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ABSTRACT An increasing demand of electrical vehicle technology, renewable power is recommended for the charging
of vehicle batteries. The proposed electric vehicle battery charging module has the capability of exchanging power between the grid
and the vehicle. For this exchange of power, a DAFB circuit is integrated between the battery and the grid. The grid is induced with
a solar-powered plant with multiple PV panels generating high power. This renewable power is either utilized by DAFB charging
circuit or injected into the grid. The electric vehicle module V2G and G2V conditions are controlled with the PSM technique applied
on DAFB with modeling done in MATLAB Simulink environment. The graphs are plotted with time as a reference for different
operating conditions. The outcome of this paper is to analyze the DAFB circuit with different operating conditions shifting from
charging and discharging modes of the vehicle battery.

Keywords: DAFB (Dual Active Full Bridge), G2V (Grid to Vehicle), PSM (Phase Shift Modulation), MATLAB (Matrix
Laboratory), V2G (Vehicle to Grid).
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1. INTRODUCTION voltages. The electric vehicle charging circuit is a DAFB (Dual
In recent times high pollution affecting the environment causing ~ Active Full Bridge) module which has two bridges with each
global warming may create inhabitable conditions for living  bridge inclusive of 4-IGBT (Insulated Gate Bipolar Transistor)
organisms on the planet. This heavy pollution is caused by  switches [5]. This DAFB circuit is connected to a 3-ph VSC
different sources which majorly include thermal power plants  (Voltage Source Converter) which can convert 3-ph AC to DC
which are used for electrical power generation [1]. Heavy ~ and DC to 3-Ph AC. The VSC operates as both a rectifier and
industrial plants which are operated to manufacture goods and also inverter as per the requirement.
commercial internal combustion vehicles for transportation also
generate heavy pollution damaging the environment. From
these sources of pollution, heavy industries cannot be stopped
or replaced but thermal power plants can be replaced with
renewable energy plants. These renewable energy plants may
include solar plants, wind farms, biogas plants, and tidal energy
plants which generate power using natural sources like solar
irradiation, wind speeds, bio waste, and tidal waves [2].

For the G2V (Grid to Vehicle) operating state, the VSC operates
as a rectifier and for V2G (Vehicle to Grid) operating state the
VSC operates as an inverter [6]. In G2V operating state the
battery of the vehicle is charged and in V2G operating state the
battery of the vehicle is discharged [7]. The complete test
system with PV module integration to the grid with DAFB
electric vehicle charging circuit is shown in figure 1.
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Figure 1: Proposed test system

In the above test system, the PV module boost converter is
operated with MPPT (Maximum Power Point Tracking) for
maximum power extraction. A B-MPPT algorithm is proposed
for a faster response to the changes in the operating conditions
of the PV array [8]. The isolated bidirectional DC-DC converter
which is DAFB operated with the PSM technique. This paper is
included with an introduction to the proposed test system in
section 1 and the PV module configuration is discussed in
section 2. Section 3 is included with the working principle of
DAFB and both V2G and G2V conditions are discussed. The
complete system simulation results with different operating
conditions with graphical representation done using MATLAB
software are given in section 4. In the final section 5 conclusion
to the paper finalizing results and references used for modeling
the test system are given.

=: 2. PV MODULE CONFIGURATION
PV panel is a renewable source that generates power by
absorbing solar irradiation using p-n type silicon doped
material. The power generated by the PV panel is purely DC as
the electrons only flow in one direction during generation. The
density of electrons depends on the intensity of solar irradiation
which normally varies from 200W/mt? — 1000 W/mt? on a
normal day. Therefore, the output power of the panel is directly
proportional to solar irradiation in a day which varies as per the
intensity. Hence the panel voltage needs to be stabilized using
external circuit topology and also increase the magnitude as per
the requirement. For this, a boost converter is adopted which is
controlled using an MPPT controller [8].

Figure 2: PV module structure
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The MPPT controller takes feedback from PV panel voltage and
current for estimation of the required duty ratio for maximum
power extraction. The connection of multiple panels in parallel
or series makes a PV array which is represented as a solar plant.
This PV array connected to the booster converter controlled by
the MPPT controller circuit structure is shown in figure 2.

In the given figure 2 the passive element Cpy is the input
capacitance which reduces ripple in PV voltage, Ly is the
boosting inductor for energy storage and discharge, S is the
switching IGBT controlled by MPPT control, D is the reverse
current blocking diode and Coy: is the output capacitance for
mitigating DC bus voltage (Vuus) ripple.

