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High-Resistance Connection Detection in Induction
Motor Drives Using Signal Injection

Pablo M. de la Barrera, Member, IEEE, Guillermo R. Bossio, Member, IEEE, and
Jorge A. Solsona, Senior Member, IEEE

Abstract—Two new methods for high-resistance connection
(HRC) diagnosis in induction motor (IM) drives are presented in
this effort. These automatic offline methods are based on a signal
injection strategy applied to the IM at standstill. By measuring
the voltage in the machine neutral point and phase currents, it is
possible to detect and isolate connection problems. Experimental
results showing a good sensitivity to HRCs and immunity to sym-
metrical stator resistance variations were obtained in a laboratory
setup.

Index Terms—Fault diagnosis, high-resistance connection
(HRC), induction motor (IM), signal injection.

NOMENCLATURE

D Duty cycle.
e Percentage relative error.
I0 Current offset.
ia, ib, ic Phase currents.
is Stator current vector.
īux
y Mean value of iy in the state ux.
Rs Symmetric stator resistance.
Rc Connection resistance.
rHRC Resistance residual.
Td Dead time.
toff Period in which a zero state is applied.
ton Period in which an active state is applied.
Ts Switching period.
V0 Voltage offset.
va, vb, vc Phase voltages.
vb/c−a Line-to-line voltage between phase b and phases c

and a.
Vd DC-link voltage.
vHRC Voltage residual.
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vm Neutral point voltage.
vs Stator voltage vector.
vse Exploratory signal voltage vector.
v̄ux
m Mean value of vm in the state ux.
Δ Difference between ideal and actual signals.
ζ Angle of the residual vector.
λ Limit value for the HRC alarm.
¯ Mean index.
∗ Command index.

I. INTRODUCTION

R ELIABILITY of induction motor (IM) is one of the most
important topics in the industry due to its widespread use.

In addition, they can cause unscheduled process downtimes,
which produce important economical losses. Usually, these
losses outweigh the cost of the motor maintenance [1]. For such
reason, several fault detection and diagnosis methods based on
currents, torque, power, vibration, or external magnetic flux,
among other physical quantities, have been proposed [2]–[5].

The use of IM drives increases the stress on the machine and
its power circuits. Electrical, mechanical, and thermal stresses
appear on the windings, bearings, and stator core of the IM,
increasing the possibilities of failures [6], [7].

Power circuits include all conductors and connections be-
tween the power source and the IM. As it was expressed in [8],
46% of the faults that reduce the motor efficiency are produced
in power circuits, where connection problems are the most
important (approximately 80% of the power circuit problems).

High-resistance connection (HRC) is a typical progressive
fault whose mechanism can be schematized by the diagram in
Fig. 1 [9]. It represents the way in which some factors (e.g.,
high current or voltage, vibration, chemicals or dirt in the atmo-
sphere, metal fatigue, aging, or extreme ambient temperature)
can initiate the degradation mechanism. It is characterized by
two main positive feedback loops where the contact resistance
increment produces contact temperature rise. This temperature
increment produces thermal expansion (and the subsequent
stress relaxation and creep) and the acceleration of oxidation
and/or corrosion. The aforementioned effects cause an increase
in contact resistance; thereby, the positive feedback loops for
the degradation of a power connection are closed.

If these loops are not broken, it can result in uncontrollable
overheating. It would be the precursor of arc flash, connection
and cable melting, and even an electrical fire, causing equip-
ment and building losses as well as personal injuries [10].

The increment in the contact resistance also produces an
unbalanced supply voltage of the IM, in which, if the IM is
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Fig. 1. Simplified scheme of degradation mechanism for power connections.

fed by an inverter, two possible scenarios would be present
[11]–[14].

1) Open-loop drives are usually based on a scalar v/f con-
trol method, which imposes a balanced voltage to the IM
through the inverter. In this case, an asymmetry in the IM
phases (stator turn fault or increase in contact resistance)
produces similar effects as those in an IM fed by the grid.
That is, negative sequence currents flow in the IM, which,
in addition, produce an oscillating torque at twice the
grid frequency while reducing the IM efficiency. These
additional mechanical and thermal stresses accelerate the
deterioration of the IM winding isolation leading to a
failure.

