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Nowadays, the integration of fast Electric Vehicle (EV) charging station with microgrid becomes very challenges
due to non-linear behavior of load unit. These charging unit produce harmonic distortions which reduce the
power quality. To ensuring the stable voltage and current profile as per IEEE standard while connecting Grid-to-
Vehicle (G2V) has becomes challenging issue. In this paper, an efficient off board 3P3L4W (Three-Phase Three-
Level Four-Wire) T-Type Vienna Rectifier (TTVR) for fast EV charging stations with suppressed Total Harmonic
Distortion (THD) level and power quality enhancement is presented. TTVR interfaced with Improved Instanta-
neous real and reactive power (IIPQ) control strategy to maintain low switching losses, enhanced steady state
and dynamic load response. Hence, this proposed Fuzzy Logic Controller based IIPQ control strategy has been
employed to maintain constant DC-Link voltage and capacitor voltage VC1, VC2. This method is validated by
using MATLAB and experimental validation also carried with 15KW laboratory prototype using digital signal
peripheral Interface controller (dsPIC30F4011), Rapid Hyper-fast Recovery Glass (RHRG30120) power diodes
and Silicon Carbide Metal-Oxide-Semiconductor Field-Effect Transistors (SiC MOSFETs IRFP260) switches to
maintain high switching stress and low ON-State losses. The average THD value obtained is close to 2.5% which
implies power quality enhancement, battery charging efficiency and highlighting the feasibility and adaptability
of the proposed system for energy conversion and advanced EV charging station infrastructure development.

Introduction the statistics, in the year 2024 the fast-charging stations valued around

8.3 billion and then it is expected to reach around 100 billion by the year

The usage of Electric Vehicle (EV’s) has been increased in recent
years which act as suitable alternative transportation instead of using
fuel-based vehicles. For past few years, entire world moves towards EVs
for mobility due to zero pollution in environment, greenhouse effect and
carbon footprints. So, the expansion of Level 3 DC fast charging is
essential for EVs which provide a concrete solution to suppress the air
pollution and thereby improves the air quality level towards the sus-
tainable healthier environment [1]. Nowadays, government sector
comes forwarded to introduce various policies and subsidies for pro-
moting EVs and its charging infrastructure. These kinds of initiatives
make us to use e-mobility from fuel-based transportation [2]. Globally,
the expansion of fast EV charging unit gets increased every year. As per
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2030 [3]. In India, around 40% of the charging stations equipped with
fast charger infrastructure which significantly reduce time and cover
long distance travel.

The main critical thing in EV based ecosystem is to make ensure
providing more energy efficient, reliable and stable charging infra-
structure to satisfy the customers. Energy efficient ON-board fast DC
Charging stations is getting increases everywhere to meet out the public
demand [4]. The advanced smart grid integration with renewable en-
ergy provides the better solution for this consistent development in EV
charging infrastructures. Government has planned to integrate renew-
able energy like solar and wind with EV Charging station is very much
needed in coastal areas for sustainability and environmental protection.
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Table 1
Preceding affined works: contribution and limitations.

References Control Approach and Limitations observed
contribution
[5] A combined wind and grid- e Lacks analysis on power
powered (CWGP) onshore beach quality concern and fast
charging station (OSBCS) - charging perspective and THD
comprehensive overview of the spectrum
feasibility and environmental
impact of the charging station
[7] Bidirectional onboard charging o Voltage stress more in the high
with CLLC resonant converter switching operation and cause
used with high frequency switch EMI
e Fast charging not applicable
e Lacks analysis of Power
quality disturbances
[8] Unit vector control technique e Renewable energy sources not
used to maintain power quality used to compensate or inject
during fast EV charging with during power quality issues
optimization e Lack of adaptive control
techniques like fuzzy
e Lacks analysis of THD
spectrum
[9] High gain optimized HGNISUC e Lacks voltage balance study in
converter with type-2 fuzzy the Load side capacitor
system to track maximum e Medium frequency
power point in step-up DC-DC transformer leads to more ON
converter state losses
[10] Level 3 electric vehicle charging e Step-up and Step-down trans-
with solar PV along with MPPT former used before rectifier as
controller isolation network which in-
creases complexity of the
system
o Lacks efficiency analysis of
P&O type MPPT used which
advanced features of recent
tracking system
[12] Reducing electric vehicle e Lack of analyzing the THD
charging impacts on grid spectrum induced in the
through machine learning transmission and distribution
concepts system
e Lacks analysis of dynamic grid
integration and economic
considerations
[13] Solar powered smart charging e Lack of integrating other

system contributed with 1)
effective load management of
EVs 2) real-time monitoring of
charging slots at a charging
station, 3) smart security
system, and 4) integration of

renewable energy sources like
wind or biomass
It works under a specific
location alone not adoptable
for all location and complexity
Lack of analyze power quality
renewable energy resources disturbances while connecting
(RERs) into charging stations. both slow and fast charging
[16] Vienna rectifier for EV charging e Lacks current control study to
with inherent current control limit harmonics
loop in the voltage-oriented THD value obtained as 3.25%
control strategy (VOC-VR) which is greater than the
proposed system
Lacks impact analysis while
connecting non-linear load
with grid system
Lack of analysis on off board
charging with renewable
energy sources
Complexity and advanced
control algorithm are required
to operate Vienna rectifier
Due to high switching
frequency, non-isolated
converter and fast charging
current leads to induce
significant thermal stress on
rectifier switches which
require suitable heat sink and
safety precautions

[20] Grid integrated PV system for
EV charging systems with or
without BESS for sustainability

[23] Interleaved 6-level gain
bidirectional converter for Level
2 Electric Vehicle charging

[26] DC fast charging with high
efficient Vienna rectifier for
power level more than 15kW

Proposed IIPQ controlled Three phase

Work T-Type Vienna Rectifier for
High Efficient Off Board Fast
EV Charging Station with
Enhanced System Stability
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The challenges of renewable energy with grid and its performance
analysis were discussed [5].

