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Abstract: This paper proposes a novel on-board electric vehicle (EV) battery charger (EVBC)
based on a bidirectional multilevel topology. The proposed topology is formed by an AC-DC
converter for the grid-side interface and by a DC-DC converter for the battery-side interface.
Both converters are interfaced by a split DC-link used to achieve distinct voltage levels in both
converters. Characteristically, the proposed EVBC operates with sinusoidal grid-side current,
unitary power factor, controlled battery-side current or voltage, and controlled DC-link voltages.
The grid-side converter operates with five voltage levels, while the battery-side operates with
three voltage levels. An assessment, for comparison with classical multilevel converters for EVBCs
is considered along the paper, illustrating the key benefits of the proposed topology. As the
proposed EVBC is controlled in bidirectional mode, targeting the EV incorporation into smart grids,
the grid-to-vehicle (G2V) and vehicle-to-grid (V2G) operation modes are discussed and evaluated.
Both converters of the proposed EVBC use discrete-time predictive control algorithms, which are
described in the paper. An experimental validation was performed under real operating conditions,
employing a developed laboratory prototype.

Keywords: multilevel converter; electric vehicle; on-board battery charger; power factor correction;
power quality; smart grid

1. Introduction

The electric vehicle (EV) is considered as the central element to support electric mobility in
smart grids, serving to help to address major energy concerns. From a global perspective, different
options of EVs can be considered distinguished by the energy storage system, as battery EVs (BEVs)
or fuel cell EVs (FCEVs), and by the external interface for the charging process, as plug-in EVs
(PHEV) [1-3]. Within the scope of this paper, the final application is for EVs using batteries as the energy
storage system, where the main advantage is the capacity of the energy storage system and the main
drawback is the required charging time. The relevance of the EV for this purpose is carefully addressed
and evaluated in [4-6] in terms of power electronics and control methodologies for the grid-side.
As demonstrated in [7,8], since the EV batteries are charged from the power grid (independently
of the on-board or off-board technology), power quality is an imperative feature for assuring the
grid stability. In this perspective, advanced contributions for the EV controlled action in smart grids,
and bearing in mind power quality issues, are presented in [9]. Additionally, the opportunity to
operate in bidirectional mode, as well as to operate in the four quadrants in terms of power quality
will also be decisive for contributing to establish energy management strategies in a smart grid
perspective. These new contributions for the EV operation in four-quadrants and framed in smart
grids, are examined in [10,11]. The flexible incorporation of an EV into the energy management of
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a smart home is presented in [12], perspective an advanced communication toward to control the
charging and discharging processes.

Classically, on-board EV battery chargers (EVBC) are projected with two- or three-level topologies
for the grid-side coupling converter [13], however, by increasing the levels, the size of the passive
filters can be reduced, as demonstrated in [14,15] for other types of applications, different from EVBC.
Nonetheless, the levels cannot be augmented indeterminately. By establishing a tradeoff between
power density and required hardware and software, five-level topologies are identified as interesting
solutions for different purposes. For instance, considering the grid-side converter, a five-level topology
with reduced switching devices and based on the active neutral point clamped in presented in [16]
for grid-tied solar photovoltaic applications; a five-level Vienna-type structure is proposed in [17]
for active rectifiers; a unidirectional five-level based on the T-rectifier topology is analyzed in [18]
for high-speed gen-set applications; an improved five-level topology is presented in [19] for active
rectifiers or grid-tied applications; a unidirectional five-level topology is proposed in [20] for power
factor correction converters, including applications of EVBC; a symmetric cascade five-level topology
is proposed in [21] for grid-tied inverters; based on the previous structure, a bidirectional five-level
topology is proposed in [19], allowing the operation as active converter or as grid-tied converter;
a modular unidirectional five-level topology is offered in [22] for applications of renewable energy
sources; a five-level topology for renewables applications is proposed in [23]; a five-level topology
based on the neutral point clamped arrangement is presented in [24] for motor drivers; a novel
five-level topology is proposed in [25] for unidirectional EVBC; and a five-level topology with reduced
switching devices is proposed in [20] for active rectifier applications.

In terms of the battery-side converter, two-level topologies are usually employed for the
battery-side coupling converter. However, it should be noted that DC-DC multi-level topologies
can be applied for other applications, for instance, in [26] is presented a novel multilevel boost
converter for applications of photovoltaics or fuel cell generation systems, in [27] a review of DC-DC
four- and three-level topologies is presented, and in [28] a two-level interleaved and intercoupled
boost converter for high power applications is analyzed. The three-level topology is presented in [29],
however, the application is for the voltage balancing of series connected batteries. On the other hand,
in this paper, the split DC-link is used as interface for the grid-side converter, where the voltage of
the capacitors is always controlled by the grid-side power converter. Moreover, the control algorithm
is completely different, in order to obtain a reduced current ripple, where the proposed approach
consists in using the converter controlled by current controlling only two switching devices during
each operation mode. It should be noted that in [29] are controlled four switching devices, therefore,
controlling only two it is possible to reduce the switching losses and the control complexity (e.g., it is
not necessary to deal with any type of dead-time for the switching devices).

