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Abstract—The effect of rotor faults, such as broken bars and
end-rings, over the signals of a position estimation strategy for in-
duction motor drives is analyzed using a multiple coupled circuit
model. The objective of this analysis is to establish the possibility
of using the estimation strategy signals for fault diagnosis in vari-
able-speed electric drives. This strategy is based on the effect pro-
duced by inductance variation on the zero-sequence voltage, when
exciting the motor with a predefined inverter switching pattern.
Experimental results illustrate the feasibility of the proposal.

Index Terms—Induction motor (IM) drives, position estimation,
rotor fault detection.

1. INTRODUCTION

HERE are several proposals designed to detect, online,

broken rotor bars on induction motors (IMs). However,
there are few of them specifically designed for variable-speed
drives. Motor manufacturers are interested in including diag-
nosis functions in the control software in order to increase their
product benefits [1]. For these reasons, fault diagnosis of closed-
loop IM drives is an area of further research [2]-[5].

In [3]-[5], the position estimation strategies used in
closed-loop IM drives are proposed for fault diagnosis and
analysis. These strategies obtain information about the rotor
position from the machine saliencies. Such saliencies can be
both inherent to the motor manufacture characteristics and cre-
ated with the purpose of increasing a current or voltage signal
that allows the position estimation. The information from the
motor saliencies is obtained using an additional excitation to
the fundamental one. In some cases, the additional excitation
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signals are high-frequency three-phase currents or voltages,
added to the fundamental excitation [6]. In some others, they
are discrete voltage pulses, generated by the inverter, while the
fundamental excitation is canceled [7].

The rotor faults modify some IM parameters, such as induc-
tances and resistances, producing saliencies dependent on the
rotor position. Consequently, the estimation strategies can be
applied for rotor position estimation as well as fault detection
and diagnosis. Knowing the fault effects on the position estima-
tion signals leads not only to its detection and analysis but also
to the possibility of compensating such effects so as to operate
the estimation strategies under nonsevere fault conditions.

To allow analyzing the rotor position estimation and fault di-
agnosis, an IM model that considers the effects of the different
saliencies is needed. The saliencies to be modeled are those that
provide information about the rotor position as well as those
generated from the fault. In [8], an IM model, based on multiple
coupled circuits, and a method known as the “Winding Func-
tion Approach” (WFA) to calculate mutual inductances, were
presented. Regarding the model, all the winding distribution
harmonics are taken into account, with no restriction on stator
winding and rotor bar symmetry. For such reason, this model
can be applied to asymmetric motors and under fault conditions
[9]-[12]. A new method to calculate inductances is proposed in
[13]. This method is similar to the WFA but it additionally of-
fers modeling the air-gap eccentricity. The authors of this pro-
posal implemented the proposed method to analyze the dynamic
eccentricity in a synchronous machine. This method is known
as the “Modified Winding Function Approach” (MWFA) and it
has been applied to analyze IMs with static, dynamic, or mixed
eccentricity in [14] and [15]. An extension of this method was
proposed in [16]. It allows obtaining inductances, taking into ac-
count the radial and axial nonuniformity of both windings and
air gap. The application of the multiple coupled circuit model
to the analysis of a position estimation strategy, proposed in [7],
was presented in [17].

In the previous fault diagnostics proposals based on an
additional excitation [3]-[5], strategies based on the injection
of high-frequency three-phase signals were mainly analyzed.
In this paper, the proposed strategy is based on the effects of
winding distribution and rotor bars upon the motor zero-se-
quence voltage, when the motor is excited with a pre-established
discrete pulse sequence applied by the inverter [7]. This strategy
offers the advantage of a good signal-to-noise ratio and a low
distortion of the fundamental current. The method proposed
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by the authors in [17] is used to analyze the rotor fault effects,
such as those from broken bars and end-rings, on the signals
generated by the position estimation strategy.