2) In case of closed-loop drives, the effects produced by a
stator asymmetry over the IM are very different compared
with the open-loop drives. Closed-loop drives cover some
typical characteristics produced by a stator asymmetry
(negative sequence current and oscillating torque) due
to its current and speed regulators, thereby increasing
the complexity of the analysis and interpretations of the
results [12], [13].

Fault diagnosis methods for open-loop IM drives have been
developed based on methods proposed for IM supplied from the
grid. Nevertheless, these methods are not convenient in practice
due to the variable operation condition (speed or torque) of IM
drives [13]. In addition, these proposed methods also fail when
closed-loop drives are used due to the different effects produced
by them when a fault appears. Therefore, new diagnosis meth-
ods devoted to IM drives have been developed [15], [16].

Moreover, in order to overcome these problems, diagnosis
methods based on high-frequency signal injection (HFSI) have
been deeply studied and proposed throughout the last decade.
HFSI has been used for position estimation in electric motor
drives at low speed, e.g., [17]–[20]. These methods are based
on tracking the position of some constructive rotor asymmetries
or saturation [21], [22].

HFSI has been used for the diagnosis of many different IM
faults, namely, air-gap eccentricity [23], broken rotor bars [24],
winding turn faults [12], [25], [26], and stator core faults [6],
[27]. Although these methods are widely used in the diagnosis
area, to the best of the authors’ knowledge, only one method for

HRC diagnosis based on HFSI suitable for IM drives has been
reported in literature [15].

The most widespread methods for HRC are the voltage drop
survey and the infrared thermography [9], [28]. The first one
is a simple, quick, and cheap method based on comparing the
magnitude of the voltage drop in each phases in the loaded
IM in order to detect HRC. An important disadvantage is the
personal risk associated to measurement processes since an
operator must perform it with the fed IM.

Infrared thermography is a quick and reliable method for
detecting hot spots in different IM drive components. A dis-
advantage of this method is the cost of the infrared camera
as well as those associated to the plant inspection and the
postprocessing of the images. All these tasks must be performed
by a specialist, with the automation of the detection and diag-
nosis process being difficult. Other methods based on artificial
intelligence [29], upstream impedance measurement [30], and
sequence components [8], [31] have been presented but only for
IM fed by the grid.

Recently, two new strategies for the detection of stator dis-
symmetry in drives with multiphase IMs [32] and wound rotor
induction machines [33] have been proposed. These strategies
can detect HRCs. However, the isolation of other stator faults
in the IM presents unresolved issues.

Therefore, two new offline HRC diagnosis methods using
HFSI are presented in this paper. A unipolar predefined signal
is injected to the power circuits of the IM at standstill condition.
The effect of this signal is analyzed using a new fault indicator,
which is calculated by using a single voltage sensor, measuring
the dc-link negative voltage with respect to the IM neutral point.
A second fault indicator is proposed in case IM phase current
information is available. Both options were experimentally
validated in a laboratory, demonstrating good performance and
sensitivity to the HRC while showing immunity to symmetric
variations of IM stator resistance as well as stator winding turn
fault (which produces inductance variations). In addition, based
on these new fault indicators, a fault detection and isolation
(FDI) algorithm is proposed, and the methodology to determine
limits for the HRC alarms is presented.

The approach presented in this paper can be combined with
previous proposals based on HFSI, which use the information
of neutral point voltage [23], [24], [26]. It allows detecting and
isolating broken rotor bars, eccentricity, shorted turns, and HRC
in the IM.

This paper is organized as follows. Section II presents the
two methods for HRC diagnosis using HFSI. The experimental
setup and the obtained results are presented in Section III.
Section IV presents the FDI algorithm proposed for diagnosing
HRC problems. Finally, some conclusions and final remarks are
drawn in Section V.

II. HRC DIAGNOSIS METHODS

Two methods to diagnose HRC are presented here. The first
one used the information of a single voltage sensor. The second
one, in addition to the single voltage, used the phase current
information. A detailed description of each method is presented
in the following subsections.



