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1. Introduction 

Billions of years ago, when enormous quantities of energy were released after the Big 

Bang, the fundamental particles followed by molecules were formed into complex 

structures according to certain coincidental events. In the period of several billion years 

of development, the Earth was also shaped as one of the planets in space, after which 

life was created on it.  

Table 1: The forces of nature [1] 

Force Force paricle Mass 

Strong Gluon 0 

Electromagnetic Photon 0 

Weak Weak gauge 

bosons 

86.97 

Gravity Graviton 0 

Today all physical phenomena could we explain with the knowledge of 4 fundamental 

forces: gravitation, electromagnetic, weak and strong (Table 1). Gravitation is important 

if we take into account big distances or big masses, electromagnetic force is force which 

covers chemical and biologocal reactions, weak and strong force are important when we 

study changes in atmic nucleus [1]. Through the history of creation of universe the 

theories show that when young universe was created some speculations say that at first 

was created one ore maybe two force (Figure 1). 
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Figure 1: The history of natural forces creation 

Unfortunately we could not at the same time with one model explain all fundamental 

forces from the physical point of view. For majority of important phenomena in 

electromagnetics is satisfactory to take into account only electromagnetic force. With 

electromagnetic force we could explain many important phenomena like phase 

transitions, chemical reactions, heat transfer, changes of thermophysical properties in 

dependence of temperature, volume, magnetic field and other phenomena. 

2. Statistical mechanics taking into account electromagnetic forces 

To calculate thermodynamic functions of state, we applied the canonical partition 

function [2-4] Utilising the semi-classical formulation for the purpose of the canonical 

ensemble for the N indistinguishable molecules, the partition function Z can be 

expressed as follows: 

 1 2 1 2
1

.. exp .. ..
!

N NNf

H
Z dr dr dr dp dp dp

kTN h

⎛ ⎞= − ⋅⎜ ⎟
⎝ ⎠∫ ∫  (1) 

where f stands for the number of degrees of freedom of an individual molecule, H 

designates the Hamiltonian molecule system, vectors 1 2, .. Nr r r  describe the positions of 

N molecules and 1 2, ... Np p p  momenta, k is the Boltzmann’s constant and h is Planck’s 

constant. The canonical ensemble of partition function for the system of N molecules 

can be expressed by: 

 0 trans vib rot ir el nuc confZ Z Z Z Z Z Z Z Z=  (2) 

Thus, the partition function Z is a product of terms of the ground state (0), the 

translation (trans), the vibration (vib), the rotation (rot), the internal rotation (ir),the 

influence of electrons excitation (el), the influence of nuclei excitation (nuc) and the 

influence of the intermolecular potential energy (conf). 

Utilising the canonical theory for computation, the thermodynamic functions of the 

state can be defined as follows:[3-5] 
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where T is temperature and V is volume of molecular system. 

3. Second virial coefficients and higher orders of virial coefficents  

Calculation of second virial coefficient for real substances is possible by the classical 

and statistical thermodynamics. Classical thermodynamics has no insight into the 

microstructure of the substance. But it allows the calculation of thermodynamics 

function of state with assistance of measurement or empirical equations. Statistical 

thermodynamics, on the other hand, calculates the properties of state on the basis of 

molecular motions in a space, and on the basis of the intermolecular interactions.  

The virial equation of state is the expansion of the compressibility factor Zr along 

individual isotherms in terms of density around according to the next equation: 

 
.........1

2

32

V

B

V

B

NkT

pV
Z r ++==

 (4) 

where B2 and B3 are second and third virial coefficient and the are defined as: 

 
2 2

2 3 2 2
0 0 0 0

1 1
,   

2! 2!

r r r r

n n

Z Z Z Z
B B

n nρ ρ
ρ ρ= = = =
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 (5) 

The virial coefficients are properties of the gas at n = 0. The second virial coefficient 

is the first term of the expansion of the compressibility factor of a fluid in powers of the 

density. From statistical mechanics the second virial coefficient summarizes the 

influence of two body interactions, the third virial coefficient summarizes influences of 

three-body interactions… The are properties of gas at n = 0 and the do not depend on 

density, but only on temperature and, in mixtures, on composition. A general expression 

for virial coefficients related with the equation of state can be written with the next 

equation: 
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In the presented paper we have used the combination of equations (10) and the 

method of statistical mechanics. On this basis we can express the free energy of a fluid 

as the sum of all parts: 

 exLJ AAA +=  (7) 

On the basis of Eq. (12) we can express  

 exLJ BBB +=  (8) 

If the virial coefficients are known as a function of temperature, all thermodynamic 

functions depending on the equation of state may be calculated: 
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Second virial coefficients and higher orders of virial coefficients  

Revised Cotterman EOS is based on the hard sphere perturbation theory. The average 

relative deviation for pressure and internal energy in comparison with Monte-Carlo 

simulations are 2.17% and 2.62% respectively for 368 data points 9. The 

configurational free energy is given by: 

 LJ hs pertA A A= +  (11) 
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 7405.0=τ , 6

3dπρη =  (15) 

where η is packing factor, D is hard-sphere diameter. The effective hard sphere 

diameter d is determined on the basis of Barker perturbation theory. We use a function 

developed in the work of Chapman at al.27 
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With help of configurational free energy we can calculate all configurational 

thermodynamic properties. Expressions for calculation of configurational entropy and 

internal energy are shown in literature 9. We carried out all other expressions for 

calculation of thermophysical properties.  

In the broadest sense we can express the n-th virial coefficient as the sum of two 

parts: 

 nLJ nhs npertB B B= +  (17) 

The first part in the Eq. (22) represents hard sphere part and the second part represents 

the perturbation therm where are also hidden the effects of polarity. On the basis of Eqs. 

(10) we expressed the next analytical expressions: 
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Using the perturbation expansion around the reference potential one can then write 

the configuration effect to the free energy as: 
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There are several methods to compute the influence of anisotropic potentials [3-8]. In 

the present paper those models were used which yielded favourable results in practical 

computations for a large number of components and within a relatively wide range of 

densities and temperatures.  

The perturbation theory is applied successfully to real fluids of moderate polarity and to 

molecules of simple structure. The problem in perturbation theory is that in series of the 

perturbation expansion converges slowly as the dipole moment increases. The application 

of Pade equation can help that the equation converge more rapidly. However, for highly 

polar molecules, if a simple reference model is used the perturbation terms become greater 

than the reference term, which in principle is not a small perturbation on which the theory 

of small perturbation is based. From scientific point of view is impossibly to calculate the 

thermodynamic properties for highly polar molecules on the basis of perturbation theory. 

In the presented paper we have used the mean potential model, instead of the statistical-

mechanical perturbation theory, to avoid mentioned problems. The orientation-averaged 

pair potential for polar molecules is given by the next equations: 
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In the presented equation is taken into account the most important term in the 

multipole expansion, the dipole-dipole interaction. 

4. Results and discussion 

The results for hydrocarbons are presented in the Figs. (2) and (3). In Figs. (2) and (3) 

are presented results for second, third, fourth and fifth virial coefficient for ethane. 

Figure 4 shows second virial coefficient analytical computation for equimolar mixture 

between ethane (C2H6) and propane (C3H8). Figure 4 shows the analytical results for 

second virial coefficient for equimolar mixture of ethane and propane. 

 

 

 

 

 
 

 

 

 

Figure 2: Second and third virial coefficient for ethane (C2H6) 

 

 

 

 

 

 

 

 

 

 

Figure 3: Fourth and fifth virial coefficient for ethane (C2H6) 
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Figure 4: Second virial coefficient for equimolar mixture of ethane and propane 

5. Conclusion 

This paper has developed an analytical formulation of for calculation of virial 

coefficients on the basis of statistical thermodynamics. The formulation includes all 

kinds of molecular motion such as translation, rotation, vibration of molecules and 

intermolecular potential coused due to electromagnetic forces. In the presented article 

we have concentrated on hydrocarbons and formulation of virial coefficients. 
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Abstract.  The aim of this paper is to describe the electromagnetic phenomena in an 
electroactive polymer actuator when external electric field is applied and to 
form a bridge between the two mainstream methods of handling the 
coupled problem of the electroactive polymers. Therefore, the 
electromagnetic field variables are estimated in a usual actuator for 
determining the order of magnitude of the contributions to the effective 
fields and to the total current density.  

Keywords: Electroactive polymer, coupled problem, Lorentz transformation, effective 

field. 

1. Introduction 

Materials whose rheological properties can be varied by application of electric fields are 
called electroactive materials [1, 2]. The behaviour of these rubberlike media is used to 
be investigated in two different ways. Brigadnov, Dorfmann, Bustamante, Ogden and 
others [3, 4, 5] try to describe the coupled problem of finite deformation of the continua 
under electromagnetic field by taking into account all the phenomena emerging as a 
result of the electromagnetic excitation. Pelrine, Kornbluh, Sommer-Larsen and others 
[6] try to present a phenomenological description. 

Our aim is to form a bridge between these two points of view by neglecting those 
terms of the governing and transformation equations that are smaller by several orders 
of magnitude than other contributions. 

First, those equations are presented, that govern the finite deformation of a rubberlike 
continuum. After that, the electromagnetic field variables will be defined, with the 
Maxwell equations. Finally, those estimations will be taken that shows the order of 
magnitude of the different contributions to the so-called effective fields. 

Table 1. Notation 

Electrodynamics: 
E  Electric field intensity 
D  Electric displacement 
H  Magnetic field intensity 
B  Magnetic induction 
P  Polarization density 
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M  Magnetization density 

0,rε ε  
Relative dielectric constant, dielectric constant 
in the vacuum 

0,rµ µ  
Relative magnetic permeability, magnetic 
permeability in the vacuum 

ν  Conductivity 
q  Charge per unit volume 
J  Current per unit area 
c  Speed of light in the vacuum 

 
Continuum mechanics 

v  Velocity of the material body 
ρ  Mass density 
( )nt  

Stress vector (traction) at the surface with unit 
normal n 

F  Force per unit volume, acting on the material 
body 

r  Position vector 
L  Body couple per unit volume 
Φ  Energy supply density 
U  Potential energy per unit volume 
Q  Heat flux vector 
Y  Young’s modulus 

Application as actuator 
V  Voltage applied to the actuator 
C  Capacitance of the EAP actuator 
I  Current 
A  Area of the EAP layer 
F  Force acting on the EAP layer due to the 

applied voltage 
d  Thickness of the EAP layer 

 

2. The governing equations 

The deformation of the electroactive polymer (EAP) actuator under voltage is governed 
by the balance equations of the continuum mechanics and the Maxwell’s equations, 
simultaneously. The basic balance laws, that govern the mechanics of the continuum are 
the balance of mass, the balance of linear momentum, the balance of angular 
momentum, and the balance of energy [7], respectively: 

 0
V

d
dV

dt
ρ =∫ , 

V

d
dV

dt
=∫ vρ ( )

S

dS∫ nt
V

dV+ ∫F  (1) 

 
V

d
dV

dt
× =∫r vρ ( )

S

dS∫ nr ×t
V

dV× +∫r F L  (2) 
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⎝ ⎠∫ v vρ ( )( )

S

dS⋅ − ⋅∫ nt v Q n ( )Q
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The local forms of the Maxwell’s equations are [8]: 

 curl
t

∂
= +

∂
D

H J , curl
t

∂
= −

∂
B

E  (4) 

 div 0=B , div q=D   (5) 

The coupling between the continuum mechanics and the electromagtetic phenomena 
is hidden in three variables in the balance equations: body force per unit volume F , 

body couple per unit volume L , and energy supply density Φ of electromagnetic 
origin. The constitutive equations can be considered as coupling between the various 
electromagnetic field variables, also. In a general case, they are: 

 ( ) ( ) ( ); ; ,= = =D E B H J EW U ]  (6) 

where ,W?U? ]  are general vector functions. In the most general case, even the 

coupling between electric and magnetic variables can be possible, e.g. ( )=J E H,] . 

There is a tendency to regard E and B fields as the basic variables for electric and 
magnetic fields in the vacuum so the constitutive laws can be rewritten by introducing 
two more variables for material media: 

 ( )0 0; ,ε µ= =D E P B H M+ +  (7) 

where P is the polarization density and M stands for the magnetization density. 

3. The equations for moving media 

In the case of moving media, the first difficulty is that several co-ordinate systems can 
be chosen as a reference co-ordinate system. The laboratory frame is regarded as inertial 
system and the intensity of the external electromagnetic field is usually given in this 
representation, so it seems obvious to describe all the electromagnetic phenomena in the 
laboratory frame. 

 

Figure 1. Laboratory frame and rest frame for describing the moving media 
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Unfortunately, the constitutive equations are known only for the material lying at rest. 
In addition, all the points of the deforming media may move by the velocity of their 
own, so there is no co-ordinate system in which the material body under investigation 
seems to be at rest. Naturally, one can choose a co-ordinate system in which one single 
point and its small surroundings are at rest and this system may be called rest frame 
(Fig. 1.). However, other areas of the body under investigation may be moving 
according to this so-called rest frame. Therefore, we must use at least two co-ordinate 
systems and some transformation equations for transforming the field variables from 
one co-ordinate system to the other. As the velocity is much smaller than the speed of 
light, the slow speed approximation of the Lorentz transformation can be used: 

 2c′ ′= × ×E E v B D D v H+ ; = +  (8) 

 2c′ ′− × = − ×H H v D B B v E= ;  (9) 

 2q q q c′ ′= − = −J J v v J;  (10) 

Unfortunately, there are several problems with this approach: 

The use of these transformation equations is self-evident in vacuum, but there are 
different commonly used formulations for transformation in the presence of matter. The 
Lorentz-, Maxwell- and Chu-formulations differ from each other not only in some 
notation but also in regarding the polarization and the magnetization relevant or 
irrelevant when defining the effective fields [9, 10]. 

The points of the deforming material body are moving with not a constant velocity, 
and no co-ordinate system fixed to an accelerating point can be rigorously considered as 
inertial system. On the other hand, the acceleration can be managed by postulating 
inertial forces and the relativistic effects can surely be neglected since the velocities are 
very small, compared to the speed of light. 

4. Electroactive polymer actuators under voltage  

The model of an average EAP actuator can be imagined as a flat capacitor: a thin 
electroactive polymer layer coated on both side with compliant conductive film 
(Fig. 2.). 

Therefore, charge and current can occur only on the surface, or more precisely in the 
plates of the capacitor. 

In the EAPs, there are no free charges, no free currents and no magnetisable parts 
inside the material, except for the case of damage. This fact simplifies the Maxwell 
equations: 

 0curl
t t

ε ∂ ∂
= +

∂ ∂
E P

H , curl
t

∂
= −

∂
H

E  (11) 

 div 0=H , 0div divε= −P E  (12) 

In addition, we can assume the lack of external magnetic field as the EAP actuators 
are usually used without external magnetic excitation. Unfortunately, it does not mean 



Acta Technica Jaurinensis Vol. 6. No. 1. 2013 

15 

that no magnetic phenomena would take place at all. When an EAP actuator is moving 
or changing its shape or changing its voltage, current is flowing and this current results 
in magnetic field according to the Ampère–Maxwell law.  

In the next section, approximate evaluation will be given for the electromagnetic and 
mechanical variables of a common EAP actuator working under usual circumstances. 

( ) ( )max maxsin 2V t V f tπ=

EAP layer

compliant

conductive films

30 µmd =

31,6 mmA ≈

A

 

Figure 2. Model of the EAP actuator 

5. Electromagnetic and mechanical conditions in an EAP actuator 

In dielectric electroactive polymers (DEAP), actuation is caused by electrostatic force 
between the two electrodes. This force squeezes the polymer and because of its quasi-
incompressibility, it expands in area due to the electric field. 

Consider an actuator of this type with an area of 10 cm2. The EAP film thickness can 
vary from several µm up to a few ten µm depending on the original thickness of the film 
and the prestretch. For a PolyPower Film under minimal prestretch, 30 µm is adequate 
[11]. According to the engineering sheet of the PolyPower film [11], the maximum 
electric field strength is 35 V/µm. It results in a breakdown voltage of 1050 V. The 
capacitance and the capacitive energy can be calculated by the well-known formulae: 

 2
0 0

1
915pF;

2r C r

A A
C E V

d d
ε ε ε ε= = =  (13) 

The force, what an actuator of this type can exert is: 

 
2

0
2

33,6 NC rdE V A
F

dd d

ε ε
= = − = −  (14) 

The incompressibility of the material has been taken into account due to the 
Ad = const. condition. This force is perpendicular to the capacitor’s plate and results in 
compressing the polymer in thickness.  



Vol. 6. No.1. 2013 Acta Technica Jaurinensis 

16 

The external electric field is sinusoidal. The higher the frequency is, the more 
significant magnetic phenomena are expected. According to the experiments [6] 
(page 118), a few kHz is available as a maximum operating frequency. Assuming that 
the voltage applied on the device is sinusoidal and the capacitance does not change in 
time, the current is sinusoidal also: 

 ( )( ) 2 cos 2I t f CV f tπ π=  (15) 

The maximum current happens to be Imax = 60.3 mA at fmax = 10 kHz. It causes a 
magnetic field inside the polymer. The field intensity is parallel with the conductive 
layers and perpendicular to the direction of the current (Fig. 3.). 

( )V t

J B

B
J

 

Figure 3. Magnetic induction due to the current flowing into the plate of the capacitor  

 max
max max 0 max

A
1.91 ; 2.1µT

m

I
H B H

A
µ= = = =  (16) 

In addition, a magnetic field is induced due to the altering electric displacement. Its 
maximum equals: 

 max max 0 max
max max 0 max

2 A
477 ;    0.6mT

m4 4
rD f V

H B H
A A d

π ε ε
µ′ ′ ′= = = = =

⋅

&
 (17) 

This contribution to the magnetic field is also parallel with the layers and reaches its 
highest amount near the edges of the EAP layer (Figure 4.). 

( )V t
D

′B  

Figure 4. Magnetic induction due to the change of the electric displacement 

The above calculations were all made under the assumption that there are no 
movements in the system. The EAP is considered incompressible, therefore the change 
of area due to the applied voltage is: 

 2max 0.31cm
F

A
Y

∆ = − =  (18) 

Changing in area goes hand in hand with the acceleration and velocity of every single 
point in the material body. The maximum speed occurs at the edges of the actuator: 
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After these calculations, we can estimate the terms of the Maxwell equations and the 
terms of the Lorentz transformation equations. The aim is to decide which terms can be 
neglected in the special case of dielectric electroactive polymers. In the formulae of the 
Lorentz transformation (8-10) the ratios of the terms are, as follows: 
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According to (20-23), the v×B and the v×H/c2 terms can surely be disregarded. 
Although v×D and v×E/c2 play a role higher by five orders of magnitude, they can be 
neglected too. Especially, when taking into account that our measurements of the 
constitutive equations can hardly be of the same accuracy. 

