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Abstract: The study provides an extensive overview of on-board integrated chargers for electric vehicles that are based on
multiphase (more than three phases) machines and power electronics. A common attribute of all discussed topologies is
that they do not require a charger as a separate device since its role is transferred to the already existing drivetrain
elements, predominantly a multiphase machine and an inverter. The study demonstrates how additional degrees of
freedom that exist in multiphase systems can be conveniently utilised to achieve torque-free charging operation.
Therefore, although three-phase (or multiphase) currents flow through machines’ stator windings, they do not generate
any torque; thus the machines do not have to be mechanically locked. Cost and weight saving is achieved in this way,
while the available space is increased. For each topology operating principles are explained, and its control elaborated
in detail for both charging and vehicle-to-grid mode. Finally, the validity of theoretical considerations and control
algorithms of some of the existing charging solutions is experimentally verified and experimental performance of all

discussed topologies is compared.

1 Introduction

One of the main problems that hinder a wider spread of electric
vehicles (EVs) is certainly battery charging. Typical concerns of
potential customers are usually classified as the ‘driving range
anxiety’: will they be able to find charging stations along their
way, and will the charging process take too long? These two
concerns come from the experience with internal combustion
engine vehicles, where the re-fuelling (i.e. charging) process
finishes in minutes and fuel stations are standardised and therefore
widely spread. In what follows a short overview of battery
charging options for EVs is given.

At present there are two main types of battery charging systems
[1], namely off-board and on-board. In the former, the charger is
placed outside the vehicle and provides a dc output on its
terminals that are directly connected to an EV battery. Since it is
not contributing to the vehicle weight, it can be very heavy. This
allows it to be rated for high powers and thus capable of fully
charging an EV battery within a few minutes. However, a limiting
factor is the price, which measures in tens of thousands of dollars
[2]. Therefore, number of these chargers is limited and they are
not widely spread.

The second type are on-board chargers. They allow EVs to be
charged directly from a single-phase (slow charging) or
three-phase (fast charging) mains. As ac mains are widely
available, this option does not demand expensive infrastructure,
which is a clear advantage. They can be conductive, where the
whole charger is placed on-board the vehicle, and inductive [3, 4],
which require a part of the charger to be outside the vehicle.
While on-board chargers perform the same function as off-board
chargers, unlike them they have to be light and small to fit inside
EVs. Although making a fast on-board charger is not a
technological challenge, a charger like that would be too heavy
and large to place on-board, and would significantly increase
vehicle’s cost. Therefore, at present, on-board chargers are usually
capable only of slow charging [5].

One possible manner of significantly increasing the power of
on-board chargers is their integration with existing power
electronic components [6, 7]. A drivetrain that is required for
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propulsion and components that are required for charging purposes
have great similarity. To be precise, inverter which is required for
propulsion mode can as well operate in rectification mode. To
accomplish rectification, it only requires an input filter. On the
other hand, machine consists of windings, which can take on the
role of the filter. Therefore, since propulsion and charging are
never happening at the same time, it is possible to use the same
drivetrain for both functions. By doing so, additional weight and
cost are not introduced to the system. Charging power is then only
limited by the power rating of the propulsion components; thus,
theoretically, high charging powers could be achieved. The need
for expensive charging infrastructure is eliminated in this way, and
fast charging can be achieved, all without an increase of the
vehicle cost, weight or required space.

However, the realisation of integrated chargers is not
straightforward, especially for a fast charging process (i.e.
charging from a three-phase grid). Problems are mainly associated
with torque production in the machine during the charging process
[8-11]. Namely, if a machine is used as an input filter, three-phase
currents flow through the machine windings during the fast
charging process. In three-phase induction machine (IM) torque
will result, which will try to bring the machine into rotation while
in a permanent magnet (PM) synchronous machine mechanical
vibrations, acoustic noise and accelerated aging will result. This
also significantly worsens the efficiency, as substantial amount of
energy is wasted. Therefore, direct integration of a three-phase
machine into fast charging process is not an option, unless special
solutions are resorted to.

These problems do not exist if the charging is from single-phase
mains, as single-phase current cannot produce a starting torque in
a machine. This is the main reason behind the fact that the
majority of integrated charging solutions are proposed for
single-phase charging. In what follows only integrated fast
chargers employing IM and PM machines are considered, as these
are the most common types of propulsion machines that can be
found in commercial EVs [12].

In [13] the torque production is avoided by utilising a synchronous
machine with an excitation winding. For the charging process rotor
power supply has to be cut off to prevent torque production. Stator

This is an open access article published by the IET under the Creative Commons Attribution License 217

(http://creativecommons.org/licenses/by/3.0/)



d=30° or 60°

d =20° or 40°

battery with
dc-de converter

Il

Fig. 1 Elements of a multiphase powertrain

a Five-phase machine (6 represents the angle between the first two phases)
b Six-phase machine (shown with a single neutral point)
¢ Nine-phase machine (shown with a single neutral point)

d Rest of the drivetrain consisting of an n-phase inverter (n equals the number of machine phases) and a battery (with or without a dc-dc converter)

winding has to be reconfigured from star connection into an
open-end topology to allow a connection to the three-phase mains.
Although a torque is not produced during the charging process,
the main disadvantages are the requirement of hardware
reconfiguration between the propulsion and the charging mode and
the need for a wound rotor and excitation winding supply, which
increase the cost of the system.

Another solution that does not cause torque production is
‘Chameleon’ charger [14]. It presents the first integrated fast
charger that is commercially used in industry. It is currently
on-board Renault ZOE, and it appears to be relying on patents [15,
16]. However, a non-integrated rectifier is required. Upon
rectification, a synchronous machine with excitation winding
performs a function of filtering inductances since dc current is
passed through it. Advantages of the solution are that a torque is
not produced in the machine and that there is no need for
hardware reconfiguration between the operating modes. The
downside is a requirement for non-integrated elements.

