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ABSTRACT: This paper proposes an integrated on-board charger for electric vehicles (EVs) that incorporates an
asymmetrical nine-phase machine and an inverter into the charging process. The charging is from three-phase mains,
and it employs exclusively the power electronic components that already exist on-board the vehicle, and that are
mandatory for the propulsion. Moreover, the charging is achieved without any hardware reconfiguration since the
existing elements and their connections are not altered during the transfer from propulsion to the charging mode.
Instead, the operating principle is based on additional degrees of freedom that exist in nine-phase machines. These
degrees of freedom are employed to avoid electromagnetic torque production in the machine during the charging
process, although currents flow through its stator windings. The configuration operates with a unity power factor and is
capable of vehicle-to-grid (V2G) operation as well. A detailed theoretical analysis is given, and the control for the
charging/V2G and propulsion modes is discussed. Theoretical analysis is validated by experiments for charging, V2G
and propulsion operating regimes.
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I. INTRODUCTION

On-board chargers are a valuable part of EVs as they liberate drivers from the dependency on fast dc charging
stations. At present it is common that chargers for EVs are made as separate units when they are placed on-board.
Compared to a vehicle without an on-board charger, these units have a negative impact on the cost, weight and spare
space in the vehicle. However, power electronic components that form a typical on-board charger do not differ from the
elements that already exist on-board and that are required for propulsion. This fact is the origin of the three decade old
idea that existing power electronic components can be integrated into the charging process. Many proposals for
integration have been reported since. The study performed in shows that the vast majority of EVs have a propulsion
motor of either induction or permanent magnet type. Although several integrated single-phase solutions have been
proposed for these types of machines, they are only applicable for slow charging due to the limitations of a single-phase
grid. In order to achieve a fast charging either a dc charging station or a three-phase ac grid has to be employed. For the
former option the driver has to consider the charging station distribution, and to plan the route accordingly. Unlike dc
charging stations, three-phase grid is widely available. Nevertheless, at present only few configurations allow fast
integrated charging incorporating an induction or permanent magnet motor. Moreover, some of them require a
mechanically locked rotor as there is a torque production in the machine during the charging process. This leads to
numerous problems with regard to efficiency, increased wear, and audible noise. Only four of the solutions have the
advantage of torque-free three-phase charging .In a three-phase machine in an open-winding configuration, supplied
from a triple H-bridge inverter, and is considered for the integration into the charging process. In the charging mode the
three-phase grid is directly connected to mid-points of each of the three machine’s stator phase windings. The charging
process is controlled in such a manner that the same currents flow through the two half-windings of each phase. As the
half-windings are in spatial opposition the winding does not produce a field in the rotor. Since standard three-phase
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machines do not have access to their winding mid-points, the machine has to be custom made — in essence it has to be a
symmetrical six-phase machine. The topology has a great advantage that it does not require any hardware
reconfiguration between the propulsion and the charging mode of operation. The solution is currently being considered
for use in future EVs by Vale.

The first fast integrated charger that found its way into commercial EVs is the one used in Renault ZOE. Its
43kW “Chameleon” charger can charge 80% of the battery capacity in thirty minutes. The inverter and synchronous
motor with excitation winding, which are used for propulsion, are incorporated into the charging process. However, the
charger also requires a junction box which is a non-integrated element. Its function is to manage the charging process,
to convert the alternating current into direct current and to communicate with the charging station. The charging
process is without a torque production in the machine, but an additional power electronic converter is required. A
configuration incorporating an asymmetrical six-phase machine is considered in it, also operates without torque
production and utilizes the principle of phase transposition hardware reconfiguration is required. A topology that does
not require any hardware reconfiguration between the operating modes was introduced in at a basic theoretical level. It
integrates a nine-phase machine with three isolated neutral points into the charging process. In the charging mode the
three-phase grid connections are directly attached to the three isolated neutral points of the machine. The configuration
is controlled in such a way that the same currents flow through all windings belonging to the same three-phase set, so
that the field is cancelled within the set itself. The control in was based on only the fundamental grid current control in
charging mode, propulsion mode was treated only at a conceptual level V2G mode was not addressed at all, and theory
was underpinned by simulation results only.

