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Aim of the graduation project:

The final thesis project represent the final application of the knowledge
acquire during the career, being this a reference of the quality of the learning process and
the skills learned through the years focusing on many expertise related to engineering
and research labs. In this project I tried to apply my knowledge that I inquired to solve

real life problems and face them with reasonable solutions scoping with the actual world.

With the chance of the realization of the project in Kaunas University of technology, I
pretended to learn and experience a different methodology in another engineering school
with the purpose of expanding my experience in my domain and open up to new market

thinking.
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Summary:

The aim of this project, which was developed in collaboration with my tutor, is to fulfill
the request for external company specialized in the electrical motors equipment. They
were requiring a solution for a new project integrated within a plan developed by
several European cities that aims to keep the urban city center free from vehicle
pollution. Including provisioning vehicles who should be fast enough to move from
supplying points to the customers, with the capacity to develop a torque enough and at

the same time, to be able to reach a reasonable speed that make them independent.

This project covers a rough vision of the thematic side of electrical vehicles. Firstly
throughout understanding the context of nowadays, then the trending goals of
companies at the time of developing new devices and models, reaching finally to take
special care of the efficiency and the standards of constructive limitation. All of this in

order to keep always the economical aspect as a main concern.

The project includes as well a limited overlook through the basics of the inductive
motor, the advantages of implementation on multi-phase motor in this sector of the
industry and the calculations for the first prototype that demands the client with higher
features of torque and speed for those vehicles, justifying the six phase motor

implementation by the limitation of 80 V batteries.
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Reference table for parameters:

Name Definition Numeration
h Height rotation axis 1
Djx External diameter stator
ko Ratio stator diameters 3
D, Stator internal diameter 4
) Air gap 5
Dj External rotor diameter 6
ke Factor ke 7
n Efficiency 8
cos® Power factor 9
Py Design Power 10
n, Rotation speed of stator field 11
k, Mena saturation factor of tooth zone 12
O Pole arc Factor 13
kp Field shape factor 14
Bs Air gap flux density 15
A Stator linear load 16
Stator winding and slot 17
d1 Number of stator slots per pole and phase 18
Kw1 Stator winding factor 19
Is Design length of stator magnetic circuit 20
A Geometrical dimensions ratio 21
ky Factor k, 22
D, Internal diameter of rotor 23
74 Number stator slots 24
B Relative winding span 25
Yn1 Stator winding span 26
l1in Stator winding current 27
t Stator slots pitch 28
N1 Effective number of conductors in stator slot 29
)y Stator winding current density 30
q Cross section area non isolated conductor 31
) Actual current density of stator windings 32
A Number of stator winding phase serial turn 33
Aq Actual linear load of stator 34
AlJl Winding thermal characteristic 35
Kdo1 Stator winding distribution factor 36
kg1 Stator winding span decrease factor 37
Kw1 Stator winding factor 38
(ON Motor air gap magnetic flux 39
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T Pole pitch 40
Bs Actual motor air gap magnetic flux 41
Stator slots 42

Trapezoid dimensions 43

Bj1 Stator yoke magnetic flux density 44
B,1 Stator tooth magnetic flux density 45
hj; Stator yoke height 46
b1 Stator tooth width 47
Stator slot dimensions 48

Abg Ahg Stator slot dimension tolerance 49
Q1 Stator slot cross section area stamp 50
Q'm Cross section assembled stator magnetic circuit 51
Insulation of stator winding slot 52

b Thickness of stator slot insulation 53
Q; Cross section area of stator slot insulation 54
Q: Cross section area of stator slot streak and closing insulation 55
Qs Cross section area of winding stator slots 56
N1 Filling factor of stator slot k1 57
t1vid Mean pitch of stator slots 58
bar Mean area of stator winding coil 59
Lsy Mean estimated length of stator winding overheat 60
Lart Mean length of stator turn 61
hg1 Height of stator winding overhand 62
Z Rotor slot number 63
Rotor slot 64

t, Pitch of rotor slots 65
Trapezoid dimensions 66

hnz Rotor slot height 67
B,> Rotor tooth magnetic flux density 68
b,» Rotor tooth width 69
hs, Rotor slot dimensions 70
hj Design height of rotor yoke 71
Bj Magnetic flux density of rotor yoke 72
Oer Cross section area of rotor squirrel cage winding bar 73
e Current of rotor squirrel cage winding bar 74
Je Current density of rotor squirrel cage bar 75
Rotor slot skewing 76

Rotor cage ring dimensions 77

l, Current rotor cage ring 78
J; Current density of rotor cage ring 79
Kn1 Factor evaluating dentation of stator 80
kna Factor evaluating dentation of rotor 81
ks Air gap factor 82
Fs Magnetic potential difference of pole pair air gap 83
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H,1 Magnetic field strength of stator teeth 84
L1 Design length of stator teeth magnetic lines 85
F,i Magnetic potential difference of stator teeth 86
L» Design length of rotor teeth magnetic lines 87
H,, Magnetic field strength of rotor teeth 88
F,, Magnetic potential difference of rotor teeth 89
k, Saturation factor of tooth zone 90
ka Factor of magnetic flux density change 91
Corrected values of magnetic fluxes 92

L Design length of stator yoke magnetic lines 93
Hi; Stator yoke magnetic field strength 94
Fi1 Stator yoke magnetic potential difference 95
L Design length of rotor yoke magnetic lines 96
H;, Rotor yoke magnetic field strength 97
Fi Rotor yoke magnetic potential difference 98
Fy Pole pair magneto motive force 99
ks Saturation factor of magnetic circuit 100
Im Magnetizing current 101
Yo Specific electrical conductance of stator winding 102
R1 Resistance of stator winding phase 103
Yo Specific electrical conductance of rotor cage winding 104
R, Resistance of rotor cage bar 105
R, Resistance of rotor cage ring part between next bars 106
R, Resistance of rotor cage winding phase 107
ki1 Factor of rotor winding parameters reduction 108
R, Reduced resistance of rotor winding phase 109
kg, k'p Factors 110
hy Winding height in the slot 111
A1 Relative leakage magnetic conductance of stator slot 112
ka1 Factor kg1 113
kst Factor kg 114
K‘a1 Factor of stator differential leakage 115
Ad1 Relative magnetic conductance of differential leakage 116
Ast Relative magnetic conductance of stator winding overhand leakage 117
A Relative magnetic conductance of stator winding leakage 118
X1 Reactance of stator winding phase 119
An2 Relative magnetic conductance of rotor slot leakage 120
K‘az Factor of rotor differential leakage 121
Ad2 Relative magnetic conductance of rotor differential leakage 122
Az Relative magnetic conductance of rotor cage rings leakage 123
A Relative magnetic conductance of rotor winding leakage 124
X2 Reactance of cage rotor winding phase leakage 125
X Reduced resistance of rotor winding phase leakage 126
Xm Mutual reactance(neglecting diagonal of slots) 127
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Vs Central angle of diagonal 128
Factor 129

kis Factor evaluating diagonals of slots 130
Leakage reactances when diagonal is accounted 131

Gy Stator teeth mass 132
Gj1 Stator yoke mass 133
P21 The main magnetic losses of stator teeth 134
Pi1 The main stator yoke losses 135
Preh The main magnetic losses 136
Bo Factor Bo 137
Bo Magnitude of magnetic flux density oscillation 138
Ps2 Specific losses of rotor surface 139
P., Surface losses of rotor teeth 140
Rotor teeth mass 141

V1 Factory; 142
Magnitude of magnetic flux density oscillation 143

P2 Pulsing losses of rotor teeth 144
Prea Additional magnetic losses 145
Prey Idle operation magnetic losses 146
Km Factor k., 147
Pmy Mechanic losses 148
Rm Steel resistance 149
Y1 Angle y; 150
c1 Factor cl1 151
Parameters of equivalent circuit 152

M Motor maximum torque 153
Sm Motor critical slip si, 154
a Factor a 155
M, Motor start torque 156
My Motor dedicated torque 157
Mm Motor relative maximum torque mp, 158
mp Motor relative start torque 159
Motor mechanic characteristic 160

Mechanical characteristic according to Kloss equation 161

Motor operating characteristics and dedicated parameters 162
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Descriptive Memory:

Introduction

Nowadays in the era of telecommunication and electronics, speaking about electric vehicles it is
becoming, slowly but with confident steps, in a reality to the majority of the world thank to the daily
implementation and inversion of companies in the development and improvement of them. However,
until to 1970s, with the people’s concern of the air quality and greenhouse effect, the study of electric
vehicles became a very trendy topic. Since 1990s, a lot of large vehicle groups and companies, such as
FORD, GM, NISSAN, TOYOTA, HONDA, etc. invested larger funds in electric vehicles, and developed a
variety of electric vehicles.

The power-driven system of electric vehicle is the tie between energy storage system and the wheels, its
role is to change the energy (chemical energy, electrical energy) output by energy storage system to
mechanical energy, to promote the vehicles to overcome rolling resistance, air resistance, acceleration
resistance and climbing resistance, and to convert kinetic energy to electrical energy feedback to energy
storage systems during braking. There are some differences between modern electric vehicles and
conventional fuel vehicles, the power drive systems of modern electric vehicles can eliminate the complex
and heavy mechanical gear speed change mechanism, providing to meet the torque-speed characteristic.

Motor is the drive unit of electric vehicle, and its technical performance can directly impact on the power
and economy of vehicle, so it needs computer-aided to design, analyze electromagnetic field, temperature
field and stress field, select and design the electric vehicle which is consistent with the operational
requirements of the motor, and it has the features of wide speed adjustable range, large starting torque,
high stand-by power, high efficiency, large power density and high reliability.

The selection of the motors of electric vehicles generally includes two main types of multi-phase induction
AC motor and permanent magnet DC motor. The DC motor has larger dead weight and poorer
maintenance, while induction AC has the features of reliable, simple maintenance, cheap, high efficient,
higher specific power and large change of power factor, so it is widely used in the current electric vehicle
manufacturing industry.

The aim of this project, which was developed in collaboration with my tutor, is to fulfill the request for
external company specialized in the electrical motors equipment. They were requiring a solution for a new
project integrated in a plan developed by several European cities which aims to keep the urban city center
free from vehicle pollution, including provisioning vehicles. This project covers the calculations for the first
prototype that demands the client with higher features of torque and speed for those vehicles, justifying
the six phase motor implementation by the limitation of 80 V batteries.
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State of Art

Let us begin with the investigation of the growth of population and vehicles, as shown in Fig. 1. In the next
50 years, the global population will increase from 6 billion to 10 billion and the number of vehicles will
increase from 700 million to 2.5 billion. If all these vehicles are propelled by internal combustion engines,
can we answer the following questions: There is going to be enough oil? Where the emissions should be
disseminated? Would our health be in risk? The gloomy answers to these questions compel people to
strive for sustainable road transportation for the 21st century.
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Fig. 1Evolution of population and vehicles

In a world where environmental protection and energy conservation are growing concerns, the
development of EV(electrical vehicles) technology has taken on an accelerated pace to fulfill these needs.
Concerning the environment, EVs can provide emission-free urban transportation. Even taking into
account the emissions from the power plants needed to fuel the vehicles, the use of EVs can still
significantly reduce global air pollution. From the energy aspect, EVs can offer a secure, comprehensive,
and balanced energy option that is efficient and environmental friendliness, such as the utilization of
various kinds of the renewable energies. Therefore, EVs will have the potential to have a great impact on
energy, environment and transportation as well as hi-tech promotion, new industry creation, and
economic development.
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Fig. 2Types of EV

Present Major Issues

At present, the major driving force for EVs is the environment issue, such as the mandate of EU for 2020
about reducing CO2 emissions in tripulated and transport vehicles. Thus, the main question to be
answered becomes “Can EVs be made affordable?” The major factors that make EV affordable are the
range and cost. To tackle the range, the development of advanced batteries such as nickel-metal hydride
(Ni-MH), zinc/air (Zn/Air), and lithium-ion (Li-lon) are in progress. However, since both specific energy and
energy density of batteries are much lower than that of gasoline, the development of fuel cells (FCs) for
EVs has taken on an accelerated pace in recent years. Meanwhile, the development of commercial HEVs is
also going on rapidly. HEVs essentially improve the range and performance of EVs at higher complexity
and cost because of the additional energy source, engine, and other accessories. To tackle the cost, efforts
are being made to improve various EV subsystems, such as electric motors, power converters, electronic
controllers, energy management units, battery chargers, batteries, and other EV auxiliaries, as well as EV

system-level integration and optimization.

Fig. 3Electric propulsion subsystem
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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, 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. Output Torque of multiphase induction motors is much higher than that of conventional three
phase Induction Motor, turning it in a much more interesting and suitable option for our purpose.

