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Abstract — Induction motor is the main electrical machine for
many applications because it has advantage sides, However, it
may be affected by many probl for le the broken
rotor bar problem. In recent vear. many researches attempt to
investigate the characteristics of induction motor with the
broken rotor bar conditions. This paper aims to swnthesis of
stator current waveform of induction motor with broken bar
conditions by using the single broken bar condition of the
stator current waveform. The svnthesis method can be
separated as two cases. which is originated by the FEM and
the experimental results. Finally. the proposed svnthesize
method from using the result of the experimental work can be
considered successfully.

L INTRODUCTION

Induction motors are widely used in the industrial pro;e@.s
due to its efficiency. low maint and inexy 1ess.
However, long time use can cause damage to motors,
particularly to the main components. e.g bearing, stator
winding. and rotor bar [1-4]. The maintenance of the induction
motor is necessary for preventing the damage. If the motor is
detected its fault before damage is occurred. serious loss can
be prevented and motor life will be prolonged.  Many
researchers studied on analysis of motor fault by diagnosing
stator current.  The motor fault will generate harmonic stator
current at different frequency depending on types of fault [3].
Some researchers used stator current analysis to diagnosing
rotor bar failure in the induction motor [5-7]. Revently.
researchers also used the FEM 10 create several motor models
for studying in order to save time and cost. The FE analysis
can illustrate the clectromagnetic waveforms which are a
normal waveform, and irregular distribution ol’ma‘gnmic force,
[10-11.13-15]. However, some irregular electromagnetic
distributi which caleulated by FEM. are required to be
considered carefully [14-15].

In this paper, the squirrel cage induction motor is
investigated for proposing the synthesize method to predict the
stator current waveform which is caused by the broken rotor
bar problem. For ement method, the current signature
analysis is selected and several broken rotor bar cases are
researched for confirming the proposed synthesize method.

L]
IL DESIGN OF 2D FEM ANALYSIS METHODOLOGY
4. Molor parameters of FEM model
Basically, the finite element method (FEM) is a tool for
diagnosing induction motor prototype, which is a single phase
motor. Figure 1 shows the induction motor parameters and
simple motor structure.

Rated power (W) 186.5
Rated veliage (V) 220
Rated frequency (Hzy 30
Number of poles 4

Fig 1. Parameters of the motor model

B. Modeling of Broken Bars

In this paper, the squirrel-cage loops of finite element
models need to be set abnormally in order to create the
fracture of rotor bar circuit. Figure 3 shows the circuit setting
ol squirrel-cage rotor bar for both cases, which are normal and
broken rotor bar conditions. Normally, the rotor bar circuit
can be set simply by two different ways. Firstly, some FE
program allow the FEM user to set the current 1o be zero in the
broken bar directly, therefore the broken bar cannot effect 1o
other circuit loops. Secondly. the material of the broken rotor
bar can be replaced with non-conductive material, therefore
the broken rotor bar cannot induce to any electromagnetic

respond [12].
A rv.wx\ﬁw

N 4 4
g E } E; lrk'l" 95’
- t N R Rt )
Mol Vel e e i e e i eie
(b
Fig. 3 The cirawt sefting of squurel-cage rotor har for the FE models
ia)normal (b & broken bac

L

SYNTHESIS OF NON-ADJACENT BROKEN BARS HARMONIC
FROM ANALYSIS OF A SINGLE BROKEN BAR

nr

The current »igmlum analysis is found effectively for
metering  diag probl of the ind motor,
particularly broken bar cffect [1-8]. Therefore, the sideband
freq ies of the induction mwotor with the broken bar

problem can be reviewed as:
Jb = (V2 2%V f (¢)]
where  fyp are the sideband frequencies with broken rotor bar (Hz), [ is

supply frequency Hz), Kk =L23.and 5 per unit shp of motor
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Fundamentally, the normal stator current waveform can be
expressed as:

a
inn = D Insinnayt + 6;) @
nel2,
where I, and §, are the hanmonic order of the peak current, and initial
phase angle of the harmonic order phase current.

