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Abstract—.Electric vehicles (EVs) are needed in densely
populated urban areas to reduce air pollution. Battery chargers
are needed to supply dc voltage to charge the high-energy battery
packs used in EVs. This paper presents a fuel cell powered
integrated traction machine and converter topology that has
bidirectional power flow capability between an electric vehicle
and the dc or ac supply or grid. These operations are in addition
to the vehicle traction mode of operation Desired features for EV
battery chargers such as minimum volume, low cost, high
efficiency, and high reliability are fully matched by means of the
proposed solution. The concept has been analyzed with
finite-element- coupled simulation with dynamic analysis
software. The interleaving technique has been used with the
inductors to share the current and reduce the converter
switching stresses.

Keywords—Bidirectional converter, electric vehicle, integrated
converter, machine inductance, vehicle-to-grid (V2G).

. INTRODUCTION

THE multipurpose use of the power electronic converter in the
drivetrain of an electric vehicle has become an interesting
topic for minimizing the system size, weight, and cost. The
weight and size of the converter are challenging issues in the
case of on-board chargers which otherwise provides the
flexibility of charging the vehicle anywhere. The vehicle is
not driven during the period of charging, and hence, the
traction motor and inverter of the powertrain can be used as an
integral part of the converter. The windings of the traction
motor can serve as the inductors of the power converter along
with power devices of the traction inverter to transfer power.
The power converter of the electric vehicle can draw power
from the grid when it requires, and also can deliver power to
the grid in the peak time when the grid needs power. During a
significant part of the day, most vehicles remain idle in the
parking lot when the integrated power converter can use the
traction motor and its drive to transfer power to the grid.

Several research activities for integrating the battery
charging system with the traction drive have been reported in
[1] and [2].

In one approach, the traction motor windings have been
used as the inductors for the converter to develop the charging
system without any additional component [3]. The three-phase
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supply is connected with each phase of the machine and the
battery

Is always connected to the dc bus. The research showed the
use of a poly-phase machine for the charger. Other topologies
have been used for battery charging systems with traction
motor windings used as filter components [4]-[6]. An on-
board integrated charger has been proposed with
reconfiguration of the stator windings of a special electric
machine in [7]. A charger is developed for the electric scooter,
where interior permanent magnet traction motor is used for
charging with power factor correction [8]. The interleaving
technique is another interesting approach used in designing
dc—dc converters for reduced switching stresses and increased
efficiency [9]-[11]. The approach reduces the size and power
rating of the converter passive components. Low EMI and low
stress in the switches can be expected from the interleaved
converter phase legs [11].

In this paper, a fuel cell powered integrated motor
converter is proposed that can be used as the traction motor
drive, a battery charger, and a power converter to transfer
energy from vehicle-to-grid (V2G) through reconfiguration of
the inverter topology using relays or contactors. The traction
inverter with the proposed reconfiguration method can also
transfer power from the vehicle to a dc grid and from a dc grid
to the vehicle using the traction motor windings with the
appropriate relay settings. The three phase machine windings
and the three inverter phase legs can be utilized with an
interleaved configuration to distribute the current and reduce
the converter switching stresses. The battery voltage is
increased in the boost mode to an output reference voltage
level within the limits of the machine ratings. A soft starter
method using PWM control has been used to reduce the
starting current overshot when connecting to a dc grid.

The proposed converter system can also be used for
transferring power between a single-phase ac grid and the
vehicle in either direction without any extra component. The
rated conditions of the motor and utility interface are quite
similar. The inverter is able to regulate the motor phase
current in the entire speed range. When changing from the
motor control mode to ac grid connected mode of operation,
the back EMF voltage is replaced with the grid voltage.
Considering the operating conditions with the grid, motor
inductance would be enough to handle the grid connected
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modes of operation. Also, in the blocked rotor condition,
motor magnetizing inductance dominates and contributes to
the phase inductance significantly. For high enough
inductance required in case of ac grid, the rotor can be locked
which will give high inductance in the blocked

Rotor condition. In the charging mode, the machine is
thermally stable with no electromechanical power flow
through the air gap of the machine. The machine ratings are
within limits in all the operating modes as there is only
electric loading, and no magnetic loading except during
traction operation. The current limit is higher in converter
modes compared to the traction mode current limit.