II. IM MODEL

Considering a motor with m stator circuits and n rotor bars,
the rotor cage can be viewed as n-identical, and equally spaced
rotor loops plus a loop on one of the end-rings. The voltage
equations for the stator and rotor loops can be written in matrix
form as

d,
s — QIS 0, 1
V,=R,IL + 7 (1)
dX,
V,=R, I, + — 2
+ 2)

where R, and R, are the stator and rotor resistance matrix and

Ve=1[v] v§ ... vfn]T, 3)
V.=[0 0 0, 0,17 )
Lo=[if i ... i) )
L=[i & ... if i), (6)

The fluxes linked by the stator and the rotor are given by

As = Lss Is + Lsr I’I’7 (7)
)\r =L, I; + L. 1. 3

where L, is an m * m matrix of the stator mutual inductances,
L., isan (n+1)+(n+1) matrix of the rotor mutual inductances,
L, is an m * (n+ 1) matrix of mutual inductances between the
stator phases and the rotor loops, and L, is an (n + 1) * m
matrix of mutual inductances between the rotor loops and the
stator phases.

A. Calculation of Inductances

The mutual inductances, used in the multiple coupled circuit
model, can be obtained from the equations proposed in [16].
According to this proposal, the mutual inductance between two
stator windings and two rotor loops as well as the mutual in-
ductance between a stator winding and a rotor loop, A and B,
respectively, can be obtained from

Lpa(6:)
2w pL

ZHOT/ / 15,2 0)Na, 2, 0,)9~ G, 2, 0,) dz dp (9)
0 0

where 1 is the air permeability, 7 is the air-gap average radius,
L is the stator length, ¢ and z are the angular and axial position
of an air-gap arbitrary point, respectively, §,. is the rotor posi-
tion, g1 (¢, z,0,) is the inverse air-gap function, n (¢, 2, 6,)
is the “Winding Spatial Distribution,” and N (¢, z,0,.) is the
“Modified Winding Function.” The latter can be obtained as

~ 1
2L (g~ (¢, 2,0,))

27 L
X./O /0 n(¢72797’) g_l (¢,Z767=) dz d¢ (10)
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where (g~ (¢, z,6,.)) is the average value of the inverse air-gap
function.

The distribution of bars and windings by means of winding
spatial distribution functions were considered for the calculus of
inductances in previous equations. Regarding bar distribution,
the skew effects are included, as proposed in [16]. The air-gap
variation, due to the rotor slots, was modeled considering the
distribution of flux lines on the slots, as proposed in [18].

B. Rotor Fault Modeling

The breakage of a rotor bar or an end-ring can be included in
the multiple coupled circuit model by two different ways.

The first one considers that the broken bar is isolated from
the rotor core (just like the other bars and the end-rings) and ne-
glects the currents across the rotor core from the broken bar to
the others bars and to the end-rings. In such case, the fault can be
included in the model as proposed in [9]. For the rotor bar mod-
eling, the breakage of the nth bar is considered. In the proposed
model, the equation related to the nth loop is eliminated and
the inductances (self and mutual) associated with the (n — 1)th
loop are re-calculated. The breakage of one end-ring is mod-
eled between the first and the nth bar. For this particular case,
the equation associated with the nth loop is eliminated and the
loop parameters associated with the end-ring are re-calculated.
There is an important difference between the effects from rotor
bar breakage and those from end-rings. In both cases, the fault
produces a modification in a rotor loop. However, in the first
case the mutual inductance between the new loop and the stator
circuits is larger than in the other loops, while in the second case,
the self-inductances in the new loop generated by the breakage
of the end-ring are modified. On the other hand, the mutual in-
ductances with the stator circuits do not change.

The second method takes into account that the breakage of
a rotor bar or an end-ring produces a significant increase in its
resistance, but the current loop is not effectively interrupted, as
was previously considered. Then, these faults in the multiple
coupled circuits model are included increasing the value of the
resistance of either the broken bar or broken end-ring segment.

