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Abstract—Integrated on-board battery charging (IOBC) con-
stitutes one of the future trends and the potential state-of-the-art
technologies proposed for high-power chargers of electric vehicles.
Model predictive control has recently been favored in different
applications due to its simplicity in defining new control objectives
and the straightforward handling of nonlinear constraints. In this
article, the predictive current control (PCC) is applied to a six-
phase induction-machine-based IOBC with three different winding
configurations. From the grid perspective, this article introduces
the required winding connections that maximize the charging
grid current. Under PCC, different stator phases are controlled
to draw balanced three-phase grid currents through controlling
the machine nontorque-producing xy current components while
ensuring zero average/ripple torque production. This article also
discusses the effect of winding configuration on the mapping of the
64 available voltage vectors to the 3, xy,and 0t 0~ subspaces. The
optimal subset voltage vectors of each configuration that achieve
the highest possible dc-link utilization, zero torque production,
minimum total harmonic distortion (THD), and unity power factor
are then introduced. The feasibility to employ the concept of virtual
voltage vectors to improve the current quality is also investigated.
The three six-phase configurations are obtained from an externally
reconfigured 1 kW 12-phase induction motor, which has been used
to experimentally validate the theoretical findings.

Index Terms—Asymmetrical six-phase (A6P), dual three-phase
(D3P), integrated on-board battery chargers, predictive current
control (PCC), six-phase, symmetrical six-phase (S6P), virtual
vectors.
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1. INTRODUCTION

LECTRIC vehicles (EV) industry is expected to share
E about 30% of the automotive market by 2030 [1]. Battery
technology is one of the most important factors that affect the
growth of EV in this market. Charging time, weight, cost, and
infrastructure constitute the main challenges for EV commer-
cialization. Battery charging concepts can be classified into
off-board (fast dc) charging, conventional on-board charging,
and integrated on-board battery charging (IOBC) [2]. On-board
chargers can directly be connected to the grid, which off-loads
the infrastructure requirements. However, their capability of
power transfer is significantly limited by several constraints that
eventually increase the battery charging time [2]. The IOBC
technology exploits the existing propulsion circuit components,
particularly the electric motor and inverter, for charging the
battery pack instead of adding a bulky separate charging circuit
[3] while preserving the on-board charging advantages. [IOBC
technology provides high-power transfer capability, where the
motor is used as an interfacing filter, while the inverter is
employed as a bidirectional ac/dc converter [4]. The proper
realization of this approach mainly entails zero average torque
and pulsating torque production during the charging process,
which highly depends on the motor type, the number of phases,
the employed controller, and the converter type [5].

Induction motors (IM), switched-reluctance motors (SRM),
and permanent magnet (PM) motors have dominated in the EV
industry. Thanks to their low cost, reliability, robustness, and
low maintenance requirement, several IOBCs proposed in the
available literature were based on IM type [6]. On the other
hand, permanent magnet synchronous motors (PMSM) have
the highest efficiency among all other motor types [7]. As a
potential candidate motor type for EV, SRM is praised for its
high starting torque and fault tolerance capabilities [8]. During
charging, SRMs can produce zero average torque and provide
flexible control of energy flow in EV applications [9].

In the available literature, multiphase machines have proved
to offer many outstanding merits over three-phase counterparts
[10]. The extra degrees of freedom and the decoupling trans-
formations utilized in multiphase machines enable the viable
realization of on-board charging of EV, which can effectively
ensure zero torque production during charging. Machines with
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TABLE I

Parameter

D3P

A6P

S6P

Flux Quality [14]

Under aff excitation, low order harmonics
(5™ and 7") present in the airgap flux.
Chorded coils may be used to minimize
these harmonic components.

Under af excitation, the lowest order
space harmonics are the 11" and 13™.
Hence, flux distribution is the best.

Under af excitation, low order
harmonics (5™ and 7") present in the
airgap flux. Chorded coils may be used to
minimize these components.

Current quality [14]

High leakage xy subspace inductance,
which improves the current ripple
component in the stator current waveform.

The leakage inductance of xy subspace is
relatively low; hence, a high ripple
current component will likely present.

High leakage xy subspace inductance
which improves the stator current
waveform.

Postfault Operation
[12]

The worst choice in terms of fault tolerance.

A6P is the best choice under isolated
neutrals arrangement.

S6P has the higher post-fault capability
under connected neutrals arrangement.

multiples of three-phase windings are practically preferred be-
cause they can employ readily available three-phase power
converters. As a sequence, six-phase machines have gained great
attention in many industry sectors. Various configurations of
six-phase induction machine (SPIM) have been proposed in the
available literature. The asymmetrical six-phase (A6P) config-
uration has been widely used in high-power drive systems, such
as electric ships propulsion system and wind generators [11].
Some recent studies have compared the dual three phases (D3P)
and symmetrical six phases (S6P) with A6P configuration under
both healthy as well as fault conditions [12], [13]. Abdel-Khalik
et al. [14] attempt to provide a thorough comparative study
among the three variations of six-phase winding configurations
by investigating the airgap flux distributions under different
excitations. The study showed that the D3P and S6P connections
are very similar, whereas the equivalent reactance of an A6P
connected winding is slightly higher due to the effect of leakage
mutual inductance of a double-layer winding design [14]. In
[15], the authors exploit the advantage of S6P under direct
controllers, such as predictive current control (PCC), where a3
voltages can only be generated with zero contributions in other
nonfundamental subspaces. An earlier study showed that the
PCC of D3P also offers good performance under propulsion
mode [16]. Table I lists a brief comparison among the three
different SPIM configurations.

