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Abstract  The paper considers on-board battery charging of 

electrical vehicles (EV) using a three-phase voltage source and a 

nine-phase propulsion motor. The nine-phase inverter and 

induction 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. Moreover, 

there is no need for any hardware reconfiguration between the 

charging and propulsion mode. The principle of the charging 

mode operation is based on the additional degrees of freedom 

that exist in nine-phase machines and that can be conveniently 

utilized to achieve charging through the machine’s stator 

windings with zero electromagnetic torque. Detailed theoretical 

analysis is reported for asymmetrical and symmetrical nine-

phase systems. For both systems control in the charging mode is 

discussed, and the theoretical considerations are validated by 

simulations. 

 
Index Terms— Battery chargers, electric vehicles, multiphase 

machines. 

I. INTRODUCTION 

UE to fossil fuel shortage and the global warming-related 

problems, internal combustion engine (ICE) vehicles will 

be replaced in the near future at a faster rate with EVs. Some 

countries have already adopted action plans for this transition. 

In the US the forecast is for one million EVs by 2015 [1], 

while in the Netherlands the same number is anticipated until 

2025 [2]. In order to accomplish this changeover, some of the 

main goals that need to be achieved are an increase in the 

battery capacity, and development of suitable, preferably on-

board, battery chargers, capable of realising fast battery 

charging that complies with grid standards [3, 4]. 

Battery chargers can be classified into two categories: off-

board and on-board, and both types come in many 

configurations [5]. Yet, only on-board chargers allow the user 

a freedom of charging from almost any single-phase or three-

phase (as appropriate) power socket. Also, on-board chargers 

in combination with EVs’ batteries are seen as a possible 

solution for the mass energy storage problem, which is 

currently one of the main concerns in the electric energy 

sector.  EVs are  for most  of  the       time parked; hence,  if integ- 
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rated into the smart grid, they   can accumulate        the energy from 

the grid when the demand for the energy is low, and supply 

the grid with the energy when the demand is high (vehicle-to- 

grid, i.e. V2G concept) [6, 7]. This requires a bidirectional on-

board battery charger. It can be concluded that even in a 

futuristic scenario where off-board charging stations might be 

widely available, on-board chargers will still be very 

desirable. 

On the other hand, commonly employed on-board battery 

chargers have, in addition to mentioned advantages, also a few 

shortcomings. Nowadays, the most of them are made like a 

separate unit, which increases the cost of the vehicle by 

introducing new power-electronics elements. Depending on 

the model, these additional costs can be up to $ 3,000 [8]. 

Installation of separate charging unit requires additional space 

and increases the weight. However, all these shortcomings can 

be overcome by integrating the existing powertrain 

components, mainly propulsion motor and power electronics, 

into the charging process [9]. An integrated charger was 

introduced for the first time in 1985 [10], and many integrated 

solutions have been reported since [11]. 

Presently, a majority of EVs employ either induction or 

permanent magnet synchronous machines for propulsion [12], 

which are typically with three-phase stator winding. 

Nevertheless, at the moment only four integrated on-board 

solutions [13-16] allow fast (three-phase) charging 

incorporating these types of machines. Yet, only the solution 

of [16] has an advantage of no torque development in the 

machine during the charging. It uses mid-points of each of the 

three windings of a three-phase machine to attach them to a 

three-phase ac grid during charging. Hence the machine 

operates as a three-phase one in propulsion mode, while it is 

an equivalent of a symmetrical six-phase machine in the 

charging mode; the half-windings of each phase in spatial 

opposition are paralleled for the charging and are thus 

supplied with the same currents, causing cancellation of the 

rotating field. The solution is currently being considered for 

use in future EVs by Valeo [17]. Moreover, it currently 

presents the only on-board integrated fast (three-phase) 

charging configuration in general without the requirement of 

hardware reconfiguration between the charging and propulsion 

mode of operation. This paper attempts to provide two new 

charging solutions with the same advantages, incorporating 

asymmetrical and symmetrical nine-phase machines into the 

charging process. 

Multiphase drives are primarily considered for high 
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power/high current applications. Their advantages over three-

phase systems are related to the reduced power rating of the 

semiconductor switches and superb fault-tolerant operation 

capabilities [18, 19]. Nine-phase machines are characterised 

with existence of additional degrees of freedom with regard to 

the control. This yields an added benefit 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 utilised for integrated 

charging of a battery without any torque production in the 

machine. 

