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Abstract—It is challenging to detect broken-bar faults in
squirrel-cage induction motors using motor current signature
analysis (MCSA) due to the small magnitude and proximity of
the fault signature relative to the operating frequency component,
especially when the motor slip is very small. In this paper we
propose a signal injection method to detect the broken-bar fault
by injecting a frequency modulated continuous wave (FMCW)
signal to the stator voltage. Model analysis and simulation show
that under broken-bar fault conditions, the injected FMCW
signal induces another FMCW signal of a lower frequency
band, which as a newly-defined fault signature can be extracted
by analyzing cross correlation between the injected signal and
the induced signal in the frequency domain. Compared to
other signal injection methods, our method is more robust and
insusceptible to harmonic interference. Experimental results on
a three-phase squirrel-cage induction motor validate our method
in detecting broken-bar faults from noisy measurements even
when the motor slip is very small.

Index Terms—Broken-bar, Fault detection, Induction motor,
Signal injection, FMCW

I. INTRODUCTION

Broken bar is one of the most common faults in squirrel-
cage induction motors [1]. Although the broken-bar fault does
not incur an instant failure to the induction motor in general,
it causes serious secondary effects such as poor starting
performance, excessive vibration, and torque fluctuation, etc.
In some situations, the broken piece may hit stator windings at
high velocity, damaging the winding insulation. Therefore, it
is of great importance to detect the broken-bar fault and have
a timely maintenance [2].

To detect the broken-bar fault, the motor current signature
analysis (MCSA)-based method is widely used for its non-
invasiveness and low cost. When one or more rotor bars were
broken in the squirrel-cage induction motor, the asymmetric
rotor will induce frequency components fb = (1± 2κs)f0 in
the stator current [3] during rotating operation, where f0 is
the power supply frequency; s is the speed slip; and κ is the

∗Chuizheng Kong and Laxman Kumar Sigatapu contributed on the exper-
imental platform when they were interns at MERL.

harmonic frequency index. Among these extra components,
the component (1 − 2s)f0 is the strongest one and typically
treated as the characteristic frequency of a broken-bar fault.
Therefore, broken-bar fault detection using the MCSA-based
method is achieved by detecting the characteristic frequency
component (1− 2s)f0.

In practice, there are three issues in detecting the char-
acteristic frequency component. First, the magnitude of the
characteristic frequency is relatively small, depending on the
total number of rotor bars. For example, for a 30-rotor
bar squirrel-cage motor, the fault component is typically
30 ∼ 40dB lower than that of the fundamental power supply
frequency component. The more the number of rotor bars,
the lower the relative magnitude of fault components. Second,
the characteristic frequency is very close the power supply
frequency f0. Under steady operating condition the speed slip
typically ranges from 0.005 to 0.05. For f0 = 50Hz power
supply, the difference between the characteristic frequency and
the fundamental frequency f0 can be as small as 0.01f0 =
0.5Hz, making it difficult to discriminate the fault signature
from the dominant operating frequency component. Third,
the background noise interferes the detection performance.
Because of these practical issues, the characteristic frequency
can be submerged in the sidelobe of the fundamental frequency
component or noise.

In the past decades, researchers have developed a variety of
MCSA-based methods including signal injection to improve
the detection performance. For example, advanced signal
processing techniques such as ESPRIT [4], MUSIC [5], and
compressive sensing [6] are utilized to achieve high resolution
frequency spectrum such that the characteristic frequency com-
ponent can be well separated. These methods typically require
high signal-to-noise ratios and may perform poorly in strong
noise conditions. For another example, researchers make use of
the starting process of the motor to detect the broken-bar fault.
When the motor speed is increasing from zero to the steady
asynchronous speed, the speed slip s is decreasing from 1 to
a small number close to 0. In this situation, the characteristic



frequency component is well separated with the fundamental
frequency component in the frequency domain. However, this
method requires a restart of the motor, which is not suitable
for continuously operating motors and not preferred for online
monitoring. The characteristic frequency also varies during
the starting process, making it difficult to capture the fault
characteristic frequency component in a short time.