The literature has introduced some charging topologies that
integrate the six-phase IM with the grid either in isolated or
nonisolated configurations. The two topologies of direct grid
connection have been introduced in [17] that do not need a
separate isolation transformer, where each two phases are tied
together forming one phase in the charging mode. In addition,
they maximize the charging currents allowing for a charg-
ing/propulsion power ratio of 100% at zero average torque.
However, a notable ripple torque component is induced due to
the pulsating flux component of the o3 subspace, which causes
mechanical vibrations and acoustic noise. On the other hand,
several isolated charging configurations for A6P and S6P ma-
chines have been introduced in [ 18] and [19]. In these topologies,
a transformer is required to isolate the charging system and
provide a multiphase set of voltages.

In the same context, several techniques have been intro-
duced to control multiphase-machine-based IOBC [20]. For
slow single-phase charging topologies, the mains are connected
between the two neutral points of the three-phase sets and the

charging current is regulated by controlling the zero-sequence
current component. For three-phase charging, vector space de-
composition (VSD) based current control is commonly em-
ployed to control the stator current components of different
subspaces. Battery charging control is much similar to a grid-tied
inverter, where the machine winding acts as an interfacing in-
ductance filter, while the voltage-oriented control is commonly
applied under constant voltage or constant current charging
modes [17]. In the voltage control mode, the reference dg
current components are derived based on the dc-link voltage
error. While under current control mode, the reference dq current
components are obtained based on the magnitude of the charging
current and power factor. The current control technique based
on proportional-integral (PI) controllers has been introduced in
[18]. Finally, sophisticated algorithm-based controllers, such as
sliding-mode control, model predictive controllers, and fuzzy
logic controllers, have shown great advantages over conven-
tional ones [21], including handling nonlinear constraints and
ease of considering a multiobjective controller design.

Finite control set model predictive control (FCS-MPC) is the
most suitable algorithm to tackle the discrete nature of power
electronic converters without the need for a modulation stage
[22]. Although these advantages motivated the implementation
of PCC in electrical drives and power electronic converters,
FSC-MPC suffers from some well-known problems, such as
variable switching frequency, tuning of weighting factors, and
computational burden [23]. Based on the concept of virtual
voltage vectors (VVVs), a novel solution is proposed in the
literature, which greatly enhances the optimization stage by
creating new voltage vectors (VVs) that eliminate undesirable
sequence voltage components [24]. Consequently, the weighting
factor design is highly simplified. However, it reduces the dc-link
voltage utilization and results in higher switching frequency.
Previous research has proposed new techniques to overcome
the problem of the variable switching frequency. A duty cycle
control technique based on the virtual vector concept is proposed
for D3P PMSM [25]. The virtual vectors are synthesized by
two basic VVs. Then, the optimal VV is combined with a zero
vector to ensure a constant switching frequency. The work done
in [26] and [27] presents an FCS-MPC technique for a five-phase
drive system in which the optimal virtual vector is selected
and its duty cycle is calculated in both a8 and xy subspaces
to suppress the current harmonics while ensuring a constant
switching frequency. This concept is employed based on the
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fact that either isolated D3P or five-phase windings block the
flow of the zero-sequence current (0™ 07). Hence, the zero
subspace VVs can be optimized to generate a constant switching
frequency without disrupting the machine performance.

To the best of the author’s knowledge, very limited work
has been done to employ predictive control in multiphase-based
IOBC application. Sharma et al. [21] have taken the initiative
to control an S6P-based drivetrain under charging mode using
predictive control. Under this latter mode, the stator winding of
the six-phase machine is reconfigured as a three-phase winding
while power exchange with the grid is carried out using a single
three-phase inverter. Hence, line current control is achieved as
the conventional three-phase grid-tied inverters. The maximum
charging power was, therefore, half that of the propulsion power.
This represents, in addition to winding reconfiguration, the main
limitations of this winding topology.

This article investigates the PCC control of a six-phase-based
nonisolated IOBC employing three different winding configu-
rations, namely, D3P, A6P, and S6P. From practical perspective,
AG6P has widely been employed in most practical applications.
This was mainly dictated from the early days by their better flux
distribution when fed from a dual six-step three-phase inverter,
a commonly employed technology in old high-power drive sys-
tems [28]. With the wide employment of sinusoidal pulsewidth
modulated voltage source converters, the justification to employ
A6P may now be questionable. As far as the PM machines
with fractional-slot concentrated winding tend to be the future
trend for EV motor designs, A6P may not be applicable for
many interesting slot/pole combinations. Metwly et al. [6] have
introduced the possible six-phase winding layouts for several
slot/pole combinations. Hence, investigating all six-phase wind-
ing configurations seems to be mandatory at this stage.

