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ABSTRACT

Amongst many types of electrical motors, induction motors still
enjoy the same popularity as they did a century ago. Several factors
which include robustness, low cost and low maintenance have made
them popular for industrial applications when compared to dc and
other ac motors. Another aspect in induction motor drives which has
been researched recently is the use of multiphase induction motors
where the number of stator phases is more than three. Here, a
multi-phase system is a system with more than three stator phases.
Among the different multi-phase induction motor drives being
researched, following important advantages are derived for the dual-
3-phase induction motor having two stator winding sets spatially
shifted by 30 electrical degrees with separated neutral.

1. The current stress of each semiconductor power device is
reduced by one half compared with the same power 3-phase
conventional induction motor.

2. The dual-3-phase solution can generate higher torque as
compared to conventional three phase motor. This characteristic
makes them convenient in high power and/or high current
applications, such as ship propulsion, aerospace applications, and

electric / hybrid vehicles (EV).



So when high power levels are required, the use of six-phase

induction motor is one of the alternatives in industry. Six phase

synchronous motor may also be used for high power applications,

but weight of six phase induction motor is less as compared to six

phase Synchronous motor of same rating [13]- [49].

The research work is divided into following major parts:

1.

2.

Design of six phase Induction motor.

Development of prototype six phase Induction motor

Testing of six phase induction motor.

Simulation of Multi motor drive control and its

comparison with three phase IM

Simulation for vector control of six phase IM.

Control of same motor when fed from two voltage source

SVPWM inverters.
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1.1.

CHAPTER 1
INTRODUCTION

INTRODUCTION

Although machines were introduced more than hundred
years ago, the research and development in this area
appears to be never ending. For machine drive
applications, multiphase induction motor could
potentially meet the demand for high power electric
drive systems which are both rugged and energy
efficient. High phase number drives possess several
advantages over conventional three phase drives such
as reducing the amplitude and increasing the frequency
of torque pulsation, reducing rotor harmonic currents,
reducing the current per phase without increasing the
voltage per phase, lowering the dc link current
harmonics, higher reliability and increased power.
Multiphase induction motors have found many
applications such as electric/hybrid vehicles, aerospace

applications, ship propulsion etc.
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1.1.1 Status of Variable Speed Drive

The electrical machine that converts electrical energy
into mechanical energy and vice versa, is the
workhorse in a drive system [56]. The basic function
of a variable speed drive is to control the flow of
energy from the mains supply to the mechanical system
process. Energy is supplied to the mechanical system
through the motor shaft. Two physical quantities are
associated with the shaft namely torque and speed, in
practice either one of them is controlled and referred
to as torque control or speed control.

Apart from flexibility of operation at various
frequencies, variable frequency drives have an added
advantage of energy conservation. Figure 1 show how
the power consumption reduces in variable frequency
drives as compared to constant speed drives [55] -

[59].
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Fig.1.1. Energy Saving Characteristics of Variable
Frequency Drives

In the past ac motor drives were mainly used in fixed
speed applications. Variable speed applications were
dominated by dc drives. Direct current (dc) motor
drives were used for speed control because the flux and
torque of dc motors can be controlled independently
and the electromagnetic torque is linearly proportional
to the armature current. Thus desirable speed and
position control can be achieved.

But dc motors have disadvantages due to existence of
commutator and brushes. Firstly Brushes require
periodical maintenance secondly owing to the sparks
created by the commutators; dc motors cannot be used

in  potentially explosive environment. Finally
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mechanical contacts of commutator and brushes limit
high speed operation [55] - [59].

These problems can be overcome by ac motors which
have simple and rugged structures. Their small
dimensions as compared to dc motors allow ac motors
to be designed with substantially higher output rating,
low weight and low rotating mass.

Although squirrel cage induction motor was cheaper
than dc motor, the converter and control circuit of an
induction motor drive was very expensive compared to
those for a dc drive. Therefore the total cost of an
induction motor drive was significantly higher than
that of a dc drive.

The fast progress in the development of ac motor
drives in the past two decades was mainly due to
development of power electronic devices, powerful
and inexpensive microprocessors and modern ac motor
control technologies. This resulted in reduction in cost
of ac drive [59].

The ac variable speed drive has experienced two major
control strategies namely scalar control and vector

control.
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1.2

Scalar control is used in low cost, low performance
variable speed drives. This method does not guarantee
good dynamic performance because transient states of
motor are not considered in the control algorithm.
Though some efforts were made to improve the scalar-
control performance, the result is still unsatisfactory.
So the vector control was introduced by Hasse and
Blashke in order to achieve performance comparable to
dc drives. Main advantage of vector control is that
good dynamic performance of the drive is obtained.
[55].

MULTIPHASE INDUCTION MOTOR DRIVE
Amongst many types of electrical motors, induction motors still
enjoy the same popularity as they did a century ago. Several
factors which include robustness, low cost and low maintenance
have made them popular for industrial applications when
compared to dc and other ac motors. Another aspect in induction
motor drives which has been researched recently is the use of
multiphase induction motors where the number of stator phases
Is more than three. Here, a multi-phase system is a system with

more than three stator phases.
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1.3

Among the different multi-phase induction motor drives being
researched, following important advantages are derived for the
dual-3-phase induction motor having two stator winding sets
spatially shifted by 30 electrical degrees with separated neutral.
1. The current stress of each semiconductor power device is
reduced by one half compared with the same power 3-phase
conventional induction motor [1].

2. The dual-3-phase solution can generate higher torque as
compared to conventional three phase motor. This characteristic
makes them convenient in high power and/or high current
applications, such as ship propulsion, aerospace applications,
and electric / hybrid vehicles (EV). [5]

So when high power levels are required, the use of six-phase
induction motor is one of the alternatives in industry. Six phase
synchronous motor may also be used for high power
applications, but weight of six phase induction motor is less as
compared to six phase Synchronous motor of same rating [13]-
[49].

LITERATURE SURVEY

In order to frame research problem, extensive study of the
Multiphase induction motors and their related problems was carried

out.
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Three-phase induction machines are today a standard for industrial
electrical drives. Cost, reliability, robustness and maintenance free
operation are among the reasons these machines are replacing dc
drive systems. The development of power electronics and signal
processing systems has eliminated one of the greatest disadvantages
of such ac systems, which is the issue of control. With modern
techniques of field oriented vector control, the task of variable
speed control of induction machines is no longer a disadvantage,
[18, 19, 36] the need to increase system performance, particularly
when facing limits on the power ratings of power supplies and
semiconductors, motivates the use of increased phase number, and
encourages new PWM techniques, new machine design criteria and
the use of harmonic current and flux components. In a multi-phase
system, assumed to be a system that comprises more than the
conventional three phases, the machine output power can be divided
into two or more solid state inverters that could each be kept within
prescribed power limits, also, having additional phases to control
mean additional degrees of freedom available for further
improvements in the drive system [42].

Variable-speed AC motor drives with more than three phases
(multi-phase drives) have several advantages when compared to the

standard three-phase realizations. The current stress of the
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semiconductor devices decreases proportionally with the phase
number, torque ripple is reduced, rotor harmonic currents are
smaller, power per rms ampere ratio is higher for the same machine
volume and harmonic content of the DC link current for VSI fed
drives is reduced [29]. Other advantages include an improvement in
the noise characteristics and a reduction in the stator copper loss,
leading to improved efficiency. Further advantages are related to
the higher reliability at the system level, since a multi-phase drive
can operate with an asymmetrical winding structure in the case of
loss of one or more inverter legs/machine phase. Applications of
multi-phase induction motor drives are mainly related to the high-
power/high-current applications [1].

The choice of asymmetrical (30° displacement between two three-
phase windings) rather than symmetrical (60° displacement
between two three-phase windings) six phase configuration was in
the early days of the multiphase induction motor drives dictated by
the need to eliminate the 6th harmonic of the torque ripple, caused
by the 5th and the 7th harmonics of the stator current [1, 7]

Output Torque of multiphase induction motors is much higher than
that of conventional three phase Induction Motor. Emil Levi [1]
provides a review of the recent developments in the area of

multiphase induction motor control. In this paper Vector control
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and direct torque control (DTC) are addressed and utilization of the
additional degrees of freedom that exist in multiphase machines for
differing purposes is described (higher stator current harmonic
injection for torque enhancement and control of a group of series-
connected multiphase motors supplied from a single multiphase
VSI).

The experimental results of vector control and Direct Torque
control (DTC) of multiphase induction motor are also discussed in
the paper. The problem of 3 and 7™ harmonics has not been
solved so far for any phase number higher than three, the exception
being asymmetrical six-phase induction machine. Also series
connected multiphase induction motors both five phase and six
phase are discussed. Asymmetrical six phase induction motors are
found to be more suitable [1]. Lipo and Nelson [2] have carried out
stability analysis of symmetrical induction motors. Various
methods for electric drives are described in detail by L. Romeral
[3]. Samir Hamdani presented a generalized two axis model of
squirrel cage induction motor [4], d-g axis model of squirrel cage
induction motor is used for rotor faults diagnosis.

K. Gopakumar and Mahopatra [5] presented a novel scheme of six
phase induction motor control with open end. The conclusion

drawn is, substantial generation of the 5" and 7™ current
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harmonics is one of the main drawbacks of multiphase Induction
motor. These harmonics cause additional losses in the motor. This
will lead to increased size and cost of motor and inverter [5].
Concept of multiphase multi motor drives control when fed from
single voltage source inverter is given by Mahopatra [6] and
Hamid Toliyat [7]. Sensor less Field oriented control of six phase
induction motor is explained in detail and it is more economical
for high power applications [9], [10], [13]. Kazutoshi Kaneyuki
and Dr. Masato Koyama [14] presented application of multiphase
motors in electric vehicles in a Mitsubishi Electric Advance -
Technical report on electric drives for electric vehicles. Vector
control of induction motor is explained in detail [16]-[19].

Split-phase induction motor consists of two similar stator
windings sharing the same magnetic circuit. These motors help in
extending the power range of solid-state based drives. [45]. A
direct control method for five phase voltage source inverter (VSI)
Induction Motor drives investigation leads to conclusion that fast
torque response with low ripple torque can be obtained [11]. G.K.
Singh [20] has given extended research on multiphase machines.
Using two current sensors the torque can be improved in six phase
induction motor [28] also six phase induction motor torque can be

improved by injecting third harmonic current externally [29].
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Torque Density Improvement in a Six-Phase Induction Motor is

carried out with Third Harmonic Current Injection. The

conclusion, drawn from the research done so far, is by injecting

third harmonic currents the production of electromagnetic torque

can be improved. [41]. Most of the researchers have used

multiphase inverter for multiphase motor, i.e. six phase inverter

for six phase induction motor [10].

All the control methods developed were for 30 degree

displacement only [46].

1.3.1 Motivation:

In a multiphase induction motor, more than three phase windings
are housed in same stator and the current per phase in the motor
is thereby reduced. In the more common of such structures two
sets of three phase windings are spatially phase shifted by 30°
electrical. In such motors each set of three phase stator winding
is excited by a three phase inverter, therefore total power rating
of the system is theoretically doubled. It is also believed that
drive system with multiphase induction motors will improve the
system reliability [20].
Ward and Harner for the first time in 1969 have presented the
preliminary investigation of an inverter fed five phase induction

motor and suggested that the amplitude of torque pulsation can

28



be reduced by increasing the number of stator phases [20]. Very
few examples of design of multiphase induction motors can be
found in the literature. Hamid Toliyat [7] [57] has reported the
test results on five phase motors. The reason given for using five
phases was to reduce the current such that it would match the
ratings of available thyristors, for inverter source. However, the
third harmonic current was found to be excessive when it was
supplied by inverter. Motors with many phases have been
proposed for high degree of reliability. These few attempts to
develop multiphase induction motors show that they have some
advantages over conventional three phase induction motors.
Recent surveys of the state-of-the art in this area [1, 20] indicate
an ever increasing interest in multiphase machines within the
scientific community world-wide.

After extensive literature surveys it is observed that very little
research efforts are applied in the direction of practical design,
development and control of multiphase induction motors.

So the goal of this research is to design and develop a six phase
prototype induction motor. To reduce the operational
complications, this novel design should be free from third
harmonic current injection for torque improvement. Aim of this

research is also to control the speed of developed prototype six
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1.4

phase induction motor with arbitrary phase displacement using

vector control technique.

RESEARCH OBJECTIVE:

To achieve these goals, following research objectives are set:

1. To design practicable, techno economically competent, six
phase, star connected Induction motor.

2. To avoid complexity of design and control, this innovative
design should not need any third harmonic current injection
and Special current waveforms for torque improvement.

3. To carry out mathematical modeling of the designed six
phase induction motor for vector control.

4. To carry out simulation of Multi-motor vector control in
Matlab and compare the same with three phase induction
motor.

5. To carry out simulation of vector control of six phase
induction motor in Matlab. Compare the same with three
phase induction motor.

6. To test the developed prototype six phase induction motor
first with three phase supply and then with six phase supply.

7. To use two three phase Space Vector Pulse Width
Modulation (SVPWM) inverters for six phase supply after

thorough study.
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8. To run the developed prototype motor using two numbers of
three phase SVPWM inverters suitable as per the motor
rating.

9. To develop control algorithm, Sensor less vector control is to
be studied in detail and then implemented for control.

10.Field Protected Gate Array (FPGA) technique of sensor less
vector control is to be studied and implemented. FPGA is a
silicon chip containing an array of configurable logic. A
system of FPGA chip is more reliable as they do not need any
control software [22].

11.To carry out speed control of six phase Induction motor
using:

a) Scalar Control (\olts per Hertz) and
b) Vector Control using Sensor-less control mode.
12. To compare motor performance with other high power
available motor
technologies and equivalent three phase Induction Motor.
Thus the research work is divided into following major parts:
1. Design of six phase Induction motor.
2. Development of prototype six phase Induction motor
3. Testing of six phase induction motor.

