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Abstract. This paper presents a single-phase current-source converter (CSC)
combined with a hybrid converter on the dc-link, allowing to interface an electric
vehicle (EV) and a renewable energy source (RES). Therefore, the interface with
the power grid is only performed through the CSC, which also permits the oper-
ation as shunt active power filter (SAPF), allowing to compensate power quality
problems related with current and low power factor in the electrical installation.
The whole system is composed by two main power stages, namely, the CSC that
is responsible for compensating the current harmonics and low power factor, as
well as operating as a grid-tied inverter or as an active rectifier, and the hybrid con-
verter that is responsible for interfacing the dc-link of the CSC with the converters
for the EV and the RES interfaces. As demonstrated along the paper, the CSC,
combined with the hybrid converter on the dc-link, allows the operation as SAPF,
as well as the operation in bidirectional mode, specifically for the EV operation,
and also for injecting power from the RES. In the paper, the power electronics
structure is described and the principle of operation is introduced, supported by
the description of the control algorithms. The validation results show the proper
operation of the CSC, combined with the hybrid converter on the dc-link, for the
main conditions of operation, namely exchanging power with the power grid in
bidirectional mode and operating as a SAPF.

Keywords: Current-source converter - Electric vehicle - Hybrid converter -
Renewable energy source - Power quality

1 Introduction

Currently, the increasing greenhouse gas emissions caused by conventional vehicles and
the demand for electricity is a huge concern. In order to contribute for a more sustainable
mobility, the electric vehicle (EV) has been seen as an efficient solution. Moreover, the
EV can also be managed for storing and delivering power during the intermittence of
the renewable energy sources (RES) [1]. Thus, the EV can be used as an energy storage
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system (ESS), permitting to store the energy in periods where the RES production is
excessive and in periods of intermittence, delivering the energy back to the installation
contributing to balance the power management and consumption [2]. The integration of
the EV and RES in the power grid can introduce power quality problems, such as current
harmonics and low power factor, due to the required power converters to interface the
power grid [3-5]. The interface of the EV and RES with the power grid is performed by
an ac-dc converter and by a dc-dc converter. The dc-dc converter ensures a controllable
voltage and current of the dc interfaces, whereas the ac-dc converter is responsible to
guarantee sinusoidal currents with low harmonic distortion and unitary power factor [6].
Depending on the dc-link, the ac-dc converter can be voltage-source converter (VSC) or
current-source converter (CSC). The CSC presents as main advantages a good current
control and a short-circuit protection capability. On the other hand, the dc-link of the
CSC is composed by an inductor with a longer lifetime comparing with the type of
capacitors used in the dc-link of the VSC. Due to these advantages, the CSC can be
applied in some power electronic applications, such as in the interface of RES and EV,
active power filters and motor drives [7]. Nevertheless, in order to maintain an acceptable
level of current ripple in dc-link, it is required a large dc-link inductor for the CSC [8,
9]. In order to reduce the inductance value and consequently the size and costs of this
inductor, a hybrid converter is proposed in [10] for a four-wire CSC operating as a shunt
active power filter (SAPF), whose structure can also be applied for a single-phase CSC
controlled as SAPF, as shown in [11]. Taking into account the perspective of controlling
the EV in bidirectional mode for a smart grid perspective, the interface of a conventional
CSC with EV is more difficult due to the fact that the CSC is unidirectional. However,
the CSC combined with a hybrid converter on the dc-link, can also be used for EV
applications, as it is presented in [12]. Additionally, it can also be applied as motor
driver in EV applications, as shown in [13]. Figure 1 presents a block diagram showing
the CSC combined with a hybrid converter for interfacing an EV and a RES. Regarding
the EV charging, several controls can be considered aimed to preserve the batteries life
cycle, such as the constant current and constant voltage (CC/CV) due to its simplicity
and easy implementation [14—16]. On the other hand, regarding the RES interface, also
several control algorithms can be considered, such as the maximum power point tracking
(MPPT) based on the perturb and observe strategy [17, 18].

This paper presents a single-phase CSC combined with a hybrid converter for inter-
facing an EV and a RES. Based on the power electronics structure, the interface with
the power grid is only performed through the CSC, and in terms of operation modes, it
is possible: (i) operation as SAPF; (ii) operation as EV charger (the EV is charged with
power from the power grid); (iii) operation as EV discharger, where part of the stored
power in the EV is injected into the power grid; (iv) operation as RES interface, injecting
power into the power grid; (v) combined operation of the previous modes (for instance,
charging the EV and operating as a SAPF at the same time).

