and 
boost-mode to discharge the EV battery to the grid. In this 
paper, it is analyzed the buck-mode operation for the EV 
battery charging. The bidirectional DC-DC converter is 
composed by four semiconductors totally controlled, in this 
case IGBTs, and a split DC-link. Moreover, connected to the 
power converter there is a LC passive filter in the interface of 
the EV. Depending on the states of the four IGBTs, the 
bidirectional DC-DC converter produces three different 
voltage levels, 0, +vdc/2 and +vdc. During the EV battery 
charging process, which corresponds to the buck-mode 
operation, when the S1 and S4 are enabled the EV battery and 
the inductors L1 and L2 are charged from the capacitors C1 and 
C2 which composes the DC-link. The output DC voltage of the 
DC-DC converter is +vdc. When the IGBTs S1 and S4 are 
disabled, the EV battery is charged through the energy stored 
by the inductors L1 and L2 and the output voltage of the 
DC-DC converter is 0 V. In case of only one IGBT S1 or S4 is 
enabled, the EV battery and the inductors L1 and L2 store 
energy from the split DC-link, whose output voltage produced 
by the DC-DC converter is +vdc/2. As mentioned above, in this 
paper the DC-DC converter operation is only analyzed for the 
buck-mode, so the semiconductors S2 and S3 never switch. 

B. Fault Conditions 

The aim of this paper is to analyze the performance of the 
multilevel DC-DC converter under different fault conditions. 
Fig. 2 presents the operation modes of the DC-DC converter 
under a failure in the positive wire of the DC grid. As it can 
be observed, the EV battery can be charged in only two forms: 
(a) When the current flows through the antiparallel diode of 
the IGBT S2 and the IGBT S4; (b) When the current flows 
through the antiparallel diodes of the IGBTs S2 and S3. Both 
operation modes are applied when the EV battery current, iev 
is higher or lower than the reference current. On the other 
hand, the failures in bipolar DC grid can occur in the neutral 
and negative wires. Fig. 3 and Fig. 4 demonstrate both failures 
occurrences, respectively. In case of occurrence of a failure in 
neutral wire of the DC grid, the current flows through the 
IGBTs S1 and S4 (Fig. 3(a)) or through the antiparallel diodes 
of the IGBTs S2 and S3 (Fig. 3(b)). In the presence of a failure 
in the negative wire of the DC grid, the EV battery is charging 
when the current flows through the IGBTs S1 and the 
antiparallel diode of the IGBT S3 (Fig. 4(a)) or when the 
current flows through the antiparallel diodes of the IGBTs S2 
and S3 (Fig. 4(b)), depending on the iev in relation to the 
established reference current. 
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Fig. 2. Operation modes of the DC-DC converter under a failure in 

the positive wire of the bipolar DC grid: (a) When vconv is +vdc/2; 

(b) When vconv is 0. 

 + 0 -

S2

S3

S1

S4

C1

C2

EV 

Battery

C3

L1

L2

vev

iev

vconv

 (a) 

+ 0 -

S2

S3

S1

S4

C1

C2

EV 

Battery

C3

L1

L2

vev

iev

vconv

 (b) 
Fig. 3. Operation modes of the DC-DC converter under a failure in  

the neutral wire of the bipolar DC grid: (a) When vconv is +vdc; 

(b) When vconv is 0. 

 



III. CONTROL OF THE MULTILEVEL DC-DC CONVERTER 

In this section is described the control strategy to the EV 
battery charging for normal conditions or in the presence of 
failures in the bipolar DC grid. The presented control strategy 
is also applied during the steady-state operation and during the 
transient-state operation. 

Therefore, the voltage synthetized by the multilevel 
DC-DC converter is presented as vconv, whose value 
corresponds to the sum of the EV battery voltage, vev, with the 
voltage in the inductor L1, vL1, and the voltage in the inductor 
L2, vL2, as demonstrated in (1):  

 vconv = vev + vL1 + vL2  () 

Knowing that the current in the inductors L1 and L2 are 
equal, thus the equation (1) can be rewritten as presented in 
(2): 

 vconv = vev + (L1 + L2) 
𝑑𝑖𝑒𝑣

𝑑𝑡
 () 

Applying the Euler method, the voltage that the 
bidirectional multilevel DC-DC converter must be synthetized 
in the period between k and k + 1 is established as 
demonstrated in (3): 

 vconv = vev + ( L1 + L2) fs ( ievk +  − iev[k] ) () 

where fs corresponds to the sampling frequency, iev[k + 1] 
corresponds to the reference current that must be reached and 
iev[k] is the EV battery current at the instant k. 

