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ABSTRACT
Electric Vehicles (EV) offer eco-friendly transportation, but the growth of the electric vehiclemar-
ket year over year is veryminimal due to insufficient EV charging stations, slow charging time and
grid instability during peak hours. This paper proposes a high gain, fast charging DC–DC con-
verter anda control algorithm for grid integrated Solar PVbasedElectric Vehicle Charging Station
(SPV-EVCS)withbatterybackup. Theproposedconverter and its control algorithm’sperformance
are investigated in three different modes usingMATLAB/Simulink tool and the simulated results
are validated with Real-Time Digital Simulation (RTDS) in OPAL-RT. The observed results meet
the Power Quality limits of an IEC61000-3-2 standard and met the level-4 dc charging standard
IEC61851.
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1. Introduction

Due to the increase in energy demand and the climate
change triggered by CO2 emission, Electric Vehicle
technology has become inevitable in the transportation
sector. EV’s are classified based on energy source: Bat-
tery EVs (BEV), Plug-in hybrid EVs (PHEV) and fuel
cell EVs. The fuel cell-based vehicles are limited and
under development stage due to the high cost of hydro-
gen production and risk involved in storage. So, battery
EVs and plugged-in hybrid EVs are gaining wide atten-
tion [1]. The move from internal combustion engine
vehicles to electric vehicle will happen soon and more
rapidly than the expectation, but the major barriers
for EV commercialization are; size of the battery, time
taken to recharge, inefficient power conversion due to
multiple stages and grid instability during peak hours
due to increased power consumption [2]. A hybrid
charging stationwhich is less grid-dependent, can over-
come the above barriers. Therefore, SPV-EVCS with a
battery backup is now drawingmore attention of design
engineers and researchers [3].

An SPV-EVCS with battery backup has two types
of architecture (1) Common AC bus architecture, (2)
Common DC bus architecture and it is represented in
Figure 1(a,b) [4,5].

In AC-bus architecture each charging node com-
prises of a DC–DC charging converter feeding a ded-
icated DC–AC converter for each source and load,
which is then coupled to the AC bus through the
high-frequency transformer as shown in Figure 1(a). A

commonDC-bus architecture requires only one central
AC–DC converter, a low-frequency transformer in the
grid side and a dedicated DC–DC converter for source
and load as shown in Figure 1(b).

DC bus architecture excels AC bus architecture in
aspects like simple control circuit and less switching
operations resulting in improved stability, reliability
and efficiency. Further, AC bus architecture also has
synchronization issues [3–5]. The DC bus architecture
can be either unipolar or bipolar [6,7]. The unipolar
architecture employs conventional two-level converters
where in bipolar architecture uses Z-source and multi-
level converters. Bipolar converters will be suitable for
the implementation of SPV-EVCS as it can facilitate
bilateral power exchange between charging station and
grid [8]. The selection of converters and control algo-
rithms influences the charging ability of bipolar DC bus
architecture. A grid-tied neutral point clamped (NPC)
converter for plug-in electric vehicle (PEV) dc fast-
charging station is proposed in [9]. The bipolar dc
structure of the converter reduces the step-down effort
on the dc–dc fast chargers [10]. But, it requires voltage
balancing circuits to eliminate the fluctuations in the
NPC converter resulting in low current and voltage gain
[11]. An NPC converter-based fast charger with volt-
age balancing coordination for the EV charging station
is proposed in [12]. But, unipolar converter cannot be
used in SPV-EVCS as it would not facilitate the export
of excess power to grid. Also, the dynamic response
under the intermittent solar irradiance condition is
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Figure 1. (a) Common AC bus architecture and (b) common DC bus architecture.

poor even though it has more freedom to the grid-side
current control and removes the low-frequency ripple
in the dc-bus voltages.

