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ABSTRACT Electric vehicles (EVs) play a major role in the evolution towards sustainable transporta-
tion. The integration of information and communication technology (ICT) into the electric vehicle (EV)
charging process has witnessed rapid progress. Wireless communication between EVs has become com-
mercially viable, supporting vehicle-to-sensor, vehicle-to-vehicle, and vehicle-to-internet regimes. However,
EVs still have limited market penetration due to charging process constraints such as charging time and the
availability of charging points. This paper considers an asymmetrical nine-phase smart integrated on-board
charging (OBC) system with a reduced cost, size and weight. All the propulsion components are utilized
in the charging process. Both zero machine average torque production and unity power factor operation
at the grid side can simultaneously be obtained during the charging process. Additionally, no hardware
reconfiguration is required to allow the transition between propulsion and charging modes for this system
topology. Furthermore, the proposed integrated on-board charger is completely monitored, and the charging
rate is controlled through a smartphone application via internet of things (IoT) technology, thus optimizing
the user experience. A 1.5 kW prototype is implemented to validate the proposed system by rewinding a
three-phase induction motor (IM).

INDEX TERMS Battery chargers, electric vehicles, integrated on-board chargers, the Internet of Things,
smart grid.

I. INTRODUCTION
Due to fossil fuel depletion and CO2 emissions, the reliance
on electric vehicles (EVs) has been globally expanding at
a rapid pace [1]. On the other hand, charging time and the
availability of charging points constitute the main challenges
that affect the widespread adoption of electrically driven
automobiles [2]. Many countries have adopted governmental
initiatives to replace conventional internal combustion engine
(ICE) vehicles with EVs such as China, the United States
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of America (USA), Norway, and Germany [3]. The battery
electric vehicles (BEVs) market has witnessed a substantial
increase in sales reaching 87% in 2014 compared to 54%
reached in 2012 [4]. China has the largest market share with
over one million EVs in 2018 [3].

Generally, EV chargers can be either mounted on the
vehicle (known as on-board chargers) or installed in charg-
ing stations (known as off-board chargers). Although the
off-board charging infrastructure supports fast three-phase
charging, it represents a more sophisticated and high-cost
option [5]. On-board battery chargers (OBCs) allow the direct
connection between the vehicle and the accessible power
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outlets, either single or three-phase mains. However, the lim-
ited power transfer capability is considered a notable demerit
of OBCs [6]. In order to mitigate the drawbacks of OBCs,
integrated onboard battery charger technology has recently
been proposed [7], [8]. Whereas, all the drivetrain elements,
namely the electric machine and the inverter, are employed
in charging mode. The machine winding is used as a filter
inductor and/or isolation transformer, while the propulsion
converter serves as a bidirectional ac-dc converter. This tech-
nology can, therefore, minimize the weight, volume and cost
of both EVs and associated infrastructure.

An integrated charger was initially introduced in 1985 [9].
In propulsion mode, the machine is driven using a three-
phase inverter. Whereas, a single-phase outlet is connected
between the machine star point and a fourth inverter leg
during charging. This stands as the main disadvantage of
this topology since the current rating of this additional leg is
three times the others. The converter cost is, therefore, quite
high. On the other hand, the average torque and the pulsating
torque components can both be kept at zero. A high-power
integrated charger that supports fast three-phase charging has
been described in [10]. It links the ac three-phase mains to
the mid-points of each winding of a three-phase machine.
During the charging process, current flows in each winding
of the employed machine are equally split in two opposite
directions. Consequently, the magnetomotive forces (MMF)
due to the coil currents cancel each other eliminating sta-
tor MMF. Thus, no torque is produced during the charging
process.