The resulting voltage vconv is compared to two triangular 
carriers 180º phase shifted, whose comparison results in the 
control signals of the IGBTs S1 and S4 in normal conditions. 

IV. VALIDATION OF THE MULTILEVEL DC-DC 

CONVERTER 

After a detailed description of the control strategy adopted 
for the multilevel DC-DC converter, it is validated and 
analyzed the EV battery charging for steady-state and 
transient-state operations in two distinct scenarios: normal 
conditions and failure conditions in bipolar DC grid. The 
presented results are validated in the simulation software 
PSIM. For the development of the simulation, it was 
considered a sampling frequency of 40 kHz and a switching 
frequency of 20 kHz. Relatively to the passive elements, the 
L1 and L2 value is 1.2 mH. To validate all operation modes was 
considered for a DC-link voltage for each capacitor (C1 and 
C2) a voltage value of 200 V, whereas the EV battery voltage 
is 100 V. 

A. EV Battery Charging: Steady-State Operation 

The EV battery charging during the steady-state operation 
is presented in Fig. 5, Fig. 6 and Fig. 7. Fig. 5 shows the 
principle of operation of the bidirectional DC-DC converter 
for a reference current of 10 A and the output voltage of the 
converter vconv varies between 0 V and 200 V, whose 
maximum value corresponds to half of the total voltage in 
DC-link. Initially, there is not any failure in the bipolar DC 
grid, however at the time of approximately 0.015 s occurs a 
failure in the positive wire of the DC grid. As it can be 
observed, due to this failure the current in the positive wire 
idcpos is zero and the semiconductor S1 stops switching. 
Moreover, the duty-cycle observed in semiconductors S3 and 
S4 changes from 25 % to 50 %. Despite that, the DC-DC 
converter continues operating and the EV battery current iev 
reaches a reference current of 10 A. This is only possible 
because the current flows through the antiparallel diode of the 
IGBT S2, though the semiconductor S1 being disabled. 
However, the ripple frequency of the EV battery current is 
higher in the presence of the failure since the ripple frequency 
of iev presents a lower value (20 kHz) comparing to the 
observed in normal conditions. 

 
Fig. 5. Steady-state operation of the DC-DC converter under a 

failure in the positive wire of the bipolar DC grid. 
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Fig. 4. Operation modes of the DC-DC converter under a failure in 

the negative wire of the bipolar DC grid: (a) When vconv is +vdc/2; 

(b) When vconv is 0. 

 



Fig. 6 shows the steady-state operation of the DC-DC 
converter for a reference current of 8 A. Initially, the converter 
is operating in normal conditions and the ripple frequency of 
the iev is twice the switching frequency (20 kHz). At the instant 
0.03 s occurs a failure in the neutral wire of the bipolar DC 
grid. As it is observed in latter case, the ripple of the iev is 
higher than in normal conditions, due to the fact that the ripple 
frequency of the iev is equal to the switching frequency. 
Moreover, the vconv of the DC-DC converter is double of the 
voltage value verified in normal conditions, which 
corresponds to the total voltage of the DC-link (400 V). In 
relation to the semiconductors, depending on the iev value, the 
current flows through the semiconductors S1 and S4 or S2 and 
S3. 

Fig. 7 illustrates the operation of the DC-DC converter in 
normal conditions and in the occurrence of a failure in the 
negative wire of the bipolar DC grid. At the time 0.045 s 
occurs a failure in the negative wire of the DC grid, where it 
can be observed that the value of the current in that wire idcneg 
is zero. Moreover, the current in the semiconductor S4, iS4 is 
null and the current starts flowing by the antiparallel diode of 

the IGBT S3 which allows the converter to continue operating 
and the iev reaches the established reference current. The 
duty-cycle of the semiconductors S1 and S2 is double (50 %) 
of the duty-cycle verified in normal conditions (25 %). 