In this paper, we proposed a signal injection method to
detect motor broken-bar faults. In particular, a frequency
modulated continuous wave (FMCW) signal is injected to the
operating stator voltage, and then the stator current, which may
or may not include induced fault signature, is measured for
further analysis. This FMCW signal is of a small magnitude
and a frequency band higher than the operating frequency.
Since the magnitude is small, it will not interfere the operation
of the motor. As the injected signal frequency band is higher
than the operating frequency, the motor speed, which is a
slightly lower than the synchronous speed of the operating
frequency, becomes much lower than the synchronous speed of
the injected signal. Consequently, this injected voltage signal
will induce another FMCW signal in the stator current with a
frequency band well separated from that of the injected signal
if there exists a broken-bar fault. By analyzing the coherence
between the induced current signal and the injected voltage
signal using signal processing techniques, fault signature can
be extracted robustly even under noisy conditions.

Comparing to existing signal injection methods [7]–[9], our
proposed method is different from three aspects. First, our
injected signal is a FMCW signal, which is different from a
single high frequency signal or a narrow time-domain pulse
used in other signal injection methods. Second, our fault
signature is newly defined and extracted based on physical
model and signal coherence analysis, not simply by thresh-
olding a frequency component. Third, our method exhibits
robust performance under noisy background, especially rich
harmonic environments. To verify our method, a dynamic
model of a squirrel cage induction motor is built, using a
multi-loop equivalent circuit to represent the coupling between
the stator and the rotor. Stator currents under healthy and
faulty conditions are simulated respectively by changing the
corresponding equivalent circuit. A newly defined fault sig-
nature is then extracted using signal processing techniques.
Experimental results on a three-phase squirrel-cage induction
motor also demonstrate that our method can effectively extract
broken-bar fault signature even with very small slip and under
strong-noise conditions.

This paper is organized as follows. In Section II we intro-
duce the dynamic model of a squirrel-cage induction motor
under healthy and faulty conditions. In Section III we analyze
the fault signature in the stator current with FMCW signal
injection. Simulation and experimental results are shown in
Section IV, followed by conclusion drawn in Section V.

II. DYNAMIC MODEL OF INDUCTION MOTOR

In squirrel-cage induction motors, the stator consists of
distributed windings of three phases, displaced by 120◦ spatial

angle. The rotor contains longitudinal conductive bars con-
nected at both ends by shorting rings, forming a squirrel-cage
like shape. When the induction motor is operating, the stator
windings set up a rotating magnetic field through the rotor,
inducing electrical current in the rotor bars, producing force
acting at a tangent orthogonal to the rotor, and resulting in
torque to turn the shaft.

In the following part of this section, we first develop a
dynamic model for motors in normal healthy conditions, then
extend it to fault conditions. For simplicity, we neglect mag-
netic saturation and assume linear magnetic characteristics.
We use bold capital letters for matrices, regular capital letters
for constant parameters, and small letters for time-variant
parameters.

Consider a squirrel-cage induction motor with n rotor bars.
The equivalent circuit of squirrel-cage induction motor can
then be modeled as (n+1) independent current loops, where
n of them are identical circuit loops under ideal condition, with
each loop consisting of two adjacent rotor bars connected by
two end ring portions. The remaining circuit loop is formed by
one of the end rings. So, the current distribution in rotor can
be specified in terms of (n+1) independent loop currents, i.e.,
n rotor-bar loop currents ij (1 ≤ j ≤ n) plus one end-ring
loop current ie.

A. Dynamic model of healthy condition

Based on the equivalent circuit, the voltage and flux linkage
equations for the stator and the rotor can be written as

Us = RsIs +
dΨs

dt
, (1)

Ψs = LsIs +MsrIr, (2)

Ur = RrIr +
dΨr

dt
, (3)

Ψr = LrIr +MrsIs, (4)

where Us, Is, Ψs, Rs, and Ls are the stator voltage, the
stator current, the stator winding flux, the stator resistance,
and the stator inductance, respectively; Ur, Ir, Ψr, Rr, and
Lr are the rotor voltage, the rotor current, the rotor flux, the
rotor resistance, and the rotor inductance, respectively; and
Mrs = Msr are the stator-rotor mutual inductance.