Different electric motors options have been considered for
EV applications [11]. According to the analysis introduced
in [4], the PM machine is the most commonly used type in
current BEVs. The benefits of multiphasemachines over their
three-phase counterparts has been the topic of a significant
body of literature. Fault tolerant capability and a decreased
converter per-phase current rating are amongst the advantages
that have promoted the consideration of multiphase machines
in EV applications [12]. Furthermore, the effect of slot har-
monics on the stator current waveform can be mitigated
in multiphase machines [13]. The application of nine-phase
machines guarantees zero average torque production during
the charging process of EVs because of their higher degrees
of freedom [14]. Moreover, nine-phase machines offer an
improved line filtering capability through the stator leakage
inductances. Nevertheless, a more complicated converter and
controller are required. An analysis of integrated EV chargers
on the basis of the overall system efficiency showed that the
nine-phase-based drivetrains, both IMs and PMs, resulted in
superior efficiencies reaching 90% [15]. In [16], [17], several
multiphase induction machine-based integrated chargers are
introduced.

An integrated on-board battery charging system that
employs a surface-mounted PM machine with a fractional
slot concentrated winding (FSCW) arrangement is discussed
in [18]. The proposed charger consists of a dual three-phase
stator winding machine, two three-phase voltage source

inverters (VSIs), a switch and a battery. In motoring mode,
the two three-phase stator winding sets are connected in
series. This configuration forms an open-end three-phase
winding topology fed at both winding ends by the two VSIs.
When charging mode is enabled, the grid is connected to the
midpoint of the two series-connected coils, while the two
VSIs are controlled to ensure that the grid line currents are
equally divided between the two winding sets, this cancels
the torque producing flux due to both winding sections. Con-
sequently, the average torque production is almost zero with a
very low torque ripple component due to the specific slot/pole
combination. Unity power factor operation at the grid side can
also be ensured.

An integrated charger that is fed from a DC supply is
introduced in [19]. The proposed topology offers multiple
merits including charging at several voltage levels, bidirec-
tional power flow with fault-tolerant capability, and a con-
current motoring/charging operation that decreases the cost
of charging. Besides, this technique can be applied to con-
ventional three-phase or multiphase configurations. During
charging, the machine windings are utilized for grid line
current filtering while zero average torque production can be
obtained.

Due to the fact that smart transportation systems con-
tribute to the reduction in greenhouse gas (GHG) emissions,
the trend towards the integration of information and com-
munication technology (ICT) into transportation systems has
been globally adopted. Particularly, ICT enabling technolo-
gies play a major role in EV development [20]. By employing
ICT, the vehicle-to-grid (V2G) and grid-to-vehicle (G2V)
modes of operation can easily be optimized. Moreover, ICT
provides an efficient communication link between EVs as a
mobile storagemedium, and a power system operator. In [21],
internet of things (IoT) technology was applied to obtain an
efficient communication between the interdependent com-
ponents of a single EV charger. Data are collected, stored,
analyzed and shared with IoT devices controlled via smart-
phones [22]. Optimal battery charging can also be achieved
using EVs in conjunction with ICT. Moreover, the user can
be notified of the battery status, state of charge (SoC), battery
abnormal status and nearest charging point [23].

Being an emerging research topic in BEV applications,
this paper attempts to employ ICT to control/monitor one
of the recently introduced integrated onboard battery charg-
ers [24]. This topology offers a simple transition between
propulsion and charging modes without any winding recon-
figuration. In this architecture, ICT is employed to control and
monitor an integrated OBC based on an asymmetrical nine-
phase machine. A prototype has been implemented to vali-
date the presented concept by rewinding an existing 1.5kW
three-phase induction-machine as a nine-phase machine hav-
ing the same rated power. An IoT-based smartphone appli-
cation is designed and built to control/monitor the opera-
tion of this intended charging system. The complete exper-
imental validation is also provided to support the presented
concept.
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FIGURE 1. Proposed integrated battery charger controlled via IoT-based smartphone application.

This paper is organized as follows. In Section II,
an overview of the proposed charger is reported. While
the IoT-based smartphone application design is addressed
in Section III. In section IV detailed nine-phase machine
modelling is developed. Then, the control algorithms under
the different modes of operation are presented in Section V.
In section VI the theoretical findings are validated by exper-
iment results on the prototype. Eventually, conclusions are
shared in Section VII.