Moreover, in the case of the broken bar condition, the
stator current waveform of a single broken bar rotor can be
expressed as:

iy = hesin(Q - 2)@t + 4o )+ Lo sin(A+ )t + 4 ) (3)

where J;, I, are the lower sideband component associated with the single
broken bar, and the upper sideband component associated with the single
broken bar , respectively, two angles ¢ and @,; denote the initial phase
angle of the lower sideband and upper sideband comp

Typically, rotor frequency can be expressed as:

Also, speed of the magnetic field’s rotation is given by
rome =120 ®

where P is the pole of the induction motor.
Therefore
4= 3o 1) ©®
From the equation (6) can be rearranged as:
275ft = P2 Jome =S )1 @]
where f,,,‘. . Jm wre frequency of the magnetic field speed, and frequency
of the rotor speed respedtively, p is pole pairs of the induction motor.
Assuming
0= 27( foye S )1 ®

Consequently
syt = po )

From the equation (3), the stator current waveform of a
single broken bar rotor would be directed as:

in = Lysin(@g-2p0+ g, W e sin(apts2p0+gs)  (10)

Again, the stator current waveform of N, broken bar can
be transformed as:
)

= i Ijesin [ml—"p(fh
)+)

k=12,
The equation (11) can be rearranged as:

S (..W z,(ev an

N
2p2n)
b=y lum(ou—zm—';fim)
k=12,
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»I,,n'n(w,h 2p6+ z,,z;: L o..] (12)
Letting

a:q:-zpa+¢,,_b=n,,:+zpe+m,c=2ii,—?i (13)
Therefore

Ny
=1 Z (sina cosc + cosa sinc)
k=12,

+ 1L Z (sind cosc + cosb sinc)
=T

(14)
Then

[ Ny
ib=l,,[sina Z cosc + cosa z sinc]

k212, k=12,

N Ny
+1 inbz cosc + cos b Z sine

k12, k=12,

15)

Therefore

”Z“ sin(z)]: ’[ i cos(r)]2

k=12, k=12,

y N W
x[l,, sin[a+ m"[ Z sin(c) Z cos(e) J

k=12, k=12,

i s'n[bo (m‘x{ i‘: sin(c) i COS(C)J]:, 16)

k=12, k=12,

Inserting the parameters a, b and c, the resultant stator
current waveforms of Ny, broken bar can be expressed as:

3 w(2p ) 3 {2

k=12, k=12,

x (I, sin(at=2p0+ 4, + @)+ L sin(wg~2p8 + g +a))  (17)

Then
m[sziﬂﬂt) S5 oo

Finally, in the case of N, broken bar condition, the stator
current waveforms of induction motor can be expressed as:

a
i Z 1, sin(nayt + 6,)

Z mmJ [Z m;w, ] J

k=12,
x(l‘,sin(m,l— 2P0+ @, va)+ Iysin(wti 2p6 1+ ¢, +a)) (19)




IV. EXPERIMENTAL CASE STUDIES

In this section, the case studies of the broken rotor bar
_motor are investigated. Figure 4 shows the photograph of the
broken bar rotors which are several cases for example a
healthy bar rotor, a single broken bar rotor, a two broken bars
rotor, a three broken bars rotor, a four broken bars rotor and a
cleven broken bars rotor respectively. Figure 5 shows
laboratory measurement scene at Naresuan university.

T

()

£

(©
Fig. 4. Photograph of the non-adjacent broken bar rotors (a) healthy bar

(b) single broken bar (c) two broken bars (d) three broken bars

(e) four broken bars (f) eleven broken bars

g

®

Fig. 5. Laboratory measurement scene

Firstly, the induction motor model, which has a single
broken bar, is investigated by the stator current signature
spectrum analysis for illustrating the fundamental sideband
frequencies of motor.