This paper presents the analysis, design, and
experiments of the integrated traction drive and power
converter for electric/hybrid vehicle applications. The electric
machine has been analyzed using coupled simulation of finite-
element and dynamic analysis software. The power converter
and controller have been modeled using Simulink. The
proposed converter reconfiguration method is advantageous
for reducing the size and component of the electric power
train while providing bidirectional power flow capability with
connections to either dc or ac supplies.

Il. CONVERTER TOPOLOGY

Different types of topologies have been developed for
electric vehicles for battery charging and bidirectional power
flow between the battery and the power supply. However, the
traction inverter uses the standard six-switch configuration
that has elements of the various power converter topologies.
The proposed converter topology utilizing the traction inverter
along with the switches used for reconfiguration is shown in
Fig. 1(a) and (b) shows the detailed switch or relay
arrangements required for different modes of operations.
Several different configurations can be obtained by
appropriate positioning of the switches, which results in a
novel methodology for bidirectional power transfer between a
vehicle battery and dc or ac grid. Including the use of the
topology as the traction inverter during vehicle operation this
power converter can be operated in five different modes:1)
power flow from the battery to the dc grid, 2) power flow
from the dc grid to the battery, 3) traction mode, 4) power
flow from the battery to single-phase ac grid and 5) power
flow from a single-phase ac grid to the battery.

The reconfiguration switches can be realized with relays or
Contactors depending on the ratings of the currents. Those
relays and contactors are controlled in a coordinated way to
accommodate the different modes of use. The size of the
contactor has to be accommodated based
on the current rating chosen.

The switches will be controlled for the different modes
of operation using State 1 and State 2 conditions given in
Table 1. Fig. 1(b) shows the details of the configuration in the
routing box with the switches which relates to the operations
of the switches according to Table I. The terminal numbers
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are shown in Fig. 1(b) inside the switches which are changed
to different positions for the different configurations.

Batterv| 4+

I

Traction I\ | I
Motor

2 Routing
| Box
DC
-ac
Grid
(a)
| Switchl
I
1} :2
e
—— gl
beeeeeas? 51 S3 S5 SwitchS
%:H Switch2 3 3 b
]
12
jattery | + i’ L3 } Cx D.C
T [l faaan Grid
a9
Traction
Switch3 Motor 52:‘ Sﬂg SGﬁ
=L0—
12 ]
Switchd AC
Grid
=|—.__|
334
(b)

Fig. 1.Converters with switches capable of interfacing
with both ac and dc grid (a)combined (b)details.

88



International Journal of Advanced and Innovative Research (2278-7844) / # 89 / Volume 3 Issue 9

TABLE 1
SWITCH POSITIONS AND CONVERTER STATES
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Fig.3. Circuit with Switch 2 and Switch5 in State 2 for V2G
boost or G2Vbuck operation with vehicle side inductors
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Fig.4. Circuit with Switch 3 and Switch 4 are in State 1 for

V2G buck or G2V boost operation with dc grid side inductors

When the converter is to connect to a dc grid, Switch 4 will be

interleaved.

in State 1 to isolate from the ac grid. Fig. 2 shows the OFF

condition where all t

he switches are in

State 1; in this situation, there will be no power transfer.
From Fig. 3, it can be observed that for V2G boost operation,
the interleaved technique can be applied on the battery side
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with the three inductances and three legs of the converter; for
G2V boost operation, the interleaved technique
can be applied on the dc grid side to reduce the switching

Switch State 1 State 2
Switch 1 Pole positions: 1 | Pole positions: 2
and 3 and 4
Switch 2 land2 1 and 2 connected
disconnected
Switch 3 Pole  positions:1 | Pole  positions:2
and 3 and 4
Switch 4 land 2,and 3and 4 | 1 and 2,and 3 and
disconnected 4 connected
Switch 5 1 and 2 | 1 and 2 connected
disconnected
stresses.
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Fig.5.circuit with switch 1 is in state 2 for traction mode
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Fig.6. Circuit configuration for bidirectional interface

with a single-phase ac grid.