For handling the coupled problem, it is essential to calculate the above-mentioned 
body force per unit volume F, body couple per unit volume L, and energy supply 
density Φ  of electromagnetic origin. The body couple equals zero, because of the lack 
of magnetisable particles. The body force and the energy supply happen to be the 
Lorentz force and the Joule heat, respectively: 

 t tq= + ×F E J B ,  tΦ = ⋅J E  (24) 

where Jt stands for the total current density and qt is the total charge density. 

 tq q= −∇ ⋅P ,  ( )t
t

∂
= + +∇× + ∇× ×

∂
P

J J M P v  (25) 

(The last contribution occurs only according to the Lorentz formulation.) The free 
current, the free charge and the magnetization equal zero, the polarization is assumed 
homogeneous. Therefore, the total charge equals zero and the second and fourth terms 
of the total current density can be estimated as: 

 ( ) 0 2

A
1 2 47.68

mr

V
f

t d
ε ε π∂

= − =
∂
P

 (26) 

It can be multiplied by the area of the actuator and one gets a few ten milliamps, what 
is comparable with the free current flowing into the electrodes. Polarisation is assumed 
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to be homogenous inside the material, but velocity is linearly changing from one edge 
of the actuator to the other. Taking notice of only linear dislocation, 

 ( ) ( )
3

2
0 3 2

A
curl 1 0.496

mr r

V
f

d Y
ε ε ε π× = − =P v  (27) 

Finally, the current due to the movement of the charged electrodes must be estimated: 

 
3

2 2 max
max 0 max3

0.92mA
2r

V A
I f

d Y
ε ε π′ = =  (28) 

6. Conclusions 

The calculations of the last section showed us which terms could be neglected in the (8-
10) formulae of the Lorentz transformation and in the (25) formulae of the total current 
density and total charge density. According to (20-23), the v×B and the v×H/c2 terms 
can surely be disregarded. Although v×D and v×E/c2 play a role higher by five orders of 
magnitude, they can be neglected too.  

On the other hand, the basis of these calculations was a special case of an 
electroactive polymer actuator. One can find different ratios when examining other 
types of EAP devices or similar devices under different conditions. All results depend 
on the working frequency, the relative dielectric constant, the maximum voltage and the 
thickness of the EAP layer. These can vary due to technological development; therefore, 
the estimations must be repeated for every single case. 

The polarisation current and the current of the capacitor are of the same order of 
magnitude, so none of them can be neglected. The curl(P×v) term can be estimated as 
some percent of the polarisation current, so it cannot be disregarded either. Naturally, 
this term emerges only in the Lorentz formulation and this fact can be a basis for 
deciding by measures which formulation describes the real electromagnetic phenomena 
in the moving media. 
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Abstract.  Rotor’s integrity diagnosis is difficult and for induction motors producers 

represents a challenge, because they usually detect faults at the end of the 

manufacturing process which involves both material and labor loss. In this 

paper a comparative analysis of two rotor faults diagnosis methods and the 

influence of these faults on low voltage induction motors operating 

parameters were performed in order to establish the need of using each of 

these methods before the final motor testing on the production line. As 

samples were considered three identical rotors with a total of 22 bars, and a 

prototype stator designed for motors with rated power of 0.37 kW and 

speed of 1500 rpm. 

Keywords:  induction motors, diagnosis methods, rotor broken bars/rotor faults, 

comparative analysis. 

1. Introduction 

Induction motors made the subject of numerous studies, because they are widely used in 

industry such as in pumps, elevators, conveyors, winders, wind tunnels. For the last two 

decades, studies regarding fault diagnosis in the induction motors were accomplished 

and, in particular, a substantial research was dedicated to broken rotor bar faults and to 

their non-intrusive diagnosis techniques development [1]. According [2], broken rotor 

bar represents approximately 5% from induction motor faults and yet it is the most 

studied fault type. Since 1988 Kliman et. al [3], used the stator currents and voltages 

measurement method to detect the presence of broken rotor bar. As functions of 

induction motors became more complex, fault diagnosis methods were designed and 

improved [4, 5, 6]. Yet, the problem remains for the production stage, especially in 

mass production, when fast fault diagnosis methods are required.  

Induction motor rotors are of two types: cast and fabricated. Previously, cast rotors 

were only used in small motors. However, with the advent of cast ducted rotors, casting 

technology can be used even for the rotors of motors in the range of 3000 kW [7]. 
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Although die-cast cages are more durable and rugged than special fabricated cages they 

are impossible to repair after bar breakage or cracks [8].  

The rotor of the squirrel cage induction machine consists of axial bars closed on both 

sides by end rings. Defective rotor bars such as broken bars and high resistance of rotors 

may have bad effects on the performance of the machine [9]. 

Rotor cage manufacturing influence the induction motors operating parameters and 

for this reason an early diagnosis of faults in the design and execution phase and then in 

the operation phase is necessary. Efficiency, slip, rated current, winding temperature 

rise, starting torque are the most important operating parameters affected. Usually, the 

poor quality of the rotor cage is observed at the final induction motor testing.  

Besides casting machines development, a strict observation of the specified materials 

usage and casting technology, introducing a control filter for detecting the rotor cage 

faults are required.  

To keep induction motor performance within acceptable limits and to reduce the 

failure rate, further investigations are needed to establish new manufacturing 

technologies, new power supply systems and adequate systems of control and testing, 

monitoring and diagnosis of motor operation [10]. 

This paper aims are a comparative analysis of two rotor faults diagnosis methods and 

the influence of these faults on induction motors operating parameters in order to 

establish the need of using each of these methods before the final motor testing on the 

production line. The paper is organized as follows: fault detection by measuring the 

rotor impedance, fault detection by measuring the induced current of a constant 

magnetic field, standard testing and conclusions. 

2. Fault detection by measuring the rotor impedance  

As samples were considered three rotor cages/rotors, designed for motors with rated 

power of 0.37 kW and speed of 1500 rpm, with a total of 22 bars. The cages marked S1, 

S2, S3 are the rotor cages/rotors without faults, the sample S21 is the rotor cage/rotor 

with one broken bar and the sample S22 is the rotor cage/rotor with two broken bars. 

Two rotors were deliberately damaged by drilling holes in the bars and then used with 

the same stator, for a better accuracy of the tests (Fig. 1a, b). 

 

a)   b) 

Figure 1. Induced rotor faults – a)  One broken rotor bar; b)  Two broken rotor bars. 
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Figure 2. Schematic diagram for rotor cage/rotor impedance measuring 

 

Figure 3. Stator winding scheme for cage/rotor size 63, speed 1500 rpm 

The first rotor fault detecting method that was used is based on rotor cage/rotor 

impedance measuring. The measured impedance value is compared with a predefined 

value (previously established for cages/rotors considered accepted or for which 

induction motors parameters were good). Failure limit is given by the predefined value, 

so that all cages with a lower impedance value than the predefined one are accepted.  

In Fig. 2 is shown a schematic diagram for impedance measuring, where AT is an 

autotransformer, A is an ammeter, W is a wattmeter, C is the testing cage/rotor and ST 

is a special wound stator made from two coils: the main coil and the mirror coil (Fig. 3). 

The ammeter is connected to the main coil and the wattmeter is connected to the mirror 

coil – measuring the electromotive voltage induced by the magnetic field created by the 

current coil.  

The rotor cage is placed inside the supplied wound stator. Both stator current IC (A) 

and power WC (W) are read from the measurement devices. The equivalent resistance of 

the circuit '
2R  (Ω) can be interpreted as the equivalent resistance of the cage/rotor and is 

calculated with [11]:  

 2 2

' C

C

W
R

I
=  (1) 

This method can be successfully used in the production line where a quality control is 

introduced by detecting rotor cages faults before the shaft pressing. 

The advantages of these methods are: 
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� The low cost; 

� Its simplicity; 

� The possibility of manufacturing of the special wound stator in the production 

line; 

� It can be used for any low voltage induction motor size; 

� It can be used for prototype rotors. 

� The drawbacks of this method are: 

� The need to design and manufacture of special wound stator for each motor size 

and speed, to be able to verify all the rotor cages in the production line; 

� Impossibility of cage/rotor fault type identification; 

� Rotor cages must be deburred before testing because aluminum surplus 

influences the equivalent resistance of the cages/rotors. 

The equivalent resistances determined by this method are presented in Table 1. After 

comparing test results with the predefined resistance value, it was established that all 

rotor cages/rotors are accepted. It was observed that the resistance decreased 

significantly after rotor cages deburring. Even in the case of two broken bars the 

resistance is within the imposed limit, which means that this method it is not accurate 

for this type of fault.  

Table 1. Rotor cage / rotor impedance values 

Rotor cage Rotor 
Sam

ples 
IC WC '

2R  IC WC '
2R  

'
2R

 

S1 51.625 22.94 45 20 

S2 51.75 23 45.525 20.23 

S3 

1.5 

56.25 25 46.12 20.49 

S22 - - - 

1.5 

51 22.66 

25 

Fault detection by measuring the induced current of a constant magnetic field 

For the second used method, the working principle is based on the detection of a 

signal proportionate to the induced current, generated in the bars of the rotor cage, when 

they cross a continuous magnetic field.  

Faults that can be detected with this method are:  

� Broken rotor bars; 

� Blowholes or porosity; 

� Wrong inclination angle of bars; 

� Low quality of aluminium alloy; 

� Leakage between laminations; 

� Gluing of bars to laminations; 

� Magnetic retentivity. 

The sensor, using its internal permanent magnets, generates a continuous magnetic 

flux between its polar expansions. The rotor cage/rotor is fixed between lock peaks and 

alignment of an automated rotating device. After closing the protecting element, rotor 

cage/rotor rotates so that its bars cross this magnetic flux generated by the sensor. The 

result is the generation of an induced current inversely proportional to the ohmic 
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resistance of the rotor cage/rotor in the bars. The induced current generates an inverse 

flux proportional to its intensity.  

On this method is based the die-cast rotor cages testing system 06/M from Risatti 

Instruments. 

This testing system is particularly indicated for laboratory tests or for statistical 

control of the production. 

The electromotive voltages are captured by the special windings of the 60/M system 

which transforms the flux into an electrical signal. The signal is then amplified and 

viewed on the system’s display device. The constant amplitude of all displayed signals 

means the absence of faults, whilst the reduction of amplitude of one or more signals or, 

the complete absence of some signals is the indication of faults.  

For the results evaluation, the curves obtained in the test are compared with the 

system standard curves. It has to be kept in mind that often, various faults are combined 

together and generate curves that are slightly different than the system’s standard 

curves. 

The drawback of this method is: in order to test rotor cages/rotors for sizes up to 80 it 

is necessary to purchase another system.  

In Fig. 4 is shown the sample S1 without broken rotor bar fault, in Fig. 5 the sample 

S3 without broken rotor bar fault, in Fig.6 the sample S2 without broken rotor bar fault, 

in Fig. 7 the sample S21 with one broken bar fault and in Fig. 8 the sample S22 with 

two broken bars fault. 

It can be observed that for the samples without major faults the amplitude is kept in 

limits and for the samples with one/two broken bars the amplitude increases in the area 

where the fault occurs.  

The system 06/M also detects broken rotor bars fault by indicating the unaffected 

number of bars. The small amplitude difference for the samples S1, S2, and S3 is due to 

magnetic remanence. 

 

Figure 4. Sample S1 without broken rotor bar fault 
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Figure 5. Sample S3 without broken rotor bar fault 

 

Figure 6. Sample S2 without broken rotor bar fault 

 

Figure 7. Sample S21 with one broken bar fault 
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Figure 8. Sample S22 with two broken bars fault 

3. Standard testing 

The same prototype stator, designed for motors with rated power of 0.37 kW and speed 

of 1500 rpm, was used for each tested rotor. 

No-load, short-circuit and load tests were performed.  

The following parameters were determined: 

� Induction motors resistance at the laboratory, R20 (Ω); 

� No-load current, I0 (A); 

� No-load power, P0 (W); 

� Short-circuit current, Ik (A); 

� Short-circuit power, Pk (W); 

� Torque ratio, Mp/Mn; 

� Current ratio, Ip/In; 

� Rated current, In (A); 

� Efficiency, η (%); 

� Power factor, cosφ; 

� Slip, s (%); 

� Winding temperature rise, ∆θ (ºC). 

Table 2. Induction motors operating parameters 

Motor samples Motors 

parameters M1 M3 M2 M21 M22 

R20 26.25 

I0 0.84 0.865 0.9 0.9 0.91 

P0 96 102 105 104 110 

Ik 3.57 3.53 3.67 3.55 3.28 

Pk 2040 2070 2090 2030 1860 

Mp/Mn 2.53 2.45 2.2 2.55 2.58 

Ip/In 3.25 3.1 3.25 3.09 2.78 

In 1.1 1.4 1.13 1.15 1.18 

η 64.22 61.97 63.57 62.59 61.56 

cosφ 0.745 0.758 0.74 0.71 0.735 

s 14.8 15.53 15.33 16.2 17 

∆θ 77 85 84 87 89.5 
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In Table 2 the induction motors operating parameters are presented – without broken 

rotor bar fault for samples M1, M2, M3 one broken rotor bar for sample M21 and two 

broken rotor bars for sample M22. 

The obtained data indicate that the rotor cage/rotor with the lowest resistance value 

determine maximum performances for the induction motor. 

Following the made analysis for the motors noted M2, M21 and M22 the observations 

are: 

� The short-circuit current, short-circuit power and efficiency decrease with the 

increasing of the broken rotor bars number, because the rotor resistance also 

increases;  

� The torque ratio, rated current, slip and winding temperature rise increases with 

the increasing of the broken rotor bars number, because the rotor resistance and 

cage rotor losses increase.  

4. Conclusions 

The induction motors were made with the same tested rotors for a better accuracy of the 

tests. For each diagnosis method the advantages and the drawbacks were pointed. The 

main conclusion is that the methods should be used together on the production line for a 

better rotor faults filtering: the first method can be used for any low voltage motor size 

and prototype rotors at a cheap cost and the second one to test rotors in serial 

production.  

The standard testing of the motor can be seen from two points of view: 

� To establish the resistance limit for prototype rotors; 

� To establish the significance of the broken rotor bars/rotor faults on low 

induction motors.  

� The influence of the broken rotor bar on the low voltage induction motor 

behaviour in terms of stator and rotor currents, torques, losses and motor heating 

will be analyzed and studied as next work in this field. 
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Abstract.  A typical wireless energy or data transfer system consists of two inductors 

that are coupled through the mutual magnetic field. The performance of the 

system is determined by the k coupling factor which represents the linkage 

between the two coils. The paper introduces a new method for the 

calculation of the coupling factor in a time efficient way using the 
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1. Introduction 

The RFID (Radio Frequency Identification) system or a typical wireless energy or data 

transfer system consists of two inductors that are coupled through the mutual magnetic 

field. The performance of the system is determined by the k coupling factor which 

represents the linkage between the two coils [1]. The operating distance is defined by 

the coupling factor therefore it is essential for the design of the RFID system to know 

the behaviour of the k as a function of distance. The sensitivity parameter of the 

transponder coil allows the calculation of the distance dependent coupling factor in a 

time efficient way. The sensitivity of the transponder coil can be calculated by the 

mutual inductance effective permeability method [2]. 

In the first part of the paper an introduction will be given about the LF RFID 

transponder coils and their properties specifically about the sensitivity parameter. In the 

second part the calculation of the sensitivity will be described using the mutual 

inductance effective permeability method. In the third part the coupling factor 

calculation will be introduced using the sensitivity parameter, and in the fourth part 

verification of the calculation method is presented using market available transponder 

coils. 

2. Transponder coil properties 

The transponder coil structure and properties are very similar to a general purpose 

inductor. Its main part is the magnetic, mostly ferrite core which the active component 

of the inductor is. The winding is placed around the core, which works as a bobbin and 
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holds the wire turns in the desired place. The termination of the inductor provides on 

one hand the wire joint and on the other hand soldering leads which will fix the 

component to the circuit board. Just like any general purpose inductor the main 

parameters of the transponder coil are the inductance (L), quality factor (Q), resistance 

(R) and self resonance frequency (SRF). However the main function of the transponder 

coil is to provide an inductive coupling to another inductor, therefore a new parameter 

was introduced which describes the ability to create link through the magnetic field. 

This parameter is the sensitivity which is defined as follows: 

 iU
S

B
=  (1) 

where Ui is the induced voltage and B is the magnitude of the changing magnetic field. 

The inductor shall be placed in a changing (periodically in magnitude) uniform 

magnetic field. The magnetic flux that flows through the component will induce certain 

voltage. The ratio of the induced voltage across the coil and the magnitude of the 

changing magnetic field that induces the voltage is the sensitivity. The parameter 

describes how sensitive the inductor to the external magnetic field is [3]. 

The real performance of the transponder in the application is described by the 

coupling factor. It is used to evaluate the performance of the RFID system, but that 

parameter is influenced not only by the transponder coil, but by the reader coil as well. 

Different coupling values of different transponder constructions might reveal the 

difference in performance, but it will not give precise information. The sensitivity 

parameter allows the reliable evaluation and comparison of different coil constructions, 

because it describes only the transponder component. 

3. Calculation of sensitivity 

Calculation of the sensitivity is not possible by analytic mathematical formulas due to 

the used shape and materials of the components of the inductor. The components on one 

hand have different permeability (magnetic core has relative high permeability 

compared to the used other materials or the surrounding parts and air), and on the other 

hand the shapes can be very complex. A Finite Element Method based calculation 

technique was developed to get the sensitivity value of a transponder coil. The 

sensitivity calculation consists of 4 main steps as follows: 

1. The first step of the above mentioned method is solving the Maxwell’s equations 

numerically on the problem region where the transponder coil is located. For the 

calculation the Maxwell’s equations can be simplified. The time varying parts of the 

equations can be neglected as well as the electric field calculation. This simplifies the 

problem to static magnetic problem as shown in the Fig 1., with the following governing 

equations: 

 H J∇× =  (2) 

 0B∇⋅ =  (3) 

in region Ω0 and Ωm, where H is the magnetic field intensity, B is the magnetic flux 

density, J is the source current density of the exciting coil, which is equal to zero during 
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the calculation of the mutual inductance effective permeability. The constitutive 

relations between magnetic field intensity and magnetic flux density are as follows: 

 0B Hµ=  in region Ω0, (4) 

 0 rB Hµ µ=  in region Ωm, (5) 

where µ0 is the permeability of vacuum, and µr is the relative permeability of magnetic 

material, assuming linear relation between magnetic field intensity and magnetic flux 

density in all problem region [4]. 

 

Figure 1. Scheme of static magnetic field problems. 

The magnetic vector potential A can be introduced as follows: 

 B A= ∇×  (6) 

Substituting equation (6) into (2) and using the constitutive relation the following 

equation can be obtained: 

 ( )A Jν∇× ∇× =  (7) 

where ν is the magnetic reluctivity. 

During the calculation of the mutual inductance effective permeability the source 

current density is zero, because the known external magnetic field HE with a reference 

value can be defined as a boundary condition. Due to this the partial differential 

equation that shall be solved can be simplified as follows: 

 ( ) 0Aν∇× ∇× =  (8) 

which is the well known Laplace’s equation [5]. 

The computation of (8) is easy and can be performed by several numerical methods, 

e.g. Finite Element Method. 