The above-mentioned five-level topologies for the grid-side converter were validated in the scope
of diverse applications, but not all were validated neither compared in the scope of an EVBC. The same
occurs with the battery-side converter. Moreover, no EVBC was validated employing multilevel
topologies in the grid-side and the battery-side converters. In this sense, this paper proposes an
on-board EVBC multilevel topology. The internal constitution of a conventional on-board EVBC is
presented in Figure 1, where is highlighted the bidirectional power flow, between the batteries and
the grid, in order to accomplish with the grid-to-vehicle and vehicle-to-grid operations in smart grids.
The key contributions of this paper are: (a) a novel EVBC based on a multilevel topology; (b) an analysis
of the proposed EVBC in terms of operation targeting smart grids; and (c) an experimental validation
using a dedicated developed on-board EVBC.

The paper is outlined as follows: A description of the hardware topology of the proposed EVBC is
presented in Section 2. The discrete-time predictive control algorithms used for the grid-side converter
and for the battery-side converter are presented in Section 3. The foremost experimental results
considering diverse operating states for smart grids are presented in Section 4. The main conclusions
are discussed in Section 5.
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Figure 1. Internal constitution of a conventional on-board electric vehicle battery charger (EVBC).

2. EV Battery Charger: Topology Description

Figure 2 shows the global electrical schematic of the proposed EVBC. This topology consists of
a grid-side converter and a battery-side converter, both with a multilevel characteristic supported by
a split DC-link formed by two sets of capacitors (C; and Cp). In terms of other components, the EVBC
consists of twelve insulated-gate bipolar transistors (IGBTs) (used as controlled switching devices,
eight for the grid-side converter and four the battery-side converter), an inductive coupling filter
(L1, Lp), and a LC passive filter interfacing the batteries (L3, Ly and Cs).
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Figure 2. Topology of the proposed on-board electric vehicle battery charger (EVBC).

The values of the parameters constituting the on-board EVBC, as well as the specifications of the
system that was taken into account when choosing components, are given in Table 1.
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Table 1. Parameters and specifications of the on-board EVBC.

Parameter Value Unit
Inductive Passive Filter L1, Ly 5 mH
Inductive Passive Filter L3, Ly 25 mH
Capacitive Passive Filter Cy,Cy 2.24 mF
Capacitive Passive Filter Cs 20 uF
Nominal Input Voltage (grid-side) Vg 230 + 10% \%
Nominal Grid Frequency f 50 £ 1% Hz
Nominal Input Current (grid-side) Tew 16 A
Total Harmonic Distortion (grid current) - <5% -
Total Power Factor - 1 -
Nominal DC-link Voltage Ve 400 A%
Nominal Output Voltage (battery-side) Upat 200-400 A%
Nominal Output Current (battery-side) ipat 10 A
Switching Frequency fsw 20 kHz
Sampling Frequency fs 40 kHz

2.1. Topology Description: Grid-Side Converter

In the development of power electronics systems, electrical grid power quality issues are,
more than ever, a major concern. Since the voltage levels produced by grid-side multilevel converters
are directly proportional to the quality of the obtained grid current, multilevel converters have
emerged as contributors for this concern. The circuit topology of the grid-side multilevel converter
proposed for the on-board EVBC is presented in Figure 2. The proposed topology emerged as
a derivation of the traditional full-bride rectifier with four devices connected to the split DC-link as the
power factor correction (PFC) three-level DC-DC converter. This topology can produce five distinct
voltage levels (+vy., +04c2, 0, =042, —vdc) at the terminals of the converter (v, ac). As can be seen,
each IGBT is applied to a maximum voltage of +v;.. The configuration of the topology allows to
switch necessarily only six of the eight IGBTs, during the full operation as active rectifier or grid-tied
inverter, hence, decreasing the switching losses. When the grid side converter operates as active
rectifier, Figure 3, during the positive half cycle of the power grid voltage, the IGBTs (51, S4) are always
switched on and the IGBTs (S;, S3) are always switched off. When the IGBT Sg is switched on, the IGBT
Ss is switched to state the voltage levels 0 and +v,4.2. On the other hand, when the IGBT S5 is switched
off, the IGBT Sg is switched to state the voltage levels +v,.» and +vdc. During the negative half cycle
of the power grid voltage, the IGBTs (S, S3) are always switched on and the IGBTs (S, S4) are always
switched off. When the IGBT S5 is switched on, the IGBT S¢ is switched to state the voltage levels 0
and —v.». Finally, when the IGBT S is switched off, the IGBT S5 is switched to state the voltage levels
—04.2 and —v,.. When the grid side converter operates as an inverter, Figure 4, during the positive
half cycle of the power grid voltage, the IGBTs (51, S4) are always switched on and the IGBTs (Sy, S3)
are always switched off. When the IGBT Sg is switched off, the IGBT Sy is switched to state the voltage
levels 0 and +9v;.». On the other hand, when the IGBT Sy is switched on, the IGBT Sg is switched to state
the voltage levels +v4.» and +v;.. During the negative half cycle of the power grid voltage, the IGBTs
(S2, S3) are always switched on and the IGBTs (S, S4) are always switched off. When the IGBT Sy is
switched off, the IGBT Sg is switched to state the voltage levels 0 and —v,». Finally, when the IGBT Sg
is switched on, the IGBT Sy is switched to state the voltage levels —v,.» and —vj.
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Figure 3. Operation stages for the grid-side converter during the operation as active rectifier: (a) vy ac
=0; (b) vey_ac = +04c/2; (€) Veo_AC = +04e; (d) Veo_ac = 0; (€) Veo_ac = —0ae/2; (£) Veo_ac = —Vge-