In Sect. 2 is described in detail the topology and in Sect. 3 is presented the control
algorithm for the single-phase CSC and the hybrid converter, as well as the compensation
control theory. In Sect. 4 are presented simulations results of the single-phase CSC.
Finally, Sect. 5 exposes the main conclusions.
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Fig. 1. Block diagram of the CSC combined with the hybrid converter on the dc-link, for
interfacing an EV and a RES with the power grid.

2 Principle of Operation

In this section is described the topology presented in Fig. 2. As it can be seen, the topology
consists of a CSC and a hybrid converter. The ac-dc converter is required for interfacing
the power grid with the dc-link to compensate the current harmonics in the power grid
and obtain a unitary power factor. This converter is composed by power semiconductors
totally controlled, that it can be MOSFETs, IGBTs or RB-IGBTs. As this converter is
unidirectional, when used IGBTS, it is crucial to guarantee block reverse, avoiding that
the current flows by the antiparallel of IGBTs. For that reason, the use of RB-IGBTs
is a viable solution allowing the reduction of costs, instead of using IGBTS in series
with diodes [19, 20]. On the other hand, the hybrid converter is bidirectional and it is
composed by two diodes and two IGBTs. The aim of this converter is interfacing the EV,
allowing the power absorption or injection in the power grid (charging or discharging
the EV) and interfacing the RES (extracting the maximum power) controlling the dc
current in dc-link of the CSC. Thus, the hybrid converter has two modes of operation:
(i) grid-to-vehicle (G2V) and (ii) vehicle-to-grid (V2G). During the G2V mode, the
power is transferred from the power grid to the dc-link of the hybrid converter, where
the dc-dc converter for the EV is connected. In this mode of operation is applied the
CC/CV method, whose output of the control is a voltage reference for the dc-link of
the hybrid converter. During the V2G mode, the power is transferred from the batteries
to the power grid. For this operation mode, the output of the control is also a voltage
reference applied to the dc-link of the hybrid converter. For both modes of operation, if
the dc-link voltage (v,,) is higher than the voltage reference, the IGBTs S5 and S¢ are
on, whereas if v,, is lower than the voltage reference both IGBTs are off. When v,,, is
equal to the voltage reference, it is only enabled one of the IGBTsS, S5 or S¢.
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Fig. 2. Electrical schematic of the single-phase CSC combined with the hybrid converter.

3 Proposed Control Algorithm

This section introduces a detailed description of the control algorithm for the single-
phase CSC interfacing the EV and RES, which is presented in Fig. 3. The control
algorithm includes the control theory for the SAPF operation performed by the CSC, the
charging of the EV using the CC/CV method and the extraction of the maximum point
of the power from the RES through the MPPT control algorithm. The management of
the power from/for the EV and the RES is made by the hybrid converter.

The operation of the SAPF is realized before and during the charging and discharging
of the EV and the extraction of the power from the RES. For the correct operation of
the SAPF, it is required a method of synchronization with the power grid. In this case, it
is used the E-PLL algorithm [21-23] whose input signal is the power grid voltage (vg).
The dc-link regulation (p.) is obtained with a PI controller, where the input signals are
the dc-link current (i4.) and its reference (iz .)- Based on the E-PLL (v,;) and the load
current (ir), it is calculated the compensation current (i.) through the theory of Fryze-
Buchholz-Depenbrock (FBD) approached in [24-26]. This control theory presents as
the main advantage a simpler implementation comparing to others control theories that
can be applied to SAPF, for example the p-q theory. The commutation of the power
semiconductors of the CSC is obtained from the modulation block of the SAPF. The
hybrid converter is controlled for the EV charging following the two stages of the CC/CV
method and for the EV discharging. As it can be observed, the variables needed to control
the hybrid converter are the EV current (i,,), the EV reference current (i},) and the EV
voltage (v.,). Moreover, it is measured the voltage (vggs) and the current (iggs) on RES
for the calculation of the power provided by the RES and thus, compare the power
obtained with the power calculated in the previous time in order to extract the maximum
power and inject power in the power grid. In the following items are described with more
detail the power theories used for both converters.
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Fig. 3. Block diagram of the control algorithm for the CSC combined with the hybrid converter
on the dc-link, interfacing an EV and a RES with the power grid.

