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Abstract—-The paper considers a novel fast charging topology
for electric vehicles (EVs). Instead of being made as a separate
unit, the proposed on-board charger utilizes power electronics
components that already exist inside the vehicle, namely an
asymmetrical six-phase propulsion motor and a six-phase
inverter. The charger can operate at unity power factor, and is
capable of vehicle-to-grid (V2G) operation as well. Additional
degrees of freedom of the six-phase machine are employed in
order to transfer a part of excitation from the torque producing
to non-torque/flux producing plane of the machine.
Consequently, electromagnetic torque is not produced in the
machine during the charging/V2G process, so that the rotor does
not have to be mechanically locked. A theoretical analysis of the
operating principles is reported, and simulation results are given
for both charging and V2G mode of operation.
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. INTRODUCTION

Nowadays, two types of battery chargers for EVs are used:
fast off-board dc chargers and slow on-board ac chargers.
Although the former have a great advantage that they can
charge a battery in up to 15 minutes, their drawback is that the
drivers have to search for charging stations that are sparsely
distributed, and plan their route according to their disposition.
On the other hand, on-board chargers provide certain
flexibility to charging, since ac mains are widely available.
However, on-board chargers are typically only capable of slow
charging, since they rely on utilization of the single-phase
grid.

It has to be noted that, during the charging process, the
most of the elements of EVs that have a function in the
propulsion mode, e.g. an inverter and a propulsion motor, are
idle. The idea of reusing some of these elements for the
charging mode has been introduced more than thirty years ago
[1]. By reusing the existing components, fewer new
components are required to be placed on-board, and
consequently savings in cost, weight and spare space are
made. These advantages of integrated chargers have made the
topic an interesting area for research. Numerous proposals for
integration have been made until now [2], mostly for single-
phase (slow) charging.

The preferred types of propulsion machines in EVs are
induction and permanent magnet machines [3]. However, only
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a few configurations capable of fast charging incorporating
these types of machines have been reported [4-12]. Moreover,
most solutions require mechanical locking of the machine’s
rotor, since a torque gets developed in the machine during the
charging mode, leading to low efficiency, increased wear and
noise. Only five of the configurations [8-12] allow three-phase
(fast) charging without a torque production in the machine.

A configuration which in propulsion mode consists of a
three-phase machine in an open-winging configuration,
supplied from a triple H-bridge inverter, is considered for
integration into the charging process in [8]. In the charging
mode grid is connected to the mid-points of the machine’s
phase windings. By simultaneous switching of converter legs
connected to the same grid phase, equal spreading of the grid
phase current through each two half-windings in spatial
opposition is achieved. Since these half-windings cancel each
other’s effect, there is no rotating field production in the rotor.
However, the machine has to be custom made in order to
allow access to the phase windings’ mid-points (in essence,
the machine has to be a symmetrical six-phase machine). The
configuration has an advantage that it does not require any
hardware reconfiguration between the charging and propulsion
mode and it is currently considered for use in future electric
vehicles by Valeo [13].

A configuration with the same advantages as the previous
one, but based on utilization of a nine-phase machine with
three isolated neutral points, is presented in [9]. In the
charging mode three-phase grid is directly connected to the
three isolated neutral points of the machine. By using proper
converter control, it is ensured that the same currents flow
through all three machine’s phases that are connected to the
same grid phase, thus cancelling each other’s effect. There is
again no field production in the rotor, and no need for any
hardware reconfiguration between the operating modes.

Renault ZOE is the first commercial vehicle that employs
an integrated fast charger [10]. In addition to the integrated
elements, which are the inverter and a three-phase propulsion
motor, the charger requires a junction box. It manages the
charging process, converts the ac current into dc current (thus
requiring additional power electronics) and communicates
with the charging station. The charging process is without
torque production. However, total converter installed power is
increased due to the addition of the charging rectifier.
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Fig. 1. Topology of the asymmetrical six-phase integrated fast battery charging system.

Configurations with a symmetrical and an asymmetrical
six-phase machine were considered in [11]-[12]. They employ
the principle of phase transposition [14] in order to avoid
torque production during the charging mode. However, they
require a transformer with dual secondary, which is a non-
integrated element, to realise the six-phase supply.

