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Fault Detection of Broken Rotor Bars Using
Stator Current Spectrum for the Direct Torque
Control Induction Motor
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Abstract—The numerous qualities of squirrel cage induction DTC (Direct Torque Control) is characterized, aslwe=d
machines enhance their use in industry. Howeveipws faults can from the name, by directly controlled torque andxfland
occur, such as stator short-circuits and rotoufas. indirectly controlled stator current and voltagd. i an

In this paper, we use a technique based on therapanalysis of
stator current in order to detect the fault in thechine: broken rotor
bars. Thus, the number effect of the breaks has bighlighted. The
effect is highlighted by considering the machinetoolled by the
Direct Torque Control (DTC). The key to fault ddten is the
development of a simplified dynamic model of a saali cage
induction motor taking account the broken barstfand the stator

alternative dynamic control for vector control. Tihig interest
in DTC is caused by some advantages in comparisintie
conventional vector-controlled drives [4]. This tmh
technique provides remarkable dynamic performance f
parametric variations produced by many faults & tfechine
(rotor failures).

current spectrum analysis (FFT).
Il.  Model of the Induction Motor [5, 6]

The model of the induction motor takes into accoit
following assumptions:
negligible saturation and skin effect,
uniform air-gap,
sinusoidal mmf of stator windings in air-gap,
rotor bars are insulated from the rotor, thus neribar
current flows through the laminations,
relative permeability of machine armatures is agsim
infinite.
Although the mmf of the stator windings supposetbibe
sinusoidal, other distributions of rolling up couldso be
Ie?onsidered by simply employing the superpositicgptem. It
Is justified by the fact that the different compotse of the
space harmonics do not interact.
In order to study the phenomena taking place inrther,

the latter is often modeled by, meshes as shown on figute

Keywords—Rotor faults, diagnosis, induction motor, DTC, stat

current spectrum.

ROTOR cage faults are the third most important failure
cause in induction motors. These failures are ratéiy by

a combination of internal and external stressefm@together

with the natural aging process of the motor [1].

Rotor cage faults can be a serious problem wheuctiwh
motors have to perform hard duty cycles. If they mint
initially cause an induction motor to fail, theyncampair
motor performance, lead to motor malfunction, araise
serious mechanical damage to stator windings ift
undetected. Moreover, an induction motor with broketor
bars cannot operate in dangerous environmentsodsgatking
at the fault site [1]. For these reasons, a subataamount of
research has been devoted to this topic in thedeastdes, in
order to create new condition monitoring techniques
electrical machine drives, with new methods beirgetbped
and implemented in commercial products for thisppse [2]-
[3].

The research and development of newer and alteenati
diagnostic techniques is continuous, however, saaralition
monitoring and fault diagnosis systems should asnsayit new
specific electric motor drive applications [2], [3]

I.  INTRODUCTION
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Fig.1. Rotor cage equivalent circuit
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A. Stator inductance 1 2my,
. o i M, =- RL 9)
The expression of mmf a phase "a" is given by the " N2 e
following:
e mutual inductance between the adjacent meshes is
-~ The k™ I ind b he adj hes i
F ®) = 2Nl cos@ ) 1) given by:
pTt
M. =M =M, -L (10)
The induction created in the air-gap can be wrigten k) ki) " b
2
B,(6) = 2o sl2 cosg) @ 3
eprt A
. . . (N, =Dy
The main flux is thus written as: — N
N,e i on A4
0 _ 4, NiRL, - T N[
» T ey I o
l'10 . Iric
The principal inductance of the magnetizing statuase is: _E'r <
2 Fig.2. Form of magnetic induction of rotor meshateel by two
|_SID = & = w&RL (4) bars
| ILs
Re Le

Therefore the total inductance of a phase is eiguidde sum
of the magnetizing and leakage inductances, thus:

L =L +L ®)
S sp sf

R

The mutual inductance between the stator phases is b(k-1)" "b(k-1)
computed as: R, L,
L N, N,
Ms = '73 (6) Fig.3. Electric diagram equivalent of a rotor mesh
B. Rotor inductance
The expression for the mutual inductance statarrist can

