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Background

Fossil fuel from internal combustion engine vehicles causes

greenhouse gas emissions

EVs produce no carbon emissions, have efficient motors and better

performance
Availability of reliable power sources to charge EVs

Unavailability of efficient and reliable chargers hinders the adoption of EVs

at a faster rate



Power flow can be unidirectional

bidirectional

Unidirectional performs only G2V operation

Bidirectional performs G2V, V2H, V2G, V2X

or

Bidirectional injects power back for frequency

control, load levelling and peak shaving

Unidirectional

1><1 E

K- -0~ e

Grid energy House AC Charger Electric car
(AC)

Bidirectional

V2G/V2H
R * G=2
« [© « W - 6=
Grid energy House Bidirectional Electric car
(AC) Charger



Primary

The two main types are off-board and on-board
The off-board chargers are DC fast chargers
They are installed in the charging stations outside the vehicle

Off-board chargers have a high infrastructure cost



Primary

Onboard chargers get their AC supply mainly from the grid
Onboard chargers are bulky, slow and low power density chargers
Installation done inside the vehicle

Renewable energy companies see potential in wave energy integration.



Levels

Main levels of EV Charging: Levels
, Il and Il

Determined based on its location,
charging time, and power ratings

Level | charges with 120 Vrms supply

Charging time, power and current
ratings of 4-11 hours, 1.4kW and 12A,
respectively




Levels

Level Il could have a single-phase or
three-phase supply of 240 Vrms

Charging time, power and current j-
ratings of 1-4 hours, 4kW and 17A,
respectively

Level lll charger is a DC fast charger

Power rating above 50kW —

Takes approximately 0.2 - 0.5 hours to
fully charge



The

Determined based on their
design criteria: Isolated and
Non-Isolated

Integrated OBC (i0BC) j

Isolated integrated OBCs use — -
galvanic isolation ( _I
Three Phase Drive Multiphase Drive Using Sperate Transformer Usin:egzc::;::amr:‘ding

~Non-isolated use either a
multiphase or three-phase

. . Using Using Driv with Us'ing Dri've Using Five Using Six Using Nine
Multiphase integrated OBCs || bl |k |t |noches) |
share power electronic [P —
componen s
. [ Dual Drive |  |=+{Open-end PMSM]
Three-phase integrated OBCs L= Le=s

grouped single-stage and two-
stage



Single-stage

Single-stage has a simplified topology converting AC-DC in only
one stage to charge

Reduces the overall weight, but has motor torque generation
problems in charging mode

Two-stage integrated OBCs have two distinct stages
The first stage is the AC-DC rectification stage

The second stage is a DC-DC conversion stage to charge the
battery



Literature

A three-phase current source
converter-based integrated OBC
design [1]

Dual Inverter

Uses an LC filter, PMSM and a
current-source converter to charge the
battery
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Implementation of a dual-inverter
system to reduce current ripples

Major drawback of the design is the
unbalanced grid current
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Literature

A parallel configuration-
based integrated OBC s
designed to address the current
balancing problem [2]

Adopts RYB/YRB  wiring
configuration to get rid of the
unbalanced current

The design has a major
challenge related to its
cumbersomeness

DC Link

Battery
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Literature

Another integrated OBC
consists of traction inverters, a
motor and an active front end
for a two-stage conversion [3]

. Vehicle motor's leakage
inductance used as the magnetic
component

The implementation of the
active frontend increases the
system size
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Literature

A very simple design comprising

a single-phase inverter, a PMSM, an (Wheel ) (Wheet )
active power filter and a quasi-z- F----- fomomoooooooooooo R
source inverter [4] | v Flow T@*«-
------ N ok :
:‘&Lllg.'a:mhu:.l: :: o ey ) Ratiery
The design is compact due to the | ** || L.
smaller passive components used in 1 v STH T '
the quasi-z-source inverter DODeS ’
Bidirectional
L Wkasi -7 -source
Design has an improved current e Ut e ST -
ripple ( Whel ]~ (" Wheel )

Design has issues relating to size
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Literature

A different design uses only a
PMSM and the traction converter
to solve the size issue [5]
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The charger can handle high- o EMi
power levels of charging with 1 | fiter
minimal losses

Major drawbacks include in-rush
current problems and high voltage
stress on the switches.
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The

Charging via motor may generate undesired torque.

Traditional topologies suffer from high current ripple, poor power
factor, and control complexity.

Need to ensure zero torque generation during charging, high
efficiency and power factor.

Complexity of charging designs

High in-rush current



The

‘What if we could use the
vehicle’s drivetrain system to do
the charging?

Uses PMSM stator windings as
coupled inductors with the inverter
as the full converter.

Comprises a PMSM, an inverter
and a single-pole double-throw
switch (R).

Has zero torque, high power
factor, minimized hardware, and
reduced current ripples.