An interesting integrated charging solution for drives powered by
two separate power sources is presented in [17]. By adding a single
non-integrated on-board charger, charging of both sources can be
accomplished. While the first battery is charged from the charger
in a conventional manner, the second is charged from the first
through a three-phase machine in an open-end winding
configuration. An obvious drawback is that a non-integrated
charger is required.

Integrated topologies utilising multiple propulsion motors are
considered in [18, 19]. They do not require hardware
reconfiguration, and there is no torque production in machines
during the fast charging process. However, the cost of such a
system would be considerably higher compared with drivetrains
with a single machine, which is the standard option in EVs.

Finally, a solution that does not require non-integrated elements
and utilises a single machine is presented in [20, 21]. Mid-points
of the machine windings are made accessible so that grid terminals
can be attached to them. By assuring that the same currents flow
in each pair of half-windings in spatial opposition, zero torque
production is achieved. A hardware reconfiguration is not required.
However, a three-phase machine with accessible mid-points has to
be custom-made and is in essence a symmetrical six-phase (a
multiphase) machine in the charging mode. A similar solution,
based on a six-phase machine, which requires a hardware
reconfiguration is presented in [22].

It is obvious that a standard three-phase IM and PM machines
cannot be conveniently integrated into a three-phase charging
process, without torque production in them or without a
requirement for non-integrated elements. However, this is not the
case if multiphase (more than three phases) machines are utilised.

Multiphase systems have additional degrees of freedom compared
with those with three phases. As it will be shown in the paper, these
degrees of freedom can be utilised to achieve torque-free integrated
charging process. This makes multiphase machines particularly
suitable for EV charging applications. The paper provides an
overview of recently introduced integrated charging solutions

employing multiphase machines, and is organised as follows. In
Section 2 integrated multiphase charging topologies are presented
and their operating principles explained. A principle of phase
transposition is elaborated. Control algorithms of all considered
topologies are detailed and discussed in Section 3. Finally,
experimental performance of the integrated topologies is assessed
using selected experimental results in Section 4. Section 5
concludes the paper.

2 Topologies and operating principles

Multiphase machines possess more than three phases. Typical
multiphase machines with phase numbers equal to 5, 6 and 9 are
shown in Figs. la—c, respectively. If spatial angles between any
two consecutive machine phases are the same, the machine is
called symmetrical. On the other hand, if phases are spatially
shifted by different angles (as in Figs. 15 and c¢), a machine is
asymmetrical. Multiphase machines can have one or multiple
isolated neutral points. Although in Fig. 1, for easier
representation, they are all shown as having a single neutral point,
it is typical that six-phase machines have two, while nine-phase
machines have three isolated neutral points in propulsion mode of
operation. Finally, multiphase machines are commonly supplied
from a multiphase inverter, which is shown in Fig. 1d together
with a battery and an optional bidirectional de—dc converter, which
may or may not exist; however this is irrelevant for further
considerations.

Integrated chargers based on multiphase machines are considered
in [23-28]. They can be separated into two categories: one employs a
three-phase grid [23-25], while the other takes in supply from a
multiphase voltage source [26-28]. These two groups are analysed
independently in what follows.

Probably the most important aspect of the analysis is whether a
torque is produced in machines during the charging process, and a
special attention is paid to this issue. The analysis requires
observation of the system in a decoupled domain. However,
decoupling transformation of multiphase systems significantly
differs and is more complex than the one used for three-phase
systems. Therefore, before proceeding to the two groups of
topologies, the essence of multiphase decoupling transformations
is revisited.

2.1 Multiphase system decoupling transformation

The well-known Clarke’s decoupling transformation for a
three-phase system is only a special case of the corresponding
transformation for a general n-phase symmetrical configuration, in
which two consecutive phases are spatially shifted by 2z/n. The
full transformation matrix is available in [29] and it applies to all
symmetrical multiphase systems, with both an odd and an even
number of phases, as long as there is a single neutral point. If a
multiphase system has more than one neutral point, as the case
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Fig. 2 Integrated charging topology based on a nine-phase machine [23]

typically is with n-phase configurations composed of k three-phase
windings (i.e. n=3k), the transformation matrix changes.

In general, given an n-phase symmetrical topology with a single
neutral point, the decoupling transformation leads to the system
representation in INT[(n—1)/2] mutually orthogonal planes plus
one (two) zero-sequence components when » is an odd (even)
number, respectively. Since the transformed model possesses two
components in each of the (n—1)/2 planes, it is possible to
replace each pair of real quantities with a single complex number.
Such a complex number is a two-dimensional space vector in the
given plane.

In a symmetrical multiphase system with k isolated neutral points,
the number of orthogonal planes reduces and becomes equal to (n —
k)/2. The number of zero-sequence components increases
correspondingly and becomes equal to k. Hence the last & rows
(rather than just the last row or the last pair of rows, for the single
neutral point and an odd, respectively even, phase number) now
represent zero-sequence components.

When a multiphase system is designed with £ multiple three-phase
windings, in addition to the symmetrical topology there exists a
possibility of creating an asymmetrical topology (in a sense of the
distribution of the magnetic axes of the individual phase
windings), in which spatial displacement between phases a of
consecutive  three-phase  windings is z/n.  Decoupling
transformation for such an n-phase topology is most easily
determined by regarding the topology as a semi 2n-system and
taking as the starting point the Clarke’s transformation matrix for a

6-phase machine

f;
lg:

2n-phase system. The resulting matrix for an asymmetrical n-phase
system differs substantially from the corresponding one for a
symmetrical n-phase system (see e.g. [23, 29] where the matrix is
given for asymmetrical nine- and six-phase systems, respectively).
Regarding the zero-sequence components, the same remarks apply
for a system with k isolated neutral points as for a symmetrical
system with the same number of three-phase windings.

