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In the final decade of the last century, there was enormous intellectual and engineering
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activity surrounding the recently invented induction motor, especially their efficiency
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increasing. The interest in improving the efficiency of electric motors stems from the fact
that they represent 60 to 70% of the total industrial and commercial load. A knowledge the
motors operating efficiency in an industrial plant is necessary, when deciding whether
standard motors should be advantageously replaced with more efficient motors. A new
approach is presented for analysis and design of closed rotor slot induction motors in this
paper. The main idea is illustrated as follows: first based the computed machine parameters
and motor geometry optimization will be carried out. Then, to validate the conceived
machines, dynamical performance analysis will be achieved by MATLAB environment.
Finally using finite element electromagnetic field analysis, the comparison results will be

Keywords:
constraints  design, induction  motor,
efficiency evaluation, analytical method

discussed and commented.

1. INTRODUCTION

In regard to the high performance and features of induction
machines, such as simplicity, ruggedness, reliability, they
have been widely used in much application. Their exploitation
in many cases looks towards a best possible of their behavior,
[1].

As a consequence, with the continuing increase of the cost
energy and the pressure caused by the worry environmental
protection. Electrical machines manufactures as well as
interested in the energy reduction consumption, which is
translated by a global warmness to intensify the energy saving
research worldwide, [1-3]. For these reasons, electric energy
consumers are interested to use apparatus driven by electrical
machines with high efficiencies in order to reduce their cost.
In the last decades, new generation of motors have been
emerged on the world market and known as High Efficiency
Motors (H.E.M). These new types of motors are relatively
more expensive than the conventional ones, in the range of 20-
40%, from larger to lower power range respectively [3].

The electric driven system efficiency depends on several
factors such as: motor efficiency and control techniques, power
system and distribution network qualities, system over sizing,
mechanical transmission means, maintenance problems and
practices, load management and operating cycles. To improve
electric driven system efficiencies, different approaches are
proposed. They mainly use variable speed drives, regulate and
stabilise the electric power network, choose an optimal power
size of the electric motors or improve their designs and
efficiencies. The three first approaches are related to electric
power network system, but the last ones are related to the motor
design itself [2].

Kept in perspective by taking into consideration the energy
saving potential during the motor design stage, as well as its
operation. The previous efforts were always made to save
energy in motor application by using energy only as much as

202

what was needed during operating. The best way is to exploit
the saving potential during motor design. However taking into
consideration, its intended application, it can be achieved
either through the improvement of motor design or through the
reduction of the electrical input energy when the motor has
been already existed, As well as, first we have to act by an
appropriate choice of the motor sizing, or by operating the motor
in an efficient way, so using external intervention [4]. Second, by
acting on the motor design, which means increasing the volume
of the active material (Iron and Copper), using longer machines
in order to keep the same slot design, selecting lower current
density and a higher copper slot fill-factor, choosing new
material with high magnetic performances (low iron losses), and
optimizing the motor design according to its efficiency.

The objective of this paper is to clearly discuss those factors:
In the first part, we recall all the advantages of high efficiency
motors and expected performance. The different approaches
and LIWSHITZ steps method will be applied on an
asynchronous motor's of SkW is the subject of the second part.
The different characteristics of this machine will be deduced
using a program under MATLAB.

Finally, the finite element method will be used to obtain the
different characteristics of our machines for different
operating conditions. We will conclude with a summary of the
results found for the A coupling.

2. EFFICIENCY
CHALLENGE

STANDARDS AND WORLD

The International IEC 60034-30-1 2014 Standard, assures a
regular international basis design and electric motors
classification as well as national governmental activities. Thus
raising the harmonization level performance standards MEPS
(Minimum Energy Performance Standard). The standard
defines the international efficiency classes (IE code) and



requirements corresponding, provides the test conditions and
performance measurement methods described in IEC 60034-
2-12007, but does not establish motors minimum performance
level (MEPS); this depends on the different legislation force
countries and governmental objectives about energy saving
and ecological sustainability [4-5].

2.1 Europeans

The regulation 640/2009 Article 3 implemented eco-design
directive 2005/32 / EC and imposes a strict standards
performance on electric motors, labeled IE1 (Standard
Efficiency), IE2 (High Efficiency) and IE3 (Premium
Efficiency). In June 2011 the motor efficiency will have to
reach the IE2 label, and the IE3 label (or IE2 with a variable
speed drive) in January 2017. European Commission means at
2020 to reduce electricity consumption by 135 TWh [4].

2.2 United States USA

Energy Independence and Security Act (EISA) was signed
in December 2007 and deposit into effect in 2010 (last updated
in 2014). The EISA standard replaces EPAC Energy Policy
Act approved by the US Congress in 1992 and establishes the
IE3 Super Premium NEMA performance standard as a
minimum level for AC three-phase industrial motors for
general use 1 to 500 HP manufactured or imported for
transaction in the United States. The United States Department
Energy (DOE) is responsible for defining regulations to apply
[5, 6].