As noted, this paper presents two novel multiphase 

integrated on-board chargers with unity power factor 

capability and the machine kept naturally at standstill during 

the charging process. The inverter and the machine are fully 

integrated into the charging process. Stator winding’s leakage 

inductances are utilised for filtering. 

The paper is organized as follows. In Section II, detailed 

theoretical analysis is reported for a symmetrical nine-phase 

integrated charging system. The same is done for an 

asymmetrical nine-phase system in Section III. Section IV 

describes the control algorithm for the proposed 

configurations in the charging mode of operation. Finally, in 

Section V theoretical results are validated by simulations. The 

conclusions are given in Section VI. 

II. ANALYSIS OF A SYMMETRICAL NINE-PHASE CHARGING 

SYSTEM 

Nine-phase machines with three sets of three-phase 

windings and three isolated neutral points are particularly 

suitable for vehicular applications due to their ability of being 

integrated into the three-phase charging process. If grid 

connections are attached to the neutral points of the machine, 

then charging without any hardware reconfiguration and with 

no average torque developed is possible. Non-existence of the 

average torque in the machine during the charging process is 

achieved by simultaneous identical switch control of all 

inverter legs belonging to the same set. 

Charging without hardware reconnections demands three 

isolated neutral points. Hence, given the phase number n = ak, 

the number of sub-windings needs to be a = 3. The number of 

phases of the sub-windings can be k = 3, 5, ... Since in the 

charging mode there will be k phases connected in parallel, 

this means that the equivalent leakage inductance available for 

the charging process will reduce more and more as the number 

of sub-winding phases k increases. It is for this reason that 

only the configurations with k = 3 and a = 3 are discussed 

further on. This in essence comes down to asymmetrical and 

symmetrical nine-phase machines with three isolated neutral 

points in the propulsion mode. 

If a symmetrical nine-phase machine is considered first, the 

starting point is the nine-phase case of the general multiphase 

decoupling transformation matrix for multiphase systems, 

given in power invariant form in [19]. The matrix can be 

written in terms of 2D space vectors as (symbol f stands for 

current or voltage; indices ,  denote the flux/torque 

producing plane, and indices x, y stand for non-flux/torque 

producing planes): 
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where    sincosexp jja  and 9/2  . The grid 

currents are given with: 

cbaklltIikg ,,            2,1,0          )3/2cos(2          (2) 

The proposed connection diagram for charging mode is 

shown in Fig. 1. It can be seen that no hardware 

reconfiguration is required to change from propulsion to 

charging mode, which is a great advantage of the solution. The 

correlation between machine phase currents and grid currents 

is given with 

3/        /3        /3 cgifcbghebaggda iiiiiiiiiiii   

(3) 

Substitution of (2) and (3) into (1) leads to the following space 

vectors of the four planes of the nine-phase machine: 
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The zero-sequence component is equal to zero. As is 

obvious from (4), the charging process, which is obtained 

without hardware reconfiguration, will utilise only the x2-y2 

plane, and the α-β plane will stay without excitation; hence 

there will be no average torque developed and the rotor will 

not move. The only requirement is that the machine is with 

near-sinusoidal flux (magneto-motive force) distribution. 

III. ANALYSIS OF AN ASYMMETRICAL NINE-PHASE SYSTEM 

The same charging principle can be applied to an 

asymmetrical nine-phase machine. The charging scheme 

remains to be as in Fig. 1. The general decoupling matrix [19] 

can no longer be used. However, it can be shown that the 

decoupling matrix in space vector form is, for the machine 

with a single neutral point, given with [20] 
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Fig. 1.  Topology of the nine-phase fast integrated on-board battery charger. Triple three-phase stator winding of the machine can be in symmetrical or 

asymmetrical configuration. 
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where    sincosexp jja  and 9/  . The grid 

currents and the correlation between machine phase currents 

and grid currents are again given with (2) and (3), 

respectively. The zero-sequence component is now governed 

with [20]: 

 ihgfedcba ffffffffff  9/10        (6) 

Substitution of (2) and (3) into (5) gives the following space 

vectors: 
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while the zero-sequence component has the value of: 

)3/2cos()3/8(0   tIi                (8) 

As is obvious from (7), the charging process will once more 

not utilize the α-β plane.  

Excitations of active planes for both configurations are 

presented in Fig. 2. The active plane currents in the case of 

asymmetrical machine are smaller in magnitude, since they are 

complemented with the zero-sequence current of (8) to 

produce the overall phase currents. 