3.1 Control When the CSC is Operating as SAPF

The SAPF is responsible for supplying the harmonics and reactive power required by
the loads. For that, the SAPF must be capable of producing the compensation current in
order to obtain a power grid current sinusoidal and in phase with the power grid voltage.
The compensation current is calculated through a power theory, that in this case is the
FBD theory. The principle of this theory is that a load can be represented by an equivalent
conductance (G,) in parallel with a current-source. In order to apply this power theory,
it is calculated the active power multiplying the output of the E-PLL (v,;) by the load
current (i), calculating subsequently, the average active power (P) through the sliding
window method. The G,is obtained through the P and the squared RMS value of the
power grid voltage (vgz), as it can be seen in (1).
P
Ga = (D

“__2‘
Ve

The active current (i,) associated to the G, is presented in (2).
iqa = Gavy. 2)

Finally, the compensation current (i) produced by the SAPF is determined by (3),
which corresponds to the difference between the load current (i) and the active current

(ia)-

ie =1 — ig. (3)
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3.2 Control When the Hybrid Converter is Operating as EV Charger
or Discharger

The hybrid converter is bidirectional and allows the charging and discharging of the EV
with controlled current. The dc-dc converter of the EV is connected in parallel with the dc-
link of the CSC. Due to the advantages of the CC/CV method such as its simplicity, easy
implementation and the fact that it is adequate for the majority of batteries used in EV,
this method was studied and applied in this work. Initially, it is applied a constant current
for the EV and the EV voltage increases since reach the maximum charging voltage for
the used batteries. After that, the constant current mode is replaced by the constant
voltage mode, where the EV current starts decreasing exponentially, maintaining the
EV voltage. The EV charging process finishes when the EV current reaches the residual
batteries current. During the CC mode, the error is obtained by the subtraction between
the reference current (i) and the EV current (i, ). Subsequently, the error is used by
the PI controller, where it is adjusted the gains, kp and ki, allowing that the EV current
follows the established reference (i,). The output of the PI controller is the reference
voltage (v,) which is compared with EV voltage, whose comparison determines the
states of the power semiconductors that composes the hybrid converter. In (4) is showed
the conditionals for the commutations of the aforementioned semiconductors. When
reached the maximum EV voltage, it is initialized the CV mode whose control is also
carried out by the PI controller. In this case, the control variable is the EV voltage instead
of the EV current, as previously described for the CC mode.

if Vep <3, S5=0A8S=0
if Voo >3, Ss=1A8Ss=1. @)
if Voo =V5,, S5 =0A8s=1

3.3 Control When the Hybrid Converter is Operating as RES Interface

Another application of the hybrid converter is the interface of the RES in order to extract
the maximum power and to inject in the power grid and/or charging the EV. For that, it
is necessary to implement a control algorithm designated MPPT. The MPPT algorithm
aims to identify constantly the maximum power point of the RES and allows that the
hybrid converter operates correctly. There are several MPPT control algorithms which
are approached in [17, 27, 28]. The main differences presented in these MPPT algorithms
are the costs, efficiency as well as the complexity of implementation.

4 Simulation Results

In this section are presented the main simulation results of the topology simulated with
the PSIM software. The presented simulations were performed for the main conditions of
operation of the CSC and the hybrid converter, specifically considering the EV charging
and discharging processes and including the compensation of the current harmonics
and power factor in the power grid. Table 1 shows the specifications of the developed
simulation model.
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Initially, the hybrid converter had as main contribution to reduce the inductance
value of the inductor in dc-link of the CSC. However, the following results prove that
the same converter apart from allowing the reduction of the inductor in dc-link, the
hybrid converter is also advantageous for interface other dc systems, like the interface
of an EV interface and the interface of a RES. In order to validate the CSC operating
as SAPF and the EV charging process, the presented simulation results in this paper
consist of: (i) Dc-link current regulation; (ii) Compensation of current harmonics and
low power factor in the power grid by the CSC operating as SAPF; (iii) EV charging
and discharging along with the harmonic compensation by the CSC operating as SAPF.

Asnonlinear load connected to the power grid, it was considered a full-bridge rectifier
with a RC load (168 €2, 2.6 mF), with a coupling inductor of 0.5 mH, as well as a RL
load in parallel (12.5 €2, 70 mH). Table 2 shows the specifications of the dc-link of both
converters, including the values of components that composes the passing damping filter.
This coupling filter was introduced in order to reduce the losses and the electromagnetic
interference caused by the CSC as approached in [29].

Table 1. Specifications of the CSC interfacing EV and RES.

Parameters Value Unit
RMS grid voltage 230 £ 10% |V
Grid frequency 50+£1% |Hz

Output dc voltage range | 0 to 450 v

Switching frequency 40 kHz

Table 2. Specifications of the power converters.