° - -
1-BB (Test)
a0k Healthy (Test) | |
=)
E 40 4
g N / .
§ 0 / \ pom M [/ §"\ /\ \
- n M,\,V \,\~ P
soff J W
44 46 43 50 52 54 56
Frequency (Hz)

Fig. 6. Stator line current spectrum comparison
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Figure 6 shows the comparison results of stator line current
spectrum under the rated load condition. Since the motor has
broken rotor bar, the ch istic of freq are normally
established as(1-2s)f,, which can be labeled as lower-
sideband (LSB) and (1+2s)f;, which can be called as upper-
sideband (USB) [9-10].

A. Result of Synthesis from FEM

Figure 7 shows the amplitudes of stator current of a single
broken bar at (1-2s)f, and (1+2s)f, sidebands where which
is calculated by FE. Therefore their amplitudes will be
employed to synthesis the stator current waveforms in other
cases later. Also the study cases are separated by two groups
which are the even broken bar rotor and the odd broken bar
rotor.

40
3s

Amplitude (mA)
- N W
s &3 &3

o«

-2)f, 0+29)f,
Frquency (Hz)
Fig. 7. Amplitude of stator current of a single broken bar calculated by FE
Al. The Even Broken Bar Rotor Case

Figure 8 shows the rotors which are a single broken bar,
two broken bars and four broken bars respectively.

Fig. 8. The even broken bar rotor models (a) single broken bar
(b) two broken bars (c) four broken bars

Figure 9 and 10 show the comparison results of the stator
current waveforms by the two broken bar rotor and the four
broken bar rotor motors. There are three comparable results of
the stator current waveforms that are the experimental results,
the proposed synthesis results and the FE calculated results. It
can be seen in both figures that the stator current waveforms
by the proposed synthesis and the FE calculation are similar
since the proposed synthesis result is generated by the
amplitudes of stator current of a single broken bar according
to the equation (19) that is originally FE calculation. However,
as lower-sideband (LSB).(1-2s)f,. the results from all
methodologies are comparable, however as upper-sideband
(USB) , (1+2s)f,, the result from the experimental result is
different. Their amplitudes of the both results from the
proposed synthesis and the FE calculation are slightly lower.
Figure 11 shows the comparison of their stator current
amplitudes. In the even broken bar rotor case, the number of
broken bar rotor is significant to the stator current amplitude
[13-14].



current waveforms particularly in figure 13. However in the

. ——8—2-BB (FE) cleven broken bars motor their results are difficult to
—¥—2-BB (Syn) lude. Since the litude of the current component at

g-zo """ 2-BB (Ted) lower-sideband  (LSB),(1- 25)f,, produces generally a
;‘:. (1+29) 1, \ q torque pulsation at twice the slip frequency, 2, ,
5 40 e this torque pulsation may be caused to the speed pulsations at
5 i the same frequency, therefore the amplitude of the current
;’5 60 J p at upper-sideband (USB), ( 2)s /, , is very small
2, A [4). Figure 15 shows the comparison of their stator current

-80 h 3 amplitudes. In the even broken bar rotor case, the number of
o o « P 3 52' v % broken bar rotor_is also related to the stator current amplitudes,
Frequency (Hz) however the higher number of broken bar rotor of the

Fig. 9. Stator current spectrum comparison of the two-broken bar motor

—8—4.BB (FE)
—¥——4.BB (Syn)
===== 4.BB (Test)

Stator current (dB)

Frequency (Hz)
Fig. 10. Stator current spectrum comparison of the four-broken bar motor
140 +
0 1-BB (FE)
120 8288 (FE)
< 100 O 2-BB Synthesised)
E D4-BB (FE)
s 80 4 ®4-BB (Synthesised)
=2
= 60
o
E 40
<
20
—1 ]
a-29f " A+2s)fe
Frequency (Hz)

Fig. 11. Amplitude of stator current of the even broken bar motors

A42. The Odd Broken Bar Rotor Case

Figure 12 shows the rotors which are a single broken bar,
three broken bars and eleven broken bars respectively.

