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ABSTRACT This paper shall carry out unique study and investigation on the individual and combined
effect of Stator Inter-turn Fault (SITF) and rotor demagnetization effects in a Surface Mounted Permanent
Magnet (SPM)-type Brushless Direct Current (BLDC) motor. Comprehensive modeling of fault is accom-
plished using the well-established fault modeling techniques such as Electrical Equivalent Circuit (EEC),
Magnetic Equivalent Circuit (MEC), Numerical Methods (NMs) and hybrid modeling-based approaches.
The extensive study of SITF conditions using an Improved Winding Function Theory (IWFT) gives better
analysis to winding inductance Lg, under fault conditions, while modeling the demagnetization effects using
MEC and NM based approaches gives more realistic magnetic field quantities. The outcomes obtained are
further remodeled in the developed hybrid model of a BLDC motor to study the steady state performance of a
machine in terms of rotor back-EMF, Ep and radial magnetic flux density Bg. The characteristic performance
accomplished through the hybrid model system possess better accuracy with less computational time and
therefore finds suitability among efficient and fast diagnosis technique feasible for industrial applications.
The significant detectable changes in Eg and B, under subjected fault conditions, assist in detection,
identification and classification of faults in BLDC motor. By obtaining the similar outcome experimentally
and under the load conditions, the proposed study on the classification of fault is validated.

INDEX TERMS Brushless direct current (BLDC) motors, demagnetization, electrical equivalent circuit
(EEC), finite element (FE) method, improved winding function theory (IWFT), numerical methods (NMs),

permanent magnet (PM), Simplorer, stator inter-turn fault (SITF), surface mounted PM (SPM).

I. INTRODUCTION

Surface Mounted Permanent Magnet (SPM)-type BLDC
motor is widely used for high performance speed drive
applications. Due to fast dynamic response, better effi-
ciency and high torque density, SPM-type BLDC motors
are more preferable in Electric Vehicles (EVs) and high
precision-controlled operations [1]. However, during the con-
tinuous operation of a BLDC motor in industries, they are
subjected to unfavorable environmental conditions resulting
in the emergence of fault [2]. Faults in BLDC motors can be
either on the stator or on the rotor of a machine. Condition
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monitoring thus becomes vital in diagnosing the fault in its
incipient state in order to avoid the prolonged failure of
the complete system under subjected conditions. It has been
earlier reported in [3] about the classification and modeling
of faults related to the PM motors and further concluded
on the methods to be adopted for different types of fault
conditions. Conventional fault modeling methods such as
Electrical Equivalent Circuit (EEC), Magnetic Equiva-
lent Circuit (MEC) and Numerical Method (NM) based
approaches are more prominently used for the diagnosis of
faults in PM synchronous machines [4]-[6].

During fault conditions, BLDC motor is persistent to
Stator Winding Faults (SWFs) on the stator and demag-
netization fault in the rotor of a machine [7], [8].
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Among different demagnetization faults reported in
literature [9]-[11], the rotor faults caused through the physi-
cal defect in PMs is widely encountered and diagnosed using
the magnetic flux signatures [9]. However, the other type
of rotor related faults like rotor eccentricity and imbalance
has been diagnosed using Hall Effect (HE) field measure-
ments [10]. Similarly, uniform demagnetization of rotor PMs
is diagnosed using current and magnetic flux linkage-based
analysis in [11]. For the Stator Inter-turn Fault (SITF)
diagnosis, different machine quantities like stator winding
currents (I;) and motor back-EMF (Ep) are used as fault
signatures for diagnosis [7], [12]. The approach deployed in
modeling of winding related faults is preferably EEC and
NMs based techniques [12], [13]. However, the fault diag-
nostic methods adopted are collectively model-based strat-
egy and signal processing-based techniques. The advanced
research findings as reported in [14], analyze the severity
estimation of SITF faults in PMSM considering the residual
voltages and current. It is thus comprehensible from the
literature which explores on the individual machine fault
diagnosis but fails to report the combined effect of faults
eventuating at the same time in a machine. The proposed
research shall therefore study the individual as well as the
combined effect of stator and rotor related faults in a BLDC
motor drive. The SITF conditions are modeled under stator
winding related faults while the demagnetization of rotor PMs
are analyzed for the rotor side fault conditions under steady
state performance of a machine.