Ultra-fast EV charging stations always operates in high power rating
which imposes nonlinear load on the micro grid. Hence, these loads tend
to create PQ issues like voltage sag, voltage swell, total harmonic
distortion and reduced reactive power. These kinds of PQ issues will
degrade the entire efficiency of the charging unit [6]. Moreover, the
bidirectional onboard charging with CLLC resonant converter used with
high frequency switch and harmful effects exist on the utility grid leads
to systems stability as well as reduce the lifespan of the EV batteries are
discussed in reference[7,8].

The solar photovoltaic based charging stations plays vital role in
sustainability of the ultra-fast EV charging infrastructure. For sustain-
ability, non-isolated converter plays major role with fuzzy based MPPT
techniques involved to achieve higher efficiency. Hence, the solar based
public charging stations enhances to decrease the need of conventional
fossil fuel-based energy [9]. Moreover, this integration helps to mitigate
the CO2 emission and minimize the utility grid voltage stress during
peak demand. In India, there is abundant availability of the solar irra-
diation has more feasibility to develop solar based PV integrated EV
charging stations with level 3 rating and it has been monitored with
machine learning technique [10,11]. Nowadays, Central government in
India has been proposed lot of subsidy scheme under Ministry of New
and Renewable Energy (MNRE) to develop efficient and cost-effective
based EV charging stations [12]. To improvise these EV charging
domain in an effective way, these integration of solar with utility grid
becomes more challenges for the researchers, including the requirement
of advanced power electronic AC-DC converter, DC-DC converter with
effective Power Quality (PQ) Improvement system for energy efficiency.
Recent investigation states that the feasibility and energy efficiency of
EV charging stations powered by solar energy with enhanced intelligent
control technologies. Solar powered smart charging has enabled with
real time monitoring system, security system and load management
system integrated with renewable energy has discussed in reference
[13]. The error deviation and the voltage stress occur in the rectifier unit
can be controlled by SAPF along with maintaining constant DC-Link
capacitor voltage [14,15].

T-Type Vienna Rectifier (TTVR) provides better solution for
addressing all these challenges related to power electronic converter
side. It consists of 3 phase — 3 Level 4 Wire rectifier topology to emerges
the better efficiency, low switching voltage stress and also consistently
maintain stable DC-link voltage [19]. Comparative study of the various
EV charging techniques with power quality improvement integrated
with active filter provides grid stability while integrate renewable en-
ergy. Grid integrated PV system for EV charging systems with or without
BESS for sustainability with economic feasibility has been discussed in
reference [20]. This proposed TTVR method provides promising solu-
tion for the mentioned challenges due to non-linear load and highly
suitable for the reactive power compensation and minimize the total
harmonic distortion (THD). Shunt Active Filter (SAF) integrated with
this TTVR can efficiently reduce the power quality issues like sag, swell,
harmonics and reactive power. The combined SAF with solar polar PV
system with TTVR based utility grid gives effective solution for EV
off-board charging stations [21].

The proposed technique provides the IIPQ theory for the extraction
of reference current for harmonic compensation and always maintain
balanced load. The IIPQ control technique is used to identify the
particular reference current signal and enable the dynamic response
during fluctuations. Moreover, this technique ensures to maintain the
THD level within the ceiling limit prescribed in IEEE standard i.e less
than 5%. In addition to that, the TTVR offers more advantages like
maintain system parameters and constant output voltage which provides
constant battery charging and improved system reliability [16,18].

In TTVR, the primary challenging issue is maintaining the constant
voltage across the dc link capacitor C1 and C2 capacitors. Furthermore,
the imbalanced voltage across those two capacitors C1 and C2 leads to
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Fig. 1. PV Integrated Shunt APF with T-Type Vienna Rectifier Overview.

inefficient system operation as well as to increase the system complexity
[22,23]. To overcome these issues, lot of conventional techniques like
Proportional, Proportional- Integral and Proportional-Integral -Deriva-
tive controller (P, PI, PID controller) has been already employed, but this
methodology is very limited due its inherent system sensitivity and
complexity in terms of continuous parameter variations. Hence the
optimized control strategies such as Fuzzy Logic Control (FLC) tuned PI
controller have been interfaced with this topology to improvise the
system performance under dynamic load changing conditions, ensure
the precise control of voltage balance at the capacitor C1 and C2 in
Vienna rectifier as well as DC-link voltage.

Furthermore, the integrated solar PV system with TTVR based Shunt

Active Power Filter (SAPF) provides additional benefits in terms of
system stability, energy efficiency and sustainability with reactive
power compensation in utility grid. This SPV integrated system is able to
operate the grid independently during dynamic or unbalanced load
conditions as well as peak hours [24]. During non-linear load conditions
exist, the power quality issues occur in power system network which not
only create impacts on the charging of EV batteries and also possess the
high risk to utility grids stability and its performance. Harmonics leads
to system instability, voltage stress, overheating, malfunction of circuit
breakers and inaccurate control signals [25]. The proposed system en-
sures that to suppress the PQ issues and also provides seamless charging
control for EV charging customers while maintain utility grid stability.
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Fig. 2. SPV interfaced SAPF with T-Typer Vienna Rectifier based IIPQ Control Topology.

Finally, the solar PV based TTVR system with Instantaneous real and
reactive power (IPQ) control topology represent the significant recent
advancement in EV charging infrastructure. It has ability to represent
the PQ issues and considered as the modern technology for the EV
charging infrastructure. The proposed system not only employs the
system reliability and efficiency of the OFF-board EV charging but also
pays attention to reduce greenhouse gas emission and highly promote
the renewable energy usage. The results obtained from simulation and
experimental prototype demonstrates that the suggested methodology
has better performance for EV charging and harmonic compensation.
The findings show the real time implementation and effectiveness of the
IPQ control topology in level 3 charging point.