DE LA BARRERA et al.: HRC DETECTION IN INDUCTION MOTOR DRIVES USING SIGNAL INJECTION 3565

Fig. 2. Block diagram of the HRC diagnosis method.

A. Using a Single Voltage Sensor

The proposed method is based on the effects caused by
HRC over a determined voltage signal, when the IM is excited
by a predefined unipolar pulse sequence (exploratory signal)
imposed by a three-phase inverter. This one is an offline method
since the exploratory signal is injected when the IM is at stand-
still, applying this method in each process scheduled downtime.

A block diagram of the proposed method is presented in
Fig. 2. It is observed that the exploratory signal, i.e., v∗

se, is
injected when the control loop is opened.

Fig. 3(a) shows the scheme of the inverter (connected with
the IM) where the only voltage sensor, used by this approach,
measures the dc-link negative voltage with respect to the IM
neutral point, i.e., vm. This sensor arrangement is the same as
the one proposed in [26] and [27] for the diagnosis of stator
core and winding turn faults, respectively.

The exploratory signal is composed of three of the six active
states of the three-phase inverter, namely, u4(−++), u6(+−
+), and u2(+ +−) [see Fig. 3(b)], and a zero state u0(−−
−). A representation of the IM windings connection for each
of the active states is presented in Fig. 3(c)–(e). In addition,
the measured voltage is indicated in these figures. From these
figures, it is possible to observe that, when u4 is injected, vm
measures the voltage in phase a, whereas when u6 and u2 are
injected, voltages in phases b and c, respectively, are measured.
Fig. 4 shows the pulse sequence for the upper switches of the
inverter (S1, S2, and S3). The figure is divided into three parts,
one for each phase, in which the sequences of the active and
zero states are shown (SS in the figure). Therefore, it is possible
to measure the voltage in each phase using only a single voltage
sensor when the signal v∗

se is injected.
Based on this fact, the following signal is proposed as a

residual:

vHRC = v̄u4
m î+ v̄u6

m ĵ+ v̄u2
m k̂ (1)

where v̄ux
m represents the mean value of vm in the state ux; î, ĵ,

and k̂ are the versors in the following directions:

î =

[
1
0

]
; ĵ =

[
cos

(
2
3π

)
sin

(
2
3π

)
]
; k̂ =

[
cos

(
− 2

3π
)

sin
(
− 2

3π
)
]
. (2)

This way, if the IM is symmetrical, vHRC is equal to the
null vector since the values of v̄u4

m , v̄u6
m , and v̄u2

m are equal.
Given that the IM has inherent asymmetries, there is a limit for
vHRC, which is represented by a circumference in Fig. 5. If the

Fig. 3. (a) Three-phase inverter and IM connection. (b) Active state vectors.
(c) u4 state. (d) u6 state, and (e) u2 state.

Fig. 4. Sequence signals for upper switches.

Euclidean norm of vHRC is smaller than that limit, IM inherent
asymmetries could be present. In addition, (1) gives information
about the direction of the HRC, allowing its physical location.

An important advantage of this residual is its low sensitivity
to inductance variations produced by other IM asymmetries
(e.g., stator winding turn faults or air-gap eccentricities) due
to the fact that it is calculated from the mean values of the mea-
sured voltage. In addition, previous papers [23], [26] present
HFSI diagnosis methods for stator winding turn faults and
air-gap eccentricities whose proposed fault indicators have a
very low sensitivity to resistance variations [26]. Therefore, the
combined use of previous works and the one proposed in this
paper for HRC detection would separate these types of faults
for a correct diagnosis.
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Fig. 5. Plane of the possible values of vHRC.

B. Using a Single Voltage Sensor and the Phase
Current Information

Current sensors are usually incorporated in IM drives. Gen-
erally, open-loop drives do not need phase current information,
whereas closed-loop drives use current signals for the control.
Therefore, if the information of those sensors is available, it is
possible to modify the previous method to obtain the following
new fault indicator:

rHRC =

(
v̄u4
m

īu4
a

)
î+

(
v̄u6
m

īu6

b

)
ĵ+

(
v̄u2
m

īu2
c

)
k̂ (3)

where īux
y represents the mean value of iy in the state ux.

