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Abstract— Owing to their robust structure, induction
motors are preferred to be used under difficult working
conditions. Therefore, various faults may occur in the
motor due to unexpected forces during the operations.
Obtaining the data through experimental methods by
physically creating faults in the induction motors, and
analyzing their behavior is not efficient in terms of cost
and time for educational purposes. Considering the above
negative situation, in this paper, mathematical models
have been developed in the dqO stationary reference frame
expressing three-phase stator windings short-circuit fault
and broken rotor bar fault in induction motors. The
proposed models are faster as compared to the other
analytical models in terms of computation due to the rotor
position independence of the inductance matrix. The faulty
induction motor mathematical models have been
implemented in the MATLAB/SIMULINK software
environment with detailed explanations of each faulty
model’s subsystem. As a visual laboratory that can be used
as an educational tool for the analysis of a three-phase
faulty induction motor, a graphical user interface
application has been developed in MATLAB/GUIDE,
which allows users to simulate models from a single
interface. As a case study, the behaviors of faulty induction
motors in transient and steady states have been simulated
in different severity scenarios of the faults. The park
vector method has been used as a fault diagnosis approach
to investigate fault types and the fault severity effects on
the park vector pattern in each fault scenario. In addition,
to observe the success of the developed Simulink toolboxes,
they were used at Marmara University through courses in
electrical machinery and evaluated by the graduated
students at the end of the semester.
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I. INTRODUCTION

Induction motors (IMs) have long been used in industrial
applications where mechanical energy is required due to
their robust structure and easy adaptability to various modes of
operation in a dynamic state. Since IMs are mostly used in
hard industrial environments, potential faults in the electrical
or mechanical parts of the motor may occur because of
exposure to unexpected forces during operation. In general,
the stator and rotor structure of IM is designed to provide
symmetrical characteristics, but faults that may occur for any
reason break this symmetry. Asymmetries cause problems
such as unbalanced air gap, voltages, and currents, increase in
space and time harmonics, decrease in average torque,
increase in pulses in the moment, increase in losses and
decrease in efficiency, [1]. Faults in induction machines are
commonly categorized as mechanical and electrical, of which
electrical faults constitute 48% of the total faults. Frequently
seen faults in induction machines used in industrial
applications occur 38% in the stator and 10% in the rotor, [2].
There are many factors such as thermal, electrical, mechanical,
and environmental stresses resulting in malfunctions in the
stator and rotor. Generally, stator faults caused by insulation
faults between two adjacent windings in the same phase are
seen as stator windings short-circuit or open circuit, [3,4]. The
thermal stress resulting in insulation degradation of windings
is the main cause of stator winding faults, [5]. Other factors
such as dielectric, corona, over currents and voltages, and
transient voltages can also cause stator winding faults. Rotor
faults are mainly caused by the cracking or breaking of rotor
bars or end rings. The rotor faults are mainly developed from
manufacturing defects, electromagnetic noises, centrifugal
forces, oscillatory force, and aging of motor parts, [5,6].

To understand the behavior and performance of induction
machines under different faults and develop reliable fault
detection methods, accurate and simple models of faulty
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induction machines are required. In literature, models for the
simulation of induction machines with various faults are well
investigated from simple T or m equivalent circuits to more
complex ones such as Magnetic Equivalent Circuit (MEC),
Finite-Element Method (FEM) and Multiple Coupled Circuit
(MCC). The MEC model is based on the magnetic modeling
of induction machines obtained by estimation of the network
reluctances and permanence [7,8,9]. The FEM-based IM
model is the most accurate model of IM by utilizing the
magnetic and geometric characteristics of the machine to
compute magnetic field distribution containing exact
information on the stator, rotor, and mechanical part of the
machine, [10,11].

The MCC models of induction machines with various faults
are elaborated in [12,13], the model of the MCC-based faulty
induction machine can be represented in three phases (abs)
reference framework with the stator and rotor electrical
equations and the mechanical equations of the machine. The
main concept of the MCC model is based on the geometry and
winding arrangement of the machines. In such models,
machine inductances are evaluated using the winding function
(WF). In, [14,15], harmonic effects for rotor slot design and a
steady state modeling of stator faults are investigated with a
generalized method of harmonic analysis. The transient model
of induction machines for time-domain diagnosis of stator and
rotor faults using the winding function approach is presented
in, [16]. The same approach in [17], is used for frequency-
domain diagnosis of poly-phase cage IM with inter-turn short-
circuit in stator windings. The MCC-based model of IM with
rotor faults is investigated in, [18,19], where the rotor cage is
considered as a mesh by containing rotor and end ring loops.

The MCC-based model approach includes separate
equations for each stator coil and rotor bar. It also encloses the
mutual inductance terms being calculated in each numerical
integration while solving model equations. Therefore, solving
equations with simulation programs requires more time and
memory capacity. To overcome this problem, more convenient
and simpler models can be created in the dqO reference frame
system. dgO reference frame theory is based on Clark and Park
transformation where all variables of the machine from the
neutral frame (three-phase system) are transformed into a two-
phase system (dq0 system). Using the dq0 transformation, the
number of equations is decreased, and all rotor position-
dependent mutual inductances are made independent of the
rotor position. Therefore, a simpler model of IM with stator
and rotor faults can be obtained using the dgq0 transformation
theory. In, [20], stator windings short inter-turn fault modeling
of IM in dqgO stationary reference frame is introduced and all
parameters change due to fault are detailed. In, [21], a
mathematical model was obtained in the dqO reference frame
for stator inter-turn short circuit fault in one phase, the
developed model was simulated in MATLAB/SIMULINK
environment for motors with different short-circuit
percentages. In, [22,23], a dq0-based model approach in which
the portion of short-circuit and the change of winding
inductance in the stator is that to consider the leakage
inductance to be proportional to square turns number was
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detailed just for short-circuit faults in one phase. A dgq0 model
of an induction machine with rotor faults was reported in,
[24]. The modeling of healthy IM in the dqO reference frame
system and the latest information on modeling and evaluation
of stator and rotor faults can be found in, [25,26].