The rest of this article is organized as follows. Section II dis-
cusses the required connection for each winding configuration
that maximizes the charging line current, ensuring zero average
and ripple torque components. In Section III, the VSD is em-
ployed to investigate the available VVs and their mapping among
the three available (a3 ), (xy), and (0™ 07) subspaces. The most
suitable VVs for charging mode in each configuration have been
suggested in Section I'V. The experimental validation is carried
out in Section V using a double-layer 12-phase induction ma-
chine that can be externally reconfigured to form any of the six-
phase configurations. Finally, Section VI concludes this article.

II. PROPOSED WINDING CONNECTION

In this section, the required six-phase-based stator winding
connections are suggested to achieve balanced high-quality
three-phase grid line currents while nullifying the average and
pulsating torque components under charging mode.

The changeover between the propulsion and charging modes
of operation is simply carried out by exciting the stator winding
with a proper sequence current component. A six-phase sys-
tem constitutes three subspaces, namely, af3, xy, and 07 0~
subspaces. The VSD transformations that transform the phase
quantities to their sequence components with a general arbitrary
angle § are given by (1) and (2).
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Under propulsion mode, the controller utilizes the fundamen-
tal subspace to drive the SPIM by setting up the fundamental
subspace i, and ig sequence currents to /£0° and /2—-90°,
respectively, while the remaining sequence current components,
Izy0+o-» are set to zero. The corresponding resultant phase
currents for all three configurations (D3P, A6P, and S6P), which
are obtained from the inverse transformation given by (2), are
shown in Fig. 1 (upper phasors). It is clear that the phase angles
among the three-phase current sets are 0°, 30°, and 60° for the
D3P, A6P, and S3P connections, respectively, under propulsion
mode

. . . . . . t
[Zaa 13y txy Ly, Lo+, ZO’]

. . . . . . t
= Tysp [ia1s W1, Te1, Ta2, b2, b2 (1)

On the other hand, the charging mode utilizes the secondary
subspace to achieve balanced three-phase grid currents at zero
machine torque, assuming a distributed stator winding layout.
The control technique in charging mode controls the secondary
subspace current components i, and i, to be 7Z0° and 1290°,
respectively, while the remaining sequence current components
1, 50+0- are setto zero. Fig. 1 (lower phasors) shows the resultant
phase currents of the three configurations, where the phase
displacements between the two three-phase current sets are 180°,
210°, and 240° for the D3P, A6P, and S6P, respectively, with the
same phase sequence as in the propulsion mode.

In order to maximize the grid line currents with minimum
winding reconfiguration while ensuring zero developed machine
torque, phase current vectors, as shown in Fig. 1 (lower phasors),
will be employed to suggest the required stator winding connec-
tion under charging. This can be achieved by connecting the end
terminals of (a; and b2), (b1 and c¢2), and (c1 and as) together,
which maximizes the grid line currents, while ensuring zero a3
current components. Thus, the line currents will be 1.73, 1.93,
and 2 times the phase current magnitude under D3P, A6P, and
S6P configurations, respectively, as illustrated in Fig. 1. Hence,
the suggested connections of an SPIM-based IOBC connected
to the grid (abc,) with the three configurations (D3P, AGP, and
S6P) are shown Fig. 2, where a 12-phase machine has been
used to construct the three possible six-phase configurations, as
detailed in [14].

III. VOLTAGE SPACE DECOMPOSITION

A nonisolated six-phase-based IOBC connected to the grid
can be regarded as a single neutral (IN) six-phase winding
assuming a star connected grid. Hence, all upcoming analyses
are done based on this conclusion.

For a single neutral inverter fed SPIM, the inverter phase
voltages could be obtained based on switching states using (3)

Vi 5 —1-1-1-1-1
Vi 15 —1-1-1-1
Val| 1 115 —1-1-1
V| =6 V0| Zicio1 5 2121 @
Vo -1-1-1-1 5 -1
Ve -1-1-1-1-15

S =[S Sa S35 S5 Ss" 4)
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Fig. 1. Phase and line currents of the three configurations of SPIM. (a) D3P, (b) A6P, and (c) S6P, under both propulsion (upper plots) and charging modes (lower
plots).
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where S,, € {0, 1} is the switching state of leg n. At S,, = 1,
the upper switch of leg n is ON, while the lower switch will be
ON in the case of S,, = 0. For a six-phase system, there are 64
switching vectors.

The transformation matrix given by (2) is used to obtain the
corresponding sequence voltage components o3 xy0T0~ of the

Proposed connection of a 12-phase stator with grid to integrate the different configurations of an SPIM-based IOBC. (a) D3P. (b) A6P. (c) S6P.

