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Abstract: In this paper, we propose a new high-phase (more than three-phase) motor drive system
which are being successfully used in numerous areas. High-phase motor drive systems are nowadays
considered for high power adjustable speed industrial applications since they offer numerous
advantages. Several topologies are investigated in the literature as viable alternative to the existing
three-phase drive system. The most popular among them are five-phase and six-phase. In six-phase
system two topologies are possible depending upon their possible winding configuration. In one
topology, the windings or phases are 60 degrees apart and called symmetrical six-phase system. The
second topology has two sets of three-phases and is displaced by 30 degrees. This is called quasi- six-
phase or dual three-phase. In this paper, control technique is described for a quasi six-phase voltage
source inverter (VSI) for obtaining desired output. The output of the inverter is two set of three-phases
with 30’ phase displacement. The proposed control is in essence space vector pulse width modulation
(PM) based on the artificial neural network (ANN) concept. ANN method of control is highly useful
for high switching frequency operation. Several types of ANN topologies are considered and finally
the most optimum solution is proposed to obtain similar performance obtainable from space vector
PWM. Simulation and experimental results are provided to validate the proposed theory.

Copyright © 2012 [FSA.

Keywords: Pulse width modulation (PWM), Quasi six-phase inverter, Artificial neural network
(ANN), Multi-phase.
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1. Introduction

The multi-phase variable speed electric drive was proposed in late 1960s. Since then the pace of
development was steady but relatively slow and limited during the first three decades of its inception.
The situation has, however, changed in the last decade, when an upsurge in the research effort in this
area took place. The driving forces behind this accelerated development have been specific application
areas: railway traction and electric vehicle/hybrid electric vehicle applications, “more-electric” aircraft
and electric ship propulsion [1]. The reasons for employing multi-phase drives vary from application
to application and range from reduction of the converter per phase rating to significantly improved
fault tolerance. Since in variable-speed ac drives an electric machine is supplied using a power
electronic converter, the number of phases is no longer restricted to three. Hence, the machine and the
power electronic converter can be built with any number of phases appropriate to the specific
application. The recent developments in the area of multi-phase machines and drives have been
supported by advances in power semiconductor devices and DSPs. Detailed reviews on the
development in the area of multi-phase drive research is published in recent past [2-6].

Many industrial applications require precise control algorithms of power electronic converters.
Growing interest is found towards the Pulse width modulation techniques for power inverters. A
variety of modulation techniques for quasi six-phase inverters have been developed in the recent past
[7-22]. Among many modulation strategies, space vector pulse width modulation techniques (PWM)
have seen more attention from the researcher. For the AC machine drive application, full dc bus
voltage utilization is important in order to achieve maximum torque under all operating conditions.
This is achieved in the space vector PWM. Nevertheless, the output of space vector PWM inverter
contains lower order harmonics. It is indicated in the literature that it is not possible to completely
eliminate these harmonics in a quasi six-phase inverter [6].

This paper thus proposes a voltage modulation method to provide sinusoidal output with improved dc
bus utilization. The space vector PWM is implemented using ANN technique. The ANN modulator is
trained to generate the PWM switching pattern. The ANN method is highly efficient for nonlinear
mapping. The ANN method is more useful when high switching frequency operation is considered.
The simulation and experimental results are provided for the ANN based PWM method.

2. Modeling of Six-Phase Inverter - A Review

The power circuit of a quasi six-phase VSI is shown in Fig. 1. Each switch consists of a power
switching device such as IGBT or MOSFET in parallel to a snubber circuit. Since six dependent
currents can flow in a general case, therefore, this is a six dimensional system. Thus modeling and
control problems of such system must be addressed from the point of six dimensional spaces. The
inverter input dc voltage is treated as constant. The load is star-connected (dual three-phase) with
isolated neutrals as shown in Fig. 1. The inverter output phase voltages are denoted in Fig. 1 with
lower case symbols (a, b, ¢, d, e, f), while the pole voltages have symbols in capital letters (4, B, C, D,
E, F). The relationship between the inverter phase-to-neutral voltages and inverter pole voltages is
obtained as:

v, =(5/6)VA - 1/6)(\13 +Vve+vp +vE +vF)
vy =(5/6)VB—(1/6)(VA +vC+vD+vE+vF)
v, :(5/6)vc—(1/6)(vA +vp +Vp +vg +vF)
Vd=(5/6)VD—(1/6)(VA+VB+VC+VE+VF) (1)
v, 2(5/6)VE—(1/6)(VA +Vg+Vve+Vp +vF)
vy :(5/6)VF—(1/6)(VA +vp +Ve +vD+vE)

