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Chapter 1 PhD Thesis Brief

1.10bjectives

The aim of the research is to develop mathematical model of squirrel cage induction motors and to create
dynamic models in Matlab/Simulink ready to be implemented in drive applications. Following the classical model
of IM, faulty models can also be reduced to a system of four electrical equation, two equations either for stator
and rotor currents, and two mechanical equations. The use of models with a reduce number of equations will
reduce the simulation time (Despite of the fact that technology is improving incredible fast the time require to
run a simulation is still an important constrain to be taken into consideration).
Mathematical models of squirrel cage induction motor have been simplified considering tree phase rotor
windings as the configuration of a slip-ring induction motor. The rotor bar currents are not accessible, the
diagnosis of the fault is mainly conducted by studying the stator phase currents in different reference frames
applying Motor Current Signature Analysis techniques. Therefore, the rotor currents are not being subject to any
analysis. Theoretically, the effects of the rotor quantities and the physical phenomena inside the rotor cause the
same effect over the stator phase currents in both configurations of the induction motor.
The simplification is as follows: in case of considering the squirrel cage rotor the number of rotor currents to be
defined is equal to the number of bars plus one extra current which represent the current flowing through one
of the rings. The magneto-motive force (MMF) in each of the mesh is also approximated by a sinusoidal function
with small amplitude due to the fact that it depends on the angle between barsy = 2 * pi/N. Instead to
considering each independent mesh current the bars have been grouped in three sets and only one mesh current
has been considered. The sum of all MMFs along the rotor bars in both cases will be equivalent leading to the
same effects over the stator phase currents.
The objectives are listed below:

- Develop a Matlab/Simulink Library of faulty dynamic induction motor models for diagnosis purposes

- Design a test-bench and a data acquisition system

- Validation of simulation results with experimental data

- Apply advance signal processing techniques to the data stored

- Explore the suitability of these models for diagnosis of faults
In the market there are many software tools which offer friendly user interfaces and tools for modelling electrical
systems. However, Matlab/Simulink has been chosen due to the fact that offers the possibility of Cand Hardware
Description Language (HDL) code generation and the compatibility it has with many industrial solutions.
The most important outcome of the research is to have a library of exchangeable models to investigate new
control laws that improve the ability of drives to control the induction motor. In the course of the thesis, it will
be proved, that despite the assumptions made, the models are suitable for studying the behavior of a fault by

means of MCSA techniques, widely used by the scientific community, supported by experimental results.

Page 2



Summary “Simulink models of faulty induction machines for drives applications”

1.2 Cele

Celem badarn jest opracowanie modeli matematycznych silnikdw indukcyjnych klatkowych i stworzenie modeli
dynamicznych z uzyciem oprogramowania Matlab/Simulink, gotowych do stosowania w aplikacjach
napedowych. Zgodnie z klasycznym modelem silnika indukcyjnego, modele silnika z wadg réwniez moga by¢
sprowadzone do uktadu czterech réwnan: dwdch réwnan napie¢ stojana lub wirnika oraz dwdch réwnan
mechanicznych. Zastosowanie modeli ze zmniejszong liczbg réwnar zmniejsza réwniez czas potrzebny na
symulacje (pomimo bardzo szybkiego rozwoju i ciagtego ulepszania technologii, czas wymagany do
przeprowadzenia symulacji wcigz stanowi wazne ograniczenie, ktdre musi zostaé wziete pod uwage).
Modele matematyczne klatkowego silnika indukcyjnego zostaty uproszczone przez przyjecie tréjfazowego
uzwojenia wirnika, jak w silniku pierscieniowym. Prady w pretach wirnika nie s3 dostepne, a diagnoza
uszkodzenia jest przeprowadzana gtdwnie poprzez badanie pradéw fazowych stojana w réznych uktadach
odniesienia z zastosowaniem techniki MCSA. Dlatego tez prady wirnika nie s3 poddane zadnej analizie.
Teoretycznie, wptyw wtasciwosci wirnika oraz zjawisk fizycznych zachodzacych w jego wnetrzu na fazowe prady
stojana jest taki sam w obydwu konfiguracjach silnika indukcyjnego.
Uproszczenie prowadzi do nastepujacego spostrzezenia: w przypadku silnika klatkowego liczba zdefiniowanych
praddw wirnika jest réwna liczbie pretéw, plus dodatkowo prad, ktéry reprezentuje prad przeptywajacy przez
jeden z pierscieni zwierajacych.
Sita magnetomotoryczna (MMF) w kazdym z oczek klatki jest réwniez aproksymowana funkcja sinusoidalng o
matej amplitudzie ze wzgledu na fakt, iz zalezy ona od kata nachylenia pomiedzy pretamiy = 2m/N. Zamiast
rozwazad prad pojedynczego oczka, prety zostaty zebrane w trzy grupy, reprezentowane przez tylko jeden prad
oczkowy w grupie. Suma wszystkich sit magnetomotorycznych wzdtuz pretéw wirnika w obu przypadkach
bedzie réwna, co ma taki sam wptyw na fazowe prady stojana.
Ponizej wymienione s3 cele badawcze:

- stworzenie biblioteki modeli dynamicznych uszkodzonych silnikdw indukcyjnych za pomoca

oprogramowania Matlab/Simulink dla celéw diagnostycznych

- zaprojektowanie stanowiska pomiarowego i systemu zbierania danych

- walidacja wynikéw symulacji z uzyciem danych doswiadczalnych

- zastosowanie zaawansowanych technik przetwarzania sygnatéw na przechowywanych danych

- zbadanie adekwatnosci opracowanych modeli do celéw diagnostycznych
Na rynku znajduje sie wiele narzedzi oprogramowania, ktére oferujg przyjazne uzytkownikowi interfejsy i
narzedzia modelowania systemdw elektrycznych. Niemniej jednak, dla celdw tej pracy badawczej wybrano
narzedzie Matlab/Simulink, jako ze oferuje mozliwos¢ generacji kodu Ci HDL (Hardware Description Language)
oraz ze wzgledu jego kompatybilnos¢, z wieloma rozwigzaniami stosowanymi w przemysle (w rozdziale drugim
przedstawione zostang zalety wyboru programu Matlab/Simulink).
Najwazniejszym wynikiem pracy badawczej jest stworzenie biblioteki wymiennych modeli w celu zbadania
nowych przepiséw kontrolnych, ktére poprawiajg zdolnos¢ napeddw do kontroli silnikéw indukcyjnych. W

ramach ponizszej pracy zostanie udowodnione, ze pomimo poczynionych zatozeri, modele te nadaja sie do,
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wspieranego przez wyniki doswiadczalne, badania specyfiki danego uszkodzenia za pomoca technik MCSA,

powszechnie stosowanych przez srodowiska naukowe.

1.3 Chapter Summary

The thesis has been structured as follows:

- Chapter 2 - State of Art: the common faults in IM will be described as well as the main signal processing
techniques. A review of the main contributions in the field of induction motor fault diagnosis and the
suitability of Matlab for modelling electromechanical systems are also discussed.

