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Electric cars are becoming more and more popular. In 2019, 2.2 million electric cars were
sold around the world, and that number increased in 2021 to 6.6 million. Microgrids prove
to be a viable resolution to the challenge of integrating large-scale electric vehicles and
renewable energy sources into the electric power system, given the exponential expansion
of both industries and the demand for electric vehicles (EVs). Additionally, the principal
policy objective of the government is to enhance the accessibility of public recharge
stations designed to accommodate EVs. The study applies cutting-edge technologies to the
development of fast-charging (FC) stations. Because DC charging offers unlimited power
and quick power transfer, vehicle-to-grid technology can be implemented in a microgrid
using DC power transmission. However, incorporating EVs into a microgrid system
presents some operational difficulties. In this study, these difficulties are related to power
quality (PQ) problems like harmonics in power systems, which have an impact on
consumers as well as utilities. The efficacy of the control system was assessed through the
simulation of design models employing MATLAB-based vector control and constant
current-constant voltage (CC-CV) techniques. Through the reduction of the system's total
harmonic distortion (THD), both strategies contribute to the enhancement of the PQ and
performance of the control system as assessed by these simulations. Based on the findings,
the controller demonstrated a decrease in THD and an enhancement in waveform quality,
resulting in high accuracy and good performance. The DC-Bus receives power
transmission from the AC network that is near the unity power factor (PF) and is
distinguished by a sinusoidal current.
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1. INTRODUCTION and supply, is used by all three FC DC levels.

FC of EVs has severe consequences on the network's PQ.

Recent research and development efforts associated with
the automotive sector, such as those listed in the studies [1-5],
have placed a significant amount of emphasis on the design of
forms of mobility that are both extremely energy efficient and
completely free of emissions. When this is considered, it
seems that traditional internal combustion engine (IC) vehicles
can be most effectively replaced by electric and hybrid
vehicles [6]. However, Certain crucial factors must be
considered before EVs become widely available to the public.
In our opinion, the biggest obstacle to the mainstream adoption
of EVs is range anxiety. Another important objective in
expanding the EV market is reducing the time needed to
charge the vehicle. From this point of view, DC FC is an
interesting chance. As stated in the study [7], DC FC can
reduce the charging time to between 20 and 30 minutes.

According to the standards set forth by SAE J1772, there
are three distinct levels of FC that are defined. Table 1 defines
these three levels [8].

Electric Vehicle Supply Equipment (EVSE), an offboard
charging device that serves as a conduit between the vehicle
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PQ degradation is caused by numerous factors, the most
prominent of which are harmonics in line currents, phase
imbalance, voltage variations, DC offset, phantom loads, and
stray fluxes [9]. Chargers of EV, due to their nonlinear nature,
cause higher-order harmonics to be introduced into the line
current that is drawn by them [10, 11]. These issues will have
a negative impact on the efficiency and lifespan of the
distribution network's hardware. In addition to this, the
component of harmonic current that is being carried by the
power transformers and cables causes extra I2R losses to be
incurred. Many studies have been conducted about AC/DC
converters' effects on PQ in EV chargers. PQ in the
distribution system is analyzed in the study [12], which
examines the effects of varying charging rates for EV batteries.
Pan et al. [13] investigates the impact that harmonic currents
have on a system that supports the FC of more than one EV.
PQ from onboard chargers currently on the market is subpar
because of harmonic components [14]. Line current with
lower-order harmonics causes poor PF and wastes energy
because of poor utilization of available voltage and amperage.
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As there is a greater demand placed on the charging system,
the harmonic distortion issue becomes more severe. In Basu et
al. [15], a method is provided for reducing the injection of
high-harmonic current into the distribution system. The
standards that have been established to limit the number of
harmonics that can be injected into a system are listed in the
study [16]. These standards have been referred to as "harmonic
injection limits." By making a few adjustments to the charger's
management system and installing a voltage source inverter
(VSI), which prevents the charger from feeding back any
harmonic currents, the input current quality can be greatly
improved. In addition, the current management of the
converters is more successful than voltage control in assuring
increased PF operating and reducing current transients [17]. In
addition to this, the addition of FC stations to the grid might
have several unfavorable effects on the distribution network
[18]. An increase in network peak load is one of the most
significant effects [19].