2. The second step in the sensitivity calculation is the calculation of the average 

magnetic flux density, Bm inside the magnetic core, more precisely the average magnetic 

flux density in that core region where the winding takes place. As the sensitivity 

depends on the induced voltage of the inductor, only that region of the magnetic core is 

important which is enclosed with the winding turns. Other parts of the ferrite core are 
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not important from the sensitivity or coupling factor calculation point of view. The 

average magnetic flux density calculation uses the B field computed in the first step, as 

can be seen in Fig. 2. 

 

Figure 2. Example of sensitivity calculation of a transponder coil. 

3. Third step is the calculation of mutual inductance effective permeability. The ratio of 

the average magnetic flux density in the core Bm, and the reference magnetic field 

strength on the boundary HE, results the mutual inductance effective permeability 

parameter, denoted by µM _eff: 

 _
0

m
M eff

E

B

H
µ

µ
=  (9) 

The µM _eff represents how the magnetic core in the inductor construction influences 

the mutual inductance. The higher the µM_eff value the higher the impact of the magnetic 

core and so the higher the mutual inductance is. 

4. Final step is the calculation of the sensitivity using the previously calculated µM _eff. 

The sensitivity S of the transponder coil is proportional to the number of turns N of the 

coil, the angular frequency ω of the external magnetic field, the cross sectional area of 

the winding (in most cases the cross sectional area of the magnetic core) A and the 

mutual inductance effective permeability µM_eff: 

 _M effS N Aω µ=  (10) 

4. Coupling factor of transponder – reader inductor pairs 

The coupling factor is used to determine the performance of the wireless energy and 

data transfer systems in order to define the maximum operating distance, or to evaluate 

the function of the system in certain distances. The coupling factor is defined as 

follows: 

 ( )
( ) Re

Re

Transponder ader

ader Transponder

U s L
k s

U L
=  (11) 

where k(s) is the distance dependent coupling factor, UTransponder is the voltage across the 

transponder coil, UReader is the voltage across the reader coil, LTransponder is the inductance 
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of the transponder coil and LReader is the inductance of the reader coil during the 

coupling factor measurement. 

The value of the coupling factor is not constant, it changes with the orientation and 

the distance of the transponder and reader coils. The position and the orientation of the 

transponder coil from the reader point of view can be random during the standard 

operation of the system. However in the design phase of the RFID system only the in-

line orientation of the transponder coil is evaluated, that is positioned on the symmetry 

axis of the reader coil, as shown in Fig. 3. This kind of set-up represents a best case 

situation, which is used during the component selection of the RFID system or the 

development of the system components. 

 

Figure 3. Best case configuration of Reader-Transponder coil pair. 

In the ordinary calculation method of the k(s) the observed distance range between the 

transponder and reader coil shall be quantized and every distance step is calculated. This 

kind of calculation is very time consuming because each step requires the same amount 

of computation time. Considering a larger problem region and complex geometry 

structures with different permeability materials the computation time can be very high. 

If the resolution of the distance increases the time requirement of the computation also 

increases proportionally. In the proposed novel calculation technique the k(s) function is 

determined by a more time efficient method. In the far field region of the reader coil the 

magnetic field can be simplified to uniform in direction, and for practical purposes the 

magnitude of the field can be assumed as constant. By these simplifications the 

magnetic field of the reader coil in far field region in a close distance of the transponder 

coil’s location is identical to the magnetic field defined for the sensitivity parameter. 

Therefore the magnetic flux density and so the total magnetic flux can be approximated 

using the sensitivity parameter of the transponder coil. 

The ordinary calculation of the coupling factor requires as many FEM problem 

computations, as many distance steps there are. By the new method only two FEM 

problem computations are required regardless how many distance steps shall be 

calculated. In the first FEM computation the sensitivity of the transponder coil is 

calculated, in the second FEM computation the magnetic field strength of the reader coil 

is calculated. In the second computation the problem does not include the transponder 

coil, the resulting magnetic field strength (function of distance) describes purely the 

reader coils field. 
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5. Verification of the calculation method 

Market available transponder and reader coils were chosen for the verification, in two 

different case sizes [6]. The coupling factor is independent of the inductance value of 

the transponder coil, therefore only one inductance value was tested per case sizes. The 

calculated magnetic field strength of the reader coil can be seen in Fig. 4. The figure 

represents the value of the H field on the symmetry axis of the reader coil as a function 

of distance from the coil. 

 

Figure 4. Calculated magnetic field strength of a reader coil. 

Verification measurement of the coupling factor was performed using the above 

introduced reader coil and two different transponder coil constructions. The results of 

the measurement and comparison of the measured and calculated values can be seen in 

Fig. 5. 

 

Figure 5. Comparison of coupling factor calculation with measurements. 

6. Conclusion 

The design process of the antenna components of the low frequency RFID system 

requires a fast approach where the efficiency of the components can be approximated. 

An optimization process where the geometries or the used materials are modified is not 
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able to use a slow and time consuming coupling factor calculation method. The above 

presented method consists of only two static FEM problem solving which requires much 

less time compared to the ordinary method where all the distance steps of the reader-

transponder coil configuration are calculated. The strength of the method is the 

simplicity and speed. If the sensitivity parameter of the transponder coil or the magnetic 

field strength distribution of the reader coil is known by measurement or by other 

calculation method, they can be applied also in this calculation method improving the 

speed of the calculation. The accuracy of the method showed very good results during 

the validation of the method. The difference between the calculated and measured 

values is inside the measurement tolerance range of the used instruments. 
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Abstract.  The aim of this paper is to present the difference of induction machine 
electromechanical characteristics in motor and generator operating modes. 
Firstly, the paper presents analytically derived equations, which are based 
on equivalent circuit and are used for calculation of induction machine 
breakdown torque. Secondly, a comparison of calculated and measured 
characteristics in motor and generator operating regimes is presented. 
Results of torque characteristics measurements, temperature rise tests and 
load tests are also provided. Finally the difference between the calculated 
and the measured results is commented on and explained in detail.   

Keywords:  induction machine, motor, generator, analytical calculation, measurements 

1. Introduction 

In some electrical drives the induction machine can operate as a motor and as a 
generator (for example: elevators, electric vehicles, pumped storage power plants etc.). 
In such drives the key question is which nominal power of the induction machine is the 
right one. Namely, the nominal mechanical power written on the nominal plate of an 
induction motor is not the same as in a generator mode of operation. The reason lies in 
the shape of torque characteristics of the induction machine. Breakdown torque is not 
the same in motor and generator modes. Normally the generator breakdown torque is 
two to four times greater than the motor breakdown torque. The slope of torque 
characteristics is therefore also not the same in both modes. For the same torque value 
the generated rotor losses in the generator mode of operation are significantly lower 
than in the motor mode of operation. Consequently, the nominal power of the same 
induction machine in the generator mode of operation can be significantly higher than in 
the motor mode of operation. 

Engineers and researches use different models and techniques for designing electrical 
machines which include magnetically nonlinearities of iron core [1, 2]. Ordinarily they 
use numerical or analytical approach, sometimes both of them [3-5]. This work provides 
an explanation of the analytical approach for the calculation of induction machine's 
characteristics in motor and generator modes of operation. This paper focuses on key 
equations for the calculation of breakdown torque based on induction motor’s 
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equivalent circuit [4, 6] and the calculation of all electrical and mechanical values at 
nominal power. 

2. Induction machine torque characteristics – theoretical background 

Induction machines can operate in different modes according to the torque 
characteristic. There are three known operating modes: breaking mode for slip values 
between ∞  and 1, motor mode for slip values between 1 and 0, and generator mode for 
slip values between 0 and −∞ . All three operating modes are as part of torque 
characteristic shown in Figure 1. 

Rotor rotates in direction
of the rotating field

Generator Motor Break

Generator takes
electrical power
 from the grid

Generator generate
electrical power 

in the grid

s−
Electrical power

2− 1− 0 1+ 2+

s+

Reversing point

Torque,
Air-gap power Pδ

Mechanical power

Rotor rotates against direction
of the rotating field

Ideal no-load point

 

Figure1. Induction motor torque and power characteristics 

During the operation of the induction machine power losses generation is reflected in 
temperature rise, which can be different for motor and generator modes of operation. 
Direction of energy flow and the corresponding Sankey diagram, including power losses 
presentation, are shown in Figure 2. 

 

Figure 2. Energy flow Sankey diagram: a) motor mode, b) generator mode 
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In the process of designing an induction machine it is very important to calculate 
precisely the electrical and mechanical values in the breakdown torque point. The latter 
can be calculated with equation (1), which is deduced based on the equivalent circuit [6] 
of the induction motor (Figure 3): 

 
2

2
s s

b

m p U
T

Dω
= ±  (1) 

where the operator ±  enables the calculation of the breakdown torque in the motor 
mode (the + sign) and in the generator mode (the – sign), sm  is the number of stator 

winding phases, p  is the number of pole pairs, sU  is the  stator winding voltage, ω  is 

the angular frequency and the denominator D represents:  

 
( )2 1 1 2

2 2
2 1

( ) ( )

      ( ) ( )

s r s r

s r s r

D R X X X

R X X X

σ σ σ

σ σ σ

χ χ χ χ

χ χ χ

′ ′= ± − + + +

′ ′+ − + +
 (2) 

In equation (2) the sign ±  dictates the solution of the quadratic equation and the local 
extremes of the torque characteristic, where elements 1 2,  χ χ  and χ  represent the 

correction factors for the calculation of the breakdown point: 

 1 11 s dχ σ= + +  (3) 

 2 1 1a bχ = −  (4) 

 2 2
1 2χ χ χ= +  (5) 

In equation (3) sσ  is the factor of stator leakage, described by (6): 

 s
s

m

X

X

σσ =  (6) 

and 1 1,  a b  and 1d  are the corresponding proportions obtained from the equivalent 

circuit: 

 1
s

Fe

X
a

R

σ=  (7) 

 1
s

m

R
b

X
=  (8) 

 1
s

Fe

R
d

R
=  (9) 

Equation (1) and the corresponding formulas of elements from equations (2) to (9) 
enable an analytical calculation of breakdown torque values. 
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3. Tested induction machine 

In this paper the small squirrel cage induction machine with nominal power 5.5 kW and 
shaft height of 132 mm according to IEC was used. The induction machine was 
designed for a small bio-gas power plant where a gas motor is used as a turbine. The 
tested machine works in power plant as induction generator and is water-cooled with the 
temperature of water between 50 and 60 degrees Celsius and a corresponding flow of 
approximately 8 l/min. The water cooling system is spiral shaped and built into the 
stator housing. The induction machine is designed and built for an F insulation class. 
Thus a standard stator and rotor lamination with a combination of 36/48 slots made by 
lamination manufacturer Kienle + Spiess GmbH (IEC 132-4 1248) is used as the basis 
for the construction. Figures 4a and 4b present the shapes of the stator slot and the rotor 
slot respectively. The stator and rotor lamination are made from steel material 
M700-50A, which has 5.7 W/kg of specific core losses at 1.5 T. 

sI

sU

s
R σs

jX

m
jX

σr
jX ′
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R rR
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′
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Figure 3. Induction motor equivalent circuit 
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Figure 4. a) Cross-section of stator slot, b) cross-section of rotor slot 

Table I. Values in the motor mode, power 5.5 kW, voltage Y 400 V and winding 

temperature 95 ºC 

I (A) cosϕ  η  1(min )n −  (Nm)NT  (Nm)bT   (W)lossP  

11.18* 0.905 0.785 1420 37 88 1500 
10.63 0.909 0.821 1419 37 89 1200 

Remark: * measured results 
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Table II. Values in the generator mode, power 5.5 kW, voltage Y 400 V and winding 

temperature 95 ºC 

I (A) cosϕ  η  1(min )n −  (Nm)NT  (Nm)bT   (W)lossP  

9.95* 0.801 0.825 1556 41.3 365 1140 
9.49 0.845 0.864 1560 39.3 233 875 

Remark: * measured results 

4. Comparison of measured and calculated results 

All presented measurements in this paper were performed by classical induction 
machine measurement system shown in Figure 5. It consists of tested induction machine 
mechanically connected by clutch with active load machine, which one is speed 
controlled by converter via position sensor. Tested induction machine torque is 
measured via force sensor by reaction method. All electrical and mechanical values of 
tested induction motor are measured by power analyzer which ones via GPIB interface 
send measured results to personal computer where analysis of measured data is 
performed. 
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Figure 5. Measurement system 

For temperature measurement the J-type thermocouples with corresponding instruments 
were used. Distribution of the thermocouples inside and on the surface of the induction 
machine housing is shown in Figure 6.  
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Figure 6. Measurement of temperatures on motor’s housing 

Figure 7 shows the measured and the calculated torque and current characteristics of the 
tested induction machine with nominal power 5.5 kW. From the presented 
characteristics it is evident that the breakdown torque in the generator mode is greater 
than the breakdown torque in the motor mode. From the measurements we obtain 88 
Nm (at 1050 rpm≈ ) breakdown torque of the machine in the motor mode and in the 

365 Nm (at 2170 rpm≈ ) breakdown torque in the generator mode, i.e. with slip 

0.3s =  or 0.47s = − . It turned out that the measured breakdown torque in the generator 
mode is about 4 times larger than in the motor mode.  
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Figure 7. Measured and calculated current characteristics 

To calculate the characteristics of the three-phase induction machine, we used the 
emLook software, which enables “click calculation” of characteristics. The calculation 
software package uses a standard equivalent circuit (Figure 3) stated in IEC 60034-28  
as a basis. The measurement and the calculation (with emLooK) results for the machine 
are provided in Table I for the motor operation mode and in Table 2 for the generator 
operation mode. 

A comparison of the measurement and the analytical calculation data shows a 
significant difference between the two in the generator breakdown torque. The 
measured breakdown torque in the generator operating mode is about 4 times larger 
than in the motor operating mode. An analytical calculation of the breakdown torque 
with equation (1) for equivalent circuit (Figure 3) however returns only a 2.6 times 
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higher value for the generator than for the motor. There are several reasons for the much 
higher measured value of the breakdown torque bT  than the calculated value (Table II). 

The main reason is that the analytical calculation (emLook) in generator mode does not 
correctly take into account the real reduction of reactance leakage for the basic 
harmonic of the magnetic field. This is due the higher current in the rotor, which has as 
a consequence higher local saturation in slot bridges. The motor thus has the measured 
current in the breakdown point 36 AbI ≈ , and the generator 96 AbI ≈ ; the increase 

is about threefold. The reactance leakage is the same in the analytical calculation for 
motor and for generator both in the nominal and the breakdown operation points. This is 
the main reason for the difference between the measured and the calculated results. 
Another increase of the breakdown torque in generator operation mode is the 
consequence of the influence of higher harmonics, which are being deduced in 
generator operation, i.e. added to the negative torque of the basic harmonic for the 
generator, thus absolutely increasing it. 
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Figure 8. Measured and calculated torque characteristics 

0

10

20

30

40

50

60

70

80

90

100

0:00 0:10 0:20 0:30 0:40 0:50 1:00 1:10

T
 (K

),
 T
a
ir
(°
C
),
 I(
A
)

t (h:mm)

Tair(°C)

I(A)

T1

T2

T3

T4

T5

T6

T7

 

Figure 9. Results of temperature rise test in motor operation mode: nominal power 

5.5 kW (mechanical output power)  
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Figure 10. Results of temperature rise test in generator operation mode: thermal power 

6.6 kW (electrical output power) 

Because of a much higher torque characteristic in generator operation mode the losses 
of the machine are lower with the same output power. With the same load current and 
the same cooling conditions the output power in generator operation mode is for the 
presented machine 6.36 kW or by 15.6% higher than in the motor operation mode with 
5.5 kW of power. The thermal power was approximately 6.6 kW at the incoming water 
temperature 50 ºC and flow of 8.3 l/min for F insulation class. Results of temperature 
rise tests for motor and generator operating mode are presented in Figure 9 and 10.  

5. Conclusion 

The paper presents an analytically equation for calculation of induction machine 
breakdown torque in motor and generator operating regimes. Special emphasis is given 
to the comparison of machine characteristics in motor and generator modes, including a 
comparison of calculated and measured results for load conditions and torque 
characteristics. The differences between the calculated and the measured results are 
commented on and explained in detail. From calculated and measured results is 
obviously seen that the induction machine is able to operate in generator mode with 
higher power than in motor operating mode. Reason lies in higher efficiency and lower 
power losses of generator which is reflected as lower heating in comparison with motor. 

The main focus of future research will be calculation of torque characteristics and 
magnet circuit and equivalent circuit parameters of an induction machine with finite 
element method in order to improve the analytical approach. 
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Abstract.  It has been demonstrated in the paper that the magnetic field distribution in 

two outer conductors of the flat, three-phase, high-current busduct is 

asymmetric. The components of this field reflect the magnetic field of the 

reverse reaction fields of the eddy currents induced in the conductors of the 

adjacent phases as the results of the proximity effect and the skin effect. 

The field distribution is shown in the outer area of the outer phases as the 

function of the parameters reflecting the current frequency, the 

conductivity, and the transverse dimensions of the tubular conductors. The 

results also account for the fact that analogously in the high-current 

busducts of this type the active power losses, temperature distributions, and 

electrodynamic forces, will not be the same in the outer buses. 

Key words: magnetic field, tubular conductor, high current busduct 

1. Introduction 

The magnetic field in the external area of the flat unshielded three-phase high current 

busduct (fig. 1) is a vector sum of the own magnetic field, and that generated by the 

currents in the adjacent tubular conductors, with the consideration of the magnetic field 

of the reverse reaction. Instead, in the conductors we have the sum of the own magnetic 

filed with the consideration of the skin effect as well as the field induced by the 

magnetic field of the adjacent phase currents. The own current, in accordance with the 

Ampere’s law, does not generate any magnetic field inside a tubular conductor, and the 

magnetic field in this area generated by the currents in the adjacent conductors can be 

neglected [1,2]. 

In this study it has been shown that the magnetic field distribution in the two external 

conductors of a three-phase flat unshielded high-current busduct is not the same, in spite 

of the symmetry of the system geometry [3]. 
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Figure 1. Three phase high current busduct with the currents I1, I2 and I3 

2. Magnetic field distribution 

In the unshielded flat three-phase high current busduct, as shown in figure 1 we assume 

a symmetrical threesome of phase currents, i.e. [4, 5] 

 1312  ] 
3

2
 exp[j   and    ] 

3

2
 jexp[ IIII ππ =−=  (1) 

The magnetic fields of external origin are for the outer phases, and those generated 

only by the currents in the adjacent phases can be presented as  

 ),(),(),( 1312123 ΘrΘrΘr
www

HHH +=  (2) 

and accordingly  

 ),(),(),( 3231312 ΘrΘrΘr
www

HHH +=  (3) 

The modules of these fields are respectively symmetrical – fig 2. 
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Figure 2. The distribution of the modules of the magnetic field of external origin 

(without the magnetic field of the own phase) in the outer phases of the three-phase, 

flat, high-current busduct with the symmetrical currents I1, I2 and I3 (lc=d/R2 (lc≥ 1), 

x=r/R2, bc=R1/R2 (0£bc< 1)) 
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These fields induce the eddy currents which in turn generate reverse reaction magnetic 

fields ),(123 Θr
rr

H  and ),(321 Θr
rr

H . These fields are still respectively symmetrical in the 

outer phases due to the identical mechanism of generating them in relation to the 

respective fields ),(123 Θr
w

H  and ),(321 Θr
w

H  – fig 3. 
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Figure 3. The distribution of the modules of the reverse reaction  magnetic field in the 

outer phases of the three-phase, flat, high-current busduct with the symmetrical 

currents I1, I2 and I3 
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Figure 4. The distribution of the modules of the magnetic field outside of the outer 

phases (without the magnetic field of the own phase) of the flat, high-current busduct 

with the symmetrical currents I1, I2 and I3 

The magnetic fields outside of the conductors, without the own fields can be presented 

as: 
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 ),(),(),( 123123123 ΘrΘrΘr
rrwext

HHH +=  (4) 

and 

 ),(),(),( 321321321 ΘrΘrΘr
rrwext

HHH +=  (5) 

These fields remain still respectively symmetrical one to another – fig 4. 