The Stator Inter-Turn Fault conditions under study are
modeled analytically (EEC based methods) using Improved
Winding Function Theory (IWFT) [15], [16] to achieve
stator winding inductance Lg under subjected conditions.
While the rotor demagnetization faults are modelled using
the MEC [17], [18] and NM based approach to study the
characteristics of rotor magnetic fields, B,. The radial air-
gap magnetic field B, and stator winding inductance Lg,
are then remodeled in the EEC based model to develop an
advance hybrid BLDC motor system. The proposed model
accomplishes more realistic characteristics performance of
the machine in terms of electromagnetic quantities like sta-
tor phase currents (/;), motor back-EMF (Ep), and airgap
magnetic flux (B,), under subjected fault conditions. The
combined effect of fault conditions is further analysed using
the proposed modeling approach, in addition to validating the
outcomes numerically.

The fault affected changes encountered in the rotor
back-EMF, Ep and airgap magnetic field, B, are analysed
to classify the machine faults. A BLDC motor drive-testbed
employing a FPGA based controller, is developed for car-
rying out the experimental investigations and study the
performance of a machine under subjected individual and
combined fault effects. Similar outcomes when obtained
experimentally, validates the proposed research findings on
the modeling and classification of faults. In addition, the out-
comes obtained from the proposed modeling techniques are
compared to draw an accuracy-computational time-based
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inference to be adopted by the industries for the expeditious
diagnosis of machine faults. The faults are diagnosed in
its incipient stage and prevent the prolonged failure of the
complete system from shutdown.

The organization of paper is as follows. Section-II-III
models the SPM-type BLDC motor under healthy, SITF,
demagnetization fault conditions using EEC, MEC and NM
based approach. Section IV develops a hybrid motor system
to model the combined effect of both the faults. Section-V
summarizes the harmonic analysis of motor under healthy
and fault conditions while Section-VI gives experimen-
tal validation to the proposed fault modeling techniques.
Section VII gives the deductions and classification to faults,
and Section VIII illustrates the accuracy-computational time-
based analysis for fault modeling approaches. Section IX
studies the machine faults under load conditions.

Il. MODELING OF STATOR INTER-TURN FAULT (SITF)
A. IMPROVED WINDING FUNCTION THEORY (IWFT) AND
ELECTRICAL EQUIVALENT CIRCUIT (EEC) BASED ANALYSIS
The Electrical Equivalent Circuit (EEC) based model of a
BLDC motor is developed, using the mathematical modeling
equations referred in [1], [2]. However, the modeling equa-
tions related to motor back-EMF and rotor magnetic fields
are given from (1)-(4).
. dis,a d)\PM,s,a
Vs—Rsls,a+(L M)( dr >+< dr ) (D

vy is the motor supply phase voltage, iy , is the stator phase
current for phase A, Apy 54 is the flux linkage of a PM for
phase A given in terms of back-EMF given in (2),

d)LPM,x,a
dt

> = e,, forPhase A 2)

K

eq = 70) F(#,), forphaseA  (3)

where 0. is an electrical angle of rotor, w,, is the mechanical
speed and F(6,) is a back-EMF or magnetic flux density
reference function given in (4),

2
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L — M in (1) is referred as Lg where, L is a self-inductance
while M is the mutual inductance between two windings.
The inductance Lg can be calculated based on the winding
distribution of a machine given in Fig. 1. In the proposed
research, Lg is modeled using Improved Winding Function
Theory (IWFT) which is given through mathematical equa-
tion from (5)-(8).

2

r.l
o Na(9).Ng(p)dp  (5)

a

Lap (On) =
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FIGURE 1. Stator winding arrangement for SPM-type BLDC motor.

where Ny (¢) and Np (¢) are the winding functions of phase
A and phase B respectively. While the self-inductance of a
winding is given in (6) as,

2w

.0
ro7 N2 (§)d¢ ©)

8a

Using (5)-(6), the stator inductance (Lg) can be obtained under
healthy conditions, as given in (7).

Laa (On) =

Laa  Lap Lac
[Ls]=| Lpa Lpgp Lpc )
Leca  Lep  Lec

where Laa, Lpp, and L¢c are the self-inductances while Lyp,
Lac, Lpa, Lgc, Lca, and L¢eg are the mutual inductances.