II. SYSTEM OVERVIEW
The proposed smart integrated OBC is depicted in Fig. 1. The
employed integrated OBC typically comprises a nine-phase
machine, nine-phase inverter, battery and a DC/DC con-
version stage that is utilized to control the DC-bus volt-
age level. To simplify the system under investigation,
the DC/DC converter can be omitted without affecting the
charging performance. This topology has been first intro-
duced in [24], to facilitate both propulsion and charging
operational modes without any hardware reconfiguration.
The nine-phase machine simply comprises three three-phase
winding sets having a spatial phase shift of 20 electri-
cal degrees. Under propulsion, the power converter is con-
trolled to ensure balanced asymmetrical nine-phase currents
as depicted in Fig. 2(a). The charging process can simply be
enabled by connecting the three isolated star points to the
three-phase grids, while the power converter is controlled to

ensure equal three-phase currents (zero sequence currents) in
each group, as shown in Fig. 2(b). This way, the flux produced
by each three-phase winding set is nullified, which yields
zero-torque production.

It has been proven in [24] that by controlling the three-
phase voltages of each group to be equal in magnitude and
phase, the grid line current connected to the star point of each
three-phase winding set can be approximately equal among
the three-phases. This simplifies the vector space decompo-
sition (VSD) current control employed in multiphase sys-
tems [24]. The same concept will also be employed in this
study.

Under charging, the reference charging phase currents are
derived based on the required direct current component of
the grid line currents, while the quadrature component is
set to zero to ensure unity power factor. The full controller
structure will be shown later. In this paper, the reference
charging current level is captured using an ESPwireless mod-
ule connected to the user’s smartphone via IoT technology.
The same technology is also employed to ensure minute-by-
minute monitoring of the charging process.

III. IoT-BASED INTELLIGENT CONTROLLER
The main objective of this work is to recruit an IoT-based
intelligent system to remotely adjust the EV charging cur-
rent based on its current status. Full monitoring of different
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FIGURE 2. Phasor diagram for nine-phase stator currents under various operational modes. (a) charging/V2G. (b) propulsion.

TABLE 1. Arduino Nano specifications.

charger variables is also made available to the user. The
design of a smart control panel and a smartphone application
is presented in this section. The proposed architecture of the
smart control panel includes current and temperature sensors,
a central processor (EZDSP F28335), Arduino Nano, Wi-Fi
ESP8266 Serial TTL module, and control switches, as shown
in Fig. 1. A user-friendly application is designed on the basis
of object-oriented programming [25] and its interface is dis-
played in Fig. 3. The corresponding code has been developed
using Android studio from Google. The specifications of
the employed Arduino Nano microcontroller and the Wi-Fi
modules are given in Tables 1 and 2, respectively.

The whole control process for both charging and propul-
sion modes is implemented using the DSP board. The
Arduino Nano microcontroller is responsible for capturing
the analogue readings using its A/D modules. The ESP mod-
ule provides the required communication channel to com-
municate the readings from the Arduino microcontroller to
the cloud. It also receives the required charging current
level commanded by the user. During charging, the power
exchange between the grid and the battery is carried out
by controlling the nine-phase inverter as was explained in
the previous section. The DSP should, therefore, receive the
reference charging current value from the cloud, which is

TABLE 2. Wi-Fi ESP8266 serial TTL module specifications.

also carried out over the ESP module. The user input value
is communicated to the ESP module, then this value is used
as an input to the charging controller. The easiest way to
communicate the reference charging current to the employed
DSP is to convert the assigned value to a PWM output,
where its duty cycle corresponds to the reference current
value (0 current represents 0% duty cycle, and full load
current corresponds to 100% duty cycle). An RC circuit is
then used to convert the PWMESP output to a corresponding
analogue signal, then it is attached to one of the A/D modules
of the employed DSP. This structure seems to be a simple
cost-effective structure to employ when utilizing the widely
used DSP board based on Texas Instruments DSPs.

