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Abstract—Electric vehicle charging stations are generally
composed of AC-to-DC and DC-to-DC converters. Many
topologies of converters, used for both on-board and off-
board EV chargers, have been proposed by the researchers.
The off-board Vienna rectifier EV charger is the focus of
our work. This EV charger should be controlled for
adjusting the system outputs at desired references. Among
several control methods existing in the literature, the
voltage-oriented and direct power control techniques are
selected to control the Vienna rectifier. The aim of this
paper is to present a comparative analysis for an Off-board
Vienna rectifier controlled individually by the previous
mentioned control techniques in order to charge the battery
of an electric vehicle from the national grid. A three
constant current values of 60A, 80A, and 100A, are imposed
to the EV battery as reference currents using P1 controllers.
The comparison is based on the waveforms of three-phase
grid voltages and currents, battery voltages, state of the
charge of the battery, and the elapsed time of simulation.
The total harmonic distortion (THD) of one phase of the
input current at the case of 100A is measured using the fast
Fourier transform tool of Matlab/Simulink software which
employed for modeling and performing the simulation. The
obtained results reveal that the voltage-oriented control
technique is better than the direct power control technique
in terms of THD with 1.87% and 5.88% respectively. In
terms of simulation time, the direct power control method is
much lesser than the voltage-oriented control method with a
few hours and up three days respectively.

Index Terms—off-board electric vehicle charger, Vienna
rectifier, voltage-oriented control, direct power control.

I. INTRODUCTION

his paper is motivated by the search for the quality

of life that electrified transportation offers.
Electric Vehicles (EVs), as a promising technology,
participate in this improvement of the quality of life
where they gradually replace their peer internal
combustion engine (ICE) vehicles. These last inject
different pollutants into the environment that degrade the
air quality leading to health concerns. According to the
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literature, ICE vehicles are responsible for 29% of

greenhouse gas emissions in the US [1], and account for
15% of total fossil fuel consumption [2]. EVs have
gained wide acceptance worldwide due to their fuel
independency [3][4], zero emissions target from 2030
onwards, and increasing global sales by up to 70% with
an annual growth record of 4.6% in 2020 [5]. Despite
these merits, the size, weight, storage capacity, and
lifespan limitations of rechargeable battery technology as
well as its high cost are the major challenges that EVs
development faces. To overcome these demerits,
researchers, automobile manufacturers, and governments
push most of the electric utility industries to upgrade the
electric power grids in such a way that they handle the
bidirectionality of power flow and the entering/outing of
different loads as well as a variety of sources (including
conventional and renewables). Based on this
upgradability, the concepts of vehicle-to-grid (V2G) and
grid-to-vehicle (G2V) can be adopted. On-board and off-
board EV chargers are existed with unidirectional and
bidirectional. Off-board unidirectional charger is the
focus of this research because it permits high power flow,
is designed for fast and ultra-fast charging, reduces the
volume and weight of EVs, and overcomes the limits of
on-board chargers [2][5][6]. The concept of EVs station
evolves both AC bus and DC bus. Concepts with AC bus
suffer from more conversion stages and high cost and
complexity, while structure with DC bus offers more
flexibility, isolating grid side, lesser rectifiers, high
efficiency, and simple controllability [2][6]. Generally, an
EV charging station consists of two conversion stages,
firstly the AC-DC rectifier that ensures high efficiency,
regulated output DC voltage, simple switching
techniques, less total harmonics distortion (THD) using
power factor correction (PFC) techniques so improving
the power quality, and compensating the reactive power.
In the second stage, a DC-DC converter is used to satisfy
requirements like high efficiency, less output voltage
ripple, high-frequency switching, and a broad variety of
output voltage (40-1000 VDC) compatible with different
levels of battery voltage standards [2][5-7]. Authors of
[2][7] were conducted a comprehensive review search on
the converter topologies used for EVs charging stations.
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Several configurations were well-detailed in the literature
for the first conversion stage (AC to DC). Among these
topologies, the two-level active front end (AFE), three-
level neutral point clamped (NPC) AFE, three-level T-
type AFE, Vienna rectifier (VR), Swiss rectifier (SR),
and matrix converter-based isolated AC/DC converter.
They differ from each to the other based on the number of
active/passive switches, semiconductor voltage stress,
power direction, filter size, power density, and the
complexity of the control. Vienna rectifier was adopted in
this research for its superior features including the
satisfying of grid-side requirement, less number of
switches, low THD, neutral connection-free structure, no
galvanic isolation, boost type rectifier, small filter size,
and moderate control. Despite this, VR has drawbacks
like the distortion of grid-side current at the zero-
crossing, anti-load sudden ability, and the need for DC-
link capacitors [2][7-9]. The second conversion stage
(DC to DC) can be classified as non-isolated and isolated
converters. Buck converter, interleaved buck converter,
three-level NPC buck converter, three-level flying
capacitor buck converter, and non-inverting buck-boost
converter, all are non-isolated DC-DC converters. While,
dual active bridge (DAB), CLLC converter (similar to
DAC with series LC resonant at primary and secondary
sides), three-level FC-DAB, three-level NPC-DAB, LLC
converter, and phase-shifted full-bridge converter, all are
isolated DC-DC converters. The conventional buck
converter is selected as the DC-DC converter in this
research because of the less number of components, the
low ripple of its output side current, and the high power
density. However, a downside of having large inductors
and semiconductor switching loss [2][7].