As an example, if a symmetrical IM, whose stator resistance
values are Rs, and an HRC in the phase a of the motor incoming
circuits (Rc) are considered, the following expressions are
obtained:(

v̄u4
m

īu4
a

)
= Rs +Rc;

(
v̄u6
m

īu6

b

)
= Rs;

(
v̄u2
m

īu2
c

)
= Rs (4)

yielding the following fault indicator:

rHRC|ex =

[
Rc

0

]
. (5)

This example shows that if a symmetric change in the stator
resistance occurs, (e.g., produced by temperature increment)
the fault indicator is not affected by this change. The same
analysis can be performed if the conduction equivalent resis-
tances of the inverter switches (rCEon for IGBTs and RDSon for
MOSFETs) are considered, yielding similar results. Therefore,
it is possible to assert that the proposed fault indicator has a
low sensitivity to symmetrical variations of stator resistance or
equivalent resistance of switching elements.

C. Effect of Dead Time

Here, a brief analysis of the dead time effects over the
proposed method is presented.

These effects are analyzed by comparing the ideal and actual
line voltages of the IM when phase a is excited, i.e., u4 is

Fig. 6. Relationship between ideal and actual IM line voltages.

Fig. 7. Simplified equivalent circuit during u4 injection.

injected. Due to dead time Td, the ideal line voltage videalb/c−a

becomes vactualb/c−a , as shown in Fig. 6. In this case, dead time
is presented during the transition from toff to ton; this fact can
be seen by analyzing the channel flow of the current in phase a,
as it was shown in [34] and [35]. As a result, the difference
between the ideal and actual line voltages is represented by
Δvb/c−a (= videalb/c−a − vactualb/c−a ).

By analyzing Fig. 6, it is possible to infer that dead time
affects the mean value of the line voltage v̄b/c−a of the IM.
v̄b/c−a can be calculated as follows:

v̄b/c−a =
Vd ton − Vd Td

Ts
=

(
D − Td

Ts

)
Vd (6)

where Vd is the dc-link voltage, and D represents the duty cycle.
Fig. 7 shows a simplification of the circuit shown in Fig. 3(a).

This simplification considers the mean values of the voltages
and currents during u4 injection. In addition, an HRC is con-
sidered in phase a (Rc).

The expression of v̄u4
m can be derived by inspection from

Fig. 7 as

v̄u4
m =

⎡
⎣
(
D − Td

Ts

)
Vd

Rs

2 +Rs +Rc

⎤
⎦ (Rs +Rc)

=Vd

(
D − Td

Ts

)(
2Rs + 2Rc

3Rs + 2Rc

)
. (7)

In the same way, it is possible to analyze the equivalent
circuits during u6 and u2 injection, obtaining the following
expressions:

v̄u6
m =Vd

(
D − Td

Ts

)(
2Rs +Rc

3Rs + 2Rc

)
(8)

v̄u2
m = v̄u6

m . (9)
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Fig. 8. e‖vHRC‖ as a function of contact resistances considering the dead
time effect.

TABLE I
INVERTER AND IM RATED VARIABLES AND PARAMETERS

If (7)–(9) are substituted in (1), the residual use to diagnose
the HRC, which considers the effect of Td, is obtained. In order
to quantify this effect, the percentage relative error between
‖vHRC‖ with and without Td can be calculated as

e‖vHRC‖ =
‖vHRC‖(Td=0) − ‖vHRC‖(Td)

VdD
× 100%. (10)

Fig. 8 shows the absolute value of the error as a function of
Rc. These theoretical results were obtained under the following
considerations.

1) Td was set in the value given by the used inverter in the
experimental setup. In the same way, Ts, Vd, and D were
set based on the values of the experimental setup.

2) For simplicity, the same value of winding resistance Rs

was assumed in the three phases, and it was set equal to
the mean value between the three phases.

Table I shows the values of mentioned parameters and some
information about the used inverter and IM.