This converter can be used for bidirectional power transfer
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Between a single-phase ac grid and the vehicle battery. For

this configuration, Switch 1 and Switch 5 are kept in State 1, The concept has been verified with a small sized three-
while all switches are to be in State 2. The two phases of phase, 500 W and surface mount PM machine. The machine
traction motor windings are connected with the single-phase has 9 slots and 6 poles. This machine has been integrated with
ac grid side and another switch connects with battery as the converter for the same converter topology given in Fig. 3.
shown in fig.6. The simulation parameters are: battery voltage 12 V, output

. N . N reference voltage 18 v, and load resistance 0.5 Q.
Operating mode 1 in Fig. 3 and operating mode 2 in Fig. 4 votag v !

Have been verified in simulation. Operating mode 1 is
experimentally verified using two types of machines.
Although, operating mode 2 in Fig. 4 is different from
operating mode 1, the converter is symmetrical for these two
modes and for experiments they are similar. Therefore,
verifying operating mode lexperimentally is sufficient for
both modes. The operation mode in Fig. 5 is the typical
traction machine operation which is used in the motor drives
of electric and hybrid vehicles.

Fig. 7 shows that the output voltage settles at the reference
voltage of 18 V. The converter currents in the interleaved
machine coil windings are shown in Fig. 8; the current ripple
is high in these windings since the machine winding
inductance is low.

TABLE 2

PARAMETER SPECIFICATION FOR ANALYSIS = ik R 1
A AT
Input voltage range 100V-250V ,.g‘n"“?“‘vl-"‘“;\‘\{x'J“”"“\#aln*»"““"“""‘“”"J"""“"“"*‘H"-‘"‘i
Maximum output | 650V p\ﬁ‘i“*""””' |
voltage i |
Machine phase | 4.98mH
inductance ]
Output capacitance 3300uF -
Load resistance 20ohm .
Maximum input | 30A il
current ‘ |
The machine inductance would be suitable for all the Fig.7.DC outp‘ut voltage from 6oupled simulation

operating modes, since it is just the configuration of the
winding of the machine, and the machine inductances are
typically large values. The performance depends on the
machine specifications. The maximum current limit is within
the thermal limit of the machine, and the ripple current is
indictated by the fixed inductance of the machine as the
machine windings cannot be changed. The bus capacitor is
selected to handle the voltage ripple and the appropriate
switching frequency is selected beyond the acoustic range of
frequencies.

II. SIMULATION RESULTS

In automotive applications, different kinds and ratings of
electric machines are used. The applicability of the concept on
different electric machines used in automotive applications is

tested with simulation models that would provide the most Fig.8. Phase currents in the three windings of the machine
realistic predictions. from coupled simulation.
A. Coupled Simulation With PMSM B. Simulation with an Induction Machine

© 2014 1JAIR. All Rights Reserved 90



International Journal of Advanced and Innovative Research (2278-7844) / # 91 / Volume 3 Issue 9

An induction machine is also a common type of electric
machine type used in traction applications. A 10 HP, three-
phase induction machine where the neutral point is available
has been chosen as a traction machine for experimental
verification. Dynamic simulation using MATLAB/Simulink
has been done with the inductances of the machine windings.
The power transfer characteristics and the interleaving
technique for distributing the input currents into the three-
phase windings can be analyzed with this simulation.