64 switching states with an arbitrary angle ¢ equals 0° , 30°,
and 60° for the D3P, A6P, and S6P configurations, respectively.
The transformation produces 64 VVsin each subspace, as shown
in Fig. 3. The numbering of the VVs is the decimal equivalent
of the binary representation of the switching state, while their
magnitudes represent the per unit dc-link utilization.
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Fig. 3. Feasible VVs for the six-phase-based IOBC. (a) D3P. (b) A6P. (c) S6P.

Considering the secondary subspace xy, which is the domi-
nant subspace under charging, the VVs of the D3P configuration
have four different levels, namely, large (L), medium (M), small
(S), and zero (Z) with corresponding magnitudes of 0.6667,
0.5774,0.3333, and 0, respectively. The large level has 6 vectors,
the medium level has 12 vectors with only 6 unique directions,
the small level has 24 vectors in the same direction of the large
vectors, and the zero level has 10 zero-magnitude vectors.

For the A6P, the 64 VVs are mapped into five levels: 12 large
vectors, 12 medium-large (ML) vectors, 24 medium (M) vectors,
12 small (S), and 4 zero (Z) vectors and their per unit magnitudes
are 0.644,0.4714,0.333,0.1725, and 0, respectively. The voltage
levels of the S6P configuration are similar to the D3P but with
different numbers of vectors, where the large level has 6 vectors,
the medium level has 12 vectors, and the small level has 24
vectors. Tables I and III classify the mapping of the available
64 vectors in each subspace using a color code that indicates the
mapping of each vector level in the three subspaces. For instance,
the large vectors of a D3P in zy subspace (colored in red) are
mapped into zero vectors in o3 subspace. Another example, the
medium vectors of an S6P in zy subspace (colored in blue) are
mapped into small vectors in o subspace.

IV. PCC or IOBC-BASED SPIM

Conceptually, MPC utilizes the system mathematical model to
predict the future values of the controlled variables. An objective
function is defined as the deviation between the predicted and
reference variables for each possible output. Consequently, the
MPC algorithm selects the control commands that minimize this
objective function [23]. In PCC, the objective function could be
represented as the squared error between the reference and the
predicted currents for a certain VV. This section investigates
the implementation of PCC of an SPIM-based IOBC with the
three possible winding configurations. Additionally, it discusses
the weighting factor design and the suitable VVs for each
configuration.

As mentioned in Section II, the xy current components are
controlled based on the required charging current level in the dg
reference frame. The block diagram of the proposed controller is
shown in Fig. 4. Based on the reference dq current components
of the grid, the inverse Park’s transformation is used to obtain the
reference grid current components ig‘ﬁ * and the synchronization
with the grid is done through a standard phase locked loop. As
clear from Fig. 1, the grid line currents are shifted by an angle
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0/2, where 9 is the phase angle between a; and by. To syn-
chronize the reference frame of the machine variables with the
grid, the reference a3 grid current components ig‘ﬁ * are shifted
by the angle 0/2 to obtain the corresponding xy components

iy, Of the machine phase currents. The remaining reference
sequence components of the machine currents, ¢, 8 igtof’ are
set to zero. Finally, all the reference currents are then fed to
the PCC algorithm alongside with the current feedback. The
conventional proportional-resonant current controller (PRCC)
[17] is also shown in Fig. 4, which will be compared with the
proposed PCC in the experimental results section.

The PCC algorithm can generally be divided into three major
stages: estimation, predictive model, and objective function
minimization. The applied PCC algorithm can be summarized
as follows.

1) Estimation stage is skipped under charging mode since
all desired variables (grid voltages and phase currents)
can directly be measured and transformed into sequence
currents using (1).

2) The prediction model requires the sequence currents
(tap(k), izy(k), ig+o- (k)) along with V, and V.. The
controlled variables are, then, predicted based on the sys-
tem model for all possible control commands. The next
sample (k+1) of the sequence currents is predicted using
the corresponding set of VVs as follows:

RSTQ T‘?
Ingl = (1 — W) Iag + F (ny - Vgrid) (5)
RT. T
JEAL [ o bt K _S(V ) 6)
B af af
a L;);B LIO;B
R,T, s
It = (1 - L0+0) IS5 + o0 (Vo+o-)- (D
ls ls