The form of the magnetic induction produced by ®N0 pa calculated using the flux and is given by:
mesh in the air-gap is supposed to be radial angpiesented
in Fig. 2. The principal inductance of a rotor masin be T
calculated from the magnetic induction distributigmown in Mg =—M jcos(@, - n? + ka, (11)

figure 2 [5, 6]:

=~ —h,=RL %

N -1 2 where:
Lrp = 2 p‘O
N; e

21 _ 4 N_RI .
a=p— andM —0 5 _gj
Py My = ep (2)

The total inductance of the™ rotor mesh is equal to the '

sum of its prir_1cipa| inductance, inductance of h};&b_(Of the The representation of state is apparently a systewery
t‘_NO bars and mductgncg of the leakage of the tqnycpws (,Jf high order. The application of transformation tharks
rings of the short circuit closing the mesh k adidated in extended of rotor system so as to transform theesyin Nr

figure 3. phases in a system (d,q).
We obtain a model of reduced size of the induction
L,=L,+2L,+2L, (8) machine The system is put in the following canonical form:
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- v r)

The new matrix of rotor resistances, after tranmsions,
(12) becomes:

R R
where: R__]=| ™ " ‘rda 14
) l: RF:| I:qud quq‘| ( )
L. 0 -Nem, o0 0
2 where the four terms of this matrix are:
0 L. o -Nemy, oo
3 2 Ry = 2R, (1- cos(@) + 2,%
[L}Z —éMsr L . 0 0l, r
2
+ = (1-cos + cos(R-
0 -3m, o0 L. O v, (17 c0s@) 2 R ®- 1)
2 .
0 0 0 L. Raq = —N—(l— cos@»; R, sin(x- 1
; 2 .
R, -L.wo. 0 NZLMswr 0 R =—N—(1— cos(a); R Sin(X- 1k
N, R
Lo R 2 M, 0 0 quq = 2Rb (1— COS(a) + 2N—e
[R]=| O 0 R 0 0l r
0 0 0 R0 —i(l— cos@ )Y Ry (1 cos(R- 1)
o o 0 0 R N, 2R
“k” characterizes the position of broken bar
2L The equations governing the operation of asynchreno
L.=L,-M +—=2+2L (L —cos(a)) motor with or without rotor defects becofii¢']:
Nr
and Re —L.w, 0 I\érl\/lsr(*)r 0
Re
R, = N—+2.Rb(1— cos(a) Lo R. MM 0 0
r S r S 2 sSr¥~r
R'|=
In order to simulate the defect of rotor brokenshar fault [ J 0 0 (erd quw 0
resistanceRp is added to the corresponding element of the 0 0 | Raa Raal 0
rotor resistance matrix,R
0 .. 0 0 0.7 | 0 0 0 0 R |
Do : : The mechanical equations must also consider:
o - 0 0 0 0 - d 1
- —w=5(C,—C 15
[RF]_ 0 -~ 0 R, -R, 0- at J( -—C) (15)
0 - 0 -R, R, O - | &
0 - 0 0 0O 0 - with: W=—
. ) o . dt
- - The electromagnetic torque with the expression:
Consequently, the squirrel cage resistance mataixing 3
into account the defect, is defined by: Ce=§ p.N, 'Msr( lys-lgr =1 s dr) (16)

[RRF] NrxNr = [ RR]NRxNR +[ RF] NrxNr

(13)
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I1l.  DIRECT TORQUE CONTROL FOR THE MACHINE WITH ROTOR

FAuLTS

DTC is a control philosophy exploiting the torquedaflux
producing capabilities of ac machines when fed byléage
source inverter that does not require current eggulloops,
still attaining similar performances to that ob&irby a vector
control drive [7].

The typical structure of a DTC induction motor regented
in figure .4.