A single-stage bidirectional Z-source inverter (ZSI)
is designed where the battery is incorporated into the
Z-source network thus reducing the cost and improv-
ing the performance of the energy storage system [13].
In addition, the DC-bus voltage can be independently
controlled by the shoot-through duty cycle, however, it
has more ripple in DC-link and the control of dc link
voltage is complex. A switched-quasi-Z-source bidirec-
tional dc–dc converter is proposed for electric vehicles
(EVs) in [14]. Here, a switched-capacitor cell is con-
nected at high voltage side to achieve a wide range of
voltage gain and lower voltage stress across the power
switches. But, reliability of the converter is reduced
due to the switched capacitor and it also doesn’t pro-
vide galvanic isolation. A T–source inverter for solar
PV grid-connected systems is proposed in [15] and it
has the ability to buck–boost the input voltage to the
required level and with low input current and output
voltage ripples and can solve the above setbacks.

The next side of the EV charger is a bidirectional
DC–DC converter for charging stations. A converter
with amodularmultiport power electronic transformer
(M2PET) is presented in [16]. It has high numbers of
submodule (split) batteries acting as a power buffer and
reduces the influence of the charging station on the dis-
tribution grid. However, the control and monitoring
of each sub-module are complex. A multiport con-
verter for a smart electric vehicle charging station, with
dual/triple active bridge converter, providing multi-
directional power flow is proposed. The galvanic isola-
tion is also achieved through a separate high-frequency
transformer but, the zero states present in the converter
reduces the gain of the converter [17,18]. Amulti-input

DC–DCConverter is proposed for hybrid electric vehi-
cles and it is operated with fuel cell (FC), photovoltaic
(PV) panel and energy storage system (ESS) as the input
sources [19]. But the absence of galvanic isolation is
a critical factor in this topology. A parallel three-level
dc–dc converter with an integrated inductor is pro-
posed for EV fast-charging stations. Though it attenu-
ates the circulating current in the output, the ripple in
the output is more due to a higher number of switch-
ing operations [20,21]. Solar PV powered three-phase
hybrid boost converter is proposed in [22] for the EV
charging station. It has a single-stage converter com-
prising of DC–DC booster and a DC–AC converter,
thus resulting in reduced conversion stages and switch-
ing loss. Since this converter is connected between PV
source and grid without any isolation, it causes galvanic
isolation problems and harmonics. A non-isolated bidi-
rectional DC–DC converter developed for hybrid elec-
tric vehicle charging, that interfaces dual energy stor-
age, and dc-bus of different voltage levels is presented
in [23]. It has uniform current sharing characteristics.
However, galvanic isolation and power quality of the
converter are not discussed.

Thus, the topologies discussed in the above literature
have some common setbacks like (1) lack of bidirec-
tional power flow, (2) reduced gain due to the discontin-
uous mode of operation (3) slow dynamic response, (4)
absence of galvanic isolation in non-isolated converter,
(5) high number of semiconductors and passive ele-
ments reducing the reliability. Therefore, the T-source
inverter which has: (1) reduced power conversion stage
with fewer semiconductors and passive elements, (2)
high voltage gain and (3) fast dynamic response, is
chosen for the proposed DC bus architecture.

In the grid, sudden connection of multiple fast EV
chargers may create voltage fluctuation and will lead
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to instability in the local grid. Hence control of the
converter with dc bus is essential. A Phase-Locked
Loop (PLL) based control algorithm for soft switching
techniques employed in electric vehicle DC–DC con-
verter is studied in [24], But it requires complex control
and is poor in dynamic response. A phase disposi-
tion pulse width modulation (PD-PWM) is proposed
for a 3-phase 3-level stacked neutral-point-clamped
(3L-SNPC) converter to provide zero voltage switching
(ZVS) in EV charging system in [25], In this system,
the two poles located nearer to the imaginary axis will
push the system to unstable state during dynamic input
condition. An asymmetric pulse lengthmodulated full-
bridge DC–DC converter for ZVS is suggested in [26]
and the system has no control over the input intermit-
tency. A sliding-mode controller for DC–DC converter
to offer a regulated bus Voltage for safe operation for
charging station is dealt in [27]. A Z-source three-level
SVPWM inverter with PI controller for Battery charg-
ing is proposed [23,28]. Here, the controller has poor
transient response and more ripples in the output. A
chain of two PI controllers is used in an autonomous
energy management system in a residential EV charg-
ing point is proposed in [29] and the charging time
is high due its sluggish dynamic response. From the
above-mentioned control algorithms for EV charging
facility, the PI controller has the advantage of zero
steady-state error and capability of noise filtering and
most widely used in bi-directional power flow control.
Hence, modified PWMwith a chain of the two-PI con-
trollers is used to achieve the desiredDC bus voltage for
the proposed bi-directional T-source converter fed EV
charging station. The salient features of the converter
and the control algorithm proposed are as follows:

(i) T-source impedance network provides high gain
with galvanic isolation between array and grid, as
well as between grid and the vehicle. This results
in improved power quality and voltage stability.
This makes the Bidirectional T-Source DC–DC
converter suitable for fast charging application.

(ii) the new switching algorithm employed enables
the Bidirectional T-Source DC–DC converter to
obtain high gain

(iii) The closed loop control algorithm developed
using state space averaging technique improves
the system’s response with reduced current THD.
Further it makes the system immune to distur-
bances.

The paper is organized as follows: literature for
DC–DC converter topology for EV charging stations
is disclosed and its gaps are identified in Introduction
Section 1. The proposed DC–DC converter’s operation
and its pulse widthmodulation technique are described
in Sections 2–4. Sections 5 and 6 deal with con-
verter optimum parameter selection based on output
requirements, dynamic modelling and stability analy-
sis. Section 7 presents the results and discussion and
finally concluded in Section 8.

2. System description

Figure 2(a) shows the block diagram of the proposed
SPV-EVCS topology. It comprises of a T-shape network
interfacing the solar PV and electrical grid, and the T-
source DC–DC converter is used for charging EV and
the buffer battery. The converters used in this scheme
are bi-directional converters as they require two-way
power flow when charging and discharging EV and the
buffer battery. A bi-directional DC/AC inverter is used
to provide grid interfacing that facilitates the supply
of surplus power generated by the PV to grid and the
consumption of power from grid when demand exists.

3. Proposed T-source DC–DC converter for
electric vehicle charging station

The operating modes of the T-source DC–DC con-
verter and its average output voltage are discussed in
this section. In order to understand the working of the
converter, the converter is supplied with constant input

Figure 2. (a) Block diagram of Solar PV, battery backup and electric grid integrated EV-charging station and (b) circuit diagram of T
source DC–DC converter.
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voltage and its terminals are connected to a resistive
load.

T-source DC–DC converter consists of a pair of
mutually coupled inductors L1 and L2 and a capaci-
tor (C1) connected in T-shape to the input DC bus as
shown in Figure 2(b). This converter can produce the
desired outputDC voltage irrespective of the input volt-
age fluctuations due to the intermittent nature of solar
power. The T-source DC–DC converter has two oper-
ating modes, namely non-shoot-through mode and
shoot-through mode based on the switching states of
switches S1 and S2 [10].

In non- shoot-through mode, the switch S1 is ON
and S2 is OFF. Figure 3(a) shows the equivalent cir-
cuit of TSI in non-shoot through mode. During this
time energy is transferred from source to load, and the
output voltage is based on the duty ratio of switch S1.
Further, the input capacitor C1 is chargedwith the input
current I1 and the output inductor L3 is energized. In
shoot-through mode both switch S2 and switch S1 are
turned ON as shown in Figure 3(b). Thus, the charge
stored in capacitors C1 and C2 is transferred to induc-
tors L2 and L3 respectively. The total voltage across the
T-network is based on the number of turns in inductor
L2. The inductor L2 and capacitor C1 are now forming
a parallel connection as shown in Figure 3(b). Assum-
ing the inductors in the T-network are identical (i.e.
L1 = L2 = LT). The voltage across the inductors and
capacitors can be expressed as