2.3 Canada

Canada has implemented minimum energy performance
standards since 1995, these standards were amended in 1997
revised since June 2016. The minimum efficiency levels
considered are IE3 and the nameplate indicates the efficiency
at 100% NEMA nominal load and certificate symbols such as
CSA[T7].

2.4 Australia

Australian MEPS standards be announced in 2001 by the
Australian Green House Office (AGO), and were reviewed in
2006. All systems covered by these standards, sold in
Australian markets and New Zealand will need to be registered
in a national online database system. The AS/NZS
1359.5/2004 standards include two levels performance: The
minimum efficiency level performance IE2 and a high level
performance IE3 or upper. The standards are controlled by an
official organization that performs random testing to prove
conformity and the importation motor is subject to severe
penalties [2, 7].

2.5 Germany

The German Standards Institute is a private organization
with the status non-profit association. Its members come from
industry association's public authority's trade, professional
organizations and research organization by agreement with the
German Federal Government. DIN is the approved national
standardization body representing German interests in
international and European standardization organizations [1,
8].
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3. HIGH EFFICIENCY MOTORS

Replacing an existing motor with a high efficiency motor
reducing the total electrical energy consumed (kWh). It can
also improve the power factor in some cases.

The success replacing an existing motor analysis with a
high-efficiency motor makes it possible to check the actual
required demand for this equipment, which is frequently too
high. Really the majority industries use oversized motors to
protect, against motor failures give opportunity to increase
production and make load fluctuations [1-2].

3.1 Efficiency improved

We have numerous parameters to improve an induction
motor efficiency:

1)  Bearings design optimization to reduce friction losses;

2)  Increase copper and coils sections permit diminish
joule stator losses;

3)  Short-circuit rings and bars materials quality as well
as sections to decrease rotor losses;

4)  An efficient ventilator reduces the losses due to
ventilation effect;

5)  Increased airflow reduces mechanical losses;

6)  High quality magnetic sheets used to reduce iron
losses especially Hysteresis cycle effect.

7) A excellent slots dimensioning and coil larger
diameter makes it possible to reduce the magnetic losses;

8) A large length stator reduces the magnetic field
densities also improving the cooling capacity motor, in
addition reducing the magnetic losses under load [9].

Figure 1. Increase motor efficiency zones action
3.2 Design methods

In order to design electrical machines, there are numerous
methods it is a principally large field whose approach uses a
lot of assumptions. Throughout our research we found
ourselves in front at several kinds' methods specific to every
designers, in general the method does not change since we
always notice the same path that allows stator sizing followed
a rotor calculation. Static and dynamic characteristics are
calculated from the machine equivalent circuit, [10].
Afterward we propose four calculation methods encountered
in our study:

3.2.1 First method

This method proposed by Marcel Jufer and Jean-Claude
Sabonnadiere, is based on the calculation using initially the
formulas iron stator dimensioning then they establish rotor
calculation. The magnetic circuit sizing is based on the
following constraints:



" An induction level resultant to the saturation has
imposed so as to limit iron losses while decreasing the iron
mass volume, then define this induction level via geometry
and magnetic flux conservation rule;

. The bore diameter and active length are the typical
sizing process dimensions.

But the associated key factor is a radial air gap induction,
its sinusoidal distribution [10].

3.2.2 Second method

This second teaching method used at the MONTREAL
Polytechnic School is a didactic method. The suggested
method offers certain flexibility to parameters definite. A
compromise must be made such as the bore diameter motor for
example and the result obtained must sometimes be changed
to meet the requirements. This method also includes the rotor
slots oblique array dispersions [10].

3.2.3 Third method

This procedure, combines computation and induction
machine computer-aided design, and borrows different
calculation phase's chronological order. This approach is
based on the design principle of G.Kouskoff and Liwschitz.
Except that we impose the geometric data of an already
existing industrial machine, as constraints to which we must
offer. The numerical calculation results are compared with
those given by the classical test method then processed by
analysis simulated dynamic machine behavior in order to
develop the correlation and concordance of these design
results with those delivered by the manufacturer of the
induction motor studied [3].

3.2.4 Proposed method

This design procedure of electrical machine it is based on
Liwschitz method (L.M) where can be summarized in three
main stages:

Imposed Design Machine Data

Modifications &

Sizing Stage & Optimization Routines

Adjustment of Motor

v

Geometry

Optimum of Stator Current Density & Rotor Slot Opening

T

v

Finite Element Analyzed

Checking of Quality Factor

T

Analysis of Geometrical
Model

Min. Weigh

A

Achievement?

Electrical Equivalent Circuit Parameters

v

Analysis Stage of Dynamical Behavior

Figure 2. Global proposed machine design procedure

1) From the imposed machine design data and the output
equations (C), finding the optimized machine dimensions,
which are characterized by the active volume (D2 Ii) given by

the stator diameter and the stack length of the machine, leading
to the parameter of the electrical equivalent circuit of the
machine.

