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Abstract—This paper proposes a monitoring scheme based on saliency tracking to assess the health condition of
PMSM drives operating under non stationary conditions. The evaluated scheme is based on the INFORM
methodology, which is associated to the accurate sensorless control of PM drives without zero speed limitation.
The result is a monitoring scheme that is able to detect faults that would be very difficult to evaluate under
nonstationary conditions. A relevant aspect of the proposed scheme is that it remains valid for full speed range,
and can be used for standstill operation. Additionally, the approach is insensitive to the inverter nonlinearities
which enhance the detection capabilities further respect to similar topologies.

In this work the proposed approach is evaluated numerically and experimentally in the presence of incipient
winding faults and inter-turn short circuits in a PM conventional drive. The obtained results show quick
response and excellent detection capabilities not only in the detection of faults, but to determine their magnitude

which is vital to avoid further degradation.

. INTRODUCTION

One of the most critical components in motor drives is the stator winding insulation. Recent surveys on motor
reliability show that the percentage of motor failures due to problems with the insulation system is in the range
of 26-36% [1-3]. In most cases deterioration begins with the appearance of an inter-turn fault, where two or
more turns become short circuited [4]. At this stage, little can be observed externally, however currents in the
affected turns may be substantially higher than the operational current which is determined by the rotor speed.
Inter-turn faults may develop into severe failures if left unattended. Several schemes aimed to the detection of
winding faults can be found in literature [5]: Offline-methods are direct and accurate [4], however the required
tests can only be performed to motors that are disconnected from service, which is undesirable. Online-
monitoring on the other hand is preferred since the health condition can be assessed while the machine is in
operation.

Conventional online-monitoring includes temperature tracking, measurement of sequence components, and
signature analysis. Temperature monitoring [6] requires temperature sensors embedded within the stator
windings and the machine’s frame. Detection of inter-turn faults at early stage of development seems unlikely
unless the embedded sensor is located very close to the affected area (hot spot) which is unlikely. Other schemes
are based on the measurement of the sequence components of the machine’s impedance [7], currents [8], or
voltages [9]. These schemes have proven to be very successful for the detection of winding faults in motors
connected to the grid (mainly induction motors); however performance degrades considerably for motors

supplied by a power converters, this due to the inverter nonlinearities [10]. Other methods based on signature
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analysis have been suggested as alternatives to detect winding faults, this assuming that new harmonic
frequencies are created in the presence of faults. The more representative schemes are based on current [11],
vibration [12], and axial leakage flux [13] measurements. Note that signature analysis requires extraction of the
harmonic components of a monitored variable, which is usually obtained by FFT methods; which means that
these solutions are not always suitable for drives operating under nonstationary conditions or position holding
applications. An additional problem is that it is not always possible to discriminate between harmonics related to
specific faults from those related to other sources (motor asymmetries, load disturbances or unbalanced supply).
Some solutions to deal with these problems are based on pattern recognition techniques, and wavelets. For
instance, in [14] an approach based on complex gauss wavelets applied to the instantaneous power is proposed.
The scheme is able to deal with no stationary conditions however is not suitable for standstill operation.

Other advanced schemes aimed to the detection of faults in drives operating under nonstationary conditions have
been proposed; for instance in [15] an approach based on an extended Kalman filter shows a quick response and
excellent detection capabilities in the presence of inter-turn winding faults. Unfortunately the scheme is not
suitable for standstill operation. Other schemes propose the use of a high-frequency (HF) signal injection. This
is the case of [16], where a carrier signal is added to monitor aging and deterioration of winding insulation by
detecting changes in the turn-to-turn capacitance. The resulting flux is measured by a magnetic probe where
changes in the phase lag are used to estimate changes in the insulation. A main problem is that the frequency of
the injected signal should be close to the machine’s resonance frequency (several MHz) which may require
external HF sources which makes the method impractical. Other schemes based on HF signal injection use
saliency tracking (saliency-based condition monitoring) as those reported in [17-18]. In [17] the resulting high-
frequency negative-sequence measured from the machine currents are used to detect winding faults and rotor
broken bars in induction machines. This is relevant since sequence measurement methods which were initially
restricted for line-fed machines, can be used. The scheme has the potential to be used for standstill operation;
however requires FFT to improve the resolution capability in the presence of incipient faults.