Presented theoretical derivations confirm that both 

symmetrical and asymmetrical nine-phase machines can be 

used for charging purposes without generation of the rotating 

field in the α-β plane. As shown in [21] nine-phase machines 

are particularly suited for EVs applications due to their high 

efficiency, wide speed range for flux weakening, and easiness 

of sensorless control implementation in propulsion mode of 

operation. Moreover, it is shown here that in the charging 

mode for these types of multiphase machines there is no need 

for any hardware reconfiguration as the grid connections can 

stay attached to the neutral points of each three-phase winding 

in the machine without interfering with the propulsion mode 

of operation. The solution of course requires a nine-phase 

machine with three isolated neutral points, but there are no 

requirements for contactors and intervention of         any kind when 
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Fig. 2.  Current trajectories (blue traces) in the active plane in the symmetrical 

(x2-y2) and asymmetrical (x1-y1) nine-phase machine during the charging mode 

(values are normalised with I). 
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Fig. 4.  Control algorithm for the charging mode. 

transition from propulsion to charging mode takes place. The 

software for the control of the inverter/rectifier will however 

change, as described in the next Section. 

IV. CONTROL ALGORITHM FOR THE PROPOSED 

CONFIGURATIONS 

The theoretical results of Sections II and III imply that sets 

of three three-phase windings of nine-phase machines in 

selected configurations will behave as simple resistance-

inductance passive components during the charging process. 

In essence, the impedances presented to the current flow will 

be composed of stator leakage inductance and stator resistance 

[19]. The simplified equivalent circuit model of the system for 

the charging mode is presented in Fig. 3. Thus, the 

configuration can be controlled like a standard three-phase 

voltage source rectifier. 

Common way of controlling the configuration from Fig. 3 is 

voltage oriented control (VOC), which is shown in Fig. 4. For 

clarity, decoupling network at the output of the current 

controllers, which is required for a proper control, is not 

shown in Fig. 4. Control algorithm requires measurements of 

grid voltages, grid currents, and the dc-bus voltage. 

VOC requires the information on the grid voltage position. 

A phase locked loop (PLL) block is widely employed for these 

purposes. This information is then used to transform grid 

currents into the grid voltage oriented rotating (d-q) reference 

frame. Keeping the q-axis current component at zero at all 

times insures unity power operation, and d-axis component 

can be used for achieving a desired charging power. 

From Fig. 4 it can be seen that reference currents are 

subtracted from measured currents, unlike in the standard 

drive current controllers. The reason for this is that when the 

amplitude of inverter voltages increases, voltage on the filter 

(i.e. charging current) decreases, and vice versa. Thus, when 

the charging current increases, inverter output voltage has to 

decrease. 

The q-axis component of the reference current is equal to 

zero. The d-axis component can be obtained in two ways, 

which correspond to two charging modes demanded by the 
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Fig. 3.  Equivalent charging scheme. 
 

battery. The CC-CV (constant current-constant voltage) mode 

[22] is the most common method of battery charging. In CC 

mode the battery is charged with a constant current, matching 

the maximum charging current. When voltage reaches a 

certain cut-off level, the charging mode switches to CV; the 

battery gets now charged from the constant voltage source. 

Charging typically stops when current drops below the value 

of 10% of the maximum current, and that represents the end of 

the charging process. Thus, in CV mode, d-axis component of 

the reference current is actually obtained from the PI dc 

voltage controller (Fig. 4).  

The dq current components are not decoupled. This 

complicates the control due the fact that the change of either 

component causes change in both d-q components. For this 

reason, a decoupling network, which is shown in Fig. 5, is 

mandatory. The decoupling network adds the voltage terms 

ωgLfiqg and –ωgLfidg to the outputs of the PI current controllers, 

in accordance with the mathematical model in the voltage 

oriented reference frame. 

Before entering a PWM unit, reference signals need to be 

transformed from rotational to the phase reference frame. A 

simple carrier-based PWM with zero-sequence injection 

satisfies the control needs and is used in simulations. 

In propulsion mode of operation nine-phase drive is 

operated according to the rotor field oriented control 

principles for nine-phase machines [23]. There is no need to 

control the  zero-sequence  components,       as the case is with the 
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Fig. 5.  Decoupling network. 

 

configuration reported in [16]. However, three pairs of current 

controllers are required to ensure near-sinusoidal current in the 

machine in propulsion mode [19]. One possible control 

algorithm for the propulsion mode is presented in Fig. 6, 

where x-y current components are assumed to be in the 

stationary reference frame and hence x-y PI current controllers 

would have to process the ac quantities. The proportional and 

integral parameters of the speed controller are chosen in 

accordance with Fig. 6 and the output is the stator current 

reference  
*
qsi . This is just one of many alternatives, which is 

not optimal; numerous other ways of controlling the x-y 

currents are possible.  