A. Behavior of stator flux

In the reference @,3), the stator flux can be obtained by

the following equation:

=R s'Ts+ _(_ps

Vv at a7

S

By neglecting the voltage drop due to the resisamicthe
stator to simplify the study (for high speeds),find:

- — t_
@= 0t ]Vt (18)
Table I: Selection table for direct torque control
Cilx 1 1 1 0 0 0
Cclp 1 0 -1 1 0 -1
St | Vo | V7 | Ve | V3 | Vo | Vs
S | Vs | Vo | Vi | V4| V7 | Ve
S | Va | Vo | Vo | V5 | Vo | V4
S4 Vs Vo V3 Ve Vs Vs,
S | Ve | V7 | Va | V7 | Vo | Vs
Ss | Vi | Vo | Vs | Vo | V7 | V4

B. Behavior of the torque

The electromagnetic torque is proportional to tleetor
product between the stator and rotor flux accordimghe
following expression [8]:

C.=k(0.x9,)=k|o][@]sin6,, (19)

C. Development of the commutation strategy

Table 1, shows the commutation strategy sugge&kedd
control the stator flux and the electromagnetiqber of the
stator of induction machines.

Figure 4 gives the partition of the complex plan six

angular sector§_, ;.

B Vs(DF,AC) V2(AF,AC)

V4(011)

V07(000)

Ve(101)

Fig 4: Partition of the complex plan in six angular

IT: Increase the Torque, DT: Decrease the Torque.
IF: Increase the Flux, DF: Increase the Flux.

IV. Simulation Results

The simulations of the DTC induction motor drive ree
carried out using the Matlab / Simulink simulatipackage.
The motor used in the simulation study is a 1.1 B&Q V, 50
Hz, 2-pole induction motor, with a rotor with 16rba

A. Inversion of the speed and variation of the torque

The test robustness of the system, we applied ragaig of
the speed reference from 100 rad/sec to -100 mdfs¢e=1s
with load of torque 3.5 N.m at t=0.5s and t=1.5%) (B).
During the Inversion of the speed, the torque presgceeded
before stabilizing. The stator currents presentulatobns at
the moment of the inversion comparable with thekpmh#ing
starting.

Speed (rd/s)
Torque (N.m)

Current stator ia (A)
Flux beta (wb)

o5 o o5
Flux alpha (wb)

Fig.5. Inversion of speed and variation of the terépad test

B. the reference trapezoidal wave speed

Simulations are performed to validate the propd3&q for
four-quadrant speed control of induction machinkee Equare
wave of speed references is tested. Figure 6 shewesponse
trapezoidal wave speed references respectively.
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according to the raise of the defective bars numbable I
highlights the influence of the number of brokensban the
stator current spectrum.

D. Effect of the load

The effect of the load on the stator current spectis
highlighted by considering a break of two adjadeats with
different slips (s=0.9%, s=3.48%, s=6.30% and s&%)/and
the reference speed was set to 2500 rpm (see fi§)re

Tourque (Nm)

Speed (pm)

a) a0 D)

(45,93 -27.32)

Stator curtent (&)
%
Flux beta (wh)

(4000 -28.20)

4 5 o
time () Fiux alpha (wb)

Fig.6. Trapezoidal wav spee tes

C. Effect of the number of rotor broken bars 00 7‘0/\ |, YA WA VAW Jn
The spectral analysis of stator phase currentdibigh the S e

effect of the defect the appearance of through baits uf © o @

around the fundamental [5, 6]. = cmst ausn)| | 005 21 s s | | 5200 2050
Their amplitudes increase according to the numbfer o ” N

(55.56 46.60) (59.04 46.06)

defective bars at characteristic frequencies (Bj. 2

ia (d8)

-50) (31,09 -52.80)

fdefect = (1i 2ng) fs y n= 1, 2,. (20) wf @ S (%2 .7
Several quantities were calculated and analyzeatder to Fey ) E
access the information they contained about theemee of Fig.8. Stator current spectrum with different slipsadjacent

two broken rotor bars: a) s=0.9% b) s=3.48% €)38%

the simulated fault (one and two broken rotor baFke motor o) s=7.77%

induction was initially operated with a load torgqge3 Nm

and the reference speed was set to 2800 rpm. We note that the lines due to defect invisiblevieak slips

(figure 8.a) and less visible with average sligifie 8.b). So it

o @ is difficult to detect the defect of broken barghwiveak load.