Motivation and the substantiation of six phase squirrel
cage motor:

Multiphase motor drives have been proposed for different applications where some specific advantages
like: higher provided torque, lower torque pulsations, less spatial harmonics, less noise, higher overall
system reliability, better power distribution per phase... can be better exploited, justifying the higher
complexity in contrast to the three-phase solution. Some of the most suitable applications are the high
current ones, like in electrical vehicles.
Since the power switches rated current is reduced proportionally with the number of phases, an
increment in the number of power switches does not represent an additional cost. On the contrary, the
cost is reduced by the "non-linearity" of the component prices. However, the system cost is penalized by
the increased number of the current sensors, gate drive circuits, additional circuitry power supply, etc.,
while the system complexity is also increased by the new difficulties with the applied control techniques.

Fig. 4dual-3-phase motor
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Among the different multi-phase induction drives solutions, the dual-3-phase induction machine having
two stator winding sets spatially shifted by 60 electrical degrees has important advantages in applications
like, where the low available DC-link voltage imposes high phase current.

The current stress of each semiconductor power device is reduced by one half compared with the 3-phase
machine counterpart, while the dual-3-phase solution can benefit of the wide availability of components
dedicated to 3-phase systems.

Moreover, Conventional 3-phase drives have been extensively used in industry applications, however, if
one of the phases is lost, the rotatory field also disappears and the machine stops. The multi-phase drives
offer the improvement of the system reliability, which is of great interest in specialized applications such
as electric/hybrid vehicles. Independently of the number of phases the multi-phase machine has, it only
needs two degrees of freedom to generate a rotatory field. Consequently, if one phase is lost the drive
continues operating although at different rating values table X. Because of this reason, during the last
three decades there is a growing interest to research several issues related to the use of multi-phase
drives as a potential alternative for the conventional three-phase systems in electric vehicles.

In order to explore fault tolerance in terms of the loss of a phase, a number of idealizing assumptions may
be made in relation to strategies on how the remaining un-faulted phases are controlled after the fault.
The following three cases are considered:

e Strategy 1: Keep the currents in the remaining un-faulted phases at their pre-fault values, in terms
of both magnitude and phase. This reduces the stator joule loss by a factor (n 2 1)/n.

e Strategy 2: Increase the magnitude of the current in each un-faulted phase by a factor p
(n/(n 2 1)). This will maintain the stator joule loss at its pre-fault value.

e Strategy 3: Increase the magnitude of the current in each un-faulted phase by a factor n/(n 2 1).
This increases the stator joule loss by a factor n/(n 2 1), but maintains the torque and rotor joule
loss at their pre-fault value.

The data presented in Table 4 are based on a typical fan or propeller load, with the load torque which
varies as the square of the speed, like it is happening with the resistance of air. In addition, it is assumed
that the motor is operating on the steep part of its torque/speed characteristic so that the torque
developed is proportional to slip. Furthermore, the data in Table 4 take no account of the additional rotor
losses that arise because of the harmonic fields that will be present when the stator is no longer fully
balanced.
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Table 4 Changes to output power and loss for multiphase machines with one phase open-circuited, assuming a
speed-square-law load torque and a pre-fault slip of 0.01

Phase number Strategy Post-fault slip APy (%) Change in stator loss (%) Change in rotor loss (%)
6 1 0.01427 -1.29 -16.7 +42.7
2 0.01195 —0.59 0.0 +19.5
3 0.01000 0.00 +20.0 0.0
9 1 0.01259 -0.78 =111 4259
2 0.01122 -0.37 0.0 +12.2
3 0.01000 0.00 +125 0.0
12 1 0.01186 —0.56 -83 +18.6
2 0.01089 -0.27 0.0 +89
3 0.01000 0.00 +9.1 0.0
15 1 0.01145 —0.44 - 6.7 +145
2 0.01070 -0.21 0.0 +7.0
3 0.01000 0.00 +71 0.0

Fig. 5Changes to output power with a fault on one phase

Also, as a consequence of reductions of harmonics by increasing phases, the losses by Joule effect may
experience a drop ,but since the frequencies are bigger in the stator, they are more representative:

Fig. 6Reduction of stator losses
All the benefits mentioned before give us the necessary push for making and investment in time and

resources in implementing dual-3-phase system in electric vehicles.
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Overview of the literature:

Since an induction motor with dual-3-phase system has been chosen as the best solution for fulfill our
requirements, a general vision of the fundamentals and principles of operating methods of this machines
would be presented next.

Principal components
A 3-phase induction motor (Fig.7) has two main parts: stationary stator and a revolving rotor. The rotor is

separated from the stator by a small air gap that ranges from 0.4 mm to 4 mm, depending on the power of
the motor.

Fig. 7 Three-phase induction motor.

The stator (7) consists of a steel frame that supports a hollow, cylindrical core made up of stacked
laminations. A number of evenly spaced slots, punched out of the internal circumference of the
laminations, provide the space for the stator winding.

Stator Slot The rotor is also composed of punched laminations. These
Stator Laminations  are carefully stacked to create a series of rotor slots to

A — Shaft provide space forth rotor winding. We use two types of rotor
Alr Gap windings: (1)

Rotor Laminations  cOnventional 3-phase windings made of insulated wire and
Rotor Slot (2)squirrel-cage windings. The type of winding gives rise to
two main classes of motors: squirrel cage induction motors

(also called cage motors) and wound-rotor induction motors.
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Fig. 8Exploded view of the cage motor of Fig.7

Stator, rotor, end-bells, cooling fan, ball bearings, and terminal box. The fan blows air over the stator
frame, which is ribbed to improve heat transfer. A squirrel-cage rotor is composed of bare copper bars,
slightly longer than the rotor, which are pushed into the slots. The opposite ends are welded to two
copper end-rings, so that all the bars are short-circuited together. The entire construction (bars and end-
rings) resembles a squirrel cage, from which the name is derived. In small and medium-size motors, the
bars and end-rings are made of die cast aluminum, molded to form an integral block.

A wound rotor has a 3-phase winding, similar to the one on the stator. The winding is uniformly
distributed in the slots and is usually connected in 3 wire wyes. The terminals are connected to three slip
rings, which turn with the rotor. The revolving slip-rings and associated stationary brushes enable us to
connect external resistors in series with the rotor winding. The external resistors are mainly used during
the start up period; under normal running conditions, the three brushes are short-circuited.

Principle of operation: The Rotating Field and Induced Voltages

A The operation of a n-phase induction motor is based upon the
application of Faraday Law and the Lorentz force on a conductor.

Let’s take as an example a three phase balanced system, consider a
simple stator having 6 salient poles, each of which carries a coil
having 5 turns(Fig.8). Coils that are diametrically opposite are
connected in series by means of three jumpers that respectively
connect terminals a-a, b-b, and c-c. This creates three identical sets
of windings AN, BN, CN, that are mechanically spaced at 120
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degrees to each other. The two coils in each winding produce magneto motive forces that act in the same
direction.

Fig.8 Elementary stator having terminals A, B, C connected to a 3-phase source (not shown).

The three sets of windings are connected in wye, thus forming a common neutral N. Owing to the
perfectly symmetrical arrangement, the line to neutral impedances are identical. In other words, as
regards terminals A, B, C, the windings constitute a balanced 3-phase system.

The result is illustrated in Fig.9. The rotating field will induce voltages in the phase coils AA, BB, and CC.
Expressions for the induced voltages can be obtained by using Faraday laws of induction.

Fig. 9Air gap flux density distribution and signal from PWM.

The flux density distribution in the air gap can be expressed as:
B(6 ) = Bmax cos 0 (1)
The air gap flux per pole, P ¢, is:

x/2

¢, =] B(6)rd6 =2B,,Ir
Where,
| is the axial length of the stator.
r is the radius of the stator at the air gap.
Let us consider that the phase coils are full-pitch coils of N turns (the coil sides of each phase are 180
electrical degrees apart as shown in Fig.9. It is obvious that as the rotating field moves (or the magnetic
poles rotate) the flux linkage of a coil will vary.
The flux linkage for coil aa' will be maximum N¢P at wt =0 (Fig.9a) and zero at wt =90 . The flux

linkage Aol@1)

2ol@r)=Ng, cos or

will vary as the cosine of the anglewt . Hence;

Therefore, the voltage induced in phase coil aa' is obtained
from Faraday law as:
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dl (ot : :
e, = —L =wN¢g,smaot =E,, siot

a max
dr
(4)

The voltages induced in the other phase coils are also sinusoidal, but phase-shifted from each other by
120 electrical degrees. Thus,

(5)

(6)
*360/n for n phases
From Equation (4), the rms value of the induced voltage is:

(7)
Where f is the frequency in hertz. Equation (7) has the same form as that for the induced voltage in
transformers. However, P ¢in Equation (7) represents the flux per pole of the machine.
Equation (7) shows the rms voltage per phase. The N is the total number of series turns per phase with the
turns forming a concentrated full-pitch winding. In an actual AC machine each phase winding is distributed
in a number of slots for better use of the iron and copper and to improve the wave form as we will see
after in the real design of our motor. For such a distributed winding, the EMF induced in various coils
placed indifferent slots are not in time phase, and therefore the phasor sum of the EMF is less than their
numerical sum when they are connected in series for the phase winding. A reduction factor KW, called the
winding factor, must therefore be applied. For most three-phase machine windings KW is about 0.85 to
0.95.
Therefore, for a distributed phase winding, the rms voltage per phase is Erms = 4.44 fNphd pKW (8)
Where Nph is the number of turns in series per phase.

Running Operation
If the stator windings are connected to a three-phase supply and the rotor circuit is closed, the induced

voltages in the rotor windings produce rotor currents that interact with the air gap field to produce
torque. The rotor, if free to do so, will then start rotating. According to Lens law, the rotor rotates in the
direction of the rotating field such that the relative speed between the rotating field and the rotor winding
decreases. The rotor will eventually reach a steady-state speed n that is less than the synchronous speeds
at which the stator rotating field rotates in the air gap. It is obvious that at n = ns there will be no induced
voltage and current in the rotor circuit and hence no torque.
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In a P-pole machine, one cycle of variation of the current will make the mmf wave rotate by 2/P
revolutions. The revolutions per minute n (rpm) of the traveling wave in a P-pole machine for a frequency
f cycles per second for the currents are:

2 120
n:—f*60:—f
P

P (9)
The difference between the rotor speed n and the synchronous speed ns of the rotating field is called the
slip s and is defined as

n,—n

g

(10)
If you were sitting on the rotor, you would find that the rotor was slipping behind the rotating field by the
slip rom = ns — n = sns . The frequency f2 of the induced voltage and current in the rotor circuit will
correspond to this slip rpm, because this is the relative speed between the rotating field and the rotor
winding. Thus, from Equation (9):

P
g :E(ns _H):%Sns =5/,
(11)

This rotor circuit frequency 2 is also called slip frequency. The voltage induced in the rotor circuit at slip s
is:E2s = 4.44 f2N2dpKW2 = 4.44 sf1IN2d pKW2 = sE2 (12)

Where E2 is the induced voltage in the rotor circuit at standstill, that is, at the stator frequency f1 .The
induced currents in the three-phase rotor windings also produce a rotating field. Its speed (rpm) n2 with
respect to rotor is:

120/, 1208,
p p
(13)

Because the rotor itself is rotating at n rpm, the induced rotor field rotates in the air gap at speed n + n2 =

1y 5

(1 - s)ns + sns = nsrpm. Therefore, both the stator field and the induced rotor field rotate in the air gap at
the same synchronous speed ns. The stator magnetic field and the rotor magnetic field are therefore
stationary with respect to each other. The interaction between these two fields can be considered to
produce the torque. As the magnetic fields tend to align, the stator magnetic field can be visualized as
dragging the rotor magnetic field.

Equivalent Circuit of the Induction Motor

Finally, we develop the equivalent circuit of an asynchronous generator and determine its properties
under load.
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A 3-phase wound-rotor induction motor is very similar in construction to a 3-phase transformer. Thus, the
motor has 3identical primary windings and 3 identical secondary windings one set for each phase. On
account of the perfect symmetry, we can consider a single primary winding and a single secondary
winding in analyzing the behavior of the motor.

When the motor is at standstill, it acts exactly like a conventional transformer, and so its equivalent circuit
(Fig.10) is the same as that of a transformer, previously developed.

n i I 3 3 Jrs r
O -om_g_o_
I" -
I
R T R, [] 5
1:1 ' O
2 4

Fig. 10 Equivalent circuit of a wound-rotor induction motor at

standstill.
In the case of a conventional 3-phase transformer, we would be justified in removing the magnetizing

branch composed of jXm and Rm because the exciting current lo is negligible compared to the load
current IP . However, in a motor this is no longer true: lo may be as high as 40 % of IP because of their gap.
Consequently, we cannot eliminate the magnetizing branch. The stator and rotor winding can be

FGP | Luis Miguel Millan Cobo



represented as shown in Fig.11 (a) and (b),

Fig. 11Development of the induction machine equivalent circuit

where,

V1 = per-phase terminal voltage.

