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A Novel Phase Loss Detection Method for
Low-Cost Motor Drives

Anton Dianov

Abstract—This article proposes a novel method for detection
of open-phase faults, which was specifically designed for usage
in low-cost motor drives. The proposed algorithm uses analysis
of current signals to detect the failure and it was developed for
usage with conventional configuration of motor drives, where phase
currents are measured with the shunt sensors placed in motor
phases, or dc-link and which signals are corrupted with a noise.
The author discusses the specifics of inverter hardware design for
low-cost applications and explains why the conventional techniques
are not applicable. After that a new method capable of operating at
high noise to signal ratio is proposed and implemented. The exper-
imental results verified feasibility of the developed technique and
demonstrated its reliable operation under different load conditions.
In order to perform comparative analysis, several conventional al-
gorithms were implemented and their performance was compared
to the performance of the proposed method. After experimental
verification, this algorithm was included into the existing control
scheme of commercial permanent magnet synchronous motors, as
a part of the safety module. The modified motor drive successfully
passed standardization according to UL 60730 safety standards
and was put into mass production.

Index Terms—Fault diagnosis, fault protection, fault tolerant
control, motor drives.

I. INTRODUCTION

HE open-phase failure, which is also called single phasing
T and loss of phase is the most frequent fault of electrical
motor drives, therefore control programs must detect it on time
and properly handle it in order to prevent hazardous after-effects.
This type of failure can be caused by a variety of factors, such
as blown fuses, broken wires, oxidized contacts, open switches,
improper maintenance, etc. All major reasons of this failure and
their classification are discussed in [1].

Generally speaking, there are two types of phase loss failures,
which are distinguished by the place of occurrence. They are
“converter phase loss” and “motor phase loss,” which inter-
rupt desired power flow in the grid-inverter and inverter-motor
connections, respectively. These faults have different impacts
on equipment, which depends on the hardware configuration,
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direction of power flow, etc. However, this article considers
only open-phase failure, which happens between inverter and
motor, because low-cost drives are typically supplied with a two
phased grid and converter phase loss in this system, is similar to
disconnection from the grid.

Another specific of low-cost drives is usage of shunt-based
current sensors, which outputs are corrupted with noise, there-
fore, phase loss detection algorithms have to operate properly
with high noise to signal ration. Moreover, low-cost drives
typically involve one-shunt current sensing techniques, when
the shunt is placed in the dc-link and motor phase currents
are reconstructed using measurements of dc-link current in
proper moments of time. The phase currents calculated using
this approach are sensitive to signal noise and offset errors,
measurement errors are amplified.

When open-phase failure occurs, it does not immediately
cause any failure or damage, but it forces equipment to operate
under higher stress, therefore without proper handling it may
cause overheating of equipment and may be a reason of an error
after a period of time. A good example is presented in [2], where
the authors claimed that voltage imbalances of 3% may increase
motor temperature up to 25%, but loss of phase causes more
serious distortion and temperature can be significantly higher.
It happens because after phase loss, the motor is supplied with
negative sequence currents, which produce parasitic magnetic
fields and lowers torque of the motor. As a result, control system
commands higher currents, which rapidly overheat motors and
may start a fire. Another negative after-effect of single phasing
happens, when motor operates in the field weakening mode,
where the rotor field is weakened by the stator current direct
component. In this case, the control system may not properly
control the direct component of the stator current after failure,
so high back electromotive force (EMF) applies to the dc-link
causing its over-voltage, which may damage the electrolytic
capacitor [3], [4].

As a result of analysis of possible hazardous situations due
to the loss of phase, the open-phase detection algorithms be-
came a vital part of the protection code according to IEC/UL
60730 safety standards. This standardization is typically used
for low and middle cost drives, e.g., [5], which can exclude
some protective devices and decreases total cost of the drive, if
the higher safety grade is obtained. According to the standard-
ization rules, analysis of risk and possible hazardous situations
must be performed and protection measures for avoiding nega-
tive consequences must be proposed. Taking into account the
discussed after-effects of single phasing, it is considered
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a possible hazardous situation, which must be detected in
time, therefore open-phase detection techniques must be
involved.

It should also be noted that phase failure detection techniques
are important for the fault tolerant electrical drives, where these
methods are an inevitable part of control software [6]—[8]. They
are extremely important for the fast detection of faulty conditions
and switching to the proper fault control mode.