The work of is advanced by providing a detailed description of an improved control system for the charging
mode that includes low-order current harmonic control. The operation is also extended to V2G mode. Next, control for
the propulsion mode is fully developed as well, including current control in all the relevant planes of the nine-phase
system. Last but not least, the concept is fully verified experimentally, by providing test results for the charging, V2G
and propulsion modes of operation. The application of multiphase systems is explored in electric power generation,
transmission and utilization. The research on multiphase generators has recently started. The research on multiphase
drive systems has been significantly developed since the beginning of this century due to advancement in
semiconductor devices and digital signal processors technologies. It is to be emphasized here that ac/dc/ac converters
generally supply the multiphase motors. Thus, the focus of the current research on multiphase electric drives is limited
to the modeling and controlling of the power converters. Little effort is being made to develop static multi winding
transformation system to change the phase number from three-to-9-phase. An exception is where a new type of
transformer is presented, which is three phase-to-nine-phase system. The analysis and design, however, are completely
different. The control methods to test the motor, which are available to lower the current distortion based on application
and requirement. The machine parameters obtained using a PWM inverter or any other method may not provide the
correct value. Therefore, a pure sine wave supply system is required to feed the motor for better analysis. Accordingly,
this paper proposes a special transformer /multi winding transformer connection scheme to obtain a balanced three-to-
nine-phase supply with sinusoidal waveforms. The expected application areas of the proposed transformer are the
electric power transmission system, power electronic converters, aerospace, railway and automobile applications and
the multiphase electric drive system.

A theoretical analysis of the charging process incorporating an asymmetrical nine-phase machine is given.
Complete control algorithms for the charging, V2G and propulsion modes are presented. Experimental results for the
charging, V2G and propulsion modes are given in Section V. The use of no of phase systems compared to three phase
systems has brought about researchers interest.

Il. RELATED WORK

In papers [1]-[6], multilevel inverters have been widely applied in high-power applications. Among multilevel
inverters, the NPC inverter has the most widely used topology because of its advantages. The NPC inverter improves
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the output voltage and current waveforms and can reduce the size of the filters. In addition, the voltage stress across the
switch is reduced to half that of a conventional two-level inverter. It is composed of twelve IGBTs and six diodes. The
DC-link capacitor is split into two sources to generate different voltage levels. In paper [7]-[11], to maximize the
performance of the NPC inverter, the voltages of the two capacitors connected in series must have the same values. If
these values are different, this may lead to premature failure of the switching devices, and the THD of the output
current increases because the low-order harmonics become dominant; and second- and fourth-order harmonics appear
in the output voltage. Hence the dwell time of a small voltage vector should be divided equally. Conversely, if the
dwell times of the P-type and N-type small voltage vectors are adjusted when the neutral point voltage is unbalanced,
the neutral-point voltage can be balanced.

In papers [12]-[15], the multilevel inverters have many advantages than two-level inverters like low harmonic
distortion of the ac currents, low switching losses, less blocking voltage of the switching device. But it has the
disadvantages like the increased number of switching devices and the complex control algorithm. To control multilevel
converters, the pulse width modulation (PWM) strategies are the most effective, especially the space vector pulse width
modulation (SVPWM) one, which has equally divided zero voltage vectors describing a lower total harmonic distortion.
Traditionally, three phase voltage is transformed reference voltage vector, the angle and amplitude of reference voltage
vector is used to calculate the duration-time of voltage vector. But, as the level is increasing, the control algorithm
becomes more and more complex. In papers [16]-[18], the dwelling time of vector calculation is derived from two-level
inverter. By using a linear transformation, the dwell time of vectors for two-level VSI can be transformed for multi-
level VSI. A novel classification of voltage vectors is proposed to determine switching pattern of PWM sequence and
more complex. An intrinsic relationship between multi-level and two-level is developed and by using a linear
transformation, the switching time of vectors for two-level inverter can be transformed for multi-level inverter. A novel
classification of voltage vectors is proposed to determine switching sequence.