This study focuses on developing models of IM that express
stator short circuit faults in all three phases, in contrast to
single-phase short-circuit faults in the stator windings, which
are discussed extensively in the literature. The effects of
broken rotor bars fault of IM have been modeled by
unbalancing the rotor bar resistance. It is proposed to develop
models of faulty IM that should be computationally faster than
the MEC, FEM, MCC, and other analytical models in terms of
simulating the behaviors of faulty IM. Therefore, to make the
mathematical models of the faulty motor simple and
independent of rotor position, all models have been built in the
dqO stationary reference frame system. In addition, to make
the models usable for educational purposes, the derivation of
all equations and implementation of the equations in the
Simulink environment have been explained in detail. A
MATLAB/GUIDE application has been developed to increase
the usability of Simulink models developed for stator short-
circuit fault and rotor broken bar fault of IM. Finally, the
simulation result of the models under different severity levels
of the faults has been displayed in the time domain.

II. STATOR AND ROTOR FAULT MODELS

Models to be developed for fault diagnosis and control of
faulty IM must be of a form that will accurately reflect all
behavior of the motor, but such a model will have an overly
complex structure. Therefore, for simplicity, the following
assumptions are considered:

e  The stator windings are uniformly placed in the stator
slots to create sinusoidal flux in the air gap.
e  The magnetic circuit is linear, and saturation is
neglected.
e Neglecting the effects of temperature and frequency
changes on resistors and inductances.
Permeability of the magnetic circuit is infinite.
Neglecting hysteresis and eddy current losses.
Neglecting tooth and slots effects.
Neglecting current skin effect.

A. Modeling of stator short-circuit

The variation of the stator variables of IM directly depends
on the winding number of phases a, b, and c. In general, the
number of turns of the stator three phase-windings a, b, and ¢
is designed structurally balanced and to be equal. However, a
short circuit in the stator phase windings causes a decrease in
the number of windings. Consequently, any short-circuit fault
in stator windings results in a change for all the resistances
and inductances of the stator windings. Therefore, a
mathematical model is required which includes the variation
of all stator phase resistance and inductance. If the percentage
of short-circuit of phases a, b, and ¢ are represented by K3,,
Kg, ", and K3, respectively, the short-circuit coefficient for the
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stator variable can be defined as below, [27].

Ksa =1- K:a
Ko =1- K:b 1)
Ksc =1- K;c

Here, K,
the stator variable in phases a, b, and c, respectively. K, >0,

, Ky and K, are the short-circuit coefficients for

K, =0 and K =0 indicate that phase a is faulty and phases b
and c are healthy. Therefore, if it is desired to examine a short-
circuit fault in single phase a, the values of K, and K, are
taken as zero. When there is a short-circuit in the stator phase
windings, the diagonal matrix of the stator windings
resistances [R;] can be defined using the short-circuit
coefficients as the following equation:

RKy, 0 0

RK, 0 (2)
0 0 RK
Similarly, the self-inductances [L?*] of the stator phase

windings can be arranged including the short-circuit effect as
the following equation:

Ksza (Lls + Lsm) Ksa Ksb Lsm sa sc Lsm
[Lzbc* j| = Ksa Ksh Lsm Ksb (Lis + Lsm) K Ksc Lsm (3)
sa sc Lsm Ksc Ksb Lsm Ksc (Lls + Lsm)

The mutual inductance matrices of stator-rotor and rotor-
stator [L, ], [L, ] with the effect of short-circuit can be written
in equation (4) and equation (5), respectively.

Kyqcos(8;)

* 2
[L8P5°] = Lgy [ Kspcos (6, =5
Ksccos(6, + 2?")

Ksqcos(60, + Z?n)
Kspcos(6r)
Ksccos(8y — Z?n)

Ksqcos(6r — 2?“)
Kspcos(6, + 2?11) (4)
Ksccos(6r)

Ksacos(6y)

(L") = Lys | Ksacos (6, + )
2:

[ Keacos (8, =)

Kspcos(0r =)
Ksb cos (0,)
Kepcos(6, + )

Ks.cos(6, + 2?11)
Ks.cos(6, — 2?11) (5)
Ksccos(6,) |

Since the mutual inductances between the stator and the
rotor change according to the relative rotor position 9., it is
more helpful to refer all the resistances and inductances
matrices to the dqO stationary reference frame system. The
stator resistance matrix with short-circuit effect can be
transferred to the dqO stationary reference frame as in equation

(6).
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1 1
M 72 2] wer, 0 o [ . % 1]
R1=2l0 -2 Bix| 0 KyRe 0 -3 7 1
[, 2 2] Lo 0 KR l R

Rsll Rle RslS
Rsz1 Rs2z Reps| =
N Rs31 Rs32 Rs33
gRs(ZKsa —Ksp — Ksc)
1
FRee —Ka) | (6)
IR (Ksa + Kop + Ksc) J

1

\ERS(KSD - Ksc)
1

SRo(Kgp + Ko

1
75 Rs (Ksp — Kse)

iR s(Ksp — Ksc)

rR (4Ksq + Kgp + Kso)
|
l,
[ R (ZKsa - Kgp — Kqc)

Here, [R1*] is the matrix of stator resistances transferred to

the dqO stationary reference frame. Similarly, the stator
inductances, stator-rotor inductances, and rotor-stator
inductances are transferred to the dqO stationary reference
frame as the following expressions, respectively:

dos Ls11 s12 513
[LZ 1= [T(9 = O)][Lgbs*][T(e = O)]_l = [Lsn Lez, 523] (7)
Lg31
Lsr13