Regardless of the phase number and independent of the system
nature (symmetrical or asymmetrical), the electromechanical
energy conversion is always restricted to the first plane (a—f) as
long as the machine is with near-sinusoidal magneto-motive force.
Hence the components in all the other planes, in which the
components are further on labelled as x—y components, appear as
additional degrees of freedom that do not exist in a three-phase
system. It is this feature of multiphase systems that makes them
exceptionally well-suited for realisation of integrated on-board
battery chargers, as discussed further on in the paper. In simple
terms, it becomes possible to divert the excitation from the first
(torque producing) plane into other planes where components do
not yield torque production. Depending on the actual topology, it
is possible to either completely divert the excitation from the a—f
plane into an x—y plane, in which case there is no mutual flux and
torque production at all, or it is possible to divert part of the
excitation, so that only pulsating field (which cannot cause torque
at standstill) is created in the a—p plane. Which planes are excited
in charging topologies of [23-28] and how is discussed next.

2.2 Charging from a three-phase grid

Topologies of [23-25] enable charging from a three-phase grid, and
they are shown in Figs. 2-3. The right-hand side parts of figures
consist of the circuit that is given with Fig. 1d (for the respective
number of phases n).

From Figs. 2-3 it can be seen that in each topology three-phase
grid currents flow through windings of a multiphase machine. To
comply with grid standards and regulations, grid currents have to
be near-sinusoidal, that is

ity = V2 cos(ot — 2/3) 1=0,1,2 k=abc (1)

It follows from Figs. 2-3 that some converter legs are connected to
the same grid phase (e.g. in Fig. 2 converter legs a,, by, and ¢, are all
connected to a single grid phase, ag). All converter legs connected to
a common grid phase are controlled with the same modulation
signals. This means that the same currents flow through these
phases. It should be noted that in practice certain inequalities in
currents may appear since phase impedances may not be perfectly
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Fig. 3 Integrated charging topologies based on
a Asymmetrical six-phase machine [24]
b Five-phase machine [25]
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Table 1 Correlations between machines’ and grid currents

Topology Correlations

Fig. 2 lan=ip1=lc1=lag/3 laz=ip2=lc2=ipg/3 Isz=1ibz=ics=1lce/3
Fig. 3a g1 = a2 =lagl2  ip1= 2= ipgl2 ic1=ip2 = icg/2

Fig. 3b Tam vy ib=io= ing/2 o= ig= ing2

identical in all machine phases, so that a proper balancing technique
has to be employed. This is however beyond the scope of the paper,
and, in what follows, a perfect sharing among hard-paralleled
machine phases is assumed.

By inspection of Figs. 2-3 it can be seen that the relationship
between machine and grid currents is as summarised in Table 1.
Considering that grid phase currents are fixed and given with (1),
machines’ behaviour is completely determined by Table 1. As
elaborated in the previous section, torque analysis requires
observation of machines’ currents in decoupled domain. For this
purpose, multiphase decoupling matrices have to be applied to
machine currents. As machines’ neutral points are connected
through the grid, the matrices take the form valid for the case with
a single neutral point. Decoupling matrices for five-, six- and
nine-phase systems can be found in [23-25].

When corresponding decoupling matrices are applied to
machines’ currents given in Table 1 (by taking into account (1)),
current components listed in Table 2 are obtained. Derivation
procedure for these equations is given in the Appendix 1. In
Table 2 current components of each two axes belonging to the

Table 2 Excitation mapping into machines’ planes

same plane are represented together as a single expression in a
two-dimensional space vector form.

For easier analysis the expressions are plotted using Matlab and
the results are shown in Fig. 4 for /=1 pu. From Fig. 4a it can be
seen that in the case of the asymmetrical nine-phase machine the
excitation is completely transferred from torque-producing (a—p)
plane into x;—y; plane, which is not capable of torque production.
Therefore a torque cannot be produced during the charging
process. The nine-phase machine has two more passive planes
(x,—y, and x3—y3) which are, as is obvious from Fig. 4a, without
excitation.

In the case of an asymmetrical six-phase machine and a five-phase
machine only a part of the excitation is transferred from
torque-producing (o¢—f) into a non-torque producing (x—y) plane
(Figs. 4b and c¢). However, as can be seen, the excitation in the
first (a—p) plane is only pulsating. Therefore, as explained in the
previous section, it cannot produce a starting torque.

It can be concluded that topologies from this section do not have
to be mechanically locked as a torque is not produced in them during
the charging process. Therefore, the machines can be used as a
simple set of passive filtering components (inductances and
resistances).

2.3 Charging from a multiphase voltage source

Integrated chargers, described in [26-28], utilise a multiphase
voltage source, and their topologies are shown in Figs. 5 and 6.
Topologies given in Figs. 5a, 5b and 6 utilise an asymmetrical

Topology Excitation in the torque producing plane Excitation in the non-torque producing (x—y) plane(s)
Fig. 2 iy=0 g1 = l{(2/3) cos (wt) + (1/+/3) sin (wt) — j(1/+/3) cos (wt)}
ix2y2 =0
ix3y3 =0
Fig. 3a g =+/3/2cos (0t — m/12) - (0.966 + - 0.259) Iy, = ~/3/2lcos (wt + 57/12) - (0.259 + j0.966)
Fig. 3b iwg=1-+2cos (0t — 0.659) iy =1-+/2cos (ot + 0.659)
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Fig. 4 Graphical representation of equations given in Table 2 for the topologies shown in

a Fig. 2
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Fig. 5 Integrated charging topologies supplied from a multiphase voltage source and based on

a An asymmetrical six-phase machine [26]
b A five-phase machine [27]

six-phase [26], a five-phase [27], and a symmetrical six-phase
voltage source [28], respectively. In [30] it is shown how isolated
asymmetrical and symmetrical six-phase voltage source can be
provided by means of an off-board transformer with dual
secondary winding; this is however beyond the scope here.

To have a charging process with a unity power factor, the currents
of multiphase voltage sources of Figs. Sa, b and 6 have to be given
with

ik]g = ﬁ]cos(wt— Im/6) 1=0,4,8 k=a,b,c
()

iie = V2l cos(wt —Im/6) 1=1,59 k=ab,c

iy = V2[cos(wt —27/5) 1=0,1...4 k=a,b,c,d e (3)

ity = V2l cos(wt — Im/3) 1=0,1...5

k=a;,ay,b...c,

“)

respectively.