4. Simulation of Multi motor drive control and its
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comparison with three phase IM

5. Simulation for vector control of six phase IM.

6. Vector control of prototype motor when fed from two voltage
source SVPWM inverters.

1.4.1 Scope of Research:
From the above research objectives the scope of the research is
derived as

e To design practicable, techno economically competent, six
phase, star connected Induction motor. To avoid complexity of
design and control, this innovative design should not need any
third harmonic current injection and Special current waveforms
for torque improvement.

e To carry out mathematical modeling of the designed six phase
induction motor for vector control. To carry out simulation of
Multi-motor vector control in Matlab and compare the same with
three phase induction motor. And to carry out simulation of
vector control of six phase induction motor in Matlab. Compare
the same with three phase induction motor.

e To test the developed prototype six phase induction motor first
with three phase supply and then with six phase supply.

e To use two three phase Space Vector Pulse Width Modulation

(SVPWM) inverters for six phase supply and to run the

32



developed prototype motor using two numbers of three phase
SVPWM inverters suitable as per the motor rating.

e To develop control algorithm, Sensor less vector control is to be
studied in detail and then implemented for control. Field
Protected Gate Array (FPGA) technique of sensor less vector
control is to be studied and implemented. FPGA is a silicon chip
containing an array of configurable logic. A system of FPGA
chip is more reliable as they do not need any control software
[22].

e To carry out speed control of six phase Induction motor using:
a) Scalar Control (\Volts per Hertz) and
b) Vector Control using Sensor-less control mode. And to

compare motor
performance with other high power available motor technologies
and equivalent three phase Induction Motor.

1.5 ORGANIZATION OF THE THESIS
The layout of the thesis is as follows:
Chapter 1 discusses about advantages of ac motor drives over dc
motor. Literature survey of the research topic is discussed in
detail. Background knowledge of multiphase induction motor is
given in brief and then problem statement with detailed literature

survey and problem approach is discussed.
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Chapter 2 discusses multiphase induction motors in detail. The
equivalent circuit of six phase induction motor is drawn and
described. The advantages of six phase induction motor over
conventional three phase induction motor are discussed.

Chapter 3 is devoted to design, development and testing of
prototype six phase induction motor starting from basic design
of three phase induction motor. Testing of prototype six phase
induction motor is discussed with waveforms. It focuses on
problems faced while actual development and how the solution
Is obtained to overcome these difficulties.

Chapter 4 is devoted to various control methods like scalar
control and vector control of induction motor and gives details of
vector control. Also Matlab simulation of three phase multi
motor drive control is compared with single, three phase
induction motor control. Chapter is ended with overview of
sensor less vector control.

Chapter 5 is devoted to control of six phase induction motor. It
includes mathematical modeling of six phase induction motor
and matlab simulation of vector control of six phase induction
motor. Finally it focuses on comparison of three phase multi

motor drive with six phase Motor drive.
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Chapter 6 analyses Experimental implementations for control of
six phase induction motor .It also discusses the scalar control
and vector control of six phase induction motor.

Chapter 7 concludes the research work with thorough analysis of
various results derived during the course of work. It compares
conventional design and control methods with novel method.

Also future research scopes are presented.
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2.1.

CHAPTER 2

MULTIPHASE INDUCTION MOTORS

INTRODUCTION

Three phase motors have been in use more frequently for last
century. However, there has been a growing interest in
multiphase motors in application areas where high power, high
torque and reliability is a prime target. Development of
application areas like traction, aerospace, hybrid electric
vehicles, ship propulsion have provided the motivation for
research in multiphase motors [1, 20]. In this section multiphase
induction motors are discussed in detail with equivalent circuit

of six phase induction motor.

2.1.1 Multiphase Induction motor

In traditional electric machine applications a three-phase stator
winding is selected, since the three-phase supply is readily
available. However, when an AC machine is supplied from an
inverter, the need for a predefined number of phases on stator,
such as three, disappears and other phase numbers can be
chosen. [51]

Probably the first proposal of a multiphase variable speed

electric drive dates back to 1969 [20]. While [12, 33] proposed a
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five phase induction motor drive, a six-phase (double star)
induction machine supplied from a six-phase inverter was
examined in [28, 29]. The early interest in multiphase machines
was caused by the possibility of reducing the torque ripple in
inverter fed drives, when compared to the three-phase case.
Another advantage of a multiphase motor drive over a three-
phase motor drive is an improved reliability due to fault
tolerance features, this being one of the main reasons behind the
application of six-phase (double-star) and nine-phase (triple-star)
induction motor drives in locomotives [48]. The other main
reason is that for a given motor rating, an increase of the number
of phases enables reduction of the power per phase, which
translates into a reduction of the power per inverter leg (that is, a
semiconductor rating). Multiphase machines are therefore often
considered for and applied in high power applications [1, 5, 7].
Other advantages of multiphase machines over their three-phase
counterparts include an improvement in the noise characteristics
and a possibility of reduction in the stator copper loss, leading to
an improvement in the efficiency. Vector control principles can
be extended from a three-phase to a multiphase motor in a
simple manner when the machine torque is produced by the

fundamental stator current component only. For example, vector
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control of a five-phase induction motor is elaborated in [12]. In
principle, there is not any difference with regard to the vector
control scheme between a three-phase and an m-phase machine.

Multiphase motor drives have been proposed for different
applications where some specific advantages (lower torque
pulsations, less DC link current harmonics, higher overall system
reliability, etc) can be better exploited justifying the higher
complexity in contrast to the three-phase solution [2]. Some of
the most suitable applications are the high current ones (ship
propulsion, aircraft applications, locomotive traction, electrical
vehicles), where the main advantage of multi-phase drives is the
splitting of the controlled power (current) on more inverter legs,
reducing the single switch current stress compared to the three-
phase converters. Since the power switches rated current is
reduced proportionally with the phase number, the increased
number of power switches does not represent an additional cost;
on the contrary, in some cases the cost is reduced by the "non-
linearity" of the component prices. However, the system cost
(and complexity) is penalized by the increased number of the
current sensors, gate drive circuits, additional circuitry power
supply, etc. Among the different multi-phase induction drives

solutions, the dual-3-phase induction machine having two stator
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winding sets spatially shifted by 30 electrical degrees with
separated neutral has important advantages [3-4]:

1. The current stress of each semiconductor power device is
reduced by one half compared with the same power 3-phase
machine counterpart.

2. The dual-3-phase solution can benefit of the wide availability
of components dedicated to 3-phase systems.

3. These electrical machines are convenient in high power and/or
high current applications, such as ship propulsion, aerospace
applications, and electric/hybrid vehicles (EV). In applications
like EV, often the low available DC-link voltage imposes high
phase current for a 3-phase machine. In this case, the dual-3-
phase induction machine is an interesting alternative to the
conventional 3-phase counterpart.

2.1.1 (A) Split Phase Induction Motors

Split-phase electrical machines consist of two similar stator
windings sharing the same magnetic circuit. Such a construction
made it possible to extend the power range of solid-state based
drives by sharing the total power between two drives [8].
Usually a split-phase machine is built by splitting the phase belt
of a conventional three-phase machine into two equal parts with

spatial phase separation of 30 electrical degrees. By using this
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arrangement, for the same air gap flux, the inverter dc bus
voltage can be reduced by approximately a half, compared to a
three-phase system, since the number of turns per phase is
reduced [29]. Such structure has a disadvantage of the need for
two or more inverters to drive the machine.

Another advantage of using this kind of winding arrangement is
harmonic cancellation. The sixth harmonic torque pulsation,
which is common in a six-step three-phase drive, can be
eliminated by using split-phase arrangement.

As in split-phase machines, the dual-stator machines consist
basically of two independent stator windings sharing the same
magnetic frame. Differently, a dual stator machine does not
necessarily have similar winding groups. For example, a 6
different voltage rating or a different number of phases could be
used for each winding group.

For instance, two independent stator windings may be used for
an induction generator system [30]. One set of windings may be
responsible for the electromechanical power conversion (i.e.
driving the load) while the second one is used for excitation
purposes. This eliminates the need of a converter rated to full
load power in a vector controlled induction generator [30, 35].

The same idea can be used for power factor correction in
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induction motors. One of the two different sets of three-phase
windings may be connected to the main power and carry the
active power responsible for the torque production while the
second winding carries the reactive power.

2.1.1 (B) Dual Stator Motor

Using a dual-stator machine which is a particular case of a multi-
phase machine, the power ratings may be extended without the
need to use multi-level converters. Instead of increasing the
power rating of a three-phase converter using multi levels for the
converter, additional phases are added and the current is shared
by additional inverter legs.

The six-phase machine is a particular case of split-phase or dual-
stator machine. It can be built by splitting a three-phase winding
into two groups. These three-phase groups are shifted by thirty
electrical degrees from each other. This composes an
asymmetrical six-phase machine since the angular distance
between phases is not the same. Figure 2.1 shows the
representation of the machine stator windings for Y connection
and a simplified construction diagram for a concentrated-
winding, a method which is similar to that of a three-phase
machine can be adopted in analyzing a six-phase induction

machine.
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(a) Electric diagram. (b) Basic construction.

Figure 2.1 Six phase Machine

Figure 2.2 Equivalent Circuit of Six phase IM for sinusoidal steady
state
In Figure 2.2, the steady-state equivalent circuit for sinusoidal

excitation which is similar to the one of a conventional three-
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phase machine with the addition of an extra stator circuit is
shown. When compared to three phase induction motor
equivalent circuit, the six phase motor has two stator currents as
shown, i.e. Is; and Is, . Also voltages across stator 1 and 2 are
Vs; and Vs, respectively. Two stators are identical so that Is; =
Is, and Vs = Vs,. Similarly stator resistance and reactance for
both the stators are same. Thus six phase induction motor can be
considered as, two identical three phase motors sharing same
magnetic circuit, electrically separate and common shaft.

Basically, the six-phase induction motor was introduced with
two objectives. First, the opportunity to divide the output power
into two three-phase groups allows the increase in the drive
system power ratings. Secondly, for use with six step inverters,
the pulsating torque in a six-phase machine is lower than in a
three phase machine. Another reason for using six-phase systems
is reliability. When a failure happens in one of the phases, in the
machine or in the power converter, the system can still operate at
a lower power rating since each three-phase group can be made
independent from each other. In the case of losing one phase, the
six-phase machine can be operated as a five-phase machine as

described in [41].
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(a) Split Phase (b) Dual Stator (c) Six Phase
Figure 2.3 lllustration of Six phase windings
Dual-stator machines are similar to split-phase machines with the
difference that the stator groups are not necessarily equal. As a
particular case of split-phase or dual-stator machine, the six-phase
machine can be built by splitting a three-phase winding into two
groups. Usually these three-phase groups are displaced by thirty
electrical degrees from each other. This arrangement composes an
asymmetrical six-phase machine since the angular distance between

phases is not all the same [41].
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Figure 2.4 Phasor diagram for split phase IM
The split-phase motor configuration is achieved by splitting the
phase belt of a conventional three-phase motor into two equal
halves with a phase separation of 30” between the two (Fig. 2.4).

The split phase groups, namely ABC and 4’B’C’ (Fig. 2.5) are
controlled by two inverters with a dc link voltage of Vpc / (2

cosl5) each. In figure 2.5, the n sets of three-phase windings are

spatially phase shifted by 60°n electrical degrees.
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2.2.

Figure 2.5 Split Phase Induction motor drive

MODELING OF SIX PHASE INDUCTION MOTOR

The dual three-phase induction machine is a six dimensional
system. Therefore, modeling and control of this machine in the
original reference frame would be very difficult. For this reason,
it is necessary to obtain a simplified model to control it. To
derive this model, some assumptions must be made like the
sinusoidal distribution of the stator and rotor windings.
Moreover, the magnetic saturation, the mutual leakage
inductances and the core losses must be neglected. If so, the
voltage equations in the original phase coordinates can be

expressed as:
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= [R].[5;] + p([Lg]. [i] + [Ls- (8] [E]) [2.1]

[6] = [R,].[i] + pl4,]
= [R,].[i,] + p([Lg). [i,] + [L,5(6.)]. [is]) [2.2]

Where 0 is the rotor angular position and p=d/dt
For analysis and control purposes, the original six dimensional
machine systems can be decomposed into three two-dimensional

orthogonal subspaces ( a, ),

( 1y ,M2) and (zy, o) by using the transformation matrix T6

1 ~1/2 ~1/2 V3,2 —3/2 0]
0 32 —3/2 1/2 ~-1/2 -1
1 -1/2 ~1/2 —3/2 V3,2 0
Te=K — — _ _ [2.3]
0 -3 \3/2 1/2 1/2 -1
1 1 1 0 0 0
Lo 0 0 1 1 1
K =1/3

Thus, applying the matrix (2.3) to the voltage equations (2.1),

(2.2) yields:
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As shown in [6]-[7], the machine model can be divided into

three sets of decoupled equations, corresponding to the three

subspaces (a, B), (11, K2 ) and (zy, o).
[Te] = [Tel [R] [T ] [Te ] [i]
[2.4]

(6] = (TR LI + 'p.< (7). [L,, )17 ). [T5)- i, )

+ [L] [LS)- [Ty Y. [T5].[1s]
[2.5]

-Vso A

Rs +Ls.p 0 M.p 0
0 Rs +Ls.p 0 M.p ...t
-[Isa IsB Ira Ir[i]
M.p wr. M Rr+ Lr.p wr. LT
— wr.M M.p — wr.Lr Rr+Lr.p

[2.6]
The (o, f) machine model is similar to the three-phase machine

model in the stationary reference frame. Thus, equation (6) can
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be rewritten using the space vectors mapped in the ( o, B)

subspace.

Vi=Ri. 1:;+p. %,

0= Rl‘ . i r + 1) 7. 1‘_j N ()T 7. T [27]

Where the flux linkage vectors are expressed as:

=L 1.+M.1,

5.- g L’l‘ . Tr + h[ . ;-.., [2.8]
The machine model in (U, , M, ) subspace can be expressed by

equations (2.9), and in (Z4, Z,) subspace by equations (2.10).

