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Abstract: This paper presents a bidirectional multilevel de—dc power converter for electric vehicle
(EV) battery charging. The operating principle of the power converter was presented, analyzed,
and experimentally validated under normal and fault conditions. The topology under study was
integrated into a bipolar dc grid through the split dc-link of the bidirectional multilevel de—-dc power
converter. Considering the failures that can occur in the bipolar dc grid, i.e., in each wire of the
bipolar dc grid (positive, negative, and neutral), it was experimentally verified that the de-dc power
converter ensures that the EV battery-charging process continues, regardless of the occurrence or
absence of open-circuit failures. In light of this fact, the proposed control algorithms and the presented
topology were validated through a set of considerable simulation and experimental results, analyzing
the distinct states of the power semiconductors, which compose the bidirectional multilevel de—dc
power converter, for distinct conditions of operation. The developed laboratory prototype of the
bidirectional multilevel dc—dc power converter for EV battery charging, which was implemented
to obtain the experimental results, is described in detail in this paper. The experimental validation
was carried out for the main different fault conditions in the bipolar dc grid in terms of open-circuit
failures and, moreover, considering the steady-state and transient-state operations of the de—dc
power converter. The experimental analysis demonstrated that even in the presence of failures in the
positive, negative, or neutral wires of the bipolar dc grid, the bidirectional multilevel dc—dc power
converter guarantees the correct EV battery-charging operation.

Keywords: fault tolerance analysis; open-circuit failures; multilevel dc—dc power converter; EV
battery charging; bipolar dc grid

1. Introduction

Concerning the minimization of greenhouse gas emissions and with the increasing
prices of fossil fuels, the adoption of new alternatives to vehicles with internal combustion
engines is fundamental. In this context, with growing technological development, electric
vehicles (EVs) represent a viable alternative within the transportation sector, where innova-
tive charging stations are gaining preponderance without neglecting power quality [1,2].
Furthermore, dc grids have also contributed to a cleaner environment due to the fact that
this type of grid, which has a reduced number of power converters, allows for not only
EV interface, but also the integration of energy storage systems (ESS)—namely stationary
batteries—and renewable energy sources (RES), such as photovoltaic panels and wind
turbines [3,4]. More specifically, dc grids present two main configurations: unipolar and
the bipolar dc grids [5]. Regarding unipolar dc grids, the necessary control is not complex
compared with bipolar dc grids; however, unipolar grids consist of only two wires, carrying
one dc voltage level. On the other hand, in the case of bipolar dc grids, they are composed
of three different dc voltage levels, +v,., 0, and —vy,,, allowing the integration of power
converters of different voltage levels [6,7]. Despite that, the connection of different loads
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can lead to an unbalanced system, and the control necessary for this type of dc grid is com-
plex [8]. However, in the occurrence of failures in one wire of the dc grid, the system can
continue operating through the power supplied by the two wires, representing an attractive
advantage when compared with unipolar dc grids. Regarding the integration of EVs for
performing battery charging, many topologies have been implemented, as described in the
review of on-board EV chargers presented in [9], in the multifunction off-board EV charger
in smart homes presented in [10], in a Vienna rectifier for EV battery chargers presented
in [11], in a converter with multiple operation modes for EV chargers presented in [12], in
the multiport series-resonant dc-dc converters presented in [13], and in the complete review
of EV technologies, battery-charging strategies, standards, and optimization techniques
presented in [14]. However, the occurrence of failures in power converters can damage
the equipment connected to the dc grid or other electronical components. Specifically, an
overview concerning fault management for EV on-board chargers was presented in [15],
and the influence of fault ride-through ability on EV charging stations in critical voltage
conditions was presented in [16]. Regarding the failures that can occur in power electronics
converters, most failures originate in the capacitors, the circuit drivers, and the power
semiconductors that compose the power converters, as demonstrated in [17] for de—dc
converters in dc microgrids, and in [18] for a specific dual active bridge dc—dc converter.
Regarding the failures that can occur in the power grid, the most critical failure is related
to power outages. In case of bipolar dc grids, a failure can occur in any of the three wires
(e.g., if a failure occurs in the negative wire, a system linked to the positive or neutral
wire is not affected by such failure). For this reason, the development of fault tolerance
power electronics converters aiming to minimize the impact of such failures originating in
dc gids is extremely important [19,20]. In the case of EV battery chargers, the occurrence
of failures can compromise EV battery charging, especially if the power converters are
not fault tolerant; i.e., despite the presence of failures, the fault tolerance feature avoids
interrupting system operation until the repair is carried out, as demonstrated in [21], and
more fully explained in the review of fault diagnosis analysis for dc—dc converters pre-
sented in [22]. As mentioned, the occurrence of failures can be in the dc wires of dc grids,
where the dc-link capacitors of the dc—dc power converter connected to the dc grid can
be also damaged [23]. In a bipolar dc grid, whose constitution is based on three different
wires (positive, negative, and neutral), a failure in one wire of the bipolar dc grid affects,
for example, the dc-link voltage of the power converter it is connected to. In view of
this fact, fast detection and actuation of the failure is crucial to not deteriorate the power
converter or the entire system. In the literature, several fault detection algorithms for de—dc
power converters can be found; however, some algorithms require additional hardware,
such as voltage or current sensors and power semiconductors, making this solution more
expensive [24]. To reduce costs, fault detection algorithms that do not require extra sensors
are being investigated. In light of this, these algorithms select diagnostic variables; namely,
the inductor current [25], the diode voltage [26], or the input voltage [27]. However, the
main disadvantages of some fault detection algorithms are their complexity and the fact
that some algorithms are designed for a specific type of power converter [28].