Table 1. The DC charging levels

Level Charging- Charging- Power-Rating
Voltage (V) Current (A) (kW)
1 200.00-450.00 80.00 36.00
2 200.00-450.00 200.00 90.00
3 200.00-600.00 400.00 240.00

Due to the considerable amount of volatility exhibited by
the charging load, it is difficult to restrict the charging
behavior to times when the load is low, which results in bigger
variations in the system's peak [12]. This ultimately has a
negative impact on the distribution network equipment's
utilization efficiency. In addition to these impacts, there is also
an increase in the amount of energy that is lost [20], as well as
negative effects on the voltage profile and the distribution
transformer [21, 22]. If the charging is not synchronized, there
will be a significant impact in the form of overloaded
conductors and cables, low voltages at the consumer end, and
a violation of the planning limit [23]. It has been proposed that
various demand-side management methods [24, 25] be
implemented to deal with the increased power consumption by
FC stations. One strategy is to use systems that store energy
[26, 27]. Funke et al. [28] proposes a hybrid energy storage
solution that employs a superconducting magnetic energy
storage (SMES) system in conjunction with battery storage for
a rapid charging station, thereby limiting the power magnitude
and power change rate of a charging station using hybrid
storage compensation. In the study [29], the FC station utilized
a flywheel energy storage system for power balancing. This
was done to reduce the negative effects of rapid charging on
the utility grid by scaling the power peak.

FC infrastructure for EVs is given in this paper's
accompanying model. Implementing a charging strategy using
Constant Current-Constant Voltage (CC-CV) mode, as well as
resolving PQ challenges associated with source-end
harmonics, are covered. Finally, an ideal energy management
strategy is proposed to reduce the strain on the power grid
using renewable energy sources.

The purpose of the research is to develop two efficient
control algorithms (vector control and CC-CV) for FC
technology in the proposed charging station based on the
concept of fast charging. To reduce total harmonic distortion
(THD) and improve power quality and system performance.
Finally, the proposed control techniques are evaluated.

The remaining sections of this article will be presented in
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the following order:
e  The details of the FC station's system architecture and
design are covered in Section 2.
e  Section 3 discusses the purpose system topology for the
FC station and the modeling of the overall system.
e Control methods for battery chargers and AC/DC
converter are covered in Section 4.
e In Section 5, the FC station model's simulated results
are displayed.
e  Finally, the conclusion of the paper.
The Contributions in this paper are:
1. Shortening the charge time of an EV's battery.
2. Attempting to achieve a unity PF for the FC station
connected to the utility grid.
3. Lower total harmonic distortion (THD) of the FC station
source current

2. FC TERMINAL DESIGN

Figure 1 depicts the design for the suggested EV's FC
station. As can be seen, the proposed architecture only requires
a 3-phase AC-DC grid converter to be realized in the form of
a DC-Bus, with DC-DC converters serving to connect the EVs
that are being charged. Using a straightforward DC-DC
converter, the DC-Bus enables the direct connection of
Renewable Energy Source (RES) generation systems. When
compared with the AC bus architecture, it is predicted that the
overall conversion losses are reduced by fewer than 10% when
using the DC-Bus architecture [30]. The grid is used to provide
three-phase power. To reduce the voltage from the level of the
distribution grid to the level at which EV batteries operate, a
three-phase transformer is utilized. A three-phase AC/DC
converter creates a DC-Bus by converting AC power to DC
power. DC/DC converters are used to connect EVs to the DC-
Bus so they can be charged. Numerous factors must be
considered while planning an FC station, including:

e The number of rechargeable EVs is limited by the

available parking space.

e  The determination of the level of demand for FC slots

in a specific region.

e Normative constraints on the network, including

voltage and power.

e The maximum amount of power that can be delivered

to each vehicle as it is being charged.

Converter Converter
Grid )
AC/DC e s e 1 &
Transformer copverter @ ~ *@‘ @ ~ ..é‘
. | (. f |
DC/DC DC/DC
Converter Converter

Figure 1. Illustration of the proposed FC station

The following equation can be used to make an
approximation of the rated capacity of FC station Sr in VA:

— KioadNslotPev
Sp=——>=
cos @

(1)



where, Ny, indicates how many slots are available for each
car to charge, cos ¢ indicates the system's PF, P,, indicates
the maximum charging power rate for an EV, and k;,44
indicates an overload factor to take transient overloading into
account. Typically, the grid voltage is used to determine the
DC-Bus voltage (v,.). However, because the transformer
connects to the grid, the bus voltage can be selected
independently of the grid voltage level. However, the highest
limit on the v, is determined by the minimum modulation
index m,,,;, of the battery charger in addition to the battery's
minimum voltage Vy,inpae- This is shown in Eq. (2):

bat
< Vmin

)

Vac Mmin

The amount of DC capacitance required to withstand the
DC current ripples directly affects how stable the DC-Bus is.
Since many chargers are required to connect to the DC-Bus,
the DC ripple current could potentially be rather significant,
necessitating a high capacitance value. In this study, the
capacitance of the DC-Bus was determined by applying the
approach described in the study [31] and considering both the
rated active power as well as the rate at which the energy
stored in the capacitor changed throughout the transient. The
value of the capacitance can be found by applying Eq. (3):

SR.2nt.Ap.cos ¢
vi.Av

Cac = (3)

Vector Control
(Closed Loop)

where, ¢ represents the period of AC voltage, » is a multiple of
t, Ap represents the DC power range of change, and Av defines
the permissible v, range of change, in percentage, during
transient.