[17514,1] — lRS + Li.p 0 l_liml
vSlLZ 0 Rs + LI.S- P l‘:51.{2

[0] = er +Ly.p 0 l [i?'ul] [2.9]
0 0 R?. + Lf.?" p i?-uz

[vszl] = [Rs + LI.S' p 0 ].liszll

Vsz2 0 Rs + Lf_s- p 'iSZZ

[0] = [R—,v + Ly p 0 ] [irzll [2.10]
0 0 Ry + Ly-.p Lrz2
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The following can be noted:

1) The electromechanical energy conversion variables are mapped
in the
(o, PB) subspace, while the non -electromechanical energy
conversion variables can be found in the two other subspaces.

2) The current components in the (U, Wo) and (zy, z,) subspaces do
not contribute to the air-gap flux and are limited only by the
stator resistance and stator leakage inductance, which is usually
small. These currents will only produce losses and consequently
should be controlled to be as small as possible.

3) The control of the dual three-phase machine is greatly simplified
since it can be solved with the equivalent circuit in the (a, B)
subspace, being similar to the equivalent circuit of a three-phase
machine. Finally we get two phase equivalent of six phase.

2.3. ADVANTAGES OF SIX PHASE IM OVER THREE
PHASE IM
Variable-speed AC motor drives with more than three phases
(multi-phase drives) have several advantages when compared to
the standard three-phase realizations [20, 21]: the current stress
of the semiconductor devices decreases proportionally with the
phase number, torque ripple is reduced, rotor harmonic currents

are smaller, power per rms ampere ratio is higher for the same
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2.4,

machine volume and harmonic content of the DC link current for
VS| fed drives is reduced. Other advantages include an
Improvement in the noise characteristics [30, 39] and a reduction
in the stator copper loss, leading to improved efficiency. Further
advantages are related to the higher reliability at the system
level, since a multi-phase drive can operate with an
asymmetrical winding structure in the case of loss of one or
more inverter legs/machine phases, the operation is maintained
though at reduced rating. [41].

CONCLUSION

This chapter is devoted to theory of multiphase induction motor,
modeling of six phase motor and its comparison with three phase
motors. The advantages of six phase induction motor over three
phase are discussed.

Applications of multi-phase induction motor drives are mainly
related to the high-power/high-current applications, such as for
example in electric ship propulsion in locomotive traction and in

electric/hybrid electric vehicles.
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3.1.

CHAPTER 3

DESIGN, DEVELOPMENT AND TESTING OF

PROTOTYPE SIX PHASE INDUCTION MOTOR

INTRODUCTION

This chapter focuses on complete design, development and
testing of prototype six phase induction motor. The design of six
phase induction motor is done as per three phase induction motor
initially. The problems faced with existing three phase motor
specifications are discussed in detail. Actual design and
development of six phase induction motor at a manufacturing
unit is discussed in detail.

As per the area of application, i.e. high power-high current,
multiphase motors are of very high rating. So to design a techno
economical motor, moderate and economical size which can
very well show the characteristics of multiphase motor is chosen.
Thus a 3 HP, 4 pole, 200 V, six phase induction motor
specifications are calculated for prototype six phase motor. As
per novel calculations, reasonable size of stampings is selected
which also eliminated the need of third harmonic current
injection. How torque improvement is achieved without any

harmonic injection or current sensor is proved at the end.
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3.2

ACTUAL DESIGN OF PROTOTYPE SIX PHASE
INDUCTION MOTOR:

To begin with, an m-phase symmetrical induction machine, such
that the spatial displacement between any two consecutive stator
phases equals o = 2r/m, is considered. Stator winding is treated
as m—phase and it is assumed that the windings are sinusoidally
distributed, so that all higher spatial harmonics of the magneto-
motive force can be neglected. The phase number m can be
either odd or even. When the number of phases is six, i.e. m = 6,
there are two, three phase windings. The two, three phase
windings are displaced by 60°in symmetrical design but there is
a problem of magnetic circulating currents. So asymmetrical
design is implemented in which two, three phase windings are
displaced by 30°, which eliminates (6n +1) order harmonics,
wheren=1,3,5.......... [1].

A six phase machine can be easily constructed by splitting the
60° phase belt into two portions each spanning 30°.The winding
distribution factor increases from 0.965 for three phase to 1.0 for
six phase for split phase belt connection.[20] A true six phase
that retains the same winding pitch and distribution factor is

shown in the table below. The last column represents six phase
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asymmetrical winding which is implemented for prototype

motor.

Phase belt
angle
(degrees)

120

60

60

40

30

No. Of
phase belt
per pole

1.5

4.5

Number of
stator
terminals

Connection
name

THREE
PHASE

SEMI
SIX
PHASE

SIX PHASE
SYMMETRICAL

NINE PHASE
SYMMETRICAL

SIX PHASE
ASYMMETRICAL

Schematic
diagram of
star
connection
& voltage
phasor
diagram

N/
/\

Table 3.1:- Multiphase Winding configuration

The six-phase machine uses the same magnetic frame with the

baseline machine. So initially the stator dimensions, stator size,

rotor size etc. were kept same as 3 phase, 3 HP induction motor.

And the same stator is rewound for making six phase.

Stator design depends upon number of stator slots. General

expression for number of stator slots is given by,

Ss=m/2.p [2+K] Slots

[3.1]

54




Where, S;= No. of Stator Slots
m = No. of machine phases
p = No. of machine poles
K=0,1,2.....
For Symmetrical ac winding: K=0,2,4.....
For Asymmetrical ac winding: K =1,3,5....
In this case no. of poles = 4, so putting the values of m, p, K in
equation [3.1] we get,

S;=(6/2).4[2+1] = 36 [3.2]
Thus it is a 4-pole machine with 36 stator slots. In order to keep
the leakage distribution balanced, the phases are displaced
among the two stator layers. The six-phases are constructed such
that one three-phase group is displaced from the other one by 30
electrical degrees.

Thus it is an asymmetrical six phase machine

where;

Om=2.0e/p [3.3]
Om =2 .30° / 4 = 15° mechanical [3.4]
Slot pitch = 360° / 36 = 10° mechanical [3.5]

Hence, the 30 electrical degrees displacement corresponds to

15°/10° = 1.5 slots.
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It is not possible to implement such a configuration and an
approximation has to be used. This is done as shown below:
One of the three-phase groups has the same structure of the

baseline machine with half of the circuits and winding

distributed in 3 slots per pole per phase (Ja = 3)

The second group is distributed into 4 slots per pole per phase

(Ox = 4) but keeping the same number of conductors per pole per

phase.

Initially the same dimensions as per 3 phase, 3 HP, induction
motor have been used. And stator is divided into two parts and
winding is carried out as discussed above.

Prototype six phase induction motor is developed in such a way
that, first three phase set say, “ABC” has two pole pitches viz. 9
for outer layer and 7 for inner layer. While the second three
phase set say “XYZ” has two pole pitches viz.8 for outer layer
and 6 for inner layer. The number of poles is kept same for both
the windings. Also wire gauge and number of turns are same for
both the windings. The neutrals of two three phase sets are kept

open. The motor is star connected.
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The initial design parameters, which are implemented for
developing a prototype 3 HP, 4 pole 3 phase squirrel cage
induction motor, are having 36 stator slots with stator bore
diameter 105 mm and 33 rotor slots.

There are 96 conductors per slot of 24 SWG with number of
turns equal to 144 with insulation class B (130° C).

The specifications are listed below:
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Stator Dimensions:-
® Number of slots
® |nner diameter

® Stack length

Rotor Dimensions:-
® Number of slots
® Outer diameter
® Inner diameter

® Stack length

Winding Details:-

® conductors per slot
® No. of turns

® Conductor Size

@® Insulation

36

105mm

110mm

33

105mm

33.5mm

110mm

96

144

24 SWG

Class B
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3.3

3.3.1

PROBLEMS FACED IN DEVELOPMENT OF MOTOR
Motor developed with these parameters (used same dimensions
as per three phase motor) have very compact winding.

Initially two three phase sets of developed motor are tested

alternatively one by one from three phase supply and following

points are noted:

1. Over heating is experienced even under no load condition.

2. Over heating has also lead to failure of insulation.

3. With these specifications, when one of the three phase sets
was fed with three phase AC supply, the motor started
vibrating.

4. Also because of high input voltage i.e. 415 V to one of the
three phase sets say ABC, after sometime motor started
burning.

5. Also there was a problem of Body earth because of
complicated winding and proper insulation not done at the
time of actual winding.

Solution to the Problem:-

To overcome above said problems following steps are taken:

1. Over heating is caused due to I°R losses. If the heat
dissipating area can be increased and at the same time

number of conductors and conductor size changed, it will
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3.4

affect the current. Thus the frame size of the motor is
increased as per the calculations shown in next section. Also
number of conductors is increased as per the slot. And
conductor size is changed from 24 SWG to 22 SWG.

2. To avoid insulation failure due to overheating, the insulation
class is changed from class B (130°) to class F (155°).

3. Vibration is experienced because of high torque. To
overcome vibration, frame size is increased. This increases
the mechanical strength of motor and eliminates third
harmonic current injection.

4. The motor voltage is increased gradually up to 200 Volts, to
overcome burning problem.

5. As frame size is increased slot area is increased thus there is
no compact winding.

RE DEVELOPMENT WITH NEW SPECIFICATIONS: (Novel

Design)

The practical problems faced at the time of actual development

of prototype were overcome by using next higher standard stator

stamping. As per the calculations for six phase motor the main
dimensions are not same as three phases. But the stator slots,

pole pitches are kept same.
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3.4.1 Calculations:
To design main dimensions of 3 HP (2.238 KW), 200 Volts,
6phase, 4 pole induction motor (assuming efficiency n= 85%,

power factor cos® = 0.8 lagging

Q = Output in KW / 1 x cos® [3.6]
Q=2.238/0.85x 0.8 =3.3 KVA [3.7]
Also Q = CoD?Ln, [3.8]
(Appendix-1)
And Co= 11 B,, ac Kw 10°® [3.9]
(Appendix-1)

Kw = Window space factor for 6 phase = 1

Assuming Specific magnetic loadings B, = 0.65 wb/m? ,
Specific electric loading, ac = 12000 Ampere conductors
Co=11x0.65x 12000 x 1 x 10°= 85.8 [3.10]

Putting the value of C,from [3.10] in [3.8]

We get, D =0.124 m = 124 mm [3.11]
Taking overall good design condition, i.e. L /T" =1 [3.12]
Where, I' = pole pitch=n D / p [3.13]
Thus L =0.102 m = 102 mm [3.14]

Similarly turns per phase,
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Ton = Epn/ 4.44 fo Kw =312 [3.15]
[Appendix-1]

Total conductors = Z = 2mT, [3.16]
Stator slots Sg =36, no. of phases m =6

Thus Total conductors = 3744

Conductors per slot Z;= Zs/ Ss= 3744 / 36 =104 [3.17]
The next higher standard dimension stamping available at the
manufacturing unit near to the calculated value are selected.
Standard Stator bore diameter available is 125 mm, nearest to
the calculated value 124 mm. And stack length as per standard is
selected as 100mm nearest to 102 mm.

Thus the motor is redesigned and developed with stator bore
diameter increased from 105mm to 125mm. As per stator frame
size, rotor slots changed from 33 to 28 as per standard. Instead of
96 conductors per slot of 24 SWG, 104 conductors per slot with
22 SWG conductors are used. And total number of turns is
increased from 144 to 312. Insulation class is also changed from
Class B (130° C) to Class F (155°C). These changes have

reduced the stator resistance from 3.17 Ohms to 2.34 Ohms.
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Stator Dimensions:-
® Stator Bore or Inner Diameter
® Stator Slots

® Stack length

Rotor Dimensions:-

® Outer Diameter

® Rotor Slots

® Stack length

® Conductor size

® Conductors per slot

® No. of Turns per phase

® Insulation

125 mm

36

100 mm

125 mm

28

100 mm

22 SWG

104

312

Class F

The winding layout as per new design is developed as shown below,

Figure 3.1 to figure 3.6 shows the complete winding of six phases.
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66



+X

G

vE| EE | ZE | TE | 0E | 6L | BC|| L&

oz

0z

&1

L1

at

!

!

el

[

1T

4
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3.5 ACTUAL DEVELOPMENT OF PROTOTYPE SIX PHASE

INDUCTION MOTOR

1. A stator lamination having diameter 125 mm is pressed

into a cylindrical frame as per the stack length of 100 mm.

Figure 3.7 A stator lamination for 36 stator slots

Rotor laminations as per the dimension are also pressed

for 28 rotor slots.

Then windings are formed as per the number of turns per

phase shown in the figure (3.1-3.6).

4. 22 SWG Copper conductors is used for winding.

5. Class F insulation is used.
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Photograph 3.1. Actual winding
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Photograph 3.2. Six phase stator after winding
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Photograph 3.4. Prototype Six phase IM
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3.6

TESTING

There is no standard separately for six phase induction motor.
Thus the routine tests which are carried out for three phase
motor , the same tests are carried out on prototype. It is
considered like two, three phase induction motors sharing the
same magnetic circuit and same shaft but electrically separated.
Thus routine tests as per IS standards are carried out, by taking
ABC and XYZ one by one.

A. HV Test:- A 2 KV voltage is given to the terminal box
between phase to phase and phase to earth for one minute and
there should be no sparking. If there is sparking, there may be
inter turn fault.

Prototype six phase induction motor is tested like, two three
phase stators sharing same shaft and same magnetic circuit and
electrically separate. Prototype six phase induction motor
satisfies this test, i.e. there is no sparking for both the three phase
sets (ABC and XY2).

B. Insulation Resistance (IR) Test: - Insulation resistance as
per 1S-325, should be 1 Mega Ohm.

Prototype six phase induction motor has insulation resistance

1MQ for both three phase sets.
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C. No load Test: - Motor is run at rated voltage at no load and

rated speed. No load test results with waveform are shown

below.