Lsrll Lsr12

[LE] = [T(6 = OIILLTT(B)] ™ = [Lsm

Lsr31

Lsr22
sr32

Lrle
Lr522

Lsm} (8)

sr33

Lr513

Lrsll
(L] = [T(6 = O T(B)ILE] = [Lr521 Lr523] 9)

Lrs31 Lrs32 Lrs33

Where [L™], [L%] and [L%"] are the inductance

matrices of the stator, stator-rotor, and rotor-stator,
respectively, transformed to dgO reference frame, and their
derivation is given in B-APPENDIX. Using all these new

inductance matrices, the flux matrix [A] in the dqO reference
frame can be arranged as the following equation:

29 i
; Lsy1 Loz Lss Lsr1r Lsraz Lsraz s
A5 Lsz1 Lsaz Lsas Lsr21 Lsraz Lsraz ls
A — Lsz1 Lszz  Lszs Lera1 Lsraz  Lsraz if (10)
Al Lrsin Lysiz Lrsiz Lir 4+ Ly 0 0 iy
¢ [Lr521 Lrszz  Lrs2z 0 Lyy + L J rd
|_/12J LrsSl LrsSZ LrsSS 0 Llr |_ OJ

The stator and rotor voltage matrices (V,,V.) for the stator

windings short-circuit fault in the stationary reference frame
can be written as the following expressions, respectively:

Ug Rs11 Rs12 Rsaz ig a /12

vl =|Rs21 Rszz Rsaz]|id +E 24 (12)

vl Rs31 Rg3z  Rgss i? 29
vl R 0 07[if Al Ao —w, 0
wl=lo & OHiﬂ +212¢]+ g [wr 0 o] (12)
v? 20 2]1L0 0 0

From the above equations, if the flux from equation (10) is
placed in (11) and (12), in (13) the general voltage matrix
system for stator windings short-circuit fault is obtained as the
following formula:
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y Ry + giL Ry, + %lez Ry + %les %L %Lmz éng

[v}] Rutiha Fatile  Fatgla il b it

vl _ Ry + ;Ls31 Ry + ELsaz Rs3 + ;Lsas ELerI ELSHZ 3L3r33 (13)

|Ui | Lot = WLy lysiz = Orlysaz elrsis = Orlyszs Ry + (Lap + L) =@, (Lay + L) 0

lZ}J %Lrsﬂ + WrLysas %Lrszz + WrLysio %L‘r523 twrlrsis 0Ly + L) Re+ (Lyy + L) 0

2t Lrsan e brsaz ot Lrsss 0 0 Ry + gl ]
- 3n
The symbol list and required derivations are given in ARupe =R -R. = N, -;bnbb r (16)

APPENDIX A and B.

B. Modeling of induction motor with broken rotor bars

Broken rotor bars (BRBs) cause changes in rotor phase
resistances and inductances. Thus, the current will decrease in
phases with broken bars, and the current flowing from other
healthy bars will increase, which will cause asymmetry of the
current flowing through the rotor bars. The nonlinearity of the
rotor current causes nonlinearity of the rotating magnetic field
between the stator and the rotor, which causes frequency
harmonics to be induced in the stator current, [23].

Rotor impedance inequality can be modeled by adding the
impedance change ratio of the broken bars to the rotor phase
resistances and inductances caused by the BRB. Since the
change effect of rotor inductances is negligible beside the
effect of rotor resistance. Therefore, it can be ignored and for a
simpler mathematical model of the BRB fault, the assumptions
that the rotor end ring contribution is neglected, and the stator
phase inductances do not change can be used. The diagonal
matrix of rotor resistance of a healthy and symmetrical IM in
(abc) reference frame can be defined as follows:

R, 0 0
R,.=|0 Ry, 0 (14)
0 0 Ry

The unbalanced rotor resistance [R;] effect can be included

in the mathematical model of the motor by adding the change
of resistance to the rotor phase resistance.

[er + AR, 0 0 ]
Ry x=1 0 Ry, + AR, 0 | (15)
Ll o 0 R, + AR,

Here AR, , AR, and AR_represent the resistance change in

phases a, b, and c as a result of the effect of broken bars, and
can be evaluated as in equation (16), [28].

E-ISSN: 2074-1316

10

where n,, is the number of BRBs, N, the total number of
rotor bars, and R, is the equivalent rotor resistance. Since we
want to investigate the behavior of IM with BRBs in the
stationary dq0 reference frame, we need to transform the rotor
resistance matrix containing the broken bar portion to the dq0
reference frame. This transformation is obtained in equation
(17) by multiplying the new rotor resistances matrix with the
rotor dgO transformation matrix.

[RI] = [T(BIRT(B)]?

erl + Rr Rr12 Rr13
Rr21 Rr22 + Rr R23 (17)
Rr31 Rr32 Rr33 + Rr

Here, [R?“"*] expresses the rotor resistance matrix of BRB
faulty IM transformed to the dqO reference frame, derived in
APPENDIX-C. Using the [R¥"] resistance matrix equation,

the stator and rotor voltage matrices in the stationary reference
frame with BRB fault can be defined by the following
expressions:

vl R, 0 o7[H . Al
v¢| =0 Ry Of|I¢|+ " A2 (18)
v 0 0 Rfj0 22
v I [Rp11 + Rr Rr12 Ry13 a A
vi|=|I¢ Ry21 Ryz2 + Ry Ra3 +% A4+
v0 1° Ry31 Ry32 Ry33 + Ry A0
0 —w 0
2llo 0 o (19)
2|l 0 o

If equations (18) and (19) are arranged in terms of currents,
the general voltage matrix system for IM with BRB faults can
be derived as the following formula:
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d

Ry + = (Ls + Lm) 0 0 Sl 0 0

v 0 Ro+% (L +1L 0 0 45 0 I
[Usd] s dt( 1s m) at-m [1;1]
loo| 0 0 Ro+ 2Ly, 0 0 0 o] (20)
v ailm L, 0 RetRuty(lay+Lln) Ry = oLy + L) Ryss I

v, d d I

lv}J WLy, ZLm 0 Rio1 + @ (Lyy + Lin) R, + Ry + P (Lyr + L) Ria3 |J:EJJ

0 0 0 Rr31 Rr32 R"r + RT33 + %LIT

I1l. MATLAB/SIMULINK IMPLEMENTATION

In this part of the study, the implementation of the obtained
equations in  MATLAB/SIMULINK environment is
introduced, for this purpose, firstly it is necessary to rearrange
the equations that have been obtained for stator short-circuit
faulty and BRBs faulty IM to make them solvable with
Matlab.