Further, the permeability of free space, wo = 4w *
1077 N/A2? (or H/m), radius of the rotor, r = 3.94 cm,
the rotor length, [ = 5.00 cm, while the airgap length,
gqa = 0.53 cm. Substituting the geometrical values in (8), the
total winding inductance can be calculated which is found to
be L = 0.136 mH as also shown in Fig. 2.

o.r.1 b4
L =R\ (8)
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FIGURE 2. Stator winding inductance Ls = 136 uH or 0.136 mH.

The closed loop model of an analytical BLDC motor
is developed using the estimated L; parameter, while
the other machine parameters are referred from Table-1.
The equivalent block diagram of a motor drive operating
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TABLE 1. Analytical parameters of a BLDC motor.

Symbol Parameters Value
P, Output Power 850 W
Vv Supply Voltage 48 VDC
Py Windage Loss 20 W
w Rated Speed 277.50 rad/s
1 Rated Current 21 A
T. Rated Torque 3.06 N-m
1) No. of Phases 3
n Efficiency 85 %
p No. of poles 8
ng No. of slots 12
e Turns per phase 24
Ne Turns per coil 6

under 120-degree conduction operation is given through
Fig. 3.
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FIGURE 3. Equivalent BLDC motor drive operation under 120-degree and
constant power conduction mode.

However, during Stator Inter-Turn Fault (SITF) conditions
in a machine, the insulation breakdown undergoes the change
in resistance from infinity to a finite value which leads to the
heavy inrush of current in the windings resulting in damage.
The proposed study emulates the SITF conditions through the
short-circuit of the winding coils with a finite resistance, Ry.
The fault resistance is taken as Ry = 0.1 Q. The resistance
and inductances are split into two sub coils as shown in Fig. 4,
to short circuit the turns of a winding.

For instance, the phase A winding is shorted at %8 =
25-50% and the corresponding inductance for healthy and
faulty parts are referred as L, and L, respectively.
The mutual inductance is represented as M1, and given
from (9)-(11).

La = (1 - 8L, )
Mayaz = 8(1 = 8)L, (10)
Lo = (8)°Ly (11)

where § represents the fraction per unit of faulty turns. The
L under healthy conditions is given in Fig. 4.
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FIGURE 4. Modeling of SITF conditions in a stator winding of a BLDC
motor having through splitting of two sub-coils.

The voltage dynamics in (1) therefore, transforms during
the fault conditions and is given through (12).

: . d
[ ] [Rolif — [Lolg

12)

Vsl = [Rs] [£s] + [Lgs] —— +[Es] —

Here, [V], [Is] and [E;] are the stator voltage, current and
back-EMF vectors. Ry is the phase resistance and [Lg] is the
inductance matrix of the healthy BLDC motor respectively.
[Ro] and [Lo] are the fault resistance and inductance matrix
in the faulty part of the winding. The detailed expressions and
equations can be referred from [12], [15], [16].

However, the fault current between the insulation fault
resistance, 7y referred as if is given by (13):
dip di,
dt + Ma2c dt

di
+eq = (Rax + rp)iy + Lazd—f (13)

Raiq + (L2 + Ma1a2 — azb) + Map——

The L, therefore changes during the SITF conditions which
consequently drives the high rise in stator phase currents
and alters the machine characteristic behavior. The adverse
effect on the machine performance can be examined through
the change in electromagnetic quantities encountered under
healthy and subjected fault conditions given in Fig. 5. (a)-(c).
The motor drive is operated at a speed of @ = 50 rad/s and the
corresponding back-EMF obtained is found to be Egp = 4.5V.
The stator phase current and corresponding electromagnetic
torque obtained is Is = 3.2 A and Tg = 0.6 N-m. However,
during the SITF conditions, the significant rise in average
phase currents given in Fig. 5. (a), validates (13). The growth
in magnitude of current corresponds to the fault current iy
across the shorted turns. The motor back-EMF tends to be out
of phase undergoing a considerable change in frequency as
shown in Fig. 5. (b). The back-EMF has a reduction of 1.125V
in magnitude which is proportional to the percentage of
shorted turns %3§. Since the mechanical speed is directly
proportional to the motor back-EMF, therefore any change
in motor back-EMF have a direct impact on the rotating
speed. During SITF conditions the motor speed decreases and
consequently its frequency changes causing unsteadiness and
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FIGURE 5. (a) Stator phase currents under healthy and SITF conditions.
High rise in Is signify the short circuit of stator winding. (b) Reduction and
change in phase sequence of rotor back-EMF. (c) Unsteadiness in
mechanical speed under SITF conditions. (d) High ripples in motor
electromagnetic torque for SITF conditions.