Supply Current Speed
Voltage In Amp in ABC In RPM
60 V 0.9 1475
105V 1.27 1489
152V 1.77 1491
202V 2.33 1492

Table 3.2 No load test results when ABC terminals energized

2
a
=4
b il
o
'
v
o
v

100 150
Voltage (Volts)

Figure 3.8 Speed Vs Voltage when ABC energized at No load




D. Blocked rotor test:- Full load current is passed when the
rotor is locked. Test results are shown below
V=64V, =944 A
W, = 0.56 Kw
Speed N = 1460 rpm

E. Temperature rise Test:- Motor is run continuously for about
a day and its temperature rise is noted, if it is getting
overheated, winding and insulation is to be checked.

F. Load test:- Motor is loaded gradually at 50%, 75%, and

100%. Test results are shown below.

Photograph 3.5. Load test when ABC energized
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Photograph 3.6. Load test when XYZ energized.

77



Supply Current Speed
Voltage In Amp in XYZ In RPM
60 V 0.84 1467
108 V 1.36 1484
154 V 1.8 1486
200V 2.38 1492

=
o
2
il
o
]
v
a
1]

Table 3.3 No Load test results when XYZ Energized

100

150

Voltage (Volts)

Figure 3.9 Speed Vs Voltage at No load when XYZ energized
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Supply Current Speed
Load in Kw
Voltage in ABC (Amp) In RPM
200 V 3 Amp each 1460 0.78
200 V 3.5 Amp each 1450 1
200V 4.2 Amp each 1438 1.5
200V 7.8 Amp each 1425 2.0

Table 3.4 Load Test Results when ABC terminals energized

1430 1440 1450 1460 1470 1480
Speed (RPM)

Figure 3.10 Speed Vs Load Characteristics when ABC terminals
energized
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Supply Current Speed :
Voltage In Amp in XYZ | In RPM Load in Kw
200V 2.95 Amp each | 1468 0.72

200 V 3.46 Amp each | 1452 1

200V 4.1 Amp each |1438 1.5

200 V 7.5 Amp each | 1425 2.0

Table 3.5 Load test results when XYZ terminals energized

Load (KW)

1420

1440 1460

Speed (RPM)

1480

Figure 3.11 Speed Vs Load Characteristics when XYZ terminals

energized
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In no-load test, increasing voltage, increases the current and
speed. While in load test, increasing current through load,
reduces speed.

Apart from these tests, following tests are carried out as
per customer requirement:-

. Noise level test:- As per IS standards it should be less than
85 db. Prototype six phase induction motor satisfies this
condition. Its noise level is below 85 db.

. Vibration test:- Vibration should be minimum so as motor
should not move. Prototype six phase induction motor
vibration is minimum.

Momentary overload test:-Motor may be overloaded for 50%
overload for few minutes. Prototype motor satisfies this test.
Before supplying the motor from two, three phase inverters,
the no load and blocked rotor tests are carried out with two,
three phase sets shorted. The six phase motor is supplied
through three phase, 200 V, 50 Hz supply when A shorted to
X,BtoY, Cto Z. the same set up is supplied through single

three phase inverter for variable frequency operation.
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Photograph3.7 ABC terminals shorted to XYZ terminals respectively

Photograph 3.8 Testing with shorted terminals
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No Load test results when ABC and XYZ shorted: (Six phase

star connected 3 HP, 4 pole IM)

No Load voltage, V, =200V
No Load Current, I, =419 A
No Load Speed N = 1475 rpm
No Load Loss W, =0.36 Kw
In general,

W = MV, |y, Cos @

For three phase IM, m=3

W =3V, 1y Cos ® =3 VI Cos ®
For six phase IM, m=6

W =6V lpn Cos @ =2V3 V| I, Cos @

Wy =2 V3 V, o Cos @

D= W,/ 273 V, 1, = 82.87°

[3.18]

[3.19]

[3.20]

[3.21]

[3.22]
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Blocked rotor test results
V=64V
Il =9.44 A
W= 0.56 Kw

Speed N = 1460 rpm

We.=2 V3 Vg I Cos O [3.23]
D= W/ 2 V3 Vil [3.24]
Oy, = 74.47°

With this knowledge, the circle diagrams for three phase, 3 HP
and six phase ,3 HP (shown in figure 3.19 and figure 3.20
respectively) are drawn to calculate torque and efficiency, etc.
For three phase, 3 HP, 4 pole, 200V induction motor, choosing
the scale of 1cm =1 Amp the circle diagram as shown in the
figure 3.19 is drawn. Power scale is 1 cm =340 Watt (Power

scale: V3 x voltage)

84



Figure 3.12 Circle diagram of three phase, 3 HP IM

From figure 3.12

Full Load line current OP = 8.4 cm

As per current scale, 1 cm =1 Amp

Hence full load current = 8.4 Amp

Full load p.f. Cos® =PT/OP =6.8/8.4=0.8 lag
Full load torque = Rotor input =PR =5 cm

As per power scale 1 cm =340 W

Hence full load torque =5 x 340 = 1700 N-m

Full Load Efficiency = PQ/PT =4.5/6.8 = 66 %

[3.25]

[3.26]

[3.27]
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Figure 3.13 Circle Diagram of 6 phase 3 HP Motor

For six phase, 3 HP, 4 pole, 200 Volts Induction motor the
current scale is

1 cm =2 Amp and power scale is 1 cm = 695 W, (213 x voltage)
From figure 3.13,

Full Load line current OP =5 cm

As per current scale 1 cm =2 Amp

Hence Full load line current = 10 Amp

Full Load P.f. Cos® = PT/ OP =4/5=0.8 [3.28]
Full Load torque = Rotor input = PR =3.9 cm [3.29]
As per power scale 1 cm =695 W

Hence Full load torque = 3.9 x 695 = 2710.5 N-m [3.30]

Full Load Efficiency =PQ/PT=35/4=88% [3.31]
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3.7 DISCUSSION:

3.8

From equations (3.26) and (3.30)

The full load torque of 3 HP, 4 pole, 200 volts, 3 phase induction
motor is 1700 N-m and full load torque of 3 HP, 4 pole, 200
volts, 6 phase induction motor is 2710.5 N-m.

Thus

Full Load torque of 6 phase IM / Full Load torque of 3 phase IM
=2710.5/1700 = 1.6.

Also efficiency of 6 phase IM = 88% ; From equation [3.31]
While efficiency of 3 phase IM = 66%; From equation [3.27]
From the circle diagram and calculations it is clear that the
torque of six phase induction motor is more and found to be
approximately 1.6 times more than equivalent three phase motor.
Also Efficiency of six phase induction motor is 1.4 times more
than that of equivalent three phase induction motor.
CONCLUSION

Three phase induction motor design and then six phase induction
motor design, development and testing is discussed in detail in

this chapter. Following points are noted:

. The torque of six phase induction motor is much higher than

equivalent three phase induction motor. Prototype six phase

induction motor torque is 1.6 times that of equivalent three phase

87



motor. In [1]-[41] torque improvement is obtained by third
harmonic current injection. Third harmonic current injection
needs large inductors. The application of multiphase induction
motor is mainly in high power-high current applications so the
use of inductor for current injection is uneconomical. Though the
initial cost of six phase induction motor is increased as compared
to three phase induction motor but at the same time efficiency
and torque are significantly improved. Also torque improvement
with third harmonic current injection is 1.4 times that of
equivalent three phase induction motor [1]-[41] while the
developed prototype six phase induction motor torque is 1.6
times that of equivalent three phase induction motor. As the
motor rating increases it is tedious to arrange third harmonic
current injection externally and also uneconomical.

. From the no load and load tests conducted separately on ABC
and XYZ, it is obvious that the prototype motor is highly
reliable: If one of the three phase sets is not supplied the motor
will continue to run as three phase and continuity of operation is
maintained as the neutrals are separate.

. Instead of copper conductors, aluminum conductors may be used

to reduce the cost, thus making it more economical.
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4. When both the three phase sets will be supplied simultaneously

through inverters may get better results.
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4.1

CHAPTER 4
CONTROL OF INDUCTION MOTORS

INTRODUCTION:

Poly-phase induction machines are today a standard for
industrial electrical drives. Cost, reliability, robustness and
maintenance free operation are among the reasons these
machines are replacing dc drive systems. The development of
power electronics and signal processing systems has eliminated
one of the greatest disadvantages of such ac systems, which is
the issue of control. With modern techniques of field oriented
vector control, the task of variable speed control of induction
machines is no longer a disadvantage [55-59]. This chapter
focuses on various control methods for speed control of
induction motor. Vector control is discussed in detail and sensor
less vector control is explained. Space vector Pulse width
modulated inverter (SVPWM) is discussed in detail. Matlab
simulation of vector control of Multi motor is discussed with

output waveform and finally compared with three phase motor.
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Figure 4.1 A typical speed-torque curve of induction motor

4.1.1 Speed control of three phase induction motor
Controlling a DC machine is much easier because of the fact that
the main flux and the armature current distribution are fixed in
space and can be controlled independently while with an AC
machine these quantities are strongly interacting and move with
respect to the stator as well as the rotor. They are, in a complex
way determined by the amplitudes, frequency and phases of the
stator currents. The three stator currents can be reduced to two
independent control variables. And Field oriented control can be

achieved.

91



4.2

VECTOR CONTROL

The control and estimation of ac drives is complex than those of
dc drives. The main reason for this complexity is the need for
variable frequency. Now-a-days the vector control overcomes
the drawbacks of scalar control improving the transient
performance of motor and hence ac induction motor is the
winner in industry. Application of induction motors in
continuous duty variable speed drives calls for static inverters of
adequate power, generating three phase voltages of variable
amplitude and frequency. In that case, indirect frequency
conversion methods are appropriate. The indirect frequency
changer consists of rectification and inversion. There is a large
variety of solution for the inverter and control problem.[55-56]

In vector or field oriented control both the magnitude and phase
alignment of vector variables are controlled. The invention of
vector control in the beginning of 1970s and the demonstration
that an induction motor can be controlled like a separately
excited dc motor brought renaissance in the high performance of
control of ac drives. Because of dc like performance vector
control is also known as “decoupling” orthogonal or trans-vector

control.
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Field orientation is a technique that provides a method of
decoupling the two components of stator current: one producing
the air-gap flux and the other producing the torque. The principle
of field orientation originated in the former West Germany
through the work of Blaschke and Hasse (Blaschke 1972; Hasse
1969). A variety of implementation methods have now been
developed but these techniques can be broadly classified into

two groups: direct control and indirect control [55].
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Vector
control
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- e
Torgue Field
component component

(b)

Figure 4.2 Principle of field oriented control
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Figure 4.2 explains the principle of vector control. Here analogy
of three phase induction motor with separately excited dc motor
Is shown. For field oriented control, three phase induction motor
Is run like a separately excited dc motor. For this a d-q axis
model of induction motor is must.

In vector or field oriented control both the magnitude and phase
alignment of vector variables are controlled. Induction motor can
be controlled like a separately excited dc motor. Because of dc
like performance vector control is also known as “decoupling”
or Vector control is the most popular control technique of AC
induction motors. In special reference frames, the expression for
the electromagnetic torque of the smooth-air-gap machine is
similar to the expression for the torque of the separately excited
DC machine.

In the case of induction motor, the control is usually performed
in the reference frame d-q (d- direct axis, q- quadrature axis)
attached to the rotor flux space vector. That’s why the
implementation of vector control requires information on the
modulus and the space angle (position) of the rotor flux space
vector. The stator currents of the induction machine are
separated into flux- and torque-producing components by

utilizing transformation to the d-q coordinate system, whose
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direct axis (d) is aligned with the rotor flux space vector.
Orthogonal or Trans - vector control.

Sensor less vector control

AC drives often need mechanical sensors (tachometers, position
encoders) for field orientation. In many applications these
sensors reduce robustness and increase costs of a drive
considerably. Sensor-less control schemes using motor terminal
voltages and currents, works very well at high speeds of
operation.

Consequently, this has opened a new interesting area for
research and during the last few years a variety of different
solutions has reached the market. Neural networks, artificial
intelligence and sensor less control are names that might sound
familiar. The last one is a method that consists, as indicated by
the name, of different ways of controlling the induction motor
without using a speed sensor. Even though the induction motor
is cheap and simple in its construction, this is not the case when
it comes to its mathematics. The machine is represented by a
nonlinear model with unknown variables and external inputs,
which with its complexity makes sensor less control a

challenging theoretical problem.
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4.3

Sensorless vector control of an induction motor drive essentially
means vector control without any speed sensor. An incremental
shaft-mounted speed encoder (usually an optical type) is
required for close loop speed or position control in both vector-
and scalar-controlled drives. A speed signal is also required in
indirect vector control in the whole speed range and in direct
vector control for low speed range, including the zero speed start
up operation.

A speed encoder is undesirable in a drive because it adds cost
and reliability problems, besides the need for shaft extension and
mounting arrangement. It is possible to estimate the speed signal
from machine terminal voltages and currents with the help of
DSP (Digital Signal Processor) [55].

SIMULATION OF VECTOR CONTROL OF MULTI-
MOTOR DRIVES IN MATLAB SOFTWARE:

The classic vector-control scheme consists of the torque and flux
control loops, and motor 1 is supplied from a voltage source
inverter (VSI) and motor 2 is supplied from current source
inverter (CSI). Although most of the power absorbed by the
motor is supplied by the CSI, from the control point of view it is
the VSI that constitutes the actuator, and, consequently, the

motor can be considered as voltage-controlled. The voltage
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source characteristic of the tandem converter is decisive with
respect to the structure of a vector-control scheme. For the
vector control of induction motors, the rotor-field orientation has
the advantage of easy decoupling of the torque and flux controls.
The two motors are controlled using Tandem converter i.e. One
motor fed by Voltage source inverter, VSI and the other fed by
current source inverter, CSI.