Figure 4. Operation stages for the grid-side converter during the operation as grid-tied inverter:
(@) Veo_ac = 0; (b) veo_ac = +0ac/2; (€) Veo_ac = +04c; (d) Veo_ac = 0; (&) Veo_ac = —Vac/2; () Vev_ac = —Vae-

A predictive current control technique, with a fixed switching frequency of 20 kHz, was applied
to obtain a sinusoidal EVBC current and in phase with the grid voltage (or phase opposition in
vehicle-to-grid mode). Since this current control is identified as a linear current control, the modulation
technique is applied individually. In this sense, Figure 5 shows the pulse-width modulation (PWM)
modulation technique arrangement used for the grid-side converter. The proposed PWM modulation
technique requires only one carrier signal and two reference signals to control eight IGBTs. This figure
shows the adapted voltage reference (ref1, refy), the triangular carrier signal (vggrier), the PWM signals
of the IGBTs, the voltage levels produced by the converter (vs,_ac) and the power grid voltage (vg).
The pulses signal of the IGBTs (S1, Sy, S3, S4) are exclusively dependent of the instantaneous value of
the power grid voltage. During the operation as grid-tied inverter, the IGBTs (S7, Sg) have an opposite a
command signal as the IGBTs (S5, Sg), respectively. In the modulation strategy, the voltages references
(ref1, ref2) are adapted, based on a digital codification, from the modulating signal s established by
the Equation (1), where v, ac are the voltage levels produced by the converter and m, the amplitude
modulation index. The voltage levels produced by the converter are obtained in the control algorithm,
explained in Section 3.1.

SM = 20cp_aCMa- 1)
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Figure 5. Modified pulse-width modulation (PWM) strategy for the grid-side converter during the
operation as active rectifier or as grid-tied inverter.

2.2. Topology Description: Battery-Side Converter

The circuit topology of the battery-side converter implemented in the on-board EVBC is presented
in Figure 2. The topology consists in four IGBTs connected to the split DC-link and a passive LC
filter interfacing the batteries. Furthermore, this topology can produce three distinct voltage levels
(+94c, +04¢/2, 0) at the terminals of the converter (v, pc). When the converter operates as a buck-type
converter, the energy power flows of the DC-link to the batteries during the charging process. In this
mode, the IGBTs (Sg, S10) and the anti-parallel diodes of the IGBTs (511, S12) are used. When only
one of the IGBTs (So, S1p) is switched on, the inductors (L3, Ls) and the batteries stores energy from
the split DC-link (C; or Cp). When both IGBTs (Sg, S19) are switched on, the inductors (L3, Ls) and
the batteries store energy from the DC-link (Cq, Cz). When both IGBTs (S, S1p) are switched off,
the stored energy in the inductors (L3, L4) is released to the batteries. On the other hand, when the
converter operates as boost-type converter, the energy power flows of the batteries to the DC-link,
during the discharging process. During this mode, the IGBTs (511, S12) and the anti-parallel diodes of
the IGBTs (Sg, S1p) are used. When both IGBTs (S11, S1») are switched on, the inductors (L3, L4) stores
energy from the batteries. When one of the IGBTs (S11, S12) is switched on, the split DC-link (C; or
() stores energy from the batteries and the inductors (L3, Ls). Finally, when both IGBTs (511, S12) are
switched off, the DC-link (C;, C;,) stores energy from the batteries and the inductors (L3, L4). Figures 6
and 7 show the operation stages for the battery-side converter during the operation as buck-type and
boost-type, respectively.
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Figure 6. Operation stages for the battery-side converter during the operation as a buck-type converter:

(a) The stored energy in Lg, Ly is released to the batteries; (b) L3, L4 and the batteries stores energy from

Cy; (c) L3, Ly and the batteries stores energy from Cy; (d) L3, L4 and the batteries store energy from Cy, C;.
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Figure 7. Operation stages for the battery-side converter during the operation as a boost-type converter:

(a) L3, Ly stores energy from the batteries; (b) C, stores energy from the batteries and L3, L4; (c) C;

stores energy from the batteries and L3, Ly; (d) Cq, C; stores energy from the batteries and L3, L4.