As can be seen from Fig. 5, phases of a multiphase voltage source
are not connected to the machine phases following the natural order
(i.e. phases a;,—c,, of the grid to the machine phase a;—c,
respectively). Instead, they are connected based on the principle of
phase transposition, which aims to transfer the excitation from a
torque-producing (a—p) into a non-torque producing plane(s). The
theory of the required connections is developed in [31] and is
respected in topologies of Fig. 5. The topology in Fig. 6 utilises a
modified version of phase transposition. It aims to transfer only a
part of the excitation from the torque-producing into a non-torque
producing plane, again leaving the machine without an average
torque production.

By observing Figs. 5 and 6, the correlations between machine
currents and currents of a multiphase voltage source (for
convenience called ‘grid currents’) can be made. These are given
in Table 3.

Similarly as in the previous section, multiphase system decoupling
transformations can be utilised to perform analysis of torque
production in the machines. After applying decoupling
transformations onto currents in Table 3 (by utilising (2)—(4)), the
equations given in Table 4 are obtained. The principles of
derivations in Appendix 1 still apply.

To allow easier analysis, expressions are again represented
graphically, Fig. 7. In Fig. 7a, which applies to all topologies but
with different values and is shown for a six-phase topology, grid
current components are given. They are, as can be seen, only in
the first plane. However, from Figs. 7b and c it can be seen that
the excitation in the asymmetrical six-phase and the five-phase
machine is completely transferred from the first (torque-producing)
into the second plane, thanks to the phase transposition. Similarly
as in Fig. 4a, the first plane is left without any excitation.

In the case of a symmetrical six-phase machine, only a part of the
excitation is transferred into the second plane (Fig. 7d). However,
similarly as in Figs. 4b and c, the remaining excitation in the first
plane pulsates in a single direction, and therefore cannot produce a
starting torque.

It is clear that not just in the case of topologies supplied from a
three-phase grid (Figs. 2-3), but also in those supplied from a
multiphase voltage source (Figs. 5-6) a torque cannot be produced
during the charging process. Therefore, in all topologies the

Table 3 Correlations between machines’ and grid currents

Topology Correlation between machine and grid currents
6-phase phase 6-phase machine Fig. 5a f =lag o1 =lorg fo1 = g
arid transposition [ il lay = ipog Iba = lazg ica = leag
@J% \ b' Fig. 5b la=lag 1p=log lc=leg
- iglg ig| ' iy=1 iy =1
vb|x+ ;ﬂs & algy, al 5 . d ] bg ) e .dg ) )
- ) ) Fig. 6 I = igg b1 = le1g o1 = ip1g
i | iblg Ll y : . . . . . .
_‘874- fn_l§ e - F|g|d ls2 = la2g b2 = Ib2g lc2 = lc2g
) . : ; for
Valg |la2g e 52
o = - [,-5
vhgg+ {,lzs) | A i i s N .
) s Madgy a2y Table 4 Excitation mapping into machines’ planes
Ve |icg b
_(%4 5%3) “Home ) Topology Excitation in torque Excitation in non-torque
€2 producing plane producing plane
u Fig. 5a =0 iy = VBlexp (jot)
Fig. 5b ig=0 iy = V/Blexp (jwt)
Fig. 6 Integrated charging tog)ology supplledﬁ0¢ a multiphase voltage Fig. 6 inp = VBlcos (wt) iy, = iv/Blsin (wt)
source and based on a symmetrical six-phase machine [28]
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Fig. 7 Behaviour of solutions with multiphase voltage supply

a Excitation mapping of a multiphase voltage supply discussed in Section 2.3

b Graphical representation of equations given in Table 4 for the topology shown in Fig. 5a
¢ Graphical representation of equations given in Table 4 for the topology shown in Fig. 56

d Graphical representation of equations given in Table 4 for the topology shown in Fig. 6

machine can be considered as a set of passive components. This
facilitates equivalent circuit representation and the control of the
topologies, which is discussed in the next section.

3 Control algorithms

3.1 Charging from a three-phase grid (Figs. 2-3)
As machines in all considered charging topologies act as pure
passive components, their equivalent circuits are to a large extent
simplified. For topologies in Figs. 2-3 the equivalent circuit is
given in Fig. 8. As can be seen it is a simple three-phase power
factor correction (PFC) rectifier. This section considers its control.
As already noted, to comply with grid regulations, grid currents
have to be given (approximately) with (1) and to be in phase with
grid voltages. The voltage oriented control is commonly utilised
for the purpose. Its scheme is well known and it is shown in Fig. 9.
The process initiates by gathering information on dc-bus voltage
and grid voltages and currents. Additional current sensors for grid
currents are not required as in all topologies they can be obtained
from machine currents (Table 1). From grid voltage measurements
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Fig. 8 Equivalent scheme of integrated chargers utilising a three-phase
grid (Figs. 2 and 3)
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voltage angular position can be obtained by means of a
phase-locked loop (PLL). This information is then utilised to
transform grid currents into a reference frame that is in phase with
the grid voltage. The transformation is necessary to separate the
grid current component that is in phase with the voltage (iy,) from
the one that is shifted by 90° from it (i,,). It consists of a
three-phase decoupling transformation and a subsequent rotational
transformation. These two are lumped together in Fig. 9 under the
name ‘coordinate transformation’. To obtain a unity power factor
only the grid current component that is in phase with the voltage
(izg) can have non-zero values, while the other one (i) should be
suppressed by the control.

There are two ways of obtaining the reference for the current
component that is in phase with the grid voltage, and they are
dependent on the battery state of charge. At the beginning of the
charging process the battery should be charged by a uniform
maximum allowed current (commonly known as constant current,
that is, CC, mode) [32]. In this mode the reference for the grid
current component iz, does not change much. However, instead of
having it as a constant it can be obtained as the output of a PI
controller of the battery charging current i;. This decreases

voltage controller
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Fig. 9 Control algorithm of the circuit in Fig. 8
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Fig. 10 ‘Current controllers’ block of Fig. 9

charging power dependence on grid voltage fluctuations. The CC
mode terminates when battery voltage reaches certain cut-off level.
From that point, the battery has to be charged by a constant
voltage (CV mode). In this mode the reference for the grid current
component iy, is obtained from a dc-bus voltage controller
(Fig. 9). The charging process ends when the current drops to 10%
of its maximum value.