Note that the stator winding resistance and the stator induc-
tance in are constant under our assumption, while the stator-
rotor mutual inductance varies with the angular position of
the rotor. This is because the mutual inductance is related
to the relative position between the stator windings and the
rotor bars, which changes during operation. The mechanical
equation of the induction motor can be expressed as

Te − Tl = J
dωr

dt
, (5)

where Te and Tl represent the electromagnetic torque and the
mechanical load respectively, J stands for the rotor inertia,
and ωr is the angular velocity.

In summary, equations (1)∼(5) form a dynamic model of
induction motors with unknown stator and rotor currents.



Given motor parameters, initial conditions, stator voltages,
and the load, we can solve initial value problem of differ-
ential equations to simulate the stator current during dynamic
operation. Under normal healthy conditions, inductances and
resistances in (1)∼(4) can be calculated [10], [11]. We skip
the details of parameter calculations in this paper. Instead, we
use public available parameters in our simulations.

B. Dynamic model of faulty condition

When one bar is fully broken, the related branch becomes
open circuit. Then the total number of circuit loops is reduced
by one since two related loops are replaced by a new loop with
doubled end-ring segments, as shown in Fig. 1. Consequently,
in (3)∼(4) the corresponding loops should be rebuilt with the
equivalent parameters.
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Fig. 1. Equivalent circuits of (a) a healthy rotor, and (b)a faulty rotor with
one broken bar

III. FMCW INJECTION BASED BROKEN-BAR FAULT
DETECTION

In this section, we focus on fault signature extraction from
signal processing perspective, ignoring details of hardware
implementation. With an injected FMCW voltage signal on
top of the original three-phase source voltage, the overall input
voltage to the motor can be represented as follows ua(t) = U0 cos(2πf0t+ ϕ0) + Ui cos(ϕa(t)),

ub(t) = U0 cos(2πf0t− 2π/3 + ϕ0) + Ui cos(ϕa(t)− 2π/3),
uc(t) = U0 cos(2πf0t+ 2π/3 + ϕ0) + Ui cos(ϕa(t) + 2π/3),

(6)
where U0 is the amplitude of the source voltage signal, Ui is
the amplitude of the injected FMCW signal, and ϕa(t) is the
phase angle of the injected FMCW signal in phase A. The
three phase voltage source is balanced at any time with 2π/3
phase difference.

The amplitude Ui is chosen to be small such that the injected
signal barely interferes the motor operation, albeit is large
enough such that the induced signal can be detected.

For phase ϕa(t), we consider a frequency sweep period of
T . The phase can be expressed as [12]

ϕa(t) = 2π(u(t)f1 + f2)t
′, (7)

where f1 and f2 are two frequency parameters, and

u(t) = 2[
t

T
− ⌊ t

T
⌋]− 1, (8)

is a saw-tooth signal of period T whose magnitude increases
from −1 at t = 0 to 1 at t = T ; ⌊·⌋ is the floor function that
gives the greatest integer less than the input real number as
output; and t′ is the frequency sweep time, which is also a
saw-tooth signal of period T synchronized with u(t) as

t′ = t− ⌊ t
T
⌋T =

u(t) + 1

2
T. (9)

From (7)∼(9) we have

ϕa(t) = ϕa(t+ T ). (10)

The modulation frequency can be formulated as

fM (t) =
1

2π

∂ϕa

∂t
= 2u(t)f1 + f1 + f2

∈ [f2 − f1, f2 + 3f1] (11)

Given the modulation frequency range [fmin, fmax] = [f2−
f1, f2 +3f1], it is straightforward to calculate f1 and f2. It is
worth noting that when f1 = 0, the injected signal becomes
a single frequency signal of frequency f2. However, if f1 is
too large, meaning the bandwidth of the injected signal is too
large, the induced signal may be overlapped with the injected
signal in the frequency domain, making the fault signature
extract more difficult. To determine the frequency range of
the injected FMCW signal, we first examine the induced signal
of a single high frequency injection of kth harmonic without
loss of generality. Given the motor speed n, the motor slip is
calculated as

s =
ns − n

ns
. (12)

If we treat the kth harmonic as the virtual operating frequency,
then the virtual motor slip is

sk =
nk
s − n

nk
s

=
kns − n

kns
. (13)

Since the amplitude of the injected kth harmonic voltage is
small, the motor will be driven by the fundamental frequency
component with a steady low speed.