The system provides the user with the battery average
charging current, the RMS AC line current, battery tem-
perature, and inverter temperature. First, the user opens the
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FIGURE 3. Smartphone application interfaces. (a) first interface. (b) second interface. (c) third interface.

smartphone application that begins with the first interface
containing the smart charger logo, as shown in Fig. 3(a).
The first interface lasts for three seconds in order to
confirm internet connectivity. Then, the second interface,
Fig. 3(b), shows the preset charging rate as a percent-
age. This interface also gives the user the ability to adjust
the charging current level according to either his prefer-
ences or the status of the charger itself. The third interface
is depicted in Fig. 3(c), where all captured readings are
displayed.

IV. NINE-PHASE MACHINE MODELLING
Multiphase systems are commonly modelled using the vec-
tor space decomposition (VSD) approach, where different
machine phase variables (including voltage, current, and flux)
are decomposed into multiple orthogonal subspaces. As far

as machine control is concerned, this modelling approach is
commonly preferred to ensure a decoupled control between
these different subspaces [17]. For a 9-phase machine,
the VSDmatrix is given by (1), as shown at the bottom of this
page, where; ϑ = π/9. The fundamental (αβ1) subspace is
commonly regarded as the torque producing subspace under
normal motoring operation. On the other hand, the remaining
subspaces are usually regarded as non-flux/torque producing
subspaces and they are mainly responsible for extra machine
joule losses. Under healthy motoring operation, which is the
main target of this study, the current components of all sub-
spaces, other than the fundamental subspace, should be zero.
In the following, the machine models under both propulsion
and charging modes are given and will be used to construct
the required controller block diagrams shown in the following
section.

[TVSD] =
2
9



1 cos (ϑ) cos (2ϑ) cos (6ϑ) cos (7ϑ) cos (8ϑ) cos (12ϑ) cos (13ϑ) cos (14ϑ)
0 sin (ϑ) sin (2ϑ) sin (6ϑ) sin (7ϑ) sin (8ϑ) sin (12ϑ) sin (13ϑ) sin (14ϑ)
1 cos (3ϑ) cos (6ϑ) 1 cos (3ϑ) cos (6ϑ) 1 cos (3ϑ) cos (6ϑ)
0 sin (3ϑ) sin (6ϑ) 0 sin (3ϑ) sin (6ϑ) 0 sin (3ϑ) sin (6ϑ)
1 cos (5ϑ) cos (10ϑ) cos (12ϑ) cos (17ϑ) cos (4ϑ) cos (6ϑ) cos (11ϑ) cos (16ϑ)
0 sin (5ϑ) sin (10ϑ) sin (12ϑ) sin (17ϑ) sin (4ϑ) sin (6ϑ) sin (11ϑ) sin (16ϑ)
1 cos (7ϑ) cos (14ϑ) cos (6ϑ) cos (13ϑ) cos (2ϑ) cos (12ϑ) cos (ϑ) cos (8ϑ)
0 sin (7ϑ) sin (14ϑ) sin (6ϑ) sin (13ϑ) sin (2ϑ) sin (12ϑ) sin (ϑ) sin (8ϑ)
1 − 1 1 1 − 1 1 1 − 1 1


(1)
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A. PROPULSION MODE
A nine-phase system is typically decomposed into four
decoupled subspaces and one zero sequence component,
as depicted by (1). The voltage equations for any subspace
k ∈ {1, 3, 5, 7}are given by [26];

v(k)αs = Rsi(k)αs + pλ
(k)
αs (2)

v(k)βs = Rsi
(k)
βs + pλ

(k)
βs (3)

0 = Rr i(k)αr + pλ
(k)
αr + kωrλ

(k)
βr (4)

0 = Rr i
(k)
βr + pλ

(k)
βr − kωrλ

(k)
αr (5)

where Rs and Rr are the stator and rotor winding resistances,
respectively.

The relation between the flux linkage and current compo-
nents are given by (6)-(9).

λ(k)αs = Lsi(k)αs + Lmi
(k)
αr (6)

λ
(k)
βs = Lsi

(k)
βs + Lmi

(k)
βr (7)

λ(k)αr = Lr i(k)αr + Lmi
(k)
αs (8)

λ
(k)
βr = Lr i

(k)
βr + Lmi

(k)
βs (9)

where Ls and Lr are the stator and rotor winding self-
inductances, respectively, while Lm is the magnetizing
inductance.