3. PROPOSED SYSTEM TOPOLOGY FOR DC FAST
CHARGING

As can be seen in Figure 2, the architecture that has been
suggested for charging EV batteries makes use of two stages.
The first stage consists of a 3-phase supply source, FEC, DC-
Bus, and our proposed controller using the Vector control
method. The second stage consists of a buck converter which
is controlled using a constant voltage constant current control
method and EV batteries.

The output voltage of the 3-phase AC supply is 380 VAC
which is used as input to the FEC which is used to change the
3-phase AC voltage to DC voltage and helps to reduce the
THD of the system and bring the PF closer to unity. The
control used to help with this is the vector control method. The
first stage controller is used to balance the DC-Bus voltage,
which is the input to the second stage and represents the
midpoint of the total charging system. It communicates
directly with the electric vehicle batteries, which are charged
using a DC buck converter. It is controlled by a CC-CV, which
takes the values measured for batteries such as voltage, current,
and SOC, and produces a duty cycle that regulates the buck
converter based on them.

Constant Current -
Constant Voltage

Controller |
i
Supply Parameters Gate Pulse DC Bus Parameters Duty Cycle Battery Parameters
1 T
Ph " Front End / \ ‘ Buck v
& - Ph Supply Converter { bc B;- I Converter | *| EVBattery
Stage 1 Stage 2

Figure 2. The first stage AC/DC is made up of a FEC which is responsible for feeding the second stage, which is made up of a
buck converter and EV battery
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Figure 3. FEC schematic
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3.1 Front-end converter

Figure 3 shows the FEC is made up of a total of six switches,
labeled S; through S; . The converter accepts a 3-phase
sinusoidal input voltage at line frequency and outputs a quasi-
square wave at a high frequency. The FEC has been modulated
using a variety of approaches, which have been researched in
Basu et al. [15], and the study [15] provides a description of
the modulation method that was suggested for use with this
topology.

Despite any changes in the voltage provided by the supply,
the goal of an AC/DC rectifier is to keep the DC link constant
while also preserving the unity PF [16]. In this subsection, we
analytically establish the connection between the input voltage
and the constant voltage of the DC link. The formula is
obtained in the d — g reference frame with the presumption of
lossless switching and a symmetrical AC power supply. Figure
2 may be used to determine how to write the governing
differential equations [17], which can be written as:

LE2 4 Riy = By — Vac (Sp — 335215, ) )
lgc = T3y Syl = Cac =% )
where, ¢ is the number of phases, L is the inductance, and i,
is the line current. R represents the overall resistance of the
active rectifier switches as well as the parasitic resistance of
the input filter; The phase voltage is denoted by E,; S,
denotes the function of switching; I, is the DC current that is
produced by the AC/DC rectifier, and V. is the DC voltage
that is generated by the AC/DC rectifier.

When the switch is in the OFF position, S;, S,, and S5 are
all equal to zero, but when the switch is in the ON position,
they are all equal to one. Egs. (4) and (5) are rewritten using
Clark's and Park's transformation to be interpreted in the
stationary d — q reference frame [5].

Va = L2+ Rig — Lwig + SaVac (6)

V, = L5284+ Rig + Lwig + SVac ()
3 . .

lac = 5 (Sata + Sgiq) ®)

where, w denotes the network frequency, i4, ig, V4, and V; for
current and voltage on the d — q frame, respectively, and Sy
and S, are switching functions in the d — q reference frame.
Because of the high-switching frequency (SF) and the
relatively low value of the input inductor compared to the
value of the inductor on the battery side, the voltage drop at
the inductor is not considered. In view of this, Egs. (6) and (7)
become [5]:

Vd = Rld - L(l)lq + SdVdC (9)

V, = Rig + Lwig + SgVye (10)

According to the d — q reference frame [5], the active and
reactive powers are given as:

P =2 (Vaiq + Vyig) (11)
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Qrcs =2 (Vaiq = Vyia) (12)
where, Psub-FC sstations are the total active and reactive
powers drawn by EV FC which also includes power losses in
the system. In the steady state i; = 0 to approach the unity PF
and V; = 0 because it is assumed that the d-q frame is spinning
at speed and that the d-axis is pointing in the same direction as
the supply voltage. Eq. (11) with the help of (8) and (9)
become [5]:

2RI,
- 2
3s2

P + Vaclac (13)

3.2 Buck converter

A DC-DC buck converter is essentially made up of power
switches, like MOSFETSs or IGBTSs, which will govern pulses.
A MOSFET serves as the power switch in the circuit design
depicted in Figure 4, which steps down DC voltage from a
high level to a low one [32]. This circuit's goal is to generate
an entirely DC output.