R1 = per-phase stator winding resistance.

L1 = per-phase stator leakage inductance.

E1 = per-phase induced voltage in the stator winding

Lm = per-phase stator magnetizing inductance

Rc = per-phase stator core loss resistance.

E2= Per-phase induced voltage in rotor at standstill (i.e., at stator

frequency f,)

R2 = Per-phase rotor circuit resistance

L2 = Per-phase rotor leakage inductance

Note that there is no difference in form between this equivalent circuit and that of the transformer
primary winding. The difference lies only in the magnitude of the parameters. For example, the excitation
current lo is considerably larger in the induction machine because of the air gap. In induction machines it
is as high as: 30 to 50 percent of the rated current, depending on the motorize, whereas it is only 1 to 5
percent in transformers. Moreover, the leakage reactance X1 is larger because of the air gap and also
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because the stator and rotor windings are distributed along the periphery of the air gap rather than
concentrated on a core, as in the transformer.
Note that the rotor circuit frequency and current are: f2 and 12 .

_ sE,
R, + jsX,

I

(14)
The power involved in the rotor circuit is:
P, =I;R
2 — £24%2
(15)
Which represents the rotor copper loss per phase. Equation
(14) can be rewritten as:
5= %
2 ; 3
(R, /s)+ jX,
(16)

Equation (16) suggests the rotor equivalent circuit of Fig.11b.Although the magnitude and phase angle of
I2 are the same in Equations (14) and (16), there is a significant difference between these two equations
and the circuits (Figs.11b and 11c)they represent. The current 12 in Equation (14) is at slip frequency 2,
whereas 12 in Equation (16) is at line frequencyfl. In Equation (14) the rotor leakage reactance sX2 varies
with speed but resistance R2 remains fixed, whereas in Equation (16)the resistance R2 / s varies with
speed but the leakage reactanceX2 remains unaltered. The per phase power associated with the
equivalent circuit of Fig.11c is:

p=ppf_

S S (17)
Because induction machines are operated at low slips (typical values of slip s are 0.01 to 0.05) the power
associated withFig.11c is considerably larger. Note that the equivalent circuit ofFig.11c is at the stator
frequency, and therefore this is the rotor equivalent circuit as seen from the stator. The power in
Equation(17) therefore represents the power that crosses the air gap and thus includes the rotor copper
loss as well as the mechanical power developed. Equation (17) can be rewritten as:
’ R » R
P=P,=I;|Ry+—=2(1-s)|=1; =

S A
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The corresponding equivalent circuit is shown in Fig.11d. The speed dependent resistance R2 (1-s)/ s
represents the mechanical power developed by the induction machine.

» R,
Pnech :IE _‘-(1_5)

7

s (19)

Pmech - (l - S) * Pﬁg
(20)
(21)

P, = I§R2 — Spag
and, (22)

P_:P:P =1l:5:(1l—=

Thus, @8 2 -+ mech ( ) (23)

Equation (23) indicates that, of the total power input to the rotor (i.e., power crossing the air gap,Pag ), a
fraction is dissipated in the resistance of the rotor circuit (known as rotor copper loss)and the fraction 1 - s
is converted into mechanical power. Therefore, for efficient operation of the induction machine, it should
operate at a low slip so that more of the air gap power is converted into mechanical power. Part of the
mechanical power will be lost to overcome the wind age and friction. The remainder of the mechanical
power will be available as output shaft power.

*Since we are modelating the motor, and we don’t have the physical prototype, the methods for real
measuring determination of this parameters(locked rotor and cortocircuit test)are not going to be
included.

Performance Characteristics
The equivalent circuits derived in the preceding section can be used to predict the performance

characteristics of the induction machine. The important performance characteristics in the steady state
are the efficiency, power factor, current, starting torque, maximum (or pull-out) torque, and so forth as
we will see.
The mechanical torque developed Tmech per phase is given by
» R,
P Lo @Pmecn =13 T(I—S)

mech — < mec mech
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Where (46)
The mechanical speed mech w is related to the synchronous speedy: wmech = (1- s)wsyn (4.47)

(48)
and
1207 ., 4rm f
@y =——= 27 =
' 60P P
(49)
From Equations (45), (47), and (18)
(50)
Then, (51)
(52)
1 R
‘T;nech - IE .
a)syn S
(53)
From the equivalent circuit and Equation (53)
_ 1, P R
et Dym (R, +R; ;,.-S)z +(X, + X )2 s
(54)
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Note that if the approximate equivalent circuits aroused to determine 12, in Equation (54), Vth, Rth, and
Xth should be replaced by V1, R1, and X1 , respectively. The prediction of performance based on the
approximate equivalent circuit may differ by 5 percent from those based on the equivalent circuit.

For a m-phase machine(as in our case), Equation (54) should be multiplied by m to obtain the total torque
developed by the machine. The torque-speed characteristic is shown in Fig.14. At low values of slip,

r

R R
R, +?2 >> X, + X, and ? >> R,
(55)

Thus s

(56)
The linear torque-speed relationship is evident in Fig.4.14 near the synchrony speed. Note that if the
approximate equivalent circuits are used, in Equation (56) Vth should be replaced by V1 . At larger values
of slip,

!

R, ,
R, +T <X, +X,

(57)
And
T = 1 * Kﬁ *R_;
e DSV” (Xﬂ? + X; )2 s
(58)
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The torque varies almost inversely with slip near s = 1, as seen from Fig.12.

Brake rat
(Plugging) L Generator

Fig. 12Torque-speed profile at different voltages.

Equation (49) also indicates that at a particular speed (i.e., a fixed value of s ) the torque varies as the
square of the supply voltage Vth (hence V1 Fig.12) shows the T-n profile at various supply voltages.

An expression for maximum torque can be obtained by setting dT / ds = 0. Differentiating Equation (54)
with respect to slip sand equating the results to zero gives the following condition for maximum torque:

R; ,"r 2 r 2
q - :N"Rrh+(th+X2)

T,

max

(59)
This expression can also be derived from the fact that the condition for maximum torque corresponds to
the condition for maximum air gar power (Equation (51)). This occurs, by the familiar impedance-matching
principle in circuit theory, when the impedance of s R / 2 ' equals in magnitude the impedance between it
and the supply voltage V1 as shown in Equation (59).The slip STmax at maximum torque Tmax is:

(60)
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The maximum torque per phase from Equations (49) and(60) is:
72
T _ l £ Irh
max 2(0 [ P2
syn Rth +x,' Rth +(Xth +X2)

(61)

Equation (61) shows that the maximum torque developed by the induction machine is independent of the
rotor circuit resistance. However, from Equation (60) it is evident that the value of the rotor circuit
resistance R2 determines the speed at which this maximum torque will occur. The torque speed
characteristics for various values of R2 are shown in Fig.13. In a wound rotor induction motor, external
resistance is added to the rotor circuit to make the maximum torque occur at standstill so that high
starting torque can be obtained. As the motor speeds up, the external resistance is gradually decreased
and finally taken out completely. Some induction motors are, in fact, designed so that maximum torque is
available at start, that is, at zero speed.

Fig. 13Torque speed characteristics for varying R2 .

If the stator resistance R1 is small (hence Rth is negligibly small), from Equations (60) and (61),

R

T =y X
th 2 (62)
L, Vi
‘Tmax — 2 X X}'
a)s_vn th + 2 (63)

Equation (63) indicates that the maximum torque developed by an induction machine is inversely
proportional to the sum of the leakage reactances.
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From Equation (54), the ratio of the maximum developed torque to the torque developed at any speed is:

' 2 F 2
Tmaxz (Rrh+R2"‘S) +(th+X1) % S
oy r2
T (R, +R /sy f+(X,+X.] sp
(64)
If R1 (hence Rth ) is negligibly small,
P2 r2
Tmax — ( 2! S) +(th +X2) % S
r 2 12
T (R/s; F+(X,+X1) sp_
(65)
From Equations (62) and (65)
ry 2 ' )3
T (RS + R/, F. s
'y )
T 2( 2 ! lngx )- lngﬂK
(66)
Tmax — STmax s
% %
I 2%sp *s
(67)

Equation (67) shows the relationship between torque at any speed and the maximum torque in terms of
their slip values.

Efficiency

In order to determine the efficiency of the induction machine as a power converter, the various losses in
the machine are first identified. These losses are illustrated in the power flow diagram of Fig.4.16. For a 3
¢ machine the power input to the stator is:

P, =3V 1 cosb,

in
The power loss in the stator winding is:
2
‘pl T 3I1 Rl
(69)
Where R1 is the AC resistance (including skin effect) of each phase winding at the operating temperature

and frequency.
Power is also lost as hysteresis and eddy current loss in the magnetic material of the stator core.
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The remaining power, Pag, crosses the air gap. Part of it is lost in the resistance of the rotor circuit.

Where R2 is the ac resistance of the rotor winding. If it is a wound-rotor machine, R2 also includes any
external resistance connected to the rotor circuit through slip rings.

Power is also lost in the rotor core. Because the core losses are dependent on the frequency f2 of the
rotor, these may be negligible at normal operating speeds, where 2 is very low.

Stator Rotor F!riction and
core loss core loss windage loss
4 ‘
P,
d Frnecn ,
P - out
mn L,;;haﬁ]
‘ Y
Stator Cu loss Rotor Cu loss

(IZR) (3I2R,)

Fig. 14Power flow in an induction motor.

The remaining power is converted into mechanical form. Part of this is lost as wind age and friction losses,
which are dependent on speed. The rest is the mechanical output power Pout , which is the useful power
output from the machine.

The efficiency of the induction motor is:

P

out

P

in

=

(71)
The efficiency is highly dependent on slip. If all losses are neglected except those in the resistance of the
rotor circuit,

Pag = Pin (72)
P =sPag 2 (73)
‘Pour — Linec; — Rrg (1 o S) 74)

And the ideal efficiency is: ( s)

P

Midear — P%uf - (1 _S)

in
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Sometimes ideal n is also called the internal efficiency as it represents the ratio of the power output to the
air gap power. It indicates that an induction machine must operate near its synchronous speed if high
efficiency is desired. This is why the slip is very low for normal operation of the induction machine.

If other losses are included, the actual efficiency is lower than the ideal efficiency of Equation (75). The
full-load efficiency of a large induction motor may be as high as 95 percent.

* Other operation modes(generating and braking) are not going to be included since is not the purpose of

the research.

Motor Design Classes
Since different applications need different characteristics from induction motors, it has been specified

different classes of induction motor, with different characteristics. Typical torque speed-curves for classes

A-D are sketched below.

% Hated Tarque

Fig. 15motor classes

Motor Classes A and D are obtained by designing the rotor resistance to be either low (class A) or high
(class D). Classes B and C are obtained by exploiting the effect of skin depth to obtain a variable resistance
rotor circuit. Squirrel-cage motors are intentionally designed to develop a higher starting torque by
utilizing the skin effect in the rotor bars. This, in turn, affects the stator currents as well.

To analyze the characteristics of these machines in non-steady-state operations with higher rotor slip, e.g.,
start with SCR based AC voltage controller or simple Y-D starter, the skin effect in rotor bars (also known
as deep ) has to be taken into consideration.

order to obtain valid results for torque and stator currents during ramp-up. Example rotor conductor designs

for classes A through D are shown below. Comparing classes A and B, class B has a deeper bar to exploit
skin depth effects. The bar width may vary in order to enhance this effect. Class C rotors are typically
fabricated with two separate cages. Only the outer cage will conduct at starting. There is air between the
cages and at the top of the slot (to reduce leakage flux). Note that cast rotor designs must have a closed
slot design to prevent molten aluminum from escaping. Class D has a small conductor, giving a high
resistance at all slips. The class D example shown has an open slot, for a fabricated rotor design.
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Fig. 16slot shapes

A summary of the performance of the motor classes is provided in the table below

Class A Class B Class C Class D
Type General Purpose | General Purpose |High Starting Torque| Very High Starting
Torque
Start 100% rated for 100% rated for | Approx 250% rated > 275% rated
Torque |larger motors, 200%| larger motors,
rated, smaller 200% rated,
motors smaller motors
Start ~800% rated 500%-600% rated
Current
Pullout 200%-300% rated 2200% rated Slightly lower than
Torque class A
Pullout Slip <0.2 <0.2 High, can be as
much as 1.0
Rated Slip | <0.05, lower than must be <0.05, | <0.05, higher than | High, typically 0.07
similar sized class B | usually <0.03 class B to 0.11, can be up
to 0.17
Applications|  Fans, Blowers, As for Class A Compressors, High inertia
Pumps, Machine pumps, conveyors | applications, e.g.
Tools mechanical
punches
Notes High starting inrush | Replacements for | Applications that Very high inertia
current causes Class A due to require high start |applications. e.g. in
power system lower start torques. Note that a punch or
problems, it can current. The the pull-up and pull-| reciprocal pump
cause the supply | standard off-the |out torque can both | where the slip may
voltage to sag and | shelf commodity | be lower than the |vary between 0 and
requires special motor. start torque. Less 0.50 Much less
starting techniques. efficient than class B | efficient than other
More efficient than designs
same sized class B

Fig. 17class motor table
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Design Trends & Influences

The techniques to make a more efficient motor are well understood:

1. Use thicker conductors. Increasing the cross-section of the conductors will result in
lower I°R losses.

2. Increase the length of the machine. A longer machine requires a lower torque density, which
means a lower flux density. Lower flux density will result in lower iron losses.