VC1 = VC2 = VC (1)

VL1 = VL2 = VL (2)

When the converter is in non-shoot through oper-
ation as shown in Figure 3(a), for a duration Tnon, the
inductor voltage (VL) voltage across the switch S2 (Vd)
and the source voltage (VS) can be written as

VL1 = VS − VC1 (3)

Vd = VC1 − VL2 = 2VC1 − VS (4)

When the converter is in shoot-through operation
for a duration TS, the voltage across the diode, inductor

L2 and capacitor C1 can be written as

Vd = 0 (5)

VL2 = VC1 (6)

The total switching time is T = Tnon +Ts. The
capacitor voltage (VC1) can be obtained by equating the
average of the inductor voltage over one switching cycle
T as zero and can be derived as

VC1 =
(

Tnon

Tnon − Ts

)
Vs =

(
1 − D
1 − 2D

)
VS (7)

If the turns ratio of the mutually coupled coil is 1: n,
then the output voltage will be

Vom = 1
T

T
∫
0
Vd(t)dt = Ts.0 + Tn(2VCZ − VS)

T
(8)

The output voltage and the duty cycle can be related
as

VoD =
(

Tn

Tn − Ts

)
Vs =

(
1 − nD

1 − D(n + 1)

)
VS (9)

where D = Ts/T is the shoot-through duty cycle.

4. Modulation and switching algorithm

In order to enhance the charging rate of converter a
modified pulse width modulation scheme is proposed
for the T source DC–DC converter and it is presented
in Figure 4.

From Figure 4, it can be observed that S1 and S2 are
ON when VGS1 is high and S2 is ON when VGS2 is high
and the shoot through pulse turns ON both S1 and S2
(Table 1). During the shoot through period, energy is
transferred from capacitor to inductor. After the shoot-
through period inductor energy is transferred to the
battery along with input energy supplied by the source.
The shoot-through time (Tsh) is calculated based on
capacitor and inductor energy storage value.

Figure 3. Operation of T- source DC–DC converter in (a) non-shoot through mode and (b) shoot-through mode.
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Figure 4. Pulse width modulation scheme of T Source DC–DC
converter.

Table 1. Pulse modulation algorithm.

Pulse width Time (s) VGS1 VGS2

0–10 1.00002 High High
10–20 1.00004 High Low
20–30 1.00006 High Low
30–40 1.00008 High Low
40–50 1.00010 High Low
50–60 1.00012 High High
60–70 1.00014 Low High
70–80 1.00016 Low High
80–90 1.00018 Low High
90–100 1.00020 Low High

5. Effect of inductance and duty cycle
variation

The charging current rate is influenced by the induc-
tance of the T-source impedance network. The induc-
tance of the T-source impedance network is varied from
0.01 to 20mH and the corresponding charging cur-
rents are measured using the simulation model and
plotted as shown in Figure 5(a,b). As per IEC 61851
maximum current of dc level-3 charger is 400A with
maximum dc voltage up to 600V. Therefore, inductor
values L1 = L2 = 5mH is chosen as the optimumvalue

so that the maximum current of 378A can be obtained
during charging.

The duty cycle of the proposed DC–DC converter
is varied from 0.1 to 0.9 with a shoot-through time
of 0.15ms and its corresponding charging current is
recorded as shown in Figure 5(b). As per IEC 61851
maximum, the allowable charging current is 400A.
From Figure 5(b), it is observed that at a duty cycle
of 0.48 to 0.58 the charging current is greater than
standard value and at 0.6 duty cycle charging current
is 378A and hence the duty cycle 0.6 is chosen as
optimum value.