2
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where the inverter pole voltages take the values of + 0.5 VD -

Vo P PR S
NI RIR)
1/ 12/ i3 4/ 15/ i6
A tlA B Bi |Gi |G
7/ 118/ [i9 10/ |11/ [12
No———-——+ L L ]

Fig. 1. Power circuit of asymmetrical six-phase voltage source inverter.

In general, an n phase two level VSI has a total 2" number states. Therefore for a six-phase VSI, total
number of switching states is 64, in which four are zero vectors and the remaining 60 are active
vectors. By using decoupling transformation matrix given in (2) each voltage vector can be
decomposed into three orthogonal two dimensional subspaces d-g, x-y and 0;-02 The 0;-0, are equal to
zero because the neutrals n; and n, are assumed isolated. Thus this pair of vectors is omitted from
further discussion. The modulation techniques thus confines to the two remaining orthogonal sub-
spaces d-g and x-y.

1 cos(6) cos(468) cos(56) cos(88) cos(96])]
0 sin(6) sin(48) sn(56) sin(88) sin(96)
[T]=E 1 cos[’ﬁ:l cns[Eﬁ:I cnsfﬁ:l cos[#ﬁ] cns[?ﬁ] . o)
6|0 sin(56) sin(86) sin(6) sin(46) sin(96)
10 1 0 1 0o |
K 1 0 1 0 1|
y 4 S g 0
Vg = — (Vg +avp +a Vo +a Vg +d Vy ++a Vi) (3)
2 5 8 4 9
¥y =Eud+d Vp ta YV +avg +4a v, +a vf} 4)

5

where a = exp(n/6). Fig. 2 represents the space vector representation of all the vectors in d-g axis and
Fig. 3 represents in x-y axis. All the zero vectors are at the origin so that a vector can be represented in
six dimensional spaces as shown in Figs. 3 and 4, according to the largest vectors lie at the vertices of
the polygon there are total twelve 7 /6 radian sectors.
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Fig. 2. Phasors of phase-to-neutral voltages for quasi six-phase system of switching.

[

0.725Vde o /.

04714 Vde
0.6439 Vde

Fig. 3. Space vector representation of all vectors Fig. 4. Space vector rep of all vectors
in d-g axis. in x-y axis.

3. Conventional Space Vector PWM Schemes

It is shown in [10] that for an #n phase inverter, the minimum (n-1) numbers of vectors are required to
synthesize the input reference and the output obtained is sinusoidal in nature. Therefore, following the
same principle for six-phase, inverter minimum number of vectors required for sinusoidal output is 5.

There are numerous methods of choosing vectors so that they have maximum amplitude on d-g axis
and minimum amplitude on x-y axis [10-11]. In the most simple form of space voltage PWM, only
those switching states vectors , which lie at the vertices of the polygon as shown in Fig. 3 are
employed to synthesize the reference vector (V). Two active vectors of largest length and zero vectors
are used during one sampling interval [3]. This is similar to the one used in a three-phase VSI.
However, this scheme when employed in a six-phase VSI leads to unwanted low-order harmonics due
to the presence of the space vectors in x-y plane.