Literature review on preceding affined works with its contributions
and limitations:

Table 1 shows all relevant control approach and its contribution of
the already existing works has been discussed along with limitations and
proposed work limitations also discussed at the bottom.

In EV charging, there are three levels of charging techniques avail-
able as per the requirement of rate of charging of battery with respect to
time i.e level 1,2 and 3 based on output power. Based on output power
rating, the level 1 charging stations delivers < 5 kilo Watts which is
suitable for residential charging purpose. A Level 2 charging station
delivers power < 25 kilo Watts which is more suitable for light vehicle
charging points at public points [17]. A Level 3 fast DC charging can
deliver above 25 kilo Watts which is suitable for commercial purpose.
Moreover, onboard charging units is highly suitable at level 1 and 2
charging point, which can adoptable in vehicle (bike/car) itself. Level 3
charging is only suitable at OFF board charging unit, not directly
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Fig. 3. SPV Cell Equivalent circuit with DC-DC power converter.

connected in vehicle [26]. In this proposed system, TTVR is used for
AC-DC power conversion and it is recommended for DC fast charging.

The main objective of this paper is to design an energy efficient OFF
board EV charging with TTVR based IIPQ control strategy. In this
approach, it mainly focuses to

m Design and development of simulation and controller design of
DC-fast EV charging station using 3P3L4W (Three Phase 3 Level
4 Wire System) TTVR for grid to vehicle.

» Improved Instantaneous real power (P) and Reactive Power (Q)
— IIPQ control strategy is implemented to extract reference
current signal for injecting compensation current at source side.

m SPV power generation integrated with DC-DC step-up converter
employed in this method to make the utility grid as stable and
maintain power factor.

m Adaptive Fuzzy Logic Controller (FLC) based DC voltage regu-
lator is used to maintain constant DC-Link voltage and balanced
voltage at both VC1, VC2 as same at rectifier side for fast
charging and energy conversion.

The paper consists of four sections as followed: section 2 deals about
the system overview along with schematic diagram of the proposed
TTVR based SAPF, SPV system operation with DC-DC power converter
and different mode of TTVR operation. Section 3 deals with the math-
ematical analysis, design of Fuzzy tuned PI Based IIPQ Control Topology
for reference line current generation and pseudo code for SPV interfaced
IIPQ controlled Vienna rectifier for fast EV charging station details were
discussed for easy understanding. Section 4 deals with simulation results
and discussion with three different cases. Section 5 deals with experi-
mental analysis to validate the proposed system under different load
conditions. Conclusion and future scope of this proposed work are given
in last portion.

System description

Energy Efficient OFF Board T-Type Vienna Rectifier for fast EV
Battery charging stations with Solar PV based Shunt Active Filters as
shown in Fig.1. In this schematic diagram, the Improved instantaneous
real and reactive power (IIPQ) controlled technique is employed to
excerpt the basic fundamental parameters in load side. This topology
extracts the load side as well as source side current value and provides
suitable compensation value and generate appropriate PWM signal to
maintain system stability. SAPF with Fuzzy based TTVR is able to
maintain the DC-DC Link voltage as constant for balancing the capacitor
voltage VC1 and VC2. Here, the SAPF act as effective role to suppress the
THD level. During peak load hours, the grid supply gets oscillated due to
non-linear load and power quality disturbances. To overcome these is-
sues, the solar PV based MPPT controller and battery-based charge
controller system is used to compensate the power oscillations in utility

Results in Engineering 27 (2025) 106880

grid. Moreover, the SPV system generated excess energy means, it can be
stored in battery for further usage. Whenever the SPV energy generation
becomes low due to irradiation, the stored energy in battery is utilized to
make stable DC link voltage. The power electronic MOSFET based power
converter is utilized to improve the PV side voltage by adjusting D value
(Duty cycle). The SAPF with filter inductor is connected to utility grid at
PCC. In this schematic diagram, the three phase T-Type Vienna rectifier
with bidirectional neutral point clamped switch followed by the fast-
charging OFF board point is considered as non-linear load. The utility
grid can be isolate from this system with the help of three main switches
Sa, Sb and Sc during any maintenance or faulty conditions.

In proposed topology, the reference voltage V* dc and the capacitor
balanced voltage in TTVR is identified and compared with the
comparator in fuzzy logic unit. The Instantaneous reference current
signal generation produce any error signal due to fluctuations in load,
then it provides appropriate reference current signal to maintain the grid
stability to overcome harmonic issues. Fig. 2 shows SPV interfaced SAPF
with T-Typer Vienna Rectifier based IIPQ Control Topology.

Solar Photovoltaic Power generating module with MPPT based DC-DC step
up converter

A practical PV cell equivalent circuit diagram with DC- DC Step-up
Converter is shown in Fig. 3. It consists of current source parallel to
single diode-D, series resistance (rs) and shunt resistance (Rg). The
output characteristics depends upon the solar irradiation level in the
environment.

The mathematical relation between current and voltage based in this
electrical circuit are shown in the equation given below. The Eq. (1), as
shown below, is obtained by based on applying KCL.