Several control strategies have been reported in the
literature [2][3][7][9] for the AC-to-DC conversion stage.
Voltage-oriented control (VOC), direct power control
(DPC), virtual flux (VF), sliding-mode control (SMC),
hysteresis control (HC), fuzzy logic control (FLC), model
predictive control, adaptive control, and neural-network
control, are all control approaches used for AC-to-DC EV
chargers. In the DC-to-DC conversion stage, approaches
like the feedback control, PI/PID controller, disturbance-
observer, and SMC, can be used. In this paper, firstly, the
VOC approach is used to control the VR in order to
mitigate the output DC voltage ripple, input current THD,
and grid-side power factor [3][8][10]. Secondly, The
DPC approach is applied instead of VOC to control VR
due to its feature of direct regulation of active and
reactive power components [11].

There is a lack in the literature concerning the
controlling of VR-EV charger using the DCP technique.
The few papers found in the literature were considered a
small simulation time (0.2-1.5 S). Generally, they
considered a resistive load instead of a battery model.
The variation of the state of charge (SoC) and the time
needed to reach the full charging were not taken into
account [12][13]. In addition, there are no researches that
compare VR-VOC and VR-DPC. In this context, the
research gap can be identified firstly by modeling a VR-
EV charger, then integrating VR-VOC and VR-DPC
considering a battery model and long simulation time
enough to reach the full charging, and finally comparing
the obtained results. Our adopted methodology in order to
fill this research gap is depicted in Fig.1 as a flowchart.
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The objectives of this research are the following:

e To model and simulate, using Matlab/Simulink
software, an off-board Vienna EV charger
controlled once by the VOC method and another
by the DPC method.
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Figure 1. Research methodology flowchart.

NO

e To compare and analyze the obtained results of
both VR-VOC and VR-DPC models based on the
waveforms of AC input variables, total harmonics
distortion of input current, output DC voltage,
state of charge of the battery, and the battery
voltage.

The rest of this paper will be organized as following,
section Il deals with the principle operation of Vienna
rectifier, more details will be given in section IlI
concerning the VOC and DPC methods, the overall
models of VR-VOC and VR-DPC implemented and
simulated using Matlab/Simulink software will be the
object of section 1V, sections V and VI will be dedicated
for the results discussion and the conclusions/recom-
mendations respectively.