After obtaining a reference for grid current component i, (in one
of the two ways described in the previous paragraph), current control
takes place inside the block ‘current controllers’ (Fig. 9). This block
is shown in detail in Fig. 10. As both i, and i, are dc quantities they
can be controlled to their references with PI controllers. In Fig. 10
the reference currents are subtracted from the real currents. The
reverse sign comes from the fact that when the converter voltage
increases the charging power decreases, and vice versa.

As inverter dead-time introduces low-order harmonics in the
system, they have to be zeroed as well. The dominant harmonics
are the —5, 7, —11 and 13th (as seen from a stationary reference
frame). In the reference frame that rotates at a synchronous speed
(in which the control is performed) they are seen as the —6, 6,
—12 and 12th. As shown in [23, 25] they can be conveniently
controlled by only two resonant vector proportional-integral (VPI)
controllers at each of the two axes. Therefore, in Fig. 10 two pairs
of resonant VPI controllers should be placed in parallel. They
should be tuned at the 6 and 12th harmonic (=6 and 7 =12).
However, topologies in Figs. 3a and b require addition of further
controllers, since those already described do not suffice. This
presents the main control difference between topologies of Figs. 2
and 3, and the reason is discussed in what follows.

As can be seen from Fig. 8, the machine is represented as a set of
three filter impedances. In the case of a nine-phase machine (Fig. 2)

these are given with

Ry=Ry=Ry=R/3 Ly=Ly=Ls=Ls/3 (5
where R and L, are machine’s stator resistance and leakage
inductance, respectively. The values are divided by three as the
filter represents a parallel connection of three machine phases.

On the other hand, in topologies of Fig. 3 a pulsating field is
produced in the rotor (Figs. 45 and c). As rotor now influences the
charging process, the values of filter parameters are not only
dependent on the stator but also on the rotor parameters. However,
as explained in detail in [25], the rotor influence is higher on stator
phases that are closer (spatially shifted by a smaller angle) to the
direction of the field pulsation. As some machine phases are more
and some less dependent on rotor parameters, the parameters of
the equivalent scheme of the machine are not equal during the
charging process. Naturally, the direct consequence are unequal
values of filter parameters. Thus, for the topologies in Fig. 3 the
following applies

Ry # Ryp # Reps Lyp # Lyp # Leg (6)
Unbalance in filter parameters is clearly present. It manifests
primarily through grid current fundamental component that rotates
at synchronous speed but in anti-synchronous (opposite) direction.
Therefore, topologies in Figs. 3a and b require additional
controllers to suppress it. This can be done by a pair of resonant
VPI controllers tuned at the 2nd harmonic, placed in parallel with
the existing controllers (under the block ‘parallel connection of
resonant VPI controllers’). For easier understanding, the current
control techniques discussed in this section are summarised in
Table 5.

Finally, the output of ‘current controllers’ block are voltage
references for the converter. However they are in a rotational
reference frame. To obtain references for phase voltages an inverse
rotational and inverse decoupling transformation have to be
applied. Finally, the signals enter the last block, which is a PWM
unit. Carrier-based PWM with zero-sequence injection is used as a
modulation strategy in subsequent experimentation.

3.2 Charging from a multiphase voltage source
(Figs. 5-6)

Equivalent scheme of the topology in Fig. 5b is presented in
Fig. 11a, while for the topologies of Figs. 5a and 6 it is given in
Fig. 11b. It can be seen that in both cases it involves a multiphase
PFC rectifier. Its control algorithm is given in Fig. 12. A great
similarity with the one in Fig. 9 is obvious. However, there are
four important differences which are discussed in what follows.

At first, information on more than three grid voltages enter the
PLL block. Therefore, a decoupling transformation that is common
at the start of the PLL algorithm [33] has to have a multiphase
form: five-phase for the topology in Fig. 5h, and asymmetrical and
symmetrical six-phase for topologies in Figs. 5a and 6,
respectively. Once o and B components are obtained in this
manner, the remaining part of the PLL algorithm can be used
unaltered.

The second difference is in the PWM block, as it also has more
than three inputs. The zero-sequence injection now differs from
the one for three-phase systems, and its principles can be found in
[34].

Table 5 Summary of current control structure for the topologies supplied from a three-phase grid

Without rotor field
(Fig. 2)

With pulsating field in the rotor
(Figs. 3a and b)

Balanced system (equal per-phase filter parameters)
Dead-time harmonics that map into the a—j plane
Number of PI controller pairs

Number of resonant VPI controller pairs in the o-3 plane and their tuning (h)

yes no
-5,7,-11 and 13™ -5,7, 11 and 13th
single controller pair single controller pair

two controller pairs h=6, 12 three controller pairs h=2, 6 and 12
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Fig. 11 Equivalent scheme of integrated chargers utilising

a Five-phase voltage source (Fig. 5b)
b Asymmetrical and symmetrical six-phase voltage source (Fig. 5a and 6)

As there are more than three grid currents, the block ‘coordinate
transformation’ must have a multiphase form. It should be noted
that notations ‘abc’ and ‘dq’ are used only to signify a phase and
a rotational domain, respectively, and do not refer to a three-phase
system. The decoupling transformation should have a five-phase
form for the topology in Fig. 5b, and asymmetrical and
symmetrical six-phase form for topologies in Figs. 5a and 6,
respectively. There are now five or six inputs to a subsequent
rotational transformation. The manner of transformation of a—f
components remains the same, while for x—y components a
somewhat different rotational transformation should be applied, as
discussed shortly.

