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Abstract

The paper considers on-board battery charging of electrical vehicles (EVs) using a multiphase voltage
source and a multiphase propulsion motor. The multiphase inverter and the multiphase machine are fully
integrated into the charging process. The proposed integrated on-board battery charger has an advantage
of unity power factor operation with no torque production in the machine during the charging mode. The
principle of the charging mode operation is based on the additional degrees of freedom that exist in
multiphase machines. It is shown that they can be conveniently utilised to achieve charging through the
machine’s stator winding with zero electromagnetic torque. Detailed theoretical analysis is reported for a
five-phase system, with a subsequent generalization to other multiphase systems with other higher odd
numbers of phases. A mathematical model of a multiphase voltage source rectifier (VSR) is developed,
its control in the charging mode is discussed, and the concept is validated by simulation.

Introduction

Fast battery chargers are mandatory for a wider use of EVs. There are two basic types of battery
chargers, off-board and on-board, and for both types many configurations have been proposed [1].
However, only on-board chargers liberate their users from the need to search for charging stations, and
allow them a freedom of charging their vehicles from almost any single-phase or three-phase (as
appropriate) power socket. On-board battery chargers typically have, in addition to advantages, some
drawbacks as well. If made like a separate unit, which is currently the case with many EVs, they
increase the cost of the vehicle by introducing new power electronics elements. Depending on the model
the additional cost can be up to $ 3,000 [2]. Their installation requires additional space and increases the
weight. However, all these drawbacks can be overcome by integrating the existing propulsion motor and
power electronics into the charging process [3]. An integrated charger was introduced for the first time
in 1985 [4], and many various integrated solutions have been reported since [5].

A majority of EVs at present use a machine of induction type for propulsion [6], although permanent
magnet synchronous machines are also a common choice. Nevertheless, currently only five integrated
on-board solutions [7-11] allow fast (three-phase) charging incorporating these types of machines. In
[7], during the charging mode, motor three-phase stator windings are in an open-end winding
configuration. At one side they are connected to the three legs of the inverter, while the other three
winding terminals at the other side are connected to a three-phase grid. Development of the rotating field
occurs during the charging mode, so that the motor must be mechanically locked to avoid rotation,
which presents a severe drawback. In [8], in order to provide a galvanic isolation, an induction machine
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is used like a transformer in the battery charging mode. However, this solution increases the cost of the
drive system since it requires a wound rotor, so that the isolation advantage is completely overshadowed.
Another isolated solution is presented in [9]. It avoids the additional cost of wound rotor by having a
stator with two sets of three-phase windings, which are shifted spatially by 30 degrees (split-phase or
asymmetrical six-phase configuration). In the traction mode each pair of phases of the two three-phase
windings that has spatial shift of 30 degrees is connected in series to constitute a single three-phase
winding set. For the charging mode the system requires reconfiguration. The first set of three-phase
windings is connected to the inverter on one side, and into the star on the other side, while the second set
is connected into delta on one side, and to the grid at the other side. In contrast to the previous two, this
one has an industrial potential.

A completely different charger topology is proposed in [10]. The solution uses mid-points of each of the
three windings of a three-phase machine to connect them to a three-phase ac grid during charging (three-
phase machine with accessible mid-points is in essence an equivalent of a symmetrical six-phase
machine). Compared to the three previous configurations, this one has some distinct advantages: there is
no torque production in the machine during charging mode; moreover, no hardware reconfiguration
between propulsion and charging mode of operation is required and the solution is being considered for
use in future EVs [12]. Another solution which does not require hardware reconfiguration is presented in
[11]. The three phase grid connections are directly attached to the three isolated neutral points of a nine-
phase machine. By simultaneous control of inverter legs belonging to the same winding set, the field is
cancelled between these windings, and the torque production is avoided in the charging process. The last
three configurations use multiphase machines. There is only one more proposal that uses a multiphase
machine for charging operation [13]; however, it is applicable only for single-phase charging.