Three phase sinusoidal voltage is converted to dc voltage with
the help of universal diode bridge rectifier. Rectified voltage is
fed to Voltage source inverter & Current source inverter.
Inverter pulses are regulated through Bang- Bang current
controller. Two three phase Induction motors are modeled in a
synchronously rotating reference frame. Stator currents, Speed &
Torque of the induction motor 1 are seen in figure 4.4 to figure
4.6 Stator currents; Speed & Torque of the induction motor 2 are
seen in figure 4.7 to figure 4.9 Speed controller used is Pl
controller. Flux is calculated in flux calculator & there from
theta is calculated. A Bang-Bang current controller is used.
Stator current, Speed & Torque characteristics of motor 1 for
change in reference speed can be seen in figure 4.10 to 4.12.
Stator current, Speed & Torque characteristics of motor 2 for

change in reference speed can be seen in figure 4.13 to 4.15.
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Computer simulations using Matlab/Simulink have been
performed for assessment of operating features of the proposed
scheme. The simulation involved a start-up of an unloaded, 5.5-
kW, 380-V, 50-Hz motor and 4.5 Kw, 380-V, 50 Hz motor,
followed by a step torque command at the rated-torque level and
reversal of the drive with the same rated torque. All pertinent
mathematical models have been developed individually, using
Simulink’s S-function blocks for the power electronic converters
and the motor (the “Power System” block set could be used as

well).
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Motor Specifications:-
Motor 1:- 5.5 kw, 380-V, 50-Hz
Motor 2:- 4.5 Kw, 380-V, 50 Hz

4.3.1 Comparison with single, three phase induction motor:
Reliability is the main advantage of multi motor operation over
single three phase motor. If one of the motor fails by any reason
the continuity of operation is maintained.

4.4 CONCLUSION
Though there is an advantage of reliability there are no other
advantages like torque and efficiency improvement. Thus instead
of using two, three phase motors if a single, six phase motor is
used, torque and efficiency can be improved. The Matlab
simulation for vector control of six phase induction motor is

discussed in next chapter.
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CHAPTER 5

MATLAB SIMULATION FOR VECTOR CONTROL

OF PROTOTYPE SIX PHASE INDUCTION MOTOR

5.1

5.2

INTRODUCTION

As discussed in previous chapter vector control demands two
axis (d-q) model of three phase induction motor. This is required
because the motor is run like separately excited dc motor. In the
case of induction motor, the control is usually performed in the
reference frame d-q (d- direct axis, g- quadrature axis) attached
to the rotor flux space vector. That’s why the implementation of
vector control requires information on the modulus and the space
angle (position) of the rotor flux space vector [55, 56]. Before
actual control of six phase induction motor, mathematical
modeling of the prototype is carried out in Matlab software.
Then simulation of vector control of six phase induction motor is
carried out and the results are compared with equivalent three
phase induction motor.

MODELING OF SIX PHASE INDUCTION MOTOR

The equations that describe the behavior of the six-phase
induction motor when expressed in the arbitrary reference frame

are listed in equations shown below:
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i - | r 3
Iql = rlfql + PAg + WAy

7o D
Vay =1y +pAag Wrdg:

)
ID]

=111y, + PAgs

. an ] _ P
Iqr — rr*rm + pf'-qr {H'.f-c H’r}-ﬁ-a‘r

I
T’a‘r'

7
Vor

where @y is the speed of the reference frame,

= Tr'!.::_'r + 'pj-a'r - {H'TF-: - H"r'}j-qr'
= 'i"'].fm. + 'pﬁ-m-
- '?"2 !qz + pfiﬂ.az + .lr"l-f.-'q.dz

= Tlg + PAg; — WA,

2 =Talyy + phys

and @y is the rotor speed.

5.2.1 Expressions for rotor and stator flux linkages

"q-ql = {L.!':l - L'I!.m}fql + JiLr.!'nr:(*irnz;:l + faz) + Lm(*rql + *rqz + *rrc_.'r:'

1)
(2)
(3)
(4)
Q)
(6)
(7)
(8)
(9)

(10)

Aar =Ly —LiyppMyy + LTy +15) + LIy + 15 + 1) (11)

-

}L-::-E = L.!‘

o

qr

= Lr&'r'!ﬁ?r + Lqui + Iﬁ?z +I ﬂ)

Ao = Lylyy + L'y (Igs + ;)

EIG'E + Lr.!'m(*rli}l + IDE)

s

Agr =Lpdgy +Lop(Igy + 155 +1';)

(12)

= {L.!'E — Lrﬂ'm}*rqz + Ltﬂ'm(fql + *raz) + Lm(*rql + *rqz + rqr') (13)

= {L.!'Z _Lr.!'m}!.:.'z +Lr.!'m(*ra'1 +Ir;‘2:| +Lm{*ra'1 +!.::'2 +!ra'r':' (14)

(15)
(16)

A7)

108



j-c-r = L"h_fm_ (18)

5.2.2 Electromagnetic torque and mechanical model of motor

3 . .
I, = (E?)[imd Uc;q +f.:;12) — Mg (T4 +f¢2)] (19)
2 dWr _ .
7 ar  lem 1L (20)

5.2.3 Current expressions in terms of flux linkages
The equations that describe the electrical and mechanical
behavior of the machines contain mixed variables (flux linkages
and current). Above equations can be simplified by algebraic
manipulations of equations (1)-(18). Thus, the currents when

solved in terms of flux linkages are obtained as:

1
Idl = H[(le-l_‘[’nr) ";Ldl- L12’;|*md 'Lhn’{di'l—ldq(’{cﬁ "’;quz)] (21)
1
Iql—ﬁ[(le"'Lsm) Aq1~ L1oAmq-LimAga+ Ligg(laz-Aa12)] (22)
1
|d2z§[(|—n+Lsm) ’;Lq;z' LnAdma-LimAart leq(’{ql"{mq)] (23)

1
|q2:§[(Ln+Lg‘m) ":Lq;Z' I—n’:Lmq 'L.!'m"{ql'l' I—qu("{ql"{md)] (24)

Aqr_/lmq-

(25)

= = (26)
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Amd =Lp[AsaL12+ ALy — Loy [’15;2 - ";qu) (27)

Amg =Lo[Agll2+A Ly + Lo (Ag —A41) (28)
Where

Lp= [i_j-l_(L” + Ll.:)]_l (29)
La=Lyy Lip Ly (Lyy + Lp2) (30)
LQ:[i—j’f(Lu + L) (31)

Substituting equations (21)-(28) into (1) — (8) and solving the
equation in the rotor reference frame, (i.e. ®yx becomes ®,) the

integral form of the machine voltage and torque equations with

flux linkage as state variables is given as:

‘q-dl:J.[le+0)j—q1'f_:{(‘[‘.!'2+Lm)xdl"[‘.!'z;tmd"[‘m‘q-dz'L;'dq O\'q2- }"mq)}] (32)
‘q-qlzj‘[vql—i_wr’q'dl'E{(LEE+LIH)KQ1'L.!'E‘q-mq"[‘.!'m;tqz"[‘:'dq O‘dZ- 7\'md)}] (33)

Aar=I[Vas +(Dr;{q2‘f_;{(‘[‘.!'1+Lm)}\«l2"[‘.!'l;tmd“[‘.!'m;tdl-l'L;'dq (Aqt- Amg) 3] (34)

RQEZI[VQE_*—O)FRdE'RT{(‘LI1+Lhn)}“q2-‘[‘£1j-mq-‘[‘fmiql_‘[‘:'dq (}"dl- }\«md)}] (35)

L

Aar =0 ) (36)
A = Jg(xqr_ D) (37)
o= E%I[Tgm — T,]dt (38)
6, =] o, dt (39)
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Figure 5.1Flow diagram of the electrical part for the simulation of the
six-phase
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Figure 5.5 Six phase IM torque

5.3

Figure 5.6 Three phase IM torque

DISCUSSION:

Rectified voltage is fed to the two voltage source inverters and
then output of two inverters, is given to six phase induction
motor. Six phase induction motor is modeled using above
equations.

The figures 5.3 and 5.4 show the Simulation output of six phase
and three phase induction motors respectively.

From the waveforms of torque of six phase and three phase
induction motor (figures 5.5 and 5.6) it is clear that the starting
torque of six phase induction motor is about 550 N-m for say
from 0 to 0.8 sec., the speed is increasing from zero to 140 rps

approximately. When rated speed is reached, the torque reduces

114



to zero as seen from the waveform. Similarly the starting torque
of three phase motor is about 350 N-m for O to 0.8 sec, when
rated speed is reached the torque reduces to zero. Thus the six
phase motor torque is almost 1.6 times more than three phase
induction motor torque. Thus higher starting torque is obtained
as compared to three phase motor. The rating of three phase and
siX phase motor are same.

Also figure 5.7 show the output of six phase induction motor for
step change in speed and torque. With the step change of speed,
at start, i.e at nearly zero speed the torque is highest and when
rated speed is reached the torque reduces to zero. When again
speed reduces to zero, torque increases.

It is clear from the output waveform that the torque of six phase
IM is about 1.6 times more than that of three phase motor of
same size. Also the torque pulsations are reduced in six phase

IM due to elimination of 6n + 1 harmonics.
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CONCLUSION:

In this chapter mathematical modeling and Matlab simulation of
prototype six phase induction motor is discussed. Before actual
control of six phase induction motor, which needs two separate
three phase SVPWM inverters, software simulation helps in
deciding parameters. Thus 1.6 times more torque of six phase
induction motor as compared to equivalent three phase induction
motor is obtained. Also torque pulsations are reduced in case of

six phases.
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Harmonics are reduced because all the harmonics of the order
(6n+1) where n = 1, 3, 5, 7------- get cancelled because of 30
degrees phase displacement. Reduced torque pulsations are

observed because of harmonic reduction. (Figure 5.7)
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CHAPTER 6

EXPERIMENTAL IMPLEMENTATION OF VECTOR

CONTROL OF PROTOTYPE SIX PHASE INDUCTION

6.1

MOTOR

INTRODUCTION:

Basically speed of an induction motor can be controlled by two
methods: 1.Pole changing, (not used now) 2.Frequency Control.
For variable frequency control motor is to be supplied by
inverter. Variable frequency control is carried out in two ways:
1. Scalar control where only magnitude of the quantity is
controlled, and 2. Vector control where magnitude and direction
of the quantity is controlled.

The scalar control method has been the most popular because it
is the least complex. The scalar control method, also known as
constant volts per hertz, is an open-loop control system, which
maintains a constant ratio between applied voltage and
frequency. Scalar control is the least robust control method of
the two. During steady-state operation, if the load torque is
increased, the slip will increase within the stability limit and a
balance will be maintained between the developed torque and

the load torque. If the desired output frequency exceeds the base
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frequency of the motor, the voltage is held at the rated value,
ensuring less than rated flux flows through the core.

Vector control gives superior results over scalar control. The
vector control method is also known as field—oriented control. In
vector control, the d-axis of the stationary reference frame for
the motor is maintained on top of the rotating rotor flux. The
resulting dynamic behavior is similar to that of a DC machine.
This allows the AC motor's stator current to be divided into a
flux—producing component and an orthogonal torque—producing
component, similar to a DC machine field current and armature
current. The key to vector control is knowledge of the rotor flux
position angle with respect to the stator. It allows the motor to be
controlled like a separately—excited DC motor. Vector control
allows for fast transient response due to decoupling the torque
and flux-producing currents. It also eliminates the conventional
stability problem of crossing the breakdown torque point. It
requires the model of six phase induction motor in d-g axis. In
case of three phase motor, three phase to two phase conversion is
done and the motor is run like a separately excited dc motor. For
six phase motor, it is run like, two three phase motors sharing

same magnetic circuit and shaft but electrically separated.
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Practical implementation of vector control is quite complicated.
[55-56]

The various control strategies for the control of the inverter-fed
induction motor have provided good steady-state but poor
dynamic response. From the traces of the dynamic responses, the
cause of such poor dynamic response is found to be that the air
gap flux linkages deviate from their set values. The deviation is
not only in magnitude but also in phase. The variations of the
flux linkages have to be controlled by the magnitude and
frequency of the stator and the rotor phase currents and their
instantaneous phases. So far, the control strategies have utilized
the stator phase current magnitude and frequency and not their
phases. This resulted in the deviation of the phase and
magnitudes of the air gap flux linkages from their set values.
Separately excited dc drives are simpler in control because they
independently control flux, which, when maintain constant,
contributes to an independent control of torque. This is made
possible with separate control of field or armature currents
which, in turn, control the field flux and the torque
independently. Moreover the dc motor control requires only the
control of the field or armature current magnitude, providing

simplicity not possible with ac machine control. By contrast, ac
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induction motor drives require a coordinated control of stator
current magnitudes, frequencies, and their phases, making it a
complex control. Like the dc drives, independent control of the
flux and torque is possible in ac drives. The stator current phasor
can be resolved, say, along the rotor flux linkages, and the
component along the rotor flux linkages is the field producing
current, but this requires the position of the rotor flux linkages at
every instant; (note that this is dynamic, unlike in the dc
machine). If this is available, the control of ac machines is very
similar to that of separately-exited dc machines. The requirement
of phase, frequency and magnitude control of the currents and
hence of the flux phasor is made possible by inverter control.
The control is achieved in field coordinates (hence the name of
this control strategy, field-oriented control); sometimes it is
known as vector control, because it relates to the phasor control
of the rotor flux linkages [56].

Vector control schemes are classified according to how the field
angle is acquired. If the field angle is calculated by using
terminal voltages and currents or hall sensors or flux sensing
windings, then it is known as direct vector control. The field
angle can also be obtained by using rotor position measurement

and partial estimation with only machine parameters but not any
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other

variables, such as voltages or currents; using this field

angle leads to a class of control schemes known as indirect

vector control. Vector control is summarized by the following

algorithm.

1)

2)

3)

Obtain the field angle.