(©)
Fig. 12. The odd broken bar rotor models (a) single broken bar
(b) three broken bars (c) eleven broken bars

Figure 13 and 14 show the comparison results of the stator
current waveforms by the three broken bar rotor and the
eleven broken bar rotor motors. Againas upper-sideband
(USB), (1+2s)f,, the experimental result of the stator current
waveform is higher than the synthesis and FE results of stator

V4

induction motor can affect its lower stator current amplitude
[13-14).

—&—3.BB (FE)

@ —%—3-BB (Syn) ]
a =m===3.BB (Test)
=-20
B \
£ (+25)f,
g -40
b
3
3.0

-30
14 46 48 50 52 54 6
Frequency (Hz)
Fig.

13. Stator current spectrum comparison of the three-broken bar motor
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Fig. 14. Stator current spectrum comparison of the eleven-broken bar motor
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Fig. 15. Amplitude of stator current the odd broken bar motors

B. Result of Synthesis from Experimental

According a single broken bar rotor motor, the results of
the litude current cc t at upper-sideband (USB),

P

(1+25)f,, from the FE method, is small, subsequently the




proposed synthesis result of the stator current waveform is
smaller than that result from the experimental work in
particular at upper-sideband. In this section, the error which is
= caused by the FE calculation is evaded, and then the stator
current waveform of a single broken bar will be focused in the
experimental result. Figure 16 shows the amplitudes of stator
current of a single broken bar at (-2s)f, and (1+2s)f
sidebands where which is measured in the induction prototype.
It can be notice that the amplitudes of stator current at the both
sidebands are nearly equal. Therefore the proposed synthesis
method according to the equation (19) will be illustrated
again.
20
175 4

“

12.5

N
“w i o

Amplitude (mA)

N
°o w

a-29% A+29%,
Frquency (Hz)

Fig. 16. Amplitude of stator current of a single broken bar from experimental

Figure 17 — 20 show the comparison results from the
experimental and the proposed synthesis methods in four cases
for example the two-broken bar motor, the three-broken bar
motor, the four-broken bar motor and the eleven-broken bar
motor respectively. Since the amplitude of the current
component at upper-sideband (USB), ¢ €)s /. (17.8 mA), is
similar to the current component at lower-sideband (USB),
(1-25)7, (17.4 mA), their results are comparable.

[ —5——2BB(Test) — % 2BB(Jpathesised) ]
ol .
o
S0
£
g -0
!
= -60
«
-80
4
Frequency (Hz)
Fig. 17. Stator current spectrum the two-broken bar motor
[—o—33pauy —¥—3mEmenscs |
of R
)
% -20
[
E -40
ie
“

Frequency (Hz)
Fig. 18. Stator current spectrum of the three-broken bar motor
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Fig. 19. Stator current spectrum of the four-broken bar motor
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Fig. 20. Stator current spectrum of the eleven-broken bar motor

V. CONCLUSION

Although the predictive motor diagnosis is efficiently
simulated by FEM, the error may be occurred by several
reasons for example the unbalancing conditions of
electromagnetic fields [15]. The broken rotor bar problem of
the squirrel cage induction motor can be diagnosed by many
methodologies. For example, its measurement method can be
achieved effectively by the current signature analysis. The
stator current waveforms of the broken rotor bar condition can
be also predicted by the proposed synthesis method according
by the equation (19). In particular the proposed synthesis
method from the experimental work is illustrated in this paper.
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Abstract — Induction motor is the main electrical machine for
many applications because it has advantage sides. However, it
may be affected by many problems. This paper aims to study the
broken rotor bar problem by using extensive methodologies, such
as current sig| e analysis, tic vector p i gneti
flux density and joule loss density, to investigate the broken rotor
bar. Finally, the motor performances, relating to the broken
rotor bar effect, are illustrated.