3
5;°10 _ K Bs A1 _ )

D21, 60n,  86-10°

where:

(S;) is the apparent power calculates according to a set of
experimental curves the normalized values of the power factor
(cos ¢) and efficiency (n), and (A, Bs) is respectively the
linear charge in addition to air gap flux density. Lastly (K1)
is the total stator winding coefficient on the other hand (n;) is
synchronization speed, [11, 12].

From which we can deduce primary phase number turns:
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1
Vil )
1+o,,

= - “HL 2
oAk fLK 0 @

Py Primary dispersion coefficient obtained from a
H1

diagram;
f1 Supply frequency.

" Magnetic Sizing

Knowing the dimensions value we calculate the flux per
pole. We can easily determine flux density values and the
magnetic field in each section.

B;
,Hi=lu—,p.i=1u01un. (3)

i

In favor of taken into account the presence opening slot to



calculate the virtual pole pitch; the latter is taken into account
by replacing the air gap & by a fictitious air gap 5" such as
5

= K. > 1 is called Carter factor.

c
T
K,=—"2—
T2 V8O @
_4 martgi— In 1—(\/\/5)2
"B x|l 25 " Y25 \7 \s

Where (Ws) is the slot opening and T, the tooth pitch.

When the two parts of the machine (stator and rotor) are
notched, we calculate:

K, For a smooth stator;

K., For a smooth rotor.

K. = K¢, - Kc Where K, is the total Carter factor.

From where the air gap magneto motive force is:

%
S5 Ho
] Teeth Magneto motive

In practice, however we use the Simpson rule which gives

good results. Knowing that the tooth is divided into three parts,
the average field intensity is calculated as follows:

Fs

= 5= K-S ®)

c

B
3. K
Ho

1

:7@ . +4.H +H ) (6)
zmoy @' z.min z.med Z.max
The magnetic potential tooth value is:
F —h_-H )
z 'z zmoy

This formula is applicable for rotor and stator. We redo the
same calculations for both parties while considering the
characteristics of each of them.

] Magnetizing Current
Equation (8) calculates the magnetizing current [4, 11].

lho = ? Tiot (8)
m .
0.9 mlNlel
. Bar Current and Shorting Ring
| I:)u * ID(ft + vt) * I:)sup ©)
2 m2 ’ Ez(l_ g)
I2
ln=—"7F 1o
2sin —

2

m, = Z, Secondary phase number; P, Nominal power;

P(feevey  Mechanical losses;
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Py, Additional losses;

2)  The results of stage 1, evaluating the machine
performances qualities, in order to check whether or not the
design machine operates as the desired specification.

-Calculation of Stator Resistance

The stator resistance ( R, ) are expressed by:

R.=p- Lot

: (1)
S

where: S Conductor cross section area; L;,, Total conductor
length per phase.
-Calculation of the Leakage Reactance

= Total Stator Leakage Reactance
The stator leakage inductance is deduced from the total
stator leakage reactance as follows:

‘ (Acbl Aot Acdl)(lz)

= Total Rotor Leakage Reactance
The rotor leakage inductance is expressed as follows.

X
62 _4.q

()

fl

| = L
®2p

of

' (Acst * Ac522 * A6d2) (13)

where:
Agp1, Agp2 End coil permeances of stator and rotor;
Aga1, Agqp Differential permeances of stator and rotor;
A1, A5z Permeances of stator and rotor slot.
-Assessment of the Losses

= Copper losses
In the Stator: The copper losses in the stator coils (P,1)
are given by:

P m, -R, - I (14)

cul S

In the Rotor: The copper losses in the secondary (P,,2)
are:

szzmz'R2~|§ (15)

2.R.
R, =R,, + ring (16)

4.sin2L'p
ZZ

The equivalent phase resistance R, refereed to the stator

side is:
2
R M) [N K| g (17)
r mZ N 2 KWZ :
where

Rpars Rying Bar and ring resistances;



R,, Z, Rotor resistance and bar number;
Ny, N, Stator and rotor turns by phase;
Ky, Total rotor winding coefficient;

my, m, Stator and rotor phase number.

= Iron losses
The sum of the losses (py4w) in one iron kg is given by:

~ \2
Do =Ky - F-B 107 + K, - (S, -f, - B 107 19)

The constants Ky, Ky, for the different materials are given
by normalized rang.

Where:

B Peak air gap flux dens;

S; Metal sheet thickness

= Mechanical losses

These losses are taken into account with rubbings due to the
rotation of the mobile part of the machine, and they are
estimated according to the speed [8, 11].

-Determination of No-Load Parameters

The stator no-load current (I,) comprises the magnetizing
current (I, ) and load losses one (Io4).