In order to prevent single phasing, different protective devices
like phase failure relay may be utilized. If a fault happens,
they turn the equipment under protection OFF, notifying the
high-level control system. Despite the simplicity of this ap-
proach, the additional hardware complicates the motor drive,
increases total cost and demands more space. Aree [9] proposed
the use of an additional neutral wire because it increases motor
torque and decreases undesired heating of the motor under
fault conditions. However, this approach also needs additional
modifications of motor drives and increases the cost, especially
in systems with long wires. As a result, many researchers pro-
pose software algorithms for fault detection, which can keep
the drive safe without worsening other characteristics of the
motor drives.

The simplest solution for phase loss detection is revelation of
zero current in motor phases [10]-[12]. This approach is simple
in implementation and tuning, but its complexity increases with
a number of motor phases [13], [14]. Furthermore, it may fail
at low load conditions, when the sensed current signals are
significantly corrupted by noise. The author implemented this
technique in motor drive discussed in [15], where it worked
as desired, however, it failed at drives mentioned [16], which
frequently operates at zero load.

In order to exclude the influence of number of motor phases on
the computational complexity, The detection of single phasing
by analysis of oscillations in direct and quadrature components
of the stator current are proposed in [17]-[23]. They showed
that under phase loss conditions, these components oscillate
with a frequency twice higher than the fundamental one, while
during normal operation, direct and quadrature components
are almost constant. The authors of those papers proposed to
detect oscillations, but they used different techniques for such
detection. Another technique, which uses the phenomenon of
current oscillation in dg reference frame was proposed in [22]
and [23], where the authors detect fault of phase by comparing
actual currents with the commanded values. This approach was
also implemented by the author and showed good results in
motor drives for reciprocating compressors [24], however, this
algorithm failed with the same motor operating in the test jig
and rotating at low loads.

The work in [25]-[27] analyzed stator current trajectory in
the a3 (stationary) reference frame. They demonstrated that
in normal operation, the trajectory has a circular shape, while
under fault conditions it changes to an ellipse. Furthermore, the
orientation of the ellipse contains information on the failed motor
phase. This method is relatively simple and does not depend
on the number of motor phases, however it needs low noise
signals, which restricts the usage area. Furthermore, this method
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fails if motor load varies over mechanical revolution, like in
reciprocating compressors.

One of the most popular algorithms for single phase detection
is analysis of current spectrum using Fourier transformation,
which was considered in detail in [28]-[32]. However, require-
ments to powerful microcontroller and quality of sensed signals
make this method inapplicable in practical solutions, therefore
it is mainly used in laboratories.

In order to decrease the impact of noisy signals, the proposed
techniques which are based on the calculation of the average
value of stator current at one fundamental period are given
in [33]-[37]. They claimed that during normal operation, the
average value of phase current should be zero, therefore the fault
condition can be easily detected. Furthermore, this algorithm is
easy inimplementation and can distinguish phase fault and open-
switch failure. The author implemented this idea and checked
its operation. It was found that the method is less sensitive
to noise but sensitive to sensor offset errors. Furthermore, it
cannot operate with varying load, such as loads in reciprocating
compressors [38], where the average value of a phase current
over fundamental period is not zero, and detection time of
this technique is high, which may be not convenient in many
applications.

The complete analysis of the phase loss detection techniques
was reported in [39] and [40], which considered their pros and
cons in detail. After detailed study of the existing techniques
some of them were selected for the implementation, however all
of them failed UL60730 safety certification. After that, it was
decided to develop a new method for the open-phase detection,
which can operate with noisy signals, typical for low-cost drives
and which are also insensitive to load variation.

II. STRUCTURE OF LOW-COST MOTOR DRIVE

The proposed algorithm was developed for low-cost motor
drives, where the typical structure is shown in Fig. 1. This drive is
supplied by a two-phased grid, where the exact voltage depends
on the country of usage. The input voltage is rectified by the
typical bridge converter and fed to the dc-link, which contains
electrolytic capacitors for filtering of voltage ripples. The target
motor is connected to the dc-link via an inverter, which modu-
lates dc-link voltage and supplies the motor with an ac voltage
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of the desired waveform and frequency. In order to provide
feedback and perform control of the electrical drive, the system
is equipped with a voltage and current sensors in the dc-link. The
phase voltages applied to the motor are calculated using signals
from the voltage sensor and duty-factors, commanded to inverter
switches as well as phase currents, which are reconstructed by
using the one-shunt current reconstruction technique.