A different approach based on HF injection was developed by these authors and reported in [18]. This scheme
combined saliency tracking (based on HF injection [19]), and Saliency Modulation Profiling (SMP) [20-21] to
improve the detection capabilities. The approach showed excellent performance, however was only suitable for
medium to low speed applications, this due to the maximum carrier frequency that can be applied to a discrete
system is considerably limited. The monitoring scheme presented in this paper is an improved version of [18],
however in this case saliency tracking is based on the INFORM methodology [22-24] which has no speed range
limitations. Another advantage is that the scheme is not affected by the inverter nonlinearities [10]; this
improves the detection capabilities further respect to that reported in [18]. In this paper the proposed scheme
will be evaluated numerically and experimentally for the presence of incipient winding faults and inter-turn
short circuits in a PM drive.

Organisation of the paper is as follows: Section Il introduces the PWM transient excitation scheme; the SMP
concept aimed to improve sensibility and to extend operation for standstill conditions is briefly explained in
Section I11; Section 1V contains simulation and experimental validation for the case several windings faults in a

PMSM drive. Final remarks and Conclusions are included in Section V.



II.  PWM TRANSIENT EXCITATION SCHEME

The tracking of anisotropic properties of the rotor by the leakage inductance modulations has become a standard
mechanism for rotor position estimation in AC drives without restriction of zero frequency [19]. Two basic
schemes associated to saliency tracking can be found in literature: High frequency (HF) signal injection [25],
and PWM transient excitation [22-24]. The monitoring scheme proposed in this paper is based on the latter.
Several schemes for PWM transient excitation have been proposed, however all of them are derived from an
approach referred as “indirect flux detection by on-line reactance measurement methodology”, or simply as
INFORM [23]. This scheme is briefly described in this Section.
Considering the effects of saliency modulation due to the rotor anisotropies [26], the phase leakage inductances
of a PMSM machine can be expressed as:
lyq = Lo + Al cos(26,,)

lop = lo + Al cos(2(8,, — 21/3)) (1)

lye = lo + Al cos(2(8,, — 47/3))
where | are the phase leakage inductances, Iy is the average inductance, and Al is the maximum inductance
variation according to the saliency angle &,, determined by the rotor anisotropy (spatial saliency). The INFORM
method decomposes the reference voltage vector (Us) into basic vectors realizable by a three-phase inverter;
this according to a SVPWM topology [27]. This procedure is shown in Fig.1a, where the basic PWM vectors are
separated into six switching sectors (numbered by 1, I1,...VI), while the basic vectors (V; ... V) are represented

by six active switching states. The inactive states (null vectors) are V, and V5.
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Figure 1. INFORM methodology; a) SVPWM modulation, b) switching sequence when u, is in sector I,
¢) Equivalent circuit for the PM machine, d) Current transient components under excitation of V,



Ideally for each PWM cycle, two active vectors adjacent to the voltage reference vector and two null vectors are
applied in sequence. Fig.1b shows the switching sequence for the case when u, is located in sector I, note that
in this case the applied sequence is: Vo—V1—V, ->V;—V,—V,—V,. Fig.1c shows the stator equivalent circuit
for a start connected PM machine when V is applied, where r; is the stator resistance, e, are the back-EMF
terms, U,y are the phase voltages, and iy, are the stator currents. Note that when V; is applied, the resulting
current trajectories (derivatives) align to the phase voltage vector as that shown in Fig.1d. For any given rotor
position the dominant saliency modulates the leakage inductances (l,00,0c) Which displaces the current vectors
digc/dt along circular trajectories modulated by 6, [28-29]. Similar current modulation as that shown in Fig.1
are expected for other vectors (V,...Vg); the aim of INFORM is to estimate this displacement as a method not

only to estimate the saliency position angle, but to assess the drive’s condition.