A novel charger, employing an asymmetrical six-phase
machine, is proposed in this paper. It has a distinct advantage
over the one introduced in [12] since it does not require a
transformer. Hence it connects to the three-phase supply
directly and can be entirely integrated on-board the vehicle.

The paper is organised as follows. In section Il a
theoretical analysis of the proposed configuration is
performed. Section Il provides a control algorithm for the
charging/V2G mode. In section IV simulations are performed
for both charging and V2G mode of operation in order to
validate the theoretical results. Section V outlines conclusions
of the paper.

1. OPERATING PRINCIPLES OF THE PROPOSED
CHARGING SYSTEM

The considered topology is shown in Fig. 1. In the
propulsion mode switches S;-S, are closed, the six-phase
machine has two isolated neutral points, and mains are
disconnected. For the charging mode the topology requires
reconfiguration. The switches have to be opened, leaving the
machine in an open-end winding (OeW) configuration. The
three-phase grid is connected to the machine terminals as
follows. The connection to the first set of machine windings
follows the phase order of the machine. (i.e. ag-a;, by-b; and
Cq-C1). However, the order of connections to the second set
differs from the phase order of the machine’s windings. Grid
phases ag, by and ¢4 are now connected to machine phases a,,
c, and b, respectively (Fig. 1).

During the charging process, when three-phase currents
flow through the set of three-phase machine windings, the set
develops a rotating field. However, by using the specific order
of grid connections to the second set, it is achieved that the
second set produces a rotating field that rotates in the opposite
direction compared to the one produced by the first set (Fig.
2). Since the speed and magnitude of these rotating fields are
the same, the overall resultant field is pulsating, and hence not

capable of producing an average torque; thus the rotor does
not have to be mechanically locked.

Machine’s behaviour in the charging mode can be assessed
by examining the 2D space vectors of the asymmetrical six-
phase system [15]. These can be formulated as (f stands for
any variable that is transformed, e.g. voltage, current, etc.):

£, =26lf, +a*t, +a%t, +af, +a°f, +a’f, |

[ 8 16 5 9
ixy: 2/6(fal+§ fbl +§ fq +§ faz +§fb2 +§ sz)

where a=exp(j&)=coss+ jsinsand 5=7/6. The grid
currents can be given as

@)

kg =v2lcos(at-127/3)  1=0,1,2 k=a,b,c 2
The relationship between machine and grid phase currents

is, according to Fig. 1, given with

iag . . . ibg i . . icg
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By substituting (2) and (3) into (1), the following two

space vectors are obtained:

Ial

I ap =/3/8 - 1 (exp( jat) + exp(— jat) - exp( 7 /6))

4
=J3/21 cos(at - £/12) - (0.966 + j - 0.259)
iy =/3/8 -1 (exp( jat) - exp( j57/6)+exp( - jot)) -

=+3/21cos(at +57/12)-(0.259 + j0.966)
Zero-sequence components are both equal to zero.

It can be seen from (4) that the f-component is 3.73 times
smaller than the a-component. Since these two components
are proportional they form a straight line if represented in the
complex plane. The graphical representation of equation (4) is
given in Fig. 3. As can be seen, the excitation in the torque
producing (e-f) plane is pulsating, since a part of the
excitation is transferred into the non-torque producing (x-y)
plane (5). The excitation that is left in a-4 plane is not capable
of producing a starting torque in the machine; thus the rotor
stays at standstill during the charging process.
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Fig. 2. Spatial representation of the two winding sets and their rotating fields.

0.4
0.2 /T
XQ o0
. a=1183
‘ — B=0.317
0.4
15 1 0.5 0 0.5 1 15
a
Fig. 3. Graphical representation of (4).
ide I
3-phase 6-phase - -

T

grid  machine i J, l
S ~ C
Laf, Raf iﬂé
+ 2
Lor, Ror | Ing, Vo
4 Vie|== |BAT
= Lr;;jjs\ﬁ @9 Ve

Fig. 4. Equivalent scheme of Fig. 1 for the charging/V2G mode of operation.