Another method is the vector space decomposition scheme proposed by Y. Zhao [9], in this method
four adjacent voltage vectors are always selected which spans the outer most polygon on the d-g plane
according to the position of the reference voltage vector V', the fifth vector is chosen from the zero
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vector located at the origin of the d-g plane as shown in Fig. 3. Space vector PWM strategy is
accomplished by the following equation:

n v, vt ovg oy, _Vd*Ts_

o\ v v vt v\,

q q q q q
T3 = Vxl sz Vx3 Vx4 sz (5)
Iyl v, v, v, vt or)?
Ts 11 1 1 1| T

L . N

b

where V¥ is the projection of the k" voltage vector on the x axis and T} is the dwell time of that vector
during time interval 7;. The quantities ¥, and Vq* are the d-q plane reference voltages. During each
sampling period Ty, a set of five voltage vectors must be chosen to guarantee that each T has positive
and unique solution. Although the current harmonics are suppressed but the computation time required
to implementing this method is considerably large.

Three largest vectors and one smaller vector, used in vector classification algorithm [11], are
generalized conventional SVPWM. The vectors used in SPWM and the SVPWM method based on
unified modulation method proposed by L. Ching [13], where three largest vectors and two smaller
vectors are chosen automatically. The implementation of this scheme is easier but the drawback of this
method is higher switching losses.

Another method proposed by K. Marouani [14], PWM strategy based on 24 sectors. This technique
combines the maximum magnitude d-g plane voltage vectors and the ones with half magnitudes. These
voltage vectors divide the d-g plane into twenty four z /12 radian sectors. In each sampling period, the
reference voltage vector is achieved by selecting a set of three voltage vectors among those have
maximum magnitude and fourth vector among the ones with half magnitude. This method once again
suffers from the drawback of larger computational time. The method does not give satisfactory results
when the switching frequency is very high of the order of 50 kHz. In such applications ANN is a better
alternative.

4. Artificial Neural Network Based Space Vector PWM Scheme

Artificial Neural Network (ANN) is accomplished to resolve paradigms better than linear computing.
ANN is an effective tool for mapping non-linear systems. The PWM operation of a power converter is
a good example of non-linear mapping and hence ANN is highly useful in this application. Expansion
of technology like artificial neural network has given various effortless explanations to the industries.
To design a neural network programmer does not require in-depth knowledge about complicated
neural network programming and also no exact modelling of the system under study is required. The
work flow of ANN can be achieved in this approach, first of all gather the systems information and
then create model of network and configure the required network. Assign the weights and biases to
train the network and finally authenticate the network to use in the experimentation. Several neural
network software is available in the market and MATLAB/Simulink environment is used in the present
study.

The presented modulation scheme is based on artificial neural network system. Instead of
implementing SVM by DSP, it is possible to implement it by a feed-forward neural network because
the SVM algorithm can be looked upon as a nonlinear input/output mapping. [25-31] This means that
the reference voltage vector ¥~ magnitude, and a* angle can be impressed at the input of the network
and the corresponding pulse width pattern of the quasi six- phases can be generated at the output.
There are two approach of implementing SVM using ANN called ‘Direct method’ and ‘Indirect
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method’. In the so called ‘Direct method’, the feedforward backpropagation ANN directly replace the
conventional SVM algorithm. Since feedforward ANN network can map only one input pattern onto
only one input pattern, the sampling time is divided into #» subintervals. Thus each subinterval includes
only one output switching pattern for every input pattern. Thus it requires huge data set for proper
training of the network. Thus this approach is limited in use. The later method uses two separate feed-
forward back-propagation ANN, one for the magnitude of the reference voltage and other for the
reference voltage position. The magnitude network yield voltage magnitude scaling function which is
linear in the linear modulation region and is non-linear function of ¥Vpc in the over-modulation region.
The reference position network yield turn on pulse width function at unit voltage magnitude. This
pulse width functions are then multiplied by a suitable bias signal and the product is compared with the
up/down counter to generate appropriate switching signals for the inverter. The complete
implementation block diagram is illustrated in Fig. 5.

UP/ -Sa»
Down
Neural Network
Counter e

i
i

Fig. 5. Functional Block diagram of ANN based SVM for a quasi six-phase VSI.
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Then the MATLAB neural network tool is used for the training and simulation purpose which is later
formed the ANN block for the above scheme. There are three layers in the neural network; one is input
layer with six neurons, one hidden layer with ten neurons and one output layer with six neurons. The
neural network topology for the scheme for quasi-six phase voltage source inverter is shown in Fig. 6 a
and 6 b.