3. Increase the outer diameter of the stator. Increased outer diameter means an increased surface
area, allowing more effective cooling. This in turn means that a smaller, lower power fan can be
used

4. Use a low loss lamination steel. Lamination steels can be bought in different grades, with
variable hysteresis losses. Laminations can also be bought in various thicknesses, with thinner
laminations resulting in lower eddy current losses. A thin low-loss lamination will have
significantly lower iron loss than an thicker standard lamination

5. Ensure that the air gap length is constant. If the air gap surfaces are machined to give a
constant air gap, there will be smaller variations in flux density and therefore reduced likelihood
of concentrations of iron losses. (Eddy current losses are a function of flux density squared.)

The first limit on uptake of premium efficiency motors is cost. Reviewing the above options to improve
efficiency, 1-3 require more material to be put into the motor, increasing material costs. Option 4 requires
more expensive laminations (thinner laminations and low loss steel are both more expensive). In addition,
if thinner laminations are used, more laminations are required for a given length of machine, resulting in
higher manufacturing costs (more lamination punches per machine, increased wear on punches, more
difficult handling). Option 5 adds an additional step to the manufacturing process, again increasing
manufacturing costs.

It can be seen that all the obvious options to improve motor efficiency result in more expensive machines.
To maintain profitability, manufacturers must therefore increase the purchase price of a machine if it is

more efficient.

From an end user point of view, the increased initial purchase price of a more efficient motor is more than
offset by reduced lifetime operating costs. A premium efficiency motor will typically pay for itself in
electricity savings in about 4 years (assuming constant operation). Typical motor lifetimes are around 20
years, so from a lifetime perspective, premium efficiency motors are a sound financial choice.

If premium efficiency motors are such a sound choice, the question must be asked why people don't buy
premium efficiency motors. A number of reasons can be found:
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e Most motor purchases are not made by the end user. They are made by "OEM"s: other equipment
manufacturers. OEM's don't pay the operating costs of the motor and must keep their costs down
to maintain their profitability.

e New equipment is purchased from capital budgets. This is typically independent of any future
operating budget. Capital costs must usually be minimized during the development of a new
facility and are typically funded by one-time fixed budgets. Once a facility is built, the operating
costs are funded from another budget.

e lLarge users generate their own electricity. In a regulated electricity market, large users do not
particularly care how much electricity they use, as long as it is lower than their generating capacity.
With the advent of de-regulated markets and the possibility of selling excess generating capacity
back to the grid, this is less of an issue.

A second limit on the development of premium efficiency motors has been standards. All motors in the

small-medium (up to several hundred Hp) size range must be made to meet industrial standards. This
limits the ability of manufacturers to be innovative with new motors. e.g. the maximum length and
outside diameter are specified in the standard, so cannot be increased beyond a certain point to improve
efficiency. In addition, standards specify minimum efficiency levels that must be met. Since all motors that
meet the standard are viewed as equivalent, manufacturer A has no incentive to exceed the standard, as
this would make its motors more expensive than those from manufacturer B who just meets the standard.
In order to remain in business, the manufacturer must aim to meet the standards at minimum unit cost,
which typically means just meeting the standard

Standards

As we mentioned before in Objectives section, the IEC(International Electrotechnical Commission) is the
organization that publishes consensus-based International Standards and manages conformity assessment
systems for electric and electronic products, systems and services, collectively known as
electrotechnology.

In this field we can focus in two main areas of interest, the efficiency and the construction.

In the efficiency IEC has developed an internationally applicable testing Standard IEC 60034-2-1 for electric
motors and a classification scheme IEC 60034-30-1 with four levels of motor efficiency ("IE-code"):
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Testing standard,
IEC

Effici classes, BD034-2-1,
IEC and including st oad MEPFS adopled
Efficiency levels Global 2008 losses, 2 in these countries
Standard IE1 Brazil, China,
Cosfa Rica,
Israel, Taiwan
Australia, Canada,
Mexico, New Zealand,
United States,
High efficiency IE2 All Kaorea (20048],
Brazi (2009),
China {2011).
Europe (201
Premium efficiency IE3 United States (2011)
Above-premium
efficiancy 4

Fig. 18efficiency table
The European Union sets motor MEPS( minimum energy performance standards) levels at IE3 (or IE2 in
combination with a variable frequency drive) from 2015 for smaller motors and from 2017 covering also

larger motors.

Fig. 19Efficiency graph

In this table it is represented roughly the differences between the efficiency of IE levels in respect of the
size of motor. This is just an approximation since the number of poles, frequency and the point of

operation are not represented.

The other important area is the constructive characteristics of the motor. A motor is not composition of
different parts and the IEC has a different committee and subcommittee for each the electrotechnical
device or facility of study. The offered motor shall at the time of delivery comply with all the relevant
standards and specifications, in particular the following:
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Title Standard
General requirements for rotating electrical 1EC 34-1
machines TEC 85
Fixing dimensions and assignment of rated
output with IM B 3 EC 72
Tenmnal 111ark111gs and .du'ectlou of rotation of IEC 34.8
rotating electrical machines
Types of construction of rotating electrical [EC 34-7
machines
Methgd of cooling rotating electrical IEC 34-6
machinery
Degrees of protection by enclosures for [EC 34-5
rotating electrical machinery
|V 1ibration severity of electrical machines |IEC 34-14,1SO 2373
Paralllel shaft extensions for electrical IEC 72
machines
|N0ise emission limits |IEC 34-9
|Star‘ri11g performance |IEC 34-12
|IEC standard voltages |IEC 38
Methods for determining losses and efficiency

. ) ) IEC 34-2
of rotating electrical machinery from test

Fig. 20Motor standards specifications
As it is understandable we are not including all the referent information because is not the purpose of the

project, but we will show as example of major interest some of them because of it easy and quick
understanding:

|Dury type |Designation |Duty type |Designati0n
|Sl |C0nt'1nuos duty |S6 |C011ti11uos-op61'atmg periodic duty

. Continuos-operation periodic duty with electrical
82 Short-time duty ST ‘ P P v

’ braking

. L . . Continuos-operation periodic duty with related

S3 Intermittent periodic duty without starting S8 ) P P 2l
c load/speed changes

S4 Intermittent periodic duty with starting 59 Duty with non-periodic and speed variations
S5 Intermittent periodic duty with electrical braking

Fig. 21Types of duty
Various types of duty have been defined in terms of how the load, and thus the output of the motor,
varies with time. The rated output for each type of duty is determined in a load test which the motor must
undergo without the temperature limits laid down in IEC Publication34-1 (1994) being exceeded.
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Fig. 22Types of insulation
According to IEC 85, insulation is divided into insulation classes. Each class has a designation

corresponding to the temperature that is upper limit of the range of applications of the insulation material

under normal operating conditions and with satisfactory life. If this upper limit is exceeded, the life of the
insulation will be shorten.

Degree of protection are defined in IEC Publication 34-5 and are stated as the letters IP(International

Protection) followed by two digits. The first digit states the degree of protection against contact and the
penetration of solid objects.

R <

|Fi1‘st digit IP]‘otecﬁun against contact and the entry of objects

No special protection of persons against accidental or inadvertent contact with live or moving parts. No
0 protection of machme against ingress of solid foreign bodies

Protection against accidental or inadvertent contact with live and moving parts inside the enclosure by a

large surface of human body. Protection against ingress of large solid foreign bodies (diameter greater
1 than 50 mm).

Protection against contact by finger with live or moving parts inside the enclosure. Protection against
2 mgress of small solid foreign bodies (diameter greater than 12 mm).

Protection against contact with live or moving parts inside the enclosure by tools, wires, or such objects
of thickness greater than 1 mm. Protection agamst ingress of small solid foreign bodies (diameter > 1
mm) excluding the ventilation openings (intake and discharge of external fans) and the drain hole of

4 enclosed machine which may have degree 2 protection.

Complete protection against contact with live or moving parts inside the enclosure. Protection against
harmful deposits of dust. The ingress of dust 1s not totally prevented, but dust cannot enter in an amount
sufficient to mterfere with satisfactory operation of the machine.

“_

Fig. 23Types of protection “a
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The second digit states the degree of protection against water.

s

|Se|:0|1d digit IP]‘otecﬁun of harmful ingress of water
|0 INo special protection.
| 1 IDrippi_ng water (vertically falling drops) shall have no harmful effect.
|2 IDrop of water falling at any angle up to 15° from the vertical shall have no harmful effect.
3 ‘Water falling as a spray at an angle equal to or smaller than 60° with respect to the vertical shall have no
harmful effect.
|4 IWater splashed against the machine from any direction shall have no harmful effect.
|5 IWater protection by a nozzle agaimnst the machine from any direction shall have no harmful effect.
|6 IWater from heavy seas shall not enter the machine in harmful quantity.
Ingress of water mnto the machine m a harmful quantity shall not be possible when the machine 1s
7 immersed 1 water under stated conditions of pressure and time.
Ingress of water mto machine in a harmful quantity shall not be possible when the machine 1s immersed
g i water under a specified pressure and for an indefinite time.

Fig. 24Types of protection “b"“
A letter S added after the digits means that the machine has been tested when stationary. The letter W

between IP and the digits indicates a weatherproof version; this means that the version is protected
against harmful ingress of rain, snow and solid air-bone particles.

Objectives

The aim of the project is to design the prototype of dual-3-phase motor that fulfill the necessities
mentioned before in the introduction and meet all the standards imposed to this kind of motors. In the
election of a six phases motor for our vehicle ,apart from the already mentioned advantages for electrical
vehicles, the most critical reason has been the limitation of batteries voltage (80V).With the expression of
mechanical torque provided by shaft by one single phase :

r2 '
1 th RZ

* *

Oy (Rrh*‘R;";S)z*‘(thWLX;)z §

mech —

Luis Miguel Millan Cobo | Calculation of Six Phase Cage Motor



Fig. 25V /F curve
We can conclude easily that it is cuadratic with the voltage and not that easily with the slip,as we saw in

the previous chapter of this thesis. Thus, if we want to keep the hight torque request by heavy deliver
vehicles and keep a reasonable speed for such a small kind of vehicles in orther to keep it able to cover
distances beetween the suplying center and the costumer, we must increase the number of phases and
this way,increase the torque provided.

On the right, the V/F curve show relation with the flux and consequently the torque.So for the purpose
that concern us,with the same Vmax and the implementation of more phases, we can reach a higher value
of Tmax for the same speed limit before the drop of flux.on the left, we can appreciate the curves family
corresponding to different point of operation for frequencies with the limitation of voltage shown as a the
drop in size. Of course a deep research on speed regulation is not the aim of this thesis so we are not
extending more on the techniques used for that purpose.

With the previous considerations we must design a motor with the following characteristics:

e Rated operation conditions Permanen(S1)

e Indicated power Py := 55000 -W
e Number of pole pairs p=3 2p=6
e Phase voltage UiN =80V

e Phase voltage of the network %

e Frequency f} := 50-Hz

e Number of stator phases my =6

e Type of rotor Squirrel cage
e Construction of the rotor 1IM1001

e Protection class P44

e Cooling 1CO141

e Climate conditions and location N2 — N4
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The phases must be symmetrically shifted 60 degrees between phases. Numerous studies
demonstrate the advantages of 30 degrees shift between phases in six phases motors in order to
minimize the spatial harmonics and get better result in general, but as we will see in calculations, the
power requirements (55000W), throw as a number of 72 slots in the stator. Making some calculations,
we reach to the conclusion that we can not reach the exact of number slots if we use the shift of 30
degrees, that would mean a stator of 12 poles, making unused some of the slots. Consequently we
decided a symmetric distribution of phases and use the complete of the stator slots with a g=2(slots

per phase per pole).

Methodology

The methodology of working has been divided in two phases:

e Customer stage:
v" Knowing all the needs and requirements presented by customer
v Investigation and researchment regarding the topic and its context

v" Presentation of a possible solution

e Designing stage
v" Documentation about all the legislations and standards concerning the project
v" Development of theorical model with the implementation in Mathcad
v Calculations are send to the industry and wait for the first prototype of the model for later
conclusion and improvement from it.(Not achieved by the time | am finishing these thesis)

Luis Miguel Millan Cobo | Calculation of Six Phase Cage Motor



Calculations:

1.Specifications

1. Rated operation conditions Permanen(S1)

2. Indicated power Py == 55000 -W
3. Number of pole pairs p:=3 2p=86
4. Phase Voltage Uiy =80V

5. Phase voltage of the network %

6. Frequency fj = S0-Hz
7. Number of stator phases my =6

8. Type of rotor Squirrel cage
9. Construction of the rotor 1M1001

10. Protection class P44

11. Cooling 1CO141

12. Climate conditions and location N2 — N4

*Note: All the used diagrams and tables (Lent. and Pav.) are listed in the appendix, included at the end of
the document.