Index Terms—Motor Diagnosis,Induction Motor, Broken Rotor Bar

L INTRODUCTION

Induction motors are the main component in the
manufacturing process and are also widely used in household,
factories, and industries. They are the important part for
converting electric energy to mechanical energy in the
industrial manufacturing process. Therefore, the damage of’
the induction motor directly #ffects the process, which might
results in financial loss of the manufacturers.

The maintenance of the induction motor is necessary for
preventing the damage. If the motor is detected its fault
before damage is occurred, serious loss can be prevented and
motor life will be prolonged. Many r hers studied on
analysis of motor fault by diagnosing stator current. The
motor fault will generate harmonic stator current at different
frequency depending on types of fault [1-2].  Some
rescarchers used stator current analysis to diagnosing rotor bar
failure in the induction motor [3-5]. Recently, researchers also
used the finite element method to create models or parameters
for studying in order to save time and cost. The finite element
analysis can illustrate collapsed electromagnetic waveform,
abnormal current waveform, and irregular distribution of
magnetic force, which will clearly indicate faults of motor
performance [6-9). &

In this paper, the squirrel cage induction motor is
investigated by the predictive and measurement methods. For
the predictive method, the finite hod is selected to
forecast the broken bar effect on the induction motor. For
measurement method, the current signature analysis and the
instantaneous power spectrum analysis are picked. Also the
motor performance is discussed, because the broken bar
problem demolishes the motor performance in many ways.
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1I. DESIGN OF 2D FEM ANALYSIS METHODOLOGY

A. Fundamental Equation
The 2-D FEM model of the motor is employed and the
fundamental equation describing the transient magnetic ficld

distribution in terms of the vector magnetic potential, the
reluctivity, conductivity, and current density can be expressed

as [10]:
a( 6.4) a( o4
—|y—|+—|v—|=-J+0
ox\ ox) éy\ oy

where A is the vector magnetic potential, v is reluctivity, o is
conductivity, J is current density

E2

= (O]
ot

B. Motor parameters of FEM model

Basically, the finite element method (FEM) is a tool for
diagnosing induction motor prototype, which is a single phase
motor. Figure 1 shows the induction motor parameters and
simple motor structure.

A27.6mm
Rated power (W) 186.5
Rated voltage (V) 220
] Rated frequency (Hz) 50
y Numbser of poles 4

Fig. 1. Parameters of the motor model.

C. Modeling of Broken Bars

In this paper, the squirrel-cage loops of finite element
models need to be set abnormally in order to create the
fracture of rotor bar circuit. Figure 2 shows the circuit setting
of squirrel-cage rotor bar for both cases, which are normal and
broken rotor bar conditions. Normally, the rotor bar circuit can
be set simply by two different ways. Firstly, some FE
program allow the FEM user to set the current to be zero in the
broken bar directly, therefore the broken bar cannot effect to
other circuit loops. Secondly, the material of the broken rotor
bar can be laced with non-conductive material, therefore
the broken rotor bar cannot induce to any electromagnetic
respond |9].




Fig 2. The circunt seiting of squirrel-cage rotor bar for the FE models
(a) normal (b) a broken bar

1 DIAGNOSTICS ANALYSIS TECHNIQUES

A. Current Signature Analysis (CSA)

The current signature analysis is found effectively for
metering  diagnosing  problems  of the  induction  motor.
particularly broken bar effect [2-5]. Thercfore, the sideband
frequencies of the induction motor with the broken bar
problem can be reviewed as:

S =(1£2ks) fo ()

where /. are the sideband frequencies with broken rotor bar
(Hz), feis supply frequency (Hz). & =1,23,. and s is per
unit slip of motor.

B. Instuntancous Power Spectrum Analysis
Fundamentally, the supply voltage can be expressed as’

V= J’El‘cﬂs(w{ +6) 3

where} the rms voltage and 6, is initial phase angle of
fundamental phase voltage.