In papers [19]-[22], in order to study electronic converters for PV systems, one first needs to know how to
model the PV device that is attached to the converter. PV devices present a nonlinear V-I characteristic with several
parameters that need to be adjusted from experimental data of practical devices. The mathematical model of the PV
device may be useful in the study of the dynamic analysis of converters, in the study of MPP tracking (MPPT)
algorithms, and mainly to simulate the PV system and its components using circuit simulators. A PV device may be
any element that converts sunlight into electricity. The elementary PV device is the PV cell. A set of connected cells
form a panel. Panels are generally composed of series cells in order to obtain large output voltages. Panels with large
output currents are achieved by increasing the surface area of the cells or by connecting cells in parallel. A PV array
may be either a panel or a set of panels connected in series or parallel to form large PV systems.

In papers [23]-[25], multilevel converters are typically considered for high-power applications because they
allow operations at higher dc-link voltage levels, avoiding the problems of the series interconnection of devices. It has
been recently reported that they present better efficiency than other alternative topologies. Moreover, they can also be
interesting for medium- or even low-power/voltage applications because they allow operations with lower voltage-rated
devices, which is with potentially better performance/economical feature. Among these topologies, the three-level
three-phase neutral point- clamped (NPC) dc-ac converter is probably the most popular. The application of
conventional modulation techniques to this converter causes a low frequency (around three times the fundamental
frequency of the output voltage, fo = 1/To) oscillation of the neutral-point voltage. This, in turn, increases the voltage
stress on the devices and generates low-order harmonics in the output voltage. There have been many effort s to analyse
this problem and define a modulation strategy to solve it, thereby eliminating the need to significantly increase the dc-
side capacitance to minimize the voltage oscillation. a closed-loop control scheme for the three level three-phase
neutral-point-clamped dc—ac converter using the optimized nearest three virtual-space-vector pulse width modulation,
which is a modulation that produces low output voltage distortion with a significant reduction of the dc-link
capacitance.
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In papers [26]-[28], the dc link capacitor voltage in the NPC inverter has to be controlled. In the case of two
back-to-back connected NPC converters, the two converters can share the task of balancing voltages on the dc-link
capacitor. However, such improvement strongly depends on the modulation indices and power factors of the two
converters at the operating point. The dc link capacitor balancing using SVM is an attractive feature as it has a number
of redundant states for the implementation of the balancing algorithm and it is suitable for improving the DC link
utilization, reducing commutation losses. Some multilevel carrier PWM can be implemented using a single counter.
The most attractive approach is to modify the inverter switching Pattern according to a capacitor control strategy to
balance NP voltages. In papers [29]-[30], presents a generalized implementation of the 3-level SVPWM technique and
investigation of the imbalances in the D.C-link capacitor voltage in Three Level Neutral point diode clamped (NPC)
multilevel inverter (MLI), which is one of the main drawbacks of NPC multilevel inverter. The redundant state
guarantees to achieve voltage balancing up to 0.75 % with no requirement of any additional control effort. VHDL
language is used to model the inverter switch.

1. SYSTEM IMPLEMENTATION
A. Block Diagram:

INPUT SUPPLY (ng{(DC
PHASE) MACHINE
y
A\ 4
PWM DC LOAD
GENERATOR (BATTERY)
A
v CONTROLLER
REF » (SVPWM) -
(12v) Vour
> (12v)

Fig. 1. Block Diagram of the Proposed System

Three phase supply is available in the generating station or grid, were as nine phase supply is required for
many industrial applications such as, aerospace, railway and automobile applications. The block diagram of the
proposed system was shown in Fig 1. There are different methods in which we can convert 3 to 9 phase using 18-Pulse
Converter, Carrier Based PWM Technique, multilevel converter and Multiphase Transformer. The above said methods
which are more complicated to design for higher ratings or a pure sine wave will not be obtained or harmonics will be
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more. For Multiphase power transmission system multiphase transformers are needed. In the multiphase power
transmission and multiphase rectifier systems, the number of phase can be designed and developed in multiples of
three. Therefore, the variable speed multiphase drive system considered in the literature are mostly of five, seven, nine,
eleven, twelve, and fifteen phase. So, there is a need to design and develop special transformer which converts from 3
to 9 phases for different arrangement of input and output. Thus, with the proposed technique, a pure nine-phase sine-
wave of fixed voltage/current and frequency is obtained, which can be used for RL load and motor testing purposes.
Complete design and simulation of the proposed solution is presented.

