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Abstract—Martin  BI6dt first introduced that the modulation f,=D,f [1- (D?cosa )D2)JD 3)
. . . . b r b c b
mode between fundamental frequency of rotor vibration, which is 4
caused by bearing faults, and fundamental frequency of stator foage = 0.5F, [1- (D, cosa YD, ] (4)
current is phase modulation. This paper accomplished the Where f, denotes outer raceway vibration frequentgy,

theoretical derivation about the impact of bearing fault on stator  denotes inner raceway vibration frequendy, denotes ball
current based on torque vibration harmonics, and gave the vyipration frequency anfie denotes cage vibration frequency.
amplitude expression of stator current fault-related frequencies.  The mechanical rotor frequency is denofed\ is the number
The bearing fault simulation device which could simulate single- ¢ balls, the diameter of the ballDs, the pitch diameter B,

point defect was established. The effect of torque vibration 5y s the contact angle between the ball and the racewa
harmonics on stator current amplitude was verified by simulation

and experimental research. The obtained results showed that the The torque vibration can be expanded in accordance with
amplitude features of stator current are not only related to the the Fourier series. Considering the harmonics, the load torque

fault severity but also related to the size of the fault zone. is shown in (5).
Keywords-motor; bearing; fault; phase modulation; amplitude T (t)= T,+ > °°_1 T,cos(nw._t) (5)
|. INTRODUCTION WhereT, is the load torqueT, is the constant part of the

.load torque,T, is the peak amplitude of torque caused by

Three-phase induction motors play an important role | earing faults, andw. is fault-related fundamental angular
various fields of daily lives and industrial productions becaus 9 " e 9
Lequency of vibration.

of their low cost and high robustness. However, bearing faul . .
in motors are common [1, 2]. It is of great significance to The angular frequency of rotor can be obtained on the basis

monitor bearing condition. The conventional bearing faul©f mechanical equation. Then the mechanical position of the
detection is vibration-based method. However, the vibratiofotor can be obtained by integrating it. In the stator reference
detection system is highly complicated, not to mention its higl§oordinate, the rotor magnetomotive force is given by

initial investment and post-maintenance costs [3, 4]. Due t0 F3(9,t)= F, cos(pd - wit-Y ° TnCOS(ﬂa;ct)) (6)

the advantages that the current is often available or not very T J(nw)

expensive to measure, the method based on stator current has
become one of the main methods of detecting bearing faults
nowadays[3, 5].

= F, cos(pf-wt-Y ~ B,cosnwt))
Where 6 is the mechanical angle in the stator reference
coordinate, S=pT/[J(Nwo)?] is the amplitude of the angle

In this paper, considering the harmonics of torque vibratiowariation. Because the effect of bearing fault on the air gap is
caused by motor bearing faults, the relationship between thwt considered, the air gap can be regarded as unchanged.
torque vibration and the stator current is theoretically derivedlhen the air gap permeangeremains unchanged. The stator
Bearing fault simulation device is designed to study thenagnetomotive force is also assumed to be changeless, so just
amplitude features of stator current affected by the vibrationonsider the effect of rotor magnetomotive force on the stator

characteristic. current. The rotor flux density is given as below:
Il. AMPLITUDE FEATURES OF STATOR CURRENT BASED ON B, (6,t) = F,A cos(pf - w,t— :’:1 B, cos(nw,t)) (7)
PHASE MODULATION The magnetic fluxp,(t) can be obtained by integrating the

When a ball passes through a defect, an impact occuux density. According to the stator voltage equation
which will induce vibration and impede the rotation of theV()=Rdl(t)+d®(t)/dt, the stator current affected by the rotor
bearing [6]. Therefore, square wave pulse torque vibratiomagnetomotive force can be expressed as:
whose frequency is related to the location of the fault will ) -
generate. The fundamental frequencies of vibration are given ' () = lisin@t + 3 _, 8, cos@e.t)) ®)

by [7]: +> " 1, cos@t+ Y " B, coshw,t)- nat)

f, = 0.5Nf, [1- (D, cosz ) D, | @ > T lcos@t+ Y T B, coshwt)+ nw,t)
f; = 0.5Nf, [1+ (D, cosa YD, ] @) Where |,=|l,8:nwd 204, the amplitude of, is much larger
than that ofl,, so the latter one can be ignored.
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According to Bessel function of the first kindt) becomes

I(t)

Il

m|[e

jwgt ejz o B cos(nwcu]

l,sin(wt +) " B,cos(hw.t))

Lime!® ] " > 3.8,

Only considering the fundamental frequency of vibration,
the second harmonic of vibration and the third harmonic of
vibration (other order vibration frequencies follow the same

rule), the equation (9) can be expanded as (10).

1) =1,Im[e™

a=-o

(B Y 1(B) €Y 1(p) €]

©

=—co =

SLIML Y 3,(B)3,(Ba) I(Bo) et i)

a,b

,C==w

=l i Ja(B)3,(B,) Ic(Bs)sin(wit + (a+ 2b+ 3cko t)

a,b,c=-m

Wherep; is the modulation index of vibration fundamenta
frequencyp, is the modulation index of second harmonic, an

f3 is the modulation index of third harmonic.

Taking into account the vibration fundamental frequency,
the second harmonic and the third harmonic, the amplitudes

€

(10)
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FIGURE Il. STATOR CURRENT SPECTRUM FOR DIFFERENT DUTY
CYCLES AT FstKFc.