2.1 MPPT Control

The ON and OFF time of IGBT is decided by MPPT control
which is taking signals of PV array voltage Vpy and current Ipy.
The MPPT control induced in the PV module is B-MPPT which
has a faster response and higher power extraction as compared
to conventional P&O MPPT control [9]. The B-MPPT algorithm
for change in duty ratio (d) as per the change in V, and Iy, can
be seen in form of a flow chart in figure 3.
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Figure 3: B-MPPT control flow chart

As observed in figure 3 the flow chart starts with V(k) and 1(k)
present measurements which represent Vpv and Ipv. [10] An
instantaneous S, value is calculated using these V(k) and I(k)
values which is given in equation (1).

B, =In (%) —cv(k) Q)

In the above equation (1) variable ‘c’ is the diode constant
which is given as equation (2).

_ 4
€= Ns.AKT @

Here, ‘q’ is the charge of an electron with a value 1.602 x
1071°C, T is the temperature in Kelvin, K is Boltzmann
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constant with value 1.38 x 10723 /K and A is the diode ideal
factor taken as 0.1.

After the calculation of S, value, it is then compared with
minimum and maximum limit values g, and
Bmasx respectively [10]. As per the B, value it is decided that the
controller works in transient mode or steady-state mode. Now
as per the mode, the duty ratio value is adjusted either it has to
change as per P&O (Perturb & Observe) MPPT control or 8-
MPPT control [11]. The steady-state mode is integrated with
P&O MPPT control and the transient mode is integrated with a
change in duty ratio given as equation (3).

D(k) =D(k =1) + N.(Bs = Bg) ©)

Here, in the above-given equation (3) D(k-1) is the past duty
ratio value, N is the scaling factor and g, is the guiding value
which is the mean of 8,4, and Bin given as equation (4).

B, = (ﬁmax:ﬁmm (@)

The values of f,,,4x and B, are taken as per the stability of
B, value [12]. This updated duty ratio D(k) is compared to a
high-frequency saw-tooth waveform generating a pulse for
switch S of the boost converter. In steady-state mode, the duty
ratio value is adjusted by the P&O MPPT algorithm which is a
conventional method used in most of the modules. The response
of the complete MPPT control is rapid in a transient state as the
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MPPT varies the duty ratio value using the B-MPPT algorithm
[13]. A simulation comparative analysis is carried out with both
P&O MPPT and B-MPPT algorithms in this paper in section 4.

2.2 VSC Module

The 6-switch VSC module comprises 6-IGBT switches
connected with an anti-parallel diode for each IGBT. The VSC
operates as an inverter when the IGBTs are fed with PWM
(Pulse width modulation) pulses generated using the SRF
control structure. This VSC module with SRF controller is
integrated for both the PV module and DAFB circuit (vehicle
battery module) [14]. For the PV module, the VSC only
operates as an inverter whereas, for the DAFB module, it
operates as a rectifier as well as an inverter. During the
rectification of VSC implementing G2V condition for charging
the battery, pulses to the VSC are removed making the body
diodes of all the 6-IGBTs work as a 3-ph diode bridge rectifier
[14].

During V2G condition for discharging the battery and for
sharing of PV power through the VSC to the grid SRF control
is used with feedback from the PCC (point of common
coupling) [15]. 3-ph voltages and currents at the PCC are
considered for the generation of pulses to VSC with
synchronization to the grid. The complete structure of SRF
control is shown in figure 4.
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Figure 4: Overall controlled diagram for the proposed system

Initially, the 3-ph voltages and currents are converted to dg-axis
components by Park’s transformation given as equation (5).

Fy Sing —Cos@ 0][F
F,l=(cose Sin6 0||Fp (5)
F, 0 0 11LF,

In the given equation (5) the F can be either voltage or current
and 0 is the angle of phase A of the grid calculated by PLL
(Phase Locked Loop) [16]. The lg-Iq measured components are
compared to reference current components Iq*-14* generating lq
—lq error signals. Here the lq* component is taken as ‘0’
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considering no exchange of reactive power from VSC. [16] The
I4* is calculated by a DC voltage regulator (PI) fed with a DC
voltage error signal which is given as equation (6)

I; = (Kp + [ Ki)(Voc rer — Vi tink) (6)

In equation (6) Vpc r is the reference DC voltage and Vp ¢ iy iS
the measured DC link voltage at the DC link capacitor Cpc fink.

These lg-1q4 error signals are fed to the current regulator (PI) for
the generation of UgUq signals. The final reference signal
generator takes input from UgUq, Idlg, and V4Vq components
generating a reference signal for the operation of the VSC [17].
The internal structure of the reference signal generator is shown
below in figure 5.