The final difference between a three-phase and a multiphase PFC
rectifier is in the block ‘current controllers’. From Fig. 12 it follows
that there are now four current components that enter this block and
that require control. The block is shown separately in Fig. 13. It can
be seen that the control of @ and § components remains the same as
for the three-phase PFC rectifier (Fig. 10). From Fig. 7d it can be
seen that the topology in Fig. 6 has a pulsating field production in
the rotor. Therefore, its equivalent scheme filter parameters are
unequal, the reason being the same as for the topologies in Fig. 3.
Again, the same control as in Fig. 10 can suppress the unbalance.
On the other hand, topologies of Fig. 5 do not have excitation in
the first plane. Therefore, as for the topology in Fig. 2, they have
equal filter parameters of the equivalent scheme and do not require
additional control of unbalance. Therefore, both fundamental and
low-order harmonics that map into the first plane are controlled as
in Fig. 10.

However, some of the dead-time induced low-order harmonics
map into the second (x—y) plane, and therefore they cannot be
seen or controlled from the a—p plane. In the asymmetrical
six-phase case (Fig. 5a), these are the 5 and —7th. In [30] it is

voltage controller coordinate
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"

curment
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M
-
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Fig. 12 Control algorithm for the circuits shown in Fig. 11
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shown that these can be controlled from the second (x—y) plane in
a similar manner as low-order harmonics in the first plane are
controlled. However, for this, the x—y plane should also rotate, but
in anti-synchronous direction. Therefore, as already noted, the
rotational transformation in the block ‘coordinate transformation’
(Fig. 12) should also transform x—y components. In the particular
case of the asymmetrical six-phase system, the rotation of the x—y
plane should be at synchronous speed in anti-synchronous
direction. The transformed components are labelled as x’ and y" in
Figs. 12-13. The accomplishment of the rotational transformation
is that the 5 and —7th harmonic (as seen from the stationary
reference frame) are now seen as the 6 and —6th, and can be both
controlled by a single resonant VPI controller placed in each axes.
The controller should be tuned for the 6th harmonic (% = 6).

In the case of a five-phase system dominant low-order harmonics
that map into the second plane are —3, 7, —13 and 17th. The rotation
of the x'—)" plane should now be in the synchronous direction at
twice the synchronous speed. The harmonics will then be seen in
the x'—)" plane as the -5, 5, =15 and 15th. Thus, yet again, they
can be conveniently controlled with only two pairs of resonant
VPI controllers placed in each axes and tuned for the 5 and 15th
harmonic (=5 and /= 15).

Finally, in the case of a symmetrical six-phase system all
low-order harmonics map into the first plane. Hence the control of
the components from the second plane is not required.

control in the first plane &

ot e, e i, e - Vig
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i | Vi
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Fig. 13  Structure of the ‘Current controllers’ block in Fig. 12
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Table 6 Summary of the current controller structures for topologies supplied from a multiphase voltage supply

Without field generation in the rotor

With pulsating field in the

rotor
(Fig. 5a) (Fig. 5b) (Fig. 6)
Balanced system (equal per-phase filter parameters) yes yes no
Dominant low-order (dead-time induced) harmonics 5, =7, =11 and 13th -3,7,-9, 11 and -13th -5,7,-11 and 13th
Dominant harmonics that map into the first (a—pj) plane —11 and 13th -9 and 11th -5,7,-11 and 13th
Dominant harmonics that map into the second (x—y) plane 5 and —7th -3,7 and —13th none

Number of Pl controller pairs
Number of resonant VPI controller pairs in the a—3 plane

single controller pair
single controller pair

single controller pair
single controller pair

single controller pair
three controller pairs

and their tuning (h) h=12 h=10 h=2,6 and 12
Number of resonant VPI controller pairs in the x'—y’ plane single controller pair two controller pairs no controllers
and their tuning (h) h=6 h=5and 15
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Fig. 14 Example of the charging performance of the topology of Fig. 2

a Grid phase voltage v,,, grid current i,e, and machine current i,
b Spectrum of grid current i,g. Results taken from [23]

It should be noted that all control algorithms of this section are
also valid for vehicle-to-grid (V2G) operation. The only difference
is that a minus sign should be placed in front of the reference for
the grid current d-component i:lg in Figs. 9 and 12.

Current controller structures for the topologies discussed in this
section are summarised in Table 6.

4 Experimental results

4.1 Charging from a three-phase grid (Figs. 2-3)
In this section experimental performance that can be obtained with
topologies elaborated in Section 2.2 is addressed.

In Fig. 14 an example of the charging performance of the topology
of Fig. 2 is given. As can be seen, grid current i, is sinusoidal and in
phase with the grid phase voltage v,,, demonstrating operation with
unity power factor. Fig. 145 shows grid current spectrum, and it is
obvious that control is capable of suppressing low-order
harmonics, which are all below 1% of the fundamental. Machine
current i, is also shown in Fig. 14a. It has identical shape as the

EO0kHz Moise Filter
T 0

i !
43,3668 Hef13:15:34

..
JEn o000y

Harmonic rms (p.u.)

Frequency (kHz)

b

grid current, however it is three times lower. This is a consequence
of the fact that three machine phases are connected to each grid
phase; thus each machine phase carries one third of the grid
current i,, (Table 1). In this topology there is no field production
in the machine rotor (Fig. 4a); hence all three grid phases
naturally have equal fundamental harmonic values.

An example of a topology that has a field production in the rotor
during the charging process is given in Fig. 15, for the case of the
topology shown in Fig. 3b. As shown by (6), this topology has
unequal filter parameters of the equivalent scheme (Fig. 8).
Nevertheless, it can be seen that all three grid currents have equal
fundamental harmonic values. This is a consequence of the
proper operation of the control part that is in charge of unbalance
control (Table 5), that is, the suppression of the grid current
fundamental component that rotates in the anti-synchronous
direction. The presence of the filter parameter unbalance is only
obvious from switching ripples of grid currents, as they are not
equal among the three phases. As in Fig. 14, the grid currents are
in phase with grid phase voltages; thus unity power factor
operation is obtained. From Fig. 15b it can be seen that grid
current is of excellent quality.