- Chapter 3 — Modelling electrical machines under fault condition: dynamic faulty machine models have
been developed following the winding function approach. The chapter will guide the lector through the
mathematical procedure. An explanation of the physical phenomena occurring inside the machine for
each fault will be described from the point of view of mathematics.

- Chapter 4 — Harmonic Balance Method: it is a method of steady-state analysis for electrical machine
equations with periodic coefficients which consists of a linear system of algebraic equations. The
method takes into consideration the physical phenomena inside the machine when it is affected by a
fault and their effects on the harmonic content of the stator currents. It is equivalent to the symbolic
calculus for electric circuits.

- Chapter 5 —Test Bench Set-up: it includes a description of the lab equipment used and the estimation of
the IM parameters.

- Chapter 6 - Matlab-Simulink Implementation of Dynamic IM Models: the Simulink model performance
is analyzed supported by simulation results.

- Chapter 7 - Matlab Implementation of Steady State IM Models: the Matlab model performance is
analyzed supported by simulation results.

- Chapter 8 — Experimental Results - Validation of Simulation Results: discussion about the simulation
results for different operation points of the induction motor validated by experimental data of dynamic
and steady state models.

- Chapter 9 - Drives Applications with Faulty Induction Motor models: Implementation into a Zynq all
programmable System on a Chip (SoC) (ARM+FPGA): practical case of model implementation. It shows
the results of the work carried out at ABB Corporate Research Center Poland as part of the task planned
within the Energy Smartops project.

- Chapter 10 — Analysis and Diagnosis of Electrical and Mechanical Faults in Induction Motors: it contains
a summary of the research work published by the author of the thesis in the field of fault diagnosis of
induction motors.

- Chapter 11 - Conclusions

Chapter 2 State of Art

The main techniques used to diagnose fault on electrical machines has been discussed. Some of them are

mentioned below:
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1. Stator Faults: the common techniques used to diagnose faults in stator are [10]:

a. Magnetic Flux: a measure of the axial flux can reveal distortion of the air-gap flux or comparing
the voltages across different stator coils.

b. Rotor speed: studying the magnitude variations of the 100 Hz frequency component.

c. Temperature: degradation of the insulation material cause increased in losses. A detection of
hot spots in the stator core is used to detect such problems [15].

d. Stator currents: as it has been shown in table Il the stator defects add frequency components
to the stator currents [19].

2. Rotor Faults — Broken bar detection: Detection of BBs typically performed studying the low-frequency

sidebands around the main component, i. e., the relation of the sideband magnitudes as fault indicator,
is not always effective [9]. High frequency components around the 3th, 4th, 5th, 7th and PSH harmonics
can be useful [1] [5] [12] [16]. The FFT is the basic analysis but it has some disadvantages such as the
need of knowing the motor speed, the confusion with mechanical fault or spectra leakage. In such
situations, WT or HT are a good solution to overcome those disadvantages [18]. In the following section
some of the research work done in this area is summarized.

3. Rotor Faults — Eccentricity detections: The difficulty in detecting types of eccentricities stems from the

fact that SE and DE usually appear simultaneously. Both types of eccentricities add similar additional
frequencies making it difficult to tell the difference between them. Moreover, not all frequency
components will appear in each motor (they depend on the number of rotor bars). Another difficulty is
that those frequencies can appear due to other fault types. Several models have been proposed in
literature [2] [3] [4] [6] [8] [11] [17] including all or main harmonics. For instance, each author had a
particular way of calculating the geometrical length of the air-gap in order to approximate the value of
the permenace function to the real one accounting for stator/rotor slots, saturation or simply the Carter
coefficient. Many of the analysis conducted in this field are based in the comparison of the low/high
frequency magnitudes well known in literature establishing different indexes with the aim of either
distinguish faults or detecting the severity level.
Finally, the suitability of MATLAB/SIMULINK as simulation software is also discussed:
Nowadays MATLAB/SIMULINK offers an integrated environment to simulate the transient and steady state of
electrical machines with time-varying variables under different conditions which allow the simulation of a large
number of operation modes. An important advantage of that package is the waveform representation of
electrical signals. The simple fact of knowing the equations is not enough to obtain results successfully. This
software requires a hard effort in understanding the procedure of resolution of differential equations.
In this Thesis, MATLAB/SIMULINK has been used to create a toolbox of Faulty Induction Motor models for
analysis and fault diagnosis purposes due to the fact that it is a software with extensive use in the teaching and
engineering field. It provides many toolboxes related to signal processing techniques, Digital Signal Processor
(DSP) programming and it offers compatibility with DAQ devices from many manufactures. Moreover it allows

creating and customizing user interfaces for easy visualization of model results and/or organization of simulation
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options for non-expert programmer users. Many publications have shown Simulink models for

implementation of IM [7] [13] [14] [17]; nevertheless, only the healthy machine has been studied.

Chapter 3 Modelling Electrical Machines under Fault Condition

This chapter explains the methodology followed to develop dynamic induction motor models under fault
condition: Lagrange function and Winding Function Approach (WFA). The different physical phenomena that
occur inside the machine when it is affected by faults are analyzed by mathematical equations leading to models
with different levels of complexity. These models can be reduced to two sets of electrical and mechanical
equations following the classical model of IM by applying specific transformation matrices widely known by the

scientific community with the exception of the Mixed Eccentricity (ME) model.

3.1 Lagrange Equation and Winding Function Approach

The interaction of the stator and rotor magnetic fields is the fundamental mechanism by which the electrical
energy is converted into mechanical energy and vice versa in IMs. Since failures produces a distortion of the
magnetic fields it may seem logic to develop algorithms which describes the distribution of the magnetic field in
the machine an use software based on FEM to detect faults in IMs. Nevertheless, this type of analysis requires
solving Laplace and Poisson’s equations which is a time consuming process. As fault diagnosis of IMs is mainly
based on the study of the harmonic content of currents, fluxes torque and/or speed, the development of models
based on groups of magnetic circuits’ couple each other, provides a better alternative to understand the physical
phenomena associated with failures and the fault consequences in the IM’s variables. Those electromagnetic
circuits are composed by a set of resistance and inductance matrices.

Electromechanical converters such as induction motors can be mathematically described by Hamilton’s and
Lagrange’s functions but in practice only Lagrange equation is used as Hamilton’s development is much more
complicated.