Similar to the algorithm applied in the grid-side converter, in the battery-side converter was also
applied a predictive current control technique and a modulation technique with a fixed switching

frequency of 20 kHz, to control the current and voltage in the batteries during the charging or

discharging processes. In the modulation technique, two 180° phase-shifted carriers were used,
in order to reduce the ripple of the EV battery current and, hence, the frequency EV battery current is
held twice of the switching frequency.
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3. EV Battery Charger: Control Algorithms

This section presents the specifications and the methodology used for the control algorithms
implementation, both for the grid-side and the battery-side converters. The control algorithm
was designed for a digital platform, based on a Texas Instruments digital signal processor (DSP)
F28335 (Texas Instruments, Inc., Dallas, TX, USA) and considering a sampling frequency of 40 kHz,
obtained with a timer interruption.

3.1. Control Algorithm: Grid-Side Converter

Based on the voltages shown in Figure 2, Equation (2) can be established, where v¢ represents the
instantaneous value of the grid voltage, v1 and vy, the instantaneous value of the inductance voltage,
and v _ac is the instantaneous value (i.e., the voltage produced during each sampling period of the
DSP) of the voltage produced by the converter:

Vg = Uey_ac +0L1 + VL2 ()

It should be noted that, as represented in Figure 2, it was used a mutual coupling inductance.
Therefore, replacing the inductance voltage by its intrinsic equation, and rewriting the equation as
a function of the voltage produced by the converter, it is obtained:

di di
Ueo_AC = Ug — Llﬁ — L detv- 3)

Applying the progressive Euler method, illustrated in Equation (4), the derivative component of
the current can be approximated by considering a very low At in order to obtain a good prediction of
the system behavior:

dt At '

Applying the Equation (4) in the Equation (3), and assuming a sampling frequency of fs =1/Ts,
results in the digital control Equation (5), where the term k represents the current sample and [k + 1]
represents the next sample:

Ucv_AC [k] = vg[k] _ (Ll + LZ) lev [k + ;15— fev [k] . )

Since the law of predictive control consists of a closed-loop control and, if the reference current
at time [k + 1] is to be equal to the current produced by the converter at time [k], the equation that
translates the current control implemented can be defined by:

fev™ [k] — iev K] ‘

Ocv_AC [k] = Ug [k} - (Ll =+ LZ) T.

(6)

Since, the EVBC is proposed to operate with a sinusoidal current and unitary power factor in the
grid-side converter, the instantaneous value of the power grid voltage is directly proportional to the
EVBC current. However, aiming to prevent the inclusion of the harmonic distortion of the grid voltage
into the current, it is used a phase-locked loop (PLL). Thus, instead of the grid voltage, it is used the
output signal from the PLL, resulting in:

lop = Gevvpll/ (7)

where vy is in phase with the power grid voltage and G, represents the equivalent conductance of
the EVBC from the grid-side point of view, which can be defined according to the mean value of active
power (Pey) and the rms value of the power grid voltage (Vg):
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Gev = PevVG72- (8)

Applying the Equation (8) in the Equation (7), the reference of the EVBC current is obtained
according to:
i = Peo VG vpi- 9

The active power of the EVBC can be divided in two parts, namely the power to regulate the
DC-link voltage and the power to regulate the batteries. Furthermore, because of the split DC-link,
two proportional-integral (PI) are used to regulate the DC-link voltage independently in both capacitors
(Pdc1, Pac2)- Therefore, during the G2V operation mode, the reference of the EVBC current can be
defined as:

ieo” = (Pac1 + Pac1 + Poat)0pu Ve 2 (10)

On the other hand, during the V2G operation mode, the reference of the EVBC current is
established according to Equation (11), where ip,* represent the reference of current to discharge
the batteries.

ieo™ = (Pact + Pdct + ivat Vbt )0pu Vo 2. (11)

3.2. Control Algorithm: Battery-Side Converter

During the process of charging the batteries, the battery-side converter operates as buck converter,
controlling the charging current or the charging voltage for the batteries. In this way, based on the
representations of the currents and voltages between the DC-link and the batteries (cf. Figure 2), it is
possible to establish the Equation (12), where v, pc represents the voltage produced by the converter
(i.e., the sum between vy, pc1 and v, pc2), v13 and vp4 represent the voltages in the inductances
(Ls and Ly), respectively, and vy, represents the voltage in the batteries:

Uco_DC = Opat + 013 + VL4 (12)

Since the current in the inductance L3 is the same as that in the inductance Ly, the Equation (12)
can be rewritten, replacing the voltage in the inductance by its intrinsic equation:

dir3,r4
B14 (13)

Uco_DC = Upat + (L3 + L4)
Applying the progressive Euler method, the Equation (13) can be established in discrete time as:

co_pc k] = Opar K] + (Lz + Lg) (ir3,alk + 1] — ip3 k] T (14)

Since it is desired that the reference current at time [k + 1] should be equal to the current produced
by the converter at time [k], it is obtained:

eo_pC K] = Vgt [k] + (L3 + La) (i3 4™ [k] — ip3,alk]) T~ (15)