I= Iph —Ip — Iy (1)

Let, I denotes the diode current, the photocurrent denoted by I,
current flows in shunt resistor is denoted by I and I denotes PV cell
current. The diode current I, can be expressed by the Eq. (2)

()
=I|e\"/ -1 )

The PV current is derived by the Eq. (3)
()
I=Ly— L|e\""/ -1

Then, the diode Thermal Voltage Vr is determined by

V+rl
TR 3)

P

_ nKT
q
SPV array is developed with series modules Ng as well as parallel

modules Np, then the SPV array V-I characteristic is expressed by the
following equations

Vi (V) (€3]

(VPV+RseI> v R
Iy = Nyl — Nplo [ e\ 7/ 1 | = o Rl )
pe
Nir,
Rse = ]\s]ps (6)
N,R
Ree =3 @)

k — Boltzmann’s constant value (1.3806 x 10'23J/K), T - operating
temperature level (K), q - Electron charge (1.602 x 10'19(3), Iy- Output
current at saturation level, V,,,-Terminal voltage of PV cell (V),1,,-PV cell
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photo current (A). Based on the above analysis, the sufficient SPV
generated power is given to DC-DC converter with Incremental
Conductance based (InC) MPPT controller for obtaining maximum
power. Battery with energy management is connected for excess energy
storage and discharge whenever is needed to make the utility grid as
stable.

Various operating mode of solar photovoltaic power generating system

Fig. 4 depicts that, SPV integrated with DC-DC step-up converter
employed in this method. Here, the Vspv represents the SPV voltage
generated, Tswp is switching time period of MOSFET, AIL is change in
current ripple of inductor Lsd, AVc is capacitor change in ripple voltage
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Table 2
Different switching states and produced pole voltages of Vienna rectifier.

S. No Operating State S1 S2 S3 Pole Voltages
VaM VbM VeM

1 +VE OFF OFF OFF +Vdce/2 -Vdce/2 -Vde/2
2 +VE OFF OFF ON +Vde/2  -Vde/2 O

3 +VE OFF ON OFF +Vdc/2 0 -Vde/2
4 +VE OFF ON ON +Vde/2 0 0

5 -VE ON OFF OFF 0 -Vde/2  -Vde/2
6 -VE ON OFF ON 0 -Vdc/2 0

7 -VE ON ON OFF 0 0 -Vdc/2
8 M ON ON ON 0 0 0

and rs is the series resistance in DC-DC converter. Hence the relation
between inductor, capacitor and duty cycle is represented as (Inductor,
L= D.Vspv.Tswp / AIL) and (Capacitor, C= D.Vo.Tswp / rs.AVc).
MOSFET switch receives the control signal from MPPT controller via
PWM pulses as duty cycle, D. When Q1 turns to ON, the inductor (Lsd)
gets charged by SPV module. When Q1 turns to OFF, the SPV generated
energy can store in battery as well as feed to the inverter through diode,
D1. The OFF Board TTVR fast EV Battery charging stations with SPV
based Shunt Active Filters operate under three different cases to
compensating the utility grid current disturbances at source side. Three
cases such as compensation with SPV generation alone, compensation
with SPV generation as well as battery charging mode and compensation
with battery backup source during unavailability of solar power. Fig. 4
shows the current flow direction of SPV power generation for all these
three above mentioned cases.

Four working states of TTVR: mode of operation

T Type Vienna rectifier plays major role in all power conversion
sectors due to its practical feasibility and effectiveness in addressing the
PQ issues and maintain the system as sustainable. Fig. 5 shows the

schematic structure of 3L3S-TTVR used in fast EV charging station. Filter
inductance, L and equivalent resistance, R of 3 phase AC source side is
connected with bidirectional switch Sa, Sb, Sc. Another end of switches
is connected to the neutral point at DC charging side. Each TTVR switch
consist of two bidirectional MOSFET switch with two diodes and ca-
pacitors VC1 and VC2. The main advantage of this topology is to
maintain smooth input supply to the charging unit without any
switching voltage stress and suppress the higher odd order harmonics.
TTVR is working in four modes at various load conditions. This control
topology maintains balanced voltage in both the capacitors at VC1 and
VC2 as well as reduce the DC side voltage ripples.

In an OFF-board EV Charging stations with ranges between 15KW to
20 KW get the input 3 phase AC power supply from utility grid and then
it is converted to DC. Even though many existing topologies available for
this power conversion, this proposed TTVR is more popular nowadays
due to its continuous conduction mode of operation, reduced switching
and voltage stress with reduced number of switches. In this proposed
system, the hysteresis current controller (HCC) has been implemented to
generate PWM gate pulse for TTVR. Fig. 6 shows the TTVR- PWM
Modulation Scheme at any one phase (A-Phase). The switching action is
controlled by the duty cycle, D which is provided to PWM module. The
proposed TTVR consist of 4 switches in each leg (2 diodes and 2 MOS-
FET) and all the 3 phases (A, B, C) is commonly connected at neutral
point N. At mode 1, the switch S1 is ON during +VE current flow at load
side, the pole voltage value is equal to zero at mid-neutral point M. At
mode 2, the current maintains same +VE direction but the Switch S1 is
OFF, then current redirect through diode D11, then the rectifier operates
in positive state which generates pole voltage is equal to + Vdc/2. At
mode 3, the switch S1 is ON state, the current flow is -VE, then the
generated pole voltage value is equal to zero. At mode 4, the current
maintains same -VE direction, but switch S1 in OFF state, then current
redirect through diode D12, then the pole voltage becomes -Vdc/2.
Hence, the remining B and C phases works same as like these produced
pole voltages and different switching states of phase A. Table 1 shows
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can produce pole voltage VaM, VbM and VcM at the mid point (M) per
phase leg has connected with +Ve terminal (P), and -Ve terminal (N). As
per the data mentioned in Table 2 shows the various switching combi-

Table 3
Fuzzy decision rules.

Z N z p nations produce three level (+ Vdc/2, 0, -Vdc/2) as line-line voltage.
e

N MN SN z

7 SN 7 Sp 2.4. Design and modeling of TTVR

P z SP MP

AC side expression expressed by the Eq. (8)
the different switching states of three phase three level VR with pro- E— Lil YR 4V (8)
duced pole voltage at various operating point. de
Here, the various combinations of switching operations in the TVVR Where the 3 phase voltages(E) is expressed as Ea, Eb and Ec.
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Table 4
Pseudo code for SPV interfaced IIPQ controlled Vienna rectifier for fast EV
charging station.