As aforementioned, under broken-bar fault condition, fault
frequency components fb = (1 ± 2κs)f0 will be induced in
the stator current, in which the dominant one is (1 − 2s)f0.
Similarly, the induced fault characteristic frequency compo-
nent by the injected kth harmonic in the motor current can be
expressed as

(1− 2sk)fk = (1− 2
kns − n

kns
)kf0 = −[kf0 − 2(1− s)f0].

(14)
It is observed from (14) that the absolute value of the in-

duced frequency is 2(1−s)f0 lower than the injected frequency
kf0. Note that this frequency shift 2(1 − s)f0 between the



injected signal and the induced signal is independent from
the frequency of injection. Therefore, an injected signal with
modulating frequency range f ∈ [kf0, (k + 2(1 − s))f0] will
induce a signal of frequency range of [(k0−2(1−s))f0, kf0].
Although the magnitude of the induced signal by a sin-
gle frequency component may be very small, the detection
performance can be improved by combining all modulation
frequency components. Following this idea, we compute the
cross correlation between the injected signal Uia(f) and the
stator current Iaf (f) as

RUia,Iaf
(fd) =

∑
f

Uia(f + fd)I
∗
af (f). (15)

If there exists an induced signal in the stator current similar
to the injected signal, a spike in the cross-correlation function
will appear at frequency −2(1−s)f0. As a result, we can treat
this spike as a newly defined fault signature, or an indicator
of broken-bar fault if its magnitude is greater than a certain
level, and vice versa. Since the fault signature is an integration
effect of a signal with a certain frequency bandwidth, it is
insusceptible to harmonics and other interference.

IV. RESULTS

A. Simulations

To verify our proposed FMCW signal injection-based
method for broken-bar fault detection, we simulate the stator
current of a 1.5kW three-phase squirrel-cage induction motor
under a broken-bar fault condition using the dynamic model
presented in Section II. The model parameters [6] are listed
in Table I. A balanced three-phase FMCW voltage signal of
[250Hz, 330Hz] (or k = 5th ∼ 6.6th harmonics) with 15%
rated magnitude was injected to the power voltage source.

TABLE I
MOTOR PARAMETERS

n fs(Hz) Rs(Ω) Re(µΩ) Rb(µΩ)
29 50 3.43 37 133.4

Ls(H) Lr(mH) Lb(µH) Le(µH) J(kg ·m2)
0.51563 5.443 1.08 0.01 0.0014

We show in Fig. 2 (a) the time-domain stator current when
a FMCW voltage signal is injected to the power source. Its
frequency spectrum is presented in Fig. 2(b). We notice that
some frequency components in the range of [150Hz, 230Hz]
are induced. To extract the fault signature by analyzing the
induced signal, we compute the cross correlation between
the current frequency spectrum in Fig. 2(b) and the injected
reference signal spectrum as shown in Fig.2 (c) using (15),
with result shown in Fig.2 (d). Clearly a spike signal at
frequency −100Hz appears as expected, indicating a broken-
bar fault according to our analysis in Section III.

B. Experiments

To further demonstrate our method, we perform experiments
on a 1HP three-phase squirrel-cage induction motor. The
experimental setup is shown in Fig. 3 (a), where the motor
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Fig. 2. Simulation results of (a)Time-domain stator current, (b)Frequency
spectrum of stator current, (c)Spectrum of injected FMCW signal, and (d)Fault
signature extraction by computing the cross-correlation between (b) and (c).

is driven by a three-phase inverter, with gate PWM signals
generated by a dSPACE® Scalexio Labbox platform. For
comparison, we use two rotors of the same specifications, and
manually produce a broken-bar fault on one of the two rotors
by drilling a hole on a rotor bar. Pictures of the healthy rotor
and the faulty rotor are shown in Fig. 3 (b) and (c) respectively.

(a)

(b) (c)
Fig. 3. (a) Experimental setup, (b) Healthy rotor, and (c) Faulty rotor.



We consider three methods to detect the broken-bar fault,
including 1) MCSA without any signal injection, 2) MCSA
with single frequency signal injection, and 3) our proposed
method with FMCW signal injection.