From Fig. 8, it is observed that Td produces a small variation
of the residual (less than 1% for the worst case of Rc), at least
for the selected inverter and IM parameters presented in this
paper. Therefore, henceforth dead time will not be taken into
account for the next theoretical analysis.

D. Effect of Sensor’s Offset

The effect of offset in the voltage and current sensors over
the proposed methods is analyzed here.

First, it is considered an offset in the voltage sensor, indicated
as V0. In this condition, the measured voltages in each state are
given by

v̄u4
m |0 = v̄u4

m + V0

v̄u6
m |0 = v̄u6

m + V0

v̄u2
m |0 = v̄u2

m + V0.

Replacing previous equations in (1), the following expression
is obtained:

vHRC|0 = v̄u4
m î+ v̄u6

m ĵ+ v̄u2
m k̂+ V0

(̂
i+ ĵ+ k̂

)
(11)

where the last term of (11) is identically zero. Therefore, it can
be asserted that the residual vHRC is not affected by the offset
in the voltage sensor.

For the second method, the same analysis can be performed
when an offset in one of the current sensors is considered. The
measured currents are given by

īu4
a |0 = īu4

a

īu6

b |0 = īu6

b + I0

īu2
c |0 = − (̄iu2

a + īu2

b + I0)

where I0 represents the offset in the current sensor of phase b.
Replacing previous equation in (3), the following expression is
obtained:

rHRC|0 =

(
v̄u4
m

īu4
a

)
î+

(
v̄u6
m

īu6

b + I0

)
ĵ−

(
v̄u2
m

īu2
a + īu2

b + I0

)
k̂.

(12)

By analyzing (12), it can be observed that the offset in one of
the two current sensors affects the residual rHRC, and it must be
taken into account when the proposed method is applied. Two
strategies can be adopted in order to avoid current offset. The
first one is by compensating this offset, which can be measured
in a previous step to the application of the proposed method.
The second one is based on the use of a dc-link current sensor.
If this sensor is available, it allows measuring the current in
the phase, which is excited by the active vector of the inverter.
Hence, if the dc-link current sensor has an offset, it is canceled
in the same way shown for an offset in the voltage sensor.

Based on comments from previous discussions, the use of
a dc-link current sensor looks like the best option in order
to avoid the offset on it. Nevertheless, a huge disadvantage
is observed in this option. Integrated switching power devices
(as in the case of this effort) use dc links designed with the
objective of minimizing the stray inductances, generally using
planar bus bar designs [36]. These kinds of designs preclude
the use of current sensor in order to measure dc-link current.
Therefore, in this paper, the use of two current sensors was
selected.

As a final comment, it is interesting to note the advantage
of the first residual (vHRC) over the second one (rHRC) with
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Fig. 9. Experimental setup for validating the proposed HRC method.

respect to offset problems. The first one is not affected by the
offset in the voltage sensor, whereas in the second one, the
offset in the current sensors must be compensated.

III. EXPERIMENTAL VALIDATION OF PROPOSED METHODS

Here, the experimental setup used to validate the methods in
Section II is presented together with analytical and experimen-
tal results.

A. Experimental Setup

Fig. 9 shows the block diagram of the experimental setup
used to validate the proposed diagnosis strategy. The strategy
was programmed on a PC, which has a data acquisition card
with analog-to-digital and digital-to-analog (D/A) converters
and programmable digital inputs/outputs. The switching pattern
to the inverter was generated in the PC.

Although the strategy was programmed on a PC, it has a
low computational requirement. For this reason, it can be easily
implemented in a fixed-point digital signal processor (DSP) of
a standard variable speed drive.

The diagnosis strategy was tested in a modified standard
5.5-kW IM, whose rated variables and parameters are provided
in Table I. This modified IM was rewinding in order to short-
circuit different numbers of turns of the phase a winding. It is
well known that the rewinding process increases the inherent
asymmetries in the machine, given that it is a handmade pro-
cess. That is the reason of the important differences between
the IM phase resistances.