The voltage sensor in this system is implemented as a voltage
divider with a gain of about 0.01, which means that sensor
outputs about 3 V, when dc-link voltage is about 315 V, cor-
responding to 220 V of the grid. In general, the dc-link voltage
is quite stable and contains ripples with a frequency twice higher
than the input frequency, which makes possible usage of filters
with higher time constants. As a result, the voltage signal has a
high signal-to-noise ratio and it is easy for measuring.

At the same time, the measurement of dc-link current is not so
simple. In order to lower the total cost, the current sensor is im-
plemented using shunt resistors, which need additional circuits
and increases communication lines, which in turn, increases
noise to signal ratio. Furthermore, the operational range of
current sensing circuit is frequently narrowed, which decreases
power dissipation at the resistor and allows for the use of shunt of
lower power range and saves more money and space in the board.
A good example of this approach is the project described in
[41], where rated current of the motor corresponds to the voltage
drop of 0.7 V at the shunt resistor. As a result, the signal from
the current shunt sensor is significantly corrupted with noise,
especially with noise caused by modulation. Simultaneously,
the requirement for rapid detection of overcurrent errors makes
the usage of filters with higher time constants impossible, which
makes motor control in low load range a challenging task.

Another problem of current measurement in this system is
an offset error. Even if ADC is calibrated at zero current point
every time before the system starts, the offset error may appear
during operation of a motor drive. Taking into account that in
systems as shown in Fig. 1, two phase currents are reconstructed
using measured signals and the current in third phase, say i, is
calculated using two measured or restored phase currents

Z-c:_iu,_iba (1)

where i, and iy, are the measured (restored) currents in two motor
phases, the maximum offset error in third is twice higher. Since
offset error is not significant, this problem can be insignificant
at higher loads, but it significantly worsens control at no load
and low load conditions.

Under these difficult conditions, the conventional techniques
did not work well and could miss phase loss failure or detect
false events, therefore a new technique has to be developed.

III. PROPOSED ALGORITHM

In order to overcome the problem of measurement noise and
offset errors, it was proposed not to use absolute values, e.g.,
predefined constants to compare with measured currents. It has
been found that the comparison of current signals to each other
shows more stable results, since they contain the same errors,
which may compensate each other. Therefore, current ranging
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and detection of the middle current may help to recognize the
open-phase failure.

The currents in motor phases at normal operation under
field-oriented control (FOC) have sinusoidal waveforms, which
are shown in Fig. 2. These currents may be slightly distorted,
depending of the motor design, however for the purpose of
simplicity it is not considered and motor currents are assumed to
be pure sine. Let us define middle current in the system of three
phase currents as a signal, which is greater or equal than one of
two other currents, but less than another one. For example, the
phase “A” current is a middle current, when

(ib S Za < ic) H (Zc S ia < Zb) . (2)

Therefore, each phase current is a middle current during 60°,
with the following 120° delay, as demonstrated in Fig. 2. These
values relate to pure sine waveforms and can differ a little for the
distorted currents (typically =15°). When phase failure happens,
the current in the failed phase is a middle one during longer
periods of time, 360° in the ideal case, Fig. 3. Practically, the
middle current can be unstably detected at the point of crossing
currents, but the period of stable detection is about 180°, which
is easy to distinguish with 60° intervals of normal operation.

The simplest scheme for the fault phase recognition using
middle current detection is depicted in Fig. 4. It receives motor
currents at the input and sorts them, outputting index of the
middle current. After that, it feeds XOR block with the index of
the middle current at current and previous steps. If the indexes
are the same, the XOR block outputs zero, however, when the
middle current changes the XOR block produces logical “high”
signal, which lasts one sampling period. This signal resets the
integrator, which calculates the angle, when the middle current
is unchanged. This angle 0 is considered as a fault index and
is compared to threshold value 6yy,. If the fault index exceeds
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01, the fault signal is generated. This threshold value has to be
selected higher than 60°, due to the nature of motor operation
and has to be less than 180° in order to provide stability.

If current signals are significantly distorted for any reason and
their zero crossing happens more than two times per period, the
proposed method can be improved a little, as shown in Fig. 5,
which increases its filtering capability. In this algorithm, three
channels operate independently and calculated middle current
intervals 6,, 0, and 6, are not reset, when the middle current
changes. The output of the integrator is limited with 0 and period
of the phase current 7, in order to exclude overflow/underflow.
These current intervals are considered as a fault indexes and
compared with a threshold value 6y}, separately, which makes
distinguishing of faulty phase possible. Since the improved algo-
rithm calculate calculates middle current intervals for each phase
independently and does not reset them, when the middle current
changes, it operates more stably in case of highly distorted
currents, when zero crossing may occur more than two times
per period.