Assuming the linearity of the magnetic circuit, the converter equations following the Lagrange’s functions are

as follows:
d . ,
E(L((p)-1)+R-l=u (3-1)
d’¢ dp 1 _ L(p) .
]W+DE E 1 —a(p l+Tm (3_2)

Winding Function Approach (WFA) is a method for estimation of the machine inductances and for the geometry
definition of the air-gap. The inductances values are calculated as function of the linked flux along the air-gap of
the machine, which is defined by so-called permeance function. This method has some limitation due to the fact
that following assumptions have to be taken:

- Linear magnetic field

- The magnetic material has infinite permeance

- Fluxes crossed the air-gap radially

- Eddy and Hysteresis currents are neglected
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In addition it has been assumed that saturation and slotting effects are also neglected.
In order to obtain the magnetic field distribution is needed to define the MMF function of all windings. The MMF
is quasi periodic, hence, it can be represented by Fourier series. For distributed coils in stator the general form

used for the MMF function is:

- 4 w-k
H(x,t)zi(t)-z;- —
p=1 p

where “i(t)” is the current flowing through the coil, “k,” is the winding factor, “w” is number of winding turns,

+cosp(x — @) (3:3)

“p” the order of the harmonic and “a” is the angle between coils.
The permeance function depends on the magnetic circuit type and defines the geometry of the air-gap along the
circumference. One important property of the permeance function is that is a periodic function. A(x, ¢) is the

inverse of the air-gap length:

1
Ax, ) = —/——= 3.4
(x, @) 5 0) (3-4)
A new function is introduced: The Ampere-turn function w(x, t) based on MMF function.
1 do(xt) <o/ 2 .
w(x, t) = m Fra Z <—;) wk, sin p(x— ap) (3-5)

The final expression for linked flux of the winding “n”” due to magnetic field forced by the winding “k” for “p”

harmonic is as follows:

o]

n,p p 2 . Ak,m
Wope=7-1- Z f Z (— E) Wyky,sinp(x —a,) |- f Bi(s, 0, t)d ¢ |dx (3-6)
a a

p=1 nvp‘% m=1 pm
Inductance values are obtained as,
Lage = ¥,/ .7)

In addition, there is another type of inductance left: the Leakage inductance. In a real machine part of the linked
flux do not cross the air-gap, for instance, those lines that encircle only the stator and rotor coils (bars).
The linked fluxes can be classified in:

- Stator and rotor slot leakage inductance

- Zig-zag leakage inductance

- Differential leakage inductance

- End connection leakage inductance

- Skewing leakage inductance
Generally, total leakage inductance is accounted as the 10% of the self-inductance.
It may happens that the machine inductance depends on the rotation angle “¢”. With the aim of simplified the
calculations following transformation matrices are used to eliminate such dependence. As a result, the converter
equations can be reduced to a system of differential equations with constant coefficient matrices. When
applying these transformation matrices, the zero sequence of the symmetrical components can be neglected. If
the steady state of the machine is considered, for a given speed, the converters equations are even reduced to
a set of simply lineal equations by means of the Harmonic Balance Method (HBM) explained in next chapter.

Equation 3.1 and 3.2 can be expressed in matrix form:
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=15 2 Sl .
5 Ls,s((p) LS,T((p)—
]dd_;p +D (fl_(f = Tetec + T = % ’ [(Is)T (SUE [er((pQD) Lri(&l’) : [;i] + T (3.9)
do do

For all the dynamic models develop on the thesis, the inductances and resistances are changed according the
fault. For instance, when it comes to model broken bars, R, is substitute for and equivalent matrix, R4, that
contains the asymmetry and symmetry coefficients, k,; & kg, well known among the research community.

The following models with faults has been created: 1/ Cage Asymmetry; 2/ Static Eccentricity; 3/ Dynamic
Eccentricity; 4/ Simulation of Mechanical faults.

Moreover, the electromagnetic torque, Ty, Will depend on the transformation matrices applied as well.

3.2 Examples of Final Induction motor Models Following the WFA

3.2.1 Modelling Induction motor Mechanical Faults: Eccentricities

The Eccentricity is inherited to the electrical machine. It occurs when the air-gap is not constant, which means,
the distance between the inner-circumference of the stator and the outer circumference of the rotor is not
constant. In fact that happens since the stator and rotor are built with slots to allocate the windings.

The permeance function “2” is used to estimate the length of the air-gap linked fluxes along the circumference
which crossed radially the stator and rotor. A simply approach based on how the air-gap is defined for other

motor topologies can be used for modelling eccentricities.

Type A TypeB TypeC

Fig. 3.1 Air-gap topology

Fig. 3.2 shows those topologies (All represent machines with salient poles on stator, rotor or both).

The position and length of the air-gap for SE is fixed in time and space which corresponds to type B.
Consequently, the permeance function will depend on an arbitrary angle “x” respect to the stator reference
axis. In case of DE, the length keeps constant but the position rotates corresponding to type A. Hence, the
permeance function will depend on the rotational angle “¢”. Finally, for ME, both position and length change,
s0, the permeance function depends in both angles, “x” & “@”. Moreover, as it is a periodic function, it can be

defined by Fourier series.
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Table | Permeance function types

Type A B C
Permenace - . o
Function A) = Z A, - eIT®) A0x0) = z A eiTx Ax, @) = Z Z Ay - eI T
(Exponential k
. r=—00 r=-—00 r=—00 §=—00
series)
Permenace © © © o
Function Aly) =4, + Z A -cosr(y) | Alx) =45+ Z Ap-cosr(x) | Alx,@) = Agp + Z Z Ay - cosr(x) - coss(p)
(Cos. series) =1 =1 T=15=1

“A” are the Fourier coefficients and “y = x — ¢”.
Changes of the air-gap regarding eccentricities can be approximated by geometrical relationships between the

machine symmetry axial axis “0O,” and the path described by the rotor centre “0,.”.

3.2.1.1 Mixed Eccentricity

Following the WFA, applying the above permeance function and considering only the effects of the main MMFs
that contains p-harmonic (equation 3.3), the inductance matrices of an induction motor (equation 3.6) with ME
in symmetrical components are:

- Self-Inductance Stator:

[0 0 0]
oo ) 3
Ym=0Apmcosme)[\ 10 = 0
Ly, = ZL A " — ZL A ) 2 . +
s,S ( - 140,m cos(m<p) _ 14pm COS("NP) Zi:oAﬂ,m cos(m<p’) [ 2 3
m=0 m=0 0 0 =
2

1% N Se_oAymcos(mg)]) [0 0 0
+ _ZLlAZp.mCOS(mQDI)_ ZLlAp.mCOS(m‘p’)' © —.— 90’ 10 0 2Py +
Zmzo =0 m:OAO,mCOS(m(P) 0 e-izpy 0
0
Los 0 0 4 wikg\?
+| 0 L' o0 | where L1=r-l-p.0;( p)
0 0 Ly’
(3-8)
- Self-Inductance Rotor:
[0 0 O]
[ee] o) 3
Ym=0Apmcos(me )\ 10 = 0
L =ZL/1 cosm’—ZLA cos(me') - o2 ~EE 2 +
rr ( a 24%0,m ( (P) - 24 pm Y Zm=oA0,mCOS(m<P) 3
m=0 m=0
0 0 =
2
1w < oo, mcos(me’ 0 0 0
+<—Z Ly Ay m cos(me') — ZLZAp‘mcos(mgo’)-ZE_O m €OS( <p’) ) 0 0 ei2pY . o-izpe | 4
Zmzo — m=0omcos(mg’) 0 e-i2pY. oi2pe 0
0
L’ 0 0 4 ke
+]1 0 L, 0 |; where L2=r-l-p0—( )
2 m\p
0 0 L,
(-9)
- Mutual Inductance
3 - - * oA, cos(me’ 0 0 0
Msr=(—>- ZLg/lolmcos(m(p’)— ZL3Aplmcos(mgo’)-Zz 0 4pm 05 <p,) 10 elP? 0 |+
2 m=0 m=0 m=0Agmcos(me’) 0 0 e—iv®
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3 0 0 0
—-1l0 0 e~ Jretizpy
2 0 el/pe-iz2py 0