Vatlw Iq

ld error

Current

Iq error Controller

Figure 5: Final Vd*-Vg* generator

The above structure is mathematically represented by equations
(7) and (8).

V; =Ud+Vd+ Lwl, (7)

Vi =Uq+Vq—Lwl, (8)

This final reference voltage signals Vq*-Vq* is converted to
‘abc’ components which are the reference signals for SPWM
(Sinusoidal PWM) technique [17]. The inverse Park’s
transformation is given as equation (9).

v Sin @ Cos 0 1 Ve
il [sm(6-%5) cos(6-%) 1lli}|
el sin(6+%) cos(0+Z) 1fLVs

Here, V" is considered as ‘0’ as there is no biasing of voltage
signals.

z 3. DAFB CIRCUIT WORKING
PRINCIPLE

In the electric vehicle module DAFB circuit is considered for
bidirectional power flow, charging, and discharging of the
electric vehicle battery [17]. The DAFB circuit comprises two
full bridges with IGBT switches connected in a two-legged
format. Both the full bridges are magnetically coupled and
electrically isolated and connected with a high-frequency
transformer (HFTF) [18]. The primary side connected full-
bridge operates as an inverter at a very high frequency in the
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range of 20kHz-50kHz. The secondary side connected full-
bridge operates as a rectifier which also operates at the same
frequency as that of the primary side full bridge.

i
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Figure 6: DAFB circuit topology

Primary side full bridge DC terminals are connected to 3-ph
VSC which operates as a rectifier during charging mode and as
an inverter during discharging mode. The secondary side full
bridge DC terminals are connected to an electric vehicle battery.
Both the full bridges are operated with the same switching
frequency and fixed duty ratio of 50% [19] [20]. To control the
direction of power flow (V2G or G2V) phase shift modulation
technique is adopted for the DAFB module [21]. For charging
mode which is G2V condition, the secondary full bridge is
operated with a phase delay with a specific lagging phase shift
angle (¢). And for discharging mode which is V2G condition
the primary full bridge is operated with a phase delay with a
lagging phase shift angle.

The phase shift angle ¢ is determined by a feedback loop control
with a feedback signal taken from the battery current for current
control [21]. The charge and discharge current of the battery is
set by a reference value which is set as per the requirement.
Below is the control structure of the DAFB circuit topology
which controls the phase shift of the full bridges as per the mode
of operation.

o[ 118 Full

Bridge 2

s R

fs —»[PWM Generator (50% Duty Cycle) |
Phase Shift ¢

Battery Current PI

Controller

| o I ii i‘ - SoC

Figure 7: Phase shift controller of DAFB
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As seen the measured battery current Ig is compared to lgrer and
the error signal is given to the battery current controller which
is a PI controller with specific Kp Ki gain values [22].

A phase shift angle ¢ is generated by the PI controller which is
used for creating delay in the pulses for the full bridge switches.
The given DAFB circuit is modeled with an equivalent circuit
as given in figure 8.

. . . L .
lact e/ DT‘-'{ Iacz 2 & Tou

Py e

Figure 8: Equivalent diagram of DAFB circuit

I

R[ -lu‘
(4 ;J‘(

Here Vin Vout and iin ioue are the input and output voltages and
currents of the DAFB concerning the phase shift created bridge.

The Ri Lj C; are the passive components of the primary side
winding and R, Lo C; are the secondary side winding passive
components. The current of the primary winding is given as iac:
inducing current to secondary side iaco/n concerning
transformer ratio. (n:1).

The passive components are determined as per the input
currents of the DAFB module which are given as

G % =lin = laca (10)
LG+ Rilin = Vin = V3 (11)
G, % = lac2 — lout (12)
Lo T2 + Ry = Vo = Vot (13)

% dt

Here, V1 and V; are the voltages across the capacitive elements
Ci and C; respectively. The primary and secondary currents of
the transformer are determined as

lgc1 = V1+RnV2 d+ —Vl_RnVZ a1-4d)+ RL—T (11 +
v1+nv2) (e_(g)ar _ 1) + i(vl—nvz _ 12) (e—(ﬁ)(r—ar) _ 1)
R RT R
(14)
2 _m2
iACZ = — nVl-;n Ve d+ nV1n;l v (1 - d) - RL_T (nh +

R RT

1) (15)

M) (e—(%)dr _ 1) L L (% —nt,) (e—@)a-m _
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Figure 9: Phase shift angle internal control

The internal structure for the phase shift control can be seen in
figure 9. As seen in figure 9 a current reference is compared to
the measured battery current and the error is fed to Pl which
generates phase shift angle ¢ for the switches S3 and S4. The
phase shift is applied to the secondary side full bridge switches
for G2V operating conditions. For the V2G operating condition
the same controller is used creating phase shift ¢ for the primary
side full bridge switches [23]. The power transfer P concerning
change in phase angle ¢ and input-output voltages is given as

v &(1_M)
WL N.JV; T

Here, Vi is the input voltage, V, is the output voltage, N is the
transformer turns ratio, ¢ is the phase shift angle, w is the
angular switching frequency given as w = 2.x.fs and L is the
leakage inductance.

t (16)

Different operating conditions of the converter and simulation
results of the proposed test system are carried out in the next
section with graphs plotted concerning time.