In this paper, bidirectional multilevel dc-dc power converter is presented and used
as EV battery charger operating under normal and fault conditions Figure 1. presents the
conventional configuration of a bipolar dc grid, emphasizing the contextualization of such
a power converter. Therefore, as our main contributions are as follows: (i) a fault analysis
that considers the operation of the de—dc power converter in the presence of failures in the
positive, negative, or neutral wires of the bipolar dc grid (i.e., when the failures occurs in
the dc bipolar grid); (ii) a fault analysis that maintains the operation of the power converter
without using any additional hardware, such as sensors or power semiconductors; (iii) a dc—
dc power converter that guarantees the EV battery-charging operation, despite the presence
of failures on the bipolar dc grid; (iv) a detailed analysis of the bidirectional multilevel dc—-
dc converter, carried out under normal and fault conditions, and considering steady-state
and transient-state operation in both normal and fault conditions; (v) a proposed control
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strategy applied to the bidirectional multilevel dc—dc power converter in both normal
and fault conditions; (vi) experimental validation considering all the main conditions of
operation under normal and fault conditions with a developed laboratory prototype. The
topology of the bidirectional multilevel dc-dc power converter for EV battery charging,
integrated in a bipolar dc grid, is presented in Figure 2.
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Figure 1. Conventional configuration of a bipolar dc grid, emphasizing the contextualization of the
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Figure 2. Bidirectional multilevel dc—dc power converter for EV battery charging integrated in a
bipolar dc grid.

This paper is organized as follows: Section 2 describes the operating principle of
the proposed bidirectional multilevel dc-dc power converter under normal and fault
conditions. Section 3 presents the simulation results of the bidirectional multilevel de-dc
converter for EV battery charging under normal and fault conditions in a bipolar dc grid.
Section 4 presents the developed laboratory prototype used to obtain the experimental
results, corroborating the simulations results described in the previous section. Finally, in
Section 5, the main conclusions are presented.

2. Description of the Multilevel dc—dc Power Converter

The proposed bidirectional multilevel dc—dc power converter aims to guarantee correct
EV battery charging, allowing the battery-charging process to function based on dedicated
digital control algorithms of constant current and constant voltage. However, failures
can occur in the bipolar dc grid—namely, open-circuit faults where the EV charger is
connected—which can compromise the EV battery-charging operation. Thus, this section
describes the operating principle of the bidirectional multilevel dc—dc power converter
under normal conditions and in the presence of faults, which can occur during the EV
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battery charging. Regarding the occurrence of failures in the bipolar dc grid, in this section
are presented three different failures: in the positive, neutral, and negative wires of the dc
grid. Moreover, the proposed control strategy applied in normal and fault conditions for
EV battery charging is described in detail. Figure 3 shows the block diagram of the control
strategy applied to the bidirectional multilevel dc-dc power converter.
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Fie

Figure 3. Block diagram of the control strategy applied to the bidirectional multilevel de—dc

power converter.