Calculate the flux producing component of current, I, for

a required rotor flux linkage k; By controlling only this

field current, the rotor flux linkages are controlled. It is
very similar to the separately-exited dc machine, in that
the field current controls the field flux; the armature

current has no impact on it.

From x; and required T;, calculate the torque-producing

component of stator current, iT' Controlling the torque-

producing component current when the rotor flux linkages
phasor is constant gives an independent control of
electromagnetic torque. It is very similar to the case of the
armature current’s controlling the electromagnetic torque
in a separately-exited dc machine with the field current
maintained constant. Steps (2) and (3) enable a complete
decoupling of flux- from torque-producing channels in the

induction machine.
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4) Calculate the stator-current phasor magnitude |; from the

vector sum of 'T and 'f'

5) Calculate torque angel from the flux- and torque-
producing components of the stator-current commands are
found by going through the qdo transformation to abc

variables:

i =i sin®
as 's 2

iy =1 sin (0,- ?)

ir:s = is sin (0,+ ?)

6) Synthesize these currents by using an inverter; when they
are supplied to the stator of the induction motor, the

commanded rotor flux linkages and torque are produced.

The correspondence between the separately-exited dc motor and

the induction motor is complete; i;and i+ correspond to the field

and armature currents of the dc machine, respectively. Even

though the induction motor does not have separate field and

armature windings, finding equivalent field and armature

currents as components of the stator-current phasor has resulted

in the decoupling of flux- from torque-producing channels in a

machine that is highly coupled. Unlike the scalar control
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involved in dc machines, phasor or vector control is employed in
induction machines. In the dc machine, the field and armature
are fixed in space by the commutator, whereas, in the induction
machine, no such additional component exists to separate the
field (to produce the flux) from the armature (to produce the
torque). Thus the optimum space angel of 90 electrical degrees is
obtained between them. In the place of the commuter, the
induction machine (and for that matter any ac machine) acquires
the functionality of the commuter with an inverter. The inverter
controls both the magnitude of the commuter with an inverter.
The inverter controls both the magnitude of the current and its
phase, allowing the machine’s flux and torque channels to be
decoupled by controlling precisely and injecting the flux- and
torque-producing currents in the induction machine to match the
required rotor flux linkages and electromagnetic torque. The
phasor control of current further adds to the complexity of
computation involving phase and magnitude and of
transformations to orient iz and i+ with respect to rotor flux
linkages. Note that the orientation need not be on rotor flux
linkages; the computations can be carried out in stator or rotor or

arbitrary reference frames. Synchronous reference frames are
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6.2

often used for the sake of freeing the signal-processing circuits
from high bandwidth requirements [56].

Since Encoder and related circuitry required for high power
applications sensor control is costlier, sensor-less control is
developed and implemented for controlling prototype induction
motor. This chapter focuses on practical control of prototype six
phase induction motor.

CONTROL OF PROTOTYPE SIX PHASE INDUCTION
MOTOR

After successful simulation using Matlab software, it is shown in
previous chapter that the torque of six phase induction motor is
1.6 times that of three phase motor torque. The motor is also
tested with single three phase Voltage source inverter. This is
done to check the suitability of the developed six phase motor
for variable frequency operation. The three phase and six phase
current waveforms are obtained and compared. The six phase

current is double than that of three phase current.
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Figure 6.1 Three phase current when only one three phase set
energized through inverter

-

Figure 6.2 Six phase current when six phases energized through
inverter

6.2.1 Experimental Implementation
To carry out control of prototype six phase induction motor, the
two three phase SVPWM inverters with synch (Synchronization
card for synchronization between two inverters) is essential.

Synch is a card which is inserted in both the drives supplying
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two three phase sets. It adjusts the phase angle as per Master
slave configuration of both inverters.The synch is an essential
requirement when six phase induction motor is fed from two
numbers of three phase inverters. It is decided to carry out
innovative control of prototype six phase induction motor. The
novel control is possible if the six phase prototype motor runs
like two three phase induction motors having common shaft.

As shown in figure 6.3 each set of the three phase stator
windings is fed by a six pulse voltage source inverter (VSI).
These VSIs may operate according to trigger signals produced
by the controller and generate voltages phase shifted by 60%n.

The controller can be a digital signal processor (DSP)

Multiphase
Motor

Position

i Controller Q
Trigger M

easured
signals currents

Figure 6.3 Multiphase Induction motor supplied from n number of
inverters
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Figure 6.4 presents the basic block diagram of the six phase
induction motor fed from two, three phase drives. The frequency
converter mechanically consists of two units, the Power Unit and
the Control Unit.

The three phase drive consists of three-phase AC-choke at the
mains end together with the DC-link capacitor form an LC-filter,
which, again, together with the diode bridge produce the DC-
voltage supply to the IGBT Inverter Bridge block. The AC-
choke also functions as a filter against High Frequency
disturbances from the mains as well as against those caused by
the frequency converter to the mains. It, in addition, enhances
the waveform of the input current to the frequency converter.
The entire power drawn by the frequency converter from the
mains is active power.

The IGBT Inverter Bridge produces a symmetrical, 3-phase
PWM-modulated AC-voltage to the motor. The Motor and
Application Control Block is based on microprocessor software.
The microprocessor controls the motor on the basis of
information it receives through measurements, parameter
settings, control 1/0O and control keypad. The motor and

application control block controls the motor control ASIC
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which, in turn, calculates the IGBT positions. Gate drivers
amplify these signals for driving the IGBT inverter bridge.

The control keypad constitutes a link between the user and the
frequency converter. The control keypad is used for parameter
setting, reading status data and giving control commands. It is
detachable and can be operated externally and connected via a
cable to the frequency converter. Instead of the control keypad,
also a PC can be used to control the frequency converter if
connected through a similar cable. Frequency converter can be
equipped with a control 1/0 board which is either isolated (OPT-

A8) or not isolated (OPT-A1) from the ground.
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6.2.2

Since Encoder and related circuitry required for high power
applications sensor control is costlier, sensor-less control is
developed and implemented for controlling prototype induction
motor. For sensor-less control, the motor control algorithm and
Space vector Pulse width Modulation (SVPWM) for inverter are
implemented. The mathematical model of the motor and control
algorithm is fed into the Field Protected Gate Array (FPGA),
through Software. Matlab program is also loaded into FPGA.
Actual Control

Prototype six phase induction motor control is done as explained
below:

3HP, 200V, 50 Hz four pole 36 stator slots, star connected, six
phase , squirrel cage prototype induction motor is supplied from
two PC based separate Drives as per the rating of prototype
motor, i.e. 3 HP, 200 volts, 4 pole, star connected six phase
induction motor. This is done at Ac drives industry at Chennai.
The drives which were used in controlling two, three phase
induction motors simultaneously; same drives were selected as
per prototype six phase induction motor (50 Amp rating). The
motor speed is controlled like two, three phase induction motors
connected to the same shaft and sharing the same magnetic

circuit but electrically separated.
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The two inverters are synchronized properly with specially
designed OPT-D2 card (Synch). The two inverters run in master-
slave mode, i.e. one inverter acts as a Master and other as a slave
or follower. Synchronization plays very important role in this
control. If there is no proper synchronization then the motor

cannot run.

THREE PHASE SUPPLY

DRIVE-1

SYNCH

DRIVE-2

3 HP 51X PHASE IM

CONTROL BLOCK

YOLTAGE,CURRENT OF IM

Figure 6.5 Multiphase Induction motor fed by two three phase drives
with control block
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i3 HP Six phase IM

Photograph 6.1. Actual experimental set up for speed control of
prototype six phase induction motor when fed from two, NXP
drives at Chennai based Industry.

Figure 6.6 shows the internal circuit of two, three phase drives
consisting of L-C filter , choke, rectifier unit, inverter unit. The
control circuit consists of control key pad, motor and
application control, input/output cards as per application and
requirement. The synch-OPT-D2 card is inserted in both the

drives. “NXP00002V178.VCN” software is used for two similar

rating NXP drives (Drive having rectifier, SVPWM Inverter
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with FPGA). All the motor parameters are fed into the software.

Also control algorithm is fed into the software.

The motor speed control is carried out in two modes:

1. Volts per hertz (v/f) , Scalar control (Frequency control

Mode)

2. Sensor less vector control. (Speed control Mode)

The observations are as under:

Output Output Drive Drive Speed
Follower’s Set Motor
Sl no voltage voltage current current
phase shift | frequency torque
(Master) | (Follower) | (Master) | (Follower)
Deg Hz v v Amps Amps % RPM
1 90 50 200 200 1.17 1.2 4.4 1500
2 75 50 200 203 1.4 5.4 7 1500
3 60 42 169 172 2.58 9 31 1260
4 45 275 113 114 3.26 8.44 56.8 825
5 30 225 94 95 4.14 8.8 81.4 675
6 15 28.5 80 78 8.7 5.1 85.8 855
7 0 16 70.6 69 9 55 106.8 480
8 -15 145 64.9 63 8.5 6.6 111.6 435
9 -30 13 59.3 57 8 7 117 390

Table 6.1 Observations for V/f (Scalar) control of Six phase IM
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Figure 6.7 Torque of six phase IM for V/f control
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Figure 6.8 Speed of six phase IM for V/f control
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Figure 6.9 Speed Torque curve for V/f control

Follower’s Output | Output Drive Drive speed
sl Set Motor | Ul- | V1- | W1-
phase voltage | voltage | current | current
no frequency torque | U2 | V2 | W2
shift (Master) | (Follower) | (Master) | (Follower)
Deg Hz \Y \Y Amps Amps % V|V ]|V [RPM
1 -30 27.1 112.1 113 5.19 9 165 | 125|125 125 | 813
2 75 35 156.6 156 4.2 8.5 140 | 144 | 144 | 144 |1050
3 60 50 200 198 2.82 7.7 985 |153|152 | 153 |1496
4 45 50 200 198 2.73 2.88 63.1 | 133|134 | 134 |1498
5 40 50 200 198.5 1.2 1.3 9.76 |132|132 | 132 |1500
6 0 50 200 174 2.73 9 69.6 | 30 | 30 | 30 |1500
7 30 50 172.6 175 2.54 8.9 65.8 | 28 | 28 | 28 |1500

Table 6.2 Observations for Vector control of Prototype Six phase IM
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Figure 6.12 Speed-torque curve for vector control of six phase IM

6.3 DISCUSSION
By adjusting phase shift using Synch in two drives, the motor
speed is controlled in two modes , viz. V/f (scalar control) and
Vector control. In V/f control rotor position is not taken into
account and V/f ratio is maintained constant. Here it is
maintained at 4 approximately. In vector control the rotor
position i.e. rotor speed with the rotor position (phase angle) is
considered. The rotor speed is not measured directly with any
speed sensor but the speed and rotor position is calculated from
the readings of voltage and current as per the formulae fed into

the control software.
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Initially the motor is run at rated speed at 90 deg phase shift
then V/f ratio is maintained constant at various frequencies. A
set of readings is taken and observations noted as shown above.
Finally at 30 deg lagging phase shift, the highest % torque is
obtained the speed is reduced to 390 Rpm . The vector control
mode is started at 30 deg lagging phase shift, with 813 Rpm
where highest % torque is obtained. Then gradually the speed is
increased upto rated speed.

The results obtained are compared with equivalent three phase
Induction motor of same rating. It is found that six phase current
Is almost twice the three phase current. Also the torque is 1.6
times that of three phase motor as expected from the results
obtained by simulation. (Figure 6.1 and 6.2)

The speed-Torque curve for Sensor-less vector control is
superior to V/f i.e. scalar control. Smooth and fine control is
obtained in sensor-less vector control as compared to scalar
control. The speed-Torque curve in Vector control mode
matches with standard speed-torque curve of induction motor.
While scalar control mode speed-torque curve does not match
because rotor position is not taken into consideration.(Figures

6.9 and 6.12)

140



6.4

The prototype six phase induction motor is controlled when fed
from two, properly synchronized three phase inverters.
CONCLUSION

The innovative and remarkable achievements of this designed

and developed six phase induction motor-prototype are:

. There is no criterion of maintaining 30 degrees phase shift, i.e.

arbitrary phase shift, obvious from observation. All control
schemes developed till date were for 30 degree phase shift only.

[20]-[46]

. No third harmonic current injection or current sensor required

for torque improvement: In this novel prototype six phase
induction motor, the torque is found to be 1.6 times that of three
phase induction motor torque. This is higher than 1.4 times as
described in references [5],[1],[28]. This is achieved without
third harmonic current injection for torque improvement and
control with arbitrary phase displacement. (Table 6.2)

The other features of a developed prototype six-phase induction

motor are summarized as:

. Improved reliability, i.e. if one inverter fails, the motor continues

to run (though at reduced rating) thus continuity of operation is

maintained, this is because the two neutrals are kept open.
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2. As losses are reduced, efficiency is improved as there are no
circulating currents because of harmonic reduction due to 30 deg
phase shift.

3. By using 30 degrees phase displacement, for the same air gap
flux, the inverter dc bus voltage is reduced by approximately a
half (Because of 30 degrees displacement, voltage relations are
like star-delta).

4. Also control is economical as sensor less vector control is
implemented.

Motor design is incomplete unless its speed is controlled. Thus
the novel six phase induction motor development proved to be

successful.
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7.1

7.2

CHAPTER 7

CONCLUSIONS AND FUTURE SCOPE

INTRODUCTION
This chapter concludes the work and comments on results.
Summary of results obtained with discussion is presented. At the
end future scope is discussed. There has been growing interest in
multiphase induction motors as due to their features like reliability,
high torque etc. which makes them suitable to be used in
Aerospace, hybrid electric vehicles and electric ship propulsion.
REMARKABLE ACHIEVEMENTS
The innovative and remarkable achievements of this designed
and developed six phase induction motor-prototype are
summarized below:
3. There is no criterion of maintaining 30 degrees phase shift, i.e.
arbitrary phase shift. All control schemes developed till date

were for 30 degree phase shift only. [20]-[46]

4. No third harmonic current injection or current sensor required

for torque improvement: In this novel prototype six phase
induction motor, the torque is found to be 1.6 times that of three
phase induction motor torque. This is higher than 1.4 times as

described in references [5], [1], [28]. This is achieved without
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third harmonic current injection for torque improvement and
control with arbitrary phase displacement by small changes in
design and dimensions of motor.