1) No signal injection: The faulty motor is operating at
a 50Hz power source and a light load condition with a
speed of 1497rpm. Fig. 4 shows the frequency spectrum
of stator current using MCSA. Since the motor speed is
near the synchronous speed, the slip s = 0.002 is close to
zero, conventional MCSA-based methods fail to extract the
characteristic frequency component of broken-bar fault.
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Fig. 4. Stator current spectrum of one-broken bar faulty condition when the
slip is very small, in which the fault signature is not detectable.

2) Single frequency signal injection: During operation, a
single-frequency signal of 275Hz is injected to the power
voltage, as suggested by [7], [8], via the Scalexio platform,
and the stator current is measured using a current sensor for
further analysis and fault detection. In Fig. 5 we show the
current frequency spectra of both healthy rotor and faulty rotor.
From both spectra, we observe very rich harmonics. It is hard
to tell which frequency component is corresponding to the
fault signature.

3) FMCW signal injection: During operation, a small
magnitude (approximately 15% of the rated voltage) FMCW
voltage signal is injected to the power source via the Scalexio
platform, with injected signal frequency band [fmin, fmax] =
[250, 330]Hz, or k = 5th ∼ 6.6th harmonics. We show in
Fig. 6(a) the time-domain voltage signal and in Fig. 6(b) the
time-domain stator current signal. The frequency spectrum of
the stator current of a faulty motor is shown in Fig. 6(c),
and the cross correlation result between the stator current
spectrum and the injected voltage signal is shown in Fig. 6(d).
For comparison, we show the current spectrum of a healthy
motor and its cross correlation analysis result in Fig. 6(e) and
(f), respectively. It is clear that the fault signature appears
at f = −100Hz for faulty motor as expected, and no fault
signature for healthy motor. The experiment results agree with
the simulation results presented in Fig. 2.
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Fig. 5. Stator current spectrum with a single high frequency signal injection
on (a) a healthy motor and (b) a broken-bar faulty motor. The fault signature
is interfered by harmonics.

Compared to single frequency injection method, our pro-
posed method can effectively extract fault signature from noisy
measurements even under a very small slip. Our method is
insusceptible to harmonics and other inference.

V. CONCLUSION

We proposed a broken-bar fault detection method to im-
prove the detection performance by injecting a frequency
modulated continuous wave (FMCW) voltage signal to the
stator power source. Model analysis and simulation show that
under broken-bar fault conditions, the injected FMCW signal
induces another FMCW signal of a lower frequency band,
which as a newly-defined fault signature can be extracted by
analyzing cross correlation between the injected signal and
the induced signal in the frequency domain. Simulation and
experimental results demonstrate that our proposed method
outperforms other methods in detecting broken-bar faults from
noisy measurements when the motor slip is very small.
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Fig. 6. Experimental results of broken-bar fault detection by injecting a
FMCW signal. (a) Time-domain motor voltage signal, (b) Time-domain motor
current signal, (c)Motor current frequency spectrum of faulty motor, (d) Fault
signature analysis result of faulty motor using cross correlation, (e) Motor
current frequency spectrum of healthy motor, and (f) Fault signature analysis
result of healthy motor using cross correlation.
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[9] J. Cusidó, L. Romeral, J. A. Ortega, A. Garcia, and J. Riba, “Signal
injection as a fault detection technique,” Sensors, vol. 11, no. 3, pp.
3356–3380, 2011.

[10] X. Luo, Y. Liao, H. Toliyat, A. El-Antably, and T. A. Lipo, “Multiple
coupled circuit modeling of induction machines,” in Conference Record
of the 1993 IEEE Industry Applications Society Annual Meeting, vol. 1,
Oct 1993, pp. 203–210.

[11] M. Boucherma, M. Y. Kaikaa, and A. Khezzar, “Park model of squirrel
cage induction machine including space harmonics effects,” Journal of
Electrical Engineering, vol. 57, no. 4, pp. 193 – 199, 2006.

[12] D. Liu, R. Sugawara, and P. Orlik, “EMI reduction in PWM inverters us-
ing adaptive frequency modulation carriers,” in 2020 23rd International
Conference on Electrical Machines and Systems (ICEMS). IEEE, 2020,
pp. 772–777.


	Title Page
	page 2

	/projects/www/html/my/publications/docs/TR2023-039.pdf
	page 2
	page 3
	page 4
	page 5
	page 6