3. Asymmetry of the magnetic field 

The total magnetic field outside of the conductors of the outer phases can be express 

with the following formulas [6] 

 1 11 12 13 11 123( , ) ( ) ( , ) ( , ) ( ) ( , )
ext ext ext ext ext ext

r Θ r r Θ r Θ r r Θ= + + = +H H H H H H  (6) 

and 

 3 33 31 32 33 321( , ) ( ) ( , ) ( , ) ( ) ( , )
ext ext ext ext ext ext

r Θ r r Θ r Θ r r Θ= + + = +H H H H H H  (7) 

The )(11 r
ext

H  and )(33 r
ext

H  fields have tangent components only. Therefore, the 

above vector summing up can be limited to the summing up of the relevant tangent 

components. That summing up is an operation in the complex number domain, hence 

the complex sums of tangent components [7, 8] 

 1 11 12 13 11 123( , ) ( ) ( , ) ( , ) ( ) ( , )
ext ext ext ext ext ext
Θ Θ Θ Θ Θ Θr Θ r r Θ r Θ r r Θ= + + = +H H H H H H  (8) 

and 

 3 33 31 32 33 321( , ) ( ) ( , ) ( , ) ( ) ( , )
ext ext ext ext ext ext
Θ Θ Θ Θ Θ Θr Θ r r Θ r Θ r r Θ= + + = +H H H H H H  (9) 

are determined not only by the modulus values of the sum components, but also their 

amplitudes, and more precisely the difference of the amplitudes. The distribution of 

these differences for the outer phases is shown in figure 5. 
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Figure 5. The distribution of the differences of the amplitudes of the field tangent 

component of the own phase and the tangent component of the field outside (without the 

magnetic field of the own phase) of the outer phases of a 3-phase flat high-current 

busduct with symmetrical currents I1, I2 and I3 
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Figure 6. The distribution of the modulus values of the total magnetic field outside of 

the conductors of the outer phases of a 3-phase flat high-current busduct with 

symmetrical currents I1, I2 and I3 

As it can be seen in figure 5, despite the fact the modulus values of the own fields of 

individual phases and the modulus values outside of the outer phases are the same the 

relevant sums of the tangents components in the complex number domain will not have 

the same modulus values. Therefore, the total magnetic field with the consideration of 

the magnetic field of the own phase outside of the outer phases is not accordingly 

symmetrical – figure 6. 

The problem of the asymmetry of the magnetic field distribution outside of the 

conductors of the outer phases of the three-phase, flat, high-current busduct can be also 

explained with indicator diagrams. Let us assume a symmetrical threesome of the 

magnetic field of the own phase currents – figure 7. 
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Figure 7. The own magnetic field outside of the conductors of the three-phase, flat, 

high-current busduct with the symmetrical currents I1, I2 and I3  
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In some points on the surfaces of the conductors of the outer phases, said points being 

symmetrical with respect to the centre of the middle phase axis we can assume that the 

feedback magnetic fields of eddy currents add up vectorially and in the domain of 

complex numbers with the relevant fields which have induced these currents – for the 

L1 phase in the Θ = p point (fig. 9) and the corresponding to it Θ = 0 point (symmetrical 

with respect to the middle phase axis) for the L3 phase (fig. 8). 
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Figure 8. The indicator diagram of the magnetic fields for the outer phase L3 of the 

three-phase flat high-current busduct with the symmetrical currents I1, I2 and I3 
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Figure 9. The indicator diagram of the magnetic fields for the outer phase L1 of the 

three-phase flat high-current busduct with the symmetrical currents I1, I2 and I3  

4. Conclusions 

The total magnetic field outside of the extreme phases 3-phase flat high current busduct 

is not accordingly symmetrical – fig. 6. This asymmetry increases with the increase of 

the current frequency, the electrical conductivity, and the outer radius of the conductors 

The indicator diagrams presented above show (figure 8 and 9) that in certain point 

(r = R2, Θ = Θ2) on the surface of the outer L1 phase the module of the total magnetic 

field outside of the conductor differs from the module of the total magnetic field in the 

symmetrical point on the external surface of the conductor of the L3 phase. In the 

provided example 1 32 0 2 0( , ) ( , )
ext ext

r R Θ Θ r R Θ Θ= = > = =H H . In other points a 

reverse inequality or an equality may happen. 
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Abstract: A new nondestructive method of the flood embankment dampness was 

tested by the electrical impedance tomography. The basic information 

about the built measuring system, including prototype equipment is given. 

The setup was used to determine the dampness of the test flood blank on a 

specially built model. The boundary element method was used to solve the 

forward problem. The neural networks were applied in the inverse problem 

for the image reconstruction. 

Keywords: Electrical Impedance Tomography, Boundary Element Method, Neural 

Networks 

1. Introduction 

This paper presents the system for identification the unknown shape of an interface. A 

new nondestructive method of the flood embankment dampness was tested by the 

electrical impedance tomography [4, 5]. It makes it possible to obtain a 3D distribution 

of wall dampness. Basic information about the built measuring system, including 

prototype equipment is given. The setup was used to determine the dampness of the test 

flood blank on a specially built model. The boundary element method was used to solve 

the forward problem [1, 2, 3]. Decreasing along wall height and depth humidity creates 

nonhomogenous testing environment where object properties conductivity varied 

smoothly with one more coordinates. The distribution of potentials on the surface of an 

object depends on the distribution of conductivity. Surface potential measurements are 

performed at different angles of projection whereby the information needed to 

determine an approximate distribution of conductivity inside the object is obtained. The 

architecture of the flood embankment system was shown in the figure 1. 
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Figure 1. The architecture of the flood embankment system 

2. Electrical impedance tomography 

Electrical impedance tomography is a widely investigated problem with many 

applications in physical and biological sciences. The presenting method was based a 

numerical scheme for the identification of piecewise constant conductivity coefficient 

for a problem arising from electrical impedance tomography. Forward problem solution 

in EIT consist in determining potential distribution inside the region under given 

boundary conditions and full information about region under consideration; that is in 

solving Laplace’s equation. The inverse problem is nonlinear and highly ill-posed. 

Several of numerical techniques with different advantages have been proposed to solve 

the problem. The following functional is minimized (the difference between the 

potential due to the applied current and the measured potential):  

 T
0 0

1

F 0.5 (U U ) (U U )

p

j=

= − −∑  (1) 

where p is the number of the projection angles. 

3. Forward problem 

 

   a          b 

Figure 2. The cross-section of the flood embankment for: 

(a) 84 elements, (b) 336 elements 
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a    b 

Figure 3. The value of the potentials on the edge of the flood embankment for: 

(a) 84 elements, (b) 336 elements 

The figure 2 shows the tested object of the flood embankment with the finite and 

infinite elements. The value of the potentials on the edge of the flood embankment for 

84 and 336 elements were presented on the figure 3. 

In the figure 4 the object was divided into 57 elements, 111 nodes. Each element 

consists of three nodes. The red element symbolizes the electrode 10 V. In black marked 

0 V ground potential. For the area of γ4 is water. The measurement voltage is from node 

1 to 57–28 items (27 electrodes from node 2 at the second node to node until the 

number 56, in addition to node 32 where it was applied 10 V). Green color indicated the 

first item. 

 

Figure 4. The distribution of elements on the edge of the flood embankment 

Description of legends of all graphs such as 1020580 

Gamma1 = 10 

Gamma2 = 20 saturated sand 

Gamma3 = 5 dry sand 

Gamma4 = 80 water 
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Figure 5. Potentials on the edge of the bank 

The distribution of potentials on the edge of the flood embankment results can easily check 

the state of saturation in the layer of sand gamma2. The greater permeability of the sand is 

lower potential at the edge of the flood embankment. The lower permeability area gamma3 

is lower potentials. As you can see from the chart the impact of water conductivity in a very 

small influence on the distribution of potentials in most places (at the edge of the flood 

embankment and on the border between the saturated sand and the top layer of dry sand 

and the boundary between the saturated sand and a lower layer of the bank). Only the 

results differ on the border of the bank – the water. The distribution of potentials on the 

border of saturated sand and the top of the bank is linear, it may be because the electrode 

was placed near the 10V and the other side of the border of three centers is 0 V.  

 

Figure 6. Potentials of the upper limit of the saturated sand 
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Figure 7. The potentials lower limit of the saturated sand 

 

Figure 8. Potentials on the border of the bank water 

As shown in Figures 5, 6, 7 and 8 that the greatest impact on the potentials are on the 

layer of the saturated sand (gamma3) and only the second layer of the saturated sand. 

The lower the conductivity of the lower layer gamma3 potential values were obtained at 

the border centers. By contrast, the smaller the value of the conductivity of the layer 

gamma2 are larger values of potentials at the border areas. Only at the border of the 

bank water can be observed that there is the saturated sand (gamma2) All results are 

discussed with the opposite of figures 5, 6, 7, 8. Only at the edge between water and 

gamma1 layer dependencies are the same as discussed with the drawings 5,6,7,8.  

All results were obtained using BEM with the library BEMLAB [6]. 
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4. Neural Networks 

For different values of gamma2 changed from 5 to 20 in steps of 1 were made 

measurements. On elements from 14 to 20 (from node 27 to the upper edge of the 

horizontal) was potential 10V and the potential 0V in the same area marked in black in 

figure 9. The other components were unchanged. 

 

Figure 9. The flood embankment 

It was built neural network, which consists of three layers: input, hidden and output. 

There were given to the input data generated from the design model flood embankment. 

The input data are introduced as vectors consisting of 73 elements. The hidden layer 

neurons were 9 and the output first. All the neurons are linear. Figure 10 is presented the 

neural network learning process. Figure 11 and 12 on the vertical axis represented the 

value of the permeability on the horizontal axis. 

 

Figure 10. The learning process of the neural network 
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Figure 11. The neural networks response for training data (blue), the red color should 

look like the answer 

 

Figure 12. Response of the neural network for test data (blue), the red color should look 

like the answer 

5. Summary 

This paper has introduced the new method examining the flood embankment dampness 

by the electrical impedance tomography. The applications was depended on a specially 

built model. The boundary element method was used to solve forward problem. The 

inverse problem was solved by the neural network. For the electrical impedance 

tomography, it is sometimes more important to recover the shape of the domains 

containing different materials than to recover the values for the materials. It is 

sometimes more important to recover the shape of the domains containing different 

materials than to recover the values for the materials. The presented techniques were 

shown to be successful to identify the unknown properties of the object. 
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Abstract.  Squirrel cage induction motors have wide range of applications in many 

industrial drive systems due to their simple construction, robust design and 

low operational costs. Their application becomes even wider as a result of 

implementation of voltage inverters providing very good speed-torque 

control characteristics. In this paper a dynamic behaviour of a squirrel cage 

induction motor type 2AZ 155-4 is analysed. Two simulation models are 

developed, the first one in Matlab/Simulink and the second one in PSIM 

enabling motor transient characteristics to be analysed. Information about 

the distribution of the magnetic flux density inside the motor cross section 

is gained by application of the Finite Elements Method (FEM). 

Keywords:  induction squirrel cage motor, MATLAB/Simulink and PSIM simulation 

models, FEM motor model 

1. Introduction 

Squirrel cage induction motor has wide application in many industrial drive systems due 

to its simple construction, robust design and low operational costs. Its application 

becomes even wider as a result of voltage inverters enabling very good speed-torque 

regulation characteristics. In this paper the dynamic performance of squirrel cage 

induction motor type 2AZ 155-4 produced by Rade Koncar is analyzed. The motor has 

the following rated data: voltage Un (∆/Y) = 220/380 V, number of poles 2p = 4, rated 

current 8.7/5 A, power factor cosφ = 0.81, rated speed nn = 1410 rpm, frequency 50 Hz. 

The first simulation motor model is developed in MATLAB/Simulink [1], for situation 

when the motor is connected to symmetrical power supply. For that purpose a motor 

mathematical model is developed based on the motor d, q transformation into 

synchronously rotating system. From the simulation motor transient characteristics of 

speed, electromagnetic torque and currents are obtained.  The analysis is extended with 

simulation model when the motor is fed by a voltage inverter. In this case the motor 

transient speed, current and electromagnetic torque characteristics are obtained, for 

rated frequency as well as for frequencies lower and higher than the rated one. The 

results obtained from the simulation in Simulink are verified with the results obtained 

from the second simulation model developed in the software program PSIM. The 
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distribution of the magnetic field in the motor cross section is obtained by using the 

Finite Element Method (FEM) for all the motor operation regimes.  

2. Simulation models 

Simulation of the motor transient characteristics in SIMULINK is performed by 

building a simulation model based on d,q transformation. In Fig. 1 a block diagram of 

the simulation model consisted of following four main parts is presented: 

� Power supply 

� Transformation of a, b, c variables into variables in d,q system that rotates 

synchronously.  

� Modelling of motor model and obtaining motor speed, currents and 

electromagnetic torque as output variables. 

� Transformation from d,q system into a, b, c system in order stator and rotor 

voltages and currents to be obtained.  

 

A,B,C reference 

system 

Modelling of 
d,q reference 

system 

Simulation 

 ωr 

 Mem 

Inverse 

transformation 

 

Figure 1. Block chart of Simulink motor model 

Firstly the motor power supply (three phase symmetrical power supply) is transformed 

from three phase system into d,q system which rotates with synchronous speed as it is 

presented with equations (1) and (2). 

 ( ) θθ sincos
3

1
acbds UUUU +−−=  (1) 

 ( ) θθ cossin
3

1
acbqs UUUU +−=  (2) 

where: 
dt

dθω =  i.e. ∫=
t

dt

0

ωθ  

Since the power supply is a three phase symmetrical supply in that case 

( )srade  314==ωω . The simulation model is based on the following equations: 
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where iqr and idr are rotor currents transformed d,q systems and Ls, Lr and Lsr are stator, 

rotor and mutual inductance respectively.  
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In the equations (3) and (4) flux linkages Ψqs and Ψds are unknown variables and they 

can be expressed from: 
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Motor speed is calculated from: 

 ( ) 0
226

M
J

M
J

iiii
J

L

dt

d
sqrdsdrqs

srr −−−=
ω

 (7) 

where sM  is load torque, 0M  is a torque as a result of acceleration at no-load.  

The second simulation model is built in PSIM software for symmetrical sinusoidal 

power supply as well as for the case when the motor is fed by a voltage inverter with 

variable frequency (Fig. 2).  
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Figure 2. Simulation model in PSIM 

3. Simulation results 

3.1. A. Simulation results at symmetrical power supply 50 Hz 

First, the motor simulation models are developed for power supply from network. As an 

output from SIMULINK and PSIM models, motor transient characteristics can be 

obtained for different operating regimes: no-load as well as for rated load. In Fig. 3 

transient speed characteristics for rated load condition meaning constant load of 

Ms = 14 Nm, using both simulation models, are presented. 

 

(a) Simulink model 
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(b) PSIM model 

Figure 3. Motor speed at power supply from network, f=50 HZ 

 

(a) Simulink model 

 

(b) PSIM model 

Figure 4.  Torque for power supply from network, f = 50 Hz 

 

(a) Simulink model 
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(b) PSIM model 

Figure 5. Stator current for power supply from network, f=50 HZ 

From Fig. 3 it can be concluded that the motor is reaching the speed of 1440 rpm after 

acceleration time of 0.2 seconds. After the acceleration time has expired 

electromagnetic torque is achieving steady-state value of approximately 15 Nm. For the 

same period the value of the current is dropping from the value of starting current which 

is five times rated current to the maximum value of 6 A. Comparison of obtained results 

from Simulink model and PSIM model for the transient characteristics of speed, 

electromagnetic torque and stator current shows satisfactory agreement among them, 

which consequently proves the accuracy of both simulation models.  

3.2. B. Simulation results using inverter as power supply 

In order speed regulation to be achieved a voltage inverter is used as power supply of 

the motor. Motor speed is related to power supply frequency with equation (8): 

 ( )rpm
p

f
n

60
=  (8) 

f  is the power supply frequency and p  is the pair of poles. In this application constant 

torque should be maintained at constant value of Ms = 14 Nm, ratio between magnitude 

of power supply voltage and frequency should be kept constant. In that case equation 

(9) is applicable: 

 
f

f

n

n **

=  (9) 

Symbol * denotes speed and frequency different from the rated one. In case when 

motor is supplied with variable frequency power supply, adequate values of frequencies 

are input in the model of voltage inverter as well as in equations for direct and inverse 

transformation from a, b, c system into d,q system in Simulink model while adequate 

firing angle of thyristors is implemented in PSIM model for different operating 

frequencies. In Fig. 6 and Fig. 7 transient characteristics of speed and torque when the 

motor is fed from inverter with frequency 50 Hz for operating regime of constant load 

Ms = 14 Nm are presented, respectively.   
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(a) Simulink model 

 

(b) PSIM model 

Figure 6. Speed for power supply from inverter at 50 Hz 

 

(a) Simulink model 

 

(b) PSIM model 

Figure 7. Torque for power supply from inverter at 50 Hz 
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Comparison of Figs. 3 to 5 and Figs. 6 to 7 leads to the conclusion that the transient 

characteristics are quite similar with respect to the acceleration time and the final steady 

state values of speed, torque and current. The pulsations of torque and speed when the 

motor is in steady state are much higher in Figs. 6 to 7, due to the work of the inverter 

as a result of which higher order odd harmonics are present in their characteristics. In 

Figs. 8 and 9 are presented transient characteristics of speed and torque when motor is 

fed from voltage inverter with frequency 30 Hz for operating regime of constant load 

Ms = 14 Nm.   

 

(a) Simulink model 

 

(b) PSIM model 

Figure 8.  Speed for power supply from inverter at 30 Hz 

 

(a) Simulink model 
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(b) PSIM model 

Figure 9. Torque for power supply from inverter at 30 Hz 

As it is expected, according to equation (8), after the acceleration time has expired 

motor speed is reaching the value of 810 rpm. In Table 1 comparison of obtained results 

of speed, current and torque from different simulation models when the motor is 

supplied by voltage inverter, is presented. 