The corresponding torque component for any subspace k is
given by (10) and the total developed torque is given by (11).

T (k)
e =

9
2
kpLm1(i

(k)
βs i

(k)
αr − i

(k)
αs i

(k)
βr ) (10)

Te =
∑

k=1,3,5,7

T (k)
e (11)

Under this mode of operation, the (αβ1) plane is excited with
two balanced current components that are derived based on
both torque and flux commands. All other non-fundamental
subspaces are set to zero [24].

B. CHARGING MODE
It has been explained in section II that charging mode is
enabled by exciting each individual three-phase winding set
with in-phase currents. Hence, the total line current connected
to each star point will be three times the phase current mag-
nitude. The nine-phase voltages are, therefore, controlled to
ensure a 1200 phase shift between the injected three-phase
line currents as in (12) and (13);

img =
√
2I cos

(
ωt −

2nπ
3

)
(12)

iph =
1
3
img (13)

where n ∈ {0, 1, 2} and m ∈ {a, b, c}.
By applying the transformation given by (1), the corre-

sponding sequence current components are given in (14) [24]:

i|αβ1 = 0, i|αβ5 = 0, i|αβ7 = 0,

i|αβ3 = I
{
2
3
cos (ωt)+

1
√
3
sin (ωt)− j

1
√
3
cos(ωt)

}
,

i0 =

(√
8
3

)
Icos

(
ωt −

2nπ
3

)
. (14)

Clearly, the fundamental current components for this oper-
ating mode are zero, hence, torque production is nullified.
Needless to say, torque production due to (αβ3, 0) subspaces
will ideally be zero in case of a double-layer distributed
stator winding, which is the adopted winding layout in the
experimental prototype machine.

Assuming a perfectly balancedwinding, the required phase
voltages for each individual three-phase group to ensure
equally divided line currents among phases will also be equal.
Hence, the machine winding can be regarded as a coupled
inductor filter as in conventional grid-tie inverters.

Under chargingmode, the relation between the inverter and
grid phase voltages is governed by the voltage equation (15); vabc1vabc2

vabc3

 = Rf

 iagibg
icg

+ Lf p
 iagibg
icg

+
 vagvbg
vcg

 (15)

where,
Rf = Rs/3 and Lf = ls/3 are the equivalent winding

resistance and inductances under charging, respectively,
ls is the per phase stator leakage inductance,
vag, vbg, and vcg are the three-phase-grid-voltages,
iag, ibg, and icg are the three-phase grid line currents, and
vabc1, vabc2 and vabc3 are the reference voltages for the

three three-phase winding sets (the same voltage is applied
to each three-phase set to ensure equal phase currents in each
individual set).

V. PROPOSED CONTROLLER STRUCTURE
In this section, the required controller to operate the machine
under the different modes is introduced. Since the propul-
sion mode of operation is out of scope of this study, only
a brief description of the controller block diagram is given.
This section also highlights the controller flow chart for the
IoT-based supervisory control.

A. PROPULSION MODE
The propulsion mode is enabled by disconnecting the three
isolated star points from the three-phase grid, while the
power converter is controlled based on classical indirect
rotor-field oriented control (IRFOC). The torque and flux
components are used to derive the dq current components
of the fundamental torque producing subspace. The inverse
Park transformation is then used to obtain the corresponding
reference αβ components. Under healthy operation, which
is the main objective of this study, the reference current
components for non-fundamental subspaces are set to zero.
A pair of proportional-resonant (PR) current controllers are
used with each subspace to derive the required stator voltage
component of the corresponding subspace. If the machine is
perfectly balanced, the controller can be highly simplified
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FIGURE 4. Control architecture during propulsion mode of operation.

FIGURE 5. Control architecture during charging mode of operation.

by assuming zero values for all non-fundamental sequence
voltage components. This results in a need for only two PR
controllers employed to control the fundamental subspace.
This case is shown in Fig. 4, where the blocks inside the red
dashed box can be disabled. Under balanced motoring mode,
the phase current relation will follow the phasor diagram
given by Fig. 2(a).