Also the normal stator current waveforms can be expressed
as

In =ﬁlms(ml+él) 4)

where / and 6, arc the rms current. and initial phase angle of
fundamental phase current.

In the case of broken bar condition, the stator current
waveforms can be expressed as:

» =JEICA\S((‘J’+Q}+J§/{CU§((I—Z.\‘)lzll+ﬁ)
21, cos((1 +29)or + )

where /;. 1, are the lower sideband component. and the upper
sideband component. respectively. two angles ﬂy and 4
denote the initial phase angle of the lower sideband and upper
sideband components.

Furthermore, the mstantancous power of the induction
motor with the broken bar condition can be computed as:

(&)
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e =2V [costor +8)* cos(ex +6))
+2V 15[ cos(en +8)* cos((1- 25)an + 1) |
241, [cos((w +6)*cos((1+25)t + Br)] 6)
Mathematically, the trigonometric identity is selected to
apply.
cusAcosH:%cos(A—ll)q-%cos(AHi) (N

E y. the i
po =Vi[cos(8 +6)+cosCor +6- +6)]

+1i[cos(2sex + 8 - f)+cos((1- 90201 + & + A1) ]
+11,[cos (250t ~ B + )+ cos (1 + )26 + O + B )]

power can be concluded as:

(8)
Form equation (8), frequencies of the instantancous power
harmonic due to broken bar case are induced at:
Ir =28 Hz Jo=(£5)2f Hz
where f; are frequencies due to broken bars (Hz). £ is
supply frequency (Hz), s is per unit slip of motor.

e

IV, EXPERIMENTAL CASE STUDIES

In this section, the case studies of the broken rotor bar
motor are investigated. Figure 3 shows the photograph of the
shows

broken bar rotors. Also figure 4 laboratory

measurement scenc.

o ®)
Fig. 3 Photograph of the broken bar rotors (a) healthy bar
(b) single broken bars (¢) three adjacent broken bar (d) five adjacent
broken bar (¢} seven adjacent broken bar (f) two broken bar with 180
degree separation () four broken bar with 90 degree separation




Firstly, the induction motor model, which has a single
broken bar, is investigated by the stator current signature and
instantancous power spectrum analysis for illustrating the

“fund. ] sideb d l‘l_ q i Ofﬂmor.
20 -
wameanenve: BN
or Test
a-29% +29f

L \y *

Stator current (dB)
3 IS ©
= =

g

&
<

46 48 S0 Sz 54 56
Frequency (Hz)
Fig. 5. Stator line current spectrum comparison

Figure 5 shows the comparison results of stator line current
spectrum under the rated load condition. Since the motor has
broken rotor bar, the characteristic of frequencies are normally
established as (1—2s)f;, which can be labeled as lower-
sideband (LSB) and (1+ 25)fe, which can be called as upper-
sideband (USB). Also, figure 6 shows the instantaneous power
spectrum result. Evidently, the i power har i
cause show both sideband of frequencies of (1+5)2fe and
2sf., which are recognized as the frequencies of broken bars
condition. Therefore, these methodologies are cffective tools
for investigating the broken rotor bar condition of the
induction motor.
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Fig. 6. Instantaneous power spectrum of faulty motor

A. Effect of the Broken Bars Position

In this section, influence of the broken bars position is
investigated. Figure 7 shows the non-adjacent broken bar rotor
models of FEM that are single broken bar model, two broken
bar model with 180 degree separation and four broken bar
model with 90 degree separation, respectively.