To develop the Simulink model for stator short circuit, the
current equations from the voltage matrix system in equation
(13) can be rearranged in terms of currents, and equations (21)
to (26) which are applicable in the Simulink environment are
obtained as following expressions:

1
= Loty U- [Vg - lgRsll

+d 0 :q
- (ls leZ + 15 le3 +1; Lsr11

+ ig]—‘srlz + i1(?]-‘sr13) ]

(21)

— %Rz — i2R513] dt

(22)

. 1 . , .
id = [f [Vg —igRgp; — iRy, — lgRszs] dt
522

— (igLsz1 + i§Lsa3 + ifLgrag

+ itt‘i]-'srzz + ilq]-‘sr23)]

(23)

0 =

[f [Vg —igRgz1 — i9Rg3, — i2R533] dt
— (ifLsz1 + i¢Lgzz + ifLgran
+ i1(*1]-'51‘32 + inLSr33)]

L533

, 1 . : : 24
= [f [vif = ifRy + 0 (ifLysa1 + i Lrszz 249
+ Ly

Llr
+ ls Lr523 + lr (Llr + Lm))] dt
- (is Lrsll + 1s Lrslz + 10 rsl3)]
. 1 . . . (25)
lg = ﬁ [f [VI(‘j - lgRr - wr(lg]-‘rsll + 1g]-‘rslz
1ir m
+ ig]-‘rsl3 + iI(‘](Lll‘ + Lm))] dt

- (igLrsm + i(siLrszz + i(S)Lrsz3)]

L j[vr —ifR.] dt — (i§L
+ 1s rs33)]

. (26)
rs31 + 1(5i Lrs32

ip
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The implementation scheme of the mathematical model of
the IM with a short-circuit fault in simulation programs is
shown in Figure 1. Here, the inputs of the model are three-
phase voltages, resistances, and inductances of the motor
which are transferred to the dqO reference frame.

o Lol
o] Vobe . > 23
™ B Pow PR 1 rgsan ot
Syt » > Eylld v
» Vo » > P e
i ¥ :
A 4
Curront Purk
Ao » VTV
Calw
-
Fo—p Y
e Taak shnn
1
LI L S

Fig. 1 Simulation flow chart of mathematical equations in d-g-0
reference frame for short-circuit IM

To build a general MATLAB/SIMULINK model for short-
circuit faulty IM, all equations are implemented in the
Simulink environment by constructing a subsystem of each
equation. Firstly, the component of d-g-0-axis voltages is
expressed as the following:

2 27
Sq cos(8) cos ?) cos (9 +?)
S;i = sm(G) sm 2?71) sin 9+2?n)

1
2 2

~

Vas
|:vbs] (27)

UCS

o

The subsystem Simulink model of equation (27) is
represented in Figure 2, where the inputs of this block are the
reference frame speed and three-phase voltage, and the outputs
are dg-axis voltage components.

Fig. 2 Stator voltage conversion subsystem block

Figure 3 (a), (b), and (c) indicates the dqO current
subsystem blocks obtained by using equation (21) to equation
(26), these blocks calculate d-g-0 current components.
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Fig. 3 (a) g-axis current subsystem block, (b) d-axis current
subsystem block (c) zero current component subsystem block

In Figure 4, the Simulink block that calculates the torque
and angular speed of the motor is obtained by using the torque
equation (28) and the speed equation (29).

3P ed s
= Ly (il — i) (28)

TE M

W =7 [ (T, — Bwy —T,) dt (29)

Fig. 4 Subsystem block calculating torque and rotor speed.

Finally, the stator and rotor current components of the dg-
axis are transferred to the (abs) system by the following
matrix equations, respectively:

cos(8) sin(0)

110

[ ]— 9——) sin(0-5) 1 ‘ (30)
cos —) sin(9+2?") 1|lvd

y cos(p) sin(B) Oyya

o] <o (52 (o) H @

Ver cos(B+2?n) Sin(ﬁ"'z?n) 1) vr

dg0-abc conversion blocks are shown in Figure 5, these
blocks are developed using equations (30) and (31), which
convert the dgO stator and rotor current components to the
(abs) system. The inputs of these blocks are dgO stator and
rotor currents and angular reference position, and their outputs
are 3-phase stator and rotor currents.

E-ISSN: 2074-1316
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Fig. 5 dg0-abc conversion blocks

By masking the subsystem models, in Figure 6, a general
MATLAB/SIMULINK model of IM with stator short-circuit
is obtained. The inputs of the model are 3-phase voltages
applied to the stator windings, the load torque, and the
reference speed, while the outputs are three phase stator and
rotor currents, rotor speed, and induced torque in the rotor.