BEGIN
Step 1: Measure System Parameters
Measure Vpv, Ipv from Solar Photovoltaic panel
Measure Vs_abc, Is_abc, IL_abc from grid // From source side and load
side
Step 2: Perform MPPT using Incremental Conductance (INC) Method
IF (dIpv/dVpv == -Ipv/Vpv)
Maximum Power Point (MPP) reached and maintain constant duty
ratio
ELSE
Adjust duty ratio D to track MPP
Step 3: Control DC-DC Converter for maintain DC-Link voltage stable
Regulate Vdc using D
Step 4: Compute Improved Instantaneous Power Real and Reactive (P&Q)
Step 5: Clarke Transformation
[a, ] = Clarke_Transform(IL_abc)
Step 6: Generate Instantaneous Reference Current signal using adaptive
Fuzzy PI Controller
e =Iref - IL
de = Derivative(e)
Iref_ap = Fuzzy_PI_Controller(e, de)
Step 7: Inverse Clarke Transform to get Iref abc
Iref abc = Inverse_Clarke_Transform(Iref of})
Step 8: Hysteresis Current Control
IF IL > Iref abc + Band THEN
Turn OFF corresponding switch
ELSE IF IL < Iref abc - Band THEN
Turn ON corresponding switch
END
Step 9: Generate Gate Pulses to rectifier and converter
Step 10: Harmonic Analysis and Compensation
SWITCH system_condition:
CASE Balanced input + balanced/static load // Minimal compensation
1: needed
Skip harmonic injection
CASE Balanced input + nonlinear load
2:
CASE Unbalanced input + nonlinear load
3:
Step 11: Maintain balanced Stable Voltage at Vdc = Vel + Ve2
IF |Vdc - Vref| < Ripple Tolerance THEN
Maintain stability
ELSE
Adjust control parameters to restore Vdc
END
Table 5
Component details considered for FLC based IIPQ control topology.
S. No Hardware Components Description with Range
1 Phase Voltage — 230 V
2 Utility Grid Frequency — 50 Hz
3 Total Harmonic Distortion, iTHD <5% (IEEE Std)
4 DC-Link Voltage — 520 V
5 DC-Link Capacitor - 2800 uF
6 Filter Inductor — 38 pH
7 SiC MOSFET Switch - IRFP260
8 Switching Frequency — 20 kHz
9 Feeder Impedance rating - 1+j3.167 Q
10 PV array Short Circuit Current — 8.65 A
11 PV array Open Circuit Voltage - 44 V
12 PV array Impp — Current - 8.21 A
13 PV array Vmpp - Voltage - 36 V
14 Solar Irradiation - 1000 W/m2
15 Proportional Coefficient, Kp = 4
16 Integral Coefficient, Ki = 0.3
17 DC - DC Converter —(Ls-0.715uH, C - 320uF)
18 Non-Linear load Ry, -20 Q, L, - 0.5mH
19 Diode Rectifier (L;. 3mH, Lpc . 5.7mH, Rpc .12 Q)
20 Battery — 48V, 500 Ah
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E, = E;, cos (wt) 9)
y/a

Ey = Ey, cos (wt - 25) (10)
V3

E. = E,, cos (wt+2§> an

In Eq. (9), (10) and (11), Em denotes the amplitude of voltage in each
phase. The phase voltages can be expressed as Vg, Vi, Ve in Eq. (12),
(13) and (14).

Van = Vams Vim 12)
Vbn = me- an (13)
Voo = Vemr Vim a4

In DC side, the capacitor voltage V¢ and V¢, generates the error
voltage, V., when those two capacitor voltages become unbalanced.
Moreover, the voltage error occurs due to the mid-point neutral current
I,. The voltage error V, can identified from the difference between both
the voltage at capacitor C1 and C2. Eq. (15) depicts the identification of
error voltage at dc-side capacitor.

ch] chz dVe
a “a “a

The main objective of the proposed TTVR is regulation of the DC-link
voltage, control of line current during dynamic conditions and reactive
power compensation.

In the proposed system, the V. value can be considered based on the
below Eq. (16).

I,=C1 (15)

_2v2vy
- V3(M)

Here, V. voltage value is always maintained greater than the Line to
Line (L-L) voltage. So, consider the L-L voltage as 320V and Modulation
Index Value as unity. Hence, the V,. becomes 522.5V which is approx-
imately taken as 520V. Design value of capacitor, C4. can be identified
from the Eq. (17) and the DC-Link capacitor value obtained is 2797.51
pF and it is taken as 2800 pF as per the calculation with below values.

dc (16)

6V, wal,nt
Coo = 7 BB an
<V3cref - Vdc>
Where,

Actual DC voltage Vg4 = 510 V, Reference DC voltage, Vyerer =520V,
Phase Voltage V,;, = 230 V, Current I, = 58 Amp, Constant Loading
Factor a = 1.2,Time taken, t = 300 ps

3. Design of Fuzzy tuned PI Based IIPQ Control Topology for
reference line current generation

The schematic diagram of the generation of the reference line current
generation that are used by T-Type Vienna Rectifier for fast EV Battery
charging stations with adaptive FLC tuned PI based control scheme as
shown in Fig. 7. The objective of this topology is to stabilize the utility
grid supply without any harmonics and identify the fundamental basic
load side parameters and compute it on to the source side. Here, Clarke
transformation is used to transform the source side voltage and current
into Voap coordinates and Ioap . The dc side voltage regulation and
current compensation takes place here before supplying rectifier unit.