Table 1. Comparison of results motor supplied from the inverter 

f = 50 Hz 

 Simulink 

model 

PSIM 

model 

Speed (rpm) 1437 1440 

Electromagnetic torque (Nm) 14 13.5 

Stator current  (A) 5.67 6 

f = 30 Hz 

Speed (rpm) 850 810 

Electromagnetic torque (Nm) 15 14 

Stator current (A) 5.4 5.67 

 

Figure 10. Flux distribution at motor cross section supply from network 
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Figure 11 Flux distribution at power supply from inverter f = 30 Hz 

 

Figure 12 Flux distribution at power supply from inverter f = 100 Hz 

4. FEM analysis 

The Finite Element Method (FEM) is widely used for electromagnetic field calculations 

in electrical machines, in general. It is usually used as a non-linear magnetostatic 

problem which is solved in the terms of magnetic vector potential A. However, when 

analyzing induction machines, considering their AC exci¬ta¬ti¬on, the air-gap magnetic 

field is always a time-varying quantity. In materials with non-zero conductivity eddy 

currents are induced; consequently, the field problem turns to magneto-dynamic, i.e. 

non-linear time harmonic problem. When rotor is moving, the rotor quantities are 

oscillating at slip frequency, quite different from the stator frequency.  

The problem is solved by adjusting the rotor bars conductivity �, corresponding to 

the slip. With respect to the compound configuration of the motor, both in electrical and 
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magnetic sense, and taking into consideration the particular meaning of the slip s, a 

motor model suitable for FEM application is derived [2]. The magnetic flux distribution 

in the motor cross section for rated load condition at symmetrical power supply from the 

network with f = 50 Hz as well as when motor is supplied by voltage inverter with 

frequency f = 30 Hz and f = 100 Hz are presented in Fig. 10, Fig. 11 and Fig. 12, 

consequently.  

5. Conclusion 

Complex analysis of induction squirrel cage motor is performed by developing 

mathematical, simulation and numerical motor models for calculation of motor transient 

performance characteristics as well as for calculation of distribution of magnetic flux 

density in motor’s cross section. 

Simulation models in SIMULINK and PSIM are developed for both cases of power 

supply: from the network and from voltage inverter. From obtained transient 

characteristics of speed torque and current in case of power supply from the network it 

can be concluded that simulation results of speed 1440 rpm in Simulink model and 

1437 rpm in PSIM model, electromagnetic torque of 15 Nm and maximum value of 

current 6 A in both simulation models are showing good agreement with the data given 

from the producer: rated speed 1410 rpm, torque 14.9 Nm and effective value of current 

of 5 A. This verifies the simulation model as accurate enough to be applied in variable 

speed applications when motor is fed from voltage inverter. In order variable motor 

speed to be achieved constant Volt-Herz characteristic is maintained which results in 

constant electromagnetic torque. Simulation model is built for frequency 30 Hz in 

Simulink as well as in PSIM. Model is showing good simulation results of speed of 810 

rpm, which is adequate to the power supply frequency while electromagnetic torque is 

kept on value of 15 Nm.  In order magnetic flux density distribution in the motor cross-

section to be obtained motor model suitable for application of Finite Elements Method 

is developed. Obtained results proved that there is no significant increase of magnetic 

flux density since constant flux is maintained in all operational regimes.  
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Abstract.  The power factor, the hysteresis losses and the stator eddy current losses 

are electromagnetic features of permanent magnet synchronous motors. 

The newer method for control these motors is the flux weakening operation 

for extending the region over nominal speed but by nominal voltage. This 

paper deals with these questions and its impacts. 
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1. Introduction  

Field weakening is required in order to limit the induced voltage above the nominal 

velocity for a PM synchronous motor also. In the case of applying permanent magnets 

their flux must be reduced using some applicable solution. Turning the current vector 

forward and further increasing in torque angle reduces the effect of the main flux. On 

turning the current vector ahead, this act with a constant current begins to decrease the 

flux. Increasing velocities and breaking it requires varying adjustment the torque angle.  

We had developed a 100 kW power PMSM by Infolytica program and made 

simulations for investigate some characteristics on the flux-weakening region as power 

factor, the loss of stator teeth hysteresis and the loss of stator teeth eddy current. 

2. Extending velocity range, field weakening 

As it is known, considerably above the nominal velocity for a PM synchronous motor 

field weakening is required in order to limit the voltage. The flux of the magnetic field 

generated by the permanent magnets does not change by itself in PM synchronous 

motors.  

Up to reaching the nominal velocity the terminal voltage must be increased in 

proportion to the frequency i.e., in proportion to the speed if the supply is intended to be 

performed by unchanged current.  Without further increase in the terminal voltage, the 

motor cannot be used for an increase in velocity, only with a considerably decreased 

torque. 

Fig. 1 shows the changes in the power and the voltage in function of ω.   
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Figure 1. Torque, power and voltage vs. speed normal and flux-weakening region 

In the case of speed nominal, the values of the flux and the torque are constant just as in 

asynchronous motors. In a range above this, only the power can remain constant 

applying a supply with constant voltage. On the other hand, the flux and the torque 

decrease in a hyperbolic way, if this intention can be realised.   

For a possible use in a little city bus and supplied from battery, we had developed a 

surface mounted and outer rotor type PMSM motor by Infolytica program system. The 

type of winding is fractioned rated of slots and pole for achieving a plane torque 

development.  

In its imagined application the maximum speed is 2500/min. The back emf is 460 

Vpeak at 1000/min therefore above this speed the flux weakening is indispensable. The 

main characteristics are shown in Fig 2. 

 

Figure 2 The main characteristics in nominal state by zero advance angle. 

For realize this results we suppose a motor control with available flux-weakening 

operation. We have done several simulations by Infolytica for investigate some main 

characteristics of this PMSM in this expanded region namely the power factor, the loss of 
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stator teeth hysteresis and the loss of stator teeth eddy current. The functions of results are 

fitted by Matlab. Fig 3 shows the loss of stator teeth hysteresis vs. advance angle. 

Fig. 3 shows the loss of stator teeth hysteresis vs. advance angle at speed 2000 rpm 

and 350 A (150%) motor current.  
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Figure 3. The loss of stator teeth hysteresis vs. advance angle. Speed 2000 rpm, 

Imot 350 A 

The Fig. 4 shows the same case but by 280 A current. The losses are reduced. 
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Figure 4. The loss of stator teeth hysteresis vs. advance angle. Speed 2000 rpm, 

Imot 280 A 

The Fig. 5 shows the loss of stator teeth hysteresis vs. motor current at speed 2000 rpm 

and by advanced angle 26 degree of the current vector. This angle is very favourable for 

ratio of torque per current.  
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Figure 5. The loss of stator teeth hysteresis vs. motor current. 

Advanced angle 26 degree, speed 2000 rpm 

The Fig 6. shows the stator teeth eddy current loss vs. advanced angle at speed 2000 

rpm, and motor current 350 A. 
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Figure 6. The stator teeth eddy current loss vs. advanced angle. Speed 2000 rpm, motor 

current 350 A 

The Fig 7 shows the stator teeth eddy current loss vs. advanced angle at speed 2000 

rpm, and motor current 280 A. The losses are reduced. 
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Figure 7. The stator teeth eddy current loss vs. advanced angle. 

Speed 2000 rpm, motor current 280 A 

The Fig. 8 shows the stator teeth eddy current loss vs. motor current at speed 2000 rpm, 

and by advanced angle 26 degree.  
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Figure 8. The stator teeth eddy current loss vs. motor current. 

Speed 2000 rpm, advanced angle 26 degree 

3. The question of power factor 

It is known that AC motors need reactive power for its operation both motoring and 

breaking regime. Regarding that DC link can supply only real power, then the reactive 

power must generated by the inverter. Consequently the inverter can be considered as a 

reactive power generator. Inverter must control the voltage phase angle. The ability to 

control the phase of the voltage has been realised by solid state power switching and has 

significant impact on the control of AC machines. 
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The inverter handles both the real and reactive power. The apparent power from 

produced these components rates of the inverter and make the cost and pricing of it. 

Unity power factor operation provides the minimum needed of current of inverter but 

that is not possible in induction motor drives as this machine require significant 

magnetizing current. On contrary PMSMs are capable of unity power operation, or very 

close in it by varied advanced angle operation. 

The Fig. 9 shows the power factor vs. motor speed at motor current 120 A and 

advanced angle 0 degree. 
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Figure 9. The power factor vs. motor speed. 

Motor current 120 A, advanced angle 0 degree 

Fig. 10 shows the power factor vs. motor speed at motor current 240 A nominal value, 

and advanced angle is 0 degree. The power factor significantly reduced on entirely 

speed region. 
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Figure 10. The power factor vs. motor speed. 

Motor current 240 A, advanced angle 0 degree 
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Fig. 11 shows the power factor vs. advanced angle at motor current 280 A nominal 

value, and the speed is 1000 rpm. The power factor is significantly high, close to unit on 

a medium advanced angle region. 
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Figure 11. The power factor vs. advanced angle. 

Speed 1000 rpm. Motor current 280 A 

Fig. 12 shows the power factor vs. advanced angle at motor current 350 A nominal 

value, and the speed is 2000 rpm. The power factor is high, close to unit in a medium 

advanced angle region, but without advanced angle operation the power factor is 

constant 0.85. 
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Figure 12. The power factor vs. advanced angle. 

Speed 2000 rpm. Motor current 350 A 
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Fig. 13 shows the power factor vs. motor current at motor speed of 1000 rpm, and the 

advanced angle is of 26 degree. The power factor is high, close to unit in a little medium 

current region between 200 and 300 A and over this value tends to 0.5. 
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Figure 13. The power factor vs. motor current. 

Speed 1000 rpm. Advanced angle 26 degree 

Fig. 14 shows the power factor vs. motor current at motor speed 1500 rpm, and the 

advanced angle is 70 degree for achieve an extended speed in motoring region. The 

power factor is high, close to unit in a little medium current region between 150 and 

250 A.  
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Figure 14. The power factor vs. motor current. 

Speed 1500 rpm. Advanced angle 70 degree 
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Fig. 15 shows the function of flux, inductances, reactances, torque and voltage factors 

vs. motor current at speed of 1000 rpm. and advanced angle of 45 degree. 

 

Figure 15. The flux, inductances, reactances, torque and voltage constanses vs. motor 

current. Speed 1000 rpm. Advanced angle 45 degree 

4. Conclusions 

The applied flux weakening operation for extend the speed range under nominal voltage 

bring some appreciable features in motoring and breaking regime of permanent magnet 

synchronous motors. Improve the power factor an a little region and reduce the losses of 

magnetic circle. 
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the Preisach-model of hysteresis in order to be efficiently applicable in 
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1. Introduction 

The main goal of the paper is to describe the representation and implementation details 
of a hysteresis model into finite element analysis of a field calculation problem in the 
COMSOL-Matlab environment. It will be shown, that the quite difficult task of 
representation and implementation of a complicated hysteresis operator can be handled 
relatively easily by means of an appropriate description of the hysteresis operator and 
the efficient usage of the high level software environment, what the interaction of the 
COMSOL and Matlab packages can offer. 

Since there are numerous engineering fields, where the proper application of a 
hysteresis operator is required, (like ferromagnetics, porous media flow, fatigue of 
mechanical structures, vapour-liquid phase transitions etc.) and the ‘mainstream’ 
numerical tool for the solution of these kind of problems is the Finite Element Method 
(FEM), it is a naturally arising need, that the hysteresis operator of choice should be 
ready to use, directly in the high-level FEM packages. Since the commercial FEM 
packages do not provide hysteresis models directly, it relies on the user building his/her 
implementation. In the paper a simple hysteretic diffusion problem is solved as a case 
study in the COMSOL Multiphysics finite element analysis software, and by the aid of 
this case study, the details of application of a hysteresis model in the COMSOL-Matlab 
environment is presented. 

2. The Comsol FEM package and the Matlab environment 

As the primary tool for the finite element analysis of the problem, the COMSOL 
Multiphysics engineering simulation software is applied. The COMSOL package is a 
high level modelling and simulation environment providing tools for all steps of 
modelling (geometry definition, mesh generation, physics definition, solution, post-
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processing etc.), and having a set of very advantageous properties, which enables a 
highly customized way of building models, and running simulations. One of the most 
important features of the package is the equation-based modelling, facilitating the weak 
form representation of the partial differential equations (PDEs) of the problem, which is 
really advantageous, because by the application of the weak form, the user has full 
control over the physics defined on various domains of the modelled geometry. Another 
extremely useful feature is the capability of using functions written in the Matlab 
environment. This way, practically any kind of function or multi-valued operator can be 
implemented into the finite element model. As a consequence of the fundamental nature 
of the connection between COMSOL and Matlab, implementing a hysteresis operator 
requires a fair amount of initialization tasks preceding the actual usage of the operator, 
but after that, it can be used easily, as if it was a part of the FEM package. 

3. The Preisach Operator 

The defining equation of the operator applied here is based on the work of P. Krejci et 
al. [2] 

 
0

[ , ]( ) ( , [ , ]( )) ,u t g r u t drλ λ
∞

= ℘∫P  (1) 

 
0

( , ) = ( , ) ,
v

g r v r z dzϕ∫  (2) 

where u  is the input of the operator, r  is the abscissa of the phase space, the auxiliary 
function g  contains the integration of the distribution function ϕ  (the usual Preisach-

distribution) over the phase space, where the upper bound [ , ]( )u tλ℘  of integration (2) 

is the output of the memory operator ℘ , and λ  is a function of the Λ  phase space. The 

definition of the phase space is 

 ( )= { : :| ( ) ( ) | | | , : lim = 0},
r

r s r s r s rλ λ λ λ+ + →∞
Λ → − ≤ − ∀ ∈R R R  (3) 

which represents a set of functions with the property of having a maximum absolute 
steepness of one, and having value of zero at r →∞ . This definition basically describes 
an infinitely large triangle bounding the functions of the phase space. The actual state of 
the phase space (the concrete λ  function) represents the memory of the hysteresis 
operator. Putting (1) and (2) together gives a double integral defining the Preisach-
operator as 

 
[ , ]( )
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λ

λ ϕ
∞ ℘
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where the integration takes place over a subdomain of the phase space, defined by the 
actual state function λ , which can be obtained from the memory operator.  

4. The implementation of the hysteresis operator 

In order to implement the operator (4) into a numerical computation it is advantageous 
to make some practical modifications. First of all, in order to apply an operator in a 
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numerical environment, the phase space has to be finite. In other words, infinitely large 
inputs are not allowed, thus an upper bound value 

s
u  has to be introduced. Besides the 

construction of the finite phase space defined as 

 ( )= { : :| ( ) ( ) | | | , : lim = 0},
sr u

r s r s r s rλ λ λ λ+ + →
Λ → − ≤ − ∀ ∈R R R  (5) 

I have introduced a memory operator ν , which is responsible for the computation of 
the new state (memory function) in view of the actual state λ , the input u , and the time 
derivative u&  of the input. The defining equation (4) of the Preisach-operator thus 
replaced by 
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r u
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ν λ
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−∫ ∫
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which contains the memory operator ν  as the upper bound of the inner integration 
having the same role as the memory operator ℘  in (4), but with a different realization. 

5. The structure of the phase space and the behaviour of the memory 

operator 

The phase space defined by (5) is basically a usual Preisach-triangle rotated by 45 
degrees counter-clockwise. The role of the memory operator [ , , ]( )u u tν λ &  is to calculate 

the new state function λ  based on the actual state and the input. The behaviour of the 
operator in the phase space (Preisach-triangle) can be tracked by the aid of Fig. 1, which 
shows a possible state function and the corresponding hysteresis curve. 
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Figure 1. A state function in the phase space with the corresponding hysteresis curve 

In the left subfigure the memory function ( )rλ  can be seen as the upper boundary of 

the filled region of the phase space, the lower boundary is ( )
s

l r r u= − , where the 
s

u  is 

normalized to { }1,1−  in the figure. 
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Integration (6) takes place over the filled subdomain of the phase space bounded by 
the fixed “lower” side of the triangle and the continuously changing memory function 
resulting from the memory operator. The input-output relation of the operator appears as 

a hysteresis curve, which can be seen in the right hand side subfigure, where ( )u t  and 

( )v t  denotes the input and the output of the operator (6) respectively. The memory 

operator utilizes an auxiliary line ( )( ) sgne r u r u= − +&  (dashed line in figure) for the 

purpose of tracking the changes of the phase space. The intersecting point of the ( )e r  

line and the ( )rλ  axis represents the actual value of the input ( )u t , and starting from a 

given state (for example the one depicted in Fig. 1.) the change of the input of the 
hysteresis operator causes the moving of the ( )e r  line upwards or downwards 

depending on the sign of the time derivative of the input. The moving of ( )e r  results in 

a new intersection point of the ( )e r  line with the actual state function ( )rλ , and the 

new memory function is constructed simply by “concatenating” the segment of ( )e r  

preceding the intersection with the segment of ( )rλ  beyond the intersection.  

Fig. 2 shows the new state and the corresponding hysteresis curve after decreasing the 

value of the input ( )u t . 
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Figure 2. State function and hysteresis curve after decresing the input from state 

depicted in Fig. 1 

Further decreasing the input results in “wiping out” the portion of memory (state 
function), which represents the inside minor loop, which can be seen in Fig. 3. 
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Figure 3. Phase space and hysteresis curve after a “wipe out” 

The main advantage of this representation is, that the complicated changes in the phase 
space can be tracked very easily by the aid of the introduced memory operator, since the 
line ( )e r  can be constructed without any problems in view of the input of the hysteresis 

operator and the state function representing the memory is described by a single-valued 
function, which is very easy to handle as well. 

The Matlab (or any suitable numerical tool) implementation of the operator described 

above consists of the discrete representation of ( )rλ  in a form of a finite dimensional 

vector, and the main task to perform is to find the intersection of ( )e r  and ( )rλ  in 

order to construct the new state function. The method of finding the intersection is the 
following  

 ( )1
sgn , ,

2
m

i ⎡ ⎤= ∆ −⎣ ⎦e λ i  (7) 

where e  and λ  are the vectors of m฀  corresponding to the discretized ( )e r  and ( )rλ  

respectively,  is the difference operator, [ ]1,2, m=i K  is an index vector, .,.  denotes 

the usual dot product, and mi  is the index of the intersection point. After finding the 

location of the intersection, the construction of the new state function is straightforward. 

The representation outlined here can be immediately applicable to define a Preisach-
operator in a numerical environment, and furthermore – resulting from the nature of the 
memory operator applied – the algorithm is easily vectorizable, so it can be 
implemented into finite element computation as is. One further point is, that the 
integration of the distribution over the phase space can be calculated off-line, thus 
during the actual computation it can be substituted by interpolation, which significantly 
speeds up the procedure of numerical computation. 
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6. Implementation of the hysteresis operator into finite element 

computation 

The finite element implementation is demonstrated through a case study in the 
COMSOL environment. Since COMSOL is highly customizable, can handle 
complicated nonlinear problems, and it is possible to use Matlab functions directly from 
the user interface without explicit usage of Matlab, it is a really good tool for solving 
nolinear problems involving hysteresis phenomena. 