As it was mentioned in [8], the most common HRC prob-
lems occur only in one phase of the incoming circuits of the
IM. Therefore, the HRC was emulated with a resistance (Rc)
connected in series with IM phase a, as in [8] and [37]. In order
to validate the proposed strategy, Rc was set in seven different
values during the tests (57.01, 97.21, 218.26, 610.77, 794.71,
976.67, and 1157.6 mΩ). These resistances were measured
by an Agilent 34401A digital multimeter with the four-wire
resistance measurement method.

Previous values were selected taking the results presented in
[8] as a reference, in which the experimental setup has similar
characteristics as in this paper. Results about the increment in

TABLE II
VOLTAGE AND CURRENT SENSORS INFORMATION

Fig. 10. Time response of vm and ia during u4 injection.

the contact resistance in a real terminal due to the variation of
looseness in the bolt are presented in [8]. The authors consider
that selected Rc are reasonable and likely to occur in the real
situation, at least in this range of IM power (< 10 kW).

The dc-link negative voltage with respect to the IM neutral
point n, i.e., vm, was logged by an oscillographic recorder (see
Fig. 9) with a sampling frequency of 160 kHz and a resolution
of 11 bit. In addition, two phase currents were measured and
logged with the same instrument. Finally, these signals were
analyzed in a PC for obtaining the proposed residuals [see
(1) and (3)]. Details about the voltage and current sensors are
shown in Table II.

With the experimental setup described above, the results
shown in the following section were obtained.

B. Experimental Results

Fig. 10 shows the time response of the absolute value of vm
and ia when the active state u4 is injected to the IM, using Rc =
57.01 mΩ. In the second figure, the mean value of the current
(̄iu4

a ) with a maximum current ripple of about 0.6 A is indicated.
Fig. 11 shows the vHRC plane where the values of vHRC for

different Rc are drawn. Some points for Rc were indicated in
the figure. As aforementioned in a previous section, HRCs were
emulated in phase a. Fig. 11 clearly shows this fact by placing
the different points of vHRC in a small neighborhood around
the axis. Therefore, it is possible to assert that the proposed
method is able to identify the faulty phase allowing then rapid
troubleshooting.
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Fig. 11. Variation of vHRC with contact resistance in the vHRC plane.

Fig. 12. Euclidean norm of vHRC versus contact resistance.

In addition, from Fig. 11, it is possible to note certain
inherent asymmetries in the winding phases when Rc = 0.
Particularly, the IM selected for tests has important inherent
asymmetries, as the phase resistances shown in Table I revealed.
Despite this fact, results show a very good sensitivity to the
variations of Rc, even for its smaller value.

Fig. 12 shows the Euclidean norm of vHRC versus Rc. In
addition, the fitted curve of the measured data was included and
drawn in a dashed line. In order to compare the experimental
results with those analytically obtained, a second curve was
drawn in the same figure (continuous line). It was calculated
considering an HRC in phase a and performing the same
methodology used in Section II-C but without considering dead
time (Td = 0). Hence, the following values of vm were used for
evaluating (1):

v̄u4
m =VdD

(2Rs + 2Rc)

(3Rs + 2Rc)

v̄u2
m =VdD

(2Rs +Rc)

(3Rs + 2Rc)

v̄u6
m = v̄u2

m . (13)

Rs was set as in Section II-C. Since analytical results were ob-
tained considering symmetric winding resistances, the value of
‖vHRC‖ for Rc = 0 is identically zero, whereas experimental
results show this asymmetry in the phases.

Fig. 13. IM stator current during the inverter u4 state (̄iu4
a ) versus contact

resistance.

Fig. 14. Variation of rHRC with contact resistance in the rHRC plane.

Nevertheless, Fig. 12 shows a good correlation between ex-
perimental and analytical results as well as the good sensitivity
of the proposed method.