The schematic diagram of the FLC tuned current reference signal
generation by using Clark transformations as shown in Fig. 7. The phase
voltage (Va, Vb, Vc) and load side current as (Ia, Ib, Ic) are measured and
converted to Vogs and Ipas . Egs. (18) and (19) shows the zero-sequence
voltage and current with the pole axis voltage and current respectively
in Clarke’s transformation pattern.
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Fig. 13. Spectral analysis of THD for before and after compensation.
1 1 1 Here the harmonic effect in the active and reactive component are
V2 V2 V2 reduced by using low pass filter and high pass filter to obtain exact value
Vo P 1 1 Va of P. The summation of average value of power loss (p) and oscillatory
Vo | = \/; 1 53 T3 Vs 18) component (p) provides actual power flow (P;) which is actually needed
Vi /3 V3 Ve to maintain the DC-Link voltage as constant. The average value of power
0 > 5 loss and oscillatory components in terms of three phase load current is
expressed in Eq. (22).
111 P} =p+p (21)
. V2 V2 V2 ;
0 2 1 1 . P
L|l=4/2l1 —= = |1 19 - N Pta
[ 1,,} 3 2 2 ||} D b 4B = | Bububic| + [gua} 22)
0o V3 V3 e
2 2

The real (active) and imaginary (reactive) power can be expressed as
P and Q in Eq. (20) as matrix form. Here the Instantaneous power flow as
well as energy exchanged between two phases as represented.

P= VI, + Vi,

Q:V,;IafVaI/;
Pl [V. V,][L
o -1y Sl &

11

The reference filter current signal is expressed in Eq. (23) and (24)

. = [(Vzll‘,/%) ((Pf* + Va) +(Q+ Vﬁ)) (23)
Ly = (ﬁ) (B + )= @+ W) 24

The proposed adaptive FLC- tuned PI based DC-Link voltage regu-
lator ensures the active closed-loop control strategy by fuzzy based PI
controller tuning process. In this system, the input signals (e - error) and
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Fig. 15. Speshows the spectral analysis of THD for before and after interface ctral analysis of THD for before and after IIPQ control stratergy.

(de - change in error) will get regularized with scaling factors. The fuzzy
based inference engine process fuzzification, rule based logical decision
followed by defuzzification. Based on the input signals, the system de-
termines the outputs of the fuzzy controller as AKP, AKI value required
for PI controller tunning purpose. Here the fuzzy subset has been
separated into three different input variable values as positive (P),
negative (N) and zero (Z) and the five different output variable values as
Maximum Negative (MN), Small Negative (SN), Zero (Z), Small Positive
(SP) and Maximum Positive (MP). Fig. 8 shows the input and output
variables as membership function. Here, the maximum positive to
maximum negative methodology was implemented in this fuzzification
approach to convert exact equivalent variables. Table 3 shows the fuzzy
decision rules.

Based on above said rules, the regulated power can be obtained
through PI controller as per Eq. (25)
Py K, e+ Kl/e dt (25)

Let, the gain values of K, and K; are derived by the following
Equations.

K, = Kpo — AK, (26)

K; =Ky — AK; 27)

Let, the self-tuned PI parameters is obtained as by estimate this
function of error,e and change in error value de as given in Eqgs. (28) and
(29) respectively.

12

AK, = fi(e, de) (28)

AK; = f(e, de) 29

Hence, the reference current L, L I, signals are calculated with
Clarke’s transformation methos expressed in the Eq. (30).

1 1 1
r V2 V2 V2 g
fa 5 1 1 f0
nl=ysl 1 -2 Ll (30)
" 3 2 2 .
I Iy

o V3 V8

2 2

Pseudo code for IIPQ control three phase vienna rectifier for fast EV
charging station with enhanced system stability

This section deals with the pseudo code for IIPQ Controlled Three
Phase Three Level Four Wire T-Type Vienna Rectifier for Highly Efficient
Off Board Fast EV Charging Station with Enhanced System Stability in
step-by-step flow from begin to end. Table 4 shows the line-by-line steps
involved in the proposed system for easy understanding how it works.

Results and discussion with various load conditions at electric
vehicle charging station

Energy efficient OFF board grid connected T-Type Vienna Rectifier
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Fig. 16. (a) DC-link voltage waveform (b) Capacitor Voltage at VC1 and VC2 before compensation (c) Capacitor Voltage at VC1 and VC2 after compensation.

Laptop

Fig. 17. Experimental setup.

for fast EV battery charging stations with IIPQ control strategy has been
tested initially with the help of Simulink MATLAB. The main design
parameters considered for simulation and prototype model is mentioned
in Table 5 along with respective ranges.

To examine and validate these system, MATLAB Simulink results has
been dually verified along with laboratory prototype results for three
different cases as i) input supply with balanced load, ii) balanced input
supply with non-linear load and iii) unbalanced input supply with non-
linear load condition.

Case (i): Balanced input supply with balanced/static load

The system is validated under balanced state of both input supply
and load condition. EV charging station rectifier unit consists of RL
network with diode switch or T-Type Vienna rectifier circuit act as non-
linear load and RL circuit act as linear load. Load side distorted 3 phase
current waveform before compensation and injected current after
compensation are shown in Fig. 9(a) and 9(b) respectively. Then the

13

effectiveness of the compensation system after integrates with this sys-
tem provides smooth source current which is shown in Fig. 9(c).

Fig. 10 shows the THD analysis of before and after connecting this
control strategy for A phase. THD value obtained before compensation
as 21.77% and value obtained after compensation with this proposed
system as 2.95% which is permissible limit as per IEEE standard.

Fig. 11(a) and 11(b) shows the solar PV array voltage generated with
PV array and stable voltage maintained at DC link capacitor voltage
respectively during both connecting and disconnecting Vienna rectifier
for EV fast charging purpose.

Case (ii): Balanced input supply with non-linear (dynamic) load
condition

The proposed system is validated under balanced state of input
supply and dynamic load condition. Load side distorted 3 phase wave-
forms before compensation and also injected current after compensation
are shown in Fig. 12(a) and 12(b) respectively. Fig. 12 (c) and 12 (d)
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Fig. 19. A-Phase THD Spectrum analysis for before and after connecting IIPQ control.

shows the Source Current after Compensation and Compensated Reac-
tive Power which shows the effectiveness and better efficiency of the
proposed system.