A power conversion regulator is even more vulnerable to
AC fluctuation and noise than a DC power supply. High-
frequency waves are frequently coupled to the output voltage
due to the switching and transition frequencies; because of this,
a filter such as an LC low-pass filter was added to the
fundamental circuit to generate a DC output voltage.

When the switch is turned on, the diode will undergo a
process called reverse bias, which will cause it to supply
energy to the load as well as the inductor. When the switch is
in the OFF position, the diode will develop a forward bias, and
current from the inductor will pass through the diode. A
portion of the energy that it has stored will be transmitted to
the load. With this circuit layout, low loads can be powered by
high levels of voltage [33].

To charge the battery, the DC-DC buck converter must
reduce the 800 VDC coming from the DC-Bus to the battery
voltage. To prevent audible noise when using a capacitor of
100 pF, with a switching frequency 20 kHz. The gate pulses
are generated by a control unit that implements the technique
of constant-voltage constant-current.

Controller

>0
=
>0

Figure 4. Schematic diagram of a buck converter connected
to a low-pass filter

3.3 Li* battery modeling

Most EVs use lithium-ion batteries because they are better
than other types of batteries in terms of energy density, self-
discharge, maintenance, and the number of times they can be
charged and discharged [18]. Here, we use the battery's
dynamic model [18] to express the connection between state-
of-charge and terminal voltage as:



K—2— [ I, dt + Ae Bl vdt

V=V, = 1pl, — 0= Ipdt

(14)

where, V, and 1, are the voltage constant and the internal
resistance in ohms of the battery, K and Q are the polarization
constant in (V/Ah) and the rated capacity of the battery in (Ah)
respectively, [ I, dt is extracted battery charge in (Ah), A is
exponential zone amplitude (V), B is the exponential zone
time constant in (Ah™1) and I, is the battery charging current
in (A). Theoretically, [ I, dt = 0 when the battery is fully-
charged. Therefore, Eq. (14) can be written as:

K Q(Q-JIpdt) + Ae—B/Ipat

Vo =Vo =1yl — [Tyt

(15)

SOC for the battery is seen in (16). SOC;, is regarded as
having a value of 0, whereas SOC values range from 0 to 1 [5].

Je 1pat
Q

S0C = SOC;, + (16)

As can be seen from all of the above, there are two parts to

the power needed to charge an EV:

e The input filter's parasitic resistance consumes power
and varies with the AC-side voltage and the EV
battery's SOC.

e The SOC of the EV's battery affects the power losses
that occur in the output filter of the DC/DC buck
converter, r,, and the amount of power that the battery
uses while it is being charged.

Therefore, the amount of power used by the FC will be

dependent on SOC of the EV's battery as well as the AC-side

supply voltage.

4. CONVERTERS’ CONTROL SCHEME
4.1 Block diagram of vector control based FEC

Numerous power electronic systems are constructed from
3-ph voltage-source converters. To generate the switching
signals for the converter, the vector control method is used.

Figure 5 shows the block diagram of the proposed vector
control used for FEC [34, 35]. A standard proportional-
integral (PI) controller is used to run the converter in a closed-
loop system. The least overshot, minimum settling time and
minimal steady-state error requirements are met by PI current
controllers in the d-q axis when they are developed and
analyzed.

The DC-link's dynamics are then used to inform the design
of a PI voltage controller that will allow the voltage control
loop to function as intended [34, 35].

The principal benefits of this system include:

e Under various situations, the controller system ensures
a unity PF.

e Power injection into the DC-Bus is under complete
control, and voltage fluctuations caused by load effects
can be compensated for.

e It has better speed holding.

e It has better response to sudden load changes as well as
greatly improved torque at low speeds.