The sensitivity of the method depends on the mean value
of injected current during the test (̄iu4

a , īu6

b , and īu2
c ). In the

present effort, the value of īux
x was set equal to the RMS value

of the stator current of the IM in no-load condition. To do that,
the duty cycle was adjusted in D = 0.1, whereas the dc-link
voltage was Vd = 100 V. Fig. 13 shows the absolute values of
īu4
a versus the contact resistance. A value equivalent to the no-

load stator current is observed for Rc = 0.
Although the presented results show the good sensitivity, it

could be increased by adjusting the duty cycle of the injected
signal in order to equal īux

x to the rated value of the stator
current. Nevertheless, it must be taken into account that this
value of current must be injected in a short period of time due
to the fact that the IM is at standstill. In this condition, the
IM could be seriously damaged due to overheating (if the IM
without independent ventilation is considered).

In addition, results for the contact resistance calculated by
using a single voltage sensor and phase current information are
presented here. Fig. 14 shows the rHRC plane in which some
points of Rc are indicated. As aforementioned, the proposed
method clearly identifies the faulty phase allowing to detect
HRC problems.
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Fig. 15. Contact resistance calculated by the Euclidean norm of vHRC and
measured with the four-wire method.

Moreover, Fig. 15 compares the Euclidean norm of rHRC

with Rc, which was measured by the four-wire measurement
method. With the proposed method, a good estimation of
the contact resistance can be observed. The small differences
between the two methods for estimating the contact resis-
tance could be quantified by the percentage relative error
calculated as

er =

(
Rc − ‖rHRC‖

Rc

)
× 100%. (14)

The maximum error obtained for the resistance estimation
was er−max = 4.9%, whereas the average error was er−avg =
2.9%. The authors consider that error values are very low for the
proposed method, showing its high accuracy in the estimation
of HRC problems.

Therefore, it is possible to assert that previous results demon-
strate the validity of the proposed method to diagnose problems
of HRC.

1) HRC in Two Phases of the IM: As it was mentioned
in [8], the most common HRC problems occur in only one
phase of the incoming circuits of the IM. Therefore, in previous
sections, HRC was emulated with a resistance connected in
series with IM phase a, as in [8] and [37].

Despite this fact, here, HRC in two phases of the IM is
considered in order to evaluate the validity of the proposed
method. In this case, two identical resistances were used and
connected to phases a and b. These resistances were identified
as Rca and Rcb, and their values were set as Rca = Rcb =
(57.01, 441.0, 1009.0) mΩ.

Fig. 16 shows the rHRC plane in which the results obtained
with the proposed method for HRC in two phases are indicated
with (◦). In addition, the residual was also calculated with
the values of resistances measured with the four-wire method.
These results are indicated in the figure with squares and con-
nected by a dash-dotted line (−�· −) rHRC. In order to compare
these results with those previously obtained for HRC in one
phase, they were also incorporated in this figure, indicated
by (∗).

By analyzing Fig. 16, it is noticed that experimental results,
which are obtained with HRC in two phases, are placed in a

Fig. 16. rHRC plane. (∗) HRC in phase a. (◦) rHRC with Rca and Rcb.
(−�· −) rHRC calculated with values of Rca and Rcb measured with the four-
wire method.

small neighborhood around the bisector line between axes a
and b (exactly 2π/6 rad). It can be easily explained by taking
into account that the geometrical composition of two vectors
with the same Euclidean norm is always on the bisector line.

Based on these results, it is possible to assert that, in a general
case, in which Rca �= Rcb, the proposed method will place
points in a sector of the rHRC plane limited by axes a and b.
The exact point will be given by the Euclidean norm and the
angle of rHRC, which can be calculated as

ζrHRC
= atan2 (rHRC(x-comp), rHRC(y-comp)) . (15)

The angle ζ allows identifying the faulty phases as well as
rapid and precise troubleshooting for HRC in two phases.

Finally, it is important to point out the good correlation
between experimental and analytical results, as in the case of
HRC in one phase, validating in this way the proposed method
for the case of HRC in two phases.

IV. PROPOSED FDI ALGORITHM

Here, an FDI algorithm for the diagnosis of HRC is proposed.
Fig. 17(a) shows the block diagram schematizing the pro-

posed FDI algorithm. The first step for the detection of HRC
consists in the measurement of voltage or voltage and currents,
as well as in the preprocessing of that signals in order to avoid
offset. A second step involves the computation of proposed
residuals, i.e., (1) or (3), depending on measured signals.