2.1 Derivation of the INFORM approach

The analytical solution for INFORM can be described as follows: considering the case when V, is applied and
considering the equivalent circuit of Fig.1a, expressions for the line to line voltages are obtained, which can be
represented as:
Upc = ( mrs + lgad—l(l) + ea) ( I(, )rs + lgbd—ll()l) +e )
d .
~Upc = (i + loe 51 + €0 ) = (i87 + loa 515 + €a) &)

0—(1(,1)r5+l,,bd (1)+e) ((1)rs+lacd gl)+ec)

X)n

where the index ““”” is used to denote a current variable respect to an active vector (in this case V;). Since the
aim is to extract &,, based on the current trajectories, it is evident from (2) that the resistive voltage drops and

the back-EMF terms are not particularly useful. A practical way to remove them is by the application of an

opposite vector [28-29] which in this case corresponds to V, (see Fig.1a); expressions for V, are:

_UDC_(()TS‘I‘laa; (4)+ea) (l())rs_Hde (4)+e)
Upe = ( i )rs + l”C dt (4) + ec) ( (4)7”5 + laazl@) + ea) ©)
0= ( (4)Ts + lab (4) + eb) ( (4)% n lgc (4) + ec)

When combining (2) and (3) the following results:

_ a._ a -(4) a.1_ 4a.4
2Upc = loa (dt la atla ) lg (dt b i )
a._ 4da (4) d.(1)_ d (4)
2Upc = loc (dt te att ) la (dt la atta ) 4)
_ a.y_ d (4) da .(1) a .(4)
O_I‘”’(dtlb ac'p ) lC(ElC ke )

As expected, the resistive voltage drops and the back-EMF terms have been removed which leaves an
expression that is only dependant on the DC link voltage (a known variable), and the current trajectories [29].
Note that similar relations are expected for the remaining vectors (v,-vs) and (Vs-Vg). Since this is a star-

connected machine, the next condition applies [29]:

d (k)

28 + 200 4 28 — 0, wherek=1,2...,6 ®)

i
dat b dt

where k is an active vector number. By combining (4) and (5) an expression for the current trajectories for the
opposite vectors V; and V, is obtained:

d .(1 d .(4 lgp+l
_l((z )~ _lc(L )= gb”oc Upc (6)
dt dt lgaloptloploctlocloa




By substituting (1) into (6), an expression containing information about 6,, is finally reached:

4, _ 4, _2(y Al
la awla =73 (2 L cos(ZGan)) 7
ALN?
_ 31()(1—(%) )
with g = ————— asaconstant value. (8)
DC

Similar expressions are expected for the remaining vectors which are:

%iﬁz) - %iés) = 5(2 —f—:cos (2 (9an - %n)))

9)
4.3 _ d6 _2(, A _2
ac b b T g (2 ly cos (2 (0‘1" 3 n)))
Considering (1) and (7-9), general expressions related to the inductance modulation can be represented as:
Al —2_9(4;0_ 2.@®
L, = , Cos 2(604,) =2 > (dt ig o la )
— _2 - =9 _9(4;3 _ 2,6
Ly =1 c0s2 (0 —2m) =2 =L (L4 — £4(9) (10)
Al _A 9 _9(4;@ _ 24,06
Le= lo cos 2 (9‘1" 3”) =2 2 (dt te ac e )

where Lgy.’ can be considered as a measurement of phase leakage inductance |, where the average value is
represented by an offset value (+2), while the saliency modulation determined by &, depends exclusively from
the current trajectories [28-29]. Since only the saliency modulation is relevant, Pos,,. can be represented as:

d .(1) d .(4)
POSa = (Ell(l - Ela )

d .3 d .(6

POSb = (El’g ) — Ell(’ )) (11)
d .(2) d .(5)

POSC = (Elc - Elc )

