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Calculation of torque and speed of induction machines
under rotor winding faults
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Abstract: Based on the multi-loop method, the rotating torque and speed of the induction machine are
analyzed. The fluctuating components of the torque and speed caused by rotor winding faults are studied. The
models for calculating the fluctuating components are put forward. Simulation and computation results show
that the rotor winding faults will cause electromagnetic torque and rotating speed to fluctuate; and fluctuating
frequencies are the same and their magnitude will increase with the rise of the severity of the faults. The load
inertia affects the torque and speed fluctuation, with the increase of inertia, the fluctuation of the torque will
rise, while the corresponding speed fluctuation will obviously decline.
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During steady operation, if the load torque is constant and there is no external disturbance, the electromagnet-
ic torque of an induction machine should be steady, equalizing the sum of the load torque and the no-load torque.
For healthy machine, theoretically, this torque should be a constant. However, for an induction machine with rotor
winding faults, the asymmetry of the rotor current will cause stator winding to generate additional current compo-
nent with frequency of (1 —2s)f,'"*". Because of the influence of this additional current component, stator current
will change periodically"”. The stator current ( The magnitude of which changes cyclically) counteracts the rotor,
generating a torque with a frequency two times the slip frequency, and the rotor speed fluctuating with the fluctua-
tion frequency two times the slip frequency. This paper analyzes the impact of the rotor winding fault on the
machine’s current, torque and speed and the relationships among them. This paper also analyzes the fluctuating
components of the torque and speed caused by rotor winding faults.

1 Mathematical Model

Based on the multi-loop method'*', any two neighboring bars and the end-ring connecting them form a loop.
Assuming that the rotor has » slots and there is no fault, the nodal number of rotor is 27, the branch number is 37,
then the independent loop number is 3n — (2n —1) =n + 1, and the individual loop current is i,, i,,..., I,, i, (i, is
the end-ring loop current) . Assuming that the three phase windings in the stator are symmetrical and there is no
fault, for simplification, stator windings are represented by the phase winding and only have three loops, loop cur-
rents are i, i, and i..

According to the above assumptions, the pre-fault machine’s voltage equation and flux equation can be ob-
tained:

U=pW+RI (1)

w=MI (2)

where U, I and ¥ are (n +4) x1 column vectors; R and M are (n +4) x (n +4) square matrices. Expand Eqgs.
(1) and (2), we have
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where
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r, and r, are the rotor bar resistance and the rotor end-ring resistance, respectively; r, =2(r, +r.)is the rotor loop
resistance; r, is the phase resistance of stator winding; W, L and M are the flux, self-inductance and mutual in-
ductance, respectively; subscripts a, b and ¢ denote stators A, B and C phase winding; subscripts 1, 2,..., n denote
the rotor bar loop; subscript e denotes the rotor end-ring loop.

Transform the voltage equation and flux equation into state equation:

dI dM ]

—1 _avt,
oM [U 1Rl (5)

Using single stator and single rotor loop parameters represents machine’s electromagnetic torque, and the ro-
tor operation equation is an effective method for the transient analysis of machine’s fault. The rotor operation
equation is

dw de,,
J—+T, =T, 0w=——
de - E dt
where J is the inertia, Ty is the electromagnetic torque, and 7} is the load torque.

The general magnetic energy is
W, :%ITMI = %IgMSSIS + %IgMSRIR +%I;MRSIS + %I;MRRIR (6)

For a linear system, the magnetic coenergy equals the magnetic energy that the machine stores. Thus, the
electromagnetic torque is

— L T aMSR T aMRS al‘SR
Ty = (IS TR 2. I (7)

where P denotes the number of pole-pairs, and ,, denotes the rotor displacement in mechanical radians, and 6, de-

Is) - PI!

notes the rotor displacement in electrical radians. The stator voltage Ug = {u,, u,, u.}", the stator current I = {i,,
i,,i.}", and the rotor current Iy = {i,, iy,..., 0,1} .
If the higher harmonic component of the mutual inductance between the stator and rotor is not considered,

the torques can be listed as follows:

L
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ie
where T, is the mean torque, and 75, is the pulsating torque.

2 Analysis Method

After rotor winding fault, in different instances, the mutual inductance between the stator and the rotor is not a con-
stant. The individual loop’s inductance in different instances during a certain time interval is calculated firstly, by modif-
ying Egs. (3) and (4), getting the corresponding circuit equation for post-fault machine'” , and then the machine’s current,
speed and torque in different instances during a time internal can be acquired.

The four graphs in Fig. 1 are the time domain curves for the electromagnetic torque and rotation speed, respectively
(Machine has run into steady operation). Figs. 1(a) and (c) correspond to no fault; Figs. 1(b) and (d) correspond to the
rotor with two broken bars.
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Fig.1 Waveform of the torque and speed. (a) Torque(no fault); (b) Torque(rotor with two broken bars); (c) Speed (no fault); (d)
Speed(rotor with two broken bars)

From Fig. 1, we can draw the following conclusions: (1) For a healthy machine, the torque and speed are constants
(straight line) without external disturbance; (2) After rotor winding fault, the electromagnetic torque exhibits obvious fluctu-
ation, its frequency is 2sf,; 3 The fluctuating frequency of the torque and speed is the same, which equals the frequency of
the fluctuating envelope line of the stator current; (4) After the rotor broken bar fault, not only will the speed of the ma-
chine fluctuate, but also its average value will drop.