To Workspace

Fower Supply

To Workspaced
Wref  egetor  MATLASSMULINK Modsl OF IM With SC Faut maan

Fig. 6 A general MATLAB/SIMULINK model of stator short circuit
IM

Likewise, to develop the Simulink model for BRBs fault,
the current equations from the voltage matrix system in
equation (20) can be rearranged and integration equations
from equation (32) to (37) which can be implemented in the
Simulink environment are obtained as following expressions:

1 (32)
il=—" [ (V3=iR.)dt - L 'q]
15 Lls + Lm I:j( S 15 S) mlr
. 1 _ ] 33
R [ f (Ve — iR )dt — Lml;i‘] (33)
4
i0 = V0 — R(id)dt 349
s S
Lls

. 1 . . (35)
= [0 - 8 R +

+ Lin)—Rp1i? + @, Lyyid

—i%R,3]dt — Lmig]
id = ;U[(V‘jl SR AR — gLy D
F T Ly Ly ' s

+ L) —Ra1if — @pLiif

—i%Ry;]dt — Lmig]
. 1 0 _ : @37
1? = — [Vr — (Rr + R33)119 - l?‘R31 - II(EIRZ3]dt
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The implementation scheme to build the Simulink model of
IM with BRBs fault is detailed in Figure 7. As a flowchart,
firstly rotor resistances are transferred to the dqO reference
plane by using equation (17) and 3-phase voltage is transferred
to the dqO reference frame with the help of equation (27).

w

3| . | 0
» Vo > o I
" o > > RN T basan Pe o
Sav > Vgn » e » o
" - 2
Yy
Curvent Park
> Veutor CPV)
22 | . A 4
fask viatnn
>

Fig. 7 Simulation flowchart for broken rotor bars faulty IM

The implementation of equations (32) to (37), which
calculate the dq0 current components of the stator and rotor
are carried out by constructing subsystem blocks respectively
in Figure 8(a), (b), and(c).

(b)

fos? S
-9 o= [ .. .9 "
o
' «©
Fig. 8 (a) g-axis currents subsystem block, (b) d-axis currents
subsystem block (c) zero current component subsystem block

IV. MATLAB/GUIDE IMPLEMENTATION

To make the developed Simulink models more usable for
educational purposes, a Graphical User Interface Development
Environment (GUIDE) of Matlab software shown in figure 9
has been developed. This MATLAB/GUIDE application
makes it easy for the user to simulate models created for faulty
IM on the same platform. The mentioned GUI application
consists of 'Healthy IM’, "IM with unbalanced stator’, and 'IM
Broken Rotor Bar' interfaces.

Figure 9 presents the 'IM healthy' state consisting of the
‘parameters panel’, 'power supply panel’, and 'load panel'. By
using the 'IM healthy' interface, motor parameters, power
supply, and load data can be defined to both stator short-
circuit faulty and BRBs faulty IM Simulink models. The
'Healthy IM' interface allows the user to easily simulate
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machines of different power. Users have access to change the
applied voltage, motor load and motor parameters, and
investigate the change effects of load and motor parameters on
the motor torque and speed behaviors. The user also can
observe the d and g current and voltage components variation
of the motor in the stationary, rotor, and synchronous
reference frame system.
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Fig. 9 ‘Healthy IM' main interface.

Figure 10 shows the IM unbalanced stator state, by using
this state the behaviors of IM with stator unbalanced voltages,
voltage phase angles or stator short-circuit fault can be
examined separately in one phase or all three phases. Here the
simulation results of the faulty model can be visually
investigated in the time domain or can be presented in the
current park vector pattern.
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Fig. 10 Main interface for IM with Unbalanced Stator

Figure 11 demonstrates the ‘IM broken rotor bar' interface
page developed for the Simulink model of IM with BRB fault.
By using this interface, the behavior of IM with a different
number of BRBs can be simulated in the time domain or the
effect of BRBs can be investigated in the current park vector
pattern.
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Fig. 11 IM broken rotor bars main interface
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The simulation process of developed Simulink models with
MATLAB/GUIDE is represented in Figure 12, here firstly the
motor parameter, load, and three-phase voltage data are
defined from the main page to the Simulink models, then the
fault data of stator short-circuit, or broken rotor can be
introduced to related Simulink model. Finally, the simulation
results can be visualized by clicking on buttons taking part in
the 'show graphic’ panel.

Fig. 12 MATLAB/GUIDE workflow

V. SIMULATION RESULTS AND STUDENTS FEEDBACK

This section of the study represents the simulation results of
developed Simulink models of faulty IM under different
severity of the faults both in the time domain and in the park
vector pattern. Then the students' comments and evaluations
about the work have been explained. Firstly, Simulation
results for the motor parameters, given in D-APPENDIX are
carried out by using the Simulink model developed for the
motor with the stator windings short-circuit. In Figure 13, the
simulation output of stator phase currents in case of a 3%
short-circuit fault in phase a is shown, and it is seen that the
current in the faulty phase has been raised.

LR PR O MOram Rosr an

TE Y N———

Phree s T v

10

Fig.‘ 13 Simulation output of stéiof'phase currents for 3% short-circuit
fault in phase a.

Figure 14 (a), (b), (c), and (d) demonstrate the variation of
stator currents, torque, speed, and speed-torque behavior under
healthy, 5%, 10%, and 15 % short-circuit faults in phase a,
respectively. Due to the unbalanced current in the stator
phases, the formation of the unbalanced field occurs, which
forces the motor to rotate in positive and negative directions.
Thus, it is observed that oscillations occur in the speed and
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torque waves, and the amplitudes of the oscillations increase
with the increase of the fault.
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faults in phase a, under full load after 0.5s, (a) phase currents, (b)
torque, (c) speed, (d) speed torque
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Figure 15 (a) indicates the current park vector patterns
drawn separately for healthy, 10% short-circuit fault in phase
a, 10% short-circuit fault in phase b, and 10% short-circuit
fault in phase c. In healthy conditions, the current park vector
pattern is circular, in faulty conditions elliptical distortion
occurs in the shape of the pattern, and the current park pattern
takes place at different angles with the y-axis for faults
individual in phases a, b, and c. Figure 15 (b) shows the
current park vector pattern obtained for healthy, 5 %, 10%,
and 15% short-circuit faults in the stator phase a. A rising in
fault causes an increase in the major radius of the ellipse and a
decrease in the minor radius. In healthy conditions, the radius
of the circle is 11 units and fixed to the coordinate center. In
case of 5 %, 10%, and 15% short-circuit fault in the stator
phase a, the respective length of the major axis of the elliptical
current park vector pattern becomes 13-unit,16 units and 19
units, and in all fault cases in phase a, the pattern is located at

the angle of 50" with the y-axis.
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Fig. 15 Current Park vector patterns:(a) Healthy, %10 stator short
circuit in phases a, b, and c, (b) phase a healthy, %5, %10, %15 short-
circuit fault.