IV.SIMULATION MODEL AND RESULT
B. SIMULINK DIAGRAM:
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Fig. 2. Simulink Diagram of the Proposed System
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Fig. 3. Simulink Result of the Proposed System

Fig 2 shows the simulation diagram of the proposed system. It can be seen that it is practically constant about
2.13 A, with hardly any ripple. The speed is kept at zero naturally, meaning that there is no torque developed; this is
also evident from Fig. 3, where a—f current components have zero value throughout. As discussed in the earlier chapter,
the control algorithm for the charging and V2G modes is based on the assumption that three phases of any of the three
three-phase windings have identical parameters, leading to the equal distribution of one grid phase current into three
currents of the machine. To prove that this is indeed the case here, Fig.3 shows the currents of the three phases of one
three-phase winding during charging, for the operating conditions described earlier.

V. HARDWARE IMPLEMENTATION AND RESULT

C. HARDWARE CIRCUIT DIAGRAM AND RESULT:

Fig. 4. Hardware Result of the Proposed System

Copyright to JIRSET DOI:10.15680/1JIRSET.2017.0603017 3247


http://www.ijirset.com

ISSN(Online) : 2319-8753
ISSN (Print) : 2347-6710

International Journal of Innovative Research in Science,
Engineering and Technology
(An ISO 3297: 2007 Certified Organization)
Website: www.ijirset.com
Vol. 6, Issue 3, March 2017

The hardware result shows in Fig.4 that in the propulsion mode, the grid is disconnected. Hence, the three
neutral points of the nine-phase winding are floating, and the system behaves as having three isolated neutral points.
The decoupling transformation matrix for an asymmetrical nine phase system with three isolated neutral points is
governed with the battery charging of 12V was achieved.

VI.CONCLUSION

This paper has introduced a novel solution for the fast integrated onboard charging of EVs. The proposed
configuration is based on the application of an asymmetrical nine-phase machine. It has the 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/V2G modes of operation. Stator leakage inductances
of the machine are used to ensure filtering during the charging/V2G operation. The theoretical viability of
charging/V2G without torque production is examined, and control algorithms for the charging, V2G, and propulsion
modes of operation are given. The presented control scheme is well suited to the situation in which there are no
asymmetries within each individual three-phase winding. If this is not the case, an additional current balancing control
algorithm would be required in practice. The theoretical values are obtained and verified by the experiment results.

REFERENCES

[1] S. M. Lukic, J. Cao, R. C. Bansal, F. Rodriguez, and A. Emadi, “Energy storage systems for automotive applications,” IEEE Trans. Ind.
Electron., vol. 55, no. 6, pp. 2258-2267, Jul. 2008.

[2 H.M. Zhang and S. P. Ding, “Application of synergic electric power supply in HEV,” in Proc. 8" World congr. Intelligent control Autom, pp.
4097-4100, 2010.

[31 A. Emadi, Y. J. Lee, and K. Rajashekara, “Power electronics and motor drives in electric, hybrid electric, and plug-in hybrid electric
vehicles,”IEEE Trans. Ind. electron ., vol. 55, no. 6, pp. 2237-2245, Jun. 2008.

[4] K. Jonghoon, S. Jongwon, C. Changyoon, and B. H. Cho, “Stable configuration of a Li-lon series battery pack based on a screening process
for improved voltage/SOC halancing,”IEEE Trans. Power electron., vol. 27, no. 1, pp. 411-424, Jan. 2012.

[5] L. Yuang-Shung, T. Cheng-En, K. Yi-Pin, and C. Ming-Wang, “Charge equalization using quasi-resonant converters in battery string for
medical power operated vehicle application,” in proc. Int. power electron. conf., pp.2722-2728, 2014

[6] Y. C. Hsieh, C. S. Moo, and W. Y. Ou-Yang, “A bi-directional charge equalization circuit for series-connected batteries,” in Proc. IEEE
Power electron. Drives syst., pp. 1578-1583, 2005.