Fig. 4. Block diagram of the SPIM-based IOBC using both conventional PRCC and proposed PCC.
TABLE II
VVS MAPPING TO Xy AND a3 SUBSPACES
c\:)\/rirf;dg (l\; ig) xy Vectors aff Vectors
V4 0 [0,7,9,18,27,36,45,54,56,63] [0,7,14,21,28,35,42,49,56,63]
[1,2,3,4,5,6,8,11,13,15,16,19, [1,2,3,4,5,6,8,10,12,15,16,17,
S o333 2223242526313237.383 20,23.24,29,30,31,32,33,34.3
e ’ 9,40,41.44,47,48,50,52,55,  9,40,43,46,47,48,51,53,55,
a 57,58,59, 60,61,62] 57,58,59,60, 61,62]
[10,12,17,20,29,30,33,34,43, [11.13.19.22.25.26.37.38.41,
M 05774 46 ,51,53] 44,50,52]
L 0.6667 [14,21,28,35,42,49] [9,18,27,36,45,54]
4 0 [0,7,56,63] [0,7,56,63]
S 01725 [911.182226273637414 [12,14,1721,282934,3542,
) 5.,52,54] 46 ,49,51]
[1,2,3,4,5,6,8,15,16,23,24,31, [1,2,3,4,5,6,8,15,16,23,24,31,
& M 03333 32,39,40,47,48,55,57,58,59,6 32,39,40,47,48,55,57,58,59,6
< 0,61, 62] 0,61, 62]
[10,13,19,20,25,30,33,38,43, [10,13,19,20,25,30,33,38,43,
ML 0.4714 44,50,53] 44,50,53]
[12,14,17,21,28,29,34,35, [9,11,18,22,26,27,36,37,41,4
L 0.6447 42,46,49,51] 5,52,54]
Z 0 [0,7,11,22,26,37,41,52,56,63] [0,7,12,17,29,34,46,51,56,63]
[1,2.3,4,5,6,8,9.10,15,16,18.2 [1,2,3,4,5,6,8,13,14,15,16,19,
S 0333 0,23,24,27,30,31,32,33,36,39, 21,23,24,25,28,31,32,35,38,3
& ' 40,43,45,47,48,53.54,55,57,5 9,40,42,44,47,48,49,50,55,57,
2] 8,59, 60,61,62] 58,59, 60, 61,62]
[13,14,19,21,25,28,35,38,42, [9.10.18.20.27.30.33,36.43.4
M 0.5774 44.49,50] 5,53,54]
L 0.6667 [12,17,29,34,46,51] [11,22,26,37,41,52]
TABLE III
'VVS MAPPING TO ZERO SUBSPACE
Wind Mag. 0" 0~ subspace -Vectors
config (p.w)
I 0 [0,9,10,12,17,18,20,27,29,30,33,34,36,43,45,46,51,
< 53,54,63]
- 02375 [1,2,4,8,11,13,14,16,19,21,22,25,26,28,31,32,35,37,
2 38,41,42,44,47,49,50,52,55,59,61,62]
A 0.4714 [3.5,6,15,23,24,39,40,48,57,58,60]
o
/L 07071 [7,56]

3) Objective function minimization is concerned with the
selection of an optimum V'V between the feasible VVs that
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minimizes the corresponding objective function in each
sample. The weighting factors manipulate the priority of
each term in the objective function. The general suggested
objective function to ensure balanced xy currents under
charging is given as follows:

g (Vsk+1) _ [(Z:p* _ i$k+1)2 + (i, — z'ykﬂ)g}
7 [(ia” = 8™ + (15" — is™)]
(0" = i * )+ (0" =i *1)?] ®)

where v and p are the weighting factors of the o3 and 070~
subspaces, respectively, representing their relative priorities in
the objective function.

As a matter of fact, the higher the number of constraints
in the objective function is, the more difficult the weighting
factors design will be. In addition, it becomes more difficult to
accurately achieve all the control objectives at the same time.
Even though one solution to simplify the objective function
design while achieving all the constraints simultaneously is to
adopt the concept of elimination of either o3 or 070~ subspace
voltages, or both components, if possible. This is carried out
through the proper selection of the appropriate VVs or by
applying the virtual voltage concept [24], [29]. In this case, the
current constraint of the eliminated subspace voltage can simply
be removed from the objective function. This approach highly
simplifies the weighting factor design and significantly improves
the current quality. Nevertheless, virtual vectors reduce the
dc-link utilization and increase the switching frequency. In the
following sections, the optimal voltage selection is explained for
each winding configuration.

A. Dual Three-Phase Configurations

The VSD of this connection, as introduced in Section III,
shows that the largest level of the xy subspace VVs is mapped
into zero-magnitude vectors in the o5 subspace and small vec-
tors in the zero subspace, which highly distorts the motor phase
currents due to circulating zero-sequence currents. In order to
suppress/eliminate this disrupting zero-sequence voltage com-
ponent, the concept of virtual vectors can be used to synthesize
new VVs having zero magnitude in the 0t 0~ subspace. Conse-
quently, referring to (9)—(14) along with Fig. 3(a), there are two
suggested formulas to synthesize these virtual vectors

vo+o- = f ('Unavm) =0 )
Vo+o- =dn Uy — AmUm,, (10)
d,=1—-d, (11)
dy = — Moo (12)

vnOJrof + 'Um0+0,

where n and m represent the utilized vector level, and d,, and
d,, are the duty cycles of vectors v, and v,,, respectively.
The resultant zy and a/f virtual vector magnitudes could be
calculated as follows:

Vap = ‘dnvnaﬂ - dmvmaﬂ (13)
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(14)

Vyy = |dnvna:y + dmvmzy ’ .