When the same converter operates as buck converter, but controlling the charging voltage of the
batteries, the reference voltage is established as:

Veo_nClk] = Opar* (K] = (Ls + La) (i3 14 k] — ir3 ralk — 1)) Ts 1 (16)

The aforementioned equations were defined for the battery-side converter operating as buck
converter, i.e., charging the batteries from the grid (G2V mode). On the other hand, a set of equations
should also be defined for the battery-side converter operating as boost converter, i.e., discharging the
batteries to the grid (V2G mode). Based on the representations of the currents and voltages in Figure 2,
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when the converter intends to discharge the batteries with a constant current, the following relation
can be established:

Vo DC = Upat — V13 — VL4 (17)

Applying the same aforementioned modeling reasoning, the discrete implementation of
Equation (17) results in:

Veo_nClk] = Opat k] — (La + La) (—irs, 14 [k] — ira,alk]) T (18)

From Equation (18), it is important to note that it is necessary to identify the positive direction
of the current in the batteries (Figure 2), which is why the negative signal —iy3r4*[k + 1] is applied
to the digital implementation of this equation. The obtained signal (v., pclk]) is compared with two
carriers in order to obtain the duty-cycle of the gate signals for Sg and Sy, which is the same, but two
carriers, delayed by 180 degrees, are employed. Applying this strategy, the frequency of the resultant
ripple is the double of the switching frequency. The duty-cycle is determined according to the current
control algorithm, e.g., in the previous equations is defined the a voltage that is compared with the
carriers in order to obtain a current in the EV battery i(;314)[k] equal to the reference current 713 1 4)*[k].
Applying this strategy, the current ripple in the EV battery can be reduced when compared with
a traditional buck or boost converter. In circumstances where the battery-side converter is responsible
for controlling the voltage on the DC-link, the Equation (19) is implemented, where 6., pc represents
the duty-cycle that the converter must produce, v;.* represents the reference voltage for the DC-link,
and vy, represents the battery voltage:

o Udc*[k] — Uhat[k]

dco_pclk] = BT (19)

4. EV Battery Charger: Experimental Validation

This section introduces the experimental validation, where is presented the hardware description,
as well as the most relevant experimental results.

4.1. Description of the Developed Prototype

After the computer validation, a laboratory prototype of the on-board EVBC was implemented,
which is mainly divided in two parts: the digital control platform and the power hardware. The digital
control platform includes the DSP board (F28335), the current and voltage sensors (models LTSR15
NP and CYHVS025A from LEM (Geneva, Switzerland) and from ChenYang (Finsing, Germany),
respectively), as well as the printed circuit boards of the signal conditioning, error detection, command,
and gate drivers (developed with HCPL 3120 optocouplers from Avago). On the other hand, the power
hardware includes both converters, constituted by discrete IGBTs (FGA25N120ANTD from Fairchild
(Sunnyvale, CA, USA)) and by the DC-link capacitors (EETUQ2W561DA from Panasonic (Kadoma,
Japan)). Since the main aim of the implementation was the development of a laboratory prototype
as close as possible of the reality, namely in compactness and robustness, a three-dimensional
modeling was carried out to determine the best method and solution of the component layout for its
implementation. Figure 8 shows the internal and external view of the three-dimensional modeling of
the EVBC. With this modeling, it was possible to implement the final laboratorial prototype, which is
presented in Figure 9. However, it should be noted that the laboratory prototype was developed just
aiming to validate the structure of the topology and to perform a laboratorial experimental validation.
In fact, after the proof-of-concept in terms of topology and operation modes, some improvements are
required focusing in the optimization of the switching devices (e.g., employing SiC devices) and in the
optimization of the passive filters (e.g., employing a inductor-capacitor-inductor, LCL, filter) toward
a pre-industrialized prototype.
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496 mm

Figure 8. Three-dimensional modeling of the proposed on-board EVBC.

Figure 9. Laboratorial prototype of the developed EVBC.

The converters of the developed prototype were sized to meet the key requirements of the
proposed on-board EVBC in terms of power quality, and the specifications given in Table 1. In this
sense, the choice of components was mainly based on their operational characteristics, such as the
maximum operating frequency and the rated current and voltage. In addition to the electrical aspects
of the concerned application, mechanical and thermal aspects, such as dimensions, encapsulation
and thermal dissipation of components, have also been taken into account, since the entire system
is integrated in a metal box (Bernstein CA 380 (Porta Westfalica, Germany)), with dimensions of
330 x 230 x 110 mm. As it can be seen, two heatsinks were used, one for each converter, which were
fixed on each side of the metal box. In order to prevent electrical noise, it was decided to place
the gate driver boards as close as possible to the power semiconductors, each one responsible for
a power electronics converter. In the control system, electrical noise was also taken into account in
order to optimize the signal-to-noise ratio, i.e., to minimize undesired signals superimposed on a
measured signal. Based on the developed three-dimensional modeling and the implemented prototype,
an estimation of the internal volume distribution associated to the different main parts of the on-board
EVBC was established, which is presented in Figure 10.

pre-charge circuit, connectors,

;i ; VI Sensors and Signal
wires,... 16%

Conditioning 15%

Power System
40%
Filter (capacitors)

Heatsink ,
11%

25% Power Board

26%

Filter (inductors)
IGBTs 3% 2G

Others (connectors, wires,...)