Since the speed fluctuation and torque fluctuation are related, the main frequency component of their fluctuation al-
ways varies in the same frequency, and their fluctuating frequencies equal the differentiation between the stator current fun-
damental frequency and corresponding fault characteristics frequency.

Jea =11 —fos =251, (8)
3 Relation between Load Inertia and Fluctuation of Electromagnetic Torque and Rotating Speed

With rotor winding faults, what is the impact of the change of load inertia on the speed and electromagnetic
torque? The inertia of the simulating machine is 2. 1 g-m’. Now assume that there are two broken bars, the simu-
lation is done under various load inertias for the corresponding electromagnetic torques and rotating speeds.

Fig. 2 shows the time domain curves for electromagnetic torque and rotating speed of a Y90S-4 small-type
induction machine with two rotor bars broken, when the load inertia is 4.2 g-m” and 84 g-m’, respectively. Fig. 3
is the corresponding spectrum graph. It can be concluded that with the increase of load inertia, the fluctuation of
the torque will rise, but the fluctuation of speed will obviously decline.
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Fig.2 Influence of inertia on torque and speed with broken bars. (a) Torque(Load inertia is 4.2 g-m?); (b) Torque(Load
inertia is 84 g-mz) ; (¢) Speed(Load inertia is 4.2 g-mz) ; (d) Speed(Load inertia is 84 g-mz)

From Figs.3(a) and (b)), it can be seen that as for the magnitude of torque fluctuation, the torque fluctuation
under the inertia of 84 g-m” is 36. 61 dB smaller than the steady average torque, while the torque fluctuation under
the inertia of 4.2 g-m” is 44. 56 dB smaller than the steady average torque, the former is 7. 95 dB larger than the
latter (i.e. the former is 3. 5 times the latter).

From Figs. 3(c) and (d), it can be seen that the speed fluctuation under the inertia of 84 g-m’ is 70. 69 dB
smaller than the steady average speed, while the speed fluctuation under the inertia of 4.2 g-m’ is 59. 34 dB smal-
ler than the steady average speed. The former is 11. 35 dB smaller than the latter (i. e. the former is 1/4. 7 times
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Fig.3 Influence of the inertia on torque and speed with broken bars. (a) Torque (Load inertia is 4.2 g-m?); (b) Torque( Load iner-
tia is 84 g-m?); (c) Speed(Load inertia is 4.2 g-m?); (d) Speed(Load inertia is 84 g-m?)

the latter) .

From the above, it can be seen that load inertia has a big impact on the machine’s torque and speed fluctua-
tions. With the increase of inertia, the fluctuation of the torque will rise, while the fluctuation of the speed will de-
cline dramatically.

4 Conclusions

This paper studies the inherent mutual relationships between the cage rotor winding fault and machine’s sta-
tor current, torque and speed:

1) Rotor winding faults will cause current, torque and speed to fluctuate. The frequency of fluctuating com-
ponents is in direct proportion to the slip rate.

2) Load inertia has a big impact on the machine’s torque and speed fluctuations. With the increase of inertia,
the fluctuation of the torque will rise, while the fluctuation of the speed will decline dramatically.

3) It is possible to quantitatively analyze the magnitude of torque and speed fluctuation, which are caused by
rotor winding faults and the impact extent of inertia.

4) Using the fluctuation component of torque and speed to diagnose rotor winding fault can make up for the
shortcomings of the current spectrum method and be complementary to the latter.

References

[1] Toliyat Hamid A, Lipo Thomas A. Transient analysis of cage induction machines under stator, rotor bar and end ring faults [J].
IEEE Trans on Energy Conversion, 1995,10(2):241 —247.

[2] Benbouzid M E H, Nejjari H, Beguenane R, et al. Induction machine asymmetrical faults detection using advanced signal pro-
cessing techniques [J]. IEEE Trans on Energy Conversion, 1999,14(2): 147 —152.

[3] Filippetti F, Franceschini G, Tassoni C. Al techniques in induction machines including the speed ripple effect [J]. IEEE Trans on
IAS, 1998, 34(1):98 —108.

[4] Gao Jingde, Wang Xiangheng, Li Fahai. Analysis of AC machine and its system [ M] . Beijing: Tsinghua University Press, 1993.
(in Chinese)

[5] Ma Hongzhong. Simulating and experiment studying on rotor winding fault of induction machine [J]. Proceedings of the CSEE,
2003,23(4):107 —112. (in Chinese)



Calculation of torque and speed of induction machines under rotor winding faults

43

T RAN RN B EMEENITE

L' YEAD FaAy  RAR

(" THEKRFEE TARFRE, dw 210098)
CHRHRFEATRLZ, B 210096)

WE: AT ey k A7 T eE TR 4 HRBITT 50N, SHTLAMTET ARG B
AR BRI A IAT T IRANFR, B TR ARA AL S REAN: T a8 FE5k
WAL AR AR R RS B R RE TR B L Rk S e R4S, S e ke A
M 45T L3 = AR F I 38 i, i BEN IR EAT B R ARKGT A, RBEDHH
X, AR Fh o2 WY NG AEIE e i S AR K B 4= 0 R AR .

KGR o wA; T LR, B4R, iR K )

hE 45 ES: TM343; TM306