Once the residuals are calculated, the Euclidean norm (‖ • ‖)
is taken and compared with limits (λ‖vHRC‖ or λ‖rHRC‖) for
detecting and quantifying the HRC. If ‖ • ‖ > λ, the algorithm
will return the faulty condition as the healthy one.

In addition, after the faulty condition is returned, the angle
ζ is enabled to be computed by using (15). Based on this
information, it is possible to determine the faulty phases in
which HRC appears.

The following sections show how to determine the limits λ
and the phases affected by the HRC.
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Fig. 17. FDI algorithm. (a) Block diagram and (b) limits for the HRC alarms.

A. Determination of Limits for the HRC Alarms (λ)

This section presents a brief description of how to determine
the limits for the HRC alarms, i.e., λ.

By measuring the stator resistances of 15 new IMs, the
authors could determine a maximum inherent asymmetry of
1.5% of the mean value between Rsa, Rsb, and Rsc. These
values can be taken as a reference for low-power machines (all
tested IMs belong to this range of power, i.e., < 10 kW).

This way, the following limit for ‖rHRC‖ is proposed:

λ‖rHRC‖ = 1.5×mean ([Rsa, Rsb, Rsc]) /100. (16)

For determining λ‖vHRC‖, the use of (16) is proposed,
yielding

λ‖vHRC‖ = λ‖rHRC‖ ∗ īux
x (17)

TABLE III
AFFECTED PHASES DEPENDING ON ANGLE ζ

where īux
x is the mean value of injected current during the test.

This reference current is selected in order to obtain the highest
sensitivity in the method, as it was pointed out in Section III-B.

These limits set the radius of the red circumference indicated
as “IM inherent asymmetries limit” in Fig. 17.

B. Determination of Phases in Which HRC Occurs

In order to identify the phases in which HRC occurs, the
angle ζ must be computed. This value will be allocated in one
of the three sectors in which the residual plane was divided (see
Fig. 17).

Once the sector is identified, it is possible to determine the
faulted phases. Table III shows the angle limits of the sectors as
well as the phases, which are affected by HRC in each sectors.

In addition, bands along the phase axes are taken into account
in order to avoid false identification as a product of inherent
asymmetries of the IM (see Fig. 17). These inherent asymme-
tries can cause ζ to deviate from 0 for an HRC in phase a, 2π/3
for phase b, or 4π/3 for phase c.

These limits are set in the value selected for λ with a small
slop, in order to take into account the dispersion produced when
the phase current decreases as a product of an increment in
the HRC.

V. CONCLUSION AND FINAL REMARKS

Two new automatic HRC diagnosis methods based on signal
injection have been proposed in this effort. The theoretical
underpinning of these two offline diagnosis methods was pre-
sented, showing a detailed description of the predefined injected
signal as well as two HRC residuals. Both residuals need the
information of the voltage in the neutral point of the machine.
One of them (vHRC) is calculated by using a single voltage
sensor, being immune to offset problems in the sensor. The
other residual (rHRC) uses the voltage provided by this sensor
plus the stator current information.

Both methods were experimentally validated using a lab-
oratory prototype. The possibility of detecting HRCs while
determining their severity was demonstrated. In addition, the
physical location of the HRC in the incoming circuit of the
IM with both indicators was demonstrated even for HRC in
two phases. All this information was obtained with a very low
estimation error and a high immunity to symmetric variations
in the IM stator resistance and those associated to the inverter.

Finally, an FDI algorithm to implement the proposed HRC
diagnosis method has been put forward. Details about the
selection of the limits for HRC alarms were presented.
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These simple methods can be programmed in the DSP of the
standard drive since they do not need large computational re-
quirements nor database information of the IM. These two low-
cost automatic HRC diagnosis methods only need an additional
single voltage sensor since the current information is usually
available in a standard IM drive.

In addition, it can be noted that the proposed HRC diagnosis
methods use the same experimental arrangement previously
presented in literature for diagnosing stator winding turn faults.
Therefore, these faults could be also detected and isolated in
order to obtain a more accurate diagnosis.
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