Il.  VIENNA RECTIFIER MODELING

The electric circuit representing a 3-¢/3-level Vienna
rectifier is illustrated in Fig. 2. It consists of six switch
devices; each of them is connected anti-parallel with a
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diode and stressed by half of the output DC voltage. It is
also composed of six diodes, two capacitors at the output
DC terminals, and three inductors at the grid side. The
neutral point of the three-phase input AC source and that
of the output DC-link are grounded. Each phase is
represented by a leg with four modes of operation. The
three legs have the same behavior with a phase shift of
120° [14]. The current takes different paths depending on
the operation mode. The modes for phase-a are formed
referring to the variation of source voltage and the state
of S;, S,, and D;. The first mode includes the forward
bias of D; when the source voltage is positive half cycle
and transistors are blocked. The current path will be
V,LsRsD;C;. In the second case, the source voltage is still
positive half cycle, switches will be forward bias, and
diode D, is opened. The current takes the path
VaL.RS:S,. In the third scenario, when the source
voltage goes in the negative half cycle and transistors
S:S, still conducting. The current follows the way
S1S:RsLsV,. In the last mode of operation, transistors S;S,
turned off while the source voltage is still negative half
cycle resulting in forward bias D,. The current flows in
the path C,D,R,LV..

Variables S, (X = a, b, ¢) are specified as the switching
states of the three bidirectional switches to simplify
modeling. Sy = 1 or 0 denotes an ON or OFF switch,
respectively. The Vienna rectifier's i, is mathematically
determined referring to the circuit configuration,
switching states, and the AC source currents as follows
[10]:

I'f.'l = Saia + Sbib""gcic: - I'|:'1 + icz (1)
The difference between the upper and lower DC-link
voltages is referred to as the neutral-point voltage (V) of

the Vienna rectifier. This voltage is impacted by i, which
has the following expression.
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Figure 2. The Circuit model of a three-phase Vienna rectifier.

I[1l. CONTROL STRATEGIES

This section will give a theoretical background related
to the selected two control techniques. They are called the
voltage-oriented control (VOC) method and the direct
power control (DPC) method. The VR will be
individually controlled by the VR-VOC and other once
by VR-DPC.
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A. Voltage-Oriented Control

The VOC approach permits the minimization of
interference. With a Hysteresis Pulse Width Modulation
(PWM) technology the system performance can be
improved [14]. The Phase Locked Loop (PLL) must first
be fed with line voltage V., and the voltage angle is then
utilized to transfer line current and voltage from three
phases to dg coordinates. Using the dg coordinate values
and the DC link voltage value a decoupled control can be
achieved as a second step. Finally, the switching process
can be done using the PWM block. S = 1 implies that the
upper switch is in conduct mode and lower switch is
blocked. If S = 0 indicates that the upper switch is
blocked and the lower switch becomes shorted referring
to the source voltages [15]. As depicted in Fig. 3, the
suggested method uses VOC technology to regulate the
charging mechanism with lower current harmonics. Clark
and Park transformation matrices are implemented in the
two-phases a0 and dg0 domains, where the voltage-
oriented controller largely operates [14].

The coordinate transformation is done to create the
synchronous rotating coordinate system, which simplifies
the system's control structure. The included angle is zero
if the d-axis in the d-q coordinate system and the a-axis in
the ABC coordinate system are in the same direction. The
transformation from ABC to af8 coordinates is the first
stage of the transformation. Secondly, the coordinate af
will be transferred to the dq coordinate [16]. By altering
the transformation method, the control variables on the
AC side become the DC signals. According to the
following methods, proportional integral controllers can
readily eliminate steady-state errors [1].