In normal conditions, the vconv is compared with two 
triangular carriers phase shifted 180º, thus the ripple 
frequency of the iev is double of the switching frequency 
(20 kHz), which corresponds of a 40 kHz. However, in the 
presence of a failure in one of wires of the bipolar DC grid, 
the ripple frequency of the iev is the same value of the 
switching frequency. Due to this fact, the ripple of the current 
under fault conditions is higher than in normal conditions. 
Despite that, the DC-DC converter continues operating 
correctly, observing that the current in the EV battery reaches 
the established reference current. 

B. EV Battery Charging: Transient-State Operation 

Fig. 8 illustrates the transient-state operation of the EV 
battery charger in normal conditions, which means that not 
occur any type of failure in DC grid. Initially, it was 
considered a reference current of 12 A and at the time 0.005 s 
the reference current was reduced to 10 A, whose sudden 
transition took 50 µs. The figure also demonstrates the current 
in each semiconductor and vconv whose value varies between 
0 V and 200 V. The ripple frequency of the iev is twice the 
switching frequency as expected for the normal operation of 
this converter. 

Fig. 9 shows the transient-state operation for the EV 
battery charging during the occurrence of a failure in the 
positive wire in the DC grid. As it can be observed the current 
in the positive wire of the DC grid, idcpos is zero due to the 
presence of a failure in this wire. Moreover, the ripple 
frequency of the iev is half of the ripple verified in normal 
conditions, but the transient time of the sudden transition from 
10 A to 8 A is the same value (50 µs). Despite the occurrence 
of a failure, the transition time maintains the same value. 

In this situation, the current in semiconductor S1 is zero and 
thus the current flows by the semiconductor S2 as 
demonstrated in Fig. 2. 

 
Fig. 7. Steady-state operation of the DC-DC converter under a 

failure in the negative wire of the bipolar DC grid. 
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Fig. 6. Steady-state operation of the DC-DC converter under a 

failure in the neutral wire of the bipolar DC grid. 
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Fig. 8. Transient-state operation of the DC-DC converter in normal 

conditions of the EV battery charging. 
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Fig. 10 shows the transient-state operation for the EV 
battery charging during the occurrence of a failure in the 
neutral wire of the DC grid. Initially, the reference current is 
8 A and at 0.035 s the reference current is changed to 6 A. 
This sudden transition also takes 50 µs as observed 
previously, which means that despite the occurrence of a 
failure, the transition time is not affected. On the other hand, 
vconv varies between 0 V and 400 V, whose maximum value 
corresponds to the total voltage of the DC-link. The ripple 
frequency of the iev is 20 kHz, which corresponds to the value 
of the switching frequency. In this figure can also be observed 
the current in each semiconductor. 

Finally, Fig. 11 shows the transient-state operation for the 
EV battery charging during the occurrence of a failure in the 
negative wire of the DC grid. Initially, it is considered a 
reference current of 6 A and at the time 0.05 s the reference 
current is reduced to 4 A. As in previous cases, the transition 
time is the same (50 µs) and in case of the failures the ripple 
frequency is 20 kHz, the same value of the switching 
frequency, which explains that the ripple is higher than is 
verified in normal conditions. In case of a failure in the 
negative wire, the current in the semiconductor S4 is zero and 

the current flows by the antiparallel diode of the 
semiconductor S3. The vconv varies between 0 V and 200 V. 

V. CONCLUSIONS 

This paper presents a detailed operation analysis of a 
multilevel DC-DC converter under fault conditions in bipolar 
DC grids. Besides, the multilevel DC-DC converter is also 
analyzed in normal conditions. The fault conditions include 
failures in the positive, neutral and negative wires of the 
bipolar DC grid. Moreover, the control strategy is described 
and applied during steady-state and transient-state operations. 
Throughout the paper, it is demonstrated that the multilevel 
DC-DC converter operates properly for normal conditions and 
also in the occurrence of failures. However, the ripple of the 
current in the electric vehicle (EV) battery under fault 
conditions is slightly higher than the ripple verified in normal 
conditions. This occurs because, in the occurrence of failures, 
the frequency of the ripple of the EV battery current becomes 
equal to the switching frequency, instead of being twice the 
switching frequency, as observed in normal conditions. 
Despite that, in transient-state operation the sudden transitions 
for different reference currents take the same time in normal 
conditions and in fault conditions. Moreover, the EV battery 
current in the presence of a failure in the DC grid is kept 
constant, and perfectly follows the established reference 
current. Thus, it can be concluded that the presented DC-DC 
converter has a good performance, both under normal or fault 
conditions, ensuring the correct charging of the EV battery. 
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