B. CHARGING MODE
The charging mode is simply initiated by connecting the
isolated star points to the grid, while the EV is parked. The
power exchange between the grid and the EV battery is
enabled by controlling the nine-phase inverter to ensure a
zero fundamental subspace current component as explained
in section IV.B. If winding asymmetry is ignored, the line
current can be equally divided among the three-phases of each
individual group by simply applying the same inverter phase
voltages. Hence, the nine-phase inverter can be regarded as
three parallel three-phase inverters having the same reference
three-phase voltages. For this simple case, conventional PQ
control can be used to charge the battery pack. The direct
current component of the three-phase grid currents dictates

the charging current level, while the quadrature current is
controlled to zero to ensure a unity power factor operation.

The suggested current control scheme is shown in Fig. 5.
The reference dq current components of the grid currents are
transformed into their stationary αβ components using an
inverse Park transformation. The axis transformation angle
is obtained based on a PLL to synchronize all variables with
the measured three-phase grid voltages.

The actual line currents can simply be estimated from the
measured phase currents by summing up the currents of the
individual three-phase groups. The corresponding αβ compo-
nents are then obtained by applying Clarke’s transformation
given by (16).[

iαg
iβg

]
=

2
3

 1 −0.5 −0.5

0

√
3
2

−

√
3
2

∑ iabc1∑
iabc2∑
iabc3

 (16)

The current error is then used to derive the correspond-
ing αβ voltage components using a pair of PR controllers.
Assuming negligible winding asymmetry, the required
non-fundamental sequence voltages can be assumed zero.
The αβ voltage components are then transformed back to
their equivalent three-phase reference voltages using inverse
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FIGURE 6. IoT based control flowchart.

FIGURE 7. Experimental configuration.

Clarke transformation. Each of the reference three-phase
voltages is then applied to all inverter legs connected to each
individual three-phase group.

C. IoT-BASED SUPERVISORY CONTROL
It has been clarified that the main control goal of the
employed ICT is to allow the user to select the charging
current level. Charging level is directly correlated to charging
speed. This can be envisioned as a user desire if demand side
management is being considered for the charging infrastruc-
ture. Charging level or speed also has a direct correlation with
battery life. The latter is also a user consideration that can be
addressed with IoT based supervisory control in the form of

real time input or pre-set preferences. The second function of
the IoT solutions is to communicate the charger status with
the user via the user-friendly smartphone application. The
flowchart of the code written to carry out these objectives is
shown in Fig. 6.

The ESP Wi-Fi module first checks for the current refer-
ence value via sending a request message over the internet
server. The previously stored reference on the server is sent
back to the ESP, and the value is automatically updated on
the user’s screen. Of course, the user could simply change
the charging slide bar appearing in Fig. 3(b). To communicate
this reference value to the main DSP board, the ESP module
generates a PWM signal that represents the current reference
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FIGURE 8. Phase currents during propulsion mode of operation.

FIGURE 9. Phase currents during charging mode of operation.

value (0% duty cycle corresponds to zero reference current,
while a 100% duty cycle represents full charging capacity).
Using an RC low pass filter, this signal is sent to one of the
DSP’s analog input pins and used to generate the reference
direct current component.

The ArduinoTM microcontroller is used to capture differ-
ent charger variables, including the battery average current,
the RMS line current, the battery temperature, and the inverter
temperature. It is also used to provide the required signal
processing of the captured signals. This way, the monitoring

TABLE 3. Nine-phase IM specifications and parameters.

process is decoupled from the power flow controller code.
These values are then shared with the user’s mobile applica-
tion over the cloud using the ESP Wi-Fi module.