6. Dynamic modelling of T source DC–DC
converter

The power supplied by the solar PV plant to the charg-
ing station will vary due to the intermittent irradiance
and load profile of the charging station and hence study
of dynamic behaviour of proposed T source DC–DC
converter under fast-changing environment is neces-
sary. In this section dynamicmodel of T sourceDC–DC
converter is developed using state-space technique and
its stability is analysed under the open-loop and closed-
loop conditions with a proportional–integral controller
used in the closed-loop. The coupled inductor current
(iL), T-source capacitor voltage (Vc), converter induc-
tor current (I0) and converter capacitor voltage (Vco)
are the state variables represented in Equation (11).

x(t) = [iL(t),Vc(t), Io(t),VCo(t)] (11)

From Figure 3(a,b), state equation of shoot through
and non-shoot through modes are obtained and it is
represented in Equations (12) and (14)

K
dx(t)
dt

= A1x(t) + B1u(t) (12)

Figure 5. Effect of charging current due to (a) inductance variation and (b) duty cycle variation.
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⎡
⎢⎢⎣
L 0 0 0
0 C 0 0
0 0 Lo 0
0 0 0 Co

⎤
⎥⎥⎦ d

dt

⎡
⎢⎢⎣

IL
VC
ILo
VC0

⎤
⎥⎥⎦

=

⎡
⎢⎢⎣

0 1 0 0
−1 0 0 0
0 0 0 −1
0 0 1 − 1

RL

⎤
⎥⎥⎦

⎡
⎢⎢⎣

IL(t)
VC(t)
ILo(t)
VC0(t)

⎤
⎥⎥⎦ +

⎡
⎢⎢⎣
0
0
0
0

⎤
⎥⎥⎦ [Vs(t)]

(13)

where

K =

⎡
⎢⎢⎣
L 0 0 0
0 C 0 0
0 0 Lo 0
0 0 0 Co

⎤
⎥⎥⎦A1 =

⎡
⎢⎢⎣

0 1 0 0
−1 0 0 0
0 0 0 −1
0 0 1 − 1

RL

⎤
⎥⎥⎦

B1 =

⎡
⎢⎢⎣
0
0
0
0

⎤
⎥⎥⎦

For non -shoot through

K
dx(t)
dt

= A2x(t) + B2u(t) (14)

⎡
⎢⎢⎣
L 0 0 0
0 C 0 0
0 0 Lo 0
0 00 Co

⎤
⎥⎥⎦ d

dt

⎡
⎢⎢⎣

IL(t)
VC(t)
ILo(t)
VC0(t)

⎤
⎥⎥⎦

=

⎡
⎢⎢⎣
0 −1 0 0
1 0 −1 0
0 2 0 −1
0 0 1 − 1

RL

⎤
⎥⎥⎦

⎡
⎢⎢⎣

IL(t)
VC(t)
ILo(t)
VC0(t)

⎤
⎥⎥⎦

+

⎡
⎢⎢⎣

1
0

−1
0

⎤
⎥⎥⎦ [Vs(t)] (15)

where

K =

⎡
⎢⎢⎣
L 0 0 0
0 C 0 0
0 0 Lo 0
0 0 0 Co

⎤
⎥⎥⎦A2 =

⎡
⎢⎢⎣
0 −1 0 0
1 0 −1 0
0 2 0 −1
0 0 1 − 1

RL

⎤
⎥⎥⎦

B2 =

⎡
⎢⎢⎣

1
0

−1
0

⎤
⎥⎥⎦

Comparing Equations (12) and (14)

K
dx(t)
dt

= (DA1 + (1− d)A2)ẋ(t)

+ (DB1 + (1 − D)B2Û(t) + (A1 − A2)X

+ (B1 − B2)U)d(t) (16)

The small-signal model equation of the T-source
DC–DC converter is obtained by taking the Laplace
transform of Equation (16) and it is represented in
Equations (18)–(20).