To examine the behavior of BRB faulty IM, the motor
parameters given in D-APPENDIX have been tested on the
Simulink model developed for BRB faulty condition.
Simulation results are obtained for the presence of 1BRB,
3BRB, and 5 BRB faults. If the rotor bar is broken in the
motor, there is no symmetry in the magnetic field between the
stator and the rotor. Since no current flows on the broken rotor
bars, deterioration occurs in the stator and rotor currents.
Figure 16 demonstrates the variation of the stator phase
current in healthy, 1BRB, 3BRB, and 5BRB fault conditions.
It is seen that there is a deterioration in the form of the current
signal due to the fault and increases with the fault rising.
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Fig. 16 Simulation output for the stator phase a current in case of
healthy 1BRB, 3BRBand 5BRB.

Figure 17 indicates the transient and steady-state behavior
of IM under full load after 0.5s in the case of healthy, 1BRB,
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3BRB and 5BRB faults. Contrary to the healthy state,
fluctuations occur in the torque and speed signals both in the
transient and steady-state region, and fluctuation increases
with rising the number of BRBs. However, it has been
observed that the average speed values decreased with the
increasing number of BRBs.

200 1500
Healthy
—_ 1BRB 1440
150 ——3BRB
_ oers 1420
1000 1400
100 20 AL c 1 15 2
€ 15 S
= MY =
500
15 a2 Healthy
——1BRB
——3BRB
——5BRB
o
o 1 2 3
Time(s) Time(s)
(@) (b)

Fig. 17 Simulation output for the stator phase a current in case of
healthy, 1 BRB, 3 BRB and 5 BRB, (a) torque, (b) speed

Figure 18 indicates the current park vector modules
obtained by using the steady state values of i¢ and i current

components in case of healthy, 1BRB, 3BRB, and 5BRB
faults. The resulting current park vector module for healthy
IM is a complete circle. The current park vector modules
obtained in the case of 1BRB, 3BRB, and 5BRB are in the
form of a ring and it is seen that the thickness of the ring
increases with the severity of the fault.

® Healthy ® ——1BRB
10 10
5 5
g o & o
-5 5
10 10
15 15
-20 -10 0 10 20 -20 -10 0 10 20
ids ids
@ (b
15
® ——3BRB —5BRB
10 10
5 5
& o & o
5 -5
10 -10
15 -15
-20 -10 0 10 20 -20 -10 0 10 20
ids ids

Fig .18 Current Park vector Patterns in case of (a) healthy, (b) 1BRB,
(c) 3BRB, (d) 5BRB

VI. EDUCATIONAL ISSUES AND ASSESSMENT RESULTS

The study of faulty IM based on MATLAB/Simulink
software has been successfully used in several courses. In
Marmara University at the graduate level, the developed
Simulink models were used in the courses Design of Electric
Machines and Transient States in Electrical Machines given in
the semesters 2019-2020 and 2020-2021 covering a total 31 of
students.

The basic concept of the dq0 reference frame systems,
three-phase to two-phase conversion, and stationary and
synchronous reference frames have been detailed with
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necessary explanations throughout the course. After learning
the dq0 transformation (Clark Transformation), it was applied
to a three-phase healthy IM mathematical model and
transformed to the qdO arbitrary reference frame. The
mathematical model of the IM motor in qdO arbitrary
reference frame was implemented in the Simulink
environment and the d and g voltage and current components
were simulated in stationary reference, rotor reference, and
synchronous reference frame systems by changing the
arbitrary reference speed equal to stationary(zero) speed, rotor
speed and synchronous speed, respectively. The transient and
steady-state behaviors of motors under the different load
conditions in a healthy state were examined during the healthy
motor modeling subject. The study related to healthy IM can
be found in, [25].

After reinforcing the mathematical modeling of the healthy
IM and its behaviors, the stator and rotor faulty IMs were
modeled in the dqO stationary reference frame and
implemented in the Simulink environment. The stator and
rotor faulty models were tested by students during the lesson.
The effects of each fault and the severity of each fault on the
stator current, speed, and torque were observed in the time
domain. In addition, the data from the simulation results in the
case of each fault was recorded and for each fault scenario, the
park vector pattern was analyzed.

At the end of the semesters, the dg frame and faulty IM
modeling by using Simulink and simulation with
MATLAB/GUIDE were assessed by MSc students in two
different semester course materials under five categories
called A, B, C, D, and E. In A category, the students were
asked to score the simplicity of modeling of a faulty IM in the
dqO reference frame system,89.5% of students evaluated as
positive, and 10.5% gave negative scores due to not
considering some parameters such as skin effects or saturation
problems in mathematical models. In the B category, students
were asked to score the implementation of the mathematical
models under the MATLAB/SIMULINK environment, 96%
of them found it practical while 4% of them thought that the
models are complex to be used for education purposes. In the
C category, they were asked to assess the simulation result
viewability using the MATLAB/GUIDE application
developed for Simulink models,94.5% of their feedback was
positive and 5.5% of them recommended adding more options
to the mentioned GUI application. In the D category, the
students were requested to evaluate the dynamic behaviors of
faulty IM in the time domain under different fault severity
scenarios, 70% of the participants gave positive scores and the
rest of them thought that it is difficult to distinguish faults
from each other in the time domain. In the E category, the
students participated in the evaluation of fault analysis by
using the current park vector method. Approximately %98.5
of the students were of the same opinion that the current park
vector is the optimal method that can reflect the fault type and
fault severity in a more distinguishable manner.