VI. EXPERIMENTAL VERIFICATION
For validation been constructed by rewinding an existing
1.5kW, 380V, 4-pole three-phase induction machine as an
asymmetrical nine-phasemachine having the same phase cur-
rent magnitude, while the phase voltage magnitude decreases
to one-third. A double layer winding layout with a coil span
of 7/9 is used to ensure a high-quality flux distribution. The
machine specifications and parameters are given in Table 3.
The induction machine is mechanically coupled to a dc PM
machine to act as a mechanical load under propulsion mode.
Three three-phase inverters connected to the same dc-link
are used to supply the nine-phase machine controlled using
conventional SPWM at a switching frequency of 5kHz. The
dc-link is provided using a 300V programmable dc supply.
Based on the rated-phase voltage of the nine-phase machine
(72V), the minimum required dc-link is approximately 200V.
Since the available programmable supply permits only unidi-
rectional power flow, the proposed chargingmode is validated
under the vehicle-to-grid (V2G) mode. The three-phase grid
is emulated using a three-phase auto-transformer to account
for the relatively low phase voltage of the prototype sys-
tem. With the given current rating of the designed machine

FIGURE 10. Measured charging current level using a CAN bus.
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FIGURE 11. Grid line currents under different charging levels and corresponding smartphone application screen snapshots. (a) 20% charging.
(b) 40% charging. (c) 60% charging.
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FIGURE 11. (Continued.) Grid line currents under different charging levels and corresponding smartphone application screen snapshots. (d) 80%
charging. (e) 100% charging.

(4A peak current), the maximum charging grid current level
will be 12A (peak). As was explained previously, an EZDSP
F28335 board is used to implement the whole controller given
in section V. The full prototype setup is shown in Fig. 7.

In the following, the proposed system is validated under
both prolusion and charging mode. The former mode is only
used to depict the difference in the phase current relation
between motoring and charging modes. The full validation
of this mode was already given in the literature and is beyond
the scope of this study.

A. PROPULSION MODE
As clarified in section V. a conventional IRFOC is employed
to control the machine under propulsion. The rated direct
current component is set to the rated magnetizing current (2A
peak), while the reference speed is set to the rated motor

speed. Fig. 8 shows the current waveform of phase (a) for
the three-phase groups. Clearly, a 200 phase shift is obtained
between the three three-phase groups, which complies with
the phasor diagram given in Fig. 2(a).

B. CHARGING/V2G MODE
Under this mode, the proposed controller is validated at
various charging current levels from 0 to 100% with a step
increase of 20%. A CAN bus is connected to the main
DSP board to provide online tracking to the reference direct
current component captured from the cloud. Fig. 10 shows
the gradual change in the charging current level that has
been applied using the smartphone application. The grid
line currents along with a snapshot to the application screen
are shown in Fig. 11 for the same charging current levels
shown in Fig. 10. Clearly, a balanced three-phase grid current
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can be ensured under all cases, while the current quality
is highly improved as the charging current level increases.
At maximum charging level, the three-phase currents flowing
in each winding set are shown in Fig. 9, which seem to be
in phase with equal magnitudes. The line currents are equal
and balanced; hence, the resultant flux production is zero
and unity power factor operation at the grid side is achieved.
The motor torque is supposedly zero under this mode, which
appeared clearly during the experiment by noting that the
motor stopped moving despite the presence of stator currents.

VII. CONCLUSION
In this paper, an IoT-based supervisory controller to an
asymmetrical nine-phase based integrated onboard charger
was proposed. Off board charging applications today have
adopted user input and grid constraints into the charging
process using different communication media. This has given
rise to practical implementations of demand side manage-
ment for EV charging. The case needs to be made for OBC
applications, and this manuscript is a step in this direction.
While control of off-board chargers by the distribution system
operator may seem natural, the case for OBC is not clear.

The proposed charger can provide a complete remote con-
trol and a minute-by-minute monitoring system using a user-
friendly smartphone application. The system structure was
designed to ensure a simple and cost-effective implementa-
tion. The required controller for both prolusion and charging
modes have been introduced. The experimental validation
was also provided using a small-scale prototype and the
obtained results supported the theoretical findings. The pro-
posed controller was shown viable to control the grid line
currents from zero to rated line currents, while ensuring zero
torque production as well as unity power factor operation.
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