Figure 10. Internal volume distribution of the developed on-board EVBC.
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4.2. Experimental Results

In the on-board EVBC laboratorial prototype described above, the G2V operation mode
was initially validated, followed by the V2G. Besides the validation of both operations mode,
the experimental results also demonstrate the validation of the PLL algorithm, modulation and
current control strategy and DC-link voltage control. Figure 11 presents the general view of the
laboratorial setup that was used during the experimental results, which were registered with a digital
oscilloscope Yokogawa model DL708E (Yokogawa Electric, Tokyo, Japan), with a Fluke 435 power
quality analyzer (Fluke Corporation, Everett, WA, USA), and with a FLIR i7 infrared thermal imaging
camera (FLIR Systems, Wilsonville, OR, USA).

E
' Yokogawa

| model DL708E

= FLUKE 435

. Power Quality
Analyzer

Figure 11. Laboratory setup used to obtain the experimental results.

4.2.1. Experimental Results: Grid-To-Vehicle (G2V) Operation

Figure 12 shows the experimental results during the initial stage of the EV charging process.
First, during the time interval (1) the EVBC is not connected to the power grid. At time instant (2),
the EVBC is connected to the power grid. In this stage, the DC-link start the pre-charge process through
the anti-parallel diodes of the IGBTs (51, Sy, S3, S4), operating the grid-side converter as a traditional
full-bridge rectifier. The pre-charge circuit contains a resistor to limit the typical peak currents of the
capacitors. After the DC-link pre-charge process, at time instant (3), this resistor is bypassed so that
the DC-link voltage remains close to the peak value of the grid voltage. At time instant (4), the split
DC-link voltage, in each capacitor, is regulated to the operation voltage and only after stabilizing the
DC-link voltage, at time instant (5), the current battery increases progressively (i.e., during the constant
current algorithm), which is controlled by the battery-side converter operating as buck converter.

As clearly shown in Figure 13, the grid voltage is distorted due to the nonlinear electrical
appliances linked in the electrical installation. However, during a steady-state operation, with the
adopted current control strategy, the EVBC current is kept with a sinusoidal waveform and in phase
with the grid voltage (i.e., operating with a unitary power factor, as shown in the zoom detail presented
in this figure). Furthermore, the DC-link voltage in both capacitors presents an acceptable ripple
for this type of application (i.e., about 10%). The average voltage value in each DC-link capacitor is
controlled according to each reference, assuming a value which is greater than the maximum amplitude
of the power grid voltage, and the ripple in the voltages of the capacitors has a frequency that is double
the frequency of the power grid. In this operation mode the measured efficiency was 92%.

The experimental results shown in Figure 14 were attained to verify the switching states of the
grid-side converter according the Figure 3. The IGBTs Sy, Sy, S3, and Sy, as well as the IGBTs S5 and
Se, have a fixed switching frequency of 50 Hz and 20 kHz, respectively. This figure also shows the
digital signal obtained from the PLL algorithm, which is sinusoidal and in phase with grid voltage.
This signal was visualized in the oscilloscope using an external digital-to-analog converter (DAC),
model TLV5610 from Texas Instruments.
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2 =84,
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Figure 12. Experimental results during the initial stage of the electric vehicle (EV) battery charging

process: EV battery current (iy,;: 1 A/div); DC-link voltages of both capacitors (v;.1: 20 V/div, v4.2: 20
V/div); EVBC current (igp: 2 A/div).

ICH2
CH4

200, 0nV
400 v

=20.000ms

30, 000ns,

Figure 13. Experimental results in grid-to-vehicle (G2V) mode showing the EVBC current (ipp: 5 A/div),
the grid voltage (vg: 100 V/div), a detail of zero crossing between the current and the voltage (ie, vg),
and the DC-link voltages ripple in both capacitors (Avy.1: 5 V/div, Avgep: 5 V/div).

The PWM technique developed for the battery-side converter consists in two carriers with a 180°
phase-shifting. With this phase-shifting strategy, one of the gate signals is applied to IGBT S¢ while the
other is applied to the IGBT Sy, to reduce the ripple of the EV battery current. Thus, as it can be seen
in Figure 15, the frequency of the current ripple in the inductor L (i1 3) is 40 kHz, which is twice of the
switching frequency. This experimental result shows the relation of the current in the inductor and
the gate-emitter voltage, v, 59 and vg, 510, of the IGTBs Sg and Syg. During this result, the registered

value of the ripple current in the inductor was 0.16 A.
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4.
=30.000ms } } 20. 000ms)

Figure 14. Experimental results during the G2V operation mode: Gate-emitter voltage of the grid-side
insulated-gate bipolar transistors (IGBTs) (S1, Sz, S3, S4, S5, Se: 5 V/div); Output digital signal of the
phase-locked loop (PLL) (vpy: 150 V/div).