-1 -1
1 — — [|Ya
vﬂ _ 2 2 2
[vﬁ] =l & a7 ®)
0 B By,
2 2
[Vd] _ [ sin® cos-ﬁ'] [va] 4
Vq —cosfl sin@l|Vs
Vg = Kp(igr-ig) + K (Ig* - Lg) dt (®)
V= Kp (ige-ip) + Ky (ige - i) dt (6)

K, and K; are the gains for the PI controller, iq and iy are
input currents in the dq0 domain, and iy and iy are the
reference signals for ig and iq.

=y

2

oS {Hl {lﬂ‘.[““[l .

Figure 3. Voltage-oriented control structure for Vienna rectifier.

The operation of the Vienna rectifier has been
controlled, as shown in Eq. (7), by using an inverse park
transformation after collecting the reference voltages vgq
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and vq* which are utilized to create the gate switching
pulses V.

[vaﬂ} 3 [sina
Vp* cos®
B. Direct Power Control

The block diagram of a typical DPC configuration is
shown in Fig.4. Zero reactive power qr.r and active power
prer reference, which is delivered from the DC bus
voltage controller, are compared with the calculated Ps
and Qs values given by Equations (8) and (9),
respectively, by means of two-level hysteresis controllers.

o llog] O

Ps(t) = vsg-isu + Vg 'isb + Vg 'isc (8)
1 . . .
Qs (t) = E [(vsb'vsc)lsa + (vsc'vsa)lsb +(vsa'vsb)lsc (9)

Where; Ps(t) and Qs(t) are the instantaneous real and
imaginary source power.

The control scheme is also based on the cascade
control structure, except that the inner loop controller is
nonlinear. The DC-link voltage V. is controlled by a
linear PI controller, which provides the reference for the
active power P, whereas the reactive power reference
Qg" can be set arbitrarily.

IV. PERFORMING SIMULATION

In this section, the implementation of the two studied
systems (VR-VOC and VR-DPC) into Matlab/Simulink
software will be investigated. The components of each
system, input signals, measured signals, output variables,
and the corresponding control techniques will be
clarified.

A. Vienna Rectifier with VOC

The Matlab/Simulink overall model of VR-VOC is
shown in Fig.5. It consists of a three-phase AC inputs
system, a three-phase transformer, a three-phase RL lines,
the Vienna rectifier, a DC-to-DC buck converter, and a
lithium-ion battery as an imposed load to the charging
station when the EV plugged-in. More details related to
the simulation parameters and the clarification of the
adopted control method are given in our previous paper
[17].

B. Vienna Rectifier with DPC

The Vienna rectifier is now controlled by a direct
power control technique. The Simulink overall model is
illustrated in Fig.6. Starting from the measured values of
input voltages and currents at the input terminal of the
Vienna rectifier, the real active and reactive powers are
calculated referring to equations (8) and (9). In this
control technique, the reference reactive power is settled
to zero value in order to maintain a unity power factor.
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Figure 4. Direct power control structure for Vienna rectifier.

While, the reference active power value is obtained
from a proportional integral derivative (PI) controller
where the measured value of DC-link voltage is
compared with its reference value of 100 V in order to
estimate the reference battery charging current. This last
is multiplied by the value of DC-link voltage to obtain the
reference active power value. The real active and reactive
power values are compared with their reference values.
The resulting errors from these comparators are entering
into limiter blocks then they are used to generate the duty
cycle for switching process.

V. RESULTS AND DISCUSSION

In this section, the AC input variables at input
terminals of the Vienna rectifier, the output DC-link
voltage, the state of charge of the battery, the battery
voltage, and the THD of phase-a at 100 A reference
constant current will be presented and commented on.