Multiphase drives are mainly used in high power applications. Their two main advantages over three-
phase systems are reduced current (power) rating of the semiconductor switches and excellent fault-
tolerant operation features [14]. In general, multiphase machines are characterised with existence of
additional degrees of freedom with regard to the control. This brings in an added advantage over their
three-phase counterparts in applications related to the integrated on-board charging of EVs, as will be
shown in this paper. These additional degrees of freedom can be used for battery charging without any
torque production. This paper for the first time considers multiphase supply as a fast charging option for
EVs, and presents new multiphase integrated on-board chargers with unity power factor operation and
the machine kept naturally at standstill during the charging process. The inverter and the machine are
fully integrated into the charging process. The configurations employ phase-transposition rule [15] in
order to ensure that the motor does not develop torque during charging, so that the machine naturally
stays at standstill and its stator winding’s leakage inductances are utilised for filtering during the
charging process.

The paper is organized as follows. Detailed theoretical analysis is reported for a five-phase integrated
charging system in the next section. A generalization is further made to all systems with odd numbers of
phases higher than five in the subsequent section. This is followed by the mathematical model of a
multiphase VSRs and the control algorithm for the proposed configurations. Finally, theoretical results
are validated by simulations. The conclusions are given in the last section.

Theoretical analysis of a five-phase integrated charging system

At present on-board charging takes place with either single-phase or three-phase mains supply. In this
paper it is assumed that the charging station is equipped with a multiphase supply system (n > 3) and this
is a scenario that is currently futuristic but may become realistic some time in future. A multiphase
supply in the charging station could be obtained in different ways. The simplest one would be based on a
three-phase to n-phase transformer. Such transformer configurations are currently known for three-phase
to five-phase transformers [16] and three-phase to seven-phase transformers [17]. The alternative
solutions would be based on power electronic converters, and would require output voltage filtering.
One could use either a three-phase to n-phase matrix converter [18, 19] or a back-to-back (two-stage)
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converter with an n-phase inverter as the output stage. In what follows it is assumed that, whatever the
source of the multiphase supply is, the voltages can be regarded as sinusoidal and symmetrical.

The first considered topology is a five-phase propulsion motor, which is star-connected with isolated
neutral point in the normal driving cycle. For charging purposes the neutral point of the motor is opened
and the phases are connected to the sinusoidal five-phase source. However, instead of connecting the
motor phases a to e directly to a to e phases of the supply, the principle of phase transposition [15] is
applied. The resulting connection diagram for the charging mode is as shown in Fig. 1. Parameters R¢
and L in Fig. 1 in essence represent stator leakage impedance of the multiphase machine for all cases
considered in the paper that are based on the phase transposition rule (the exception is the scheme of Fig.
2, considered shortly, where these parameters depend on the machine type). The basic idea here is that in
a five-phase machine with sinusoidal spatial magneto-motive force distribution current flow according to
Fig. 1 connection will not result in the rotating field (and hence there will be no torque developed), since
the currents of the supply will map into the non-flux/torque producing plane [15]. Basically, the
flux/torque producing o plane will not be excited, as shown next.

Decoupling transformation matrix for a five-phase system is given with (a = 2/5)
al 1 cos(2z/5) cos(4x/5) cos(67/5) cos(8x/5) ]
Bl 0 sin(2z/5) sin(4x/5) sin(6z/5) sin(87z/5)

[C]:\/z x| 1 cos(4x/5) cos(8x/5) cos(12x/5) cos(16x/5) 1)
S y| 0 sin(4z/15) sin(8x/5) sin(12x/5) sin(16z/5)

olt/v2 1/J2 1/V2 1/V2 1/V2 |

where power invariant form is used. For further considerations, it is convenient to combine the first two

rows and the subsequent two rows into space vectors of the two planes, according to (f stands for any
variable that is being transformed, e.g. current, voltage, etc.):

o=ttty = 2/5(t, +af, +a%f, +a%f, +a’t, )

fo=forify= 2/5(fa+§2fb+g4fc+a_16fd +§8fe)

(2)
Here a=exp(ja)=cosa+ jsina, where once more o =27/5.

For the sake of simplicity, sinusoidal quantities f are taken further on as currents, and they are given as
iig =21 cos(at - j27/5) j=01234 k=ab,c,d.e 3)
where o is the angular frequency of the supply and index g denotes the fictitious grid multiphase

currents. Substitution of (3) into (2), while having in mind that due to the phase transposition machine
currents are related to the grid currents according to (Fig. 1)

I =lgg Iy =g ig =lgg Ig =lpg le =lgg 4)
leads to the following space vectors in the two planes of the five-phase system:
s =0 i,y =51 exp( jot) (5)
ide i
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Fig. 1: Topology of the five-phase integrated on-board battery charger.
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Hence it follows from (5) that the phase transposition connection of Fig. 1 maps grid phase currents into
non-flux/torque producing (xy) plane of the machine, while the flux/torque producing currents (o) are
identically equal to zero at all times. The machine will therefore develop zero average torque and will
remain at standstill if connection of Fig. 1 is used, without any need for mechanical braking of the motor
shaft. Zero-sequence component of (1) is identically equal to zero due to the assumed isolated star-
connected five-phase grid.