Considering that INFORM is aimed primarily as a method to estimate &, P0osap. is usually transformed into an
orthogonal reference frame (Pos,z) which is obtained by (12), this way the information related to the saliency
angle can be easily obtained from: &, = tan’l(Posa/Posﬁ). The health condition will be assessed from (12) as it
will be demonstrated in the next sections.
_ (4. _ 4@\ _1((d.3) _ 4.6 4. _ d.©
Posq = (dt la acta ) 2 ((dt ) ac'p ) + (dt te acle ))

_ _V3(rd .3 _ d.e)_(d. _ 4.5
Posg = =3 ((dtlb ac'p ) (dtlc e )

(12)

2.2 Implementation of the INFORM algorithm

As described before, a relationship between the current trajectories and the saliency characteristics can be
extracted by the application of a series of vectors which are aimed to remove the influence of resistive voltage
drops and back-EMF terms [28-29]. These vectors consist of a sequence of short duration pulses where direct
and opposite vectors (Vi—V,4, V3—Vs, Vs—V,) are applied in sequence during the inactive state (V5). After each
vector is applied, a sampling for the phase current trajectories (di/dt) are required which will be used to built the
saliency modulation components according to (12). This approach is represented in Fig.2 for the case of three

consecutive PWM switching periods for the case when u, is located in sector I.
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In this basic form, INFORM requires three samples per PWM cycle to monitor the currents response. These
instants are indicated by arrows and can be described as follow: samples A; and A, are taken after the
application of the basic vectors, which are applied in the middle of the inactive state V; this to avoid disruption
of the average voltage [29] supplied. An additional sample denominated as P; is required which is applied in the
middle of the inactive state V,. The process is repeated for other switching sectors according to the location of
Urer [29]. Fig.3 shows the relevant components required by INFORM to extract the saliency information: the
current measurements are shown in Fig.3a, followed by the phase current trajectories (d/dt measurements)
which were obtained during instants A;, A, and P; according to the PWM sequence (see Fig.3e). The
constructed three-phase (11) and «f-frame saliency (12) are shown at Fig.3f and Fig.3g respectively. It should
be stated that units of y-axis in the last two graphs of Fig.3 is related to instantaneous rate of current change

(amps/sec) since the saliency characteristics where obtained from several portions of di/dt measurements.
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Figure 3. INFORM method, calculation of the saliency components: a) Motor currents; b), ), d) di/dt
measurements for A;, A, and Py instants; e) PWM sectors; f) three-phase saliency; g) o-frame saliency.

1. SALIENCY MODULATION PROFILE (SMP)

The Saliency Modulation Profile (SMP) concept was initially proposed to improve the rotor position estimation
in sensorless control applications [20-21]. Later, the scheme was modified and combined with saliency tracking
to allow high performance in saliency-based condition monitoring [18]. SMP can be considered as the
electromagnetic signature of a drive operating under healthy conditions and will be used to monitor changes in
performance due to the presence of faults. This profile is obtained during commissioning and is stored in a
lookup table for later use. Fig.4a shows the SMP for the machine considered in this study. As observed SMP can
be represented as two surfaces (Pos,* and Posg*), where the saliency information is determined according to
two variables: the mechanical angle (), and the load torque level (determined by I,* from the controller) [18].
The procedure to calculate the SMP is represented in Fig.4b and can be summarized as follows:

the shaft is rotated at low constant speed, while Pos,; measurements are obtained according to (12). A band-
pass filter (non-casual) tuned at the corresponding saliency frequency which is determined by the rotor speed

and rotor pole pairs, is used to remove any distortions from measurements [30]. The filtered signals are averaged



considering an integer number of mechanical revolutions to guarantee accuracy (a minimum of three rotations
was considered in this work). Finally, the averaged values are stored in lookup tables as function of the rotor
position angle. In this work, a single rotation was divided into 256 discrete intervals to maintain accuracy in a
compact lookup table. The procedure is repeated for several loads to cover all expected conditions. Interpolation
between loads is allowed to increase accuracy of the profile by increasing the number of sampled points [30].