Fig. 13 shows the spectral analysis of THD for before and after con-
necting this control strategy for B phase in this balanced input side
supply with dynamic (non-linear) load condition. THD value obtained
before compensation as 23.15% and value obtained after compensation
with this proposed system as 2.93% which is permissible limit as per
IEEE standard.

14

Case (iii): Unbalanced input Supply with non-linear (dynamic
load) condition

The proposed system efficiency and adaptability is examined with
unbalanced input supply with non-linear (dynamic) load condition.
Fig. 14 (a) and Fig. 14 (b) depicts the distorted 3 phase load current
waveform and injected current for compensation respectively. Fig. 14
(c) and Fig. 14 (d) depicts the 3-phase source current after compensation
and 3 phase unbalanced supply voltage respectively.

Fig. 15 shows the spectral analysis of THD for before and after
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Fig. 21. B- Phase spectral analysis of THD for before and after compensation.

interface this control strategy for C phase in this unbalanced input
supply with non-linear load condition. THD value obtained before
compensation as 22.17% and value obtained after compensation with
this proposed system as 2.32% which is permissible limit as per IEEE
standard. Fig. 16 shows the stability of DC-Link voltage with minimal
distortion during connecting and sudden disconnection of non-linear
load with this system i.e during fast EV charging.

Fig. 16 (a) depicts the DC-Link Voltage during connecting and dis-
connecting of non-linear load during EV charging. Fig. 16 (b) depicts the
rectifier Capacitor Voltage at VC1 and VC2 before compensation Fig. 16
(c) depicts the rectifier Capacitor Voltage at VC1 and VC2 after

15

compensation which is balanced by proportional integral control.
Finally, as per this MATLAB Simulink result analysis of the proposed
FLC- based IIPQ control stratergy plays effective role to reduce the
harmonics level and also stabilize the current distortion during con-
necting and disconnecting of rectifier unit in OFF board EV charging
stations.

Prototype validation of FLC tuned PI - IIPQ control-based shunt
APF

To validate the feasibility and efficiency of the proposed control
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Fig. 22. shows (a) distorted unbalanced source side voltage (b) DC-Link voltage at DC side capacitor (c¢) compensated load side voltage after compensation (d)
Distorted load side current before compensation.
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Fig. 23. C- Phase Spectral analysis of THD for before and after compensation.

strategy in OFF board fast EV charging station was tested with 320V Hardware results and discussion
prototype experimental setup. The entire experimental setup includes a

SPV array with battery charging unit, a DC-DC converter with PWM In this research, prototype model was developed and tested under
controller, a voltage source inverter with SAPF, a unidirectional PI-FLC the following three different test cases as Balanced input supply with
based TTVR and battery storage unit. The entire voltage and current linear load condition, Balanced input supply with non-linear load con-

parameters get tuned by using dsPIC30F4011 controller interfaced with dition and Unbalanced input Supply with non-linear Load Condition. All
the grid system. Fig. 17 shows the working prototype model with IIPQ the test cases have been verified to check the implementation feasibility

control strategy. Both simulation and hardware tests are done with as well as THD suppression through FLC tuned PI controller based IIPQ
similar values which was given in Table 3. The obtained results implies control technique. Following Fig. 18 represents the results obtained
that the adoptability and feasibility is more for DC fast charging stations. under the balanced input supply with linear load test case. Fig. 18 (a)

16
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Table 6
Comparative THD spectral analysis of three cases in simulation and experi-
mental setup.

Simulation Study

Phases  THD% Obtained before connecting ~ THD% Obtained after connecting
compensation- Load Side at EV FLC-IIPQ control with TTVR - Load
Charging station Side at EV Charging station
Case-1 Case-2 Case-3 Case-1 Case-2 Case-3

A 21.77 22.51 21.48 2.95 2.62 2.13

B 22.98 23.15 22.13 2.98 2.93 2.13

C 22.56 23.54 2217 2.46 2.42 2.32

Experimental Study

A 25.1 24.61 24.84 2.3 2.1 2.4

B 25.2 24.3 24.6 2.1 2.2 2.6

C 24.7 23.9 24.1 2.4 2.5 2.4

shows the Load side current and voltage during stable condition Fig. 18
(b) shows the distorted load side three phase current. Fig. 18(c) shows
the constant DC link voltage at the DC side. Fig. (d) shows the Load,
source and injected current measured during compensation.

Fig. 19 shows the spectral analysis of THD for both before and after
compensation. As a result, measured in A-phase as 25.1 % before
compensation and the harmonic level get reduced to 2.3% after
compensation which shows that the system is suitable to mitigate the
harmonic as per the IEEE standard limit.

During balanced input supply with non-linear load condition case,
Fig. 20 (a) shows the distorted load side three phase current before
connecting the compensation unit. Fig. 20 (b) shows the injecting

Table 7
Performance comparison of various charging converters used in EV.
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compensate current at source side to stabilize the grid system. Fig. 20 (c)
and Fig. 20 (d) shows the compensated source current after compensa-
tion and balanced source side voltage respectively.

Fig. 21 shows the spectral analysis of THD with proposed system. As
a result, measured in B-phase as 24.3 % before compensation and the
harmonic level get reduced to 2.2% once connecting the compensation
system. Fig. 22 (a) depicts the distorted unbalanced source side voltage
while connecting unbalanced loads in network. Fig. 22 (a) depicts the
DC-Link voltage level at DC side capacitor. Fig. 22 (c) shows compen-
sated load side voltage after interface the IIPQ control strategy. Fig. 22
(d) describes that Distorted load side current before compensation

Fig. 23 shows the spectral analysis of THD with proposed system. As
a result, measured in C-phase as 24.1 % before compensation and the
harmonic level get reduced to 2.4% after compensation.