An alternative connection, which does not follow the phase transposition rule, is shown in Fig. 2. It may
be also, at least in theory, used. Such a connection produces pulsating field in the first plane, as shown
next. The machine’s a to e phases are now supplied with a phase sequence a, c, b, e, d. The space
vectors (2) now become

i,z =i2lsinat i,y =1 (/5005 @t — jsinat) (6)
It follows from (6) that in the topology of Fig. 2 only one axis of the first plane is excited, so that a
pulsating field is produced. In the second plane the components are now not of the same magnitude.
However, since the second plane does not give torque production and the pulsating field in the first plane
cannot produce an average torque, the machine again does not develop an average torque and hence
stays at standstill during the charging process. Trajectories described with (6) in the two planes are
illustrated in Fig. 3, taking the current rms value as equal to 1 per unit and grid frequency as 50 Hz.

Generalisation to systems with higher odd numbers of phases

Consider next a seven-phase machine. Only the situation with phase transposition is now considered,
since it is believed to be better suited for potential real-world applications. The configurations for the
charging mode are shown in Fig. 4. The difference, compared to the five-phase case, is that there are two
xy planes rather than one (labelled with additional indices 1 and 2). Hence two connections to the grid
are possible in charging mode. Once again, charging mode requires opening of the machine’s neutral
point and connection of motor phases to the grid phases, according to the schemes given in Fig. 4.

five-phase
machine
A N AR
pl 2 | AR g
5-phase | o, gy | LeRe | ke | inverter/
suppl i i i rectifier
AE S P AN
oL (e | LR [ dy |

Fig. 2: An alternative five-phase system connection with zero average torque.
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Fig. 3: Trajectories described with (6) in the charging mode of operation, according to the connection
scheme in Fig. 2.
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Fig. 4: Possible connections of a seven-phase machine to the seven-phase supply in charging mode.

The starting point is the general decoupling transformation matrix for a multiphase (n-phase) system
[14], which is in the equivalent space vector representation, in the form of (2), now given with

f o =J2/7 (fa +af, +a’f +a’fy +a*f, +a’f; +a’f, )

LI =J2/7 (fa +a’f, +a*f +a’fy +a®f, +a'%f; +a'’f, ) (7

ix2y2 =4 2/7 (fa +§3 fb +§6 fc +§9 fd +912fe +§15ff +§18fg )
where a=exp(ja)=00s a+ jsinaand « =27/7. The grid currents are given with
g =21 cos(at — j2717) j=01..6 k=ab,c,..f,g ®)

For the connection diagrams of Fig. 4 the correlation between machine phase currents and grid currents
is given with

ia =lag iy =g ic = ipg g =lgg e =lgg i =igg ig =lgq )
and
i =lgg ip =g i =lgg ig =ipg i =igq i =lgg ig =g (10)

respectively. Substitution of (9) into (7) gives the following space vectors for the first connection of Fig.
4.

i,5=0 i1 =0 40,2 = V71 exp(~jat) (11)
On the other hand, for the second connection diagram in Fig. 4 the following space vectors are obtained:
i =0 g = V7l exp(-ja) iy =0 (12)

As is obvious from (11) and (12), each of the two possible connection diagrams means that the charging
process will utilise one of the two xy planes.

The procedure, illustrated here for a five-phase and a seven-phase machine, can be extended in the same
manner to any other higher odd phase number by applying phase transposition according to the general
connectivity matrix given in [15].