Electromagnetic Torque (N-m)

oscillations as given in Fig. 5. (¢). In addition, the electromag-
netic torque encounters high ripple content in its signature
shown in Fig. 5. (d).

The IWFT and EEC based approach of modeling the SITF
conditions in a BLDC motor, gives fairly good results to
detect and diagnose the existence of fault in a machine. The
method involves less computational time but compromises
on accuracy. Therefore, the Numerical Method (NM) based
approach is preferred to study more accurate outcomes of
a machine under subjected fault conditions. However, the
NDMs takes more computational time for analysis.
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B. NUMERICAL METHOD (NM) BASED MODELING
APPROACH

A numerical model of a BLDC motor under SITF conditions
is developed using the Finite Element (FE)-Simplorer based
co-simulation approach. The Maxwell 2D/3D tool is used for
developing a FE model of a BLDC motor while the Simplorer
built the electric drive system for the motor operation. The
complex modeling of the machine drive though involves a
large computational time but yields more reliable solutions
since the machine physical geometry, material properties
and boundary conditions are taken into consideration during
BLDC motor drive operations under subjected conditions.
The outcomes thus obtained are explicit and possess high
accuracy. The numerical model of a BLDC motor as shown
in Fig. 6, is developed using the machine parameters given
in Table. 1-2.
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FIGURE 6. Meshed FE model of a BLDC motor showing healthy magnetic
flux density (Bg) profile. The observed and accounted value
isBg=1.008T~ 1T.

TABLE 2. Numerical parameters of a BLDC motor.

Symbol Quantity Parameters

ODyg Outer stator diameter 119.5 mm

IDs Inner stator diameter 80 mm

I8 Length of stator 54 mm

PM N35SH-Grade NdFeB (SPM-type)

Moy Width of magnet 4 mm

m Length of magnet 50 mm

g“D Magnet Angle 170 °

IDRR Outer rotor diameter 78.95 mm

I Inner rotor diameter 15 mm

H, Length of rotor 50 mm

B;a Slot depth 13 mm

t Slot opening 2.2mm

t Tooth width 9.5 mm
Tooth tang angle 20°

Similar to the operating conditions used in the preceding
subsection-II-A, the FE-Simplorer based model is operated at
a speed w = 50 rad/s. The healthy motor radial magnetic flux
density (By) is found to be 1T as given in Fig. 7. (a) which is
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FIGURE 7. (a). Healthy radial magnetic flux density (Bg) profile for a
BLDC motor, Bg = 1T. (b) BH curve of a PM (NdFeB of Grade N35SH) at
different operating temperatures.

the according to the BH characteristics of N35SH grade PM
for type NdFeB given in Fig. 7. (b).

The corresponding back-EMF is found to be Ep = 4.5V
given in Fig. 8. (a). The stator phase current (given as a square
wave shaping) and corresponding average electromagnetic
torque obtained is Is = 3.2 A and Tg = 0.6 N-m, given
in Fig. 8. (b)-(c). However, during the SITF conditions which
is emulated through the short-circuit of winding coils by a
finite resistance, Ry = 0.1 €. The turns per coil n, = 6.
The coil_1 and coil_Ire has been split into two sub coils
shown in Fig. 9. Each disintegrated coil is assigned 2 turns
while the parental coil is given 4 turns each (coil-1 and
coil-1re) respectively. the rise in current corresponds to the
shorted turns and is found to be more than 10A as shown
in Fig. 10. (a). The similar rise current was earlier observed in
hybrid model of a BLDC motor (Fig. 5.a). The Ep decreases
significantly undergoing through the change in frequency as
shown in Fig. 10. (b). The electromagnetic torque possesses
high ripples shown in Fig. 10. (c) while the magnetic flux den-
sity (Bg) does not vary significantly under SITF conditions as
given in Fig. 10. (d).

The numerical results are found to be in validation to
the analytical outcomes obtained through IWFT and EEC
based approach. However, the FE based results incorporates
many assumptions of EEC based method such as material
properties of the machine and therefore found to be more
reliable and accurate. The subsequent section shall model the
demagnetization effects in the BLDC motor using MEC and
NM based approaches.
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FIGURE 8. (a). Three Phase back-EMF of a motor with Eg = 4.5V [Phase A:

Red, Phase B: Magenta, Phase C: Blue]. (b). Stator phase currents for a
BLDC motor, /s = 3.2 A. (c). Electromagnetic torque for a corresponding
current, T = 0.6 N-m.
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FIGURE 9. The meshed co-simulated model of a BLDC motor (quadrant
view) showing two turns undergone SITF. (b) Splitting of a healthy coil
into sub coil to emulate SITF conditions (c) MEC based model of SITF.