[71 S.Yarlagadda, T. T.Hartley, and I.Husain, “A battery management system using an active charge equalization technique based on a DC/DC
converter topology,” in Proc. Energy convers.congr. Expo pp. 1188-1195, 2011.

[8] K.Chol-Ho, K. Young-Do, and M. Gun-Woo, “Individual cell voltage equalizer using selective two current paths for series connected Li-ion
battery strings,” in Proc. Energy convers. congr. Expo pp. 1812— 1817, 2009.

[9] H. Shen, W. Zhu, and W. Chen, “Charge equalization using multiple winding magnetic model for lithium-ion battery string,” in Proc. Asia-
pacific power energy Eng. conf., pp. 1-4, 2015.

[10] P. Sang-Hyun, P. Ki-Bum, K. Hyoung-Suk, M. Gun-Woo, and Y. Myung- Joong, “Single-magnetic cell-to-cell charge equalization converter
with reduced number of transformer windings,”IEEE. Trans. Power Electron. vol. 27, no. 6, pp. 2900-2911, Jun. 2012.

[11] R. Baker and L. Bannister, “Electric Power converter,” US Patent 3,867,643, Feb 1, 1975.

[12] R. Marquardt, “Current Rectification Circuit for Voltage Source Inverters with Separate Energy Stores Replaces Phase Blocks with Energy
Storing Capacitors,” German Patent (DE10103031A1), vol. 25, 2002.

[13] L. Harnefors, Y. Jiang-Hafner, M. Hyttinen, and T. Jonson, “Ride-through methods for wind farms connected to the grid via a VSC-HVDC
transmission,” in Proc. Nordic Wind Power Conference. Roskilde, Denmark, 2007.

[14] K. Friedrich, “Modern HVDC PLUS application of VSC in Modular Multilevel Converter topology,” in Industrial Electronics (ISIE), 2016
IEEE International Symposium on, pp. 3807-3810, 2016.

[15] M. Merlin, T. Green, P. Mitcheson, D. Trainer, D. Crotchety, and R. Crookes, “A new hybrid multi-level Voltage-Source Converter with DC
fault blocking capability,” in AC and DC Power Transmission. AC-DC, 9th IET International Conference on, pp. 1-5, 2013.

[16] D. Siemaszko, A. Antonopoulos, K. Ilves, M. Vasiladiotis, L. Angquist, and H. Nee, “Evaluation of control and modulation methods for
modular multilevel converters,” in Power Electronics Conference (IPEC), 2016 International, pp. 746-753, 2016.

[17] M. Hagiwara and H. Akagi, “PWM control and experiment of modular multilevel converters,” in Power Electronics Specialists Conference, pp.
154, 2008.

[18] A. Antonopoulos, L. Angquist, and H. Nee, “On dynamics and voltage control of the modular multilevel converter,” in Power Electronics and
Applications, 2009.

[19] A. Lesnicar and R. Marquardt, “An innovative modular multilevel converter topology suitable for a wide power range,” in Power Tech
Conference Proceedings, 2003 IEEE Bologna, vol. 3, pp. 6— pp, 2003.

Copyright to IJIRSET DOI:10.15680/1JIRSET.2017.0603017 3248


http://www.ijirset.com

[20]
[21]
[22]
[23]
[24]
[25]
[26]

[27]
[28]

[29]

[30]

.

-« ISSN(Online) : 2319-8753
IJIRSET ISSN (Print) : 2347-6710

International Journal of Innovative Research in Science,
Engineering and Technology
(An 1SO 3297: 2007 Certified Organization)
Website: www.ijirset.com
Vol. 6, Issue 3, March 2017

D. Dujic, M. Jones, and E. Levi, —Generalised space vector PWM for sinusoidal output voltage generation with multiphase voltage source
inverter, Int. J. Ind. Elect. Drives, vol. 1, no. 1, pp. 1-13, 2009.