FFT of waveform (THD=0.09598)
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Fig. 15 Example of a topology Fig. 3b that has a field production in the rotor during the charging process

a Grid phase voltage v,g, and grid currents iqg, ipe and icg
b Spectrum of grid current i,,. Results taken from [25]
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Fig. 16 Experimental rig

Experimental setups, used to generate the results in Figs. 14-15,
are described in [23, 25], respectively.

4.2 Charging from a multiphase voltage source
(Figs. 5-6)

Topologies of Figs. 5a and 6 have been evaluated experimentally in
[30]. To further support and reconfirm theoretical analysis in Section
2.3 and control algorithms of Section 3.2, a new set of experiments
are performed using similar machines and converters.

This experimental rig is shown in Fig. 16. To obtain isolation and
asymmetrical six-phase voltage supply, two transformers with
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Fig. 17 Charging mode

a Grid phase voltages v,g, V5, and machine currents i, and i,
b Spectrum of machine current i,

connected primary windings are utilised, as in [30]. Symmetrical
six-phase voltage set is obtained also as in [30], from a single
transformer that has all six terminals of the secondary accessible
(without a neutral point on the secondary). A Siemens converter is
utilised to emulate a battery and an optional dc—dc converter
(right-hand side part of Fig. 1d). Two three-phase Danfoss
converters with connected dc-buses are utilised as a six-phase
converter (left-hand side of Fig. 1d). A resistor of a value of 0.5 Q
is placed between the Siemens converter and the Danfoss converters
to emulate battery’s internal resistance. Experimental rig data can be
found in Appendix 2 and further details are available in [35].

For the topology of Fig. 5a, dc-bus voltage is set to 700 V. The
reference for the d-component of the grid current is set to the
value iy, = 2.5 A for the charging mode and to iy, = —2.5 A for
the V2G mode. Experimental results are shown in Figs. 17 and 18
for the charging and V2G mode, respectively. From Fig. 17 it can
be seen that machine currents are in phase with voltages of the
asymmetrical six-phase supply; thus, yet again a unity power
factor is achieved. However, machine current i.; is in phase with
voltage v;;. This is a consequence of the phase transposition in
Fig. 5a, as Table 3 clearly states that in this topology grid current
ip1g and machine current i, are the same current. Spectrum of
machine current i,; is shown in Fig. 17b, and it demonstrates
excellent current quality. Low-order harmonics are below 1% of
the fundamental, which validates proposed control algorithms and
current control structure given in Table 6. As in this topology a
field is not produced in machine’s rotor, currents naturally do not
contain any unbalance. Indeed, in Fig. 17a the two currents have
very similar waveforms.

o
-5
=]

g

do

i
dg

k

0 0.002 0.004 0.006 0.008 0.01 0012 0.014 0.016 0.018 0.0
Time (s)

Grid current component :'dg (A)
[%]
Grid current component fog (A)

r

k=]
.

w

[

Grid current component " (A)
i .
()

Grid current component g (A)

i
41 o o 109

=)

0 0002 0.004 0.006 0.008 001 0.012 0.014 0.016 0.018 0.
a

IS

@

il

2
_4 RIS St - | P S N __'Ir__

0 0.002 0.004 0.006 0.008 001 0.012 0.014 0.016 0.018 0.02

|
| - - - L)
L=} - [+ w -

Machine current component i (A)
R
Machine current component 1 (A)

i, (A)

¥

-4

Machine current component i, (A)
o
14
/
’
\
o
ine current component

! : I t Y ; I -4
0 0002 0.004 0.006 0.008 o.én 0012 0.014 0.016 0.018 0.02

Mach

Fig. 18 V2G mode

a Grid current components
b Machine current components — excitation mapping into the two machine’s planes
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Fig. 19 Charging mode

a Grid phase voltage v,g, grid current i,, and machine current i,
b Spectrum of grid current i,y

Fig. 18 is given for V2G operation and is created using
experimental data retrieved from the dSPACE system. From
Fig. 18a it can be seen that the grid current d-component is
controlled to its reference (ij}g = —2.5 A). The remaining three
current components are completely supressed by control. As the
g-component is kept at zero, unity power factor operation is again
verified. As already stated in Section 2, to assess if a torque is
produced during charging/V2G process, machine current
components should be observed in a decoupled domain. For V2G
operation they are shown in Fig. 18b. Obviously there is no
excitation in the torque producing (a—p) plane. As predicted by
theoretical analysis (Fig. 7b), the whole excitation is transferred
into the second (non-torque producing) plane. Thus, a torque-free
operation is verified, and the machine does not have to be
mechanically locked during the charging/V2G operation.

Experimental results for the topology of Fig. 6 are given in
Figs. 19-20. The symmetrical six-phase voltage source is obtained
as in [30], from a single conventional transformer, rather than
from a transformer with two secondary windings, as in [28].
Therefore, the control is slightly different than the one described
in Section 3, mainly due to the requirement for zero-sequence
current control (the difference is minor and is beyond the scope).
In [30] it is shown that the topology can operate with reduced
dc-bus voltage, which is verified here. The dc-bus voltage is set to
550 V. References for grid current d-component i;, are set to 2A
and —2A for charging and V2G mode, respectively.

In Fig. 19a grid current i, before the transformer and machine
current i,; are shown together with the grid phase voltage. A unity
power factor operation is obvious. It can be seen that the two
currents are very similar (the oscilloscope channel settings are
different). From Fig. 196 it can be seen that the grid current i,
contains the 3rd harmonic, which is also noted in [30]. This
harmonic is not introduced by inverter dead-time, as it exists even
when there is no load at the transformer’s secondary. Its existence
is due to the saturation and the grounding of the neutral point of
the transformer primary. The remaining low-order harmonics have
very low values.