The first suggested approach is to combine two out-of-phase
VVs in the zero subspace, which are simultaneously mapped
to two in-phase large and small VVs in the xy subspace, with
appropriate ratios to create new VVVs having zero component
in the 0" 0~ subspace. For example, as shown in Fig. 3(a), the
vectors (4, 28) are simultaneously in-phase and out-of-phase in
the xy and zero subspaces, respectively. Consequently, combin-
ing these two vectors with 0.5 ratios, which are calculated from
(9) to (14), will synthesize a VVV with a magnitude of 0.5 p.u.
and 0.166 p.u. in the 2y and a5 subspaces, respectively, and
with a zero magnitude in the 0 0~ subspace.

The second approach is to combine two redundant in-phase
medium VVs in xy subspace with 0.5 ratios making use of the
mapping of these VVs into zero-magnitude vectors in the 07 0~
subspace and simultaneously into out-of-phase vectors in the
af  subspaces. For example, the vectors (12, 30) are in-phase
in the xy subspace and are mapped into out-of-phase vectors and
zero-magnitude vectors in the a3 and 07 0~ subspaces, respec-
tively. Accordingly, combining these two vectors synthesizes a
new VVV with a magnitude of 0.5774 p.u. in the zy subspace
and with a zero magnitude in both a3 and 070~ subspaces.
Consequently, the latter approach is preferred in this article
because it produces a higher dc-link utilization and minimizes
the harmonics content, which has been experimentally proven.

B. Asymmetrical Configuration

Fig. 3(b) shows that the largest VVs of the zy subspace
are mapped into small vectors in the «/3 subspace. Besides,
half of these vectors are mapped to the 0 0~ subspace with
zero-magnitude vectors, while the other half are mapped as
small vectors. Consequently, three approaches can be suggested.
The first approach is to utilize the 12 large VVs of the xy
subspace and to let the objective function optimizes the three
current constraints as minimum as possible through a suitable
weighting factor design. The second approach employs the
VVYV concept to eliminate the o3 subspace voltage components
[24] by combining both the zy large (L) and medium-large
(ML) vectors with suitable ratios to synthesize VVVs with zero
«f components. For example, the vectors (28,13), as shown
in Fig. 3(b), are in-phase in the xy subspace and they are
mapped into out-of-phase vectors in the o3 subspace. Hence,
with duties cycles of d; = 0.732 and ds = 0.268, calculated
using (15)—(18), the &8 components of the corresponding VVV
will be zero. Accordingly, the weighting factor ~ for the a3
current components can be removed from the objective function.
The resultant VVVs magnitude in xy subspace is reduced to
0.5983 p.u., while their magnitude in 070~ subspace is reduced
to 0.1102 p.u.

Vap = f (vj,vr) = 0 (15)
’Uag = dj vja[i — dkvkaﬁ (16)
dp=1-4d; (17)
dj = — P2 (18)

Vjas T Vkas
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TABLE IV
WEIGHTING FACTOR DESIGN
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TABLE V
PROTOTYPE MACHINE SPECIFICATIONS

D3P with A6P with

Weighting factor D3P Virtual VV A6P virtual VV S6P
Y 0.25 0.1 0.25 0.1 0
U 0.1 0 0.1 0 0

where j and k represent the utilized vector levels that eliminate
the a8 VVs, and d; and dj, are the duty cycles of vectors v; and
v, respectively.

The third approach is similar to the D3P case in which the
selected vectors aim to eliminate the zero-sequence component
of the synthesized vectors. In the second approach, large and
medium-large vectors are combined under certain ratios to elim-
inate the a8 component. However, to eliminate the zero compo-
nents in the synthesized VVVs, the same vectors are combined
under different ratios, which can be calculated from (9) to (14).
For example, the vectors (28,13) are in-phase in the xy subspace
and they are mapped into two equal and out-of-phase vectors in
the 070~ subspace. Consequently, combining these two vectors
with 0.5 ratios synthesizes new VVV with a zero magnitude in
the 070~ subspace, and the dc-link utilization will be 0.5581,
while the a3 subspace magnitude will be reduced to 0.1494.
Hence, two control objectives only exist in the objective function
with only one weighting factor  to determine the priority of a3
subspace currents relative to the main xy sequence currents. The
last approach will be adopted in this article since experimental
validation showed that the zero-sequence component highly
contributes to the phase current distortion.

C. Symmetrical Configuration

The VSD of symmetrical connection shows that the largest
level of the xy subspace VVs is mapped to zero VVs in both a3
and 0" 0~ subspaces, as shown in Fig. 3(c). Therefore, it seems
enough to have one term in the objective function to control the
xy subspace currents.

Table IV summarizes the weighting factor design for the
five different scenarios based on trial and error. The weighting
factors of either a3 or 07 0~ subspaces are set to zero in case
their voltage components are eliminated. In some cases, feasible
VVs should constitute an o3 voltage component with suitable
magnitude to cancel out any induced o current components,
which may exist due to connection asymmetry and/or grid volt-
age unbalance. Consequently, providing o3 voltage components
may be considered in synthesizing VV'V to compensate for these
components. However, this point is postponed to a future study.