Iy =10+, (19)
= P P (20)
Oa ml 3 VS
Iao
cos@, == 21)
IO
The no-load reactive power (Q,) is:
Q, =3V, 1, -sin @, (22)

where:

Pr¢1pe RUbbing and ventilation losses;

¢, Phase angle at no-load;

Frmior TOtal magneto motive force calculated according
Simpson method;

Py, Supplementary losses;

Therefore, the total stator inductance (L) is determined as
follows:

Qy

= 2
301

L 3-V, -1, sin @,

(23)

S 2
3-o, 1,

After having determined (Lg) and (l;5) , the mutual
inductance is expressed by:

M=L, -1 (24)

And the total rotor inductance referred to the stator side (L)
is determined:

L =M+1, (25)
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Finally the efficiency is:

P
L (26)
1 P, + Losses

3) The last stage consist a series of alternative design for the
specified power, voltage, and speed were examined to give the
best starting guesses for an optimum of power density [4, 8].

3.3 Machine description

To explore and to evaluate the design procedure, two 5-kW
type DIN-IEC-F induction motors have been designed,
considering some constraints in terms of voltage regulation,
number of poles, speed rang, and cheapest manufacturing
techniques. The first one is a single Carter coefficient (M1),
and the second one is a double coefficient (M2) as well as with

profound stator slots its data specifications are given in Table
1.

Table 1. Machine data

P, | Output mechanical power | 5 kW
Vs | Stator voltage 380 |V
p | Number of pole pairs 2 -
m, | Numbers of stator phases | 3 -
fs | Supply frequency 50 Hz
n, | Rotor speed 1440 | tr/min
A | Coupling mode

Stator core

shafi

(b) Detailed rotor and stator slot

Figure 3. A typical machine's



Figure 3(a) shows a general overview of the machine's main
dimensions, while Figure 3(b) shows the detailed rotor and
stator geometries.

Due to the large number of parameters, their names and
meaning will be stated in the next table.

3.3.1 Design Results

The numerical results, are obtained from the design
program developed in our group for classic induction machine
design under MATLAB environment, which has been
modified for the closed rotor slot topology. Table 2
summarizes and compresses the computed design parameters
of these two motor prototypes.

Table 2. Computed design parameters of three- phase machines under study

M1 M2
Quantity Stator Value Rotor Value Stator Value Rotor Value
[mm] [mm] [mm] [mm]
Slot width at teeth Wssl 4 Wsrl 0.5 Wssl 4 Wsrl 3
Slot width at opening Wss2 7 / Wss2 7 /
Slot width at end Wss3 11.1 Wsr0 8 Wss3 11.8 Wsr0 8
Teeth width Wts 9 / Wis 9 /
Slot height at teeth hs0 2 hsr0 0.5 hs0 2 hsr0 0.5
Slot height at opening hs2 18.7 lg 0.35 hs2 23
Air gap diameter D 150 Dshaft 45 D 150 Dshaft 45
Outer diameter Do 250 Dr 149.3 Do 259 Dr 149.3
Machine weight MW kG 49.34 53.09
Power factor cos ¢ / 0.855 0.848
Stator current at no-load 1, A 1.976 2.197
Starting current I A 36.09 38.432
Magnetizing Current Ly A 1.964 2.186
Rubbing and ventilation losses Preyot w 80 80
Total Iron losses () W 193.17 206.25
Air-gap length S mm 0.447 0.505
Efficiency n | - 0.8644 0.8644
Mutual inductance M H 0.5991 0.5369
Rotor resistance referred to the stator side R, 0 3.0428 3.0428
Stator resistance R, 0 2.4027 1.8020
stator leakage inductance lys H 0.0167 0.0164
Rotor leakage reactan.ce referred to the I H 00115 0.0105
stator side or
Stator back iron flux density Byj1 T 1.2 1.2
Tooth flux dens in stator By T 1.4039 1.4046
Peak Air-gap flux density Bs T 0.63 0.6227
Stator slot / Rotor bar number 36/30 36/30
T/ T, | e | 74/33 84/33

Through the design program results, there is an increase in
the magnetizing current for M2. This raise is due mainly to the
air gap and therefore to the f.m.m in the latter since they are
proportional. On the other hand, an efficiency improvement is
observed by the use of a deep slot stator side.

As aresult of this investigation, the current circular diagram
[2, 8]. The H-G diagram (Figure 4) and three motor
characteristics Is = f(S), Te = f(S) and efficiency Eta =
f(8) are drawn as depicted in Figure 5, Figure 6 and Figure 7
respectively. These last figures are zoomed so as to highlight
the performance of the proposed method in particular points
range.

The analysis of the Figure 4, show that the plotted of
particular points obtained by the circular diagram are
confounded on the theoretical H-G diagram. So it can be
concluded that the LIWSHITZ analytical models are in good
correlation [2].

Figure 5 presents and compares an important characteristic
for these two machines, which we observe that, the current
starts from a low value it is the no load current, increases
according to the slip before incoming at the starting current.
We also note that the deep slot machine (M2) have a starting

current greater than 2.46A compared to (M1) is very
significant.