3-ph ) Front End
AC Grid Converter
Va.b,c 2 i:‘Lb,c T
PWM
Line Voltage and Current
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Vu.B iu.B

aftodq
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Vig id.q Decoupling R
terms

!

q - Current
Controller

!

ig—»

o

4—, > dqtoap
0
N |
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d - Current
Controller

!
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» DC Bus >
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Ve Measurements
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-«
terms

g
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Figure 5. Block diagram of the proposed vector control for FEC

4.2 EV charger control

Figure 6 provides a diagrammatic representation of the
control system for the EV charger. The EV is connected to the
DC-Bus via a DC/DC converter, which is also known as the
battery charger. In the study [36], the CC-CV charging scheme
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is the type of charging method that is utilized for the charging
of EV batteries. In this method, the current through the battery
is held steady from the beginning, while the voltage through
the battery is allowed to gradually increase until it reaches a
target level. This mode is known as CC. When the voltage hits
this point, the current is permitted to decrease while the



voltage is kept constant at the predetermined level. This mode
is called CV.

The CC mode is used for most of the charging process. The
DC/DC converter's switching is managed by the controller
created for CC-CV charging, which also produces an output
that is appropriate for an EV battery. The processor gets
information about the battery's voltage and current through
feedback. The MATLAB-coded CC-CV program generates
voltage and current reference signals. For each operating mode,
an individual P-I controller processes the error signals. The
duty ratio for the DC/DC converter can be derived from the Pl
controller's output. This command for the duty ratio is sent to
the PWM generating circuit, which in turn provides the gating
signal for the switch that controls the converter [36]. The
program for the CC-CV controller is depicted as a flow chart
in Figure 7.

DC Bus
Bvbatery | | gy Battery
charger
]
Battery Parameters
Constant Current -
Gate Pulse Constant Voltage
Controller

Figure 6. Scheme of a controller for EV chargers
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Figure 7. Diagrammatic representation of the CC-CV

controller's programming flow

5. SIMULATION RESULTS
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Figure 8. Shows the grid voltage and current, total harmonic distortion, and the voltage of DC-Bus
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Based on Figure 2, MATLAB Simulink was used to
perform the simulation investigation. The findings from the
simulation are presented in the figures that follow. The
waveforms for the voltage and current that are pulled from the
grid by the FC station are depicted in Figures 8 and 9,
respectively. The FC station draws current from all three
phases of a sinusoidal input current while producing
significantly less distortion.

The effectiveness of both controllers may be determined by
studying the effect of THD on the injected grid current, as

600

400 t f’

Va (V) -Ia(A)

[ /TN \ / TN
f/ / | 4 .\.\

shown in Figure 8. The THD of the current injected into the
grid is less than 1.5% for the utilized controller. THD is
reduced due to the filter's design, which reduces the harmonics
of the current that the inverter absorbs.

Figure 9 demonstrates that a high PF close to unity is
achieved without any lag between the current and voltage of
the source. Figure 8 depicts the voltage characteristic of the
DC-Bus, which eventually stabilizes at the steady state value.
According to the SOC graph the SOC% increased from 20%
to 80% in 56.34 minutes.
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Figure 10. EV battery's SOC characteristic, voltage, and current while it is being charged
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Figure 11. SOC% with respect to time in CV mode when
battery SOC’s above 80%

Figure 10 depicts the SOC characteristic of the EV's battery
together with the waveforms of the battery's voltage and
current when the vehicle is operating in CC mode. Also
demonstrates the characteristic of the battery voltage, which
virtually never changes throughout this period, and the
characteristic of the battery current, which almost never
changes. When the battery has around 80% of its capacity left,
it switches from CC mode to CV mode. The waveform of the
percentage of charge remaining in the battery is depicted in
Figure 11, which depicts CV mode.

6. CONCLUSION

In this article, a model of a FC station that can provide FC
of EV is proposed. To implement a DC-Bus, an AC/DC
converter is connected to the power grid. The converter was
constructed in such a way that it could achieve PF operation
that was very close to unity while also drawing minimal line
current harmonics. When the load changes, the efficacy
remains consistent. According to the findings, the v,., V},, and
I, all behave in a suitable dynamic manner. The proposed
control method significantly lessens the occurrence of
harmonics in the line current. The control is not only
reasonably simple to construct, but it also provides high
dynamic performance in terms of the stability of the v,.. The
charging modes can be effectively controlled using the
controller created for CC-CV charging. By decreasing the net
energy withdrawn from the utility, the suggested model is also
beneficial in lessening the impact on the grid. The benefit that
comes from having a well-coordinated electric utility
operation.

In the future, rather than implementing the proposed system,
subsequent work provides size reduction and efficiency
improvement over implementations, which may minimize
installation costs by allowing more power delivery on the same
station footprint and maximize operating profit by reducing
power lost in the conversion phase.
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