2.1. Multilevel dc—dc Power Converter Operation under Normal Conditions

In this paper, the proposed bidirectional multilevel dc—dc power converter was ana-
lyzed when operating as EV battery charger, which corresponds to the buck-mode operation.
This topology consists of four IGBTs, a passive filter (LC), and a split dc-link. In the buck-
mode operation, the multilevel dc—dc power converter can produce three voltage levels
depending on the dc-link voltages and the battery voltage; namely the voltage levels 0,
+04./2, and +v;.. In terms of operation principle, the dc—dc converter produces a voltage
level of 0 when the power semiconductors S1 and S4 are disabled and the current flows
through the antiparallel diodes of the semiconductors S and S3. In this case, the energy
of the inductors L; and L, was used for the EV battery charging. On the other hand, the
output voltage is +v,;./2 in two different conditions: (a) when only the semiconductor 54
is enabled and the inductors L and L;, as well as the EV battery, are charged through the
capacitor Cy; or (b) when only the semiconductor Sy is enabled and the inductors L; and L,
and the EV battery are charged through the capacitor C,. The output voltage of the dc—dc
power converter is +v;. when the power semiconductors S; and S4 are enabled and the
inductors L and L and the EV battery are charged through the capacitors C; and C,.

Figure 4 presents the correlation among the duty cycle and the normalized current
ripple on the inductor of the bidirectional multilevel dc-dc power converter, both for the
buck mode and boost mode. During the buck mode, as shown, the duty cycle ratio between
0 and 50% and between 50% and 100% is symmetrical. In this case, the current ripple
presents higher duty cycle values at around 25% and 75%, and, on the other hand, lower
duty cycle values at around 0%, 50%, and 100%. During the boost mode, as shown, the
current ripple is almost constantly greater between 50% and 100% than between 0 and 50%.
The current ripple has lower duty cycle values close to 0 and 50%, and higher duty cycle
values close to 100%.
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Figure 4. Correlation between the duty cycle and the normalized current ripple for the inductor of
the bidirectional multilevel dc-dc power converter, considering the buck mode and boost mode.



Electronics 2023, 12, 851

50f19

2.2. Multilevel dc—dc Power Converter Operation under Fault Conditions

As previously mentioned, in this paper three types of failures that can occur in the
bipolar dc grid were considered and analyzed; namely, failures in the positive, negative,
and neutral wires. In this paper, the faults were identified by measuring the voltages on the
bipolar dc grid side, i.e., the voltages across the capacitors C; and C,. Since such voltages
are continuously measured by the digital control platform, it is easy to identify when a
fault occurs. In such circumstances, the power converter is not responsible for taking any
action to solve the faults, since the fault occurs from the point of view of the bipolar dc grid.
Analysis concerning the probability of occurrence of such faults is outside the scope of this
paper, since the main objective was to present an experimental validation of a bidirectional
multilevel dc—dc power converter under fault conditions.

For each failure in the bipolar dc grid, there are two different operation modes. In
case of a failure in the positive wire of the bipolar dc grid, the semiconductor S; ceases
to operate, so the EV battery is charged through either the energy of capacitor C, or the
energy stored by the inductors L; and L,. Figure 5 presents the operation principle of the
multilevel dc—dc converter under fault conditions connected to a bipolar dc grid. In the
first case, the current flows through the antiparallel diode of S, and the semiconductor
S4, as illustrated in Figure 5a. The output voltage of the dc—dc converter is +v;./2. In
the second case, the current flows through the antiparallel diodes of S, and S3, and the
output voltage of the dc—dc converter is 0 V (Figure 5d). In the presence of a failure in
the negative wire of the bipolar dc grid, there is no energy from the capacitor C,, and the
semiconductor Sy is not operational. However, the EV battery is charged through either the
energy of the capacitor C; or the inductors Ly and L. In the first case, the current flows
through the semiconductor S; and the antiparallel diode of S3, and the output voltage of
the dc—dc converter is +v;./2 (Figure 5b). In the second case, the output voltage is 0 V and
the current flows through the antiparallel diodes of S; and S3 (Figure 5d). In the presence
of a failure in the neutral wire of the bipolar dc grid, the EV battery is charged through
either the energy of the capacitors C; and C, or the inductors L1 and L;. Regarding the first
case, the dc-dc converter produces a voltage value of +v,, since the semiconductors S; and
S4 are switching, and the energy comes from both capacitors of the dc-link, as represented
in Figure 5c¢. In the second case, the semiconductors S; and S, are disabled, and the current
flows through the antiparallel diodes of S, and S3 (Figure 5d), whose output voltage, as
produced by the dc—dc converter, is 0 V.
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Figure 5. Cont.
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Figure 5. Operation principle of the multilevel dc—dc converter under fault conditions connected to a
bipolar dc grid: (a) failure in the positive wire of the bipolar dc grid; (b) failure in the negative wire of
the bipolar dc grid; (c) failure in the neutral wire of the bipolar dc grid; (d) common operation mode
to the mentioned three failures.