SRR ANNNNANNNNNNA AN NN IN NNV

1) Mode 1 and Mode 2 Simulation: Mode 1 is for power flow
From the battery to the dc grid and Mode 2 is for power flow 10(a)
From the dc grid to battery. In the simulation, three inductors
With the same values of the winding inductance of the
induction machine have been used to build the converter as
the topology of Fig. 3 for V2G boost mode of operation. The
simulation block diagram is shown in Fig. 9(a). The
simulation for V2G buck mode of operation using the
configuration of Fig. 4 has been also done; the simulation
block diagram for this mode is shown in Fig. 10(b).

Six-switched
Three phase DC -
1YY
Battery \ Inverter GRID (b)
Fig.10. (a) output voltage (b)input current and shared currents
in 3-ph windings of the induction machine for boost mode.
v I:Adal:;tii:: Trﬁate pulses v
Controller
(@)
Six-switched m— DC |
Battery Three phase +_ GRID | : : ‘ : 1 ;
Inverter (a)
Induction
Machine I
V Gate pulses < 7
Controller

(b)
Fig.9. Integrated converter and induction machine operation
with dc grid;(a) V2G boost mode of operation and (b) V2G . \ ; . . j
buck mode of operation. (b)

Fig.11. (a) output voltage (b)output current and shared output
currents in 3-ph windings of the induction machine for buck
mode.
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The simulation parameters for boost operation are: input
voltage is 200 V, output reference voltage is 260 V, maximum
input current limit is 30 A, induction machine phase
inductance is 5mH, output capacitor is 33004F, load resistance

is 20 Q, and PWM switching frequency is 20 kHz. From the

simulation result shown in Fig. 10(a), it is observed that the
output voltage is following the reference voltage of 260 V in
the boost mode of Fig. 3. The simulation parameters for buck
operation are: input voltage is 400 V, output reference voltage
is 200 V, maximum input current limit is 30 A, induction

machine phase inductance is 5mH, load resistance is 10 Q,

and PWM switching frequency is 20 kHz. From the
simulation result shown in Fig. 11(b), it is observed that the
output voltage is following the reference voltage of 200 V in
the buck mode of Fig. 4.

In the case of boost operation, the output power level is
4 KW. The interleaving technique has been applied in the
battery side of the system as shown in Fig. 3 and Fig. 9(a).
The results in Fig. 11(b) show that the input current can be
equally shared through the windings of the three-phase
induction machine.

In the case of buck operation, the interleaving
technique has been applied in load side of the system shown
in Fig. 4 and Fig. 9(b). The results in Fig. 11(b) show that the
output current can be equally shared through the windings of
the three-phase induction machine.

2) Mode 4 and Mode 5 Simulation: Mode 4 and
Mode 5 allow power flow from the battery to a single phase ac
grid and from a single phase ac grid to battery, respectively. In
the simulation, three inductors of the same values as that of
the induction machine have been used in the topology of Fig.
6.The simulation models for Mode 4 and Mode 5 are given in
Fig. 12(a) and (b). For power transfer between the battery and
an ac grid, the converter is configured in two stages with a
dc/dc converter using one phase leg followed by an H-bridge
inverter that interfaces with the ac grid (see Fig. 6). A single
phase PLL algorithm has been developed to synchronize the
inverter with the single phase grid. In the PLL algorithm, the

grid voltage is first shifted by 900 and then dg-transformation

on the grid and the shifted voltages gives the d-axis and g-axis
voltages. To lock the phase, the g-axis voltage has been kept
at zero by using a loop filter. The converter is operated in the
current controlled mode when interfaced with the grid.
Current regulation in the dq domain has been used in the grid
connected mode using grid current feedback converted to dq
current [14]. The amount of power transferred from grid to
vehicle and V2G depend on the 77 and 74 current commands.
The current regulator design is based on the following
dynamic equations:

Vd(t)=Rid(t)+L(did/dt)-wLiq(t)+ed(t).
Vq(t)=Riq(t)+L(dig/dt)-wLid(t)+eq(t).