=: 4, RESULTS DISCUSSION

All the modules of the test system which include the Grid
system, PV module, and DAFB electric vehicle battery
charging circuit are modeled in MATLAB Simulink
environment using the ‘Power systems’ toolbox. The
parameters of the test system for the simulation analysis are
given in table 1.
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“Z Table 1: Test system parameters

Name of the Values
parameter
Grid 100MVA, 11kV, 50Hz
PV module Vip =54.7V, lmp = 5.58A, Voc = 64.2V,

5.96A, Np = 64, N5 =5, Ppy opt = 100KW.

Boost converter | Ry = 0.005Q2, Ly = 5mH, Cout = 12mF,

fsw = 5kHz.

ﬁ'MPPT Dint = 05, Bmin = '6500, Bmax = '5400,

By = -6000, MPPT gain = 5,

SRF controller | DC regulator gains: Kp = 7, Ki = 800
AC regulator gains: Kp = 0.3, Ki =20
Vdc ref = 500V, Switching frequency =

1650Hz.

DAFB module HFTF winding ratio- 1:1, lpatref = 100A,
High switching frequency = 20kHz,
Phase shift regulator gains: Kp=0.1x10
6, Ki = 5x10°°.
Electric vehicle | Type: Lithium lon, Pnom = 30kWh,
battery Vnom = 320V, Capacity = 94Ah.

With the above parameters, the simulation is modeled first with
only the PV module connected to the grid operated by the SRF
controller. A comparative analysis is done with P&O-MPPT
and B-MPPT to determine the optimal technique. The maximum
power extraction from PV array comparison between these two
techniques is shown in figure 10.

%104 L

Ppv P&O |
Ppv Beta

Ppv comparison

0 0.1 02 03 04 0.5 06 07 08 09 1
Time (seconds)

Figure 10: Comparison between P&O-MPPT and B-MPPT total
extracted power from PV array

As seen the B-MPPT module power extraction has less initial
peak value generation and the extracted power is higher as
compared to the P&O-MPPT technique. The DC voltage of the
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boost converter with both techniques is maintained as 500V as
per the given reference value.

750F T T T T T T T T 3
Vdc P&O
700 I I I I I I \dc Bela | |

650

0 0.1 0.2 0.3 04 0.5 0.6 0.7 0.8 0.9 1
Time (seconds)

Figure 11: DC link voltage of boost converter of both the MPPT
technique test systems

A parametric comparative table 2 with both MPPT techniques
comparison is given.

“ Table 2: MPPT comparison

MPPT parameter P&O-MPPT B-MPPT
Pint peak 96kW 93.5kW
Pextracted 92.5kwW 94.5kwW
Ve peak 710V 700V

Ve 500V 500V

After the extraction from the PV array by the boost converter
and boosting the voltage to 500V, the DC power is converted to
3-ph AC by VSC. After the conversion, the power is injected
into a 3-ph grid through a step-up transformer (260V/11kV). A
comparative graph of injected power by PV module by both the
MPPT techniques is given in figure 12.

=104 c

Pinj P&O
Pinj Beta/1 [

©
)
T

PVA injected power
w
© p

-]
o
T

@
o

o DI‘I DIZ DI3 D‘4 DIS Dlﬁ DIT DIB DIQ 1
Time (seconds)
Figure 12: Comparison between P&O-MPPT and B-MPPT
injected PV module power to the grid
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As seen the PV module power injection by B-MPPT is high as
compared to the P&O-MPPT technique. The power injected by
the B-MPPT PV module is recorded at 92.7kW and for P&O-
MPPT is 90.5kW. The harmonic analysis of the PV module
inverter current using the FFT analysis tool can be seen in figure
13.
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SRF control making the VSC operate as an inverter when the
DAFB module is operating in discharge mode. All the
switching pulses are made ‘0’ when the VSC needs to be
operated as an uncontrolled rectifier during charge mode. The
operating modes of the DAFB module are changed concerning
time with a step signal. For signal ‘0’ the DAFB operates in
charging mode and for signal ‘1’ DAFB operates in discharging
mode. The modes are changed as per the below-given
conditions.