(. |¥Y1 8.125mV

i |Y2 -8.333mV
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] X1 29.8us

1| X2 4.8us

- aX 25.0us
174X 40 .0kHZ|
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H

CH2
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S - i

,.Uge of
| o
: o
i 3

T —+
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Figure 15. Experimental results showing the current in the inductor L3 (ir3: 0.1 A/div) and the
gate-emitter voltage of the IGBTs Sg and Sy (vge_s9: 5 V/div and vge_10: 5 V/div) during a time interval
of 100 ps.

For further details on the relationship between the grid voltage and the EVBC grid-side current,
it was used the x-y mode of the oscilloscope, as shown in Figure 16. Channel 4 is used in the x-axis
and the channel 2 is used in the y-axis, representing the grid voltage and EVBC grid-side current,
respectively. Thus, for the grid-side, this result shows the EVBC current in function of the grid voltage.
It is relevant to highlight that this variation is not linear due to the harmonic distortion present in the
grid voltage.

The experimental result shown in Figure 17 was obtained in x-y mode in order to identify the
DC-link voltage regulation and to clearly identify the five distinct voltage levels (+v., +04.2, 0, —V4c/2,
—0,.) produced by the grid-side converter. Thus, the DC-link voltage ripple (Av;.1, Avy) and the
voltage levels (v,_ac), used in the y-axis, are a function of the grid voltage (vg), used in the x-axis.
In order to keep the DC-link regulated and balanced, during the positive half-cycle of the grid voltage,
the voltage of the capacitor C; is regulated, and during the negative half-cycle of the grid voltage,
the voltage of the capacitor C; is regulated.
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CH2 200.0nV .

CH2 -200. 00V - ] : : : :
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Figure 16. Experimental results in x-y mode showing the EVBC current (iep: 5 A/div) in function of the
power grid voltage (vg: 100 V/div).

CHe

CHE -20.00 V : : : :
CH4 ‘a0 v : : : 400 v

Figure 17. Experimental results in x-y mode showing the DC-link voltage ripple (Avy.1: 5 V/div, Avyo:
5V/div) (y-axis) and the voltage levels produced by the grid-side converter (v, 4c: 50 V/div) (y-axis),
both in function of the power grid voltage (vg: 100 V/div) (x-axis).

Using the Fluke power quality analyzer, in Figure 18a,b shows the harmonic spectrum of the
power grid voltage and the EVBC current, measured total harmonic distortion (THD%) of 3.5% and
2.8%, respectively. In power electronics systems, the thermal characteristic is a factor that directly
affects the performance of it. So, to analyse the thermal conditions of the EVBC, the experimental
results of temperature measurements during the G2V operation mode are presented in Figure 19.
Figure 19a shows the overall thermal distribution of the implemented EVBC, Figure 19b shows the
measured temperature of IGBT Sg (switched at a fixed frequency of 20 kHz), where was registered a
temperature value of 47.8 °C, and Figure 19¢ shows the measured temperature of the IGBT S;; (only the
antiparallel diode is used in this context), where was registered a temperature value of 36.8 °C.
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Figure 18. Experimental results in G2V mode of the total harmonic distortion and spectral analysis:
(a) power grid voltage (vg); and (b) EVBC current (ie).

$FLIR 47“_8°C $FLIR] 36.8°C $FLIR

wail |

(@) (b) (©
Figure 19. Experimental results of the temperature measurements during G2V operation mode:

(a) overall thermal distribution of the developed EVBC prototype; (b) temperature at the IGBT Sy;
and (c) temperature at the IGBT Sy;.

4.2.2. Experimental Results: Vehicle-To-Grid (V2G) Operation

The developed EVBC was also validated during the V2G operation mode. Furthermore, once the
IGBTs Sy and Sg of the grid-side converter has a fixed switching frequency of 20 kHz, to validate the
modulation technique applied in these IGBTs, Figure 20 presents the reference signal adapted and
the gate-emitter voltage of the respective IGBT. This voltage is a resulting signal of the comparison
between the carrier signal and the reference signal. In this result, the reference signal was acquired
using an external DAC.

Similar to the G2V operation mode, Figure 21 shows the switching states of the grid-side converter
according to Figure 3 during the V2G operation mode. In this result, the IGBTs Sy, Sy, S3, and Sy,
as well as the IGBTs Sy and Sg, have a fixed switching frequency of 50 Hz and 20 kHz, respectively.
In this operation mode, the IGBTs (S5, S¢) are always switched off, reason why they are not represented
in this figure.