The process to determine the condition of the drive is summarised in Fig.4c: the scheme compares the measured

saliency (Pos,y) against the “healthy saliency” (Pos,z*) obtained from the lookup tables according to & and I4*.
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Figure 4. SMP approach: a) Electromagnetic profile for the machine considered; b) Schematic diagram for
calculation of the SMP tables; c) Detection of the drive’s condition by Egajiency
A relevant aspect is that Pos,z* is independent of the rotor speed, therefore the only parameter to consider

during their construction is the torque level (determined by 14*) [30]. From Fig.4c, note that the absolute value
for the differences between Pos,; and Pos,z* are used to calculate a new variable denominated as Egajiency Which
is used to trigger warnings or alarms [18] as faults develop. It is clear that when system is operating under
healthy conditions Egajiency Will be very close to zero and will change significantly in the presence of faults
accordingly to the severity of a fault.



3.1 Considerations for implementation

For the experimental system used in this work, duration of the excitation pulses is 8usec which is long enough
to allow the power devices to supply the excitation voltage accurately (in this case the IGBT devices used have a
turn-on time of 70nsec, and turn-off time of 400nsec). In practice high distortions for the d/dt measurements are
expected due to unwanted oscillations after the applications of the testing vectors [23]. A simple way to reduce
their impact is to use di/dt sensors instead of calculating the derivative values between two consecutive samples.
For the approach implemented in this work, Rogowski coil sensors and physical low-pass filters tuned at a
cutting frequency of 250kHz were selected to clean out the current trajectories [29]. These actions are not
usually sufficient to remove all distortions from the d/dt measurements; therefore a short delay (waiting period)
is required to allow dissipation of the residual energy before sampling. For this work, a waiting delay of 5usec
was found sufficient to guarantee high quality estimation [29] which is updated every 100msec.

Relevant aspects to consider for the practical implementation is that INFORM requires specific hardware
capabilities; for instance the INFORM cycle interrupts the normal PWM pattern in order to apply the required
excitation vectors. Further, the scheme requires sampling triggered by the edges of the PWM voltages rather
than conventional synchronous sampling. These characteristics can only be achieved by powerful processing
platforms offering high flexibility in PWM generation and sampling. For the experimental system used in this
work, a DSP-FPGA embedded platform was used [29]. This architecture releases the DSP from heavy
processing load which increases availability for complex tasks. Fortunately similar architectures can be found in
modern high-systems drives which may help to facilitate adoption of INFORM not only for sensorless
operation, but for condition monitoring purposes.

Respect to the SMP approach, it is recognized that generation of the saliency lookup tables may be difficult and
impractical for certain applications; however since the INFORM method is not sensible to the inverter
nonlinearities, the stored saliency (Pos,z*) depends exclusively from the machine which ensures very similar
SMP tables for identical machines produced by the same manufacturer. This assumes that the SMP tables could
be obtained directly from the manufacturer, or obtained by the user during commissioning once to be stored, so
could be used for all drives based on the considered machine. Note that the SMP profiles are valid for one single
value of the magnetizing current which is usually maintained to zero (I;*=0); however if field-weakening region

is required, different lookup tables will be required which may increase complexity of the approach.

IV. EVALUATION OF PWM TRANSIENT EXITATION IN THE PRECENSE OF WINDING FAULTS

This section contains numerical and experimental evaluations for the case of a PMSM drive subjected to the
presence of two types of winding faults: short circuits and incipient insulation faults. The evaluated machine is
a 6-pole 3.82kW surface mounted PM motor (shown in Fig.5), which has links to the stator windings brought
out, so different combinations of faults can be implemented. A finite element (FE) representation for the
considered machine was also developed (shown in Fig.5b) to validate the experimental findings numerically.