Fig. 7. Three non-adjacent broken bar models (a) single broken bar
(b) two broken bars (c) four broken bars

82

P 1
8
i
E
3
3 o
“ 4 @ 0
Frequency ()
(@
6 0
i-ﬁﬂ
3
& 60
20
-

Fig. 8 Line current spectra (a) one broken bar (b) two broken bar with 180
degree separation (c) four broken bar with 90 degree separation

Figure 8 illustrates the waveforms of the stator current
spectrum of the three cases.  Although the sideband
frequencies of these cases are found as both
the (1-2s)fe and (1+ 25) /2, the stator current signature method
in particular dB waveform unit is questioned by the influence
of number of broken rotor bars. Since the increase of number
of broken adjacent bars, the amplitude of harmonics of stator
lines cument is also increased [3][5). Furthermore, the
amplitude of harmonic components of stator currentis
considered as shown in table I. When number of broken
nonadjacent bars is increased, according to figure 7, the
amplitude of harmonic compoenents of stator currentis likely
increased in both the lower and upper sidebands. For example,
for the two broken bar rotor with 180 degree separation, the
amplitudes of harmonic compenents of stator current are twice
when comparing with the amplitudes of harmonic components

of stator current of single broken bar rotor in both sidebands.

TABLE!
AMPLITUDES OF HARMONIC COMPONENTS OF STATOR CURRENT
Position of broken bars A-29f | Q+2)fe
Single broken bar (mA) 338 2.61
Two broken bar 180 degree separation (mA) 68.14 499 B
Four broken bars 90 degree separation (1nA) 133.1 895

M , the i »us power spectrum technique is
used to study. Table II shows the amplitude results of
harmonic components of power. Although the frequencies of
broken bar are (1+5)2f;, the amplitude results of harmonic

components of power are significant when the number of
broken rotor bar is increased, particularly non-adjacent bar
position. Figure 9 shows the instantancous power spectrum
waveforms for those cases. In fact, the stator current signature
and the instantancous power spectrum analysis are directly
related by considering the equation 8, therefore the results of
both techniques are similar.




TABLE I
AMPLITUDES OF HARMONK COMPONENTS OF INSTANTANEOUS POWER

Position of broken bars ufy (1-8)2/f, 0+ R
Single broken bar (W) .24 993 0.84
Two broken bar 180 degree (W) 1047 19.52 1.63
Four broken bars 90 degree (W) 20,59 374 299
60~ 60
P =
5 im X 1
5 -
2 2
2 &
z o
5 gm
i
2 Z-10
= = s L
0 2 4 6 8
Freguency (Hz)
@)
= 60 2 60 vy
3 0 2 |
§ 4(); g 4
I & §
20F | &
5 Fi ]
g o 2
g | g
Eoofi | E
E N X
40 %L
93
Frequency (Hz)
()
— 60- -+ . =
g 3
5 ] 5
2z 2
320 P &
L 2
g0 g
K - |
2 3-
£ \ g |
B PR .. = "
* 100108 A o ¢ 3
Frequency (Hz) Frequency (Hz)
)

Fig. 9. Instantancous power spectrum (3) one broken bar
(b) two broken bar with 180 degree separation
() four broken bar with 90 degree separation
B Effect of Electr gnetic Field Distrib
In this study, the effect of electromagnetic field of the
induction motor and the adjacent broken rotor bar are focused.
FEM is the main tool for calculating and displaying the
magnetic field distributions under the different rotor bar
conditions. Figure 10 shows the comparison of magnetic ficld
distributions of three FEM models that the mofor has a healthy
rotor, three adjacent broken bar and five adjacent broken bar,
respectively. Under the rated load condition, the magnetic
field distribution of the healthy motor is symmetrical. but the
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magnetic field distribution of unhealthy motor is apparently
unsymmetrical.