Ill. MODELING OF DEMAGNETIZATION EFFECTS IN
ROTOR PMs OF A BLDC MOTOR

A. MAGNETIC EQUIVALENT CIRCUIT (MEC) AND
NUMERICAL METHOD (NM) BASED ANALYSIS

As studied earlier in [1], [2], [17], [18] that for an unsat-
urated BLDC motor, the demagnetization curve is linear.
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FIGURE 10. (a). Sudden high rise in phase current for the shorted
windings. The current increases to more than 10A. (b). Reduction in
back-EMF for the shorted turns during SITF conditions. (c). High rise
accompanied with torque ripples during SITF conditions.

(d). No significant change in magnetic flux density (Bg) during SITF
conditions.

Therefore, the assumptions taken in the current study is that
the permeability of the soft-magnetic material is infinite and
the Neumann boundary condition where tangential magnetic
field is zero) is applied at the boundary of the soft-magnetic
material. The motor under study has PM of grade N35SH
which has a linear second quadrant characteristic as shown
earlier in Fig. 7. (b) is redrawn in Fig. 11. The equivalent
MEC based circuit using LM and PN [18] approach has been
developed as given in Fig. 12.

118035



IEEE Access

A. Usman, B. S. Rajpurohit: Modeling and Classification of Stator Inter-Turn Fault and Demagnetization Effects

Bu|[T]
Load Line  Load Line
L2 L1 1.8
""""" 20 °C \ R s
\ \ e
150 °C \ \ R 12
1.0
Operating Points
0.5
N35SH
(NdFeB Grade) ’ )
¢ \ Recoil Lined
e Knee Point ‘N N
‘ . .
Z . \
HkOe] — -15 -10 5 0.0

FIGURE 11. Linearized BH curve of a PM (NdFeB of Grade N35SH) at
operating temperatures for demagnetization fault conditions.

FIGURE 12. MEC based circuit using LM and PN approach for a SPM-type
BLDC motor under study.

Calculation of Airgap Magnetic Fields (Bg) Based on MEC
Calculus: The radial component of the flux density can be
given from (14) where B, is an airgap flux density, B, is
residual flux density of PMs, g is an airgap length and
hy, is the magnet thickness respectively.

- (14)
T+ i

118036

For a BLDC motor under study g is 0.53 mm, A, is 4 mm
and B, is 1.2 T, which on substitution gives the desired value
of B, = 1.05 T. The radial magnetic flux density obtained
earlier through FE analysis is found to be same as given
in Fig. 7. (a).

B. NUMERICAL METHOD (NM) BASED MODELING
APPROACH

The existence of high temperatures, unremitting mechan-
ical stresses and aging of the rotor PMs gradually cause
the magnets to lose its magnetic properties. A change in
PMs magnetic coercivity (H¢) degrades its effectiveness
which consequently inflict the demagnetization effect in the
machine [1], [2], [13]. In the current study, the uniform
demagnetization fault is emulated in the PM of a machine by
changing its magnetic coercivity H¢ uniformly for two adja-
cent poles (PMs). The flux density model of a BLDC motor
under subjected demagnetization fault conditions is shown
in Fig. 13, where two adjacent PMs undergoes change in mag-
netic coercivity Hc value. The healthy PM of grade N35SH
possess the coercivity as, Hc = 1082253 A/m. Demagneti-
zation effect is induced by changing the H¢ through 40% and
the new H¢ reduces to 649352.16 A/m which is 60% of the
healthy coercivity, as given in Table-3.
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FIGURE 13. Meshed FE model of a BLDC motor showing uniformly
demagnetized magnetic flux density (Bg) profile.

TABLE 3. Demagnetization parameters of a PM.