1l. CONTROL ALGORITHM FOR THE CHARGING/V2G
MOoDE OF OPERATION

It was shown in the previous section that the machine will
stay at standstill during the charging process. Since the torque
is not produced, the rest of the system sees the machine as a
passive network, consisting of a resistance and an inductance
in each phase. Pairs of phases are controlled in parallel, thus
the same currents flow through two phases that make a pair
(e.g. a;-a,, see Fig. 1), and each pair can be represented with
an equivalent resistive-inductive circuit and an inverter leg.
Machine phases a;-a, are represented with Ly, Rar, phases by-
C, with Ly, Rys, and ¢q-b, with Ly, Ry The resulting equivalent
scheme for the charging/VV2G process is given in Fig. 4, and it
can be seen that this configuration corresponds to a standard
three-phase voltage source converter.

In order to comply with grid regulations, near unity power
factor has to be achieved. Hence, the grid voltage oriented
control (VOC) is utilized for controlling the configuration of
Fig. 4. The control algorithm is given in Fig. 5.

At first, the grid voltage position has to be determined. In
order to achieve this, grid voltages have to be measured, and
the position determined by phase-locked loop (PLL). Once the
information on grid position is obtained, it is used to transform
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Fig. 5. Grid VOC algorithm for the charging mode of operation.

grid currents into the reference frame that is grid voltage
oriented. In this reference frame current components appear as
dc quantities. However, the components that are in phase and
out of phase with grid voltage are separated. The d-component
is in phase with the grid voltage and this component can be
used for energy transfer. The g-component is out of phase with
the voltage; thus it should be controlled to zero in order to
achieve unity power factor. Since both components are dc
quantities, they can be controlled with PI controllers.

The charging process consists of two modes: constant
current (CC) and constant voltage (CV) mode. In CC mode the
battery is charged with a constant current, and the reference
for d-current component is a constant. In CV mode the voltage
that is applied to the battery is constant and the reference for
the d-current component is the output of a voltage controller.
The voltage controller is shown in Fig. 5 as the outer control
loop.

Current controllers are presented in Fig. 6. As can be seen,
PI controllers control the d- and g-components as in a standard
voltage source rectifier. However, since the three pairs of R-L
parameters of Fig. 4 are not mutually equal, they introduce
asymmetry into the system. The reason for the asymmetry is
that the field in the machine is pulsating during the charging
process. The field from rotor causes different induced voltages
in different phases, since they are spatially shifted by different
angles from the direction of the pulsating field (e.g. phase a;
by 15°, by by 105°, ¢; by 225°). Thus the equivalent per-phase
R-L parameters of Fig. 4 contain unequal portions of rotor
leakage inductance and resistance.

The asymmetry is reflected through the second harmonic
in the d-q reference frame. The harmonic rotates in anti-
synchronous direction. One way of achieving symmetrical
currents is to transform the second harmonic (as seen from the
d-q reference frame) into a reference frame in which it is seen
as a dc quantity, and then to control it by a PI controller. The
reference frame has to rotate two times faster than the
synchronous speed in the opposite direction. The additional
controller that is used for asymmetry control is depicted in the
lower part of Fig. 6.

The outputs of current controllers are reference voltage
signals for the inverter. A simple carrier-based PWM with the
zero-sequence injection is used as the modulation strategy.
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Although V2G is a different mode of operation, the control
differs insignificantly from the charging mode. The algorithm
of Fig. 5 is still valid. The only difference is that the reference
for the d- current component is a constant with a negative
value. The g-component should be again controlled to zero.
Currents are then in phase opposition with the grid voltages,
and unity power factor is achieved.

For the propulsion mode switches S;-S, have to be closed,
and the machine operates with two isolated neutral points
according to the field oriented control (FOC) principles. This
mode of operation is well known for asymmetrical six-phase
machines and will not be considered here.