This adjust is accompanied by a maximum torque
improvement and starting torque about 10Nm (Figure 6). As
well as the machine efficiency +0.5% hence multi objective
design (Figure 7).

M1 Theoretical points
M2 Theoretical points
Obtained points
O Particular points

*

05

Henry)
o

Variable G(ohm/rd/s

Variable H(ohm/rd/s=Henry)

Figure 4. H-G Diagram with current circular diagram
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Figure 5. Stator phase current versus rotor slip
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3.3.2 Open loop behavior analysis

The evolution currents and speed study in dynamic mode by
simulation, is a very effective means results validation. Indeed,
the simulation, will study the influence of each parameter and
calculate the quantities that are not directly accessible to the
measurement (i.e. the rotor currents in).
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Figure 8. Under nominal load characteristics

Using the results grouped in Table 2 and PSB blocks (Power
System Block) of the MATLAB, we will verify the nominal
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torque (nominal load), starting torque and maximum torque
test [4, 8].

As the second test, we will apply to machines gradually
received a torque greater than the nominal torque in order to
determined the starting torque.

Finally, a maximum torque is applied at time (t=Is) to
determine the load capacity of these two machines. This is
illustrated by the speed and torque curve.
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Figure 9. Under starting torque characteristics
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3.3.2 Results analysis

According to two machines studied results we note that:

For static results analysis, we are interested to the nominal
operating point, which means that when the rotor slip S = 0.04,
we can see that there is an efficiency improvement for M2
compared to M1.

For dynamic results test, we observe that there is a great
improvement in the M2 performance's, they are more
remarkable especially in all three tests and can be summarized
in the following points:



(1) M2 response time less than M1, it appears through the
developed torque by the two machines and the reach maximum
speed time is a smaller amount than M1;

(2) The call current at the start-up and during the walk in
charge of M2 is less than M1 and it means that: Warm-ups less;
Electrical energy consumption less; Winding long life.

(3) M2 has a better overload capacity.

3.3 Finite element analyze

The finite element method (F.E.M), is a numerical method
for solving differential equations, with partial derivatives and
their boundary condition. This method, was used initially for
a structural analysis (mechanics, civil engineering). It was
introduced for the first time in electromagnetism by P.
Silvester and M.V.K Chari in 1970. Its current scope, covers
the following areas:

-Constraints and deformations;

-Fluid mechanics;

-Thermal problems;

-ectromagnetism;

-More recently coupled magneto, thermal and magneto-
mechanical problems.

In the majority cases, this method integrates with software
C.A.O (computer-aided design), which is a great advantage
for the engineer called to design the desired physical systems,
[4].

The main steps in construction a finite element model are:

-Sub domain discretization;

-Nodal approximation construction by sub domain;

-Elementary matrices calculates problem corresponding to
the integral form;

-Elementary matrices Assembly;

-Boundary conditions consideration and equations system
resolution.

The supply circuit of our machines is represented by the
following figures.
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Figure 12. End effects related to geometry circuits

Using the quantities summarized in Table 2, can draw the
studied machines geometry whose main results as given in the
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Figure 13 and 14.

(c)Mesh dlstribuion (d) Zoom

Figure 13. Designed 5kW mesh distributions
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Figure 14. Flux density distributions under nominal
conditions

In second phase of the design procedure, F.E.M is used to
analyze the flux distribution and to check the saturation effects
of the machines structure in a nonlinear mag-netostatic model.

Figure 13 and 14 shows the magnetic circuit mesh made for
M1 and M2 respectively, we observe that the mesh is denser
in the air gap area since the electromagnetic energy develops.
On the other hand, is coarser towards the shaft and towards the
outside of the cylinder head. Indeed, during our simulation we
apply Dirichlet condition with a zero vector potential.

Figure 15 and 16, depict the starting/nominal torque slip
response, the current-slip characteristic curve as taken by the
developed programs, and show the slots opening effect.
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4. CONCLUSION

This paper has presented and compared design results of
two 5-kW conceived motors, obtained from the machine
design program developed in our laboratory. Then, in order to
validate these conceived motors, a series of simulation and
analysis test with SIMULINK under MATLAB environment
were performed. These techniques were found very valuable,
mainly for costly systems before their implementation. In fact,
the numerical results obtained and the simulation analysis
performed show that the conceived motor M2 present high
performances and capabilities, especially under very hard
starting conditions and during overload conditions. It be
concluded that opening slot induction motor topology has
substantial advantages over the conventional closed rotor slot
machine due to the efficiency value by the use of a deep notch
stator side. Further to this, these new motors present a
relatively better power density ratio, have a robust
construction, and are almost free of maintenance, leading to an
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interesting cost and to a promising solution for on-wheel drive
propulsion for example.
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latter is proposed by our research team based on modified crossing and mutation
operators who have fixed values for conventional genetic algorithms. In addition, this
version is characterized by a double loop and a random crossover. Firstly, to
demonstrate the ability to locate the global optimum with this version algorithm a
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in which the global optimum exists in relation to the classical genetic algorithm.