2.3. Operation Principle of the Control Strategy Applied in Normal and Fault Conditions

This section presents the operation principle of the proposed control strategy used
for EV battery charging, which was applied in two different situations: normal and fault
conditions. Equation (1) is the equation that determines the output voltage of the dc-dc
power converter, which corresponds to the voltage that the converter must produce in
order to obtain the desired current for charging the EV battery:

Uconv = U1 + Uep + VL2, 1)

where v; 1 and vy, correspond to the voltages in inductors L1 and L;, respectively. According
to Figure 2, the voltage measured in the EV battery is represented by v.,. Knowing that the
current measured in the inductors L; and L; is the same, Equation (1) can be represented
by the following equation:
diey
Vconv = Vev + (Ll + LZ) W (2)
Equation (2) corresponds to the main control law of the multilevel dc-dc converter.
Therefore, it must be digitally implemented. For this purpose, the forward Euler approxi-
mation was applied for the derivative, and the other variables were measured and acquired
by the ADC at the beginning of each sampling period of the main control cycle. The value
of the coupling filter is a digital value, defined according to the measured value from a
digital multimeter. Therefore, Equation (3) shows the digital implementation of the output
control variable of the control strategy (vconv), Where T corresponds to the sampling period
(defined in the digital control by a timer interruption), the reference current is represented
by ig[k+1], and the EV battery current is represented by iz, [k]:

Li+Lp

S

Vconv (k] = eo [k] + (iev k+1] — e [k]) 3)

After the digital implementation of Equation (3), the variable v, was multiplied
by the peak value of the triangular carrier and subsequently divided by the total value of
the dc-link voltage (on the dc grid side). Then, the result was directly compared with two
triangular, 180° phase-shifted carriers, whose comparison resulted in the control signals of
the semiconductors S; and S4. The advantage of using two triangular, 180° phase-shifted
carriers is the reduced ripple of i, whose frequency is double of the established switching
frequency [29]. This is a relevant fact, since it permits the design of coupling filters with
reduced values, and consequently, smaller sizes, when compared with the traditional
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dc—dc buck converters. As a result, the multilevel dc—dc converter operates with the same
principle of operation as an interleaved converter, which presents an additional advantage.
The current control scheme applied to the bidirectional multilevel dc-dc power converter
is presented in Figure 6.

|+ S]
A, 7 Lo s,
W -+

Figure 6. Current control scheme applied to the bidirectional multilevel dc—dc power converter.

3. Computational Validation

Following the detailed description of the operation principle of the multilevel dc—dc
power converter in the presence of failures and normal conditions presented in Section 2,
this section presents the main simulation results obtained with the developed model in
the PSIM software. These results are presented as a complement of the results obtained
in the experimental validation. As aforementioned, this paper considers three different
failures in bipolar dc grid: (i) a failure in the positive wire, where v;.1 is 0 V and v is
75 V; (ii) a failure in the negative wire, where v,4.1 is 75 V and v, is 0 V; and (iii) a failure
in the neutral wire, where the total voltage v,4.1 and v, is 150 V. Moreover, the selected
LC filter has a capacitance value of 20 uF and an inductance value of 700 uH. Considering
a reference current of 4 A, a sampling frequency of 40 kHz, and a switching frequency of
20 kHz, the following simulation results illustrate the operation of the multilevel de—dc
power converter under normal and fault conditions.

Figure 7 shows the transition time from operation under normal conditions to the
occurrence of a failure in the positive wire of the bipolar dc grid. Initially, the multilevel
dc—dc power converter is operating normally, where the EV battery current (i,) is in
accordance with the reference current, and the ripple presents a frequency that is twice
the switching frequency: i.e., 40 kHz. In the beginning, as the multilevel dc-dc power
converter operates under normal conditions, the current in the positive wire of the dc
grid (ipos) is approximately 2 A. Moreover, the semiconductors S and Sy are switching,
with a duty cycle of about 40%, which results in an EV battery voltage of 60 V. When
the current flows through S; and the antiparallel diode of S3 or when the current flows
through the antiparallel diode of S, and the semiconductor Sy, the output voltage of the
multilevel dc-dc power converter (veonp) is 75 V, i.e., a value that corresponds to +v,./2.
When the current flows through the antiparallel diodes of S; and S3, the EV battery is
charged through the inductors L; and L, and the voltage value of v, is 0 V. At 0.005 s,
a failure occurs in the positive wire of the bipolar dc grid, where the current ipos is0 A,
and S; stops switching. In this case, it is only S4 that is switched, resulting in an 7., with a
ripple whose frequency is 20 kHz (i.e., a value that is half of that obtained under normal
conditions). For this reason, the ripple of i, in the presence of a failure is higher than
in normal conditions. Moreover, the duty cycle of S4 is double that verified in normal
conditions. Thus, despite the occurrence of this failure, the current 7., is in accordance with
the established reference current, and the voltage v, maintains its value of 60 V. During
the failure in the positive wire of the bipolar dc grid, the two possible operation modes are
illustrated in Figure 5a,d.
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Figure 7. Waveforms of the EV current (iep), dc grid current in the positive wire (iys), currents in
the IGBTs Sq, Sy, S3, S4 (is1, is2, 153, i54), and voltage produced by the dc—dc converter (veony) during
the transition from normal operation to operation with a failure in the positive wire of the bipolar
dc grid.