Fig, 10. Distributions of magnetic field (a) healthy rotor
(b) three adjacent broken bar (¢) five adjacent broken bar
l) Ad; I
Figure 11 shows the results of magnetic vector potential
waveforms (A ) in the air-gap of the induction motors which
have a healthy rotor and broken rotor bars, according to figure
10. The results of magnetic vector potential waveforms are
clearly reduced because of the broken bars region. The
influence of number of broken rotor bars is significant. Tt
shows that if the motor has more number of’ broken rotor bars,
the magnetic vector potential wavelorms of motor will get
more damaged. Therefore, when harmonic components of
magnetic vector potential are increased, the development of
inverse magnetic field, for torque pulsation and
unbalance magnetic pull will be occurred to deduce the motor
performance [8].
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Fig. 11. Magnetic vector potential (4 ) in the air-gap (a) healthy rotor
(b) three adjacent broken bar (c) five adjacent broken bar

2) Magnetic Flux Densitv
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flux density is

Figure 12 show the results of magnetic flux density (B ) in
the air-gap for the induction motors which have a healthy rotor
and broken rotor bars, as shown in figure 10. Since the
magnetic {lux density is related directly to the magnetic vector



potential, the results of the magnetic flux density calculation
are damaged due to the broken rotor bar conditions.

Flux Density (T)
=383
=

100 200 300
Angle (dogree)
©
Fig. 12. Magnetic flux density (B ) in the air-gap (a) healthy rotor
(b) three adjacent broken bar (c) five adjacent broken bar
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Fig. 13. Joule losses density on the rotor teeth (a) healthy rotor
(b) three adjacent broken bar (c) five adjacent broken bar.

In this section, Figure 13 show the results of joule losses
density on the rotor teeth for the induction motor which has a
healthy rotor and broken rotor bars, as shown in figure 10.
There are some significant results of broken bar effect in this
study. Firstly, the amplitudes of joule losses density at broken
bar position are definitely diminished, and it can be clearly
seen when the number of broken rotor bar is increased, for
example 5 broken rotor bars as shown in Figure 13 (c).
Secondly, the amplitudes of joule losses density around
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broken bar position are irregularly higher as shown in figure
13 (b) and (c). The amplitudes of joule losses density become
7 W/mm? for three adjacent broken rotor bars and 10 W/mm?®
for five adjacent broken rotor bars. Therefore, the induction
motor, which has the broken rotor bar problem, particular
adjacent bar case, could become more susceptible to thermal
stress and eventually lead to further rotor bar degradation [7].

C. Effect of Motor Performance
Generally, the electromagnetic torque is determined by
integration of 7 over the stator and rotor surface as:

7= 2 B8
;10 s

where B, and B,are the radial and tangential components of
the magnetic flux density.

(11

Since the electromagnetic torque is directly associated to
the magnetic flux density, the effect of the broken rotor bar
problem in thc motor is continuous transferred to its
electromagnetic torque. Figure 14 shows the comparison of
results of electromagnetic torque waveforms between the
healthy rotor bar and the five adjacent broken rotor bar effect.

10
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Fig. 14. Time variauons of electromagnetic torque
(a) healthy rotor (b) five adjacent broken bar

Correspondingly, Figure 15 and 16 show the comparison of
results of motor performances with effect of rotor bar
conditions. It can be stated that the broken rotor bar problem
influences motor performances since their magnetic filed is
demolished either its shape or amplitude. Figure 17 and 18
show the comparison of results from the FEM calculation and



the experimental results when the motors has healthy rotor bar
and five adjacent broken rotor bar.
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Fig. 17. Electromagnetic torque comparison with healthy rotor
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Fig. 18. Electromagnetic torque comparison with five adjacent broken bar
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V. CONCLUSION

The broken rotor bar problem of the squirrel cage induction
motor can be diagnosed by many methodologies. For example,
its measurement method can be achieved effectively by the
current signature analysis and the instantaneous power
spectrum analysis. Moreover, the predictive motor diagnosis is
efficiently simulated by FEM. Also, the broken rotor bar
problem can directly effect on motor performances which are
torque and efficiency. Obviously, the comparison results of
the predictive FEM and the measurement method are similar.
Thus, it can be concluded that the FEM calculation is the
effective tool for investigating the electrical machines
performance, even though the electromagnetic flied of the
induction motor is damaged inconsistently.
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