Yim=0pmcos(me’)
Ym_oAgmcos(me’)

1 k k
where L; = r-l-uOE- (W; S) (%)

1 [ee)
+ (E Z L3Aypm cos(me’) — +

m=0

z L3 Ay, cos(me”) -
m=0

(3-10)

Chapter 4 Harmonic Balance Method

In the previous chapter it has been shown that the converter’s equations can be reduced to two sets of four
electrical and two mechanical linear differential equations with constant coefficients periodic matrices. Classical
method based on circuit theory can easily solve the system in analytical form. Furthermore, if the steady state
of the machine is considered, which means that the solution of the mechanical equation is known, the system
can be reduced to linear equations.
A method for steady state analysis of electrical machines with non-linear differential equations with periodic
coefficient is presented for those cases in which the transformation matrix does not obtain matrices with
constant coefficients: “Harmonic Balance Method” (HBM). This methodology has been applied to determine the
steady state of an induction motor affected by ME. Additionally, models for SE and DE has also been created to
compare with dynamic models obtained from WFA. They have accounted the main MMFs and the presence of
air-gap asymmetry which cause the appearance of additional harmonics of magnetic permeance assuming linear
magnetic circuit, three symmetrical stator and rotor windings, “p” pair of poles and there phase rotor mesh
currents. Moreover, the same assumptions made in order to obtain a dynamic model of IM are also assumed.
Model of all the eccentrities are listed below, where:

-, and Q are the angular velocity of the net and rotor

- Eisthe identity matrix

- L% ,MY.,I.,I,,U,and U, are matrices with the self and mutual inductance, stator and rotor currents

and voltages values associated to inductance, current and voltage harmonics

- Rg and R, the stator and rotor resistances

In the bellow equations, indexes of factors (inductances and currents) are strictly defined and correspond to the

algebraic multiple of the angular velocity.
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4.1 HBM: Static Eccentricity Model (Machine with p=2)
E | T S S S S S S [ : : : : : o T 77
(@ +4Q)-E -~ % o 0o 0 0 0 0 0 O 0 0 MZ o0 0 0 0 0 0 R, los 0
(@ +30)-E 0 1% 0 0 0 0 0 0 0 o 0 0 MZ 0 0 0 0 0 R, s 0
(Qo+20)-E o 0 L% 0 0 0 0 0 0 M2 0 0 0 MZ 0 0 0 0 R, Iy, 0
Qo +9)E 00 0 1% 0 0 0 0 O 0 M2 0 0 0 MEZ 0 0 0 R, s, 0
Qy-E 0 0o 0 o0 L% o o0 o o0 0 0 M2 o0 0 0 M%Z 0 o0 diag| R, leo U
(@-9)E 0 0 0 0 0 L% 0o o0 o 0 0 0 M2 o0 0 0 M&Z o R, lo 1 0
(Q,-20)-E 0 0 0 0 0 0 L% 0 O 0 0 0 0 MZ 0 0 0 M R, (T 0
(Q-30)-E 0o 0 0 0 0 0 0 L% o0 0 0 0 0 0 M2 0 0 0 R, s 0
(Qy-40) E 0o 0 0 0 0 0 0 0 LS 0o 0 0 0 0 0 M2 0 0 R, Ios 0
(@0 +40Q).E 0 0 MZ o0 0 0 0 0 0 L o o0 o0 L% 0o 0 0 o0 R, I 0
(©,+30)-E 0 0 0 M3 0 0 0 o0 0 L% o o0 o0 L 0o o0 o0 R, [ 0
(@ +20) E M2 0 0 0 MEZ O 0 0 O 0 o0 % 0 o0 0 L, o0 o0 R, 2 0
(@, +Q)-E 0 M2 o0 0 0 M4 0 0 O o 0o o L% o o o L) o R, [ 0
diagl j| Q- E 0 0 M2 o 0 0 MAZ 0 o0 0 0 0 0 L% o o0 o0 L4 diag| R, Iro 0
(@, -0)E 0 0 0 M2 o 0 0 M4 o0 Ly o 0o 0 0 L% o 0 O R, [ 0
(©y-20)-E 0 0 0 0 M2 0 0 0 M4 - 0 Ly o o0 o0 o0 L% o0 o0 R, I 0
(@, -30)-E 0 0 0 0 0 0 0 0 O 0 0 L 0 o0 0 0 L% o R, I s 0
(@ -40)-E 0 0 0 0 0 0 0 0 0 0 0 o0 Ly o o0 o0 o0 L% R, [ 0

(4-1)

The model can be reduced as only a few elements are coupled by the voltage harmonics “U;”. The inductances and currents vector are related to specific omega
pulsations which varies according to the fault (For instance, in equation 4.4 there are different pulsations). The resultant model corresponds to the electrical equations

of the dynamic SE model presented in chapter 3. Ly, My, and I, I, are the specific inductance and current values couple by the voltage harmonic.

i 1
d|ag J QO Lssl Lssz M sr2 srl dlag s Is,O2 Ul
) ‘QO . LssZ Lssl M srl M 12 |4 S . I s0 | — 0 (4.2)
. J ) ('QO + pQ) M rs2 M rsl erl er2 . . 2 0 )
diag| " diag 2
J ('QO - p‘Q) M rsi M rs2 er2 erl Rr I—r,2 0
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4.2 HBM: Dynamic Eccentricity Model (Machine with p=2)

(@ +40)-E 1% 0 0 o0 L4 0 0 0 0 o o MZ 0 o0 0 0 0 O R, lsa
(@, +30)-E 0 L% 0o 0o o0 L o o0 o 0 0 0 MZ o0 0 0 0 0 R, los
(@ +20)-E w0 0 1% 0 0 o0 L% 0 o M2 0 0 0 MZ 0 0 0 0 R, Iy
(Q+Q) E 0 0 0 L% 0o 0 o0 L4 o0 0 MZ 0 0 0 M2 0 0 O R, s
diag| j| Q¢ E Lo o o &% o o o0 L 0 0 M2 0 0 0o MZ o0 o0 diag| R, Iso
(@ -0)E 0 L o o o L% o o o 0 0 0 M2 o0 0 0 MZ o0 R, s
(@-20)E 0 0 LY o o 0 % o0 o0 o0 0 0 0 MZ 0 0 0 M& R, Iy
(Qo-30) E 0 0 0 Lg# o o o L% o0 0 0 0 0 0 M2 0 0 o R, I,
(Q,-40)-E 0 0 0 0 X o 0o o LY 0o 0 0 0 0 0 MZZ 0 oO© R, I