The other features of a developed prototype six-phase induction
motor are summarized as:

. Improved reliability, i.e. if one inverter fails, the motor continue
to run (though at reduced rating) thus continuity of operation is
maintained, this is because the two neutrals are kept open.

. Harmonic reduction because all the harmonics of the order (6n +
1) wheren=1, 3,5, 7------- get cancelled because of 30 degrees
phase displacement. Reduced torque pulsations because of
harmonic reduction.

As losses are reduced efficiency is improved as there are no
circulating currents because of harmonic reduction.

. By using 30 degrees phase displacement, for the same air gap
flux, the inverter dc bus voltage is reduced by approximately a
half (Because of 30 degrees displacement, voltage relations are
like star-delta).

. Also control is economical as sensor less vector control is

implemented.
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7.2.1 Limitations of the design and development:

7.3

1. For higher rating, the size of the motor and hence inverter size

becomes very large, which may increase the overall cost.

. Although sensor-less vector control is economical, the parameter

variation problem particularly near zero speed imposes a
challenge in the accuracy of speed estimation.(as seen from
figure In Sensor less control there is no feedback so no error
correction, Speed is estimated from the readings of output
voltage and current.

FUTURE SCOPE:

. The same motor can be controlled using direct torque control,

DTC which may give better speed control.

. Six phase motor can be designed with two stator windings with

different number of poles so that two different speeds can be

obtained as per number of poles.

. Multi motor operation, i.e. two or more multiphase motors can

be supplied from single six phase inverter to get more torque

wherever required, e.g. Electric Ship Propulsion.

. Same design can be extended in multiples of three, i.e. 9 phase,

12 phase, 15 phase motor as per the requirement of torque.
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APPENDIX-I

Output Equation of AC motor

Let

Q = KVA rating of motor

Epn = Output voltage per phase
l,n = Current per phase

f = Supply Frequency

® = Flux per pole in Weber

Ton = Turns per phase

Kw = Winding factor

p = No. of poles

ns = Synchronous speed

D = Stator Diameter

L = Core length

B, = Specific Magnetic loading
ac = Specific Electric loading

I, = Current in each conductor
Z = Total armature conductors
Zs = Armature conductors per slot
m = No. of phases

Co = Output Coefficient
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Consider an m phase motor having one circuit per phase. KVA
rating of motor

Q = number of phases x output voltage per phase x current per
phase x 107

Q = m.Eply. 107 [1.1]
Terminal voltage of each phase may be taken equal to the
induced emf per phase,

We have, Induced emf per phase [58]

Eph =444 1O Tph KW [12]
L Q=mx4.44 D Ty Ky lpy X107 [1.3]
Butf=pns/2 [1.4]

Therefore we can write,

Q =m x 4.44 (pny/ 2) ® Tpp Ky I X107 [1.5]
Q = 1.11 K, (p®) (2m I, Tyn) ngx107 [1.6]
Now current in each conductor

Is= Ion (As there is only one circuit per phase).

Total number of armature conductors

Z = number of phases x (2 x turns per phase) = 2m T,

.. Total electric loading IsZ = 2m I, Ty,

Hence, Q = 1.11 Ky, (p®) (I Z) ns x10° [1.7]
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= 1.11 K,, (total magnetic loading) (total electric loading)
(synchronous speed x107°)

But p®==nDL B, and I.Z=rnD ac

Substituting these values in equation [1.7],

Q=111K,(r DLBy) (x D ac) nyx10°

Q = (1.1172° B, ac K, x10°) DL n,

= (11 By ac K, x10°) D*L ng [1.8]
Q=CoD’Ln; [1.9]
Co=11 B, ac K, x107 [1.10]

Equation [1.10] is known as the output equation of an a.c.

machine. Quantity C,is called the output coefficient.
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Motor Specifications at “Jyoti Switchgear Ltd”.

DATE OF RUN: 08/01/2009
INPUT DATA PROJECT NEW
STATOR DATA
0.D.= Las, Qoo
1.0.= LS. 00O
STACKLENGTH= 110,000
STACKING FACTOR= =T
NO. OF DUCTS= 000
WIDTH OF DUCT= 12. 760
NO. OF SLOTS= 36.000
SLOT DIMENSIONS
SLOT OPENING= 2. 500
WIDTH AT TOPR: 7. 000
WIDTH AT BOTTOM= 4. 600
LIP HEIGHT= LS00
WEDGE HEIGHT= . 500
HEIGHT AROVE WEDGE: 13.800
CONDUCTOR PER SLOT= Y6 . GOO
CONDUCTOR S1ZE= 1/ .60 0/ .00 @/ .00
CONDUCTOR AREA= L8R3
ENAMEL AREA= . a%a
COIL PITCH= S .o
NO. OF PARALLEL PATH= 3. 000
STATOR CONNECTION=

AIR GAPR=

RHO OF COPRPPER(75C)=
RHO OF BAR=

RHO FOR RING=

CLASS 0OF INSULATION=
SUPPLY FREQUENCY(Hz )=
PERFORMANCE ANALYSIS

STak

AT 160% VUL

20

WINDING FACTOR= Lew
CK1l= 1..271
CK2= L. OS5
CK3= 1.060
EFFECTIVE CARTER FACTOR= 1316
MAGNETIC CIRCUILT CALCULATION
_______________________________ *
FLUX PER POLE IN WEBERS= LO0as
STATOR TOOTH AVERAGE MAX I MUM
WIDTH DENSITY DENSLITY
8TS8S1= 4.7%8 Yo Q.3 1.488
BTS2= 4.742 1.012 1.4&7
BTS3= 4.746 1.011 1

STATOR CORE HEIGHT =
STATOR CORE DENSITY=
AIR GAP DENSITY=
STATOR TOOTH AT=
STATOR CORE AT=

ATR GAP AT
SATURATION FACTOR=

497

ROTOR TYPRPE

ROTOR DATA

iD= 10% . 00@
I.D.= &3.500
STAUCKLENGTH= 110.000
STACKING FQCTOR= . 950
NO. OF DLCTS. GIGIG]
WIDTH OQF Dot = 12700
NO. OF SLOT%= 33,000
SLOT DIMENSIONS
SLOT ORPENING= L EO0
WILDTH AT TOwR= 5.300
WIDIH AT BOTTOM= 1.900
LIF HEIGHT= 750
NECK HEIGHT= L 750
HEIGHT BELOW NECK= 16,200
BAR LENGTH= 140,000
AREA OF BAR 60, 608
AREA OF RING 150, 22
WIDTH OF S.C.RING= L5000
DEPTH OF S.C.RiNiaz 13,000
ROTOR SKEW = 1. 000
DENSITY OF IFION= 7.465Q
DENSITY OF (URRER= 5.900
DENSITY OF Baws 3.900
DENSLTY OF RING= 5.900
IHON LSS FER KG= 5.300
STAMPING GRADE= S0GaC
SLOT FlLL FACTOR(%)= 350
OVERHANG PROJECTI z L0051
MEAN LENGTH OF CONDUCTUR=z 343
ST. RESISTANCE Al 75 0=
ST. RESIST AT 30 C=
AL PHA= L.469
ROTOR TOOTH AVERAGE MAX IMUM
DENSITY DENSITY
BTR1= S TR 1.674
BTRZ= 1.100 1L.616
BTR3= 1.063 1.562
ROTOR CORE IGHT = 18,050
ROTOR CURE DENSITY= 1.104
ROTOR TOOTH AT= SR 8IS
ROTO® CORE AT= 1.966
TOTAL AT= 294 L 488

= SINGLE ©

AGE
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KAGE REACTANCE

XSL1= BE5 P35l Qa
XIZ1l= 565 XZizZ= . 953
XHANG = L2935 XER = 135
KM= KEKL = 612
KP= Mens, CURRENT= 2.367
R2= X&5L2= .94%
X1l= il X Z.0356
CORR FACTOR FOR RESIST(KR = 1.139 LCOKED ROTOR RESISTANCE= 1.5%74
CORR.FACTOR FOHR REACT(KI )= TN LOUKED ROTOR REACTANCES= 4.592
IRON LOSSES

IRON LOSS IN TEETH= LBas IRCON LOSS IN COHE= .047
TOTAL IRON LOSS= L1039

NO LOAD=-LOCKED ROTOR-PULL OUT PERFURMANTE

————————————————————————————— - NO LOAD LOCKED ROTOH PULL=-0UT
SLIP(%) L B5hi IRCIGIo 27 .049
STATOR CURRENT 2. 584 30, 4ed 20.714
ROTOR CURRENT LB62 23.545 19.947
INPUT POWER 190 10 . 8w 3.571
POWER FACTOR L1653 . L8354
TORQUE RATIC - . 001 187,343 2H9.273
CURRENT RATLO L4665 5. 3.732
LOAD PERFORMANCE

% LOAD 1250%) LOO(%) 75 S@L%) 25(%)
OUTRPUT- KW= 2,747 2.200 T 1.1¢6 .550
SLIP= 5.3537% 4,060 2. L.8&7 .923
STATOR CURRENT= &.827 5.551 4. z = 2.873
ROTOR CURRENT= ) 4.679 3 1.122
STATOR COPPER LOSS= L 579 J217 L0858
ROTOR COPPER LOSS= L Lo L©094 . 005
STRAY LOAD LOSS= L @17 .O13 . 004
FRICTION-WINDAGE LOSS= LB5@ L0320 .03z
IRON LOSS= L low L1009 L 109
TOTRLL LOSSES= .64 L4465 L2009
EFFICIENCY-%= 8l.051 ¥Z.55% 82.914 VE. 443
POWER FACTOR= LY  BEE . 808 .477
CURRENT DENSITY= .44 &.54¢ 5.235 3.385
AMP-CON PER CM= 238,404 193,850 155174 100, 336
QUE~ALPHA= 1917.6@7 1267 .853 812,398 H172. B39,661
ROTOR BAK CURRENT DENSITY Z.587 RUTOR RING DENSITYS 2.74%
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APPENDIX- 11

l Matlab — software program in m-file for six phase Proto type
Induction motor parameter:-

B Editor - F:\Archana NanotyWulti \multiphase_2622010.m*
Fle Edt Text Go Cell Tools Debug Deskop ‘Window Help

Oftd|éRRI0 o henh | R -ERBREE s
BB - ]+

$Induction motor parametersh
3y
= 50 Hz
.of poles p=i
Vab=Vhe=Vea=200v
stator resistance (abc) = 3.7 Ohm
stator resistance [xyz) ri= 3.7 Ohm

Stator leakage inductance per phase (sbe) L11=0,0085H

Stator leakage inductance per phase (xye) L12=0,0085H

Rotor resistance per phase rr = 0,56 Ohm

rotor leakage inductance per phase Llr=0,0085H

mutual leakage coupling between d and g axes of stator winding Lldg=0.0
Cormeon leakage inductance between two sets of stator winding Llw=0.0026H
Mutual inductance Lw=0,12H

moment of inertia J=0.049 Ky w2

Te= 3Tw=(3/2) (F/2) (Lw/Lr) [igql+ig2] landadr-[id1+id2] lamdagr
lamdadr=L1r*idr+Lm|idl+idZ+idr)

lamdagr=L1r *igr+Llm|igl+iq2+igr)

wm= gpeed in radians per sec

p= d/dt|

Te= Pu/wmn

Vgsl= riigitv*lamdadsl+p®lamdadrl

Vdsl= raslidsil-wlamdagsl+plamdadsl

Viygsi= r2ig24ut lamdads? +p* Lamdadr2

Vdsi= rsiidsZ-wlamdags+plamdads2

e Te-TL/J54E

wr= P/2 m

script ln 20 Cd &

i + Start [ | i

gCHAF'TEF‘.Em | ﬁ CHAPTER doc [Comp. . | MATLAB b [ Edtor - Firchana ..,

166



II] FLOW CHART FOR THREE PHASE TO TWO PHASE
TRANSFORMATION

START }
/
/ READ DATA
3PH TO 2 PH TRANSFORMATION
(ABC)
3 PH TO 2 PH TRANSFORMATION
(XYZ2)
SYNCHRONIZING TWO INVERTERS
TO INVERTERS

2 PHTO 3 PH TRANSFORMATION FOR
BOTH ABC AND XYZ

11

TO MOTOR
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I11] FLOW CHART FOR VECTOR CONTROL

START

1l

READ MOTOR
PARAMETER

iy

READ VECTOR CONTROLLER
PARAMETERS

| |
SPECIFY INVERTER AND ITS LOGIC

U

RESPONSE: SPEED OR TORQUE
COMMAND

JL

MEASURE VOLTAGE AND CURRENT OF MOTOR
TO CALCULATE SPEED

11

ASSEMBLE M/c EQUATIONS; VECTOR
CONTROLLER, SPEED CONTROLLER, INVERTER
LOGIC

iy

COMPARE CALCULATED VALUE OF SPEED
(FROM MEASUREMENT OF VOLTAGE &
CURRENT) WITH REFERENCE VALUE
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V] FPGA Implementation
A:-FPGA implementation of Sensor-less vector control

Algorithm (For three phase set ABC)

| Kp S K of g-axis current contoller

| Kp & Ki of speed cortraller

vircuit of Speed Camtraller Civcutt of q-axis current
cottroller

| [1H]

my

| Kp 5 Ki of d-axis current contoller

Circuit of d-axis currert
*cantraller

Circuit of Aux Estimataor

| et of Sy Estimator

o Civcutt of Speed Extimatar

Cuprent feadback of & phasze

Current feadback of B phase 3 phaseto ¥ phase

Lurrent feedback of © phase

- Circurt of theta calculation

¥ phaze o
| phaze

D D R R R O R R R R R R e

Yoltage command of & phase

Yoltage command of B phase

| Kp 5 Ki of speed estimator

T

Yoltage command of © phaze

Interface between FPGA FPGA Implementation
and Microprocessor
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B:-FPGA implementation of Sensor-less vector control