At the same time, this algorithm has higher computational
complexity, increasing with the number of motor phases, there-
fore selection of the exact method can be done only after
experimental verification with a target motor drive.

The most significant superiority of the proposed technique is
proper operation with noisy current signals, which are typical for
low-cost systems. Another advantage of the developed algorithm
is stable work at load variation and transients and absence of
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Fig. 6.

Schematic diagram of the experimental test rig.

TABLE I
MOTOR RATED PARAMETERS

Parameter Value
Number of poles 2P=6
Rated power, W 150
Rated torque, N'm 0.35
Rated speed, r/min 4000
Phase resistance, Q 1.5
d-axis inductance, mH 47
g-axis inductance, mH 63
Back-EMF constant, V-s/rad 0.15

false detections. The computational complexity of this method
is not significant and does not load the microcontroller too much,
therefore chip devices can be used for design of the control sys-
tem. The tuning of the proposed method is quite simple and even
nonexperienced engineers can easily do it. One more benefit
of usage of the proposed method is its versatility and proper
operation with motors of other types, which have star connected
windings and are supplied with a system of sinusoidal signals.
It should be also noted, that the proposed method can operate
under rectangular control as well because this type of control
uses three-phase bipolar currents, shifted at 120°. However, the
threshold level 0y}, must be increased at 5°—15°.

The main drawbacks of this algorithm are the increase in
computational complexity, with the number of motor phases
and minimum detection time, which is limited to one-sixth of
the current period.

IV. EXPERIMENTAL SYSTEM

The test jig used in the experimental verification of the pro-
posed method is shown in Fig. 6. The motor used in these tests
was a commercial type machine, which is typically built into
reciprocating compressors of small air-conditioners and refriger-
ators. The parameters of the motor are given in Table I. The motor
is loaded with a Magtrol hysteresis brake HB-140M-2, which
provides a stable load with low level of ripples. The speed and
torque of the motor were measured by the Magtrol TM 304/011
transducer and displayed by the Magtrol 3410 display unit. This
display was also connected to the PC by serial communication
for the data monitoring and acquisition. The electrical signals
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were measured by means of an oscilloscope Yokogawa DL 850,
capable of saving both oscillograms and raw data.

The voltage source inverter (VSI) involved in tests was a
commercial device based on the IGCM04B60GA (600 V/4 A)
power module from Infineon Technologies and designed to be
used in standard 220 V (50-60) Hz grids. The structure of this
VSI was the same as the typical structure of low-cost inverters
shown in Fig. 1 and contained one voltage and one current
sensors in the dc-link. This current sensor operated together
with the current reconstruction algorithm based on the principles
considered in [43], in order to obtain motor currents. The case
of the inverter was made of aluminum and equipped with fins,
therefore it operated as a heatsink.

The core of the motor drive control system was an 80 MHz
iHart 1910 microcontroller with a Cortex M3 core. It controlled
inverter switches at 8 kHz and sampled electrical signals with
a sampling time of 125 us. The signals from sensors were
processed by the built-in adjustable operational amplifiers and
digitalized with a 12-bit Adc. The laboratory sample of the
inverter was equipped with an additional serial communication
interface, used to connect it to the PC and perform monitoring
of the internal variables.

The control system of motor drive used for the experimen-
tal verification of the proposed phase loss detection method,
was standard commercial software for driving reciprocating
compressors, which was enhanced with a safety module used
for the standardization according to UL 60730 safety standard,
including the proposed fault phase detection algorithm, Fig. 7.
This system was intended for sensorless control of interior
permanent magnet synchronous motors (IPMSM), which de
facto became a standard in refrigerating and air-conditioning
applications, and enhanced with the algorithm for estimation
of initial rotor position [44], necessary for the prevention of
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L 4
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reverse rotation at start. The control system of the test inverter
included an outer speed loop and two inner current loops in
dq frame. Speed and position for feedback and transformations
are provided by the estimator, which uses electrical signals
of the motor. The minimum speed for stable operation of the
sensorless algorithm was defined as 10 Hz and the maximum
error was lower than five electrical degrees [15]. Current and
speed controllers were implemented as explained in [12], which
included antiwind-up techniques and provided better dynam-
ics. Square root calculation was implemented using techniques
discussed in [45] decreasing microcontroller unit (MCU) load,
which is desirable for low-cost systems. The open-loop starting
and operation until closing of the control system are discussed
in [42].