- . h r 11T B . : : :: : 7 r :‘ : : .: :. :. : :: 1 -t - M *:i
(@ +40)-E 0 0 MZ o0 0 0 0 0 o0 L% o o 0o 0 0 0 0 O R, [
(©,+30)-E 0 0 0 MXE o0 0 0 0 o0 0 L% o o 0 0 0 0 O R, Irs
(@ +20)-E M2 0 0 0 ME o0 0 0 o0 o o L% o 0 o0 0 0 O R, I
(©,+Q)E 0 M2 o0 0 0 M4 0 0 O 0o 0 0 L% o 0 0 0 O R, (1
diag| j-| ©Q,-E 0 0 M2 0 0 0 ML 0 0 0 0o o o L% o o0 0 o0 diag| R, lro
(©,-0)E 0 0 M2 0 0 0 MZ O 0 0o 0o o0 o L% o o0 o R, [

(©,-20)E 0 0 0 0 M2 o0 0 0 M3: 0 0 0 0 0 0 L% o0 o0 R, [
(©,-30)-E 0 0 0 0 0 M2 o0 0 o0 0 0 0 0 o0 0 o0 L% o R, ([
(@ -4Q)-E |||~ © 0 0 0 0 0 M2 0 0 0 0 0 0 0 0 0 o0 L% R, Ira

(4-3)
As it happens with the SE model, DE can also be reduced as only a few element are coupled by the voltage harmonics “U”. However, the harmonic of the stator and

rotor currents are different (linked to different omega pulsations). The resultant model corresponds to the electrical equations of the DE model presented in chapter 3.

Lgss, Mg, and I, I, are the specific inductance and current values couple by the voltage harmonic.

dlag - J ’ QO Lssl Lssz M srl M sr2 dlag Rs Is,O Ul
J (‘QO - ZpQ) . Lssz Lssl M sr2 M srl n Rs . Is,—4 _ 0 4.4)
. J : (‘QO - 2‘9) M srl M sr2 erl erZ ; R" I r-2 0 .
diag| - diag
) (‘QO - Z‘Q) sr2 Msrl er2 erl Rr Ir,—Z 0
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4.3 HBM: Mixed Eccentricity Model

Y 1T 7 : : : 1 I S 10 77 T T
Qo +4Q % B 3 0 0 0 0 0 0 Mo ML MZ ME ML o 0 0 o R, Ig
Qp +3Q L;é Lgs Llss Lis 0 0 0 0 0 - M;rl M?r Mir Mszr Mgr M:r 0 0 0 Rs lss
Qo+2Q L;sz L;i Lgs Llss Lﬁs 0 0 0 0 Ms_rz Ms_r:l Mgr Mgr Mszr Mgr M:r 0 0 Rs Is,2
Qo+Q 0 L;sz L;i Lgs Llss Lgs 0 0 0 M;ra M;rz Msf Mgr Mir Mszr Mgr M:r 0 Rs Is,l

Il Q 0 0 L;sz L;% Lgs Llss Lis 0 0 M;ﬁ M;rg Mgrz Mgrl Mgr Mgr Mszr Mssr M:r diag| R Iso
QO_Q 0 0 0 L;sz Lgi Lgs Llss Lgs 0 0 Ms_r4 Ms_r3 Ms_r2 Ms_} Mgr Mgr Mszr Msgr Rs Is,—l
Qp-20 0 0 0 0 L Lg L L L 0 0 MG MP MF Mg Mg My M4 R sz
Q-3Q 0 0 0 0 0 L;sz L;i Lgs- Llss 0 0 0 Mg:l M;rs M;rz M;rl Mgr Mgr Rs Is3
Qp-4Q 0 0 0 0 0 0 L2 Lt 0 0 0 0 M ME M2 M M R, Is 4

- r 1T T ': : .: : - 7 r : : ‘: ‘: :. :: : 7 ot T Rl 1=
Q, +4Q M Ps M:rls M rzs Mr3$ Mfs 0 0 0 0 L?r Llrr L%r L3r’r L?r L?r L?r 0 0 Rr Ir,4
Qo +3Q M ;:3 M Ps M:rls M rzs Mr35 M:‘s 0 0 0 Lﬁ L?r Llrr L%r L3r‘r L‘:r L?r L?r 0 Rr Ir,3
Qq +20 MZ Mg M Mpg M4 MY ML 0 0 Li L L Ly U L L L Ly R Iz
Qo+Q M;ss M;sz M;sfl Mll')s Mlj'ls Mrzs M?s M?s 0 L;? L;rz L;]r. L?r L];r L%r L?r Ll:r L?r Rr Ir,].
diag| j- Qp MFSA M;ss M;sz MFSI M?s M%s Mrzs Mfs lels L;:} L;? L;rz L;% L?r I-1rr L?r L::r L‘rlr diag| R, o
-0 0 M M M2 ME ML ML ML M R R I ST U AT ) Re || {] 1rs
Qy-20 0 0 M MZ ME M ML M MG e e e o - P R - P L Rr I
Q,-30 o 0 0 M MZ MZ MI ML My VR e e . e e I R A R, Iis
Q)40 0o 0 0 0 M MT MZ MT MY 0 0 L7 LY LY LY L Ly L R, la

(4-5)

Nevertheless, from the model in natural components of ME, it is easy to obtain the SE and DE models understanding the physical phenomena. For SE the position of the
minimal air-gap does not depend on “¢”, but only on “x”. By only considering the main Fourier coefficients, A, 4, and 4,, and the harmonic “m=0" in equations 3.120,
3.121 and 3.122, the model of SE can be found. For DE, apart from the considerations taken for the SE model the angle “y” has to be substituted for “&+¢” where & is

the initial position of the minimal air-gap. For DE, the position of the minimal air-gap depends on the rotational angle “”.
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Chapter 5 Matlab/Simulink Implementation of Dynamic Induction Motor

Models

The aim of the thesis is developing dynamic models of IM for drives applications which accounts the effects of
main MMFs. They will be used to study the interactions of drive polities running fault machines in order to
develop new control laws. In this chapter dynamic models of induction motor for drives applications are
presented including some of the model’s results.

Drives application are usually employed for signal processing of measurements or control applications. The
implementation of the algorithms and dynamic systems involved are naturally discrete-time as the computer
execute and collect data in discrete points of the time, for instance, observers, state estimator as KF or filters.
Due to the fact that models develop in the thesis are non-linear (the state space variables depends on the speed
rotor or stator speed) the Euler’s forward method has been selected. Additionally this method allows to find an
explicit formula of output (e.g., stator and rotor currents or fluxes).

Some of the Simulink model are discussed below:

5.1 Healthy Induction Motor Model

The healthy induction motor model has been used as a reference to analyze the differences between the
electrical machine signatures from each model. Fault models have been developed based on the classical
mathematical model of IM, which means, they are constituted by four electrical equations and two mechanical

equations (with the exception of the steady state model of ME).