III. ANALYSIS OF FAULT EFFECTS ON THE POSITION
ESTIMATION SIGNALS

The purpose of this work is to analyze the fault effects upon
a position estimation strategy, based on the motor inductance
variation effects with the rotor position [7]. A scheme of the pro-
posed strategy is shown in Fig. 1. In order to inject the additional
excitation signal V_, the fundamental current control loop I,
is opened for a short time while the signal V', takes the control
of the pulsewidth modulation (PWM) in order to apply the ad-
ditional excitation signal. This signal consists of the six active
inverter states applied in the following sequence: ui(+ — —),
ug(—++), us(—+—), ug(+—+), us(— —+) and up(++—)
[7].

The zero-sequence voltage is obtained from the sum of the
three-phase voltages with respect to the motor neutral point
Vsn = [Ua Vb vc]

Y

Uy = Vg + Vp + Ve.
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Fig. 1. General scheme of the diagnosis strategy.
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inductances. For an IM with no faults, these three signals are
almost sinusoidal and have n periods per revolution, where n is
the number of bars.

A spatial vector P = (p.,ps), whose angle provides infor-
mation about the rotor position, can be obtained by transforming
the three-phase signals into an « and 3 coordinate system, fixed
to the stator.

The multiple coupled circuit model, previously presented, is
used to analyze the effect of the motor inductance on the po-
sition estimation signals. If the excitation sequence applied by
the inverter corresponds to a small interval of time so that the
rotor position and currents remain almost constant, both elec-
tromotive force (EMF) and the resistance voltage drops can be
neglected in the model. From these practical considerations, the
estimation signals p,, pp, and p.. are obtained analytically from
that model as proposed by the authors in [17]
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where Uy is the inverter dc-link voltage.

Rotor position, (rad)

Fig. 2. Analytical result. Signals p,, ps, and p..

Fig. 2 shows the signals p,, py, and p. for the motor without
faults. These signals were obtained for a three-phase motor
whose parameters are shown in the Appendix . These signals
show a 40-cycle-per-revolution fundamental frequency due to
the inductance variations between the rotor loops and the stator
windings. The same signals show a 120° displacement due to
the spatial distribution of each phase. For a neater figure, only
the results corresponding to half a revolution of the rotor are
shown. The signals pg versus p,, and the p,, signal spectrum are
shown in Fig. 3. In the p,, signal spectrum, a 40-cycle-per-rev-
olution component can be clearly observed. There is also an
80-cycle-per-revolution component, which is a function of the
motor geometry.

In order to analyze the effects of one or more broken bars,
the IM was modeled based on the first proposal presented in
the previous section. Fig. 4 shows the signals pg versus p, and
the p,, signal spectrum for a broken bar. They were analytically
calculated from (15)—(17). A zoom of the low-frequency signal
spectrum is shown at the top-right corner of Fig. 4. Harmonics
of frequency 4 and 8 times higher than that of the rotor mechan-
ical frequency can be observed. These harmonics are due to the
interaction of the new bigger rotor loop with each of the four
phase poles connected in series. The amplitudes of these har-
monics are higher than that of the signals produced by the bars,
which does not show amplitude variation at all.
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Fig. 3. Analytical result. Signals ps versus p, and p, signal spectrum.
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Fig. 4. Analytical result. Signals ps versus p, and p, signal spectrum with a broken bar.
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Fig. 5. Analytical result. Signals ps versus p, and p, signal spectrum with a broken end-ring.
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Fig. 6. Simulation result. Signals ps versus p,, and p, signal spectrum with a broken bar.

The breakage effects of one of the cage end-rings are shown higher than that of the rotor appears. In this case, the 4- and
in pg versus p, signals and the p, signal spectrum (Fig. 5). 8-cycle-per-revolution components show similar amplitude be-
As in the case of a broken bar, the frequencies 4 and 8 times tween them, and similar to that of the 4-cycle—per-revolution
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previous sections, the new loop originated by a broken bar
presents a mutual inductance coupling the stator windings that
is greater than those of the remaining rotor loops. Instead,
the new loop created by a broken end-ring shows the same
mutual inductance, but its self-inductance is greater than those
of the other rotor loops.