V. EXPERIMENTAL RESULTS
A. Hardware Setup

In[14],ithas been shown that a 24-slot, double-layer 12-phase
machine can be used to construct the three possible six-phase
configurations by simply reconnecting the stator phases in differ-
ent manners, as detailed in [ 14], while preserving the same power
rating for the equivalent six-phase stators. The same concept
has been used herein to build the required prototype machine,

Parameter SPIM
Rated RMS phase Voltage (V) 110
Rated Power (Hp) 1.5
Rated RMS phase current (A) 2.8
Rated frequency (Hz) 50
No. of poles 4
Rated speed (RPM) 1400

TABLE VI
PROTOTYPE MACHINE SEQUENCE PARAMETERS

Parameter A6P S6P D3P
Ry 4.18Q 4.18Q 4.18 Q
R, 3.67Q 3.46 Q 3.46 Q
R, 14.67 Q 558 Q 5.52Q
L‘["Sﬁ 12 mH 9.1 mH 9.1 mH
L‘;‘rﬁ 16.7 mH 19.1 mH 19.1 mH
L% 247 mH 260 mH 254 mH
LY 7.5 mH 11.8 mH 11.8 mH
LY 16.5 mH 26.2 mH 18.2 mH

Programmable
Power Supply

[m ——

Opto-Couplers "

Controller

Voltage

3-Phase Grid
= Sensors

~/Current Sensors

Fig. 5. Experimental six-phase setup.

where the equivalent six-phase machine ratings are listed in
Table V . The machine parameters are also estimated based on
the analysis given in [14] and are listed in Table VI for the three
possible configurations. The mechanical load is simulated using
a separately excited dc generator feeding a variable resistive
load. The machine is driven using two three-phase intelligent
modules with voltage and current ratings of 600 V and 20 A,
respectively, and a maximum switching frequency of 20 kHz.
A 300V, 17 A programmable dc supply is used to emulate the
required dc link.

Texas instrument launchpad F28379D is used to carry out the
proposed PCC of the IOBC system. Feedback measurements are
achieved using six current transducers (8 A peak), three voltage
sensors, and a hall-effect speed sensor. The experimental setup
is shown in Fig. 5. The experimental validation of the three
six-phase configurations is given in the following sections. Since
a unidirectional programmable supply is used, the power flows
from the dc supply to grid (i.e., vehicle-to-grid mode) in all
experiments. The reference phase current is set to 4 A (peak) at
the unity power factor. Due to hardware limitations, the sampling
time T’ is set to 50 us.
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Performance of D3P-based IOBC under PCC. (a) Phase currents 4, , iy, and their resultant grid line current i, z,. (b) xy current components. (c) af3

current components. (d) 010~ current components. (e) Grid line currents and grid phase voltage vq, .

TABLE VII
THD OF PHASE AND LINE CURRENTS FOR THE THREE CONFIGURATIONS WITH
AND WITHOUT USING VVV CONCEPT AND USING PR CONTROLLER

THD D3P AGP S6P
Control ~ Classic VVV Classic VVV Classic

pcc  pcc R pec pcc PR pec PR
Phase o3 0 9.74% 12.07% 11% 10.65% 6.91% 6.86% 8.64%
current
Line 1) 0400 7.63% 4.61% 11.28%10.07% 6.57% 4.8% 6.34%
current

B. Performance of D3P-Based IOBC

The experimental results of the D3P-based IOBC are shown
in Fig. 6. This case offers the lowest line current to phase
current magnitude ratio among the three configurations. The
line current is 1.73 times the phase currents, while the phase
shift angle between phases a; and by is 60°. The maximum
charging power is then 86.6% of the machine rated power.
Besides, Table VII lists that the phase current is very distorted
total harmonic distortion (THD) (THD = 23.42%) compared
with the line current, which shows a THD of 11.04%. This
is clearly due to the existence of a significant zero-sequence
current component. Fig. 6(b) and (c) shows that the machine has
almost zero torque-producing a3 current components, while the
xy current components are balanced with a notable distortion.
Fig. 7 shows the application of VVV concept, which, in turn,
achieves a complete elimination of the zero-sequence current
while ensuring zero a3 current component, as shown in Fig. 7(c)
and (d), respectively. Fig. 7(a) shows that the quality of the phase
currents is greatly improved (THD = 9.74%), which is, in turn,

reflected to arelative improvement in the grid line current, which
shows a THD of 7.63%. Table VII summarizes the THD values
for all cases. Figs. 6(e) and 7(e) also indicate a unity power factor
operation as required.