Parameters Value | Unit
Inductor L, 100 | mH
Capacitor C g, 300 |pnF

Damping resistor Ry | 15 Q
Inductors L, L» 20 wH
Capacitor C; 5 wF

Capacitor C» 20 WwF

One of the roles of the CSC is to control and maintain the current in the dc-link at
its reference value. The current in dc-link (i4.) is presented in Fig. 4, which is regulated
through the PI controller. As it can be observed, when starts the EV charging, i.e.,
during the transient-state, the dc-link current decreases, however the dc-link current
quickly reaches the reference current of 50 A.
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Fig. 4. Simulation results of the dc-link current regulation (i ).

In Fig. 5 are presented the simulation results of the power grid voltage (v,) and grid
current (iy) before compensation. As it can be observed, the i, is not sinusoidal and in
phase with the v,. The i, presents a THDg,¢ of 36%. The RMS value of the ig is 10.28 A.
As mentioned above, having a high harmonic distortion in the power grid can result in
increasing losses, and in possible damage of equipment connected to the installation.
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Fig. 5. Simulation results of the power grid voltage (v¢) and grid current (ig) before compensation,
and without the EV charging process and injection of power from RES. The RMS value of the i,
is 10.28 A.

After the dc-link regulation, the SAPF produces a compensation current in order
to compensate the current harmonics and low power factor in the power grid. Figure 6
shows veand i, after compensation, where the power grid current is almost sinusoidal
and in phase with the power grid voltage. The RMS value of the ig is 7.35 A. The THDg¢
in the power grid current is reduced from 36% to 5.69%, corresponding to an important
improvement.

Voltage (V)
Current (A)

Time (s)

Fig. 6. Simulation results of the power grid voltage (v¢) and grid current (ig) after compensation,
and without the EV charging process and injection of power from RES. The RMS value of the ig
is 7.35 A.
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Figure 7 shows the G2V (1 and 2) and V2G (3) modes, where i,, is the EV current and
Vey is the EV voltage. During G2V operation mode (from 0.8 s to 2 s), the EV are charged
for areference current of 10 A with a minimum voltage of 250 V. The EV charging process
consists of two charging stages, namely constant current (1) followed by constant voltage
(2). Initially, the EV is charged with a current of 10 A, whose power is supplied by the
power grid and the RES. When the voltage in the EV reaches the maximum voltage
of 450 V, the EV current starts decreasing until reaches approximately 0 A (constant
voltage). This method is very advantageous for the charging of lithium batteries, that
are very common in EV. During V2G mode (from 2 to 2.5 s), the power from the EV is
injected into the power grid for a reference current of 2 A, which corresponds to the stage
(3). As it can be observed during the discharging of the EV, the v,, decreases. During
all modes (1, 2 and 3), the CSC is controlled to operates as SAPF, i.e., compensates the
current harmonics in the power grid and to obtain an unitary power factor.
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Fig. 7. Simulation results of a Lithium battery charging and discharging process: (1) CC stage;
(2) CV stage and (3) EV discharging.

During the EV charging and injection of power in the power grid, it cannot be
neglected the power quality improvement. So, the SAPF continuing operating and the
current harmonics in power grid is compensated. In Fig. 8 are showed veand i, after
compensation during EV charging process. The power grid current presents alow THDg,¢
of 2.48%, which is very significantly reduced, as it is intended. On the other hand, the
RMS value of the i, increases to 26.7 A.
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Fig. 8. Simulation results of the power grid voltage (v¢) and grid current (ig) after compensation,
and during the EV charging process without injection of power from RES. The RMS value of the
igis 26.7 A.

Finally, it is carried out the injection of power from RES, where it is also effectuated
the compensation of the current harmonics in the power grid side. Figure 9 presents the
veand i, after compensation, where i, is in phase with v, whose THD ¢ value is 7.91%.
As it intended, the RMS value of the 7, is reduced from 7.35 A to 4 A.
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Fig. 9. Simulation results of the power grid voltage (v¢) and grid current (ig) after compensation,
and during the injection of power in the power grid from RES. The RMS value of the ig is 4 A.

5 Conclusions

This paper presents a single-phase current-source converter (CSC) with a hybrid con-
verter on the dc-link to interface an electric vehicle (EV) and a renewable energy source
(RES). The CSC can be controlled as shunt active power filter (SAPF) for compensating
current harmonics and low power factor, and also to allow the bidirectional operation
for the EV and RES interface. With the objective of preserving the batteries lifetime, the
constant current and constant voltage (CC/CV) control was adopted. Regarding the RES
interface, it was implemented a maximum power point tracking algorithm. The topol-
ogy and the operation principles are described along the paper, and simulation results
are presented. The obtained results show the correct operation of the CSC operating as
SAPF, as well as operating in bidirectional mode to interface the EV and the RES.
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