The problem solved in the case study is a one-dimensional nonlinear diffusion 
problem defined as  

 { }2

0

1
, ,H H M M H

σµ
− ∇ = − =& & P  (8) 

where H  is the magnetic field strength, M  is the magnetization, and {}.P  denotes the 

Preisach-operator. In the COMSOL environment, after defining the diffusion equation 
(8) as the governing physics, the hysteretic relation has to be defined. It can be managed 
by defining an auxiliary dependent variable for M , and providing the weak-form 
equation connecting the auxiliary variable M  and the hysteresis operator, which is 
represented by a variable assigned to the predefined Matlab function. The Matlab 
function definitions can also be done from the COMSOL environment in the global 
definitions section. 

Solving the problem defined by (8) on a one-dimensional domain results in the time 
evolution of the H  and M  fields. In Fig. 4 and Fig. 5 minor hysteresis curves can be 
seen corresponding to different locations in space, which were obtained by solving the 
nonlinear diffusion problem with the application of the Preisach-operator using the 

representation described above. (The value of magnetization is normalized to [ ]0,1 .) 

 

Figure 4. Minor hysteresis curves 
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Figure 5. Minor hysteresis curves 

It is important to emphasize, that after initializing the Preisach-model in the Matlab 
environment, it can be used similarly to a built-in function in COMSOL by the aid of an 
auxiliary dependent variable defined by a weak expression, and this way most of the 
programming difficulties of the Matlab implementation can be avoided, since the 
hysteresis operator can be used directly from the COMSOL user interface, and all of the 
modelling tasks (solution, post-processing) can also be accomplished without explicit 
usage of Matlab, which has the clear advantage of using a high level user-friendly 
interface instead of tweaking with the subtleties of programming. 

7. Conclusion 

As a concluding remark it can be stated, that the representation and the implementation 
outlined in the paper can be a productive way of application of the Preisach-model of 
hysteresis for handling nonlinear numerical field calculation problems involving 
hysteresis phenomena  
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Abstract.  Nowadays, photovoltaics is one of the most popular and interesting areas, 
especially in the economy. This paper presents an analysis of 
characteristics of photovoltaic modules. The comparisons between the 
characteristics provided by the manufacturers and characteristics obtained 
by measurements, under the real time conditions are accomplished. The 
temperature dependence of power and the actual energy production are also 
presented. Measurements are obtained directly from the module without the 
inverter. 

Keywords:  photovoltaics, energy production, specific energy yield. 

1. Introduction 

European Union‘s directive, upon increasing the production of electricity from the 
renewable energy sources till 2020, has contributed to the growth of photovoltaic (PV) 
systems connected to the electric grid. The main elements of the PV systems are solar 
modules, which convert the solar radiation directly into the electricity. The efficiency of 
this conversion depends on the solar radiation that reaches the surface of the solar cells, 
the temperature of the solar cells, the impedance matching between the solar modules 
and DC/DC converters, and the quality of the inverters [1]. 

In this paper, the analysis of characteristics of four photovoltaic (PV) modules is 
presented. The comparisons under real conditions are accomplished between 
characteristics provided by the manufacturers and characteristics obtained by 
measurements. The temperature dependence of electric power and actual energy 
production is also presented. Measurements are accomplished on the PV module 
without the inverter. All sample PV modules are measured at the same time, therefore 
identical conditions are ensured. 

2. Measuring system and method 

Measurements are performed by using an automatic measuring system for 
characteristics monitoring of PV modules (MSPV01) as shown in Fig.1. 

Measuring system is able to measure current-voltage characteristics, total solar 
radiation on horizontal basis and temperature. From these data the electric power is 
calculated. Measured results are stored into the personal computer database after each 
measurement. In order to process measured results the LabVIEW software produced by 
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National Instruments is used. LabVIEW receives data from multiple outputs of the 
instrument MSPV01 and stores them into the database to enable subsequent analyses 
and comparisons. MOSFET transistors that withstand intermittent electric load are also 
part of the measuring system. Current pulses represent the load of the PV modules and 
on their basis the maximum power point (MPP) of PV modules is achieved [2]. 

 

Figure 1. Measuring system for characteristics monitoring of PV modules (MSPV01) 

PV modules are measured at three different slopes: 30°, 45° and 60°. The next 
measuring test is carried out with two partially shaded PV modules at the slope of 30°. 

The efficiency given by the manufacturer is additionally verified by using (1).  

 100%STC

STC

STC

P

AG
η = ⋅  (1) 

where: ηSTC – efficiency calculated at standard test conditions, PSTC – power calculated 
at standard test conditions, A – active surface of the module and GSTC – irradiance at 
standard test conditions. 

Equation (2) presents the efficiency calculated on the basis of measured electric 
power and measured irradiance. 

 100%m

m

m

P

AG
η = ⋅  (2) 

where: ηm – efficiency calculated on the basis of measured power and measured 
irradiance, Pm – measured electric power, Gm – measured irradiance. 

Figure 2 shows the solar irradiance for the first day. The same measurements have 
been accomplished for the other days as well. The thick line represents the horizontal 
solar irradiance and the dashed line represents the solar irradiance that falls onto the 
surface of the PV module. 

Analytically calculated electric power is determined by using (3). 

 (1 ( ))m

a STC m STC

STC

G
P P T T

G
γ= − −  (3) 
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where: Pa – analytically calculated power, PSTC – power calculated at standard test 
conditions, Gm – measured radiation, GSTC – irradiance at standard test conditions, γ – 
temperature coefficient of power, Tm – measured temperature of the module, TSTC – 
temperature of the module at standard test conditions. 
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Figure 2. Solar irradiance for day 1 

The comparison between calculated efficiency on the basis of measurements and the 
efficiency given by the manufacturer is accomplished. These results are also compared 
with those obtained by shaded PV modules. Two modules of the same manufacturer 
with the same nominal power are used as measuring objects. The back side the first PV 
module is thermally insulated with Styrofoam and the second PV module is without 
additional thermal insulation. Both electrical power and temperature of PV modules are 
compared as well. 

3. Results  

Table 1 shows calculated efficiencies by using (2) and efficiencies obtained by 
datasheets. The efficiency obtained by the manufacturer (datasheets) is in good 
agreement with a calculated efficiency by using (2). 

Table 1. Comparison of efficiencies 

 Efficiency calculated 
by using (2) 

Efficiency given by  
the manufacturer at STC 

Slope 30° 45° 60°  
Module 1 15% 15% 15% 14.3% 
Module 2 15% 14% 15% 14.3% 
Module 3 15% 15% 15% 14.1% 

Figures 3, 4 and 5 show the difference between calculated electric power of PV module 
2 by using (3) and the measured power of PV module 2. 
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Figure 3. Comparison of calculated electric power of PV module 2 by using (3) and the 

measured power of PV module 2– day 1 

The comparison has been conducted for three days. Figures 3, 4 and 5 are for day 1, 2 
and 3. Thick lines in the figures represent the measured electrical power and dashed 
lines represent the calculated electrical power by using (3). Deviation between 
calculated electric power and measured power occurs due to the measuring instruments 
which causes the load in the form of pulses.  

Deviation between calculated electric power and measured power occurs due to the 
measuring instruments which causes the load in the form of pulses. The electric power 
of a PV system depends on the solar radiation that reaches the surface of the PV 
modules, the active surface of the modules, their efficiency, and the applied maximum 
power point tracker (MPPT) [3]. 
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Figure 4. Comparison of calculated electric power of PV module 2 by using (3) and the 

measured power of PV module 2– day 2 
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Figure 5. Comparison of calculated electric power of PV module 2 by using (3) and the 

measured power of PV module 2– day 3 

Table 2. Comparison between insulated and non-insulated PV module 
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Slope: 30 
Day1 80 84 3.6 –4.3 43 34 9.7 23 
Day2 85 92 6,5 –7.1 42 36 6.3 15 

Slope: 45° 
Day1 46 46 0,3 –0.7 33 28 5.3 16 
Day2 76 80 3,9 –4.9 42 33 8.5 21 

Slope: 60° 
Day1 73 76 2,7 –3.6 45 37 8.7 19 
Day2 54 54 0,9 –1.6 36 30 5.7 16 

Slope: 30° with shading 
Day1 12 12 –0.1 0.9 40 31 9.1 23 

Figure 6 shows the temperature of PV modules and ambient temperature for three days. 
Modules are of the same rated power and from the same manufacturer. Module 1 is 
isolated by Styrofoam. Average electrical power is calculated by summing the 
individual measured results divided by the number of measured results for different 
days. The lowest line in the figure represents the ambient temperature, and the highest 
line represents the temperature of Styrofoam insulated PV module. It is obvious that the 
temperature of this PV module is much higher than the temperature of other PV 
modules, hence smaller efficiency is expected. 
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Figure 6. Ambient and PV modules temperature 

Figures 7 and 8 show how shaded the PV modules are as well as the operating mode of 
PV modules. PV modules 1, 2 and 4 are standard ones with three operating sectors (3 
bypass diodes), but PV module 3 is a special one, with 9 operating sectors (9 bypass 
diodes).   

 

Figure 7. Shading of PV modules 

 

Figure 8. Operating mode of PV modules 

Comparison is made between PV modules with 3 and 9 bypass diodes. In order to see the 
difference between them they have to be shaded. Posters of the same dimensions are used 
on all PV modules and placed on the same position as shown in Fig. 7. The advantage of 
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PV module with 9 bypass diodes is that it has 9 operating sectors, which are divided as it 
is shown in Fig. 8. Fig. 8 also shows how the operating sectors are divided in PV modules 
with 3 bypass diodes. The principle is that when some cells of one sector are covered, the 
whole sectors barely work. As can be seen from Fig. 7 and 8, poster covers all 3 sectors on 
PV modules with 3 bypass diodes and only 4 on PV module with PV module with 9 
bypass diodes. That means that 5 out of 9 sectors operate normally. 

Figure 9 shows the specific energy yield of PV modules. The upper line represents the 
energy yield of PV module 3 which is the one with 9 bypass diodes. When the PV 
modules are shaded it is obvious that PV module 3 has the biggest energy yield in 
comparison with the others. It is confirmed with Fig. 10, which shows the daily power 
diagram of PV modules. Thick line is much higher than other lines. Of course PV 
module 3 works with less efficiency due to the shading; max power is 150 Wp when it 
should be around 230 Wp. Other PV modules work with around 15% of their capability 
because of the shading.  
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Figure 9. Specific energy yield of shaded PV modules 
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Figure 10. Daily power diagram of shaded PV modules 
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4. Measured efficiencies of PV modules 

Some of the reasons for the actual efficiency of cells being lower than the theoretical 
limitation are: 

� Reflection of light from the surface of the cell. 
� Shading of the cell due to current collecting electrical contacts. 
� Internal electrical resistance of the cell. 
� Recombination of electrons and holes before they can contribute to the current 

[2]. 

Figure 11 shows the efficiencies of PV modules at the slope of 30°, Fig. 12 at slope 
45° and Fig. 13 at slope 60°. The peaks in the characteristics occur due to the measuring 
errors of the measuring equipment.  
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Figure 11. Efficiencies at slope 30° 
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Figure 12. Efficiencies at slope 45° 
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Figure 13. Efficiencies at slope 60° 

5. Conclusion 

This paper presents the results of the analysis of characteristics of four photovoltaic 
modules. The energy yield is directly calculated from meteorological and geographical 
data with knowing PV module performance and losses in the system.  

The exact value of the future annual energy yield cannot be determined because of 
two factors. Firstly, the equation that can predict weather in the future reliably doesn’t 
exist. It can only be calculated on a base of long-term averages, minimums and 
maximums. Secondly, some losses also cannot be exactly calculated and have to be 
chosen on the basis of experience and recommendations. For a more accurate 
calculation of the energy yield, the PV module characteristics of particular module have 
to be known. 
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Abstract.  Accurate determination of soft magnetic material mechanical properties is 
important for operation of axial flux permanent magnet synchronous 
machines (AFPMSM). The aim of the paper is systematic experimental 
approach for determination of mechanical properties of high strenght low 
alloyed steels and mild carbon steel in the direction of steel rolling, steel 
plate thickness and width. These steels can be used as a rotor yoke in 
AFPMSM with coreless stator and double external rotor. 

Keywords:  soft magnetic materials, mechanical properties, experimental testing. 

1. Introduction 

The high strength low alloyed steels (HSLA) grade HT50 and HT80 is widely used for 
construction of different modern energy components [1]. The mild steel is typically 
carbon steel, with a comparatively mild amount of carbon (0.16% to 0.3%) and with 
ferromagnetic properties. Ferromagnetic properties make it ideal for electrical machines 
and other electrical devices [2, 3]. Due to the non-laminated rotor discs the mild steel is 
especially applicable to axial flux permanent magnet synchronous machines 
(AFPMSM) with coreless stator and double external rotor. Mild steel with high amount 
of carbon is vulnerable to rust. Where the rust free technology is required the stainless 
steel over mild steel is preferred. On the other hand, stainless steel does not have 
ferromagnetic properties although it is composed mainly of ferromagnetic metal. Mild 
steel is also used in construction as structural steel. It is also widely used in the car 
manufacturing and energy industry.  

Three different types of steels were tested due to comparison of mutual mechanical 
properties. The mechanical properties of the HSLA steel grade HT50 and HT80 and 
mild steel were evaluated using standard tensile [4], Charpy [5] and Crack Tip Opening 
Displacement (CTOD) test [6, 7]. The samples were taken from the steel plates in 
rolling, thickness and width direction.  

The differences in microstructures among material regions influence on the 
mechanical properties [8-13]. Thus, systematic experimental determination of material 
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mechanical properties including fractographical and metallographical investigation of 
fracture surfaces is necessary.  

2. Experimental procedure 

Chemical composition of the HSLA steel grade HT50 and HT80 and mild steel, plate 
thickness of 40 mm are given in Table 1. All testing samples were taken from the steel 
plates in rolling direction (A), thickness direction (B) and width direction (C). 

The yield strength and tensile strength were obtained using round bar tensile samples, 
as shown in Fig. 1. Tensile testing was carried out at the room temperature (20 °C). 

Charpy – V testing was used to determine the impact toughness of steel plates. Shape 
and dimensions of standard Charpy – V sample, mechanically notched, are shown in 
Fig. 2. Testing was performed at the temperature –10 °C. For every test temperature 
three samples were fractured. 

Table 1. Chemical composition of the HSLA steel grade HT50 and HT80 and mild steel 

Composition 
(%) 

HT50 HT80 Mild 
steel 

C 0.12 0.16 0.28 
Si 0.55 0.68 0.52 

Mn 0.67 0.75 0.71 
P 0.015 0.020 0.011 
S 0.002 0.003 0.007 
Cr 0.70 0.79 0.05 
Ni 0.07 0.09 0.01 
Mo 0.042 0.032 0.013 
Cu 0.19 0.24 0.62 
Al 0.001 0.002 0.001 

 

Figure 1. Round bar tensile sample B 5×25  
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Figure 2. Shape and dimensions of V notched sample – Charpy 

CTOD fracture toughness of the HSLA steel grade HT50 and HT80 and mild steel was 
evaluated using the standard static CTOD test [4-5]. Sample loading was carried out 
with constant crosshead speed v = 0.5 mm/min. The test temperature was –10° C 
according to the recommendation of the Offshore Mechanics and Artic Engineering 
(OMAE) association. For CTOD testing the single sample method was used [1]. To 
evaluate fracture toughness of steels standard fracture mechanics tensile samples with 
shallow notches were used, as shown in Fig. 3. 

 

Figure 3. Direct measurement of CTOD values at crack tip of fracture mechanics 

sample 

For all samples the fatique precracking was carried out with the Step-Wise High R ratio 
(SHR) method procedure [6]. During the CTOD tests the potential drop technique was 
used for monitoring stable crack growth [7]. The CTOD test values were directly 
measured by special clip gauge [7] on the sample side surfaces at the fatique crack tip 
over a gauge length of 5 mm (see Fig.3). 

The basic aim of the fractographical investigation was to determine the location of 
brittle fracture initiation on the fracture surface of CTOD test samples and to identify 
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the brittle fracture initiation point by using Energy Disperse X-ray (EDX) analysis. 
Microstructure at the brittle fracture initiation point and around it, as well as crack path 
deviation nature, was evaluated using the fracture surface cross-section method [1] 
through the brittle fracture initiation point. A detailed analysis of material at the crack 
tip region and along deviated crack path was done by optical microscope and scanning 
electron microscope. This way the critical microstructure (local brittle zones) at fatigue 
crack tip surroundings, where the brittle fracture was initiated, and the microstructure, 
where it propagated later, were identified. For fractographical and metallographical 
analysis the most representative fractures of CTOD test samples were chosen, which 
also appeared in other samples in an appropriate shape. 

3. Discussion of results 

Mechanical properties of HSLA steel HT80 and HT50 and mild steel plate in the rolling 
direction (A), thickness direction (B) and width direction (C) are presented in Table 2. 
The basic values of yield strength and tensile strength of testing steels, given in Table 2, 
were obtained from engineering stress (R) – strain (e) diagrams. It is known that 
engineering material curves can not be used for the analysis of material deformation 
characteristics and finite element calculations in the range of high plastic deformations. 

For this purpose the true stress – strain curve (Fig. 4) was used, which is described by 
the power law expression [4, 6]: 

 0e
nσ σ=  (1) 

where: 0σ  – fictitious yield strength, n – strain hardening exponent.  
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where: Rm – ultimate tensile strength, Agt – engineering extension at the maximum 
tensile load, Rp0.2 – yield strength equivalent to 0.2 percent of proof stress, e0.2 – 
engineering extension. 
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where: E – Young’s modul. 

Finally, the fictitions yield strength σ0 was calculated by: 
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Average Charpy-V testing results of three fractured samples are represented in 
Table 2, where abbrevation „av” means „average”. 
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Table 2. Mechanical properties of HSLA steel HT80 and HT50 and mild steel plate in 

the rolling direction (A), thickness direction (B) and width direction (C) 

Steel 
grade 

Measured 
direction 

Yield 
strength 

(MPa) 

Tensile 
strength 
(MPa) 

CTOD 
(mm) 

Charpy-V 
(J) 

at –10O C 

HT50 A 542 591 0.390 
47, 68, 71 
av = 62 

HT80 A 693 830 0.401 
69, 78, 64 
av = 70 

Mild 
steel 

A 452 497 0.423 
42, 55, 62 
av = 53 

HT50 B 501 562 0.240 
39, 41, 55 
av = 45 

HT80 B 657 799 0.253 
53, 68, 66 
av = 62 

Mild 
steel 

B 439 471 0.231 
39, 44, 61 
av = 48 

HT50 C 531 587 0.416 
42, 76, 69 
av = 62 

HT80 C 665 811 0.478 
67, 71, 63 
av = 67 

Mild 
steel 

C 447 478 0.443 
40, 51, 65 
av = 52 

The Charpy toughness of samples taken from the steel plates in rolling direction (A) is 
approximately equal to the Charpy toughness of samples taken from the steel plates in 
width direction (C).  

The lowest Charpy toughness was measured in the samples taken from the steel plates 
in thickness direction (B). The cause for low toughness was appearance of inconvenient 
ferritic microstructure with distributed brittle martensite – avstenite (M-A) constituents 
(Fig. 5). 