The assessment results are summarized in Table 1 and the
average of all observations through the two-semester courses
is represented in figure 19. According to the results of the
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evaluation of the students, models of the faulty models in the
dqoO reference frame attract attention in electrical machinery
lessons due to advantages such as reduction of mathematical
equations, independence of inductance expressions from rotor
position, simplicity of models, easy design in Simulink
environment and less simulation time. The main disadvantage
of the faulty IM models in the dqO reference frame, pointed
out by the students, is that the models obtained for the motor
do not include some parameters effects such as current skin
effect, hysteresis and Foucault’s losses, temperature and
frequency effects, and magnetic circuit effects. In general,
from the student evaluations on the faulty IM dg0 models, we
can conclude that the model can be used for modeling faulty
IM, ignoring some parameters that do not affect the motor
behaviors much under normal operating conditions. However,
if one works on an IM design, the effects of the parameters
should be included in the mathematical models according to
the importance of the study.

TABLE 1 Summary of Assessed Data over two semesters.

16

Assessed Data Group.1l | Group.2
Semester 2019 2020
Fall Fall
Number of students 15 16
Category | Score Out of | Out of
100 100
A Simplicity of modeling of | 89 90
a faulty induction motor
in dq reference frame
system
B Implementation of the 95 97
mathematical models in
MATLAB/SIMULINK
environment
C Simulation viewability 98 91
using MATLAB/GUIDE
application
D Behavior of faulty 67 73
induction motor in time
domain under different
fault severity scenario
E Fault analysis by using 98 99
current park vector
method
Total Score 89.4 90
AVERAGE OF ALL ASSESSMENTS
IN TWO SEMESTERS
.
< ®Positive evaluation  ®Negative evaluation
% 9 2 2 ®
= @ 5 o o
z. S
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Fig. 19 Average of all assessments in two semesters
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During the course face to face, the questionnaire has been
realized to measure the effectiveness of using
MATLAB/GUIDE simulation actively in electric machine
theory courses. The master science students in Marmara
University, Electric-Electronic Engineering department have
participated in this study. They remarked that the learning of
mathematical models and fault analysis of IM with the visual
expressions using the MATLAB/SIMULINK environment as
a software laboratory with its features in the electric machine
course reinforced their understanding of theoretical knowledge
and increased their interest in the subject matter. As for the
validity of the models, the simulation results obtained from the
developed models were found close to the experimental
results, so the course teacher and the students suggested that
the models can be used as the stator short circuit faults and
rotor faults data generator. The faulty models can be simulated
for any desired simulation time and any specified fault
severity, and the data of the motor torque or stator currents can
be recorded for the use of developing classic fault diagnosis
methods or artificial intelligence-based methods for fault
control and diagnosis. Moreover, the models created under the
Simulink software environment can be used by students as a
virtual laboratory during the lesson to understand the
behaviors of IM during healthy and faulty conditions.

VII.

Developing an accurate faulty IM model that accurately
represents the dynamic behavior of the faults and hence
developing an appropriate fault detection and control method
is important for both education and practical applications.
However, a comprehensive and complex model is required to
accurately represent the fault behavior, which will have
limitations in both model building and simulation time. In this
study, a dq-based approach is used for obtaining more
simplified models expressing stator three-phase short-circuit
fault and BRB fault compared to previous studies focusing
only on single-phase faults. To use the models for educational
purposes the derivation and arrangement of all equations and
their implementation in the Simulink environment have been
clearly explained. To increase the usability of faulty IM
Simulink models developed for educational purposes, a
MATLAB GUI application has been designed that can provide
access to all models and display simulation outputs from a
single interface. By using the proposed GUI, the user can
simulate motors of different power with different loads under
the condition of healthy, stator short circuit fault and BRB
fault. The scenarios created in the Simulink software
environment are arranged in a way that allows students to use
and develop them in a virtual laboratory in lessons so that they
can understand the behaviors of IM in healthy and faulty
situations in detail. The developed models of faulty IM and the
educational tools are suitable for higher education students
engaged in IM faults analysis and simulation.

As a result of the validation of the models to test the healthy
and faulty IM Park Vector pattern, the models were simulated
under healthy and faulty conditions and the recorded data of g
and d current components was used for investigating the

CONCLUSION
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effects of each fault and its severity on the park vector pattern.
The park vector module obtained for the healthy motor was
observed in the shape of a circle. In the case of a short-circuit
fault in each of the three phases individually, the park vector
patterns have been seen in the same elliptical shape but
located at different angles to the y-axis. It has been observed
that a short-circuit fault rising in single phase results in an
increase in the major axis of the ellipse and a decrease in the
minor axis. In the case of the BRB fault, the current park
vector pattern has been observed in the shape of a ring, and it
was noticed that the thickness of the ring increased with the
increase in the BRB number.

APPENDIX
A-APPENDIX: Symbols

T, Load moment (Nm)

T, Induced moment (Nm)

L,,L;,,  Rotorand stator leakage inductances(H)

L, Magnetization inductance((H)

f Source frequency(f)

i9,id,i2  Stator current components(A) in the qd0 reference

frame

i9,i9,i°  Rotor current components(A) in the qdO system

23,29,20  Stator flux connections (Wb) in the gd0 system

29,249,212 Rotor flux connections (Wb) in the qdO system

v3,ve, V0 Stator voltage components(V in the qd0 system

vd,vd, vo Rotor voltage components(V) in the qdO system
B -APPENDIX:

L%, 1%%and LI%°* derivation.
L™ = [T (0=0)1[L] (T (6=0)]"

This equation can be written in the stationary reference
plane as below.