6. Simulation Results

Simulation results are provided in Fig. 7. The output phase ‘a’ current in an R-L load is depicted in
Fig. 7 (a) and Fig. 7 (b) shows the harmonic spectrum for phase ‘a’. The results obtained using the
PWM shows that output contains the 50 Hz component with the magnitude of 0.3639 p.u. rms
(0.51477 p.u. peak). The hidden layer contains 10 neurons. Network is Feed-forward back propagation
type and the training function “TRAINLM” is used for the simulation purpose. The adaptation learning
function is LEARNGDM and Mean squared error (MSE) performance function is used. Transfer
function is TANSIG (tansigmoidal) type.

The results obtained using the PWM show that output contains the 50 Hz component with the

magnitude of 0.3577 p.u. rms (0.5059 p.u. peak). The THD is 2.95 % of the fundamental and the
WTHD is 2.78 % of the fundamental.
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Fig. 6 (a). Output layer with six neurons. Fig. 6 (b). Hidden layer with ten neurons a quasi-six
phase VSI.
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The Total Harmonics Distortion factor computation uses and normalizing this expression with respect
to the quantity (V) i.e. fundamental, the Weighted Total Harmonic Distortion (WTHD) become

(6)

(Vj )

Another method used for the simulation where network is Cascade forward backpropagation type and
the training function “TRAINDA” is used for the simulation purpose. The adaptation learning function
is LEARNGDM and Mean squared error (MSE) performance function is used. Transfer function is
LOGSIG (logsigmoidal) type. The simulation results shown in Fig. 10 depict the harmonic spectrum
for the phase ‘a’ voltage. The output contains the 50 Hz component with the magnitude of 0.3632 p.u.
rms (0.5137 p.u. peak). The THD is 10.45 % of the fundamental and the WTHD is 10.31 % of the

fundamental.
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Fig. 10. Harmonic spectrum for phase ‘a’ .
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7. Experimental Investigation

Experimental investigation is performed to implement the proposed scheme for a quasi-six phase VSI.
The DC link is paralleled to make it common for all the modules. The DSP TMS320F2812 has
provision of generating four independent PWM outputs per event manager thus a maximum of eight-
phase inverter can be controlled using one DSP. Out of six PWM, three are generated using full
compare units and the other one is generated by the GP timer compares units. The full compare unit
has programmable dead-band for PWM output pairs but the other one PWM channel does not have the
provision of dead band. Thus a dead band generating circuit is fabricated which act upon those PWM
signals which do not have inbuilt dead band. A distribution panel is developed which distributes the
twelve PWM signals generated from DSP to three power modules. Fig. 15 and Fig. 16 show the
experimental results of a DSP based quasi-six phase VSI. Fig 14 (a) shows the filtered PWM signals
and Fig. 14 (b) shows the harmonic spectrum of the phase ‘a’ voltage. Fig 15 (a) shows the output of
the PWM inverter and Fig. 15 (b) shows the switching waveforms of the PWM signals.

Fig. 12. The quasi-six phase voltage source inverter set-up.
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Fig. 13. Block schematic of a DSP based quasi-six phase VSI.

8. Conclusion

In this paper a voltage modulation technique is presented based on artificial neural network system.
Different types of processing functions are tried for the ANN implementation and also different
numbers of Hidden layers are used. The results are compared in terms of the total harmonic distortion
and weighted total harmonic distortion in the output phase voltages. The best results are obtained with
feed forward back propagation, training function, ‘TRAINLM’, adaption learning function
‘LEARNGDM’, performance function ‘MSE’ and the transfer function ‘TANSIGMOIDAL’ with
10 hidden layers. The worst results are obtained for Cascade forward backpropagation, training
function ‘TRAINGDA’, adaption learning function ‘LEARNGDM’, performance function MSE and
transfer function ‘LOGSIGMOIDAL’ with 20 hidden layers. Hence it can be said that there is an
optimum value of number of hidden layers that gives the minimum harmonic distortion in the output
voltage.
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Digital Sensors
and Sensor Systems
practical Design