In the propulsion mode nine-phase machines have great 

advantage over three-phase machines in terms of fault 

tolerance. The drive can be operated as long as there are at 

least three healthy phases in the system. This presents an 

important asset for the so-called ‘limp-home’ mode, which is 

typically required from EVs.  

V. SIMULATION RESULTS 

In order to verify the theoretical results from Sections II and 

III, simulations of charging mode of operation for both 

asymmetrical and symmetrical configuration are undertaken in 

Matlab/SymPowerSystems software package. In both 

simulations grid phase voltages have rms value of 240V and 

50Hz frequency. Battery is represented with a single resistor 

RL = 0.5  and an ideal voltage source E = 595V. Dc bus 

capacitance is Cdc=1.5mF, inverter switching frequency 2kHz, 

and dead time 6µs. The 50 Hz nine-phase induction machine 

per-phase parameters are: Rs = Rr = 6 , Lγs = Lγr = 0.09H, Lm 

= 0.515H, two pole pairs, J = 0.1kgm2. 

A. Symmetrical Nine-Phase Machine 

Configuration with a symmetrical nine-phase machine is 

simulated first in the charging mode. The charging is 

performed only in the continuous voltage (CV) regime, in 

which the dc bus voltage is regulated. CC mode is not 

simulated due to the similarity with the CV mode, as it 

regulates the battery charging current by adjusting the dc bus 

voltage. The dc bus voltage reference value is set to 600V. 

Fig. 7a shows grid phase voltage and current. Grid voltage 

is obtained from an ideal sinusoidal voltage source, thus it is a 

perfect sine wave. The grid current has a ripple caused by the 

pulse width modulation of the leg voltages. The amplitude of 

the ripple is dependent on the machine stator leakage 

inductance, as it performs the function of the current filter. It 

varies in time due to the fixed switching frequency. It can be 

seen from Fig. 7a that the fundamental of the grid current and 

phase voltage are in phase, thus the operation is with the unity 

power factor at the grid side. 

As noted in the Section IV, the inner control loop is the grid 

current control. The grid current components idg and iqg that are 

regulated are presented in Fig. 7b. The q-axis component 



IEEE International Electric Machines and Drives Conference                                                                                          Chicago, IL, 12-15 May 2013 

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

0.48 0.482 0.484 0.486 0.488 0.49 0.492 0.494 0.496 0.498 0.5
-400

-300

-200

-100

0

100

200

300

400

Time (s)

G
ri
d
 v

o
lt
a
g
e
   

v a
g
 (

V
)

0.48 0.482 0.484 0.486 0.488 0.49 0.492 0.494 0.496 0.498 0.5
-20

-15

-10

-5

0

5

10

15

20

G
ri
d
 c

u
rr

e
n
t 

  
i a

g
 (

A
)

 v
ag

 i
ag

 
a) 

0.48 0.482 0.484 0.486 0.488 0.49 0.492 0.494 0.496 0.498 0.5
10

12

14

16

18

Time (s)

G
ri
d
 c

u
rr

e
n
t 

c
o
m

p
o
n
e
n
t 

 i
d
g
  

(A
)

0.48 0.482 0.484 0.486 0.488 0.49 0.492 0.494 0.496 0.498 0.5
-2

0

2

4

6

G
ri
d
 c

u
rr

e
n
t 

c
o
m

p
o
n
e
n
t 

 i
q
g
 (

A
)

Time (s)

 i
dg

 i
qg

 
b) 

Fig. 7.  Grid phase voltage vag and current iag (a) and grid current components 

idg and iqg (b). 
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Fig. 8.  Waveform and FFT of the machine phase a current ia (harmonics are 

normalised with respect to the fundamental) (a) and machine current 

components in inactive planes (i, ix1, and ix3) (b). 

reference is fixed to zero, and the battery is charged with the 

d-axis component. Both components follow their references. 

However, the current components have unequal switching 

ripples. This phenomenon is caused by a different effect of 

space vectors that are applied during PWM on the current 

components. Instantaneous projections of space vectors on the 

d- and q-axis are having higher reference tracking error in the 

q-axis than in the d-axis. This is due to the fact that the angle 

between space vectors that are applied during a switching 

period is low. The tracking error in the d-axis is proportional 

to its sine, while in the q-axis it is proportional to its cosine. 