As per this developed prototype results obtained under all three test
cases, this methodology is highly suitable for high power fast charging
applications without any voltage and current harmonic disturbances.
Moreover, DC link voltage has maintained as 520 V always with the
support of SPV generating unit integrated with FLC based IIPQ control
strategy. SPV system operates in three different modes to achieve the
constant DC-link voltage along with battery storage unit. Here the
smooth voltage gain without any voltage stress has been obtained with
IRFP260-Mosfet switches and appropriate filter inductor used in DC-DC
power conversion based on continuous conduction. Here, the DC-Link
capacitor value design calculations are discussed with suitable mathe-
matical expression. FLC tuned PI controller have been interfaced with
this topology to improvise the system performance under dynamic load
changing conditions, ensure the precise control of voltage balance at the

Reference Various Charging Controller Type used Power No. of Mitigating Power ~ General THD Advantages and
Converters Range Switches used  Quality issues Operating % Applications
Used (Kw) with diode addressed Service
[27] Unidirectional DC-DC Drive Frequency 250 12 No G2v >30 m Fast battery
Boost Converter Converter charging
= Used in DC Micro
grid
[28] Matrix converter Ultra-high voltage AC/ 300 12 No V2G >22 = Optimized
DC isolated matrix modulation
strategy
» Bidirectional
power flow
[29] Swiss Converter Current-compensated 8 12 No DC Distributed No = Bidirectional
integrated common- System power flow
mode coupled inductor m Used in Aircraft
and EV Charger
[30] Minnesota Converter Direct Torque Control 15 12 yes G2v >8 m Used in EV
Charger
[31] Vienna Rectifier for SVM Control 1.5 21 Yes General No = Rapid charging
Level 1 charging applications = Greater power
factor adjustment
= On Board
[32] Vienna Rectifier for Mixed-signal based 12 18 yes G2V, V2G 4.7 = Rapid charging
Level 2 charging control m EV as well as
Welding power
supplies
= On Board
[33] Two-stage inductive- Constant Power (CP) 15.3 18 No Wireless Power No m Fast Charging
power-transfer control strategy Transfer m Wireless
(TSIPT) to pology charger = EMI issues
= Constant charging
output
[34] Bidirectional DC-DC Zero Voltage Turn-on 5 18 No G2v No = DC link Voltage
Buck- boost converter (ZVT) strategy stability
= Off Board
Proposed Vienna Rectifier for IIPQ Control strategy 30 18 Yes G2V 2.5 n Fast EV Charging
Work Level 3 charging = Suppressed

Harmonic issues
Better stability
OFF Board
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capacitor C1 and C2 in TTVR as well as DC-link voltage with reduced
harmonic distortions. Furthermore, the proposed IIPQ control strategy is
utilized to generate reference signal to actuate the switches through
Hysteresis Current Control (HCC) technique. Table 6 shows the
comparative study of THD% obtained from simulation and experimental
setup irrespective of all the three phases with mentioned three test cases.
In all the cases, the THD value obtained is below 5% as per I[EEE 519
standard. Table 7 shows the performance comparisons of various con-
verter along with Vienna rectifier while used in EV charging applica-
tions. Based on the literature, Vienna rectifier is superior in terms of size,
speed of operation, THD level, power factor improvement and
efficiency.

Conclusion

In this paper, a FLC based IIPQ control approach has been presented
for T-Type Vienna Rectifier along with balanced capacitor voltage at fast
EV charging station. The proposed IIPQ research strategy is employed
with adoptive instantaneous current signal extraction with transform
three phase abc coordinates to af coordinated by Clarke’s trans-
formation. Moreover, the proposed system provides superiority solution
to minimize the current harmonics and also reactive compensation in
OFF board fast EV charging station. This system readily supports for
both steady state load conditions as well as unbalanced load variations
with constant DC-Link voltage at Capacitors VC1 and VC2. SPV unit
interfaced with shunt active filter provides stable support to utility grid
at PCC if any discontinuity occurs in distribution network. The Inc
conductance MPPT technique is used to improve the efficiency of the
SPV generation and battery storage unit has been used to compensate
the supply needs during unfavorable working state of PV array and
distribution grid. Additionally, this SPV based system charging stations
helps to environment by reducing CO2 emissions and other toxic gases.
The proposed optimization technique has been examined and checked
the practical feasibility with the help of MATLAB Simulink and proto-
type model with 15 KW. The validation shows the comparative analysis
of both simulation and hardware results, identifies THD% value ob-
tained in all three phases as up to 2.5% only which is lesser than ceiling
limit of IEEE 519 standard. Hence, this method is more suitable for the
OFF-board EV charging and high-power applications. The main limita-
tions are due to high switching frequency, non-isolated converter and
fast charging current leads to induce significant thermal stress on
rectifier switches which require suitable heat sink and safety pre-
cautions. Furthermore, this research only looked solar based energy to
maintain DC-Link and capacitor voltage balance, in addition to this
system add wind energy can make more stability and overcoming the
restrictions.

Following Abbreviations are used in this manuscript

EV Electric Vehicle

G2v Grid-to-Vehicle

DC Direct Current

dsPIC Digital signal Peripheral Interface Controller
TTVR T-Type Vienna Rectifier

THD Total Harmonic Distortion

MPPT Maximum Power Point Tracking

MOSFET Metal Oxide Semiconductor Field Effect Transistor
SPV Solar Photovoltaic

SAF Shunt Active Filter

PCC Point of Common Coupling

PWM Pulse Width Modulation

PI Proportional Integral

FLC Fuzzy Logic Controller

IIPQ Improved Instantaneous real and reactive power
IEEE Institute of Electrical and Electronics Engineers
PQ Power Quality
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