Figure 8 shows the transition time from operation under normal conditions to the
occurrence of a failure in the negative wire of the bipolar dc grid. At 0.01502 s, a failure
occurs in the negative wire of the bipolar dc grid, where it can be observed that the current
in that wire (ineg) is 0 A. Moreover, the voltage v,.2 is 0V, and Sy is not switching; thus, two
possible operation modes in the occurrence of a failure in the negative wire of the bipolar
dc grid are illustrated in Figure 5b,d. Since only S, is switching, the frequency of ripple
of the current i, is equal to the switching frequency: i.e., 20 kHz. Therefore, the ripple of
the current i, is higher than that observed in normal conditions. However, the current i,
is remains the same as the established reference current, and the voltage v, maintains its
value of 60 V.
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Figure 8. Waveforms of the EV current (i), dc grid current in the positive wire (i), currents in
the IGBTs Sq, S, S3, S4 (is1, is2, is3, is4), and voltage produced by the de—dc converter (v¢onp) during
the transition from normal operation to operation with a failure in the negative wire of the bipolar
dc grid.
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Figure 9 presents the transition time from operation under normal conditions to the
occurrence of a failure in the neutral wire of the bipolar dc grid. In normal conditions, the
current in the neutral wire (iy) has an ac component with an average value of 0 A, whereas
in the presence of a failure in the neutral wire of the bipolar dc grid, the current iy is 0 A.
Due to the presence of this failure, the ripple of the current i, is higher than in normal
conditions since the frequency of the ripple of the current 7., is equal to the switching
frequency: i.e., 20 kHz. Another aspect is the voltage produced by the multilevel dc-dc
power converter, since in normal conditions, the voltage vy varies between 0 V and 75 V
(+v4./2), whereas in the occurrence of a failure in the neutral wire of the bipolar dc grid,
the voltage vcono assumes the values 0 V and 150 V (+v,.). This can be explained by the
analysis shown in Figure 5¢,d. In Figure 5c, the current flows through the capacitors C; and
C; and the semiconductors S and Sy, so the voltage veonp is +v4.. In Figure 5d, the current
flows through the antiparallel diodes of S; and S3, so the voltage vcon is 0 V.
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Figure 9. Waveforms of the EV current (i), dc grid current in the positive wire (i05), currents in the
IGBTs Sy, Sy, S3, S4 (is1, is2, is3, is4), and voltage produced by the dc—-dc converter (v¢onpy) during the
transition from normal operation to operation with a failure in the neutral wire of the bipolar dc grid.

4. Experimental Validation

This section describes the laboratory prototype that was developed to validate the
bidirectional multilevel dc—dc power converter as an EV battery charger when operating
under fault conditions. Figure 10 shows the developed control board, which is composed of
eight-channel analog-to-digital converters (ADCs), four pulse-width modulation channels,
a microcontroller connection, a digital-to-analog converter with serial peripheral interface
(SPI), and a serial port. The eight-channel ADC receives the signals from the voltage and
current sensors, and these signals are subsequently adequate to the range of values (0 V to
3.3 V) allowed by the digital signal processor (DSP), whose DSP is the model TMS320F28335
from Texas Instruments. The experimental results were obtained with a Tektronix digital
oscilloscope, model TPS2024B.

Figure 11 shows the developed laboratory prototype, which consists of the multilevel
dc—dc power converter, the dc-link capacitors, the control board, the DSP docking station,
and the Hall effect voltage and current sensors. The multilevel dc-dc power converter is
composed of IGBT modules, IGBT drivers, and dc-link capacitors. The dc-link is composed
of 25-uF and 1100-V capacitors, and both the IGBT modules and IGBT drivers are from
SEMIKRON, whose references are SKM50GB063D and SKHI22AH4R, respectively. On
the other hand, the docking station board of Texas Instruments, TMDSDOCK28335, is
used, which allows it to interface with the code composer studio (CCS) software through
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a USB port and, thus, debug the implemented code. This section is also divided into two
subsections, in which the experimental results of the multilevel dc—dc power converter
under normal and fault conditions are described. It is important to note that the experi-
mental validation was performed in a laboratory, and to consider that the main goal was to
prove and demonstrate the possibility of a bidirectional multilevel dc-dc converter for EV
chargers operating under normal and fault conditions. Additionally, for safety reasons, low
voltage values were considered.