2.Magnetic circuits and windings

1. According to P,y and 2p, the nearest standard height of rotation axis is chosen(P.1 lent.):

h = 25010 3:m

2. External diameter of stator magnetic circuit(P.2 lent.):

-3
Dj; := 45210 ~:m
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Isotropic electrical steel of 0.5 mm type 2013 is chosen for magnetic circuits because of plates
malleability.

Magnetic circuit fill factor kg, := 0.97

3. Ratio of stator magnetic circuit internal and external diameters plane(P.1 pav.):

Dy
D= kp Priimama kp = 0.73
j1

4. Ratio of stator magnetic circuit internal diameter

-3
D; :=D:;kp =329.96x10 "m B
LoD fmama 5 . 330% 1073 m

5. Air gap(P.2 pav.):
§:=0.710 °m

6. External diameter of rotor magnetic circuit

Dj,:= Dy ~25 = 328.6x 10 °m
7. Factor kg(P.3 pav.):
kg := 0.98
8. Efficiency factor(P.4 pav.):
n:=0.92
9. Power factor(P.5 pav.):

cosp :=0.895

10. Design power

ki -P
E 2N

PS{;:= ———— — 65.4602HA0°W
1n-cosd

11. Rotational speed of stator magnetic field

f:
1 _

ny = — = 16.66% *
P

12. Mean saturation factor of tooth zone
k, := 1.36

*Approximate value of kz is from 1.2 to 1.6. Higher value, for motors of larger power.
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13. Pole arc factor (P.6 pav.):
ag = 0.726

14. Field shape factor (P.6 pav.):
kg = 1.088

15. Air gap flux density (P.7 pav.):
Bg :=0.7-T

16. Stator linear load (P.8pav.):

A
A =36010%2
: m

17. Stator winding and slot:
2) Windings - one layer, build-in; slots — trapezoidal, half closed.

18. Number of stator slots for one pole and phase (P.3 lent. Only for 3 phases):

Z1
ql = qp =2

- 2*¥pxm

19.Stator winding factor (P.4 lent.):

ky = 0.935

20. Design length of stator magnetic circuit

P —3 -3
15':: =196.347< 10 “m 16::196><10 m

2 2
noagkgkyy Bg -Ap Dy

21. Geometrical dimensions ratio
I5
Ay = — = 0.4336
Djl
*Maximum ratio (P.9 pav.):

Calculated value compared with ~ *max = 0-77
A - A
max 1 100
vy

max

Amax: = 43.7%

*Permissible deviation is up to 25% (for optimal length) and up to 60% (for others)

k —
22.Factor Vv : ky = 0.23
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23. Internal diameter of rotor magnetic circuit

_3 -3
D, = kV'Djl =103.96x10 "m D, = 104x10 “"m

24. Number of stator slots
Zy:=2pm-q =72
25. Relative winding span
For one-layer winding(P.4 lent.) B := 0.833

26. Stator winding span (in slots number)

Z Z
=pB-—— = 9.996 T =— =12
1= Pgg T 2p
27. Indicated phase stator winding current
P
2N
LN = =139.15%

my ‘U py-n-coséd

28. Stator slots pitch
wt-D

t] ;= —— =14.399<10 °m
Z1
29. Effective number of conductors in stator slot
Ay ty-a
. . 1.7'1°¢1
if ap=1 N, = ——— =3.725 Ny =4
' IN
30.Stator winding current density(P.12 pav.):
A
Iy = 51002
: 2
m
31. Cross section area of non-isolated conductor from
If N -6 2
NB“ =16 q = =1.739%x 10 m
ap-NeppJdy.

Cross section of the conductor is chosen according to these recommendations: when h<132 mm,
maximum diameter of isolated conductor dlmax=1.33 mm; when h>160 mm, dlmax=1.685 mm.
Diameters of non-isolated conductors are found: dmin=1.25 mm, dmax=1.60 mm, and corresponding
cross section areas gmin=1.277 mm? and gqmax=2.011 mm?.

At first, we calculate for al=1 and Nel=1. If g<gmax, calculation is stopped. When g>gmax, Nell is
increased up to permissible value (2p>4-Nell=6-8, 2p=2-Nel1=8-9), while g<gmax. If we get g>gmax, the
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number of parallel branches al should be increased. Number of parallel branches should be multiple of
pole number 2p.

The nearest standard cross section area of non-isolated conductor is chosen (P.5 lent.):

2

q:=1767-10"%m? < q_, O m?

Amax = 2011 x 10” °m

Rated diameter of non-isolated conductor

d:=1510 >m
Internal diameter of isolated conductor
-3
dl :=1.58510 “m

Insulation class (P.6 lent.)>F

32. Actual current density of stator winding

1
1IN _
J = —— =5x10°Am ?
Nepra1-q
Comparison with chosen value
J{ —J
! 1. -100 = 09
Jq.

*Permissible deviation up to 10 %.

33. Number of stator winding phase serial turns

N
nl
wy = ‘p-q; =24
aj

34. Actual linear load of stator

2-1in\Wq-m
IN"Y1 _
Al =—"7T = 38.658x 103A~m
TCDI

1

Comparison with chosen value
Al — A
~.100] = 7.388%;

Aq.

*Permissible deviation up to 10 %

35. Winding thermal characteristic (P.13 pav.):

8 A®
AlJ1:= 180010 —3
m

Apd] = 193.29<10°A%m 3
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Comparison

-100 = 7.383 ¢

AlJ1 — ATy
Al1J1

*Permissible deviation up to 20 %

36. Stator winding distribution factor

0.5
kqp] = ——+—— = 0.96593

qq-sin ——
1 6~q1
37. Stator winding span decrease factor

kg = sir{ﬁ-%J — 0.966

38. Stator winding factor
*Also showed results in P.4 lent

39. Motor air gap magnetic flux

kg-U
E V1 _
b5:= —— N 1600210 >Wb
40. Pole pitch
T = =172.788<10 "m
2p

41.Actual motor air gap magnetic flux

P35
Bg := ——— = 0.655T
Comparison with chosen value
Bs. —Bgs

-100 = 6.951%
Bs
*Permissible deviation up to 10 %
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42. Stator slots: Trapezoid, semi closed, tooth walls parallel

43. Trapezoid dimensions: D, = 330x 103m \

\ L o
S} | =
_3 \ |
t; = 0.0144 m D;1 =452x10 "m {9
1 1 NV
JLll
D D,y -D 4
i1 _ i1~ D1 _
€] =t = =19.72210 °m by = =61x10 °m S
D, 2 a

Fig. 26 Stator trapezoid
dimensions

44, Stator yoke magnetic flux density(P.7 lent.):
Chodsgn waludd T

45, Stator tooth magnetic flux density(P.8 lent.):

Chodsgn valu€715-T

46. Stator yoke height

()]
b = ————— = 31.34810 °m
2-15kpe By,
47. Stator tooth width
b = BS.tl = 5.813x 10_31’1’1 Fig. 27 Stator tooth
Fe Zl. imension
n o
48. Stator slot dimensions (P.9 lent.): —
3 ] b
hyy = 1.0-10_3~m bg1:=3.710 "'m ;
bz g
~c
3 5 &
and 1= 1.010 "m Bg :=45.° Bg = 0.785 rad
bs,
From the drawing, slot dimensions are:
c

. -3
hyp i=h'| —hj; =29.651x 10 “m

Fig. 28 Stator slot dimensions
by = 12610 >m by :=9.610 m by := 2.810 %m

49. Stator slot dimensions tolerance, taking into account magnetic circuit assembly errors(P.10 lent.):

Abg:=0.210 >m Ahg:=0.210 >m
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50.Stator slot cross section area in stamp:

B b1+b2 b2_b51 2

—6

51. Corrected cross section of assembled stator magnetic circuit

2

by +b by —b
, 1+ 5 2~ b1 6
Q= [T —Abs}(hnl ~hg - — —Ahsj =277.957% 10 “m

52. Insulation of stator winding slot(P. 11 lent.):

Insulation class F

53. Thickness of stator slot insulation(P. 12 lent.):

b, := 0.410 >m

54. Cross section area of stator slot insulation

Q; 1= by (2,1 + by +by) = 32.601x 10 °m”
55.Cross section area of stator slot streak and closing insulation (P.13lent.):

3 6_2

2) Q= 0.4mb, 10" >+ 0.9mby107 > = 13.68x 10" °m
56. Cross section area of winding in stator slot

Quupi= Q- Q- Q = 231.67% 10 °m?

- k
57. Filling factor of stator slot Cul:

N =4 _
nl d; = 1585 10" °m Ngj = 16

2
N..{1-N_.j{-d
K — _nl7Tell™1 0.694
Cul
inf

k,
Culgecommended 0.68 - 0.75.

When kCu<0.68, slot area should be decreased by increasing bz1 and/or hjl. In this case, magnetic flux
density of stator tooth and yoke decreases. If Bz1 and Bjl need to be decreased even more, the motor
design is wrong. In such case, length of stator magnetic circuit or height h should be less.
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When kCul1>0.75, the bzl and/or hjl should be decreased. If kCul is higher than recommended at
maximum permissible Bz1 and Bj1, length of stator magnetic circuit or height h should be higher.

After kCul correspond requirements, the final dimensions of stator slot and tooth are corrected.

58. Mean pitch of stator slots:

T[(Dl + hnl) _3
tyigi= ————— = 15.693x 10 °m

2

59. Mean area of stator winding coil

—3
barl = thidyIll =156.864x 10 m
60. Mean estimated length of stator winding overhand

Ly = (116 +0.14.p) b, | + 15107 . = 262.846x 10 °m
61. Mean length of stator turn
=21 — 917.692<10 >
Larl = ( S + le) = . m
62. Height of stator winding overhand

2)  hy = (0124 015p) by + 1010 >.m = 99.413x 10 °m

Pitch angle of winding overhand

g = 0.12 rad

63. Rotor slots number(P.14 lent.):
Z, = 56
64. Rotor slot: (P.15 pav.): - Oval, semi-closed
65. Pitch of rotor slots
T 'Dj2

ty = = 18.434< 10 °m
2

66. Trapezoid dimensions:

Djy=328.6<10 °m D, =104x10 °m t, = 18.434<10 °m
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D.» — D b
2 2 _ N s
hy = JT ~—112.3x10 °m & .
D
2 _
th = th—— — 5.834x 10 °m ' .
2= g
j2
67. Rotor slot height(P.17 pav.): g
& %bzz 2522 &
_3 &
= 4010 ° S
hpp m . <y 1/ "
68. Rotor tooth magnetic flux density: 5 | : <
y
B,, := 1.5545.T ”
e
69. Rotor tooth width ; IDz
¢ B ~ tzztz-p");
28§ _3 8
b,y = ——— = 8.002x 10 “m
kpe By,

Fig. 29 Rotor trapezoid dimensions
70. Rotor slot dimensions

hy=0.710 °m by :=1510 >m hy:=0.310 °m

From drawing, the rotor slot dimensions are obtained

o —3
Iy, = 4,7510*3.m Iy 1= 2.6~10_3~m hy, :=32.2510 "'m

_ h

ip=hy —hy =72.3x10 °m sz bs, |l
%_ — -
71. Design height of rotor yoke . '
b22 i
D . |
hiy = z;p (%2 —hnzj ~ 64.74x10 °m &

4ye] i

Fig. 30 Rotor slot dimensions

72. Magnetic flux density of rotor yoke

Dy

3

BA Y= — ———
2

) 2-l5 - kpehyjn

=653.72<x10 °T

*Calculated Bj2 does not exceed permissible value (P.16 lent.) 1.15T.
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73. Cross section area of rotor squirrel cage winding bar

T 2 2 -6_2
Q= E~(r1r + Ty, )+ (rip+ o) hyp = 283.097 x 10" °m

der = Q2 qer = 283.097 10_6m2

74. Current of rotor squirrel cage winding bar

When coshp =0.895 ¢4 ky := 0.94 (PIBpav.)