Transformation
Matrix X out > > Stator Phase Currents Plot

»v_s [
Xin
l —> Transfomation o RMS
w.s Matrix
tor Volt J " - RMS | rms Display
Stator Voltage , -
Supply System VP >
=)
Voltage

[Pxin

T_e Plot

Electromechanical

x (K Te(

Torque

.I,, ‘ Te T_e Display
I b{T@ ® Mechanical Speed wm]» E

Stationary Reference Frame Rotor Speed Display

F{ {eb——

Sukeh Selector Reference Frame [f¢

W
7 Rotating Reference Frame
X

Rotor Speed Plot

Fig. 5.1 Simulink model of healthy induction motor
Fig. 5.1 shows the Simulink model of healthy IM. The Structure of the model is as follows:
- Stator Voltage Supply System Block: definition of the supply voltages
- Transformation Matrix Block: the transformation matrices used to simplify the electrical equations (and
the inverse matrix).
- IM Model Block: definition of the electrical motor equations based on models from Chapter 3.
- Electromechanical Torque Block: calculation of the electromechanical torque

- Mechanical Speed Block: solving the mechanical equation.
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- Selector Reference Frame Switch: stationary or rotating reference frame selector.
The healthy model has been tested for the motor T-DF112M-4 with sampling time “Ty = 1e~>”, 120% of the load

torque (12.4 Nm). The results are shown below:

Stator Phase Currents Electromechanical Torque
6 T i T T
30 : |
" Nm:24.97
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Fig. 5.2 HM stator phase currents Fig.5.3 HM electromagnetic torque
Motor Speed
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of g0 “ \ ;
: £ 10
50 H ! ‘ ‘ < 98 985 99 9.95 10
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Fig. 5.4 HM rotor speed Fig. 5.5 Stator Phase Currents
The above results agree with the real values of the motor.
5.2 Dynamic Eccentricity Induction Motor Model
Va0 Stator Phase Cuments Plot
|—. Xin T rangtomation 150tk » ¥in
Matrix X out Ve 1 AT Trandomation ",
- phi_r Inducction Machine - Matrix ou
| Model PhI.
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—‘ B wik) w
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Fig. 5.6 Simulink model of DE induction motor
Fig. 5.6 shows the model of Dynamic Eccentricity (DE) Induction Motor. It contains the same blocks and the
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results shown below have been tested in the same conditions as the Healthy Machine, however, this model does
not have the possibility of changing the reference frame because the transformation applied to simplify the
model requires a specific angle and the IM Model block contains the equations for DE. Moreover, the positive

and negative sequence of the currents and voltages can be obtained from the model. A 40% of DE has been

tested:

S S‘EL‘”?E]T%?&J o
h\‘ ‘h\\' i u i W‘ M h\l i Iz\\ [ -

Qu M M( H' * ) i !|+ W
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Fig. 5.9 DE rotor speed Fig.5.10 Current spectra DE induction motor

In Fig. 5.7 it can be distinguished the characteristic ripple associated to the fault. DE produces similar effects as
BB fault. Sidebands (1 — 2s)f; also arise in the frequency spectra because the model includes the mechanical
equation. In case of DE, according the performance of the motor, the amplitude of the sidebands varies. Chapter
7 compares the dynamic model and the static model results with the measurement and analyses the behavior of

the sidebands.

Chapter 6 Matlab Implementation of Steady State Induction Motor Models

The simplification of the mathematical equations cannot be always accomplished due to the nature of the fault.
This is the case of ME which self-inductance and mutual inductance matrices depend on the angular position of
the rotor. As those inductance are not constant matrices, the model of IM for ME cannot be found as it happens
for SE, DE or BB faults (Discussed on the Chapter 3 of the thesis). However, the spectra of the stator phase
currents can be obtained for the steady state operation points applying the HBM (Chapter 4).

Inthe present chapter the stator current spectra for SE, DE and ME models in frequency domain will be discussed
by means of the FFT. Additionally, it will be explained how the stator currents in time domain are calculated for

each eccentricity fault as a function of the current and speed harmonics. The squirrel cage motor has been
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models as a rotor winding induction motor applying the assumption of stator and rotor windings are equal.
For instance, the stator currents in time domain of the DE model are calculated as follows:

The HBM is solved considering only the voltage harmonic with pulsation Q,,
U, . U, .
= 1. pi @)t f ZT, 5 (—Q0)t
U, = 5 el o)t 5 el ™% (6.1)

Only two current harmonics are different than zero:

Izo®] [0 0 U
SDCE1 O] = |1PE|- ei@rt 4 | 0 | er@o-zpame, ( for 22 ej'(Qo)'t) ; 6.2)
DE
sc2 (t) 12
Applying the principle of superposition, the current harmonics for the voltage harmonic with pulsation —{Q,are,
scO (t) 0 L U
SCl (t) — 0 . ej'(—ﬂo)'l' + IZDE . e—j-(ﬂo—Zme)-t; (fo-r 7”’ . ej'(_QO)'t): (6 3)
G I L 0
The backward and forward symmetrical component can be found as:
fsco () DE 0'- Qo) TDE j y
IE(O)| = |17 - €70 | g |IDF - e/ Com2MmI ) for (U, = #1)); (6.4)
IPE () IPE . g (=00)t IPE . o) (Q-2p0m)t

From equation 6.4 it can be proved that backward symmetrical component is equal to the conjugate forward

symmetrical component:

Iscz IsPcEl (6'5)
Finally, the time domain stator currents are obtained applying the inverse SC transformation matrix:
I(?E (t) scO (t)
REO|= 1 a? scl(t) (6.6)
ICDE (t) scz (t)

This chapter includes simulations of the motor model “T-DF112M-4” with different levels of eccentricity for all
eccentricity types. In order to present the content, this summary shows only one of the models discussed:

1. DE static model tested with 40% of eccentricity

6.1 Simulation of 40% DE static model

Stator Phase Currents Spectrum Current Phase A
100" -z‘;? 50
:109.1
(At 80 c
A Mwﬂ%MWﬂm;h ‘MW = it
i M il ‘ { 1
‘wWWbWNWWWW“MWWrW * '
WWWWWWMW"“WWWM x M
HMHM hh\ml Il m.wh\um“w (LA * : I‘II‘
9.8 9.9 0 11 102 10.3 10.4 10., 106 10./ 108 '600 10 20 30 45 50 60 70 80 90 100
Time (sec) Frequency [Hz]
Fig. 6.1 Stator phase current waveform DE Fig. 6.2 Frequency spectra of stator phase currents DE

The above figures show the frequency spectra and the waveform of the stator phase currents obtained from
the model. The current frequency spectra shows the characteristic left sideband associated to the electrical

equation of the converter. In chapter 5 it can appreciated how the right band appear due to solving the
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mechanical equation. Furthermore, it can also be seen the ripple on the stator phase currents characteristic of
this type of faults. As it was mentioned, the simulation results are discussed based on the measurement results

on chapter 7.

Chapter 7 Validation of Model Results by Experimental Test

In the previous chapter, the dynamic and static models for DE were presented and the simulation results were
showed. The simulation results agree with the expected values of the real machine when it is affected by those
faults, for instance, the additional frequencies on the stator phase currents. However, the final validation is done

by studying the evolution of the sidebands when the motor is working under different conditions.