The control system was equipped with maximum torque per
ampere (MTPA) block to increase motor drive efficiency and
field-weakening controller (FWC) used to increase speed opera-
tion range at 30%. The FWC receives commanded and measured
dc-link voltages. Then the demanded voltage vector and the
maximum possible voltage level (with 5% gap) are calculated.
The difference between them is sent to the PI-controller, which
calculates field weakening component of the stator current. In
order to provide the compatibility with MTPA algorithm, the
limit calculator outputs the maximum acceptable command of
the stator current.

V. EXPERIMENTAL RESULTS

The proposed algorithm for phase loss detection was imple-
mented and checked using the motor test jig discussed above.
The motor phase current at load is shown in Fig. 8, which clearly
demonstrates that the waveforms are close to sine, which are
easier to process. At the same time, motor currents at no load
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conditions are significantly distorted, and contain several zero
crossing points per period Fig. 9, which complicates operation
of the phase loss detection algorithms. Taking into account
these distortions, we selected the improved version of algorithm
Fig. 5, which provides better stability. In all our experiments,
the threshold value of phase current middle position 6}, was
selected as 100°, which was found to be a compromise between
detection time and stability.

A. Fault Detection at Rated Load

In this experiment, the value of motor commanded speed was
set to 1800 r/min and rated load was applied. The motor rotated
for 1 min, until stabilization of system. After that, the phase
“A” was manually disconnected from the motor using a circuit
breaker. The results of this test are shown in Fig. 10, which
illustrates that the fault detection algorithm worked as desired.
Since the current waveforms are quite clear, the proposed method
easily detects regions, where phase “A” current is in the middle
position and calculates their length. In normal operation, they are
in the range of 40°-70°, but in the case of failure 6, raises until
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the threshold value 6y}, where the fault is detected, Fig. 10(a).
The detection angle was less than 100°, which proves proper
operation of the developed algorithm.

B. Fault Detection at Low Load

In this test, the conditions were similar to the previous ex-
periment, but the load was removed, which resulted in highly
distorted phase currents. The operation of the proposed method
is shown in Fig. 11, which illustrates that the phase loss was
detected properly, despite highly distorted current waveforms
with numerous zero crossings per period. It can be clearly seen
that fault index 6, accumulates at several intervals Fig. 11(a),
however its value does not exceed 80°, leaving a stability gap
of 20°. The proposed algorithm properly detected loss of phase
in several consecutive experiments with the detection angle not
exceeding 100°, therefore this test was successfully passed.

C. Fault Detection at Low Speed

In this experiment, operation of the algorithm was verified at
low speed. For this purpose, motor speed was set at 300 r/min
and the load was applied. The motor rotated for one minute, until
stabilization of system. After that, the phase “A” was manually
disconnected from the motor using a circuit breaker. The results
of this test are shown in Fig. 12, which demonstrates that the fault
detection algorithm operated as desired even in the low-speed
region.

D. Performance at Load Disturbance

The purpose of this test was verification of the phase loss
detection algorithm performance under the load disturbance
conditions, checking of presence of false positive detections
and the analysis of its stability. In order to do this, the load
of 20% of the rated load was applied and the motor was rotated
at 1800 r/min. After about one minute, the load was increased
to 100% with one step, and operation of the phase loss detection
algorithm was checked. As it can be clearly seen from Fig. 13,
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the algorithm works stably and this disturbance had almost no
impact.

In the next step, the load was decreased from 100% to 20% in
one step and performance of the proposed method was checked.
As it can be clearly seen from Fig. 13, this disturbance also has
minor impact on the operation of the proposed algorithm and it
does not output false fault signals.

E. Performance at Load Varying Over Revolution

This experiment was conducted to verify the proper operation
of the proposed technique under load torque, varying over me-
chanical revolution, which frequently happens in the mechanical
systems, e.g., reciprocating compressors. The specifics of this
load is nonsymmetrical phase currents, with average values
which differ from zeroes. Furthermore, the difference between
phase current amplitudes can be as high as 3—4 times, which
creates problem for the operation of some phase loss detection
techniques.

For the purpose of verification, the motor was operated at
low-speed of 900 r/min, because at lower speeds, the kinetic
energy of the system is lower and the difference in current
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amplitudes is more pronounced. The phase current at rated load,
when the motor drives reciprocating compressor, is shown in
Fig. 14, which illustrates the waveform of phase current, as
discussed above. The operation of the proposed algorithm at
compressor load is depicted in Fig. 15, which clearly shows that
the loss of phase fault was properly detected and there were
no false detections. The minimum margin between fault index
and threshold value was about 20°, which guarantees stability
of operation.