4 PWM Output

8-channel ADC 1 1 Microcontroller
Connection
SPI/DAC Serial Port

Figure 10. Developed control board of the multilevel dc—dc power converter.

dc-link Capacitors

IGBT Drivers

Voltage Sensors

Control Board

Docking Station

Figure 11. Developed laboratory prototype of the multilevel de—dc power converter.

4.1. Operation under Normal Conditions

This section presents the experimental results of the multilevel dc—dc power converter
operating in normal conditions, i.e., without any failures in the power converter or in the
bipolar dc grid. For each experimental result, the EV battery current (i¢y) (blue waveform),
the external trigger and EV battery voltage (vey) (both yellow waveforms), and the voltage
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between the gate and source of the IGBTs S and Sy (corresponding to the pink and green
waveforms, respectively) are shown. For some experimental results, the voltage v,, was
also measured with a Fluke multimeter and a voltage sensor. The external trigger can
assume the values 0 V and 3.3 V, and it is used to identify whether there is any failure in
the positive, neutral, or negative wire of the bipolar dc grid. If the external trigger has a
value of 3.3 V, this indicates that there is a failure in one of the wires of the bipolar dc grid.
Otherwise, the multilevel dc—dc power converter is operating in normal conditions.

The experimental validation was carried out considering an input voltage (v,.) of
150 V; i.e., the values of the voltages v4.1 and v4,» were 75V, and an EV battery current was
4 A. Figure 12a,b shows the EV battery charging during normal conditions of operation. In
Figure 12a, the current 7., is 4 A and the voltage gate-source of the semiconductors 51 and
S4 has a duty cycle of 39%; thus, the voltage v,, has a value of about 60 V. In this case, the
trigger value is 0 V, which indicates that the multilevel dc-dc power converter is operating
normally. Figure 12b shows, in detail, the current (ic,) ripple value, which has a value of
800 mA. This value is compared with the ripple value of the current 7., obtained in the fault
conditions, presented in Section 4.2.
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Figure 12. Steady-state operation of the multilevel dc—dc converter under normal conditions: (a) an
iy of 4 A and a duty cycle of 39% for semiconductors S; and Sy; (b) an i, ripple value of 800 mA and
a trigger value of 0 V.

To validate the operation of the multilevel dc—dc power converter, different input
voltage values and a reference current were established to charge the EV battery. In this
case, a dc-link voltage of 180 V was established, which corresponds to v;.1 and v, values
of 90 V, and a reference current of 5 A. Figure 13a,b presents the experimental results of the
multilevel dc-dc power converter operating under normal conditions. As can be observed
in Figure 13a, the current ., is 5 A, and the semiconductors S; and S4 are switching,
which indicates that the dc—dc power converter is operating in normal conditions. Another
indicator of the absence of failures in the bipolar dc grid is the external trigger value being
0 V. Figure 13b shows in detail the ripple in the current i,,, whose value is 800 mA. Another
observation is the duty cycle value of 39% for S; and S4, which corresponds to a voltage v,
of approximately 60 V. As aforementioned, these experimental results were compared with
the experimental results under fault conditions (presented in the next subsection), in an
attempt to analyze the performance of the multilevel dc-dc power converter under both
normal and fault conditions.
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Figure 13. Steady-state operation of the multilevel dc—dc converter under normal conditions: (a) an
iy of 5 A and a duty cycle of 39% for semiconductors S; and Sy; (b) an i, ripple value of 800 mA and
a trigger value of 0 V.

4.2. Operation under Fault Conditions

After the validation of the multilevel dc—dc power converter under normal conditions,
it is important to analyze its operation under fault conditions. As previously mentioned,
the multilevel dc—dc power converter was tested in the presence of three different failures
in the bipolar dc grid: (i) a failure in the positive wire; (ii) a failure in the negative wire;
and (iii) a failure in the neutral wire of the bipolar dc grid.