SLoIo(s) = (2− 2D)VC(s)− (VCo(s)+ (D− 1)Vs(s)

− (−2VC − Vs)d̂(s) (17)

SL1I1(s) = (2D − 1)V̂c(s) + (1 − D)V̂s(s)

+ (2VC − Vs)d̂(s) (18)

SCVC(s) = (1 − 2D)IL(s) + (Ilo − 2IL)d̂(s)

+ (D − 1)Io(s) (19)

SCoVCo(s) = ILo(s) − VCo(s)
RL

(20)

SIo(t) = (2 − 2D)IL(s) + (D − 1)ILo(S)

+ (ILo − 2IL)d̂(s) (21)

The small-signal equation of converter capacitor
voltage is expressed in Equation (22)

VC0(s) = d̂(s)GVcd(s) + Vs(s)GVg(s) (22)

From Equation (22), duty ratio control to capac-
itor voltage is obtained and it is represented in
Equation (23)

GVd(s) = Vco(s)

d̂(s)
|V(s)→0 = Vo(s)

d̂(s)
|Vs(s)=0 (23)

The converter is designed using specifications listed
in Table 2 and its stability is analysed with control to
capacitor voltage transfer function GVd(s) in the fre-
quency domain and results are shown in Figure 6.

The frequency response of controller less T-Source
DC–DC converter’s transfer function is shown in
Figure 6(a). From the figure it can be observed that the
gainmargin is infinity and the phasemargin is 70°. This
makes the system unstable resulting in increased set-
tling time and ripples in the output. In order to stabilise
the system a control loop with a chain of two PI con-
trollers is proposed which is shown in Figure 7. The
outer voltage control loop regulates the voltage and the
inner loop ensures a ripple free charging current. The
frequency response of the T-Source DC–DC converter
with this chain of controllers is shown in Figure 6(b).
From the figure it can be found that the gain margin

Table 2. Converter specification.

Converter component Specification

Input voltage (Vs) 200 V
Output voltage (Vo) 48 V
Switching frequency 2 kHz
Coupled inductor ratio 1:n
Coupled inductor L1 = L2 5mH
T-source capacitor C 300 μF
Converter capacitance C0 220 μF



620 P. PREM ET AL.

Figure 6. Frequency response of Gvcd(s). (a) Open-loop bode plot and (b) closed-loop bode plot with PI controller.

Figure 7. The closed-loop control algorithm for a DC–DC con-
verter with a PI controller.

is 3.3 dB and the phase margin is 56°, thus improving
the system stability and reduces the settling time and
current ripples.

7. Result and discussion

The suggested system is designed and simulated with
parameters given in Table 3. The performance of
the given system is investigated with three differ-
ent modes, namely stand-alone solar-powered elec-
tric vehicle charging mode (SPV-EV), Buffer battery
to vehicle charging mode (Bb-EV), and Grid to vehi-
cle charging mode (G-EV). In grid-connected mode;
a single-phase supply voltage of 230V, 50Hz is con-
sidered as grid voltage and the dc-link voltage of the
bidirectional converter is maintained at 400V. The pro-
posed converter performance is simulated using MAT-
LAB and the results are validated with Real-Time Dig-
ital Simulation (RTDS) in OPAL-RT in three different
modes.

7.1. Solar PV to vehicle (SPV-EV) chargingmode

In the daytime, power from solar PV plant (PPV )
is greater than or equal to the demand created by

Table 3. Design specification of the DC–DC
converter charging station.

Component Specification

Grid supply 1φ, 230 V, 50 Hz AC
PV plant 20 kWp
Buffer battery 4 Nos. each of 48 V, 100 Ah
Power 15 kW
Output voltage 48 V
Output DC current, IMax 400 A
Switching frequency, fs 2 kHz
Coupled inductor, 5mH
Capacitor, C1 = C2 300 μF

the vehicle charging requirements thus, the charging
station is operated in SPV to EV charging mode. In
this mode, EVs are charged with a Solar PV system
connected to the charging station.