1. INTRODUCTION

Nowadays, industry and infrastructure consume more than
31% of energy, and electric motors alone account for more
than 60% of this consumption [1, 2]. In addition, the
unavoidable disappearance of fossil reserves and the resulting
inexorable cost increase compel manufacturers to make the
best use of electrical energy. When making the decision to
acquire a new machine, the investor should be led to consider
the energy that will be consumed by this machine during its
lifetime. Certainly, it is considered that since its acquisition
until its dismantling, the purchase price represents 2 to 3% of
the total cost [3], the rest being, mainly, the consumption of
energy. This energy is necessarily attributed to the finished
product and impacts the competitiveness of the company.
Solutions exist to intelligently use available energy: Improve
the efficiency of the machine, choose a running mode allowing
to put in sleep the machines not much solicited, use the
inverter, choose more energy-efficient movement strategies,
use high efficiency motors [4, 5].

Since a simplicity of implementation, a small size, good
performance and its excellent reliability. The induction motor
is the most used motor in all industrial applications. Its only
black spot is the reactive energy always consumed to
magnetize the air gap [5, 6]. It is designed to operate at
constant speed. However, it is increasingly associated with a
drive which improves the flexibility of the machines. The use
of a variable speed drive eliminates certain weaknesses of the
induction motor: the starting current, the power factor and the
voltage variations with inverter using the vector control [7].

In a related, nowadays the comparing induction motors
efficiency is more complicated by the fact that there are
several ways to measured them. Knowing that, the same
motors evaluated according to different standards will be
classified differently [8, 9]. The main standards are: Canadian
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CSA C390/M1985; American IEEE/ 112B; European IEC-
34/2; JEC-37 Japanese. The Canadian Standards Association
(CSA) takes into account the additional load losses which are
indirectly measured. In addition the method used to measuring
them is inspired by the IEEE. The CSA standard is, however
more stringent than IEEE because it leaves little room for
possible interpretation errors during yield. On the other hand,
the IEEE standard calculates additional losses due to the load
in an indirect way [1, 9]. It ranks second in terms of the caution
of the results.

To improve the motor efficiency, several works are
published in this area [1-3]. It is done by control so by
maintenance or through design optimization which is the
subject of this article. Despite the fact that, exist many
optimization method and there are effort for improvement the
old methods. So in this paper, we will focus on improving the
efficiency of a closed rotor slot induction motor by proposing
a solution during the design phase. The proposed approach is
based on double loop modified genetic algorithms.

The results of the optimized design found are analyzed and
validated or it can be declared that they are satisfactory.

2. GENETIC
TECHNIQUES

ALGORITHM OPTIMIZATION

The classical genetic algorithm (CGA) simulates biological
evolutionary theories to solve optimization problems [10].
They provide solutions by generating a set of chromosomes
referred to as a generation. Each string has it is own fitness
measure that reflects how well a creature can survive under the
surrounding environment. The new generation of the strings is
created through three major operations; selection, crossover
and mutation, which provide a powerful global search
mechanism which corresponds to 1% loop in Figure 1.
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Figure 1. Proposed genetic algorithm diagram

Firstly, the selection is a process in which individual strings
are copied into a mating pool according to their fitness values
[10, 11]. Secondly, the crossover is a structured recombination
operation. In the classical one-point crossover, a random
position in a string is chosen and all characters to the right of
this position are swapped. Finally, the mutation is an
occasional random alteration of the value of a string position
[1]. As this version is linked to random criteria, the obtained
optimization results differ from one execution to another. That
is to say, there is a convergence towards a local optimum.

To remedy this problem, a new version has been proposed
and applied in this paper. It is about modified genetic
algorithms (MGA). So this improvement method always go to
give a global solution for 80% of the test, by changing the
probability of crossover Pc and mutation Pm operation in
every one generation. The diagram of Figure 1 gives the
clearest idea [1, 10]. The difference between the value of the
current objective function and that of the previous generation
is defined as "criteria 1" and maybe the generation number
itself "criteria 2".

2.1 Operator function

In the proposed algorithm version, the second loop (SL)
crossover operator P.; is calculated by the following function:

(2* NGE +(NGE -1))
N k

Pc, =Pc + (1
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where, Pc is the initial crossover value, NGE number of
current generations for N number individuals and £ is the bits
number.

In the next, we will try to show the proposed modified
principle for £ =6, N=8. Not limited to a single crossover, but
a second crossover to eliminate the bad individuals according
to generation number.