I, == kj |y ———— = 313.79A
¢ = krhiN
5

75. Current density of rotor squirrel cage bar:

I
J.oi= —% —1.108x10°Am~

c
der

*Recommended current density 2*106to 4.5 *106

2

76. Rotor slot skewing:

b
L _o0.014 s2

= 0.001

77. Rotor cage ring dimensions (P. 19 pav.):
Ring height:

h = 1.28h, = 51.2x10 °m

Cross section area:

q, = 0.37622%T _ 990,84« 10 6m?
2:p
Ring length:
a _
L, = — =19.352<10 °m
h,

Mean ring diameter

D

-3
ZVid:: Dj2 —hZ =277.4x 10 m
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78. Current Rotor cage ring:

betweBrBJ, = 665.051x 10°A-m™

I, =1.-

z

JZ =

1 = 936.653A

C .
2.sin =P
Z
79. Current density of Rotor cage ring

I
2 _945.312<10°A-m_
dz

2

*Recommended current density of cage ring:

2 2

0.92], = 1.02x 10°A-m~

80. Factor evaluating dentation of stator:

k

nl

b
— 1+ st —1.152
5.5t

t] —bgy +

sl

81. Factor evaluating dentation of rotor:

kn2

=1

Rotor slot is open without skewing.

82.

83.

84.

85.

86.

Air gap factor: kg = kppkpp = 1.152

Magnetic potential difference of pole pair air gap:

Fs.

= 1.65kg .B8-106.(kg‘1-s2-m‘1.A2) _ 844.574

Magnetic field strength of stator teeth (P.17 lent.):

When H, = 34,102.é BZl =1671T
z1. m
Design length of stator teeth magnetic lines:

Lzl

-3
= by L, =29.651x10 “m

Magnetic potential difference of stator teeth:

le. :

=2.L,H, =201625A
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87. Design length of rotor teeth magnetic lines:
L, = hy—0.2ry =39.48<10 °m
88. Magnetic field strength of rotor teeth (P.17 lent.):

When H,:=11310°2 B,, = 1.555T

m

89. Magnetic potential difference of rotor teeth:
90. Saturation factor of tooth zone:

_ Bt P +Fp

k, : 1 =1.344
Z..
Fs.

*But initial pole arc factor: gaveus k, =136 o = 0.726
*According to calculated factor kz=1.334 we find now from (P.6pav.) o' :=0.725

91. Factor of magnetic flux density change:

o5
k, == — = 1.00138
*s

*If the change exceeds 0.01, magnetic flux strengths and magnetic potential differences should be
recalculated

|1 -kq| =0.0014

92. Corrected values of magnetic fluxes, magnetic field strengths and magnetic potential differences (in
this case there was no need to recalculate anyway)

Bs =Bk, = 0655T F5 = 844.574 A k, =134
A
A ky = —
kl = — 2. m
m
: k. = 1.674 =k 47.010° = 4.7x 10°A-m~ *
le = le.' a .674T Hzl.. e PR L ‘m
- - =k, 14.610° = 1.46x 10°A-m
B22 = BZZ.'ka = 1557T sz = 2 . = . X Arn
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93. Design length of stator yoke magnetic lines:
D:1 —hq)m
L= (D1 —tya) ™ _ 220.252< 10~

31’1’1
J 2p

94.Stator yoke magnetic field strength(P.17lent.):

A
H; = 1.2510%=
m

According to

95. Stator yoke magnetic potential difference:

96. Design length of rotor yoke magnetic lines:

(D, +h
Liy = {2 h) _ 88.352<10 °m
J 2p

97. Rotor yoke magnetic field strength (P.17 lent.):

A

. 2
Accordingto H.,:=1.21.10"-
g H]2 o

B_]2 = 653.72x 10_3T E_, = 0.525 Flgure 29
98. Rotor yoke magnetic potential difference:
99. Pole pair magneto motive force:
3
Fz = F8+ FZI + F22+ FJI + F_]2 =1.272x 10" A

100. Saturation factor of magnetic circuit:

F
>
kg = — = 1.506
Fs.
101. Magnetising current:
p-Fy
I,=————— =31.556A

Relative magnetising current in percent:

Im
iy = — 100 = 22.676%
LN

*Usual relative magnetising current in percent 37 - 75 %.So we have here one of the best
parameters achieved with this steel.
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2.6.1. Resistances of stator and rotor windings
102. Specific electrical conductance of stator winding:

6 S
vg =41-10"-— |nsulation class F
m
*We are taking common industrial copper characteristic from standards.

103. Resistance of stator winding phase:

R = = —L 2 _po10m
Yo 21'Nejrd
In per units:
Iin'R
R* = N = 0.03357
U
1IN

Resistance in per units of stator winding phase of induction motors of analysed power is: 0.037 - 0.22

pu.Higher values for motors of smaller power
104. Specific electrical conductance of rotor cage winding (P18 lent.):

Insulation class F

v =20510°02

m

105. Resistance of rotor cage bar

1
R, = —°  —33.773<10 °0
Y 0 9cr

*angle calculated with (76)

106. Resistance of rotor cage ring part between next bars:

n-D -d
R, = — < _766.145<10 °Q

Y9 %24,
107. Resistance of rotor cage winding phase:

Ry = R,+ ———— — 47.425< 10 °Q

108. Factor of rotor winding parameters reduction:

2
4.my-(wyk
Ky = (k) —214.832
%
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109. Reduced resistance of rotor winding phase:

R = Ryk | = 10.189% 10 30

In per units: .
N R2
R™ 5 = = 0.01772
U
IN

*Reduced resistance in per units of rotor cage winding of induction motors of analysed power is: -
0.016 - 0.23 pu.Higher values for motors of smaller power.

2.6.2. Leakage reactance and reactance of mutual inductance of stator and rotor windings
110. Factors (P.21 pav)

When B =0.833
kB = 0906 k'B = 0875
111. Winding height in the slot:

-3
hl = hl’ll_hSl_h:‘;_bl =25.451x 10 m

. . . -4
*Thickness of slot insulation b; =4x10 'm

112. Relative leakage magnetic conductance of stator trapezoidal slot:

h 3h
! B +( 3 + EJk‘B =1.469

A - -
b2+2bsl bSl

nl =
3b,

113. Factor kd1, estimating damping response of currents injected by stator field higher order harmonics
in rotor cage winding (P.19 lent.):

— k. = 0.778
2 — 18.667 q; =2 dl

p

114. Factor ks1, estimating effect of stator slots rips:

2
bsl
ky; == 1-0.033 = 0.955
t;-8
115. Factor of stator differential leakage (P.20 lent)
74 2
When = =0. k = — - pB.-—— = 2.004

qp = 2 p=0833 Jl r lep

k'dl = 0.0062
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116. Relative magnetic conductance of differential leakage

2 '
0.9t (a; ky1) “kqy kg1 Kgqi 3

Agp = = 257.715< 10
8-kg

117. Relative magnetic conductance of stator winding overhand leakage:

a1
A1 i= 0.341—-(le ~0.64p-1) = 0.592
S

118. Relative magnetic conductance of stator winding leakage per winding:
A] = 7\.n1 + 7\,d] + 7\.51 =232

119. Reactance of stator winding phase (without skewing of slots):

kyq == 1.5810 "m 150
2
Koy of7 w70l
X111
Xy = —6-/\] = 0.034 Q
P-dq
In per units:
Iin-X
Xy e AN o
Uin

*Reactance of stator winding phase is: 0.1 - 0.18 pu.higher values for motors of smaller power.

120. Relative magnetic conductance of rotor slot leakage:

_l.

kIc = IC~A m
2 6
h;. + 0.8 r T -r b 1.12 -h, -10
1 2 1 2 2
hp = — —|1 - L 4066 - —— 103 +——" - 2874
61y 2-qg 4.1y kye

121. Factor of rotor differential leakage (P.22 pav.):

z .
2 _yesg so Kap=0.0093

When q2:=2pm
R |
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122. Relative magnetic conductance of rotor differential leakage:

Z, 2
0.9t X'
2 2pmy d2

8-kg

3

Ao = = 462.938< 10

123. Relative magnetic conductance of rotor cage rings leakage:

2.3-D 4.7-D

zvid

J = 0.60153

zvid

A, = ~10g(
(o 2 hZ + 2'LZ

2

124. Relative magnetic conductance of rotor winding leakage:
Ay 1= hyp+ Agy + A, = 3.938
125. Reactance of cage rotor winding phase leakage (neglecting diagonal of slots):
] -1
ke :=7.9m “sQ
X, = koo £y 1s-Ay-107 0 = 304.891 10 %0
2 = Kyl Ay = -

126. Reduced resistance of rotor winding phase leakage

In per units:

I X2

X', =0.114

UiN
*Reduced relative reactance of rotor winding phase is0.16 - 0.32 pu.Higher values for motors of
smaller power.

127. Mutual reactance (neglecting diagonal of slots)

UiN — Im X

Xy = —————— = 2.501Q
Im
In per units:
INXm
1IN
X* = ——— =4.35
UiN

*Mutual resistance is: 1.2 - 3.1 pu. higher values for motors of smaller power. If rotor slots are
diagonal, reactances of stator and rotor are higher. This is not accounted in previous
calculations. Increase of reactances is evaluated by factor ki.

128. Central angle of diagonal:

Y¢:=0 rad
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*decided not to apply any angle after checking the deference is low
129. Factor €:

No need to calculate since the chosen angle of bars is 0.
130. Factor evaluating diagonals of slots (P.21 lent.): k;;:= 1.0
131. Leakage reactances when diagonal are accounted:

No need to calculate since the chosen angle of bars is 0.

3. Magnetic and mechanic losses
132. Stator teeth mass of magnetic field:

3 -3
KGz = 7.810"m “kg *the chosen steel characteristics
Gz1 = KGz1 21021 "1 T Kpe = 18.402 ke
133. Stator yoke mass:
3 -3
ijl =kgy, =7.8x10°m “kg
Gj1 = kgji ™ -(Djl —151)-151-16-1% = 61.436 kg
134. The main magnetic losses of stator teeth:

K, = 4.59A2-m2~kg_2-s *the chosen steel characteristics

2

135. The main stator yoke losses:

2 2, =2 ..
kjl =4.08A"-m" kg s *the chosen steel characteristics

pj1 = KB >-Gj; = 456.825W
136. The main magnetic losses:
PFeh ‘= P21 * Pj = 693.46 W
137. FactorBO (P.23 pav.)
When bgil _s5.286 0703

138. Magnitude of magnetic flux density oscillation:
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139.

140.

141.

142.

143.

144

145.

146.

147.

148.

Specific losses of rotor surface:
25,2 -2, -1 * . -
kg = 46557 -A"m “kg the chosen aluminum characteristics
. 1.5 2 -3

W _
— —1kgs

5 g
m

Surface losses of rotor teeth:
t) —bgo

Py, =27p--
)

15Pgy = 39.572W
Rotor teeth mass:

Irrelevant for our calculations, because frequency of rotor magnetic field is too small in steady
state, around 1Hz.

Factory 1.

Irrelevant for our calculations, because frequency of rotor magnetic field is too small in steady
state, around 1Hz.

Magnitude of magnetic flux density oscillation:

Irrelevant for our calculations, because frequency of rotor magnetic field is too small in steady
state, around 1Hz.

. Pulsing losses of rotor teeth:

Pp2 =0 Irrelevant for our calculations, because frequency of rotor magnetic field is too small in
steady state, around 1Hz.

Additional magnetic losses:
PFea = Psa+ Ppy = 39.572W
Idle operation magnetic losses:
PFes = PFeh + PFea = 733.032W

Factor:

k=1

because 2p =6

Mechanic losses:
K5 = 36m “kgs -

2 4
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149. Steel resistance:
PFeh

— 3
= —— =116.067x10 ~Q
an 2 =
my I,
In per unit:
1 .
R* = fm 52010
19)
1IN

*Relative resistance Rm puis - 0.03 - 0.25 pu Higher values for motors of smaller power

150. Angle’ 1:
R,- —X,-
y 1 = atan > ! Z(m 1fm = 0.00696 rad
Ry + Xy +R1'1§ya+xl'xm
151. Factorcl:
2 2
Ry + + (X7 +
of = (®1 Rm)2 ( 12 o) - 1.014
Ry + X

4. Motor parameters and characteristics

152. Parameters of equivalent circuit:

R; = 0.019Q (103 item) R, =0.01Q (109 item)
¢ = 1014

X; =0.034Q (131 item) X, = 0.066 Q (131 item)

X, = 25010 (131 item) R, =0.116Q (149 item)

y1 = 0.00696 rad (150 item) (151 item)

Fig. 31 Equivalent circuit parameters
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e, Carij Ci(xa+Cy x)

Clz*rZ'/S
CiZsp
Fig. 32 equivalent circuit transformation
. M
153. Motor maximum torque: ™
2
pmy Uiy
M, = — 1.481x 10°]

m 2 2
(4~n~fl)-c1-[Rl+\/R1 +(X1+c1-X’2)J

The torque units are N m but in mathcad is using J, so as we see J = N'm = Ws,

154. Motor critical inpSrn :

ClR’z
S = =0.10058
2 v\ 2
155. Factor a (Kloss):
2Ry
a = = 3.736
M
156. Motor start torque P:
p-m-U 2R'
THYIN T2
M, = =337.798

P 2.1 £ -[(RI +c -R'2)2 + (X1 + cl-x'zﬂ

M
157. Motor dedicated torque N :

PPN
My = = 534.687
2.7 -f; (1 - sN)
158. Motor relative maximum torquemrn :
M
m
m, = — =2.771
My

*Recommended value 2-3.2
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159. Motor relative start torquemp:

M_p

= —— = 0.632
Tp My
*Recommended value accounting skin effect in rotor bars 0.7-2

*Since we are not designing considering Skin-effect, the relative torque obtained is a bit lower than
expected.