Figure 14 presents the steady-state operation of the multilevel dc—dc power converter
under a failure in the positive wire of the bipolar dc grid. Due to the presence of this
failure, the voltage v4.1 has a value of 0 V and the voltage v4.» maintains its value of 75 V.
Figure 14a shows the transition between normal and faulty conditions following a failure
in the positive wire of the bipolar dc grid. This transition can be verified through the
change in the trigger value from 0 V and 3.3 V. Moreover, when the trigger value reaches
3.3V, the semiconductor S; stops switching and the semiconductor S4 continues switching.
However, as can be observed from Figure 14a-b, the duty cycle value of S; changes. In
normal conditions, the duty cycle value of S4 is 39%, and under fault conditions the duty
cycle value increases to 79%. Despite that, the value of the voltage v, is the same as that
verified under normal conditions: i.e., 60 V. Figure 14b shows the ripple value of the current
iey, which is 1 A, greater than that obtained under normal conditions.

Figure 15a shows the transient-state operation from normal conditions to fault condi-
tions; namely, a failure in the negative wire of the bipolar dc grid. During this transition,
it is possible to identify the change in the trigger value (to 3.3 V), which indicates the
presence of the failure. On the other hand, the presence of a failure in the negative wire of
the bipolar dc grid can be identified through the behavior of the semiconductor S4. In this
case, S4 stops switching, whereas the duty cycle of S; continues switching despite changing
from 39% to 71%, which corresponds to a voltage (v.») value of approximately 60 V. This
situation can be observed from Figure 15a-b. Another aspect to consider is the current
ripple value of i,,, as demonstrated in Figure 15c, whose value is 1.08 A, a value higher
than that verified in normal conditions.
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Figure 14. Transient-state operation of the multilevel dc-dc converter after a failure in the positive
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conditions (trigger value of 3.3 V); (b) an i, of 4 A and a duty cycle of 0% for semiconductors Sy, and
79% for semiconductors S4; (c) an iep ripple value of 1 A.
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The multilevel de—-dc power converter’s operation in the presence of a failure in the
neutral wire of the bipolar dc grid is presented in Figure 16. The total dc-link voltage is
150 V, so the voltages v;.1 and v, are both 75 V. In Figure 16a, it is demonstrated that
the current i, equals the reference current of 4 A and has a voltage ve, of 55 V, which
corresponds to a S duty cycle value of 38%. However, due to the presence of the failure
in the neutral wire of the bipolar dc grid, S4 is always enabled. Despite the presence of
the failure, the current i,, equals the reference current but has a ripple value of 2.16 A, as
shown in Figure 16b. The ripple value matches the simulation results previously described,
whose ripple value is obtained since the ripple frequency and the switching frequency are
the same (20 kHz).
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to fault conditions (trigger value of 3.3 V); (b) an i,y of 4 A and a duty cycle of 71% for semiconductor
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Figure 16. Steady-state operation of the multilevel dc—dc converter following a failure in the neutral
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duty cycle of 38% for S, while that of S, is equal to 100%.
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Figure 17 demonstrates the steady-state operation of the multilevel dc—dc power
converter in the presence of a failure in the positive wire of the bipolar dc grid for a
reference current of 5 A. In this case, the dc-link voltage (+v;.) is 90 V; i.e., it has a voltage
+v4.1 of 0 V and a voltage +v;.» of 90 V. Figure 17a shows the transition from normal
conditions to the fault condition, where the external trigger changes from 0 V to 3.3 V.
As previously mentioned, in the presence of a failure in the positive wire of the bipolar
dc grid, there is no current flowing through the semiconductor S; and there is only one
semiconductor that is switching: namely, the semiconductor S4. Moreover, the value of
the duty cycle of S4 increases to 77%, which corresponds to double the value of the duty
cycle verified in normal conditions. This situation can be observed from Figure 17a-b. In
Figure 17¢, it can be observed the value of the current ripple of i,,, despite being higher than
obtained in normal conditions, is slightly higher than verified in the fault case operation.
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Figure 17. Transient-state operation of the multilevel dc-dc converter following a failure in the
positive wire of the bipolar dc grid: (a) transition time from normal conditions (trigger value of 0 V)
to fault conditions (trigger value of 3.3 V); (b) an i,y of 5 A and a duty cycle of 0% for semiconductor
Sy and 77% for semiconductor S4; (c) an iy ripple value of 1.28 A.

The multilevel de—dc power converter operation in the presence of a failure in the
negative wire of the bipolar dc grid, for a reference current of 5 A, is presented in Figure 18.
Due to the presence of the failure, the voltage v, is 0 V and the voltage v;.1 maintains a
voltage value of 90 V. As there is no current through the semiconductor Sy; it is only the
semiconductor S; that is switching, and thus the value of the current ripple of i, is higher
than in normal conditions. This situation can be observed from Figure 18a-b. Figure 18c
shows in more detail the value of the current ripple of i.,, whose value is slightly higher
than that verified in the similar case previously presented.
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Figure 18. Transient-state operation of the multilevel de-dc converter following a failure in the
negative wire of the bipolar dc grid: (a) transition time from normal conditions (trigger value of 0 V)
to fault conditions (trigger value of 3.3 V); (b) an i,y of 5 A and a duty cycle of 70% for semiconductor
S1, while that of S, is equal to 0%; (c) an i, ripple value of 1.36 A.