1082253 A/m
H. heainy

649352.16 A/m (40% faulty and
He_fauty 60% healthy)

The proposed research, studies the rotor demagnetization
effect by uniformly changing the PM’s coercivity value under
operating conditions. The change in machine quantities dur-
ing the demagnetization fault is given from Fig. 14. (a)-(c).
The significant and proportional changes in motor back-EMF
and magnetic flux density can be seen from Fig. 14. (a)-(b)
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FIGURE 14. (a) Proportional change according to H¢ in motor back-EMF
during uniform demagnetization of PM in a machine. (b) Reduction in
magnetic flux density value for the corresponding poles subjected to
uniform emagnetization. The radal magnetic flux density is found to be

Bg_faulty = 0.63 T. (c) Variation in torque profile with an increase
decrease pattern during demagnetization fault conditions.

respectively. The change and reduction in half cycles of By
to approximately 40% for the corresponding poles which
are subjected to uniform demagnetization, estimate the per-
centage loss in magnetism for the fault subjected PMs. The
sharp peak ripples in the electromagnetic torque as shown
in Fig. 14. (c), further signify the demagnetization effect in
the machine.

The radial airgap magnetic flux density B, and the wind-
ing inductances Lg obtained through MEC, NM and EEC
based methods are now remodeled in the existing analytical
model of a BLDC motor to develop a hybrid model system.
The hybrid motor model possesses the analytically obtained
winding inductance under SITF conditions and numerically
achieved rotor magnetic fields subjected to rotor demagne-
tization fault effects as shall be discussed in the subsequent
section.

IV. REMODELING OF Lg AND By TO DEVELOP A HYBRID
MODEL SYSTEM FOR DIAGNOSIS OF FAULTS

The hybrid model system remodels the stator winding induc-
tance Lg and rotor magnetic fields B, in the EEC based
develop BLDC motor model. The proposed system has sig-
nificant advantages such as, it is efficient to model both
the stator and rotor related machine faults in an existing
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analytically developed model which requires marginal trans-
formation. Secondly the computational time required for
analysis is considerably less when compared to high perfor-
mance computation of FEA. In addition, the proposed system
can model and analyze the combined effect of faults in a
machine existing at the same time. The hybrid model system
as shown in Fig. 15, shall therefore model the combined effect
of both the faults in the machine through modeling of Lg
obtained from IWFT based method and numerically modeled
By under subjected fault conditions.

— i 1~ " Modeling of "}
+ l_ - .| Ind using !
v | L[| & Motor Phase Currents | | wyinding Function 1
- 'L INVERTER Relosh I 3 Theory ___;
Ve Ve ~ i 1
== I ! Motor Torque !
,,,,,,,,,,,,,,,,,,, *Samefor b and ¢ phases
| Three Phase Voltage Source e.i T,
: Inverter ! e e, ¢ - 1
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! component of |} A o< 2T » ’
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FIGURE 15. Hybrid BLDC motor model developed using the concept of
remodeling of stator winding inductance (IWFT) and rotor magnetic fields
(MEC and NM based method).

The distinguished outcomes thus obtained are used for the
diagnosis and classification of faults in a BLDC motor drive
under operating conditions. The hybrid model results are once
again validated with the FE-Simplorer based co-simulation
approach in order to authenticate the feasibility of the system.
The subsequent subsection shall model the combined effect
of SITF and rotor demagnetization faults in a hybrid BLDC
motor drive and numerically through FE based analysis.

A. REMODELING OF Lg AND Bg in THE DEVELOPED
HYBRID SYSTEM
For the STIF conditions as modeled in Section. II-A, the
stator winding inductance as calculated in (8)-(11) reduces
and changes to Ly = 0.056 mH as shown in Fig. 16.
Similarly, for the uniform demagnetization effects,
the radial airgap flux density plot is extracted from the
numerical simulation of a BLDC motor under open stator
windings.

APM ,a =/Vsdt (15)

Apm.q 1s the flux linkage of a PM for phase A given in terms
of rotor back-EMF in (2) and (3). Referring the assumptions
of section III-A, the B, or Ep under demagnetization fault
effects are deduced from (16)-(18), and the second quadrant
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FIGURE 16. Stator winding inductance during SITF conditions.

BH characteristics curve of Fig. 11.