Battery




Vehicle

No AC supply from the grid

Battery is the primary power
source to drive the vehicle’s motors

Switch R closes at m, and path n is
opened

All switches of the inverter are
activated by Space Vector PWM
signals




Vehicle

AC to DC rectification stage to
regulate DC link voltage

Switch R connected at point n

Battery

Switches S; and S, stay in the OFF .,
position

Switches $1,5,,5, and S5 operate
according to the charging operational
mode




Modes

The charger operates based on
an interleaved buck converter

The operational modes are :
categorized into four distinct modes

Sequential order for duty cycle less
than O.5is I, II, lll and I

For a duty cycle greater than 0.5,
the sequential order is IV, |, IV and
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Modes

S¢ is OFF throughout the charging

operation

S1 and S, form the interleaving

network

Two distinct steady-state operations:
0 <D < 0.5, forV, < 2v;, < 2V,and 0.5 <

D < 1,forv, > 2v;,

A mode repeats in the charging cycle

depending on the duty cycle
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Mathematical
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Torque

The i, current impacts the
torque generated

The i, current is controlled

using Field Oriented Control as
shown in the diagram

The iq current Is set to zero to
generate zero torque
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Output

High ripple stresses the battery and
electrolytic capacitor ‘

Conventional
single-phase charger
Two-channel

interleaved buck charger
Proposed charger

ot
o

Ripples increase EMI, reduce charger
lifespan

e
o

o
E =N
T

Winding ripples partially cancel out
at the output

Normalized Current Ripple

o
(V)
T

Lower motor winding ripple means "0 0.2 0.4 06 08 ;
smaller filter size, reducing losses Duty/Cycls; (D)



Component

Switches S, ,S,, S,and S5 are selected based on their voltage and
current stress (Vp & 1,/2)

Switches S;,and S, based on V, and V. — V,, respectively

. DI )2/
Input and output capacitors: C;=—=>;C, = max
P P P 1™ fiavpe P T T 2AVy @ Y

Equivalent inductance and resistance: L,,= Vpe17D) . p <

Orip' S
Pmax (1-7)
n.D2I2




Simulation
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Experimental

Made up of an AC power supply, an =m
inverter, a diode bridge rectifier, an ACS712 il
current sensor

5 Power supplles

PMSM, two capacitors and 3
TMS320F280049C microcontroller.

Motor parameters: 3kW rated power, 4 |
pole pairs, 0.5-ohm resistance, 2mH g
equivalent inductance

Data acquisition via Oscilloscope
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Experlmentul
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Experlmental
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Switching losses resulting from the ON and OFF turning of the
switches

Conduction Losses resulting from the motor windings and the switches
Core Losses resulting from only the motor windings

Efficiency of 94% at rated power
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Comparison with

Fewer components used.

Ej'oposed
H|gh powel‘ denS|ty Audi e-tron [6] ) [8]

\'\
Volkswagen ID .4 [6] @ [7]
Comparison made to assess the

power density of integrated and non- TeslaModel X[6] 1]
integ rated Chevy Volt [6]

s Estimated power density(KW/L) ss@s»[ntegrated?

Light Vehicle? e=e» Commercialized?

Comparison made to assess the
topology with other existing chargers
for light, medium and heavy-duty EVs



The

What if we could use the vehicle’s
drivetrain system to do the charging?

Dual-purpose use of PMSM as
interleaved coupled inductors

Comprises a single-phase AC input,
diode bridge, and interleaved boost PFC.

Has zero torque, high power factor,
minimized hardware, and reduced
current ripples.




Vehicle

AC to DC rectification stage for
PFC and DC link voltage regulation

Switch R is opened throughout the
operation

Switch S; stays ON, while S, goes
OFF completely

Switches S5, S3,S5¢,S¢ operate
according to the charging operational
mode

L:
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S1is ON while S, is OFF throughout the

charging operation
A mode repeats in the charging cycle

Two distinct steady-state operations:
depending on the duty cycle

St and S¢ form the interleaving
0 <D < 05,forV, < 2v;,, < 2V, and 0.5 < D <

network

1, forv, > 2v;,
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Mathematical

Modeling is based on electrical,
back-emf, torque and mechanical
models.

Assumptions are made to model
the PMSM as a coupled inductor

Mathematical analysis done in d-g
frame for accuracy and simplification

: Direct and quadrature axes
inductance are the same for a round
rotor

Vb



Battery

The control of the PFC boost
charger configuration regulates
output voltage

Control consists of voltage and
current loops

Three PI blocks compensate for
the errors from the compensation

S, is turned ON, while S, S;and
S, are turned OFF

V2

Vac Vpeak

|/Vpeakz-

Vin

Vsetpoint error
Vout

>

Pl

L1

Pl

PWM
Generator

Pl

PWM
Generator




Output

01. Maximum and minimum input current ripple for 0 < D <

0.5
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Simulation

Duty cycle less than 0.5
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Amplitude

L1 current (A) L2 current (A) L3 current (A)

Simulation
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Experimental

Made up of an AC power supply, an
inverter, a diode bridge rectifier, an
ACS7/12 current sensor

Also has a voltage divider network, a
PMSM, two capacitors and a
TMS320F280049C microcontroller.

Data acquisition via Oscilloscope

P

J
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Experlmentul
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Switching losses resulting from the ON
and OFF turning of the switches

Conduction Losses resulting from the
motor windings and the switches

3. Core Losses resulting from only the motor
windings

Efficiency and THD of 93.9% and 3.5%
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Conclusion

A magnetically coupled integrated onboard EV charger has been
presented

Configuration of the charger does not require rewinding of motor windings
Charger has no in-rush current, torque generation, and bulkiness issues

Comprehensive analysis, simulation, and experiments done to prove the
stability, robustness and high-power density of the charger



Conclusion

Integration of both the output and input current ripple into the same
OBC topology.

Extension of the charger’s functionality to do V2H, V2G and V2X
Extension of the proposed charger to vehicles with more than one motor

Solve the industry-wide pain point
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