Figure 22 shows the V2G operation mode during a steady operation of the EVBC grid-side current
(iev), the grid voltage (vg), the voltage levels assumed by the grid-side converter (vs,_ac), and the
DC-link voltage of both capacitors (vg4.1, v4.2). The EVBC grid-side current is sinusoidal, but in phase
opposition with the grid voltage, meaning that the power follows from the batteries to the grid.
Furthermore, the five distinct voltage levels (+v4., +v4.2, 0, =042, —vdc) produced by the grid-side
converter can be seen in this figure.
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Figure 20. Experimental results showing the modulation technique applied to the IGBTs Sy and Sg,
namely, the reference signals adopted for the modulation (refsy: 1 V/div, refsg: 1 V/div) and the voltage
gate-emitter of the respective IGBT (vge_s7: 5 V/div and vg, sg: 5 V/div).
. 0,0 | v>0
1

1
jcH2 20p00 V 1

20. 000ns)

Figure 21. Experimental results during vehicle-to-grid (V2G) operation mode: Gate-emitter voltage
of the grid-side IGBTs (S1, Sy, S3, S4, S7, Sg: 5 V/div), and output digital signal of the PLL (vprr:
150 V/div).

For further details, Figure 23 presents an experimental result, during a time interval of 50 ms,
of the EVBC grid-side current (iy), the grid voltage (vg), and the DC-link voltage ripple in both
capacitors (Avg.1, Avgeo). With the detail of the current zero-crossing, it is possible to state that during
these results the EVBC operates with unitary power factor. As aforementioned, during the positive
half-cycle of the power grid voltage, the voltage of the capacitor C; is regulated and during the negative
half-cycle of the power gird voltage, the voltage of the capacitor C, is regulated, which are controlled
by the grid-side converter. Moreover, as it can be seen in this figure, the DC-link voltage has a voltage

ripple of 3%.
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Figure 22. Experimental results in V2G operation mode showing the EVBC current (ip: 5 A/div),
the power grid voltage (vg: 50 V/div), the voltage levels produced by the grid-side converter (ve,_ac:
100 V/div) and the DC-link voltage of both capacitors (v;.1: 20 V/div, v4.: 20 V/div).

[CH2 : 200, 0nV : : R : &
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Figure 23. Experimental results in V2G operation mode showing the EVBC current (ip: 5 A/div),
the grid voltage (vg: 50 V/div), a detail of zero crossing between the current and the voltage (iey, vg),
and the DC-link voltages ripple in both capacitors (Avy.1: 2 V/div, Avgep: 2 V/div).

Regarding the battery-side converter, the same modulation technique implemented in the G2V
operation mode was used, namely the application of two 180° phase-shifted carrier signal. This strategy
was adopted to reduce the ripple amplitude of the batteries current. In this sense, Figure 24 shows
the current ripple in the inductor L3 according to the gate-emitter voltages, vg, 511 and vg,_s12, of the
IGBTs S11, S1p. It is important to note that during this operation mode, the IGBTs Sg and Sy are always
off, reason why they are not shown in the figure. As it can be seen, the measured current ripple
in the inductor L3 was 0.13 A for a frequency of 40 kHz, which is twice of the switching frequency.
According to this result, when the IGBT Sg or the IGBT Sy is on, the inductor stores energy and
during the state transition of one the IGBTs, the inductor releases this energy. Using the power quality
analyzer, in Figure 25a,b, the harmonic spectrum of the power grid voltage and the EVBC current
is shown, measured THD% of 4.2% and 3.5%, respectively. These figures were obtained employing
a Fluke 435 power quality analyzer, and the high value of THD in the power grid voltage is caused by
distorted voltage drop in the line impedance, which is produced by distorted current consumed by
several nonlinear loads connected to the electrical installation.
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Figure 24. Experimental results showing the current in the inductor L3 (ir3: 0.1 A/div) and the
gate-emitter voltage of the IGBTs S11 and S1» (vge s11: 5 V/div and vge_12: 5 V/div) during a time
interval of 100 ps.
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Figure 25. Experimental results in V2G operation mode of the total harmonic distortion and spectral
analysis: (a) Power grid voltage (vg); and (b) EVBC current (iep).

5. Conclusions

A novel on-board bidirectional EV battery charger (EVBC) was presented. It is constituted by
a grid-side converter capable to operate with five voltage levels, and by a battery-side converter capable
to operate with three voltage levels. The distinct voltage levels for both converters are obtained using
a split DC-link. In order to ensure power quality features, the proposed EVBC operates with grid-side
current controlled to improve power factor, and to preserve the battery lifetime the EVBC operates
with battery-side controlled current or voltage. Throughout the paper is described the proposed
hardware topology, the discrete-time predictive control algorithms used for the grid-side converter
and for the battery-side converter, the developed full-scale laboratorial prototype of the EVBC, and the
foremost experimental results considering operating modes for smart grids. The obtained results allow
validating the key contributions of the paper, mainly, in terms of the bidirectional operation of the
novel EVBC based on a multilevel topology. As the EVBC is controlled targeting the EV incorporation
into smart grids, the grid-to-vehicle (G2V) and vehicle-to-grid (V2G) operation modes are discussed
and evaluated.
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