7.1 Dynamic Eccentricity (DE): Measurement Results

Evolution Left Sideband Evolution Right Sideband
44,00
44,00 2,00
42,00 /{ ’
2000 _ 40,00
o 3800 ,—_/ @ 38,00
[ -
36,00 36,00
,7-// == 50% Ecc. (Hz) 3400 AN =8 50% Ecc. (Hz)
34,00 " , =
=
32,00 —8—30% Ecc. (H2) 3200 — B SOL e 30% Eec {H2)
30,00
30 60 90 120 10% Ecc. (Hz) 30,00 30 60 90 120 10% Ecc. (Hz)
50% Ecc. (Hz)| 33,29 | 3645 @ 3854 41,10 50% Ecc. (Hz)| 32,08 | 33,22 | 3501 @ 32,87
30% Ecc. (Hz)| 3433 | 3693 | 39,42 | 4259 30% Ecc. (Hz)| 32,88 | 3356 33,71 | 31,73
10% Ecc. (Hz)| 33,79 | 37,07 | 39,05 | 41,01 10% Ecc. (Hz)| 31,67 | 33,39 | 3347 | 3223
Load Level (% of nominal) Load Level (% of nominal)
Fig. 7.1 DE Evolution Left Sideband - Experiments Fig. 7.2 DE Evolution Right Sideband - Experiments

According to the experimental data, the amplitude of both sidebands for each level of load does not depend on
the level of eccentricity, however, it can be observed how the left sideband amplitude increases and the right
sideband amplitude decreases with the load. Those values agree with the expected evolution of DE.

7.2 Dynamic Eccentricity (DE) Dynamic Model: Simulation Results

The simulation results show the evolution of the sidebands amplitude for different levels of eccentricity:

Evolution Left Sideband Evolution Right Sideband
65 50 B
60 —
0 45
55— 8= -
— = 40
50 35
2] -]
© 45 T 3
20 8 DE 50% 35 8 DE 50%
35 —8—DE 30% 20 -~ =B=DE30%
30
30 60 90 100 120 DE 10% 15 30 60 90 100 120 DE 10%
DES0%| 5658 | 57,65 @ 57,79 | 5821 | 5889 DESO%| 5118 | 464 | 4372 | 4165 4008
DE30%) 5214 | 532 | 5334 | 5375 | 5444 DE30%| 4673 | 4195 | 3929 | 359 | 3562
DE10%| 3657 | 37,63 @ 37,78 | 3818 | 3887 DE10%| 31,17 | 2638 | 2369 | 21,62 = 2005
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Fig. 7.3 DE Evolution Left Sideband - Simulation Dynamic Fig. 7.4 DE Evolution Right Sideband - Simulation

Model Dynamic Model
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The simulation results show a similar evolution of the sidebands amplitude, however the differences in

magnitudes are higher because the estimation of the machine inductance is not accurate enough.

7.1 Dynamic Eccentricity (DE) Static Model: Simulation Results

Evolution Left Sideband

65,0
60,0 |
55,0
a 50,0
45,0 —=— Phase A 10% DE
400 7"__-__‘—'—.-"'_‘-.-"“-—*.- Phase A 30% DE
350 Phase A 50% DE
’ 30% | 60% | 90% | 100% | 120%
Load Load Load Load Load
Phase A10%DE| 39,37 | 39,48 39,03 | 39,98 | 38,28
Phase A30%DE| 53,35 | 53,46 | 53,01 | 52,96 | 52,17
Phase A50%DE| 59,37 | 59,48 59,03 | 58,99 | 58§19

Fig. 7.5 Evolution Left Sideband HBM DE
Comparing the simulation results of DE between dynamic models and steady state models slight variations of
the harmonics as well as in the trends can be observed. The solution of the mechanical and electrical equations
implies that the left sideband increases with the load but magnitudes remains lower than steady state results.
Regardless of those differences, both models fulfil all the requirements according to the assumptions taken and

agree with the measurement results.

7.2 Conclusions on the Model’s Performance

It is worth to mention the conclusions reached by the analysis done in the thesis regarding the performance of
all models (dynamic and static).

The results have shown a correct performance of the models. The frequency analysis of the stator phase currents
in all models present the characteristic additional frequencies. For steady state simulations, the frequencies
associated with the mechanical side of the system do not appear. The evolution of the sidebands around the
main harmonic (50 Hz) agrees with experimental data for different load conditions and fault severities. On the
other hand, if the user seeks a quantitative analysis of faults, some of the following action may be considered in
order to obtain a better estimation of the machine parameters for each operation point:

- Saturation coefficients calculated by FEM model for each level of load

- Design of EKF which estimates the healthy machine parameters for different load conditions

- Consider saturation and slot effects in the calculation of the permeance function

- Estimation of saturation coefficients as function of the main inductance calculated by formulas and the
estimated by experiments for each level of load

- Estimation of rotor cage resistance variation due to eddy currents
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In conclusion, the dynamic and steady models presented in the thesis demonstrate that a qualitative analysis of
faults can be carried out by only considering MMFs effects fulfilling all requirements needed for drives

applications as the tendencies shown in simulations match the experimental data.

Chapter 8 Drives Applications with Faulty Induction Motor models: Hardware

in the Loop Simulations HIL

In the past the construction of prototypes was a common practice during the test phase of new ideas/concepts
and products. This testing stage required long periods of time and the investment of many resources. Another
important factor was the safety during the tests as the operators could suffer accidents. In the past few decades,
the evolution of the computers and the development of new platforms for modelling implementation have
helped to reduce the time invested to transform an idea into a product, the total cost of the whole process and
have improved the work conditions decreasing the risk of prospective accidents.

Hardware in the loop simulation (HIL) techniques have been developed to speed up the test and development
process of embedded systems. Those techniques provide a platform to study the interaction between real-times
embedded systems, such as power electronic control systems, with a “plant” (electrical motors), represented
by complex mathematical models.

Power electronic control simulations require high-speed digital processors which reproduce the fast dynamic
responses due to the high frequency switching actions of the power electronic switches. Real-time simulations

can be satisfied thanks to the FPGA/CPU platforms used for HIL.

HIL Hardware-in-loop simulation
Embedded System ‘ Facto.rs to be
Development stage: considered:
Industrial EEE) | RealPlant + Industrial | EEEEEE) |1 Cost
Equipment equipment 2. Time
3. Security
Embedded System Model of plant +
in Power Electronics: sensors/actuator Consequences:
DTC control Faulty induction motor models
MPC control Cost l
Industrial Time l
controller:
AC 800 PEC Security T

Fig. 8.1 HILvs old approach
Model develop in the thesis were implement in real drives applications at ABB Research Coorporate Center —

Poland within the Energy Smartops activities program with positive results.
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8.1 Implementation of Healthy Induction Motor model into Zyng-7000 All

Programmable SoC - Discussion of Results

Following figures show supply voltages, electromagnetic torque and rotor speed signals calculated by ZYNQ
during the execution of the Healthy machine model (Fig. 8.4 / Fig. 8.5) and BB model (Fig. 8.6 [ Fig. 8.7) running
at the same operation point, using the stationary reference frame and expressed in d-q components. The
magnitude and behaviour of the machine signatures were equal to the simulation results obtained in Simulink

after applying the proper scale factors.

Fig. 8.4 Supply voltages in D-Q components for both
Models

Fig. 8.6 Electro-mechanical torque (Yellow) and electrical Fig. 8.7 Electrical rotor speed ripple cage asymmetry
rotor speed (Blue) healthy machine

Chapter 9 Analysis and Diagnosis of Electrical and Mechanical Faults in

Induction Motors

The content of this chapter summarizes some of the work carried out in the field of fault diagnosis of IMs through
simulation and experimental data.