Parents P(1) 010100 Boy 010100 010010
010011 B(1) Parents Boy B'(1)
Parents P(2) 010011 Boy P'(1) 010100
010100 B(2) 010011 010100
010100 010010 010010 Boy B'(2)
011010 011100 Parents 011011
100100 100100 P'(2) 100111
010100 010100 011100 010100
011111 011000 100100 011100
011000 011111 010100 011700
011100
011111
Selection CGA MGA
Crossover (SL) Crossover vector
vector

In addition, the improvement mutation operator in the
second loop according to stop criterion 2 Pml/ is given
according this formula:

(2* NGE +(NGE -1))
Nk

)

Pm, =Pm -



Such as Pm is the initial mutation value.
2.2 Test function

In order to validate the proposed algorithm, use a
mathematical test function. This function knows has many
local maximum as defined by:

F(x,%,) = (4-2.1x - x")x

A3)
+X 0 X, + (-4+4x,7 )X
where, the search space is such that: [x1,x2]€{[-2,-2] and
(2.2]}.

Taking into account the modifications listed above, a
program based on genetic algorithms has been developed. To
check the validity of this program, a series of five consecutive
executions was used and we obtained the following results:
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Figure 2. Best fitness function evolution with CGA
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Figure 3. Error evolution for CGA algorithm

We can see in Figure 2 and 3 that for each execution the
algorithm converges to a local optimum and the error is
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significant before becoming zero after 350 generations. That
is to say that for each execution we have a maximum, this is
justified by the stochastic criterion linked to classical genetic
algorithms.

On the other hand, in the case of the modified genetic
algorithms Figure 4, one has the same results for the five
executions after the 250 generations among the 400 considered
witch illustrated in Table 1. This is proof of the proposed
algorithm despite the major drawback which is the important
execution time.
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Figure 4. Best fitness function evolution with MGA

In addition we have in Figure 5 the error tends to a very low
value and stable after a great initial value. Which makes us go
deeper, that is applying this algorithm to the complex and
restrictive problem.
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Figure 5. Error evolution for MGA algorithm

Through the global results witch grouped in table 1, we can
see that we have a vary results from one execution to another.
On the other hand for the case of modified genetic algorithms,
the results seem to be the same with a very small and negligible
difference.



Table 1. Results for test function

CGA Results MGA Results

Max Max

X2 f(x1, x1 x2 f(x1,

x2) x2)
1.2380 0.7665 2 0.0317 1.9979
2 2 0.6031  1.4664 2 0.0952 1.9820
3 2 1.4285 0.6577 2 0.0952 1.9820
4 2 1.6190 0.5522 0.8571 0.0317  1.9397
5 2 0.0317  1.9979 0.9841 0.0952  1.9812

So, this result are encouraging and paves the way for
reverting to the application of genetic algorithms in
optimization problem generally and precisely in the design
optimized system field. The latter is the focus of our paper.

3. INDUCTION MOTOR DESIGN OPTIMIZATION

In order to design of electrical machines, Marcel JUFER
and Jean-Claude propose a dimensioning of the stator iron then
the rotor calculation method [1]. A second pedagogical
method used at the polytechnic school from Montreal for
didactic. The third procedure combines computation and
computer-assisted design of an induction machine, and takes
different stages of calculation in chronological order. This
approach is based on the design principle of G. Kouskoff and
Liwschitz. Except that we impose the geometric data of an
already existing industrial machine, as constraints to which we
must submit. The numerical results of the calculation are
compared with those given by the classical test method and
then processed by a simulated dynamic analysis of the
behaviors of the machine in order to develop the correlation
and concordance of these design results with those delivered
by the manufacturer [12, 13]. Finally there is another method
named Liwschitz method, based on the flowchart presented in
Figure 6.

The preceding method is coupled to the prescribed genetic
algorithm version and is applied in our contribution on a
closed rotor induction machine with: 5kW, 4 poles,
1440trs/min, 380V, A coupled. In addition to that, this
machine has a specificity concerning the stator slot depth.

Using empirical equations and a database to determine the
main dimensions of this machine [1, 2], a design program has
been developed by our group [14, 15].

Through the obtained results, we define the boundary limits
and search space of the five optimization variables [1, 16].
These variables are geometric, magnetic and general with a
constraint such as the starting torque which does not exceed
90Nm. In addition to this, the motor efficiency (Eff) is the
fitness function. For the consecutive five executions, we got
the results grouped in the following.
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Through Figure 9, we note for the proposed version results
that 350 generations are sufficient for the algorithm to
converge, unlike for the classic version Figure 7 which
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requires a larger number. On the other hand the error is
minimal it always remains lower by 103 and Pc value
decreases to 0.69 depending on the stopped criteria. With
respect in Figure 12 Pm reaches a maximum value of 0.02, it
remains constant until 400 generations.

Finally, we can declare that the developed algorithm is still
effective for complex and multivariable problems. But the
only downside is the simulation time, which can be a bit long.

Since, in this paper, the finesse function is the machine
efficiency. It is 0.874 compared to the existing machine (CM)
Effi=0.85. This improvement is accompanied by a low Pc and
a higher Pm. Indeed, all the results found are shown in Table
2. We note that the opening rotor notch is a key parameter to
improve the induction machines efficiency because it is
always in the lower limit as the interior diameter for all time,
opposite for the air gap flux density [1, 16].