This is reflected in the increased ripple of the q-axis current 

component. Since the control operates in the grid oriented 

reference frame and the average value of the q-axis current 

component is zero, Fig. 7b also confirms that the charging 

takes place at unity power factor. 

The waveform and FFT of the machine phase current ia are 

depicted in Fig. 8a. As can be seen, the low order harmonics 

are negligibly small. Mapping of all the machine phase 

currents into inactive planes is illustrated in Fig. 8b, where i, 

ix1 and ix3 are shown. There is obviously no excitation in any 

of the three planes, as predicted by (4). The only plane that is 

excited is the third plane, and the corresponding current 

component ix2 is presented in Fig. 9. It can be seen from the 

spectrum that both the switching harmonics and the small low-

order harmonics, which exist in the machine phase current due 

to the dead time, are all mapped into this (the third) plane. 

The torque developed in the machine during the charging 

process  and  the  rotor  speed    are depicted in Fig. 10. Not only  
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Fig. 9.  Waveform and FFT of the machine current component ix2.  
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Fig. 10.  Torque developed in the machine during the charging process and the 

rotor speed. 
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that the average torque is equal to zero, but the torque ripple as 

well remains at zero, during the whole charging period. This is 

caused by the field cancellation between windings of the same 

three-phase set. They are shifted spatially by 120 degrees and 

the same currents flow through them; thus they cancel each 

other’s field and the resultant field in the machine’s air gap is 

equal to zero, as was theoretically predicted in Section II. The 

speed is equal to zero during the charging process, thus the 

rotor stays at standstill and the machine does not have to be 

mechanically locked during this regime. 

The converter phase voltage waveform and its spectrum are 

presented in Fig. 11. The 5th and the 7th harmonic, of very 

small values, are the consequence of the dead time of the 

converter. Finally, the dc bus voltage and the battery charging 

current are shown in Fig. 12. It can be seen that the voltage 

tracks its reference value, which is the outer control loop in 

the system. The battery charging current has the same 

waveform as the dc bus voltage since the battery model 

consists only of a resistor and an ideal voltage source. 

B. Asymmetrical Nine-Phase Machine 

The simulation results of the configuration with an 

asymmetrical  nine-phase  machine  are  presented  in     this sub- 
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Fig. 11.  Waveform and FFT of the converter’s phase voltage. 
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Fig. 12.  Dc bus voltage vdc and the battery charging current iL. 

section. Fig. 13 shows the grid phase voltage and current and 

the similarity with Fig. 7a is obvious. All the other simulation 

results are almost identical as for the symmetrical nine-phase 

machine. The only, but important, difference is in the machine 

current components that are now as given in Fig. 14. 

According to (7)-(8) the non-zero current components are in 

the first x-y plane and along the zero-sequence axis. This is 

indeed the case, as is obvious from Fig. 14. There is also an 

asymmetrical distribution of the components in the x1-y1 plane 

(see (7)) and this is also evident in Figs. 14a and 14b. In the 

asymmetrical machine both the dead time harmonics and the 

switching harmonics map only into the second plane (i.e. x1-y1 

plane) and the zero-sequence current.  

Current components in the - plane and the other two x-y 

planes are equal to zero at all times and are hence not shown. 

Consequently, the torque and the speed of the machine are just 

the same as in Fig. 10. Thus the average torque (and the torque 

ripple as well) is not produced during the charging process, 

meaning that the asymmetrical nine-phase machine can also 

be integrated into the charging process, with naturally 

achieved zero rotor speed during the charging. All conclusions 

from the previous subsection are therefore valid for the 

asymmetrical nine-phase machine as well. 
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Fig. 13.  Grid voltage vag and the grid current iag for an asymmetrical nine-

phase machine. 

VI. CONCLUSION 

The paper has introduced a novel solution for fast integrated 

on-board charging of EVs. The two configurations, based on 

the application of the symmetrical and asymmetrical nine-

phase machines, have advantages of unity power factor 

operation and zero average torque production in the machine 

during the charging mode. Moreover, no hardware 

reconfiguration is required between the propulsion and 

charging mode of operation. Stator leakage inductances of the 

machine are used to ensure filtering during charging. 

Theoretical viability of charging without torque production is 

examined, and control algorithm for the charging mode of 

operation is given. Theoretical results are validated by 

simulations. 
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Fig. 14.  Waveform and FFT of the machine current components: (a) ix1, (b) 

iy1, and (c) i0. 
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