V. SIMULATION RESULTS

Matlab/Simulink simulation results of the proposed fast
charger are presented in this section, for both charging and
V2G modes of operation. The three-phase grid is taken as
perfectly sinusoidal with phase voltage of 240V,s and 50Hz
frequency. The switching frequency of the converter is 10kHz,
and the dead-time effect is neglected. The dc-bus capacitance
is taken as 1.5mF. Battery is modelled with an ideal voltage
source E in series with a resistor R =0.5Q, which represents
battery’s internal resistance. Asymmetrical six-phase
induction machine parameters, used in the simulation, are the
following: Ry =12.5 Q, R, = 6Q, L,, =5.5mH, L,, = 11mH, L, =
590mH, three pole pairs, J = 0.1kgm?. The charging mode is
considered first.

A. Charging Mode

For this mode of operation the reference for the dc-bus
voltage is set to 600V, and the ideal voltage source of the
battery is taken as E = 597V. It should be noted that this value
does not have to be the same for all modes of operation. In
fact it is quite common that EVs have a dc-dc converter
between the battery and the dc-bus capacitor, so that various
values can be achieved. In the next subsection a different
value is considered for E.

Fig. 7a illustrates the grid currents. Although the
machine’s equivalent R-L parameters in Fig. 4 are different for
each grid phase, the currents are symmetrical due to the added
asymmetry control (the lower part of Fig. 6). However, it can
be seen that the phase a has the smallest current ripple among
the three phases. The rotor winding’s influence is the most
prominent in this phase since it is spatially shifted by the
smallest angle (£15°) form the rotor’s pulsating field. The
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Fig. 7. Charging mode: (a) Grid phase currents, (b) spectrum of grid phase
current iag, (C) grid current components.

effect is amplified by the fact that rotor leakage inductance is
two times higher than the stator’s in this machine.

The spectrum of the phase a current is given in Fig. 7b. It
contains only small low order harmonics. The third harmonic
(1.3%) is introduced by a pulsating output of the dc-bus
voltage controller, as will be shown later. Grid current
components are shown in Fig. 7c. The g- current component is
kept at zero, which shows that the charging is with the unity
power factor. The complete energy transfer is achieved by the
d-component, which is the grid current component that is in
phase with the grid voltage. The grid phase voltage and
machine phase current i,; are shown in Fig. 8a. It is again
obvious that the charging process is with the unity power
factor. The machine’s iy current is exactly two times smaller
than the grid current i, at all times. Machine current
components are given in Fig. 9. The first (a-f) plane is
excited. However, the a and g components have the same
phase, thus producing a pulsating field in the machine. Since a
pulsating field cannot provide an average torque to start the
machine, it stays at standstill. Current components in the non-
torque producing plane are shown in Fig. 9b. The excitations
in both planes are in accordance with theoretical results given
with (4) and (5).

Converter phase voltage and spectrum are given in Fig. 10.
Since the dead-time effect is neglected, the spectrum contains
only very small low-order harmonics. The machine’s torque
and speed during the charging process are shown in Fig. 11a.
It is obvious that zero torque results during the whole charging

Pre-print. Final version of this paper appears in IEEE Xplore Digital Library (http://ieeexplore.ieee.org/Xplore/guesthome.jsp).



Vehicle Power and Propulsion Conference VPPC

——————————————— 10

1

400 Vag

S / \ <
S gk Ozl e 5 &
> 200F " <
>® i W .
© 'a

=) * €
8 oM.+, 0 9]
2 % 3
° kel
S 200 2
L e B B B ~_ / """" 56

.
-400 - "
048 0482 0484 0.486 0.488 049 0492 0.494 0496 0.498 05
Time (s)
a)
FFT of waveform (THD=0.03466)

~ 1 \

3 0.015 [

3 |

0.01

E i

o 05 0.005

c

E |

] 0 i 1(?0 izoo i 300‘ 4(?0

I

0 3 3 L

0 500 1000 15

Fig. 8. (a) Grid phase voltage and machine phase current i, , (b) spectrum of

machine phase current ia;.

L ®
5
T

10~

00
Harmonic frequency (Hz)

b)

Machine current component i
o

2000 2500 3000 3500 4000 4500 5000

——————— 10

&)
o
Machine current component iﬁ (A)

-1
0.48 0.482 0.484 0.486 0.488 0.49 0.492 0.494 0.496 0.498 0.5
Time (s)

()

X

iy
o

a

Machine current component i

0.48 0482 0.484 0.486 0.488 049 0.492 0.494 0.496 0.498 0.5

Time (s)
b)

Fig. 9. Machine’s current components: (a) i, and is (b) ix and iy.