The obtained results by the combination between design
program and the proposed optimization algorithm are used in
another program based on the equivalent diagram method [1,
12]. On which, the usual characteristics of the studied machine
can be plotted in static mode. This is illustrated by the next
figures.

We can see the efficiency versus useful power for each
machine on Figure 13. This figure shows that in the vicinity of
the nominal point (5kW) the efficiency of the machine
optimized by the modified genetic algorithms (MGA) is better
compared to the design optimized by conventional genetic
algorithms (CGA) as well as the machine exists.

In addition, Figure 14 shows the characteristic of the stator
phase currents for each machine. However, the difference is
notable this for the maximum useful power and for the starting
current or the difference reached 3A, this is encouraging for
future application and for more complicated systems.
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Figure 13. Efficiency versus mechanical power

Via the Park model (d, q) in order to modelling this motor
then check the capacity of the optimized machine under
dynamic conditions. We apply to the machines various torque:
Nominal torque (Tn), starting torque (Ts) at t=ls, the
maximum torque (Tmx) for t= 2s and the torque greater than
the maximum torque (Tbg) at t=3s.



Table 2. Results of induction motor design optimization

= CGA Results
.E Initial operators: Pc =0.85, Pm=0.01
3 Variable vector X and limit
é x1 [m] X2 x3 [m] x4 [T] x5 [m]
3 Stator internal Geometric Stator notch Induction in the Rotor notch Pc Pm Eff(X)
= diameter rapport depth gap opening
u [149e-3:153e-3] [1.1:1.3] [17e-3: 21e-3] [0.59: 0.63] [0.5e-3: 0.9e-3]
1 0.1506 1.2968 0.0175 0.6236 0.000626 0.85 0.01 0.873
2 0.1521 1.1984 0.0197 0.6249 0.000849 0.85 0.01 0.873
3 0.1509 1.2619 0.0175 0.6090 0.000690 0.85 0.01 0.873
4 0.1530 1.1920 0.0211 0.6299 0.000900 0.85 0.01 0.872
5 0.1505 1.2619 0.0170 0.6261 0.000658 0.85 0.01 0.873
MGA Results
Initial operators: Pc =0.85, Pm=0.01
Variable Vector X final final
x1 X2 X3 x4 x5 Pc Pm Eff(X)
1 0.15220 1.2492 0.01712 0.61476 0.000607 0.741 0.2 0.874
2 0.15173 1.1317 0.01764 0.59102 0.000510 0.752 0.2 0.874
3 0.15109 1.1571 0.01715 0.61032 0.000523 0.752 0.2 0.874
4 0.15065 1.1222 0.02080 0.62809 0.000569 0.752 0.2 0.874
5 0.15013 1.3144 0.01715 0.62301 0.000531 0.696 0.2 0.874
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Figure 14. Stator phase current versus mechanical power

The results of this test are the different characteristics of the

the speed, the electric current, the

electromagnetic torque and all the results are grouped in
figures below.
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Figure 15. Results of dynamical mode

We note that the machine optimized by the new version
(MGA PC Variable) has better dynamical performance from
the point of view overload (126.6Nm) and start-up capacity



(84.14Nm). These properties accompanied by a low speed
variation and a less call current opposite to the machine
optimized by the classical genetic algorithms (CGA PC fixe)
and the classical machine (MC), this is be fond of second
validation method.

Then again, it can be observe that the speed of the machine
optimized by MGA is less susceptible to the load deviation
compared to the other two machines. This specificity is
accompanied by a better starting capacity and overloading this
is important for industrial applications.

4. CONCLUSION

In this paper we tried to develop and apply in real time a
version of genetic algorithms. Certainly, according to a
stopping criterion a second loop with a second crossover has
been proposed. The latter is random based on variable
crossover and mutation operators. To test the ability to locate
the global optimum by this version algorithm, an application
to the mathematical function as used then optimizing design
problem of an induction machine has been proposed. The
found results either for static or dynamic analysis is
satisfactory and open up perspectives towards other more
complicated applications.
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Abstract

In the final decade of the last century, there was enormous intellectual and engineering
activity surrounding the recently invented induction motor, especially their efficiency
increasing. The interest in improving the efficiency of electric motors stems from the fact that
they represent 60 to 70% of the total industrial and commercial load. A knowledge the motors
operating efficiency in an industrial plant is necessary, when deciding whether standard
motors  should be advantageously replaced with more efficient  motors.
A new approach is presented for analysis and design
of closed rotor slot induction motors in this paper. The main idea is illustrated as follows:
first based the computed machine parameters and motor geometry optimization will be carried
out. Then, to validate the conceived machines, dynamical performance analysis will be
achieved by MATLAB environment. Finally using finite element electromagnetic field
analysis, the comparison results will be discussed and commented.
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