A. AC input variables and output DC voltages

The variation of three-phase voltages applied at the
input terminals of the Vienna rectifier due to the use of
VOC and DPC techniques are given in Fig.7(a) and
Fig.7(b) respectively. They have a sinusoidal variation
with respect to the simulation time. Their THDs are kept
at very low values due to the closeness in shape to the sin
wave. In Fig.8, the injected three-phase currents at the
input terminals of the Vienna rectifier for both VOC and
DPC methods are illustrated. By using VOC, these
currents are slightly affected by the switching procedure,
and they have a quasi-sinusoidal shape (Fig.8(a)). When
DPC is employed, these currents have more distortion in
their shapes due to the switching process (Fig.8(b)). Fig.9
depicts the variation of output DC-link voltage with
respect to the simulation time at the output terminals of
the Vienna rectifier. It is clearly seen that the adopted
control techniques are well operated and fixed the output
voltage at more than 90 V DC with a low peak-to-peak
ripple voltage using the VOC technique (Fig.9(a)) and at
about 100 V DC with high peak-to-peak ripple voltage
when DPC technique is employed (Fig9(b)).
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Figure 9. The output DC-link voltages

B. SoC and voltage of the battery

Starting from an initial value of 80 % state of charge of
the battery and at different charging constant current
values of (60A, 80A, and 100A) for both VOC and DPC,
the SoC is shown in Fig.10(a) and Fig.10(b) respectively.
By using VOC or DPC control method, the obtained
SoCs have the same shape. It can be seen that the higher
the battery charging current the faster the battery full-
charge. The battery reaches its full-charge at about 860
seconds when charging current of 100 A is injected into
the battery, while more than 1000 seconds is needed to
reach the full-charge when 80 A or 60 A is applied.
Fig.11 illustrates the variation of battery voltage with
respect to the simulation time at different constant
currents of 60, 80, and 100 A for both VOC and DPC
methods. The same behavior is also obtained for the both
control techniques. When a charging current of 100 A is
imposed, the battery voltage has a constant value of about
53 volts from origin point until 500 seconds that is
corresponding to more than 90 % SoC. After this, an
increase of about 6 Volts is gained until the full-charge at
860 seconds. A slight increase of one volt with linear
behavior is observed from full-charge instant until the
end of simulation time. The same behavior is occurred at
80 A and 60 A but with a wider range of charging time.

C. THD of phase-a of input current at CC of 100A

Fig.12 depicts the THD of input current at the input
terminals of the Vienna rectifier when charging constant
current of 100 A is imposed to charge the EV battery for
both VOC and DPC methods. The content of harmonics
injected into the grid due to the switching process of the
converter using VOC is at low value of 1.87 % because
of the quasi-sine wave of current. A high harmonic
contents of 5.88 % injected into the main line, at which
the VR is connected, can be observed as a result of the
distortion of the current waveform when DPC technique

is adopted.
(a) VR-VOC
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Figure 11. Battery voltage.

VI. CONCLUSIONS AND
RECOMMENDATIONS

This work is dealt with the comparing of two control
methods namely VOC and DPC in order to control an
off-board Vienna rectifier for charging an EV battery
from a national grid using the software Matlab/Simulink.
The conclusions that can be drawn are as follows:

e The three-phase input voltages imposed at the
input terminals of the VR are slightly affected by
the switching process. They almost have the same
sine waveforms for both VOC and DPC methods.

e The drawn three-phase currents from the grid have
quasi-sine waves when VOC technique is used
resulting in a low THD of 1.87 %. While, when
DPC technique is employed, they contained more
harmonics with a high THD of 5.88%.
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Figure 12. THD of current of phase-a for charging current of 100 A.

e The SoC of the battery and its voltage level are not
affected by the control techniques. For both VOC
and DPC, they have the same variations.

The VOC method has superiority over the DPC
method in terms of the sine-wave closeness and
the THD but in terms of simulation time; it takes

more time comparing the DPC.

In terms of recommendations, many tasks may have

been added to the present research in order to improve its
contribution. Firstly, an experiment can be realized, and
then compare the obtained results with those obtained by

the simulation presented

in this work. Secondly,

introducing the artificial intelligence to optimize the
switching process. Finally, an economic study can be
reflecting the benefits of the transition to electric vehicle
adoption.
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