The relevant parameters and characteristics of the machine are contained in the Appendix.
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4.1  Numerical evaluation

A co-simulation between FE-software (MagNet) and Matlab/Simulink was implemented to evaluate the
monitoring approach numerically. In this case, the vector control algorithm, the INFORM approach, and SMP
were implemented on Simulink, while a detailed FE model of the machine was implemented for a realistic drive
representation. The performance of the saliency-based monitoring approach shown in Fig.4c is evaluated here in
the presence of inter-turn short circuit faults of several magnitudes. The cases considered are: one, two, five and
ten inter-turn short circuits. The resulting for the saliency error parameter (Esaiiency) iS Shown in Fig.6 when the
machine is operated at 600RPM (in this case the fundamental frequency applied is 30 Hz), while the load is
maintained to 50% the nominal value.

One can observe from Fig.6a that when the drive is operating under healthy conditions (t < 15mSec), Esgjiency IS
very close to zero as expected, and changes considerably when a fault is applied (t > 15mSec). It is clear that the
average value of Egiency increases as the number of affected turns is also increased which confirms that Esajiency
can be used not only to detect the presence of a fault, but to determine its magnitude respect to a healthy system.
Note that for the case of 10-turns fault, Egajiency increases in magnitude every period. This is because the 10-turn
fault produces a significant unbalance (the total number of turns per coil is 50). This unbalance introduces
torque oscillations which affects speed. The increments observed are effects of the speed loop trying to
compensate the oscillations by slowly increasing the Iy demand. Fig.6b shows Eggiency respect to the electrical
angle (Loci plot). This plot is particularly interesting since can be used to detect the type of fault and its location

within the stator windings [18].
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4.2  Experimental Evaluation

This section contains experimental results for the PMSM drive (shown in Fig.5a) which is subjected to the
presence of several winding faults. Two types of faults are considered: inter-turn short circuits (evaluated
numerically in the previous subjection), and incipient insulation degradation faults. Evaluation of the scheme is
first considered in the presence of a full short-circuits which is shown in Fig.7. For this test the machine is
operated at 600RPM (supplied frequency F.=30 Hz) with a load of 50% of the nominal value. Figs.7a-b show a
comparison between Pos,g (online saliency) and Pos,s* (lookup table) under two conditions: healthy and faulty
operation; in this case the evaluated fault consists of one turn short circuit applied @ t = 25mSec to the coil of
phase A. Note that Pos,g is very close to Pos.s* when the drive is operating under healthy conditions (the small
differences are due to errors and noise picked up during measurement), while a significant variation in saliency
is observed when the fault is applied. Note that in this case a significant variation in Pos,, is observed respect to
Pos; which is hardly affected. This is because of the location of the fault which in this case was applied to a coil
of phase A; however significant variations in Pos; would be expected for other faults located in phases B and C
of the stator windings. The saliency errors between Pos,s and Pos,g* are represented in Fig.7c, while Egajiency is
shown in Fig.7d. The variation of Eggjiency in the presence of the fault (one turn short circuit) is evident. Note the
quick response of the scheme (less than 2mSec); this is vital to avoid further damage assuming that proper
corrective actions are implemented once a warning has been trigged by Esajiency-

The monitoring scheme is further evaluated in the presence of inter-turn full short circuits and the presence of
incipient faults. Insulation degradation is modelled here by the connection of a small value resistor between the

affected turns (1.0€2 is used in this work).
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A comparison between full short circuits and incipient winding faults considering the same number of affected
turns (faults applied to a coil of phase A) is shown in Fig.8; the left side graph shows the response for inter-turn
full short circuits, while graph at the rigth side shows the case of incipient winding faults. A comparison for the
system operating under healthy conditions is included for comparison purposes.
The faults considered (full short circuits and incipient faults) consist of several magnitudes: one, three, and five
turns. Note that in this test the machine is operated at low speed range (30 RPM) to limit the amount of induced
current in the affected turns while the load is maintained at 50% of the nominal value. Note that for the case of a
healthy system, Egaiency remains close to zero as expected (Figs.8a-b). The small differences observed are due to
noise picked up during measurement and other saliencies not considered by the SMP scheme. For the case of a
faulty system (1, 3 and 5 inter-turn faults), note that Esaiency Changes considerably respect to a healthy system. It
is clear that Esaiency is Very sensitive for all faults considered, even in the case for the smallest fault which
corresponds to one-turn incipient winding fault (this condition is represented in the red in Fig.8b). Note that the
equivalent one-turn full short circuit fault (represented in red in Fig.8a) shows a higher increment in Eggjiency
which provides an indication of a bigger fault. Similar situation is observed for the other magnitude considered
(three and five inter-turn faults). According to Fig.8, it is clear that Egqiency Can be used to give an indication of
the severity and type of a fault. Big variations are expected for full short circuits, while small changes are related