 

Figure 4. Engineering and true stress – strain curves for uniaxial tension 
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Figure 5. Ferritic microstructure  with distributed brittle M-A constituents  along ferrite 

grain boundaries 

The Charpy toughness of samples taken from the steel plates in rolling direction (A) is 
approximately equal to the Charpy toughness of samples taken from the steel plates in 
width direction (C).  

Directly measured CTOD test values of fracture toughness for each type of steels are 
summarized in Table 2. During CTOD testing of fracture mechanics samples the 
appearance of pop-ins at the propagating crack tip was expected. These moments are 
detected by force – displacement relationship (Fig. 6), which are evaluated according to 
the standard [6] depending on their size (decrease of force and sudden increase of 
displacement). The maximal CTOD toughness was measured in the samples with the 
crack tip located in the width direction (C). 

 

Figure 6. Appearance of local brittle zones during CTOD testing and final fracture of 

fracture mechanics specimen 

In the case of CTOD testing of specimens with the crack tip located in the thickness 
direction (B) the lowest CTOD test value was measured due to the appearance of the 
first brittle fracture in the mainly ferritic microstructure with carbides (Fe3C), 
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precipitated at the grain boundary (Fig. 7 and Fig. 9) and appearance of brittle fracture 
initiation point, i.e. Al-Si-Mn inclusions (Fig. 8).  

 

Figure 7. Mainly ferritic microstructure with carbides (Fe3C) precipitated at the grain 

boundary 

 

Figure 8. Appearance and EDX analysis of brittle fracture initiation point, i.e. Al-Si-Mn 

inclusion 

It should be noticed that for correct identification of brittle fracture initiation point it is 
of utmost importance to apply EDX analysis to both fracture surfaces. In the opposite 
case it could happen that the EDX analysis detects fictitious brittle fracture initiation 
point. 
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Figure 9. Identification of brittle fracture initiation point as Fe3C on the fracture 

surface of CTOD test sample 

4. Conclusion 

Due to the use of soft magnetic material for the rotor yoke in AFPMSM with coreless 
stator and double external rotor the exact evaluation of soft magnetic material 
mechanical properties is important for safe operation of AFPMSM.  

The presence of different microstructures along pre-crack fatigue fronts has important 
effects on the critical CTOD. This value is relevant parameter not only for the rotor 
discs of AFPMSM but also for a variety of components in modern energy technology.  

The mechanical properties of HSLA steels grade HT50 and HT80 and mild steel are 
the lowest in the thickness direction of the steel plate due to the appearance of carbides 
(Fe3C) and Al-Si-Mn inclusions in the ferritic microstructure. The mechanical 
properties of HSLA steels grade HT50 and HT80 and mild steel are approximately 
equal in rolling and in width direction of the steel plates. 

Acknowledgments 

The authors wish to acknowledge the financial support of the Slovenian Foundation 
of Science and Technology and the Japanese Promotion of Science 

References 

[1] Praunseis, Z.: The influence of Strength Under-matched Metals containing 

Heterogeneous Regions on Fracture Properties of HSLA Steel (Dissertation in 
English), Faculty of Mechanical Engineering, University of Maribor, Slovenia, 
(1998). 

[2] Virtic, P.: Variations of Permanent Magnets Dimensions in Axial Flux Permanent 

Magnet Synchronous Machine, Prz. Elektrotech., 87, no. 12B, (2011), 
pp. 194–197. 

[3] Pisek, P., Virtic, P., Štumberger, B.: Back EMF and torque characteristic of N-N 

and N-S type of multi-disc axial flux permanent magnet synchronous generator, 
Prz. Elektrotech., 84, no. 12, (2008), pp. 221–223. 



Acta Technica Jaurinensis Vol. 6. No. 1. 2013 

113 

[4] BS 4732, Methods for tensile testing, The British Standards Institution, London, 
(1979). 

[5] ASTM E 1152-87, Standard test method for Charpy testing, Annual Book of 
ASTM Standards, American Society for Testing and Materials, Philadelphia, 
(1990). 

[6] ASTM E 1290-91, Standard test method for crack-tip opening displacement 
(CTOD) fracture toughness measurement, American Society for Testing and 
Materials, Philadelphia, (1991). 

[7] GKSS Forschungszentrum Geesthacht GMBH, GKSS-Displacement Gauge 
Systems for Applications in Fracture Mechanic 

[8] Praunseis, Z., Toyoda, M., Sundararajan, T.: Fracture behaviours of fracture 

toughness testing specimens with metallurgical heterogeneity along crack front, 
71, No. 9, (2000). 

[9] Praunseis, Z., Sundararajan, T., Toyoda, M., Ohata, M.: The influence of soft root 

on fracture behaviors of high-strength, low-alloyed (HSLA) steel weldments, 
Mater. manuf. process,16, No. 2, (2001). 

[10] Sundararajan, T., Praunseis, Z.: The effect of nitrogen-ion implantation on the 

corrosion resistance of titanium in comparison with oxygen- and argon-ion 

implantations, Mater. Tehnol., 38, No. ½, (2004). 
[11] Praunseis, Z.: Crack driving force of specimens with shallow crack in the 

undermatched welded joint, Kovové mater., 38, No. 4, (2000), pp. 280–294. 
[12] Praunseis, Z., Toyoda, M.: The transferability of fracture-mechanics parameters to 

fracture performance evaluation of welds with mismatching, Mater. tehnol., 34, 
No. 6, (2000), pp. 343–352. 

[13] Praunseis, Z., Toyoda, M.: Fracture toughness evaluation of mis-matched weld 

joints, Weld. world, 45, secial issue, (2001), pp. 195–199. 



Acta Technica Jaurinensis Vol. 6. No. 1. 2013 

115 

Diagnostic of Broken Rotor Bars in Induction 

Motor on the Basis of its Magnetic Field Analysis 

M. Zagirnyak, Z. Romashihina, A. Kalinov 

Kremenchuk Mykhailo Ostrohradskyi National University 

Institute Of Electromechanics, Energysaving And Control Systems, 

Pershotravneva, 20, 39600, Kremenchuk, Ukraine, 

e-mail: mzagirn@kdu.edu.ua, romashihina_zhanna@mail.ru, 

scenter@kdu.edu.ua. 

Abstract.  The analysis of magnetic field in an induction motor operating gap in the 

presence of rotor bar damages after disconnecting the motor from the 

supply mains is carried out using the finite elements method. The 

performed wavelet analysis of the stator winding electromotive force 

signal, calculated due to modeling, makes it possible to determine the 

location of the rotor broken bars. The experimental research confirming the 

efficiency of the offered method of rotor broken bar diagnostics based on 

magnetic field analysis is performed. 

Keywords:  motor, rotor broken bars, disconnecting the motor, electromotive force. 

1. Introduction 

Squirrel-cage rotor induction motors (IM) are the most common type of electric 

machines (EM). Annually about 20-25% of the total amount of IM break down. 

Statistics show that about 5% of IM failures are due to rotor broken bar. 

There exist various methods for IM rotor damages diagnostics [1]. Most of them 

require elimination of the workflow and disassembling the motor. Conventional 

methods of IM damages diagnostics in operation, e.g. Motor Current Signature Analysis 

(MCSA), do not take into account the influence of the mains supply on the diagnostics 

results. In this case MCSA method does not provide satisfactory results when 

diagnostics is made under no-load conditions. Besides, use of the results of fast Fourier 

transformation of current signals does not enable unambiguous determination of 

breakage level and rotor broken bars relative position. So, it is topical to develop 

methods due to which it would be possible to determine the degree of damage and 

location of broken bars without elimination of the technological process. 

During the recent decade numerical methods of research have been actively used in 

the sphere of IM diagnostics [2-3]. 

As it is known, the EM mathematical modeling with application of the classical field 

theory makes it possible to analyze their characteristics, using the simplified circuit 

model analysis. 
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Numerical methods of the electromagnetic field analysis enable research of both 

steady and dynamic conditions of EM operation. Finite element method (FEM) is one of 

the most widely-used numerical methods of IM field analysis. 

In this case the analysis of steady conditions of EM operation is to be made according 

to the results of calculation of their electromagnetic field. The analysis of transient and 

dynamic conditions is carried out with the use of circuit-field mathematical models 

(CFMM). They are based on the joint solution of winding electric circuit differential 

equations and equations of nonstational electromagnetic field in EM active zone [4]. 

Rotor broken bar are known to result in distortion of magnetic field in the IM air-gap. 

Presence of IM stator and rotor slots causes occurrence of tooth space harmonics of this 

field. Tooth kink makes it possible to correlate flux lines with teeth geometrical layout. 

Paper [5] deals with the diagnostics of rotor broken bars by the analysis of the 

processes in an induction motor after its switching-off. The use of IM switching-off 

provides the possibility to avoid the influence of low-quality mains supply on the 

diagnostics results. When the motor is disconnected from the mains, electromotive force 

(EMF) is induced in stator windings, which is conditioned by currents attenuation in the 

rotating rotor windings. Magnetic field distortions caused by rotor broken bars are fixed 

according to the analysis of EMF instantaneous values in stator windings. 

When an experimental investigation is made, magnetic field distortions can be caused 

not only by rotor broken bars but also by a number of other factors: rotor static and 

dynamic imbalance, magnetic system unsymmetry, etc. That is why a mathematical 

model based on FEM was proposed for estimation of the rotor broken bars influence on 

IM magnetic field [2-3]. 

2. The purpose of the paper 

The calculation of induction motor magnetic field, using the final elements method, and 

its results analysis for the diagnostics of rotor broken bars according to the signal of 

stator winding electromotive force after disconnecting the motor from the supply mains. 

2.1. Basic theory 

To calculate EMF in IM stator windings [4] the flux linkage of these windings is used. 

Relation between magnetic induction B
r

 and vector magnetic potential (VMP) A
r

 

according to Maxwell equation: 

 rotB A=  (1) 

To calculate stator windings EMF the total flux linkage of a winding phase is used: 
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where sl  – stator active length; sω  – the number of turns connected in series in the slot; 

slS  – stator slot section area; ΣzA  – total accumulative value of VMP in all the phase 

slots; phS  – total cross-sectional area of all the phase coils connected in series. 

Flux linkage values are used for determination of the stator winding phase EMF 

according to Faraday's law of electromagnetic induction: 

 
dt

d
te s

s
Ψ

−=)(  (3) 

When stator winding EMF is calculated in an IM after its switching-off, the character 

of currents attenuation in rotor bars is taken into account. At the moment of switching 

the motor off the mains supply ( 0=t ) the currents in stator phases are equal to zero. In 

this case the principle of flux linkage constancy is observed. The rotor current at the 

moment of switching the IM off the mains supply is determined by expression [6]: 

 )0(12)0(22 == += ttbeg IkII  (4) 

where )0(2 =tI  – rotor current in the previous steady condition at the moment of 

switching the IM off the mains supply; 2k  – rotor coupling coefficient [6]; )0(1 =tI  – 

stator current in the previous steady condition at the moment of switching the IM off the 

mains supply. 

At the following time moments the rotor bars currents attenuate exponentially with 

the time constant: 

 22 / RL=τ  (5) 

where 2L  – rotor induction, 2R  – rotor active resistance. 

2.2. Numerical modeling 

IM of АИР80В4У2 type is selected for the research ( 1.5P =  kW, 1395=n  rpm, 

0.77η = , cos 0.81ϕ = ). Magnetic field numerical computation is based on developed 

IM model taking into consideration the machine geometry, magnetic and electrical 

properties of its active materials. 

The design of IM manufactured from real materials has some peculiarities: geometry 

nonsymmetry, irregularity of properties (deviation of their magnetic and electrical 

characterictics from steady values), etc. That is why during the modeling the main 

assumptions determining the level of idealization of physical and geometric features of 

the construction are taken into account.  

Surface effect in two-dimensional formulation of solution of the problem of magnetic 

field in cross-section is considered by introducing boundary conditions. The slant of 

rotor slots is not taken into account. Bar break is considered to be the total loss of the 

contact with rotor cage ring. 
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The computation of magnetic field in the IM cross-section is made by software [7], 

which makes it possible to solve both linear and nonlinear problems. 

The computation by FEM consists of the following stages: 

1. Development of the model geometry. 

2. Selection of elements types, introduction of material features, assignment 

of material and element features to geometric areas. 

3. Assumption of current initial values in rotor bars. 

4. Assumption of boundary conditions. Dirichlet condition is used for the 

external boundary of the model. In this case VMP is assumed to be equal to 

zero ( 0=A ). Zero Dirichlet condition determines the behaviour of induction 

normal component on the boundary of model. 

5. Discretization of the model areas into the finite-element mesh. 

6. Numerical solution of the equations system. 

To build EMF curve the computation of IM magnetic field for two complete 

revolutions of rotor with the turn step of 1 degree was made. In this case the decrease of 

rotor speed after disconnecting the motor from the supply mains is taken into 

consideration. 

Computation of IM magnetic field is made in batch with the use of LUA-script. 

Command set for LUA-script can be changed in accordance with the problems posed by 

the computation. The obtained model can be used for research of IM of any required 

H.P. and different dynamic operation conditions determined only by initial values of 

currents in the stator and rotor slots.  

To determine the currents in rotor bar at the moment of motor disconnection from the 

supply mains the IM circuit model in a three-phase coordinate system is developed. The 

created model is based on the use of balance equations of IM stator and rotor circuit 

voltage [8]. In this model the number of rotor electric circuits corresponds to the 

number of bars. 

The developed mathematic circuit model makes it possible to research operation 

conditions of IM with different number of broken bars taking the damage geometrical 

layout into account. 

The results of modeling enabled getting the values of currents in rotor bars at the 

initial moment of IM disconnection from the supply mains. These values were used in 

FEM calculation of IM magnetic field in the switching-off conditions. 

Calculation of magnetic field after IM disconnection from the supply mains resulted 

in obtaining the flux lines distribution in a healthy motor (Fig. 1, a) and in the one with 

rotor bar damages (Fig. 1, b). 
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(a)   (b) 

Figure 1. Flux lines at a healthy IM (a) and IM with three broken rotor bars (b) 

 

 

Figure 2. Location of broken IM rotor bars 

In Fig. 1, b the broken bars are marked with black color. The numbers and location of 

broken bars are selected in accordance with the physically investigated IM with 

artificially made rotor damages. Breaking-down of bars electrical coupling is made by 

drilling holes in the rotor (they are designated as 1, 2 and 14 in Fig. 2). 

As modeling results show, in a healthy motor the symmetric distribution of magnetic 

field lines is observed. In the presence of broken rotor bars the IM magnetic field 

becomes asymmetric. 

To determine the diagnostic criteria the analysis of IM magnetic field distribution in 

dynamic mode is made. To assess the distortion of the magnetic field the stator winding 

electromotive force (EMF) signal calculated according to expression (3) for two 

complete rotor revolutions after IM disconnection from the supply mains is used. 

In Fig. 3 the calculation values of EMF signals in healthy IM stator windings, and 

also in the motor with one and three broken bars respectively, are depicted. 
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Figure 3. EMF signals in the stator windings: 1 – healthy IM,  

2 – IM with of one broken rotor bar, 3 – IM with of three broken rotor bars 

As the results of calculation of stator windings EMF show, EMF amplitude decreases 

because of the increase of the rotor cage equivalent resistance. With the increase of 

broken bars number some distortions can be seen in the EMF signal. It is proposed to 

use the wavelet analysis to assess these distortions [9]. 

Wavelet transform is the generalization of spectral analysis, but due to the possibility 

of making the analysis both in the frequency and time domain, it allows analyzing and 

processing the signals and functions, that are non-stationary in time and inhomogeneous 

in space.  

Research as to the choice of wavelet-functions for wavelet transform of the calculated 

EMF signal in the stator windings was made. During the research it was determined that 

orthogonal wavelets with compact support can be used for analysis of sinusoid-like 

waveforms. Such wavelets include the wavelets of Daubechies, Symlet and Coiflets [9]. 

As the research results show, only the decaying character of signal is reflected on low 

frequencies in spectrum. To determine the local peculiarities of the stator winding EMF 

signal the wavelet-analysis by the tertiary wavelet of Symlet is made. In Fig. 4 the 

results of wavelet transform of EMF in stator windings of the healthy IM and IM with 

of one and three broken rotor bars, respectively, are depicted. 

In the wavelet spectrum of EMF signal (Fig. 4, a) in the high-frequency range the 

tooth kinks, number of which correlates to real number of rotor bars, are shown. 

Wavelet spectrum analysis in Fig. 4, b and 4, c shows that explicit coefficients of 

wavelet decomposition, marked with dotted line, correspond to broken bars. 
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(а) 

 

(b) 

 

(с) 

Figure 4. EMF signals in the stator windings and their wavelet spectrums for healthy 

IM (a) and IM with one (b) or three (c) broken rotor bars 

To assess the influence of broken rotor bars the comparison of calculated and 

approximated EMF signals half-periods in the stator windings of healthy IM and in the 

IM with damages is made (Fig. 5). 

The comparison results show that in healthy IM the EMF in the stator windings has 

the form of a regular sinusoid modulated by high-frequency oscillations caused by IM 

toothed form. In case of damages there is evident deviation of the EMF signal form 

from the sinusoidal one (Fig. 6). 
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(a) 

 

(b) 

Figure 5. Patterns of calculated (1) and approximated (2) EMF signals in the stator 

windings of healthy IM (a) and IM with three broken rotor bars (b) 

 

Figure 6. Difference between approximated and calculated EMF signals in the stator 

windings: 1 – for healthy IM, 2 – for IM with three broken rotor bars 

Thus, IM rotor bar breaks diagnostics using EMF signal wavelet transform in stator 

windings after switching IM off the mains makes it possible to determine the relative 

position of broken bars. 

Besides, rotor bar breaks diagnostics can also be made according to the results of the 

analysis of difference between approximated and calculated EMF signals. 

2.3. Experimental research 

To confirm the results of modeling of IM magnetic field, considering the broken rotor 

bars, the experimental research with the use of the developed computerized measuring 

complex was made (Fig. 7). 
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It consists of voltage and current sensors set, an analog-digital converter and a 

personal computer for the results analysis.  

Experimental research was made for healthy IM and IM with one, two or three broken 

rotor bars. Layout chart of broken bars is shown in Fig. 2. During the experiment IM 

was switched off the mains; stator phase voltages were measured by sensor set. The 

analysis of the obtained results is demonstrated in Fig. 9. 

 

Figure 7. Measuring module functional circuit (SB – sensor block; VB – voltage block; 

VRD – voltage resistance divider; GIA – galvanic isolation amplifier; CS – current 

sensor; PC – personal computer; PACA – programmed amplification coefficient 

amplifier; USB – PC bus 

 

Figure 8. Photo of the measuring complex 
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(a) 

 

(b) 

Figure 9. Voltage (a) and difference between approximated and experimental signals of 

voltage (b) in the stator phase: 1 – for healthy IM, 2 – for IM with three broken rotor 

bars 

Results of comparison of EMF in the stator phase for healthy IM and with broken bars 

(Fig. 9, a, b) are confirmed by the distortion of EMF signal form in the presence of rotor 

damages. The values of the difference between the approximated and experimental 

voltage signals in stator phase can be used to determine the degree and location of rotor 

bar damages. 