F. Performance at Speed Transients

In order to analyze behavior of the proposed algorithm in
speed transients and check presence or absence of false fault de-
tection, the motor was accelerated from 2500 to 2700 r/min and
then, after some period of time, decelerated back to 2500 r/min.
In the normal operation of motor drives, the acceleration and
deceleration are limited by the rate limiter at 1 Hz/s2, which is
caused by the mechanical design of reciprocating compressors.
It results in slow speed transients, which almost do not impact
the waveforms of electrical signals. Therefore, for the purpose
of verification of algorithm behavior in the fast transients the
acceleration and deceleration limits were set to 300 Hz/s.

The experiment was conducted at the rated load and load
equal to 20% of the rated. The operation of the proposed method
at higher load was quite stable and similar to Fig. 13, since
motor currents were high enough in all transients, therefore
these figures are not provided. Simultaneously, operation at the
lower load is more interesting and is demonstrated in Fig. 16.
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TABLE II
COMPARISON OF PHASE LOSS DETECTION ALGORITHMS

Alsori Criteria Cgr;lrg;i:ziotynal Tuning D?;?Iclféon Sensitivity to® Reliability Recogmtlolr(l) é)aft ifg;ﬂt type and
Proposed Simple Easy >T/6 - High Faulty phase

Zero current detection Simple Easy 0.1'T Noisy signals, low load Medium Faulty phase

dg currents oscillations Medium  Medium >T/2 Noisy signals, current harmonics Medium No

Average current Medium Easy T Noisy signals, sensor offset error, varying load  High Faulty phase, faulty switch
Current trajectory in ¢ff ~ Complex  Difficult (2~3)T Noisy signals, low load Medium Faulty phase, faulty switch

(1). The method failed at least in one of ten tests
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Fig. 16.  Operation of the proposed algorithm at speed transients, 1800 r/min.
(a) Motor speed. (b) Fault index of phase “A.” (c) Phase currents.

It is clearly seen, that during acceleration motor currents in-
crease, and do not significantly disturb the phase loss detection
algorithm. However, at deceleration the motor currents decrease
to a lower value, which disturbs the proposed algorithm. Fur-
thermore, this fast speed transient forces motor to operate in a
braking mode during deceleration. Nevertheless, its operation is
stable and false fault detections were not observed. Furthermore,
as can be seen from Fig. 16(b), the minimum margin between the
fault index and threshold value was about 50°, which guarantees
stable operation.

VI. DISCUSSION

In order to compare the proposed method with the most
popular existing techniques, all of them were implemented in the
experimental system discussed above and tested under different
conditions. The most important criteria were selected and put
into the Table II, which can be used for comparison and selection
of different methods. It should be noted that, these methods can
also detect single switch fault, which produces currents similar
to the open-phase fault at half period of the current signals. At
the same time, some of them may not distinguish these faults.

Comparing techniques in that table using provided criteria,
it was found that the proposed method combines simplicity,
reliability, relatively fast fault detection and is not sensitive to
noise inherent to measurement circuits in low-cost applications.

It should be noted, that in all experiments the margins between
the fault index and threshold value were higher than 20°, which
provides acceptable stability. At the same time, the stability of
the proposed method may be increased more by enlarging the
negative gains of integrators in Fig. 5, which will reset integrator
outputs faster and prevent accumulation of the fault indices.

The proposed algorithm successfully passed company tests
and the following UL safety certification according to UL60730.
After that it was approved for mass production and became a part
of commercial motor drives. More than two years of operation
in millions of commercial devices proves its reliability.

VII. CONCLUSION

A novel method for detection of open-phase fault has been
presented in this article. This method analyzes phase currents
of motor drives under protection and detects the failure within
half the period of fundamental period. The proposed technique
is specifically designed to operate at high noise to signal ratio
conditions inherent to low-cost motor drives with shunt current
sensors, where conventional algorithms may fail. The experi-
mental results proved the feasibility of the developed method
and its superiority over conventional techniques, when working
with sensed signals corrupted by noise. The proposed algorithm
was included in the safety part of the existing commercial motor
drive control software and passed certification according to UL
60730 safety standards. After that, the developed phase loss
detection method became an indispensable part of commercial
drives, which are produced nowadays.

Despite this method was initially developed for IPMSM, it
can operate with motors of other types, which have star con-
nected windings and are supplied with a system of sinusoidal
signals.
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