Algorithm (For three phase set XYZ)

| Kp 5 Ki of -azis current contoller

| Kp 5K of speed controller

circuit of Speed Cortraller Circutt of q-axis current
| @, contraller
(i =

| Kp SKi of d-axiz current contaller

Citcutt of d-axis current

*contraller

Lircutt of Rux Estimator

| Ciecuit of Slip Estimator

ol Circut of Speed Estimator

Kp 5K of spead estimator

Current feedback of phaze I

Lurrent feedback of Phase

G phaseto ! phasze
Current feedback of Phaze I A |

Lireurt of theta caleulation
Yaltage command of X phaze

Yaltage Command of ¥ phaze

i phasetod
Yoltage Command of I phaze | phase

Interface between FPGA FPGA Implementation
and Microprocessor
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APPENDIX-I1I

Technical Data for VACON Drive:

H 1 53V A1AZ0000C3

Option boards; each slotis represented by two characterswhere:
A = basic I'0 board, B = expander 10 board,
C = fieldbus board, D = special board

Hardware modifications; Supply - Mounting - Boards
Sux = b-pulse connection [FR4 to FR14]
B = Additional OC-connection [= FRE)
Jzx= FR10..12 stand- alone with main switch and OC-Link terminal s

5% = Air-cooled drive

#x%5 = Standard boards [FR4 to FRE)

1% =Varnished boards [FR&to FRE]

xxF =5tandard boards [FRY to FR14

w353 =Varnished boards [FR? to FR14

b = Standard boards (FR10 to FRIZ standalone drives]
1xB =Varnished boards (FR10 ta FR12 standalone drives]

Brake chopper
0= nobrake chopper
| = internal brake chopper
2=internal brake chopper and resistar

EMC emission level:
C = fulfils standard EN&1800-3+411, 1st ervironment [unrestr.]
= fulfils standard EN&1200-3+411, 15t ervironment
restricted distribution, Z2nd ervironment
=fulfils standard EM&1800-3+411, 2nd environment, restr. distr.
= fulfils standard EM&TB00-2 far [T neteorks

M= Mo EMC emission protection

H
L
I

Enclosure class:
0= [FO0 [FRY? anlyl, 2= 1F21/NEMA 1, 3= IP21/MEMA 1 [cabinet- mounted)
G= |P54 [NEMA 171, 7= IPR4/NEMA 12

Control keypad: _
4 = standard [alpha-numeric]
B = no local contral keypad
F=dummy keypad
G= graphic display

| Mominal mains voltage [3-phasel:

| 2=208-240Vac, 5= B0-500Vac, &= 525-590Vac (41l 3-phase]

| Morninal current low overload)
| 0007=7A, 0022=22A, 0205=2054 et

I Product range: MX5= standard, NXP = high-performance

Figure 111 A. VACON NXP drive Type destination code
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[Mains
connection

Maotor
connection

Contral
characteristics

Ambient
conditions

Input voltage U

208, 2480V, 380, 500N, 525, 690N, - 15%..+10%

Input Irequency

45, .46 He

Connection to mains

Once per minute or less

Starting delay

25 [FRG to FRB1; 5= IFRY

Duiputvoltage

-1,

Continuous output
current

l.: Ambient ternperature maz. +50°C,
oeerload 1.5x 1 [1 min. A0 min.

I.: Ambient ternperature maz. +40°C,
oeerload 1.1 1 11 ming 10 rnin.]

Starting currant

| for 2 severy 2 s

Quiput frequency

0..2330 Hz [standard]; 7200 Hz [special softaarel

Fregquency resalution

0.07 Hz [MX5); Application dependent INXP|

Control method

Frequency control L
Cpen Loop Sensorlass Vector Control
Closed Loop Yector Control [MEXP anlyl

Switching Irequency
Ise2 parameter 2.6.9]

WX _2/NX_ 5. Upto Me_0041: 1...14 kHz; Default: 10 kHz
NE_Z: M¥_0075 and greater: 1...10 kHz; Def: 3.6 kHz
ME_5: M¥_0072 and greater: 1.4 kHz; Def: 3.6 kHz
MY &: 1..4 kHz; Default: 1.5 kHz

Erequency reference
Analogue input
Panel reference

Re=alution 0.1% [10-bit], accuracy +1%
Resolution 0.01 Hz

Field weakening point

8..330 Hz

Lcceleration time

01,3000 sec

Deceeration time

0.1..2000 sec

Braking torque

OC brake: 30% * T, wwithout brake option|

Armbient operating
ternperature

=10°C Inodrost]...+50%C: 1,
=10°C Inodrost]...+40°C: 1,
-10°C Ino rost]...+35°C: for IPS&/MNemal2 NX B205and 4144

Storage temperature

=40°C..+T0"C

Relative humidity

0t 95% RH, non-condensing, non-comosive,
nio dripping water

&ir quality:

- chermical vapours

- mechanical
particles

IEC 721-2-3, unit in operation, class 3C2
IEC 721-3-3, unit in operation, class 352

Altitud e

100P% Lead capacity Ino derating ) up to 1,000 m

1-% derating for each 100m abioee 1000

Max, altitudes: KX 2: 3000rn; MX_5: 3000my 2000 m [corner-
grounded nebtaorkl; B & 2000m

Wibration
EMS01 TRFEM&006E-2-&

B 150 He

Dizplacement armplitude 1 mm peakl at 5...15.8 Hz [FRE..9]
Max acceleration amplitude 116G at 158,150 Hz [FR&...FR?
Displacernent amplitude 0.25 mm (peak] at 5-31 Hz [FR10...12)
Max acceleration armplitude 0.25 G at 21,150 Hz [FR10..12|

Shock
EMGNTTE, EMAI0L&E2-27

LIPS Drop Test ifor applicable UPSweights|
Storage and shipping: max 156G, 11 ms Jin packagel

Enclosure class

IP21¢MEMET standard in entire KW HP range
IPS& WEMAT 2 option in entire KWYHP range
Mote! Keypad required for IPEE/MEM&T2
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EMC

[at default
settings]
Safety

Contraol
ConRections

[apply to

boards OPT-AT,

OPT-AZ and
OPT-A3)

Protections

Irrirrunits

Fulfils EM&1800-3, first and second erwironment

Emissions

Depend on EMC level See chapters 2and 3.

EMS0173 [1997), EN 80204 111994, EN 40950 12000, 3rd

editionl |as relevant], CE, UL, CUL, FI, GOST R; [s2e unit
narmeplate lor rore detailed approvals)

Analogue input voltage

0..+10W, R = 200k, 100 +10W joyshck controll
Resolution 0.1%, accuracy +1%

Analogue input current

014)...20 ma, R = 25002 differential

Digital inputs 1&]

Positive or negative logic; 18..30V0C

Builiary voltage

+24Y, £10%, max volt. ripple < 100myrms; max. 250md
Dimensioning: rmaz. 100 control bos

Jutput reference voltage

+10V, +3%, maz. load 10md

Analogue output

014]...20md; R rmax. 50005 Resolution 10 bit;
Accuracy 2%

Digital outputs

Op=n collector output, S0/ ERY

Relay outputs

2 programmable change-over relay outputs
Switching capacity: 268V0G/8A, 2R0VAC, B4, 12E6VDC0.44
Min.switching load: B 10ma

Owercoltage trip limit
Undervoltage trip limit

NX_2: 43TVOC; NX_5: 911VOC; NX_&: 1200VDC
NX_2: 183V0C; NX_E: 33 DC; NX_ &: 440 VDT

Earth fault pratection

In case of earth fault in motor or mator cable, only the
frequency conwerter is protected

Mains superdision

Trips if ary of the input phases is missing

Muatar phase supareision

Trips if ary of the output phases is missing

Owercurrent protection

Yas

Unit awerternperaturs
pratection

Yas

Motor averload protection

fas

Muotar stall pratection

Yas

Mitor underload
pratection

fas

Short- circuit protection of
+24V and +10W reference

valtages

fes

Figure 111 B. Technical Data
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Theee Phaze Mains Supply

HiP Deive

515 PHASE IM

Fig.11l1 C Multiphase IM fed from Vacon drives
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Photograph of Driver Board

A:- 1/0 Board (Input / Output Board)
B :- Expander 1/0O Board
C :- Field Bus Board

E :- Special Board
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M File Codings To Generate SVPWM

function [gp]=svpwm(t)

st=t*314;

teta=mod(st,2*pi);
s=1+fix(teta/(pi/3+1*107-30));

v_ref=100;
vdc=200;
tz=0.000333;

fu=sqrt(3)*tz*v_ref/vdc;
t1 = fu*(sin(s*pi/3)*cos(teta)-cos(s*pi/3)*sin(teta));
t2 = fu*(cos((s-1)*(pi/3))*sin(teta)-sin((s-1)*(pi/3))*cos(teta));

t0=tz-(t1+t2);

if s==1
ta=(t1+t2+10/2);
tb=(t0/2);
tc=(t0/2+t1);
elseif s==2
ta=(t1+t2+t0/2);
th=(t0/2+t2);
tc=(t0/2);

elseif s==
ta=(t0/2+t1);
th=(t1+t2+10/2);
tc=(t0/2);

elseif s==
ta=(t0/2);
th=(t1+t2+10/2);
tc=(t0/2+12);
elseif s==5
ta=(t0/2);
tb=(t0/2+t1);
tc=(t1+t2+10/2);
else
ta=(t0/2+12);
tb=(t0/2);
tc=(t1+t2+10/2);
end

d=rem(t,tz);
suml=ta-d;
sum2=tb-d;
sum3=tc-d;
tal=ta(l);
tbl=tb(1);
tcl=tc(1);
time=t;
swl=suml(1);
sw2=sum2(1);
sw3=sum3(1);
h=d(1);
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if swi1>0
va=200;

else

va=-200;

end

if sw2>0
vb=200;

else

vb=-200;

end

if sw3>0
vc=200;

else

vc=-200;

end
sllh=va(l);
s22h=vb(1);
s33h=vc(1);
vab=s11h-s22h;
vbc=s22h-s33h;
vca=s33h-sl11h;
vabb=vab(1);
vbce=vbe(l);
vcaa=vca(l);
loc2=(vabb<0);
g2=loc2;
loc4=(vbcc<0);
g4=loc4;
loc6=(vcaa<0);
g6=loc6;
922=g2(1)*1;
g44=g4(1)*1;
g66=g6(1)*1,
loc1=(vabb>0);
gl=locl;
loc3=(vbcc>0);
g3=loc3;
locb=(vcaa>0);
g5=loc5;
g11=g1(1)*1;
g33=g3(1)*1;
055=g5(1)*1;

op=[911,922,933,944,955,966];
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Universal Bridge

No of bridge arms:3

Snubber resistance(RS)= 1e5

Snubber capacitance(CS)= inf

Ron=1e-3

Power electronic device: MOSFET/DIODE
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APPENDIX-1V
VACON Software details (Vacon NC1131-3)

The Vacon NC1131-3 is a graphical programming tool for creating
professional and efficient NX applications. It complies with the IEC
61131-3 PLC programming standard. All methods defined in the
standard can be used:

« functional block diagrams
o structured text

« ladder diagrams

« instruction list and

« State diagrams.
These can be used separately or in combination.

One application can contain about 2000 blocks, depending on their
size and complexity. When new applications are created, typically
one of the existing applications is used as a template to minimize
the effort, as the existing applications contain the majority of the

functionality required.

The Vacon NC1131-3 Application Programming Suite supports
many programming languages which are based on the IEC61131-3
standard. An entire application can be done in a few easy steps by
using a specific tool for each programming phase. The Application
Programming Suite offers a graphical programming environment

for the functional design of an application.
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Photograph of VACON- NC1131-3 software Screen for Block
Diagram
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Photograph of VACON- NC1131-3 software Screen for Parameter
Setting
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APPENDIX-V

Certificates from Industries

_InS-ANT ) JSL INDUSTRIES LTD.

i \ g REGISTERED OFFICE & WORKS :
et Mogar :388340 ¢ Tal. & Dist.:Anand
THE JYOT!I GROUP Guijarat » India
Phones : (02692) -240224,240254
326993,326994

Fax : (02692) -240227
E-Mail : jsl_mogar@sify.com
Website: www.jyoti.com

8™ December, 2009

TO WHOMSOEVER IT MAY CONCERN

This is to certify that Prof. Archana Nanoti, Asst.Prof. Electrical
Engineering, Parul Institute of Engineering and Technology, Limda
(Gujarat), has successfully completed Design of 6 Phase Induction
Motor, as a part of her Ph.D. Project (Registered at MS University,
Baroda), and developed a working pro-type at our Industry from
December 2008 to September 2009. The pro-type is successfully

Tested for its Routine Tests.

For JSL Industries Ltd.

C

DF.K.K.Thakkar
Director
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VACON

DRIVEN BY DRIVES

“TO WHOMSOEVER IT MAY CONCERN"

This is to certify that Prof. Archana Nanoty, Asst.Prof. Electrical, Parul Institute of
Engineering & Technology has carried out V/f control and Sensor less vector control of six
phase Induction motor (Designed by her at JSL, Mogar). And she has successfully
completed the controlling of six phase Induction motor at

VACON Drives & Controls Pvt Ltd, Chennai.

She worked here from 15th Dec 2009 to 20th Dec2009.
And 19th February to 25th February 2010.

Date: 26" Feb>2010 Shailendra Salvi
Managing Director

Place: Chennai

Vacon Drives & Controls Pvt Ltd
352, Kapaleeshwar Nagar - East Coast Road, Neelangarai = Chennai- 600041, India
Tel +91 44 24490024 8 25 - Fax +91 44 24490022 - vacon.india@vacon.com
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