160. Motor mechanic characteristic:

®) = 2nf; = 314.15% ' s := 0.001,0.002..1

2 5.
p-my Uy -RH

Mem(s) = >
(1)-S-R+C-R—'2 +X+c-X'2
1 1+ 1 (X1 +e1-X72)
N- 5:10°
mo e sy = 0.01772
N O Mem(D) = 337.798
]_><103 .\‘\
O Mgy (sn) =565.2191
Mem(s) | O Men(sc) = 1481x 10%
506'? S
H """"""" O
0
0 0.2 0.4 0.6 0.8 1
S
1
Mg vid:= J Mpm(s) ds = 734.309 Memyig = 734.305)
0
S = Maximiszem,s) = 0.10058
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161. Mechanical characteristic according to Kloss equation:

a=23.736 N My (2 +asspy)
(s) = S S 5= 0.001,0.002.. 1
—+ —+
S Sm a Sm
1.5¢10°
N-m

500 P

162. Motor operating characteristics and dedicated parameters

P,y = 55000 W Upy = 80V Ijn = 139.159 A
Prea = 39572W R, = 19.301 x 1070 e = 1014
P = 417.401W X = 0.0340 X, = 25010
R, = 10.189x 10”20 sy = 0.01772 Ry, = 0.116Q
X'y = 0.0660

N =M nN = 0.92
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s := 0.001,0.005..15:sy

Z, =Ry +iX; = (0.019+ 0.034)Q

7 (5) = —+iX

I
00 0.01 0.02 0.03
S
o fon(Y)
L) =) 7,7
200
150
12.(s)] 100
50
0
0 001 002 003

Z, =Ry +i-X,, = (0.116+ 2.501) Q

200
Pz
150
14(9)| 100 /
50
0
0 0.01 0.02 0.03

P4 = my ViR (3)

/
/

0
0 0.01 0.02 0.03
s
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Fea(s) = m {132y Paa(s) = m(Jnfo) )P

3x10°
4x10° 10
X
P P S /
cui(s) 2¢10° rataly) 1x10° |
— 0 _—
OO 0.01 0.02 0.03 0 0.01 0.02 0.03
S ]
_ P SIC/A | 2 }2
PN = E Ppap(s) = 0.005P |\ I Pem(s) = ml-( |12_(s)‘) ~
3 p-PoN
Py, = PRep + Preg + P = 1.15% 10°W My (s) = 2 {1 )
Pz(s) = PCul(s) + PALZ.(S) +Py + Ppap(s)
P () RO e e
TI(S) =1- Pl(s) cosd)(s) h |Il(5)‘ P2(S) ’ PI(S) PZ(S) Mem.(s) = Z;H_lfl

3000 600
2000 400 //
AL2(9) Ppap(s)
S— 1000—/////// 200
0 0
0 0.01 0.02 0.03 0 001 002 003

S

S

Luis Miguel Millan Cobo | Calculation of Six Phase Cage Motor



8000 /

6000

P (s) 4000

2000

0 0.01 0.02 0.03

S

s := 0.0001,0.0002..1.5-s

10000
80000 // d
P1(s) 60000 <]
Px(3) 40000 ’/
20000 /
.

0
0 20000 40000 60000 80000

Pz(s)

ﬁ?”
ns) 05

cosd (s)

-0.5

"0 20000 40000 60000 80000

P(s)

80000

60000

P2(s) 40000

20000

0 0.01 002 0.03

0.03;

0.01 //
pd

0
0 20000 40000 60000 80000

Pa(s)

200

150

L. (s)

100
[ (s)|

s
1

50 /

0%
0 20000 40000 60000 80000

Pz(s)
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Motor dedicated parameters:s := sy

Pyy = 55000 W Ujn = 80V p=3
sy = 0.01772 n(sy) = 0.925 I (sn)| = 137.489 A
My (sn) = 534.687 J cosp (s) = 0.963 L (sn)| = 132.651A
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Conclusions:

The potential advantages of multi-phase solutions over the conventional 3-phase ones make this kind of
electrical machines especially interesting in applications where a reduction of the rotor harmonic losses,
the power semiconductor stress of frequency regulator, higher torque, the torque pulsation reduction,
capacity of response if one phase fail, etc. suppose the necessary difference for achieving efficiency and
reliability goals. Speaking more about the characteristics reached with the model, it is important to
remember that we are just taking in consideration the model for the first harmonic, even though we are
reducing higher harmonic with the distribution factor. As the one of the biggest advantages, we must take
special attention to the reduced relative magnetising current obtained (22.67 %) thanks to the great
properties of this steel and its ratio quality/price making it an extremely attractive to the eyes of company
and to the pocket of the customer. We also said that we did not made a deeper study in working
conditions out of the steady state, concretely in the starting torque, when the vehicle is stopped and it
might need a quick answer from the motor for the easy incorporation to the traffic, for example . | also
mentioned that the skin effect of the slots was not really studied with a proper modelation, so in the late
laboratory testing the real starting torque may be even higher than expected. In any case, the low starting
torque is not supposing an inconvenient thanks to the frequency converter feeding the motor which is
working with a very low pulsation in the beginning making constant area moment when the voltage
proportional to the frequency, thereby increasing torque to maintain the constant size, keeping the power
consumption low.

But probably the main goal or concern of this work was the capability to get a reliable and satisfying
device with the lowest budget price. In this field it is especially relevant what we have been mentioning
during all the work, the standardization of the components. Our model supposed a new breath of fresh air
to the problems of the client, but with the components and models they are familiar in their daily activity
with three phase induction motors. The decision of using common standards of three phase machines,
give to the client the chance to keep working with their usual providers with the new design. This has two
easy understandable advantages, the easy construction of the parts is a huge step to accelerate the
insertation of the model in the market, and the price of developing these new parts is not going to
suppose an increase on price. It is also important to remark that the duplication of electronic equipment
for speed regulation of motor, is not supposing duplication in price. With the better distribution of the
power through phases, the semiconductor component stress is lower and we can permit components with
lower requirements of current, getting even a more competitive price thus we are using a less exigent
technology.

Compared with probably the biggest competitor in vehicle motors, the synchronous machine with
permanent magnets, even if the speed regulation of this one is much more comfortable, the price still
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being a determinant factor in our favour since we are moving in a margin of price nearly similar to the
three phase motor, and traditionally the price different between this two competitors is around 20% less
for the asynchronous machine.

Anyway, as a final thought, it is important to discuss that the multi-phase machine technology still far to
be completely investigated, and a lot of work still need to be done regarding to the improvement of
models, speed regulation, losses, harmonics, etc
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Appendix:

P.1 lentel & Varikliy norminaliosios naudingosios galios Py, priklansomybé noo
sukimosi adies aukiZio A

. Py, W, kai
: 2p=2 2p=d Zp=f 2=,
90 Bl
2l 120 a0 B )
180 120
i 250 150 5 §
3 370 250 180 )
S50 370 250
a1 750 550 370 250
1100 750 550 2
e 1500 [ 750 370
22000 150K 1100 550
90 3000 2200 1500 750
. : 2 1100
— 4000 T - -
5500 2000 2200 1500
113 7500 5506 3000 2200
- . 4000 3000
132 & 7500 5500 4000
11000 11000 7300 5500
160 15000 15000 11000 7500
18500 18500 15000 11000
180 22000 22000 B .
30000 30000 18500 15000
200 37000 37000 2000 18500
45000 45000 30000 22000
225 55000 550H10) 37000 300K
S50 75000 3000 45000 37000
SO0 GO 55000 45000
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P.2 lentelé. T5oriniai statorims skersmenys ir juss atitinkantys alektrotechniio plisno
Juosty, 3 kuriy Stampuojami magnetolaiding lakitai, plodia b

10 m #5107 m [ [ 't B0 m
50 7.0 86 (81) 90
56 8.0 96 (89) 100
63 9.0 108 (1000 113
71 10.0 122(116) 127
80 10,5 139 (131) 145
a0 11,5 157 (149) 163
100 12,5 175 (168) 182
112 13,5 197 (191} 204
132 155 233 (225) 240
160 175 285 (272) 292
180 19,0 322(313) 330
200 205 359 (349) 367
225 225 406 (392) 414
250 24,0 452 (43T) 460

Skliausteliuose patetkil 4A serijos varikliy statoriy magnetolaidiy skersmenys

P.3 lentelé. Rekomenduojamos g, reikimeés

5 Ui kai
h10°m
2p=2 2p=4 26 2p-8
3063 4 2 2 -
71 4 2 2 15
80-100 4 3 2 1.5
112-132 4 3 3 2
160 4] 4 3 2
180-2235 6 4 4 3
230 8 5 4 3
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P4 lentelé. Statoriaus dvisluoksnés apvijos faktoriy kg, kg1, k=g ) reikSmes

f |k, % 2 =
Wi | B | R | ke | Pa I} kg Ky

1,5 0965 | 4,5 - - - - 4 (0980 (L,985 0960
> |oose | 6 | - | - | - | - 5 [0%33] 0956 0935

2,5 0,962 | 7.5 - - - - [ 0,800 | 0,951 |0.915
3 0,90 | 9 - - - - T 10,778 0,94 10,905
4 0958 | 12 - - - - 10 | 0,833 0,966 (0925
5 0,957 | 15 - - - - 12 | 0,800 | 0,951 |02911
6 0,957 | 18 | 11 |0,610|0,818 | 0,785 15 [0,833| 0,966 |0,925
R 0,956 | 24 | 15 |0,625| 0,832 | 0,795 | 19 |0,792| 0,947 0,905
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P.5 lentelé, Apvaliy variniy emalivoty laidy skersmenys ir skerspjuvio plotai

Nt:iz? livoto “Vid.lzlﬁ nis Ncizt.") Liuoto Nl ?’idl).ltilli s | Nei 21‘:-| uoto

lalldo 1zc-]1luot£:- lald_o  Naido nominalus mul_luuw 1&1¢10 .

nominalus laido skerspjiivio i i laido skerspjivio

skesmuo | skersmuo plotas 2 skersmuo plotas

d 10°m | dy10°m | g 10%m | 41070 1 50 | g 107m
023 0,263 0,0415 0,73 0,815 0,442
0725 0,285 0,0491 0,77 0,835 0,466
027 0,305 0,0573 0,80 0,865 0,503
0,28 0,315 0,0616 0,83 0,895 0,541
0,20 0,325 0,0661 0,85 0,915 0,567
031 0,345 00,0755 0,86 (.,925 (0,581
0,33 0,365 0,0655 0,90 0,965 0,636
0,35 0,380 0,0962 0,93 0,905 0,679
0,38 0,420 0,1134 (0,95 1,015 (0,709
0,40 0,440 0,1257 0,96 1,025 0,724
041 0,450 0,1320 1,00 1,080 0,785
044 0,480 00,1521 1,04 1,120 (0,849
045 0,490 0,1590 1,06 1,140 0,883
047 0,510 0,1735 1,08 1,160 0,916
049 0,530 0,1886 1,12 1,200 0,985
0,50 0,543 0,1963 1,16 1,240 1,057
051 0,565 0,204 1,18 1,260 1,004
0,53 0,385 0,221 1,20 1,280 1,131
0,55 0,603 0,238 1.25 1.330 1,227
056 0,615 0,246 1,30 1385 1527
057 0,625 0,255 1,32 1,405 1,366
0,59 0,645 0,273 1.35 1.435 1.431
0,62 0,675 0,302 1,40 1,485 1,539
063 0,690 0312 1,45 1,535 1,651
0,64 0,700 0322 1,50 1,585 1,767
0,67 0,730 0,353 1,56 1 645 1,911
0,60 0,750 0,374 1,60 1,685 2,011
0,71 0,770 0,396 1,62 1,705 2,060
0,72 0,780 0,407 1.68 1.765 2,220
0,74 0,805 0,430 1,70 1,785 2,270

P.6 lentelé. Santykinés 4 - J, vertés priklavsomai nuo izoliacijos klasés

s Rekomenduojama Santykings A4,-J; vertés, kai izoliacijos klasé
’ izoliacijos klasé B F H
50-132 B 1,0 1,33 1,75
=160 F 0,75 1.0 130
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P.7 lentelé. Vidutinés statoriaus jungy magnetiniy srauty tankiy vertés