The PV plant voltage (VPV ), current (IPV ), bat-
tery voltage (Vb), battery charging current (Ib) and
state of charge (SoC) of battery are represented in
Figure 8(a) from top to bottom respectively. From
the waveforms it can be observed that the solar PV
plant average output voltage (Vpv) is 200V, output cur-
rent (IPV) is 250A with a maximum power rating of
50 kW solar PV system. The battery charging voltage
is 52V, with a charging current of 380A and initial
State of Charge (SOC) of battery at 80% and the bat-
tery SoC reaches 80.04% in 1.5 s and hence 12.5min
is required to completely charge the battery SoC of
100%. In this case, solar PV plant is generating required
DC power and it is linked to dc bus, the EV charg-
ers are connected to DC bus and they take power
directly through the bi-directional T source DC–DC
converter to charge the vehicles. In this mode, the
DC–DC converter is operated as a buck converter.
The excess power from the PV plant is fed to charge
the storage battery (buffer) and further excess power
could be exported to the local grid. The stored energy
from the buffer battery is utilized during insufficient
power generated from the SPV unit to charge the
EVs.
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Figure 8. Simulation results of EV charger during: (a) SPV-EV mode, (b) Bb-EV mode and (c) G-EV mode.

7.2. Buffer battery to vehicle (Bb-EV) charging
mode

The charging station continues to charge the vehicles
connected at the station using the buffer battery (Mode
2 operation), during the absence of the solar PV gen-
eration. The performance of the EV charging converter
via buffer battery is illustrated in Figure 8(b). The bat-
tery voltage (VS), current (IS), load voltage (V0), load
current (I0) and state of charge of battery (SoC) are
represented in Figure 8(b) from top to bottom respec-
tively. In these waveforms, the average output voltage
(VS) of SPV unit is 200V, output current (IS) of 250A
with a maximum power rating of 50 kW as shown in
Figure 8(b). The buffer battery voltage (V0) is 52V,
the average charging current (I0) of 380A and initial
State of Charge (SoC) of battery is 80% and it reaches
80.015% in 1.15 s. In this case, EVs are charged slower
when compared to mode 1 operation. The correspond-
ing experimental results are represented in Figure 8(b).
The power delivered by the buffer battery is pure DC as
shown in Figure 8(b) (i) and is used to charge the vehi-
cle in the absence of PV. Figure 8(b) (ii) shows the EV
battery charging voltage current and its state of charge
respectively.

7.3. Grid to vehicle (G-EV) chargingmode

When the power generation using Solar PV is not avail-
able and when the buffer battery doesn’t carry enough
charge to meet the demand, power is drawn from the
grid to charge EV. The grid is used to charge the EV
directly where the T source bidirectional inverter acts
as a rectifier that converts the AC power to DC power.

Since the EV is charged directly from the grid with-
out charging the buffer battery the power drawn from
the grid is less. The simulation result of the grid volt-
age (Vg), grid current (Ig), grid to battery charging
voltage (Vgb), grid to battery charging current (Igb) and
state of charge (SoC) during grid to vehicle mode is
shown in Figure 8(c). A single-phase VgRMS of 230V
50Hz grid supply is used to charge the EV, the current
drawn from the grid is IgRMS is 101A given to the T-
source converter and used to charge the 48V battery
using T-source converter. The battery charging volt-
age Vgb is of 54V, and charging current Igc is 385A.
The simulated result shows that within 1.5 s the per-
centage of SoC increase from 80% to 80.14% thus it
requires only 15min to charge the battery from 0 to
80%. In this mode, the charging station draws power
from the grid at unity power factor (UPF) even when
the EV is drawing non-sinusoidal current as shown
in Figure 8(c). The experimental results of the grid to
Electric vehicle are shown in Figure 9(c). Figure 9(c)
(i) shows the grid voltage and current which is the
input to the AC–DC converter and used to feed the EV.
There is no phase lag between the source current and
source voltage as can be seen from Figure 9(c). Figure
9(c) (ii) shows the EV charging voltage, current, and
state of charge. The power fed from the grid to EV is
pure DC with less ripple. Figure 10 shows the THD of
the grid current as 3.4% which is under the limits of
the IEEE-519 standard. The impedance source network
acts a filter. The inductance of the T-source DC–DC
converter filters the non-linearity induced by the con-
verters employed in the source side from propagating
to the load. This reduces the input current THD of
the load.
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Figure 9. Hardware results of (i) Input voltage and input current (ii) Converter charging voltage, current, and state of charge EV
charger during: (a) SPV-EV mode, (b) Bb-EV mode and (c) G-EV mode.