M. J. Duran, F. Salas, and M. R. Arahal, —Bifurcation analysis of five phase induction motor drives with third harmonic injection, IEEE
Trans.Ind. Elect. vol. 55, no. 5, pp. 2006-2014, May 2008.

M. R. Arahal and M. J. Duran, —PI tuning of five-phase drives with third harmonic injection, Control Engg. Pract, vol. 17, no. 7, pp. 787-797,
July 2009.

D. Dujic, M. Jones, and E. Levi, —Analysis of output current ripple rms in multiphase drives using space vector approach, IEEE Trans. Power
Elect., vol. 24, no. 8, pp. 1926-1938, Aug. 2009.

M. Correa, C. R. da Silva, H. Razik, C. B. Jacobina, and E. da Silva, —Independent voltage control for series-connected six-and three-phase
Induction machines, IEEE Trans. Ind. Appl., vol. 45, no. 4, and pp. 1286-1293, Jul. /Aug. 2009.

A. Igbal, S. Moinuddin, M. R. Khan, SK. M. Ahmed, and H. Abu-Rub, —A novel three-phase to five-phase transformation using special
transformer connection, IEEE Trans. Power Delivery, vol. 25, no. 3, pp. 1637-1644,Jun. 2014.

A. Igbal, S. Moinuddin, M. R. Khan, SK. M. Ahmed, and H. Abu-Rub, —A novel three-phase to seven-phase transformation using special
transformer connection, IEEE transactions on energy conversion, vol. 27, no. 3, September 2012.

M. H. Rashid, Power Electronics Handbook: Devices, Circuits, and Applications, 3rd ed. Amsterdam, The Netherlands: Elsevier, 2011.

M. Jones, —A novel concept of a multi-phase multi-motor vector controlled drive system, Ph.D. dissertation, School Eng., Liverpool John
Moores Univ., School Eng., Liverpool, U.K., 2005.

A. Igbal, —Modeling and control of series-connected five-phase and six phase two-motor drive, Ph.D. dissertation, School Eng., Liverpool
John Moores Univ., School Eng., Liverpool, U.K., 2006.

G. K. Singh, K. B. Yadav, and R. P. Saini, —Modeling and analysis of multiphase (six-phase) self-excited induction generator, in Proc. 8th
Int.Conf. Electr. Mach. Syst., pp. 1922-1927, 2005.

BIOGRAPHY

R.Raja Prabhu received the B.Eng (1) in Electrical and Electronics Engineering from Anna University,
Chennai in 2005. He completed the M.Eng (I) in Applied Electronics from Anna University,
Coimbatore in the year 2009. He is now working as assistant professor in the department of electrical
and electronics engineering in Imayam College of Engineering, Trichy, India. He has published
L research papers in various international journals. He is the Member of International Association of
Engineers.

His area of interest includes Power Electronic Converters, Power Factor Correction, Energy Efficient Systems,
Renewable Energy Sources, Smart Sensors and Embedded Systems.

R.Sreevidya was born in the state of tamilnadu, India. She received the BE degree in Electrical and
Electronics Engineering from Anna University, Chennai in 2010 and ME degree in Power Electronics
and Drives from Anna university, Chennai in 2014. She is now working as assistant professor in the
department of electrical and electronics engineering in TRP Engineering College, Trichy, India. She is
the Member of International Association of Engineers.

Her research interest includes Converters, Photovoltaic System Efficiency, Renewable Energy Systems

and Energy Conversions.

{
A

P.Manigandan was born in the state of tamilnadu, India. He received the BE degree in Electrical and
Electronics Engineering from Anna University, Chennai in 2010 and ME degree in Power Electronics
and Drives from Anna university, Chennai in 2013. He is now working as assistant professor in the
< department of electrical and electronics engineering in TRP Engineering College, Trichy, India. He is

- the Member of International Association of Engineers.

J His research interest includes Power Electronic Converters, Control Systems, Power Quality,

Renewable Energy Systems and Energy Conversions.

Copyright to IJIRSET DOI:10.15680/1JIRSET.2017.0603017 3249


http://www.ijirset.com