A Jungo magnetinio
h,10°m R srau% taJJEIFSEjl,T
24 1,35-1,65
50-132 <660 ) 1,30-1,60
£ 1,05-1,35
2:4 1,30-1,60
160-250 =660 ] 1,20-1,50
8 1,00-1,20

Pastaba. Rekomenducjama priimti viduting eritmeting B, vertg

P.8 lentelé, Vidutinés statoriaus danty magnetiniy srauty tankiy vertés

Danties
2107m v 2p magnetinio srauto
tankis BZ]JT
2:4:6 1,60-1,90
50-132 =660 8 1.55-1.65
2 1,60-1,90
160-230 =660 4:6:8 155-1.80

Pastaba. Rekomenduojama parinkti viduting aritmeting Bz vertg

P.9 lentelé, Statoriaus pusiau uzdaro griovelio vidutings prapjovos plocio vertés

#,10"m b5, 107 m, kai
2p=2 2p—4 206 2p=8
50-63 1.8 1.8 1.8 1.8
71 2,0 2,0 2,0 2,0
80, 90 3,0 3,0 2,7 2,7
100, 112 3,5 3,5 3,0 3,0
132 4.0 3,5 3,5 3,5
160-250 4,0 3,7 1.7 3,7

P.10 lentelé. Statoriaus ir rotoriaus grioveliy matmeny uZlaidos, atsizvelgiant |

magnetolaidZiy surinkimo paklaidas

Uzlaidos, 107 m
A 107 m - — :
pagal ploti, Abg pagal griovelio aukit, Ahs
50-132 0,1 0,1
160-250 0,2 0,2
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P.1 11 lentelé. Asinchroniniu varikliy statoriaus apvijos griovelio izoliacija

MedZiagos pavadinimas

s g £
B g )
& ? '9 f% 2 =} g 3 E'TE
; I 2 o o ,§ 2 o
B | B2 |5| Bkase Rk | $5 23|52
25 |© 37 (8% |54
a3 S S
-~ E —
Izofleksiné stiklo| Imidofleksiné
2 1 | plas&io plévele | stiklo plas&io 0,2 1 0,2
- 2 plévels
S 3 2 Tas pats Tas pats 0.3 1 0.3
" o Izofleksiné stiklo] Imidofleksiné
& & 1 | plastio plévele | stiklo plastio | 0,25 1 | 025
g' plevele
2 Tas pats Tas pats 0,35 1 0,35
& Tzoflcksing stiklo| Imidoflcksiné
E 2 1 | plastio plevele | stiklo plastio 0,4 1 0,4
3 g plévele
g i ©° 2 Tas pats Tas pats 0,4 1 0,4
Ao 3 Tas pats Tas pats 0,5 1 0,3

Pastaba. Tampfazinei apvijos galGniy izoliacijai naudojama medZiaga nurodyta
1 pozicijojc

P.12 lentelé. Statoriaus griovelio izoliacijos storio by vertés

b, 107 m, kai izoliacijos klase
h,10°m
B F H
50-80 .20 0,20 (3,20
90-132 0,25 025 0,25
160-250 (1,40 0,40 (0,40
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P.13 lentelé. Statoriaus griovelio tarpslucksnings ir uZdaromosios izoliacijos

skerspjuvio ploto (0, vertes
A, 107m Apvijos tipas 0, m
50-132 Viensluoksng 0,5 by 107
160-250 Dvisluoksne 045, 10°+0,95,10°

P.14 lentelé. Rekomenduojami asinchroniniy varikliy su narveliniu rotoriumi statoriaus
ir rotoriaus magnetolaidziy grioveliy skaiéiai

Z,/Z, kai

h,10%m

2p=2 2 2p=6 2p=8
5063 24/19 24/18 36128 =

71 24/19 24/18 36128 36/28
80-100 24/19 36/28 36/28 36/28
112-132 24/19 36/34 54/51 48/44
160 36/28 48/38 5451 48/44
180-200 36/28 48/38 72/58 72/58
225 36/28 48/38 72156 72/56
250 48/40 60/50 72156 72/56

P.16 lentelé, Rotoriaus jungy leidZiami didziausieji magnetinio srauto tankiai

Didziausias rotoriaus jungo magnetmio srauto tankis By, T , kai

2p=2 2p—4 26 2p=8
1,45 1,25 1,15 0,85
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P.17 lenteleé. 2013 markes elektrotechninio plieno pagrindine imagnetinimo
charakteristika

0,00 | 0,01 | 0,02 |-:},c-3 | 0,04 ‘0,05 |0,05 |c-,07 |0,03 0,09

T H, 107 Afm

04 056 [0,56 057 | 058 [0,59 [ 0,60 [0,60 [0,61 [0,61 |062
05 0,63 | 0,63 064 | 065 |066 | 067 |067 | 066 | 0,68 | 069
06 | 0,70 | 0,70 071 | 072 [ 0,73 | 0,74 [0,74 | 075 | 076 | 0,77
07 0,78 | 0,79 080 |08 |08 | 083 084 |08 |086 | 087
08 088 | 0,39 090 |09 |09 |09 |09 |095 |09 | 097
09 09 | 1,00 1,00 | 1,02 [ 1,03 | 1,04 [1,05 | 1,06 | .07 | LO8
Lo, 1,1 113 L4 LS | L7 | L1s o 120 | 121 | 1.23
L1125 (1,26 1127 | 1,28 [ 1,29 [ 132 | 1,33 | 1,34 | 136 | 1,38
1,2 | 141 | 1,46 152 | 1,58 | 1,64 | 1,70 | 1,76 | 1,82 | 1,88 | 1,94
1,3 2,00 [ 2,10 220 | 230 | 240 | 250 260 |270 | 2,80 | 290
1,4 | 3,00 | 3,20 350 | 380 | 4,10 | 430 |460 |500 |3540 |58
15 620 | 670 780 | 890 | 100 | 11,3 |[124 | 135 | 14,6 | 158
1,6 | 17.0 | 186 | 202 | 21.8 | 234 | 250 |27.0 | 280 |300 |320
1,7 340 [ 370 400 | 430 | 470 | 50,0 | 540 | 580 | 62,0 | 65,0
1,8 70,0 | 750 800 | €50 920 | 100 |106 | 112 |118 | 124
1,9 130 |[136 142 | 148 | 156 | 165 |173 | 181 | 189 | 198
20 207 | 220 244 | 263 | 281 | 300 |360 |420 | 450 | 540
2,1 | 600 | 670 | 740 | €20 | 880 | 950 |1020 | 1090 | 1160 | 1230
2.2 1300 | 1380 | 1460 | 1540 | 1620 | 1700 | 1780 | 1860 | 1940 | 2020
2,3 | 2100 | 2180 | 2260 | 2340 | 2420 | 2500 | 2580 | 2660 | 2740 | 2820
24 | 2900 | 2980 | 3060 | 3140 | 3220 | 3300 | 3380 | 3460 | 3540 | 3620

P.19 lentelé, Faktoriaus &y rcikSmés

Faktorius &y , kai
@ £=1{} é=15 é=2{} é=.25 £=30 é—35 é=4-{}
14 P P P P 14 P
2 | 4B o d 957 _ _ - -
0.94 0,87 0,77
3 L 093 0,88 0,85 0,8 _
092 0,87 0,84 0,78 0,68 N
A | 2 | 0w | oMo ool | 07 | 0m -
0,20 0,51 0,77 0,71 0,67
5 - D36 0.5 075 L7 0,70 0.67
0,78 0,71 0,69 0,67 0,63 0,62
0,42 0,74 n, 0,66 0,62 0,61
6 = o 0.67 062 0,60 0,58 3
0,78 0,67 0,60 1,56 053
8 - 0,66 0,36 0,52 0,49 047 0,36

Pastaba. Skaitklyje nurodvtos faktoriaus kg reikimés varikliams su  jstrizais
grioveliais (bg=t)), o vardiklyje — varikliams su tiesiais grioveliais.
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P.20 lentelé, Faktoriaus &Y reik3més

& Faktorius &', kai
& q,=1 g,=2 1= q,=4 g1=3 I g,=6 =7 q=3
0 0,097 | 0,0285 | 0,0141 | 0,0089 | Q,0065 | 04,0052 | 0,0044 | 0,0039
1 0,097 | 0,0235 | 00115 | 0,0074 | 00053 0,0045 | 0,0037 | 0,0033
2 0,0285 | 00111 | 00062 | Q0044 | 0,0036 | 0,0032 | 0,0026
3 0.0270 | 00141 | 00069 | 0,0043 @ 0,003 | 0,0029 | 0,0023
4 00138 | 00089 | Q0055 | 0,0D31 | 0,0025 | 0,0019
3 0,0066 | 0,0065 | 0,0042 | 0,0031 | 0,0021
o 00003 | (,0052 | 0,0032 | 0,0020
7 0,0060 | 0,0052 | 0,0040 | 0,0032
] 0,0055 | 0,0042 | 0,0039
9 0.0044 | 0,0044
10 0,0045

Pastaba. Apvijos zingsnio sutrumpinimas, isreik3tas grioveliy skaiéiumi, £y = 1=y,
Clar= ZZ; 2 ¥ =fir. Viensluoksnei pilnojo Zingsnio apvijai &, =0. Kai ¢,=1,5 ir f=0,89,
tal k', =0,045, o kai g,=2,5 ir #=0,80, k',=0,017.

P.21 lentelé. Faktoriiaus k. reikimés

Faktorius f& . kai
¥ss rad | - - . - - ]
=15 | 220 | 25 | =30 | =35 | =40 | =45 | =50 | =55 | =060 | =65 | =70

0,174 | 1,0177 [ 1,0240| 1,031 | 1,035 | 1,043 | 1,049 | 1,055 | 1,062 | 1,068 | 1,074 | 1,081 | 1,087
0,208 | 1,0256 | 1,0347| 1,044 | 1,053 | 1,062 | 1,071 | 1,080 | 1,088 | 1,098 | 1,107 | 1,170 | 1,126
0,244 | 1,0347 | 1,0471| 1,059 | 1,072 | 1,084 | 1,097 | 1,109 | 1,122 | 1,134 | 1,146 | 1,159 | 1,171
0,280 | 1.045 | 1,061 | 1,078 | 1.094 | 1,100 | 1.126 | 1,142 | 1,159 | 1,175 | 1,192 | 1.207 | 1.223
0,348 | 1,070 | 1,006 | 1,121 | 1,146 | 1,172 | 1,197 | 1,222 | 1247 | 1273 | 1208 | 1,324 | 1,348
0,435 | 1,100 | 1,149 | 1,189 | 1,280 | 1,267 | 1,307 | 1,346 | 1,385 | 1,424 | 1,463 | 1,501 | 1,540
0,522 | 1,159 | 1,216 | 1,273 | 1,330 | 1,387 | 1,444 | 1,500 | 1,538 | 1,615 | 1,671 | 1,73 | 1,786
0,696 | 1357 | 1,485 | 1,612 | 1,740 | 1,868 | 1,990 | 2,12 | 2,25 | 2,38 | 2,505 | 2,63 | 2,760
0870 | 1745 | 2,01 | 227 | 254 | 2,81 | 307 | 3,34 | 360 | 387 | 4,14 | 440 | 4,660

E)

1,044 | 2,15 | 2,56 | 2,97 | 338 | 3,80 | 420 | 4,62 | 503 | 544 | 585 | 625 | 6666
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P.2 pav. Vidutinés d = f (1)) vertés
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2p=2
Io.a //: 2pc4
A N
? / 2p+6
07 // Z T
/ /N

06

/ 8

05 2N
0f 02 04 1 2 4 10 20 4060100 1W
P.4 pav. Vidutines 5 = f (Px) verles

09
202 b AT AT L
f‘ﬁ 7T A
08 b A Y /
cosp +6 2 /
/L | A
a7 LA )
‘2&
/ /|
06
/|
| B

05 !
0102 0% 1 2 4 {0 20 40601400 ;p%y
P.5 pav. Vidutinés cos ¢ = f (P;y) vertds
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a8s l T
B Dl
A il
080
// °5'3 —r=l14
s =1 i
0’75 \\ /,/ - 1,10
/7
N
=x$s Q70 N I
o5y’ ™ kg
065 K
\\B 1,05
0,60 \ ~
103
055
3
1 kz 2

P.6 pav. Faktoriu a5, a, ke= f (k) vertés
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m
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b

P.8 pav. Vidutinés 4, = f (D;;) vertés
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P.19 pav. Narvelinio rotoriaus Ziedo matmenys

=
/

|
é’i’a, // /
i

05 g6 a7 0.8 a9

I3 —

P.21 pav. Faktoriai ky ir ky = f (6)
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v d
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I 10°0

P.12 pav. Sroves tankio J; kitimo ribos

N
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i - 524
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260 0 M0 M0 4w 4o 500 5T

b

P.13 pav. Vidutinés A, J; = f (D) vertés
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P.23 pav. Faktorius Sy = f (ba/d)
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