7.4. Dynamic response of the T-source DC–DC
converter

Both the source and load of the EV charging stations are
fluctuating since the vehicle connected to the charging
station keeps on connecting/disconnecting. Therefore,
it is necessary to evaluate the dynamic performance
of the proposed charging T source converter under

dynamic source and load conditions. From Figure
11(a), it can be observed that the charging current
from the T-source DC–DC converter is nearly 8%
higher when compared to the conventional buck con-
verter. This higher charging current is due to the higher
gain offered by the impedance network of the former.
The higher charging current reduces the charging time
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Figure 10. Input current harmonics spectrum during grid to
vehicle charging mode.

of the T-Source DC–DC converter-based architecture
when compare to other topologies as depicted in Table
4. The plot of charging voltage against time shown

in Figure 11(b) indicates that the charging voltage of
the T-Source DC–DC converter is slightly higher than
the conventional buck converter with relatively less
ripple. This reduces the switching stress of the T-Source
DC–DC converter when compared to other topolo-
gies. The charging current, charging voltage, and the
response of conventional buck converter and T source
dc–dc converter under step change in irradiance 800 to
1000w/m2 are portrayed in Figure 11(c).

From the figure it can be found that during step
change in irradiance at 1.5 s the T-Source DC–DC con-
verter undergoes smooth transition between the stable
states. Thus, the overshoot of the T-Source DC–DC
converter is comparatively lowwhen compared to other
topologies also presented in Table 4. The system is sub-
jected to change in irradiance at 1.5 s as shown in Figure
11(c). The response time of the dc–dc converter is 50ms

Figure 11. Dynamic response of T-source DC–DC converter (a) charging current of TSC and BC, (b)charging voltage of TSC and BC
and (c) step change in PV irradiance.

Table 4. Comparison of T-source DC–DC Converter with other topologies.

Parameter
Conventional buck

converter
Interleaved boost

converter
Z-source DC–DC

converter
T-Source DC–DC

Converter

Gain Very Low Maximum 2 High Very high
Input current THD 8.3% 7.2% 5.8% 3.4%
Dynamic response 250ms > 250ms 100ms 50ms
Current ripple 12.5% 12.5% < 2.5% < 2.5%
Rise time 1.02 s 1.08 s 2.02 s 1.05 s
Overshoot high Very high Low Very low
Switching current

stress
80 A higher than normal value

for 50ms
high low Very low

Charging time
(80% charging)

Charging time is high due to
low gain property

Charging time is very high medium Charging time is low due to
high current gain.
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and the buck converter’s response time is 250ms which
is 5 times that of the former. Also, the rise time of
buck converter is 1.02 s and it is 3% lesser when com-
pared to T- source DC–DC converter, the lower rise
time of the buck converter results in high inrush cur-
rent. The high inrush current increases the battery’s cell
temperature and also inflicts damage to the semicon-
ductor switches. The high current gain and low ripple
are achieved through the control of operating states of
the converter using the modified PWM and the chain
of two PI controllers. The efficient design of closed
loopPI controller contributed to the improved response
and less overshoot. The higher rise time will result in
increased life of battery and switches.

8. Conclusion

The proposed T-source DC–DC converter has been
found to be an ideal choice for EV fast-charging sta-
tions. T-source converter with a battery provides con-
stant current/ constant voltage mode control using its
shoot through operation and it also has other advan-
tages like reduced power components, low THD, low
ripple, high gain and swift charging. A solar EV grid-
connected charging topology is designed and simulated
using MATLAB/Simulink tool. simulation results ver-
ify the performance of the converter’s operation for
rated specifications as well as for certain disturbances in
rated supply. The overall performance of the proposed
converter is found to be satisfactory with low input cur-
rent THD according to the international IEC 61000-3-2
PQ standard.
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