9.1 Evaluation of the Asymmetry Factor for BB Simulations Changes of simulation: symmetry and asymmetry

coefficient are used to model BB faults. Some of the assumptions taken in modelling are review as well

as the evolution of their values for different faults.
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9.2 Diagnosis of Static Eccentricity vs Unbalance Supply Voltages: difficulties in diagnosis of both faults are
pointed out. Furthermore, a method to find differences is suggested.

9.3 Modelling DE and Cage asymmetry: the possibilities offer by combining BB and DE models for fault

diagnosis purposes are investigated supported by experimental data.
9.4 Comparison of Mechanical and Broken Bar Faults by means of Positive and Negative Frequency Spectrum

of the Stator Phase Current in IM: an alternative algorithm of Fourier transform has been applied in order

to find differences between faults in the frequency spectra of the stator currents.
Interactions between Electrical and mechanical faults by means of MCSA: study based on the evolution of
the (1 — 2s)f, sidebands when an induction motor with BB is also affected by a mechanical fault with
similar frequency range.

For example:

9.3 Modelling DE and Cage asymmetry

DE and BB faults are difficult to distinguish due to the fact that same sidebands around the main harmonic
appear. In both cases the evolution of the sideband’s magnitudes is similar, for instance, regarding changes in
the load. With the aim to bringing light to this challenge, mathematical models based on main MMFs may be
used to study new algorithm of fault diagnosis. Three models have been tested: Model of BB, model of DE and
a third one that combines the faults. The results obtained from all models in comparison with the experimental
data reveals similar trends proving the suitability of the model for diagnosis purposes.

- Experimental Results

Once again, test performed in motor model T-DF112M-4 have shown differences in magnitude of the sidebands.
Recalling chapter 8, the left sideband magnitude increases and the sideband magnitude decreases with the load
for one BB and DE. Magnitude of sidebands for BB were higher than DE.

Experimental result when both fault occurs simultaneously shown the same trends with higher magnitudes than
separated faults:
Table Il Sideband magnitudes for DE + one BB | Experimental results

Dyn. Ecc. + one B.B. (1-2s)f 30% Load 60% Load 90% Load 120% Load
50 64.39 68.37 70.87 72.18
30 62.41 66.95 70.18 72.64
10 59.40 65.61 68.08 70.66

Dyn. Ecc. + one B.B.(1+2s)f 30% Load 60% Load 90% Load 120% Load
50 48.82 46.82 44.63 37.41
30 49.17 48.60 45.39 40.80
10 47.61 47.03 46.75 42.84
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Evolution of Sideband (1-2s)f Evolution of Sideband (1+2s)f
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30% Ecc. (H2) +B.B. 6241 6695 | 7018 7264 308 Ecc. [Hz) + BB, 49,17 4860 4539 | 4080
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Load Level (% of nominal) Load Level (% of nominal)

Fig. 9.1 Left sideband magnitude: DE + one BB /

Fig. 9.2 Right sideband magnitude: DE + one BB /
Experimental results

Experimental results
Regarding simulation results, it can be proven the same trends in the sidebands as well as the magnitudes values.

Sorting from highest to lowest: DE + one BB [ one BB / DE.

Table Il Sideband magnitudes for DE + one BB / Simulation results

Dyn. Ecc. + one B.B. - (1-2s)f | 30% Load 60% Load 90% Load 100% Load | 120% Load
50 58.96 64.37 65.67 67.86 68.55
45 56.91 63.38 64.96 67.28 68.1
40 55.01 62.58 64.35 66.67 67.68
Dyn. Ecc. + one B.B. - (1+2s)f| 30% Load 60% Load 90% Load 100% Load | 120% Load
50 53.17 52.61 51.08 50.78 47.96
45 51.11 51.63 50.37 50.2 47.44
40 49.2 50.83 49.77 49.69 48.34
Left Sideband [1-2s)f Right Sideband (1+2s)f
7 60
70 4 55
65 /. i 50 - t‘.\'_'\
® 60 ® a5 4 -
r-""‘_'-_-'-_-. =8 50% Ecc. (Hz) + B.B. \\ =8—50% Ecc. (Hz) + B.B.
55 - 40
5006 Ecc. —50% Ecc.
50 L
3060 90 100 120 One 8.8. 30| 60 90 | 100 120 One B8,

50% Ecc. (Hz) + B.B.| 58,96 64,37 65,67 67,86 6855

50% Ecc. 56,58 | 57,65 57,79 5821 5889

One BB, 54,89 6251 64,28 6671 67,62
Load Level (% of nominal)

505 Ecc.(Hz}+B.B..53,1? 5261 51,08 5078 479
S0 Ecc. 5118 464 4372 4165 40,08
One BB. 4909 50,75 497 4963 4828

Load Level (% of nominal)

Fig. 9.3 Left sideband magnitude evolution for DE + one

Fig. 9.4 Right sideband magnitude evolution for DE +
BB / Simulation results

one BB / Simulation results
It is true that differences between DE + one BB and BB fault are not big enough as it was shown in experimental

results, but it is also true that parameters for estimation of BB may be not fully correct. In the light of results

presented, it can be concluded that mono harmonic models accounting simultaneously BB and DE faults may be

use for diagnosis purposes.

Chapter 10 Conclusions

The main contribution of the thesis has been the development of a library in Simulink of dynamic induction motor

models under electrical and mechanical faults for drives applications. These model have been based on the
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winding function approach for mathematical modelling of IMs accounting only effects of the main MMFs.
Furthermore, steady state models accounting eccentricities faults have been created in Matlab following the
HBM. The main advantage of the methodology presented is that it allows developing models of different types
of electrical machines or considering effects of multi-harmonics. In addition, effects of saturation or slotting can
be taken into account by adding additional terms to the permeance function. The research seeks a qualitative
analysis of the electrical and mechanical faults by means of MCSA applied to the stator phase currents.
Simulation results shown in the thesis have mainly been focused in the analysis of the frequency spectra of the
stator phase currents with the objective of studying the evolution of the characteristic frequencies for each type
of fault. Performance of the models has been supported by experimental data. It has been necessary to design
a DAQ system for data collecting and the estimation of the machine parameters. A simple user graphic interface
for estimation of machine parameter has also been designed. Experimental results have validated the trend
shown in Simulation results regarding evolution of the frequencies associated to faults and magnitudes of
machine signatures such as amplitude of currents, torque and speed for different operation points of the motor.
However, it has been observed a strong dependence between the magnitude of these frequencies and the
machine signatures with the parameters.

Fault diagnosis of induction motors has been another of the objectives. The work carried out in this field has
been published in international conferences and journals. Despite the fact that models only account main MMFs,
results proved the suitability of them for this purpose.

Summarizing, models presented allow the user to carry out a qualitative analysis of electrical and mechanical
faults on IMs based on main MMFs offering an accurate representation of the main fault effects over the currents

suitable for drives applications.
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