Condition 1: Operating in charging mode from 0-0.5sec
Condition 2: Operating in discharging mode from 0.5-1sec

%10° t
2 T T T T T T T T T

Figure 13: THD of injected PV module current

As seen in figure 13 the THD (Total Harmonic Distortion) of
the source current is at 3.21% which is below 5% as per the
IEEE standard benchmark. After optimizing the MPPT
controller in the PV module the test system is connected with
the DAFB module with VSC controlled as shown in figure 14.

abc_B1 Vabc

labc_B1 labc Pulses
Discharging

o

Vdc_mes

SRF control

YN

—o

3]

Rectifier
Charging

Figure 14: Charge and discharge mode selector of VSC in the
DAFB module

As seen the pulses to the VSC in the DAFB module (G1-G6)
are selected by a switch block where the selection is done as per
the mode of operation. The switching pulses are connected to

I
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I
0.8

I
0.9
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Figure 15: DAFB module AC side active power exchange

The above graph is the power exchange at the PCC between the
DAFB module and the grid-connected PV module. Initially, at
Osec the topology is in transient condition and settles at 0.1sec
with 38kW of power consumption from the grid by the DAFB
module. After 0.5sec the system again goes to a transient state
which stabilizes at 0.7sec with 27kW of power injected into the
grid from the DAFB module.
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Figure 16: DC link voltage of VSC in DAFB module
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The above figure 16 is the DC link voltage of the VSC in the
DAFB module which maintains at 575V during the charging
condition and changes to 700V during discharging condition at
0.5sec.

=10% I
. . . T T T . . .
10 .
sk 4
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B I I I 1 1 1 1 1 1 -
0 0.1 0.2 0.3 0.4 05 0.6 07 0.8 0.9 1
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Figure 17: DC power exchange at DC link of VSC in DAFB module

The DC power exchange at the DC link of the VSC can be seen
in figure 17 with a charging power of 38kW and discharging
power of 30kW after 0.5sec. From the PV power of 92.7kW
38kW is fed to the DAFB module and the remaining power of
54.7kW is injected into the grid. The final battery power in
figure 18 consumed and discharged from the battery during
G2V and V2G conditions is 33kW and 33kW respectively.
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Figure 18: Battery power exchange as per the given condition

In both conditions (G2V and VV2G) the reference current is taken
the same at 100A. Therefore, the same current magnitude is
charged and discharged from the battery by the PSM controlling
DAFB. The efficiency of the DAFB module during G2V and
V2G conditions is given below.
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Figure 19: Charge and Discharge battery characteristics of electric
vehicle

The above figure 19 is the battery characteristics which show
the State of Charge (SOC), battery current, and Battery voltage.
As observed the SOC increases continuously during the
charging state (0-0.5sec) and the current reading is shown as -
100A representing the charging of the battery. The slope of
SOC tends to drop at 0.5sec when the condition is changed to
discharge mode. Hence the battery current is shown as +100A
representing the discharge of the battery. The battery voltage
magnitude moderately fluctuates during the change of operating
mode which is normal. The conclusion to the paper with a
power comparative analysis table is discussed in the next
section.
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Figure 20: Grid active power
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In above figure 20 the grid power is shown with the initial value
settling at -54.5kW which represents 54.5kW injected into the
grid. After the utilization of 38kW power by the DAFB module
from 92.5kW power generated by the PV module the remaining
power 54.5kW is injected into the grid. At 0.5sec when the
DAFB operation is changed to V2G condition the power from
the DAFB module 27kW is injected into the grid along with PV
module power 92.5kW. Therefore, the total power injected into
the grid after 0.5sec is settled at 119.5kW.

5. CONCLUSION

With the given results of the proposed test system, it is
determined that the DAFB circuit topology is controlling the
G2V and V2G conditions with the PSM technique. For charging
the EV battery renewable source PV array is optimally utilized
with maximum power extraction using 3-MPPT.

A comparative analysis of both the MPPT techniques (P&O and
B-MPPT) is done showing 2.2kW more power is extracted from
the PV module when B-MPPT is operated. The changes in the
battery current directions indicate that the same DAFB circuit
can be used as a bidirectional power-sharing module. It is also
shown that the efficiency during the G2V and V2G conditions
is maintained at around 80% which is acceptable for any power
system. The THD of the PV module current is maintained at
3.21% determined by the FFT analysis tool which is below 5%
of the IEEE standard.
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