To illustrate the effect of torque vibration fundarted
frequency and harmonics on the stator current spectrum, the
conditions that the constant part of torque is 7N.m and the
variation part is 2N.m with different duty cycles and frequency
15Hz are simulated in MATLAB/SIMULINK. And the torque

dspectrum of the first three harmonics is shown in fig. 1. The

stator current spectrum of the fault-related frequentidd,
(k=1, 2, 3) is shown in fig. 2.

It can be seen that the amplitude features of stator current

stator current fault-related frequencies are shown in the tablef)iu“'rel"ﬂed frequencies are almost the same as the curves of

TABLE I. AMPLITUDES OF STATOR CURRENT FAULIRELATED FREQUENCIES

frequency amplitude
fotfe 1131(B1)Jo(B2) Jo(53)-1 131 (B1) I (B2) Jo(Ba) -1 1.J0(B1) I1(B2) J1 (B3) + ...
fofe 1131(81) Jo(B2) Jo(Ba) +11J1(B1) Ju(B2) Jo(Ba) +11.Jo(B1) Jn(B2) Iu(Ba) + ...
fs+2fe 1130(82)1(B2) Jo((Ba) +11.32(B1) Jo(B2) Jo(B2)-1 191(81) Jo(B2) I (Ba) + ..
fs-2f; 11J0(81) J1(B2) Jo(Ba) - 1.J2(51)Jo(B2) Jo(B3) 1 191(B1) Jo(B2) Ju(Ba) +. .
fo+3fe 110(81) Jo(B2) 1(Ba) +11J1(51) J1(B2) Jo(B3) +1 132(B1) o 52) Jo(53) + ...
fs-3fe 11.30(81) Jo(B2) 1(B5)-1131(B1) Ju(B2) Jo(Ba) 1 1.35(B1) Jo(B2) Jo(Ba) + .

RESEARCH ON THE AMPLITUDE FEATURES OF STATOR

totque vibration harmonics.

[8] has proposed the idea that the modulation inflex
related to the fault severity with a small value, generally less
than 0.1. On the basis of [9]

'8 n

J.(B) = ] (n=0)

It can be seen that the amplitude JgfB) is the largest,
which closes to 1. The relationship between the amplitude of
Ji(p) and the modulation indegxis approximately lineatd;(5)
approximately equals to Q85 The amplitudes ofly(8) and
other higher orders are getting smaller and tend to be zero.
Then the amplitudes of stator current fault-related
characteristic frequencies given in table 1 can simplify to
0.5148¢ (k=1, 2, 3). Therefore, it can be concluded tha th

(11)

A. Smulation Research on the Amplitude Features of Statoramplitudes of the stator current fault-related characteristic
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FIGURE I. TORQUE HARMONIC SPECTRUM FOR DIFFERENT DUTY

CYCLES.
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frequencies depend on the same order frequency of torque
vibration.

B. Experimental Research on the Amplitude Features of
Stator current based on Simulated Torque Vibration Signal

Reference [10] shows that the energy of fault-relate
characteristic frequencies is generally much less than that of
noise. Considering that the amplitude of torque vibration
induced by motor bearing fault is small, the bearing fault
simulation device is designed under the laboratory condition to
enhance the vibration characteristic, which is highly conducive
to fault identification. Its circuit principle diagram is shown in
fig. 3.



FIGURE lll. MOTOR BEARING FAULT SIMULATION DEVICE.

The parameters of the three-phase induction mowrmar

The stator current is also acquired when the dutiesyare
15%, 40%, 60%, 70%, 85%. The stator current spectrum of all
above signals at the fault-related frequendiekf. is nearly
the same as fig. 2. The amplitude response is shown in fig. 5.
In summary, the amplitudes of stator current fault-related
characteristic frequencies depend on the amplitudes of torque
vibration fundamental frequency and harmonics.

IV. CONCLUSION

In this paper, considering the torque vibration harmonics, the
relationship between bearing fault and stator current was
theoretically derived. The amplitude curves of stator current
fault-related frequencies were obtained based on the
simulation and experimental research. And the effect of torque

follows: rated power 2.2 kW; rated voltage 380 V; frequency,ipration harmonics on the amplitude of stator current fault-
50 Hz; rated current 5.03 A; rated speed 1430 r/min; pole paifsateq frequencies is validated. Based on the obtained results,
2, bearing type 6206. The trigger frequency and duty cycle can be concluded that the amplitude features of stator

IGBT can be 6.‘dJUSted- The. resistance _value of the_ slidin urrent fault-related frequencies are not only related to the
rheostat which is connected in parallel with the IGBT is 21. : i
ault severity but also related to the size of the fault zone.

Q and the other one is 43¢2 Induction motor stator current
and DC generator load current are acquired by LEM IT60-S
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FIGURE IV. STATOR CURRENT SPECTRUM WITH THE TRIGGER
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The duty cycle of the torque vibration is set as 3884
50%, and the stator current spectrum is shown in fig. 4.

As can be seen, compared with the situation that the du{ir’/]
cycle is 30%, the spectrum values of the first pair and the third
pair fault-related characteristic frequencies are larger when the
duty cycle is 50%. However, the second pair is far less than
the condition that the duty cycle is 30%. It accords with the
rules of corresponding order vibration frequency spectrunt]
shown in fig. 1.
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FIGURE V. STATOR CURRENT AMPLITUDE RESPONSE FOR
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