V2G operation is demonstrated in Fig. 20. All three currents of the
first machine set are shown. At first, it is obvious that the machine
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Fig. 20 V2G mode

a Grid phase voltage v,,, and machine currents i,y, i; and iy,
b Spectrum of machine current 7,

current i, is in phase opposition with the voltage; thus unity
power factor is achieved in this mode as well. As in topologies of
Fig. 3, there is pulsating field production in the machine’s rotor
during the charging/V2G operation. Therefore, as explained in
Section 3, filter parameters of the equivalent scheme again do not
have the same values. However, it is obvious that control
(Table 6) manages to suppress the unbalance. Thus all three
currents in Fig. 20a have the same fundamental harmonic values.
Spectrum of the machine current i,; is shown in Fig. 20b. As in
[30] it does not contain the third harmonic. Moreover, all
low-order harmonics have very low values (below 1% of the
fundamental), which again verifies the current control structure
given in Table 6.

It should be noted that encoders were utilised in both topologies
discussed in this section to continuously monitor speed of
machines’ rotors during the charging and V2G operation. They
showed no movement, which again verifies torque-free operation.
As these results are completely flat lines at exactly zero value,
authors chose not to include them in the paper.

On the basis of the experimental results in Figs. 14, 15 and 17-20
it can be concluded that unity power factor and excellent current
quality (very small values of low-order harmonics) can be
obtained with all topologies. As a torque is not produced in any of
the topologies, the only notable difference in charging/V2G
performance is switching ripple of the currents. As it is highly
dependent on filter parameters, it has different values in all
discussed topologies.

5 Conclusions

The paper provides an overview of the fast on-board integrated
chargers for EVs based on multiphase systems. All discussed
topologies incorporate a multiphase machine and a multiphase
inverter into the charging/V2G process to make savings in the
cost, weight and space in the vehicle. For each topology operating
principles are explained. The control is elaborated in detail for
both charging and V2G mode. Finally, the validity of theoretical
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considerations and control algorithms for some of the discussed
charging solutions is illustrated using experimental results and
experimental performance of all discussed topologies is compared.
The solutions covered by the paper encompass five-, six-, and
nine-phase topologies. However, an extension to higher phase
numbers is straightforward and, as the phase number increases,
there are more and more options available. The idea used for the
fast three-phase charging in conjunction with a five-phase system
can be extended in a simple manner to all multiphase systems with
a prime phase number. If a machine has more than three
three-phase windings, the solution discussed in conjunction with a
nine-phase machine is directly applicable by using grid connection
to just three neutral points. Alternatively, in say, an eighteen-phase
system with six isolated neutral points, it also becomes possible to
connect each grid phase simultaneously to two neutral points. This
would decrease the equivalent filtering inductance since in effect
six machine phases would be paralleled to one grid phase, but
would keep all machine’s phases in operation during charging thus
preserving the full charging power. The opportunities for full
on-board battery charger integration, offered by multiphase
machines and power electronics are thus vast. Needless to say,
two-level multiphase converter can be replaced with a multilevel
multiphase converter with no impact on the operating principles.
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8 Appendices
8.1 Appendix 1: derivation of equations in Section 2
All equations in Tables 2 and 4 are obtained using similar
derivations. Here the derivation procedure is demonstrated only for
the case of the topology shown in Fig. 35.

For derivations it is beneficial to represent a multiphase

decoupling matrix in space vector form. In five-phase system it is
governed with

l.aB = ioz +Jlﬁ =V 2/5(10 + le + inc + g3id + Q4ie) (7)

iy, = iy +ji, = 2/5(i, + iy + a'i. + iy + d%,)  (8)

where a = exp (j8) = cos 6 +jsin 6 and & =27/5.
Grid currents are given with (1), while the correlation between
machine and grid currents (Table 1) is governed with

ly =l By =0y =iy /2 B =0g=1/2 ©)
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Substitution of (9) and (1) into (7) leads to the following expression

2
laﬂz\/;lﬁ

@ e+

(eié_’_cﬂﬁ)_’_

(ej(wt*(27/3)) _|_e*j(wt*(277/3)))

2 (ei(wt—(4‘n'/3)) 4 e—j(wr—(4‘n'/3))) (ej26 + ei35)

(10)

N = —

Components that are multiplied by ¢’ and those multiplied by e’
can be separated, after which the following expressions are obtained

1

:L { ejmt . |:1 +%eﬁi(2‘n’/3)(e}'5 +ej45) +Ee7j(4‘n'/3)(ejZ§ +e]33)]

iaﬁ ﬁ
4o [l _’_%ej(Zﬂ/})(eiﬁ L +%ei(47r/3)(ej25+ ei35)]}
an

. !
log =—=

inp ﬁ[é“” <(1.25—j-0.9682)+¢ . (1.254]-0.9682)] (12)

. 1 ji : —joi
gaB:ﬁI.SSIL[e‘ '.(0.7906 — - 0.6124) + e 3 - (0.7906

+j-0.6124)] (13)
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1.5811 : ) ) )

iﬂ‘B = 71 . [e]wl . 671046590 + efjwt . 6'0‘6590] (14)
zaﬁ = %[. [ej(wt—0,6590) + efj(mzfoﬁsgo)]

=21 -cos(wt —0.659) (15)

As can be seen, the expression of the first plane excitation, given in
Table 2, is obtained. In a similar manner the excitation in the x—y
plane can be determined, as well as excitations in all the other
considered topologies.

8.2 Appendix 2: experimental rig data

Dc source/sink (battery emulator): Siements Simovert AFE
6SE7021-3EB81-Z.

Controller: dSPACE containing DS1006 processor board,
DS5101 digital waveform output board, DS2004 A/D board and
DS3001 incremental encoder board.

Converter: Two Danfoss FC302 converters with connected
dc-buses. Interface and protection card is added to converters to
allow a higher degree of controllability.

Asymmetrical six-phase IM: the parameters are R;=12.8 Q, R, =
10.5 Q, L,,=600 mH, L, = L.,.=37.6 mH. Obtained by rewinding a
380V, 50 Hz, 1.1 kW three-phase machine.

Symmetrical six-phase IM: the parameters are Ry=14.7 Q, R.=
11.8Q, L,,=612mH, L,,=L,,=39.5mH. Obtained by rewinding
a 380V, 50 Hz, 1.1 kW three-phase machine.
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