to incipient faults.
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Figure 8. Experimental evaluation between full-short circuits and insulation degradation faults: Comparison
between a healthy, and faulty system (1, 3, & 5 turns affected); a) Full short circuits, b) Incipient faults.

As a final test, the proposed scheme is evaluted under standstill operation (a position controller is implemented);
in this case the rotor is maintained to a fixed position (0° mechanical), while a load of 50% is applied. Results
for the phase saliency (Posa:) and the saliency error (Esaiiency) are represented in Fig.9. The transition from a
healthy to a faulty operation is investigated in order to evaluate the performance of scheme. In this case the

applied fault consists of 3-turn full short circuits suddenly applied at t=0.9sec.
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Figure 9: Evaluation under standstill operation, transition between a healthy to faulty system;
a) Position estimates (P0Sayc); b) Error in saliency Esajiency

Note that the position estimates remain close to a fixed value after some initial transients resulting from the
INFORM method activated at t=0sec. Since in this case the machine is initially operated under healthy
conditions the resulting Egajiency (Se€ Fig.90) remains very close to zero as expected. Note that in this case the
fault was applied to phase B which produces significant variations in Pos, and Pos.; while Pos, remains
unaffected. A significant variation in Egiency is Observed when the fault is applied; this confirms that the

proposed scheme is suitable also for standstill operation which makes it ideal for position control applications.



V. CONCLUSIONS

The monitoring scheme presented in this paper is an improved version of the HF-injection based condition
monitoring scheme previously developed by these authors. In this case, the INFORM methodology is selected to
assesses the drive condition since the approach has relevant advantages. For instance, INFORM has no speed-
range restrictions which make it suitable for virtually any sensored/sensorless drive applications. Further, the
INFORM is insensitive to the inverter nonlinearities which increase the detection capabilities further. A relevant
aspect is that proposed scheme has the capability to assess the drive’s condition under standstill operation; this
means that the approach is suitable for position control applications.

The presented approach determines the condition of the drive by comparing the extracted saliency (which is
considerable affected in the presence of electromagnetic faults) against the magnetic signature from a drive
operating under healthy conditions. The obtained difference is used to trigger warnings or alarms that can be
used to avoid further degradation. The result in a monitoring scheme that is able to detect faults that would be
particularly difficult to evaluate under nonstationary conditions; that is the case of incipient winding faults, or
the presence of inter-turn short circuits (both scenarios have been extensively investigated in this work).

The simulation and experimental results presented confirm quick response, and remarkable detection
capabilities. The presented results validate the performance of the scheme not only in the detection of a fault,
but to determine its magnitude. The proposed scheme can be easily integrated as part of the drive’s own safety

features in sensorless applications based on the INFORM topology.

APPENDIX

ELECTRICAL PARAMETERS FOR THE PM MACHINE

Number of poles: 6
Type of magnets: Surface mounted
Number of stator slots: 18
Turns per coil: 50
Rated speed: 3000 (rpm)
Rated torque: 12.2 (Nm)
Rated power: 3.82 (kW)
Kt: 1.6 (Nm/A)
Ke: 98.0 (Vrms/krpm)
Inertia: 20.5 (kgcm?)
R (ph-ph): 0.940
L (ph-ph): 8.3mH
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