Since (15)—(17) were obtained neglecting the resistance
voltage drops, the diagnosis signals cannot be obtained for
the second method proposed in the previous section. For such
reason, in order to evaluate the proposed strategy, simulation
results were obtained using (1), (2),(7), and (8). The fault

time, (s)
Fig. 9. Experimental result. Signals p,, ps, and p..

was included by means of an increment in the faulty element
resistance. Fig. 6 shows the simulation results for a broken bar.
The resistance of the broken bar is 5.5 m§2, while the resistance
of the healthy bars is 32 u£2. Harmonic components equal to
those obtained in the analytical way are shown in the simulation
results. The amplitude of these components is smaller and it
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IV. EXPERIMENTAL RESULTS Q 20 ) ) ) )
In order to validate the proposed analysis, the estimation 02 O'tme (s()).6 0.8 1
strategy was implemented in the laboratory. A diagram of ’
the experimental setup is shown in Fig. 8. The strategy was Fig. 11. Experimental result. Signals p,, pj, and p. with a broken bar.

programmed on a PC with a Pentium processor of 166 Mhz.

The PC has a data acquisition board with A/D and D/A
converters and programmable digital inputs/outputs. The
fundamental current control loop was performed using delta
modulation implemented in an auxiliary board.

The references to the excitation signals, corresponding to a
voltage injection of the switching pattern through the inverter,
are generated in the PC. The switching between the current con-
trol and the excitation signal was implemented in an auxiliary
board. The PC, through a digital output of the data acquisition
board, carried on the reference for the switching between these
two signals.

The software calculates the zero-sequence voltage from mea-
surements of the phase voltages using an A/D input of the ac-
quisition card. The duration of each inverter state associated to
a pre-established pulse sequence is 250 us.

Although in the laboratory the strategy was programmed in a
PC, as can be seen in the description of the strategy, it requires
a low computational capacity. For this reason, it can be easily
implemented in a fixed-point processor of a standard variable-
speed drive.

Fig. 9 shows the p,, ps, and p.. signals, corresponding to the
motor working at 30 r/min, without fundamental excitation and
load. The time interval in Fig. 9 corresponds to half a rotor revo-
lution. The signals pg versus p, and the p, signal spectrum are
shown in Fig. 10. Figs. 11 and 12 show the same results but with
arotor broken bar (see Fig. 13). The harmonics, obtained exper-
imentally, are the same as those from the model-based analysis.
The amplitudes of the 4- and 8-cycle components are very sim-
ilar to those obtained from simulation and smaller than those

obtained in the analytical form. This is due to the fact that a bar
breakage, produced by rotor drilling, yields a significant varia-
tion of the bar resistance but not an effective interruption of the
rotor loop.

V. CONCLUSION

In this paper, the rotor fault effects on the signals of a posi-
tion estimation strategy were analyzed using a multiple coupled
circuit model. The modeled rotor faults were broken bars and
end-rings. The results showed that such faults produce signifi-
cant changes in the estimation signals. Consequently, the fault
diagnosis and detection from these signals is quite feasible. The
experimental results validate the analysis. The inclusion of the
fault model in the control algorithm allows position estimation
and online fault detection with a moderate increase in the cal-
culation burden.

APPENDIX
MOTOR DATA

The motor data are as follows:

nominal power: 5.5 kW;

pole pairs: 2;

stator winding: 34 turns per coil, two coils per group, four
groups per phase, in-series connection, step 1:10: 12;

number of stator slots: 48;

number of rotor bars: 40;

air gap: 0.45 mm;

stator length: 0.11 m;
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air-gap average radius: 0.075 m;
skewing: one stator slot period;
rotor slot opening: 2 mm.
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