1 1
1 —= ==
2 2 Kaz(Lls+Lm) KaKsbLm KsaKsch
3|1 _§ ‘/2_5 x KaKsbLm sz(Lls+Lm) Ksstch X
L L 1 KaKsch KscKsbLm Kscz(Lls+Lm)
2 2 2
1 0 1
1 VB Ls1a Lsiz Lsis A .
2 2 =|Lsz1 Lsza Lsps| When simplified.
_1 ¥ Losi Lgzz  Lgsz

2

1 2 2 2 1 2 2 2
Lg11= glls(4Ka +Kj +K&) + 6lm(4Ka + Ky + KF + 2K, K},
+ ZKach - KbKC)

V3 V3
Lotz=g lis (K} = K2) + - L (KE = K2)
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1 2 2 2 1 2 2 2
le3 = §lls(4Ka - Kb - Kc) + alms(4‘Ka - 2Kb - ZKC - 2KaKb
— Ky K. +2K,K,)

V3 V3
Lle: ?lls(Kl? - Kcz) + ?lmKl? - Kcz)

1 2 2 1 2 2 2
L322=5lls(Ka + Kb) + §lm(Ka + Kb + Kc + KDKC)

V3 V3

LS32= ?lls(Kcz - sz) + ?lm(ZKcz - ZKCZ + KaKb - 2KaKc)

1 2 2 2 1 2 2 2
Lo = ¢ s (2KE = K§ — K2) + 75 lm(4KZ — 2KF — 2KZ — 2K,K,
— KyKe + 2K,K,)

V3 V3
L532= ?lls(sz - Kcz) + Elm(ZKcz - Zsz + KaKb - KaKc)

Lega= Lig(KZ + KZ + K2) + 2L (K2 + K + K2 — 2K, K;, —
2K.K.. — K,K_.) are obtained.

13%°% = [T( = 0)][L%s*][T(-6,)]"* This equation can be
written in the stationary reference plane as below.

2m 2m
K,cos (BT + —) K,cos (HT - —)
3 3
™

1

[

2w 2m\ |
(Br — ?) K, cos(6,) Kycos (Gr + ?) [
2 2m |

K.cos (9, + ?) K.cos (QT - ?> J
cos(—6,) sin(—6,) 1

2m

sin(—6, — ?) 1

21 . 2n
lcos(—er + ?) sin(—6, + ?) 1
Lsrll Lsr13
= |Ls21 Lgras

Lsr31 Lsr33

K cos(6,)

2m
% cos(—6, — ?)

—_—

Lsrlz
Lsrzz
Lsr3Z

When this matrix equation is simplified
1
Lsr1 = glm(4Ka +Kp +K.)

V3
L1z = ?lm(Kb -K)

Lg13 =0

V3
Loy = ?lm(Kb -K)

1
Lgyap = Elm(Kb +K.)
Lz =0
1
Lz = glm(ZKa - Ky —K.)

V3

Lo = ?lm(ch —Kp)

Lg33 =0 . are obtained.
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L% = [T(®)][Ls][T(B)]~* This equation can be written in
the stationary reference plane as below.

[ cos(8) cos (—9, - 23—”) cos (—
sin(—6,) sin (—9, - 2?") sin (—

1 1 1 J
2

2 2
2 2
K, cos(6,) K, cos (9, —?") K, cos (9, + ?")]
2 2
K, cos (Gr + ?") K}, cos(6,) K, cos (9, - ?n) L.g X
| K, cos (HT - %n) K, cos (9, + 2?") K, cos(6,) J
cos(—6,) sin(—=6,) 1 L L L
2m. . 2. rs11 rsi2 Ts13
cos(=; = ?) sin(=0, — ?) 1= [Lrsn Ly, Lrsz3]
[ cos(—0, + %n) sin(—6, + 2?") 1 Lrss1 Lrszz  Lrsss

When this equation is simplified
1
Lysiy = glm(4Ka +K, + Kc)

V3

Lisip = ?lm(l{b —Ke)
Lisiz = %lm(ZKa —Kp —Ko)
Lysa1 = ?lm(Kb —Ko)
Lysap = %lm(Kb + Ke)

V3
Lygp3 = ?lm(l{cc - Kp)
Lys13 = Lyg33 = Lyg33 = 0 are obtained.

C-APPENDIX:
1 1
Ry11 = §(ARa + AR, + AR,) + z (24R, — ARy, — AR.) cos(26y,)
3
+ % (AR, — AR.) sin(26,,)

1 _ V3
Ry1z = =2 (24Rq — ARy, — ARC) sin(26) +~~ (4R,
— AR,) cos(26,,)

1 V3
Ryq3 = 3 (24R, — AR, — AR,) cos(6,,) — Y (4R,

— AR,) sin(6y,)
Ry21 = Ryiz

1 1
Ry = 3 (ARy + ARy + AR,) — g(ZARa — AR, — AR.) cos(26,,)
V3
+ < (ARyp — AR,) sin(26,,)

1 , V3
Ryzs = =3 (24Rq — ARy — ARc) sin(B) = =~ (ARy

— AR.) cos(0y,)
1
Ry31 = ERT13
1
Rsp = Eers

1 1
Ryss =3 (ARq + 7 (4Rq + ARy + AR.)
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D-APPENDIX: Motor Parameters:

Rated Power 3hp
Rated Voltage 230v
Rated Current 9A
Rotor Resistance 0.816Q
Stator Resistance 0.435Q
Magnetization Inductance 0.0695H
Stator Inductance 0.0024H
Rotor Inductance 0.0024H
Moment of Inertia 0.089 kgm~2
Load Torque 15Nm
Amount of Rotor Bars 28
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