3. Conclusions 

The offered methods of electromagnetic processes calculation with the use of IM circuit 

model and a mathematical model based on FEM makes it possible to assess rotor bar 

damages influence on the EMF signal of stator phase winding after switching IM off the 

mains. The use of wavelet transformation of stator winding EMF signal obtained on the 

basis of magnetic field calculation after switching IM off the mains allows 

determination of the rotor bar damages location. Experimental research, carried out on 

the developed computerized measuring complex, confirmed the efficiency of the 

proposed method for IM rotor bar damages diagnostics. 
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Abstract. This paper describes well-documented effect of electromagnetic field at 

high frequency, i.e. the auditory effect. The history of research in his area 

is described and some evidences are quoted. The contemporary 

interpretation of the microwave-induced hearing is discussed as well as 

new directions of research are drafted. 
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1. History of research 

The microwave auditory is one of two well-documented behavioural thermal effects 

connected with the electromagnetic field of high frequency – the other one is the effect 

of heating of tissue. The history of investigations of microwave-induced (MW-induced) 

auditory effect started in 1947 – at that time the first finding on hearing of repetitive 

sounds from radars occurred, but was treated as the mental problems rather [1]. There 

was a common opinion that “hearing” of electromagnetic field is not possible – the 

paradigm existing in hearing was the pressure of acoustic waves. It caused that the real 

investigation in this area started later as the next publication came in 1961 and was 

prepared by Frey - that is why sometimes the electromagnetic hearing is called Frey’s 

phenomena [8]. He also observed the people exposed in radar beam and he found that 

the voices they heard were of buzz, hiss and clicking. The voices occurred not regarding 

what was the position of a man in referring to the radar antenna. Electromagnetic nature 

of the voices was confirmed by the fact that all these effects have been stopped when 

aluminium screen was installed. In this investigation the crucial part of brain 

responsible on the “electromagnetic sounds” the frontal lobe is supposed – when it was 

screened by metal plate of 5 cm×5 cm the voices disappeared. The side finding of the 

investigation was that the intensity of voices increased when the people were provided 

with “anti-noise” apparatus what limited the level of environmental noise. 

2. Mechanism of MW-induced auditory effect and consequences  

The investigations carried out within last, say 10-15 years, indicated that threshold 

values depend on numerous parameters, like frequency, pulsation rhythm, pulse time, 

density of energy emitted within the pulse and averaged energy. The various 

combinations of the parameters decided on the results. The so called hearness exists in 
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the frequency spectrum, from 2.4 till 10000 MHz. But the level of hearness depends 

also on the special arrangement of parameters, for example there was the lack of 

hearness for the WMF frequency 8900 MHz and the density of power 0.0025 W/m2, and 

for frequency 216 MHz the threshold of “hearness” was 40 W/m2 [7]. Guy and co-

workers [13] showed that the threshold at 2450 MHz was reached for density of energy 

0.40 J/m2 in one pulse, independently of the fact what was the maximum energy or 

length of pulse (less than 32 µs). It resulted from the simulation that each pulse of these 

energy parameters could cause the temperature increase of ca. 5×10–6 °C. 

The investigations indicated that MW hearing can be experienced by the people 

whose auditory diagram is between 5 and 10 kHz. It should be noticed that in this case 

the bone conduction played the import ant role ([5], [22]). 

The acoustic waves are absorbed by an ear and interpreted as the sound by the brain 

centres. At the first stage a mechanical distortion is sent further as the electric potential 

which represents the acoustic wave. These potentials can be measured by the use of 

electrodes places in the vicinity of neuronal acoustic paths. 

It is known that acoustic stimuli generate, the so called evoked potentials in CNS 

(central nervous system) beyond the acoustic paths. Examinations of MW EMF 

perception ([4], [16], [17]) on the basis of electrophysiological phenomena in auditory 

paths and measuring evoked potential show the similarity between auditory path and 

trace of EMF stimuli which are transvered on the cochlear level to electrophysiological 

auditory path. One has to regard that to hear MW-induced sounds one has to be exposed 

to EMF in the frequency range of megahertz while the range of frequency of acoustic 

wave should exceed 5 kHz.  

It is well-known (e.g.: [7]) that the MW-induced hearing does not come from the 

direct interaction between electromagnetic field and the auditory nerves or the part of 

CNS. The microwave pulse which is absorbed by soft tissues in the head, causes a 

thermoelastic wave of acoustic pressure that is transmitted by bone conduction to the 

inner ear where the cochlear receptors are activated. The mechanisms of microwave 

hearing is finally the same as for normal hearing.  

This phenomenon is known as the theory of thermoelastic expansion.  

To recognize the consequences of the MW-induced hearing one should put two 

questions:  

� What the physiological consequences are?  

� What are the psychological consequences (if any) of MW-induced auditory 

effect? 

There is a common opinion that microwave hearing has no consequences on the 

human health, both from physiological and psychological aspects. It is supported by the 

following findings:  

� the sounds generated indirectly by EMF do not differ from those existing nn 

nature and the latter are much more intensive,  
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� although the additional hearing may be generate the stress, the small intensity of 

the MW-induced sounds can be easily eliminated by simple physical 

interventions, like being at distance with the EMF source or shielding.  

But there are still some doubts and concerns connected with the health consequences 

of MW-induced hearing, so the problem is open for further interdisciplinary 

investigations.  

The last decade brought also the research connected with the mobile phone influence 

on hearing [19]. The widespread use of mobile phones has caused rise of concern 

whether the electromagnetic field generated by mobile phones changes anything in the 

process of hearing.  The examination was made with the cohort of 30 people (17 males 

and 13 females) of the age between 19 and 36 years. The monitoring of possible 

negative effect of mobile phones was realized by means of otoacoustic emission (OAE), 

utilizing the special cochlear emission analyser. After vast examination the final result 

can be formulated as follows:  

Statistical analyses of the evoked OAE levels corroborate that mobile phones use does 

not cause any alter-effect on hearing in neither a positive nor a negative manner.  

Dealing with the electromagnetic interferences with human organisms one tends to 

the positive aspects of the interferences as this is more promising for future. The same 

situation one meets with the problem of MW-induced hearing. There are also 

possibilities to use the auditory effect in the examinations of physiology and 

physiopathology of hearing organ, among others in the examination of otoacoustic 

emission and the harm of it by electromagnetic radiation. It was found that the hearing 

organ can either percept the sounds or generate them. The possibility of this 

phenomenon was signalized in 1946 by Thomas Gold (1920-2004) in the paper 

describing physical foundations of cochlear activation. Some 30 years later the Gold 

hypothesis has been confirmed by David Kemp. Sounds which are emitted by cochlear 

and registered in the outer ear by means of special apparatus are defined as acoustic ear 

emission. The factors influencing the middle ear, may be that EMF too, would decrease 

the energy of received signal, thus they would harm the otoacoustic emission. 

Therefore, the examination of otoacoustic emission can show the pathological processes 

in ear. The majority of researchers (see Arai and others, 2003) who attempt at 

determination of the EMF influence on hearing examine otoacoustic emission and 

evoked potentials in brain stem as well as their changes due to EMF emitted by mobile 

phones. The majority of researchers find these changes are of inhomogeneous character 

and do not link them with the possible EMF hazard. They are however of the same 

opinion as to the continuation of research and enlarging the number of patients and 

volunteers as well as differentiating possible exposures (character of exposure and 

intensity).   
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Abstract. Eddy currents in permanent magnets of direct drive synchronous motors 

cause permanent magnet heating which can cause a drop in performance, 

reduce durability or even cause machine failure. In this article eddy 

currents in permanent magnets of multi-pole direct drive motors with 

sinusoidal current are investigated with finite-element analysis with an 

emphasis on the dependency of losses on different design parameters. 

Analytical equations are used for comparison and evaluation of the possible 

replacement of the more time consuming numerical calculations.  

Keywords: eddy-current losses, permanent magnets, finite element method, direct 

drive motor 

1. Introduction 

Direct drive motors are used in applications where high efficiency and reliability is 

needed. Their use has increased in recent years in propulsion systems for electric 

vehicles with an aim of mitigating the energy source problem and enabling new 

concepts like in-wheel drive. Since there is no mechanical gear between the motor and 

the wheel of the car, direct drive motors require a high rated torque. Permanent magnet 

synchronous motors with high pole numbers have a very favourable torque to weight 

ratio and good efficiency, which makes them a suitable candidate for a direct drive 

motor. However, these motors usually have slotted stators, which can, in connection 

with a high pole number, introduce high frequency components into both the air-gap 

permanent-magnet flux density as well as the air-gap stator-current magnetic flux. 

Furthermore, the windings of these motors have very low inductances which enable an 

increase of the current ripple and with this some additional high frequency harmonics in 

the air-gap magnetic flux. The high frequency magnetic field oscillation superimposed 

on the main rotational magnetic flux density causes eddy-current induction in 

permanent magnets, which can lead to performance decrease, additional losses and even 

to overheating and demagnetization of the magnets. 
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Figure 1. The geometry of one pole pair with two radially magnetised magnets 

The effect of the stator geometry on the magnetic flux density harmonic content has 

been studied in [1, 2], where analytical models have been introduced to enable fast 

calculation of the induced eddy current density and the losses in the permanent magnets. 

In this article eddy currents in permanent magnets of multi-pole direct drive motors with 

sinusoidal current are investigated with finite-element analysis with an emphasis on the 

dependency of losses on different design parameters. As a support, analytical solution 

from literature [3, 4] will be calculated to evaluate whether it can be used instead of 

FEM analysis when fast results are needed. 

2. Geometry and variables 

The geometry of one pole pair and the motor parameters are presented in Fig. 1 and 

Table 1. 

Table 1. Parameter description and values for original design 

Label Description  

ratP  Rated power 28 kW 

rP  Rotor pole pairs 28 

sP  Stator pole pairs 28 

sN  Number of stator slots 168 

sR  Stator outer radius 162.0 mm 

mR  Magnet inner radius 163.0 mm 

rR  Magnet outer radius 166.45 mm 

ga  Air-gap length 1.0 mm 

ms  Magnet thickness 3.45 mm 

sd  Slot opening length 2.75 mm 
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Label Description  
g  Slot depth 11.5 mm 

l  Stator axial length 60 mm 
ω  Rotational angular frequency 100 s–1 

FWMν  PWM frequency 10 kHz 
γ  Magnet electrical conductivity 6.7 105 S m–1 

0I  Max. current amplitude 565 A 

FWMI  Max. current ripple amplitude 56.5 A 

Theory 

The eddy-current losses are calculated by a time and space average of instantaneous 

losses via equation 

 ( )s

2π
2s N ω

eI
V 0

N ω
J r dr d  dtP r, ,t

2πγ
= ϕϕ∫ ∫  (1) 

In order to obtain a useful result, eddy-current distributions are needed for each 

underlying cause. The following assumptions have also been made: 

i) The rotor and the stator core have an infinite permeability. 

ii) The eddy currents flow only in the direction of the z-axis of the cylindrical 

coordinate system. 

iii) The compensation field generated by eddy current is neglected. 

A consequence of a slotted stator and the fact that the windings are discretely 

distributed around the circumference of the stator is the introduction of higher harmonic 

components into the armature air-gap magnetic flux density [2]. To calculate the eddy-

current contribution first the discrete motor winding is replaced by a current sheet on the 

very top of lamination teeth (at r = Rs) as in [3]. The current sheet equation is also 

transformed into the rotor coordinate system, which is relevant for eddy current loss 

calculation in permanent magnets.  

 

( )
( ) ( )( )( )

( ) ( )( )( )

s

s r3k 1 s

k=1,2,...

s r3k+1 s

k=1,2,...

J =,t

p +p= J cos p ωt3k 13k 1

p pJ cos p + ωt3k+13k+1

−

ϕ

ϕ− −−−

−− ϕ

∑

∑

 (2 

In (2) Jn ( n = 3k 1  or  3k+1− ) are the current distribution coefficients which can be 

calculated via (3) from the geometric parameters [4]. 

 s 0
n wn

s

2N I
J = K

πR
 (3) 
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where I0 is the main current harmonic component, Kwn is the winding factor which 

reflects the shape of the current sheet [4] and depends on the specific winding and slot 

distribution; in our case: 

 
ss

wn
s0

npd2R nπ
K = sin sin

2Rn b 2p

⎛ ⎞ ⎛ ⎞
⎜ ⎟⎜ ⎟ ⎝ ⎠⎝ ⎠

 (4) 

If the magnetic flux density produced by induced eddy-current is neglected, the 

magnetic vector potential can then be calculated with the use of Laplace equation and 

boundary conditions, following from the current sheet definition on the edge of the 

stator and the infinite permeability of the rotor core. 

 ( ) ( ) ( )sΘ s Θ rr=RH =J ,...B =0r=R,tϕ  (5) 

where Rs and Rr are the outer stator core and inner rotor core radius respectively, Hθ is 

the tangential component of the magnetic field strength and Bθ is the tangential 

component of the magnetic flux density. We can directly calculate the eddy-current 

distribution from the magnetic vector potential Az(r,φ,t): 

 ( ) ( )
( )z

e

A r, ,t
J = γ +Cr, ,t t

t

∂ ϕ
−ϕ

∂
 (6) 

where Je is the eddy current density and γ is the conductivity of the permanent magnet 

material. The term C(t) in the expression (6) is the integration constant which is used to 

ensure the magnets are insulated from each other. The eddy current density in equation 

(6) thus satisfies the following equation for the area of the magnet S: 

 ( )e
S

J r dr d  = 0r, ,t ϕϕ∫  (7) 

that is equivalent to the statement, that no current flows between the magnets.  

3. Finite element analysis 

The two dimensional FEM analysis [5] was used to obtain accurate results for eddy-

current density distribution and the losses in permanent magnets. Finite element 

calculations offer an satisfactory alternative for estimation of the effect of design 

parameters on the losses in permanent magnets. On the other hand, setting up a 

measurement of eddy currents and eddy-current losses is very difficult, and calculating 

results indirectly from heat generation is only as accurate as the assumptions of the 

stator and winding losses and the conductivity of the heat paths. 

The mesh lines of the lengths ranging from 0.3 mm up to 2 mm were defined for different 

regions and a mesh with 14300 nodes and 7000 surface elements was created. The quality 

of the mesh elements was verified by the program’s internal mesh-quality test. Only one 

magnetic pole pair was modelled using symmetrical periodical conditions (Fig. 2). 

A non-linear B(H) characteristic of M270-35A electrical steel was implemented to 

model the rotor and stator core and each of the magnet volumes was defined as a solid 

conductor. 
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Figure 2. Example of the finite element mesh 

The remanent flux density of the magnets was set to zero in order to calculate just the 

contribution of the stator current to the losses. The magnetic-flux density in the stator 

teeth was below saturation level, i.e. below 1.6 Tesla. If the stator teeth were saturated, 

we would expect a large deviation from the analytical results, which assume infinite 

permeability of the stator core. 

4. Results 

The results of the finite element analysis were compared to the analytical equations 

describing eddy-current losses from the literature [3] in order to check the area of 

validity of analytical formulation and to draw conclusions about design guidelines for 

reduction of permanent magnet heating. The focus was on variation of four important 

design parameters: 

� Air-gap length (ag) 

� Number of magnetic pole-pairs (pr) 

� Stator slot width (ds)  

� Magnet thickness (sm) 

These parameters are the most influential on the harmonic content of the air-gap 

magnetic field. The air-gap length and the pole number, have a similar effect, because 

the harmonic content of the air-gap magnetic field depends heavily on the ratio between 

the air-gap length and the geometrical modulation wavelength, which is tightly 

connected to the pole pair number. The slot width was chosen because it is responsible 

for modulation of both the stator magnetic field density and the permanent magnetic 

field density. The last parameter that was varied is the permanent magnet thickness, 

which modifies the MMF of the magnet as well as the effective air gap between rotor 

and stator (if the air gap is kept constant). 

The original motor model (Table 1) was set up in such a way that the geometry was 

parameterized so the parameters could easily be investigated. They were then varied 

between the boundaries found in Table 2. 
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Table 2. Boundary conditions for parameter variation 

Parameter > < 

r sp  = p  10 30 

ga  0.3 mm 1.9 mm 

sd  1.40 mm 3.95 mm 

md  1.5 mm 4.5 mm 

The operating point of the machine was taken to be at the maximum capability. The 

coils then carry a total current with an amplitude of 565A (each turn caries 100 ARMS). 

Even in these extreme conditions the eddy-current losses in the original machine are 

negligible in comparison to losses from other sources.  

 

Figure 2: Dependence of total eddy current losses in all permanent magnets of the 

machine on the air-gap length for a sinusoidal distribution of current in the stator 

winding 

 

Figure 3: Dependence of total eddy current losses in all permanent magnets of the 

machine on the slot width for a sinusoidal distribution of current in the stator winding 

The total loss exhibited by all magnets is 10 W, which is 0.2 W per magnet. The losses 

are also quite insensitive to parameter variation including the pole-pair number 
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variation. When reducing the pole pair number and the air-gap length the total losses in 

all magnets approach 40 W, and are relatively small compared to other sources of 

losses. 

 

Figure 4: Dependence of total eddy current losses in all permanent magnets of the 

machine on the magnet thickness for a sinusoidal distribution of current in the stator 

winding 

 

Figure 5: Dependence of total eddy current losses in all permanent magnets of the 

machine on the pole pair number for a sinusoidal distribution of current in the stator 

winding 

The analytical method of calculation has showed its usefulness in the investigated 

parameter range, especially for the cases where the effective air gap is large (large ag or 

sm) or there are less higher harmonics in the air-gap magnetic flux (small ds). Since any 

two-dimensional calculation of eddy currents is an approximation in itself, the analytical 

calculations can be taken as a fast way to obtain an estimate of losses caused by the 

stator current. If the losses exceed a certain level, a more accurate 3D model should be 

used in order to have accurate input for cooling ribs dimensioning. 
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5. Conclusion 

FEM analysis of losses in permanent magnets of a direct drive multi-pole machine 

loaded with sinusoidal current showed that care should be taken when designing such a 

machine to keep the losses in permanent magnets as low as possible. Besides the losses 

caused by the sinusoidal current, also the losses caused by the current ripple and the 

permeance variation of the air gap contribute to total losses in the permanent magnets of 

a permanent magnet synchronous motor and add up so they can cause problems with 

overheating and demagnetization. The dependence of losses on design parameters can 

therefore crucially influence the choice of motor parameters in the design stage. Figures 

2-5 reveal that the analytical method used in this paper can be used to predict eddy-

current losses to a low level of accuracy, but in many cases it is a quick test of the 

parameter combination.  

From the design parameter point of view increasing the pole number is very effective, 

whereas increasing both the magnet thickness as well as the air-gap length will reduce 

the eddy-current losses, but not as effectively. An alternative option is segmenting of 

magnets, or using buried magnet design. 

The final action that can be taken is increasing the cooling capability of the rotor, 

which can be done using ribs, air-gap liquid cooling or simply air direction, depending 

on the volume of losses. 
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