C. Performance of A6P-Based IOBC

The first option for this case is to apply only the large VVs
of the zy subspace, which offers the highest dc-link utilization
(0.6447). However, these VVs correspond to nonzero-sequence
voltage components in both 3 and 070~ subspaces. Fig. 8(a)
shows the resultant grid line current versus the corresponding
phase current when controlling the xy current components to
the rated value. As deduced in Section II, the grid line current
reaches almost 1.93 of the phase currents while phases a; and
b are displaced by 30° from each other, which complies with
the phasor diagram given by Fig. 1(b). The maximum charging
power, in this case, is 96.5% of the machine rated power. The
distortion in the phase current as well as the grid line current
occurs due to two reasons: the high ripple current component
caused by the small value of the secondary subspace inductance
L;¥ in the case of an A6P [14], and the low order harmonic
content caused by the nonzero-sequence voltage components of
the a8 and 070~ subspaces. This yields a THD in the phase and
line currents of approximately 11% and 11.28%, respectively,
as listed in Table VII. Fig. 8(b) shows that the xy current com-
ponents are balanced, while the 3 and zero-sequence currents
are small, as shown in Fig. 8(c) and (d).

Herein, the rationale for using virtual vectors becomes clear
as it aims to eliminate the zero-sequence currents in addition to
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a 20% reduction in the «3 VVs magnitude. The latter current
component can simply be forced to zero by the proper adjustment
of the weighting factor. This will relatively improve the quality
of the phase and grid line currents, as shown in Fig. 9(a),
which, in turn, reduces the THD of the grid line current to
approximately 10%. Fig. 9(d) shows that the 070~ subspace
component has been eliminated. The dc-link utilization when
using the VVV concept is reduced from 0.6447 to 0.558 p.u.
Finally, the controller successfully ensures a unity power factor
in both cases, as clear from Figs. 8(e) and 9(e). It is fair to say
that the obtained improvement seems somewhat marginal due
to the high ripple content in the current waveform caused by the
small inductance of the xy subspace.

D. Performance of S6P-Based IOBC

The experimental results, as shown in Fig. 10, depict that the
S6P-based IOBC corresponds to the best current quality, highest
grid line current, and the lowest number of VVs. Applying the
large VVs only sufficiently results in balanced phase currents
as well as line currents. Also, controlling the grid line current
through balanced &y current components yield in-phase ay, line
current with a; and b, phase currents, as shown in Fig. 10(a),
while the corresponding line current magnitude becomes double
the phase current magnitude at unity power factor, which com-
plies with the phasor diagram, as shown in Fig. 1(c). The battery
pack can then be charged at 100% rated machine power.

Needless to say, the current quality in all cases can signif-
icantly be improved over the presented cases by simply de-
creasing the controller sampling time, which was not possible

TABLE VIII
AVERAGE SWITCHING FREQUENCY AND COMPUTATIONAL BURDEN OF EACH
TECHNIQUE OF EACH WINDING CONFIGURATION

THD D3P A6P S6P
Control technique Classic ~ VVV  Classic VVV  Classic
PCC PCC PCC PCC PCC
Burden time (us) 30 39 35.3 39 29.3
Avg. switching 35 415 42 o 5

frequency (kHz)

with the current prototype system. Table VIII summarizes the
average switching frequency and the computational burden for
the five scenarios. Clearly, the S6P-based IOBC offers the lowest
switching frequency with the best current waveform.

E. Comparison With PR-Based Current Controller

PR or synchronous-PI-based current controllers are the most
employed controllers in most of the available literature. Hence,
the proposed PCC is compared with a PR-based current con-
troller to show the main differences. Fig. 11 shows the experi-
mental results of the SPIM-based IOBC for the three connections
using the PR-based current controller, as shown in Fig. 4. For
a fair comparison with a PCC, the same average switching
frequency should be employed. For the proposed PCC, the
sampling time employed was 50 ps, which yields an average
switching frequency of 3.5 kHz, which has been clarified in
Table VIII. This is why the current waveform quality is relatively
low. In practical chargers, high switching frequency is com-
monly employed, which was not available with the employed
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prototype system. Based on the THD values, as given in Ta-
ble VII, the PR-based current controller generally outperforms
the PCC for all connections except the S6P case, which offers
the best current quality when the proposed PCC is employed. It
is also noted that the current waveform under PR-based current
control experiences low order harmonics, which can be reduced
using harmonic current compensation and with added controller
complexity [18].

VI. CONCLUSION

This article investigated the PCC of a six-phase-based IOBC
under different winding configurations. The required stator con-
nections to grid are suggested, which ensure minimum wind-
ing reconfigurations, maximum possible line to phase current
magnitude ratio, and zero torque-producing current components.
The maximum charging power is, therefore, 86.6%, 96.5%, and
100% of the rated machine power for the D3P, A6P, and S6P
configurations, respectively. For each winding configuration,
the VVs mapping to sequence subspaces as well as the optimal

(©

Performance of SPIM-based IOBC under PR-based current controller. (a) D3P. (b) A6P. (c) S6P (Phase currents i, , iy, and their resultant line current

VVs selection were investigated. The concept of virtual VVs
has also been employed to improve the current quality while
maximizing the dc-link utilization. A comparative case study has
been carried out based on experiments to validate the theoretical
findings. The results showed that the S6P configuration offers
the highest line current magnitude, the best current quality at
highest dc-link utilization, the smallest number of VV set, and
the lowest average switching frequency. A comparison with a
conventional PR-based current controller showed its superiority
for all configurations except for the S6P-based IOBC.
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