Fig. 13(a) and (b) shows the grid voltage and grid current in
Mode 4 with a current command 7« of 30 A and 74 of zero. In
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This case, the power is being transferred from the vehicle to
the single-phase ac grid. The power transferred and the grid
currents for different current commands z« are given in Table
3.single-phase ac grid. The power transferred and the grid
currents for different current commands z« are given in Table
3.

Six-switched e
Three phase
YN
Battery Inverter
One phase of e Y\
Induction Two phases
Mathine of Induction
Machine
Gate pulses
Current
Controller
(a)
| Six-switched
Single Pl'lase Three phase e Y Y Y\ Battery
AC Grid |y Inverter One phase of
Two phases Inducht'lon
of Induction Machine
Machine
Gate pulses
Current
Controller
(b)

Fig.12. Power flow between the battery and an ac grid: (a)
from battery to ac grid (Mode 4), and (b) from ac grid to
battery (Mode 5).

Fig.13 (a). Voltages and currents in Mode 4: (a) grid voltage
and grid current.
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Fig.13(b).command id and iqg currents.

TABLE 3
POWER FLOW AT DIFFERENT LEVELS IN MODE
4
Id(A) Varid Igrid Active
command (RMS) (RMS) Power(W)
10 120 7.19 863
15 120 10.52 1262
20 120 14.32 1723
25 120 17.82 2138
30 120 21.16 2540

Fig. 14(a) and (b) shows the grid voltage and grid current
in Mode 5; in this case, the current command id is —30 A and
iq is zero. Power is being transferred from the single-phase ac
grid to the vehicle. The power transferred to the battery and
the grid currents for different current commands id are given

in Table 4.

POWER FLOW AT DIFFERENT LEVELS IN MODE

TABLE 4

5
Id(A) Vgrid Igrid Active
command (RMS) (RMS) Power(W)
-10 120 7.14 857
-15 120 10.6 1272
-20 120 14.29 1715
-25 120 17.68 2122
-30 120 21.29 2555
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(b)
Fig.14 (a) grid voltage and current (b) command id and
ig currents in mode 5.

C. simulation of Fuel cell converter topology:

FUEL CELL (FC) technologies are expected to become
an Attractive e power source for automotive applications
because of their cleanness, high efficiency, and high
reliability.

Although FC systems exhibit good power capability
during steady-state operation, the dynamic response of FCs
during transient and instantaneous peak power demands is
relatively slow. Therefore, the FC system can be hybridized
with energy storage systems (ESS) (e.g., batteries or super
capacitors) to improve the performance of the FC system
during transient and instantaneous peak power demands of a
hybrid electric vehicle (HEV).
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Fig.15.Proposed Fuel Cell Converter Topology

Fig. 15 shows the proposed converter topology,
Here we are hybridizing fuel cell with the energy storage
system, this combination increases the performance of the
system and also we get high efficiency. The simulation
parameters for boost operation are input voltagel12V, output
reference voltage is 18V, and induction machine phase
inductance is 5 MH, load resistance 0.5Q, output capacitance
3300pF.
Here we are using fuel cell of 1.26KW, 24V, and stack
efficiency of 46%.

Fig.16 shows the simulation diagram of fuel cell
converter topology in the boost mode and the output voltage
and shared input currents in the 3-phases are shown in fig. 17
& 18. From figure 17, we can observe that the output voltage
is following the reference voltage of 18V.

Fig. 17 output volfage in boost mode for 'propo'sed fuel cell
converter topology.
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Fig.18 input currents in the three phase windings of induction
machine in proposed converter topology.

IV. CONCLUSION

In this paper, a new fuel cell converter topology has been
proposed in order to optimize the drive system that uses
interleaving technique and phase windings of motor to power
transfer. The converter reconfiguration concept is useful in
minimizing the size and parts in the powertrain of an electric
vehicle. The machine-converter coupled simulation results
showed that the integrated converter can be used for the power
transfer with versatility without significantly extra power
elements. The simulation results are done for V2G boost
mode.it can be verified that the proposed converter topology
can work efficiently in V2G boost mode.
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