Modelling and control of multiphase voltage source rectifiers

Three-phase VSRs are widely used and their mathematical model is widely available [20]. The same is
valid for the control related aspects. This however is not the case with multiphase VSRS, the main reason
being the lack of real-world applications that demand this type of rectifier. With an increasing number of
systems with multiphase inverters that might be used in automotive industry, multiphase VSRs are
gaining in importance, mainly due to the fact that the same inverting hardware can be used also for
rectification. With reference to Fig. 5 and its grid side, the following voltage equilibrium equation can be
written:

[vo l=[vi J+lv] (13)

where [v] is the grid phase voltage matrix, [vg] is the matrix of voltage drops on the filter, and [v] is the
converter’s phase voltage matrix. Voltage drops on the filter are equal to:
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Fig. 5: Multiphase VSR system.
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vi =L, dtg +Ry ['g] (14)
Where [ig]:[iag ibg ng ing ]T, Lf :Lfa:Lfb:...:Lfn,and Rf :Rfa:be:"':an'
Converter phase voltages depend on the dc-bus voltage and switching states as follows:

1x 1 1
1 | 12350 v (00 o1 2 51 v (0000 210 ] @s)

k=1

where [I]nxn is @ unity matrix, [1]n is full matrix with all elements equal to one, and [s] is the matrix of
switching states. By substituting (14) and (15) into (13) one further has:

dli | . 1

o =t =524 fig Jovee o 1o =2 lalu I (16)
By inspecting the right-hand part of Fig. 5, it can be seen that:

dvy, . .
C— =l it (17)
where iy =[s] ~[ig ]. Hence:

av 4. . .
C d: =[] -[ig J-i. (18)

System model is given with (16) and (18). However, for control purposes the model has to be in the
same reference frame in which current control is performed, i.e. synchronously rotating reference frame.
It can be transformed by using at first the general decoupling transformation matrix for multiphase
systems [14]; this is followed by application of the rotational transformation [D], which transforms only
the first pair (af) of equations [14]. Upon transformations, (16) takes the form:

0 w, 0 .. 0
- 0 O 0
dli “o : :
bt Bl 0" 00 0 e
| 0 0 0 .. 0 (19)
+ Vg - [I]nxn - [O](n—l)x(n—l) [s(dq)]
0o ... 1 o
Equation (18) can be written in the rotating reference frame as:
dvge _ _ _ _
c \;S ~[scap I '([D]T (D] [ig(ap) ])"L :([S(aﬁ) I"-[or )'([D]'['g(aﬂ) )i = (20)

=D [sup 7 - ([OT figup D=1t =[50y ™ “Tig oy 1=
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Fig. 6: Grid voltage oriented control (VOC) algorithm for multiphase systems.

The control algorithm for the system of Fig. 5 is given in Fig. 6. It should be noted that the current
control requires a decoupling network which is not shown in Fig. 6 for the sake of simplicity. Grid
voltages, grid currents, and dc voltage are measured.

For voltage oriented control (VOC) the information on the grid position is mandatory. Obtaining this
information from measured grid voltages is commonly achieved by a phase locked loop (PLL). Once the
grid voltage space vector position is known, it is possible to transform grid currents into the rotating (dq)
reference frame that is grid-voltage oriented. This is necessary since the control goal is to achieve a unity
power factor operation, which is best reflected in non-existence of the q grid current component in the
grid-voltage oriented reference frame. When this is done, these dqg currents represent real currents from
which reference currents will be subtracted. The inverse sign in the controller comes from the fact that
by increasing reference voltage, voltage that will be applied to the filter (machine windings) decreases.
This is in contrast to the propulsion mode of operation.

All reference current components are zero, except for the d component. There are two ways of obtaining
the d component of the current reference, which match two charging modes demanded by the battery.
The most conventional way of charging the battery is CC-CV (constant current-constant voltage)
method. It consists of charging the battery with a constant current, equal to the maximum charging
current, up to the instant when voltage reaches a certain cut-off level. From that point on the battery gets
charged from the constant voltage source until the current drops below the value of 10% of the
maximum current, which represents the end of the charging process. Thus obtained d component of the
reference current for CV mode is actually the output of the Pl dc voltage controller (Fig. 6). When
current reference is obtained, it represents the final signal that enters the current controller.