L On the other hand, for nominal loads (figure 8),tde lines

i are visible. We have shown by spectral analysis and
g s s monitoring the evolution of characteristic frequiescof a

“ o defect present in the stator current could dedheestate of

the machine. Indeed, through its control of theespeontrol of

" induction machine, we know the speed of mechamatation,

R B LR slip estimate and can therefore easily locate haacteristic

frequencies of the lines due to default.

o ©
V.CONCLUSION

i This paper presents within the framework of thegd@sis
s asynchronous motor broken bars simulation basedthen
s development of a reduced model.

o The stator current spectrum analysis shows thespeesof a
A/ N L AN JASO SR Qﬂn ) defect due to the break or the rupture of bars khao
WF|M7 Stator current s ectru‘::":g”r_ appearance of the different harmonics the giveredpyation

(a) One brokengbar (b) Spaced two%roken bar&dcent two (20). Also, by controlling _the spf-)ed OT inductierchine, \.Ne
broken bra know that speed mechanical, slip estimate and careasily

locate the characteristic frequencies of the lihas to defect.

On the figure (7), we notice the appearance of baios on  Further research has to be done in this field deoto make
the spectrum. These harmonic have amplitude whicteases the diagnosis of rotor faults more reliable in tigjse of drive.

ia (d8)

1248



World Academy of Science, Engineering and Technology 66 2010

TABLE Il
SIMULATION FREQUENCIES ANDMAGNITUDES OFTHE STATOR CURRENT SPECTRUM

a) One broken bars

b) Spaced two broken bajsAdjacent two broken bars

fcal=(1-6s)f | fcal=(1-4s)f | fcal=(1-2s)f | fcal=(1+2s){ f cal=(1+4s)f | f cal=(1+6s)f
calculated f(Hz) 27.009 35.006 43.003 58.548 66.993 74.990
=784 % deduced f (Hz) 27.000 33.927 42.999 58.991 66.994 74.992
' Magnitude (dB) -81.094 -62.947 -30.622 -28.986 -55.554 -81.429
calculated f(Hz) 26.673 34.782 42.891 59.109 67.218 75.327
s=7.95 % | deduced f (Hz) 25.477 33.970 42.495 58.990 68.030 75.996
Magnitude (dB) -80.555 -57.599 -29.369 -27.125 -50.962 -72.944
calculated f(Hz) 26.489 34.659 42.829 59.170 67.340 75.510
s=8 % deduced f (Hz) 26.001 33.968 42.478 58.962 67.940 76.003
Magnitude (dB) -75.586 -52.619 -27.093 -24.632 -46.598 -67.946
[9] Takahashi, T. Noguchi, "A New Quick Response anghHgfficiency
APPENDIX Control Strategy of an Induction Machine", IEEE.ais. Indus.
For the simulated induction motor Applied, 22: 820-827.
Pn Output power 1.1 kW
Vs Stator voltage 220V Ridha Kechida was born in El-oued, Algeria, in 1984.
fs Stator frequency 50 Hz He receives the B.Sc. degree in electrical enginger
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Le inductance of end ring 0.1uH
L Leakage inductance of stator 26.5mH
Mg, Mutual inductance 46.42 mH Menacer Arezki was born in Batna, Algeria, in 1968.
Ns Number of turns per stator phase 160 He receives the B.Sc. degree in electrical enginger
N, Number of rotor bars 16 from the University of Batna, Algeria, in 1992, and
L Length of the rotor 65 mm :Ehle tMSlcE dggree_ inI eltgtcttricalf l;:_orlltrolufr_or:; _the
: f ectrical Engineering Institute of Biskra Univeysi
e Air-gap mean diameter 2.5 mm Algeria, in 1%96. Hg receives the Ph.D. degﬁe in
J Inertia moment 0.0054 kgn2 electrical control from the University of Batna and
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