P Digital Sensors and Sensor Systems: Practical Design will greatly benefit undergraduate
F-::-n'na_ts PARREG FCS (OEIR:] and at PhD students, enginaers, scientists and resaarchers in both industry and academia.
and print (hardcover), 419 pages : et - : :

It is especially suited as a reference guide for practicians, working for Original Equipment
ISBN: 978-84-616-0652-8, Manufacturers (OEM) electronics market (electronics/hardware), sensor industry, and
e-|SBN; 978-84-615-6957-1 using commercial-off-the-zhelf components
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Sensors & Transducers Journal /

V'

Guide for Contributors

Aims and Scope

Sensors & Transducers Journal (ISSN 1726-5479) provides an advanced forum for the science and technology
of physical, chemical sensors and biosensors. It publishes state-of-the-art reviews, regular research and
application specific papers, short notes, letters to Editor and sensors related books reviews as well as
academic, practical and commercial information of interest to its readership. Because of it is a peer reviewed
international journal, papers rapidly published in Sensors & Transducers Journal will receive a very high
publicity. The journal is published monthly as twelve issues per year by International Frequency Sensor
Association (IFSA). In additional, some special sponsored and conference issues published annually. Sensors &
Transducers Journal is indexed and abstracted very quickly by Chemical Abstracts, IndexCopernicus Journals
Master List, Open J-Gate, Google Scholar, etc. Since 2011 the journal is covered and indexed (including a
Scopus, Embase, Engineering Village and Reaxys) in Elsevier products.

Topics Covered

Contributions are invited on all aspects of research, development and application of the science and technology
of sensors, transducers and sensor instrumentations. Topics include, but are not restricted to:

e Physical, chemical and biosensors;

e Digital, frequency, period, duty-cycle, time interval, PWM, pulse number output sensors and
transducers;

Theory, principles, effects, design, standardization and modeling;
Smart sensors and systems;

Sensor instrumentation;

Virtual instruments;

Sensors interfaces, buses and networks;

Signal processing;

Frequency (period, duty-cycle)-to-digital converters, ADC;
Technologies and materials;

Nanosensors;

Microsystems;

Applications.

Submission of papers

Articles should be written in English. Authors are invited to submit by e-mail editor@sensorsportal.com 8-14
pages article (including abstract, illustrations (color or grayscale), photos and references) in both: MS Word
(doc) and Acrobat (pdf) formats. Detailed preparation instructions, paper example and template of manuscript
are available from the journal’s webpage: http://www.sensorsportal.com/HTML/DIGEST/Submition.htm Authors
must follow the instructions strictly when submitting their manuscripts.

Advertising Information

Advertising orders and enquires may be sent to sales@sensorsportal.com Please download also our media kit:
http://www.sensorsportal.com/DOWNLOADS/Media_Kit 2012.pdf
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ADVANCES IN SENSORS:
REVIEWS

Sergey Y. Yurish
Editor

Modern Sensors, Transducers
and Sensor Networks

Modern Sensors, Transducers and Sensor Networks is the
first book from the Advances in Sensors: Heviews book
=enes containg dozen collected sensor related state-of-
the-art reviews written by 31 internationally recognized
experts from academia and industry.

Built upon the series Advances in Sensors: Reviews - a
premier sensor review source, the Modern Sensors,
Transducers and Sensor Nelworks presents an overview
of highlights in the field. Coverage includes current
developments in sensing nanomaterials, technologies,
MEMS sansor design, synthesis, modeling and
applications of sensors, transducers and wireless sensor
networks, signal detection and advanced signal
processing, aswell as new sensing principles and meathods
ufrm—:;—:ﬁurt—rrr1:—:r115.

Modern Sensors, Transducers and Sensor Networks s
intended for anyone who wants to cover a comprehensive
range of topics in the field of sensors paradigms and
developments. It provides guidance for technology solution

£ & developers from academia, research institutions, and
industry, providing them with a broader perspective of
- sensor science and industry

Order online:
http://sensorsportal.com/HTML/BOOKSTORE/Advance_in_Sensors.htm

www.sensorsportal.com
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