Current controller Current controller

Fig. 7: Decoupling network: in the dq plane (left), optional for the xy plane (right).
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In three-phase rectifiers current control is executed only in the dq plane. From (19) it can be seen that
there are coupling terms in the dq voltage equations, proportional to eyl Hence a decoupling network
is needed (the left part of Fig. 7). However, multiphase rectifiers require current control in other planes
as well (Fig. 6). This can be done in a humber of ways. One possibility is depicted for the five-phase
case in Fig. 7 on the right-hand side. Current xy components are also transformed rotationally (in
contrast to (19)), into a reference frame that rotates in anti-synchronous direction at the speed of 3.
Current xy components in this rotating reference frame are denoted as x’y’ components. This means that
the third current harmonic, caused by the existence of the inverter dead time, will appear in this
reference frame as a dc quantity. In this case a decoupling network is necessary also in the second plane
and it is shown in the right part of Fig. 7. The decoupling terms now have inverse signs.

The PWM block in Fig. 6 corresponds to a simple carrier-based PWM with zero-sequence injection. In
the propulsion mode of operation the multiphase drive is operated according to the well known rotor
field oriented control principles for multiphase machines [21].

Simulation results

A simulation of the charging mode of operation of a five-phase system is executed in
Matlab/SymPowerSystems software package in order to provide verification of the theoretical results
presented in the paper. Grid phase voltage has rms value of 240V and 50Hz frequency. For the battery
representation a single resistor R =0.5Q in conjunction with an ideal voltage source E=647V is utilized.
Converter switching frequency is 2kHz and the dead time is 6us. The dc-bus capacitance is C4. = 1.5mF.
The 50Hz five-phase induction machine parameters are: R; = R, = 3Q, L,s = L,, = 45mH, L, = 0.515H,
two pole pairs, J = 0.1kgm® The grid phase voltage is an input into the simulation and it is taken as
being perfectly sinusoidal.

For simplicity, simulation is performed only in the continuous voltage (CV) mode with the dc-bus
voltage reference value of 650V. Fig. 8a presents the grid phase voltage and current. The current at the
same time represents the machine phase current (its current components are given in Fig. 9), since the
grid currents are the same as machine phase currents, except for the different phase order. Grid phase
current follows the shape of the voltage, with a switching ripple that is not uniform during the period due
to a fixed switching frequency. It can be seen that the current is in phase with the grid voltage, which
confirms unity power factor operation during charging. The grid phase current spectrum is given in Fig.
8b and it contains only small values of low order harmonics. The third harmonic is almost completely
removed with the current control in the second plane (right part of Fig. 7), and the only noticeable
harmonic is the 7", which is also caused by the dead-time effect. As the grid is five-phase, there are also
the additional xy current components. These are depicted in the reference frame used for their control
(anti-synchronous, rotating at 3ay; ix’ and i, are illustrated), together with the dq current components in
the synchronous reference frame in Fig. 8c. It can be seen that the g, x and y components are kept at zero
during the whole charging period, while only the d component has a non-zero value, since it is used for
the power transfer from the grid into the battery. Considering that the rotational transformation is grid-
voltage oriented, this also means that the charging is with the unity power factor.

Fig. 9 shows current components in the machine. From Fig. 9a it can be seen that currents in the torque
producing (af) plane are controlled to zero with only a switching ripple, which was the initial goal
during the charging process. Fig. 9b shows xy current components. Clearly, these current components in
the machine correspond to the dq (i.e. «f) components of the grid currents. Hence, during the charging
process, currents are completely transferred from the torque producing (o) to the non-torque producing
(xy) plane, which is in accordance with the theoretical results of (5).

Converter phase voltage and its spectrum are shown in Fig. 10. The third harmonic that is generated by
the dead time is almost completely compensated, and the phase voltage has a very small dead-time
induced 7™ harmonic. Fig. 11a shows the machine’s torque and speed and these are both obviously kept
at zero, so that the rotor naturally stays at standstill during the battery charging. Finally, the dc-bus
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voltage and the battery charging current are
shown in Fig. 11b. Dc-bus voltage is kept at

650V without steady state error,

and the

charging current is of the same shape as the
battery is represented only with a constant
voltage source and a resistor.
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Fig. 11: (a) Machine torque and rotor speed; (b) Dc-bus voltage and charging current.
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The paper analyses means for charging an EV’s battery from a multiphase source, using the principle of
phase transposition in connection of the grid to the machine’s windings. It proposes new integrated on-
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board charging configurations incorporating an inverter and propulsion machine into the charging
process. A complete mathematical model of a multiphase voltage source rectifier (VSR) is developed,
and its control in the charging mode is discussed. Simulation of the five-phase configuration
demonstrates feasibility of charging with unity power factor, with zero torque production in the machine.
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