Waveform

o
Machine current component iy (A)

500 4
I
Il

111 UWMMLMMMM

-500

1l H\H I

r

f f f f f
1 | |
I | | | |
\ .
\ \ _

Converter phase voltage (V)

0.48 0.482 0.484 0.4

86 0.488 0.49 0492 0494 0496 0498 0.5

Time (s)
x 107 FFT of waveform (THD=0.8219)
—~ l 8
5 |
= 61
- |
£ 4
g 08 2k
c |
g 0\—
% 0 1 1?0 }200 1 300} 4?0
0 L L L L L L

0 500 1000 1500 2000 2500 3000 3500 4000 4500 5000

Fig. 10. Converter phase vol

Harmonic frequency (Hz)
tage and spectrum.

Coimbra, Portugal, 27-30 October 2014

001+t T A 3
o Jorque| — || | ] 2 _
E ot 8
~ 2
° =
= s s s O O O IR 15
g 001l 3
= Speed &

0

-0.02 ~
-1
0 0.05 0.1 0.15 0.2 025 03 035 04 045 05
Time (s)
a)

@
o
=

1

1

1

1

1

]
B
IS

[ay
o

ee]
Battery charging current iL (A)

1
|
fi
X
j

Dc bus voltage v e V)
o
©
©
T

597 -~

IS

048 0482 0484 0486 0483 049 0492 0494 0496 0498 0.5
Time (s)
b)
Fig. 11. (a) Machine’s torque and speed, (b) dc-bus voltage and battery
charging current.

process, and the speed is consequently kept at zero.

The dc-bus voltage and battery charging current are shown
in Fig. 11b. The average value of the dc-bus voltage follows
the reference without any steady-state error. However, a slight
pulsation around the reference is evident. The pulsation is
caused by time-dependant losses in the machine. The machine
equivalent scheme has different parameters in different phases
and, since symmetrical currents flow through these phases, the
complete losses are the greatest when the current in the phase
with the highest impedance (phase a) is at its peak.
Considering the fixed power drawn from the grid, the useful
energy after the losses is also slightly pulsating. The battery
charging current follows the shape of the voltage and has an
average value of 6A.

Since the dc-bus voltage is pulsating, the voltage controller
tries to compensate this and gives a slightly pulsating
reference for the d- current component. This manifests itself
with a small third harmonic in the current spectrum (Fig. 7b).
It should be noted that this harmonic is different in different
grid phases, with the sum being always equal to zero.

B. V2G Mode

V2G mode of operation is examined in this subsection. A
different value for the ideal voltage source of the battery,
E =753V, is now considered, as explained in the previous
subsection. The reference for the dc-bus voltage is set to
750V.

Grid currents, phase a current spectrum, and current
components are given in Fig. 12. The same conclusions as for
the charging mode are valid. However, it can be seen that the
d-component now has a negative value, which demonstrates
that the grid current is in phase opposition with the grid
voltage. The absolute value for this current component is
smaller than during the charging mode (Fig. 7c) since the
power that is injected into the grid is now what is left from the
battery discharging power after the filter (i.e. machine) losses.
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Fig. 13a shows that the average torque and speed are again
kept at zero during the whole process; thus the rotor does not
have to be mechanically locked during this mode of operation
either. The dc-bus voltage is controlled at 750V without any
steady-state error (Fig. 13b), and the charging current follows
the shape of the voltage. However, the current now has the
opposite sign compared to Fig. 11b, demonstrating the battery
discharging.
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V. CONCLUSION

A novel fast charger for EVs is proposed in the paper. The
charging is from a standard three-phase grid, and the charger
is completely integrated on-board. Asymmetrical six-phase
machine with two isolated neutral points and a six-phase
inverter are incorporated into the charging process, avoiding
the cost of additional power electronics components.
Simulations with a full asymmetrical six-phase machine model
are performed for both charging and V2G modes of operation
in order to validate the theoretical results and ascertain the
torque-free operation.
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