Figure 19 presents the steady-state operation of the multilevel dc—dc power converter
following a failure in the neutral wire of the bipolar dc grid, for a reference current of 5 A.
Despite the presence of this failure, the current i, is equal to the reference current. and a
voltage v,y of 66.4 V is obtained, which corresponds to 37% of the dc-link voltage (180 V).
Additionally, Sy is switching and Sy is always enabled. Figure 19b shows the ripple value
of the current i,,, whose value is still considerable (2.64 A). This same value was obtained
previously, as demonstrated in Figure 19; however, the ripple value is slightly higher since
the established reference current, as well as the dc-link voltage, is also higher.

. Stop M Pos: -28.00us  MEASURE . Stop M Pos: -28.00us CURSOR
\ Type
NEHZ Source
ean
5.004 ” - —
CH3 ' l
Max ‘ | oI 2644
15.2¥
Ctd Cursor 1
M 6.36
23.2¢ :
CH3
Pos Width B
18.69us
CH2 1.00A CH2 1.00A
CH4 100V CH3 100v  CH4 100V
(a) (b)

Figure 19. Steady-state operation of the multilevel dc—dc converter following a failure in the neutral
wire of the bipolar dc grid: (a) an i,y of 5 A and a v,y of 66.4 V; (b) an ie, ripple value of 2.64 A and a
duty cycle of 37% for S, while that of S is equal to 100%.
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5. Conclusions

This paper presents, analyses, and experimentally validates the operation of a devel-
oped bidirectional multilevel dc—dc power converter for an EV battery charger operating
under normal conditions and in the presence of faults, which can occur in the power grid.
The dc-dc power converter was designed to integrate with the EV battery and a bipolar dc
grid, where three different failures can occur; namely, a failure in the positive wire, in the
negative wire, or in the neutral wire. As was demonstrated in this paper, both in normal
conditions and in the presence of a failure in the bipolar dc grid, the dc-dc power converter
must guarantee the correct EV battery-charging operation. In light of this, a considerable set
of simulation and experimental results are presented to illustrate the EV battery-charging
operation, both during normal and fault conditions, validating the topology of the power
converter, as well as the proposed control algorithms. The experimental validation was
performed considering real scenarios of open-circuit failures on the bipolar dc grid that
supplies the bidirectional multilevel dc-dc power converter. Moreover, the experimental
validation was performed considering validation both in a steady state and a transient
state. Under normal conditions, considering the proposed interleave-based control strategy,
the EV battery current presents a ripple with a frequency that corresponds to double the
switching frequency. This is a low ripple value, which represents an important advantage
of this multilevel dc—dc converter. Considering the ripple of the current, this operation
is comparable to a traditional dc—dc interleaved converter, however, adding the voltage
multilevel feature of the dc—dc power converter. The addition of this feature is an important
advantage, as demonstrated throughout this paper. Moreover, in the presence of a failure in
the positive, negative, or neutral wire of the bipolar dc grid, the multilevel dc-dc converter
can change its operation to avoid an interruption in the charging process. It is important to
note that this situation is only possible in this multilevel dc-dc converter, which presents
interleaved and multilevel features, and offers the possibility of operating in the presence
of failures on the bipolar dc grid. In such a situation, the ripple of the EV battery cur-
rent is higher than verified in normal conditions, but even so, the EV charging process
is not interrupted, which is a very important feature that was experimentally validated
in this paper. This is explained by the fact that under fault conditions, the EV battery
current frequency is equal to the switching frequency (no longer double), since only one
semiconductor is operating. Despite that, even in the presence of a failure, the EV battery
current is controlled according to the established reference current, thus ensuring the cor-
rect EV battery-charging operation. Such operational ability is very important, however,
without the interleaved and multilevel features, which are restored when the failures are
fixed. This situation is not allowed by traditional dc—dc power converters, where the EV
battery-charging process is interrupted in the case of a failure in any wire of the power
grid. Several experimental results are presented for the different conditions of operation,
which were obtained with a developed laboratory prototype, validating the proposed
control algorithms and the features of the multilevel dc-dc power converter operating as
EV battery charger, both under normal and fault conditions, as well as in a steady state and
in a transient state.
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