Hly = (RMO + Rg) * M (16)
. H.I,
~ Ax(Rumo +Ry)

where H.l,, is a magnet’s mmf, which is equal to the prod-
uct of magnetic flux intensity (H,) and mean flux path /,,
¢ s the magnetic flux against the reluctance offered by the
magnet given as Ry and airgap, reluctance is denoted as Rg.
Consequently, the rotor back-EMF, for phase-A is given as:

B, (17)

o o _dodg, _  do,
T d, T dy dor T M de,

where e, is the back-EMF of phase A or the voltage induced in
the stator coil, ¢, is a stator flux linkage in phase-A winding,
6, is the angular displacement or rotor position and w,, is
the mechanical speed respectively. The radial airgap flux
density, B, plot obtained under uniform demagnetization of
two adjacent poles is given in Fig. 17.

(18)

Radial flux density (T)
s om

&

&

[ Heakhy Motor back-EMF
| =—Faulty Motr back-EMF

I i
0 0.05 04 0.15 02 0.25 0.3
Time (s)

FIGURE 17. Magnetic flux density profile under uniformly demagnetized
rotor PMs of a BLDC Motor.

The SITF conditions (L) and the rotor demagnetization
effects (Bg) are remodeled in the hybrid system shown
through Fig. 15 & 18, as a combined fault effect. The per-
formance characteristics of a machine under subjected fault
conditions are given in Fig. 19. (a)-(c).

The machine quantities undergo doubly effect change dur-
ing the combined effect of faults. For instance, the high
rise in stator phase current possessing an oscillatory behav-
ior (with increase-decrease pattern) in Ig signature shown
in Fig. 19. (a), signify the SITF conditions coupled with
demagnetization effect. The reduction in motor back-EMF
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FIGURE 19. (a) High rise in phase currents increases for the combined
SITF and uniform demagnetization faults in the BLDC motor.

(b) Equivalent reduction in Eg for a corresponding half-cycles (poles)
signifies the subjected demagnetized PMs. The change in frequency
validates the combined effect of SITF with the demagnetization faults in
the BLDC motor. (c) Combined effect of fault has double affect in motor
torque for a BLDC motor.

has a combined effect of both the faults where the decrease
in magnitude for two corresponding poles signify demagne-
tization fault while the average marginal reduction in every
half cycle validates the SITF effect in the windings as shown
in Fig. 19. (b). In addition, the combined fault effect has
a change in frequency for motor back-EMF signifying the
effect of SITF conditions in the existing demagnetized state of

VOLUME 8, 2020



A. Usman, B. S. Rajpurohit: Modeling and Classification of Stator Inter-Turn Fault and Demagnetization Effects

IEEE Access

amachine. Further, the electromagnetic torque of the machine
possesses oscillations and change in frequency with high
ripples showing the effect of both the faults in the machine
as shown in Fig. 19. (c).

The adverse effect in the machine quantities are distinct
and distinguishes from individual fault effects which further
aid in identifying and giving a classification to motor faults.
The outcomes obtained are further validated with the numer-
ical modeling approach where the FE model of both the SITF
and demagnetized motor is subjected to operating conditions
to observe the doubly effect changes in machine quantities.

SITF
conditions
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FIGURE 20. Combined effect of SITF and demagnetization fault
conditions in a numerically developed BLDC motor. (Flux model).

B. COMBINED MODELING OF Ls AND Bg IN THE
NUMERICALLY DEVELOPED BLDC MOTOR

The combined effect of SITF and demagnetization faults
(numerically modeled earlier as individual faults in
Section II-B and III-B) are now emulated together in the
FE developed BLDC motor as show in Fig. 20.

During the combined fault effect, the high rise in current
is more than 10A since the corresponding current across the
shorted turns has an additional increase in current compensat-
ing the fall in rotor back-EMF due to demagnetization of PM
(constant power operation). The rise in current is accompa-
nied with a change in frequency as shown in Fig. 21. (a). This
signifies the coexistence of SITF and demagnetization fault
effect in the machine, studied and analyzed in the preceding
section. In addition, the proportionate reduction in back-EMF
is found to be same as the percentage loss of H. (40% reduc-
tion in Ep) in the PMs while the back-EMF across the shorted
windings is significantly less (1.125 V), undergoing through
the change in frequency as shown in Fig. 21. (b), signifying
SITF conditions and validating the proposed postulations.
The reduction and distinguishing pattern in electromagnetic
torque as shown in Fig. 21. (¢), signifies the combined fault
effect. In addition, the expected change in radial magnetic
flux density Bg as encountered in Fig. 21. (d), itself vali-
dates that there is a demagnetization effect in the machine
since the change in By is not observed during the individual
SITF conditions existing in a machine.
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FIGURE 21. (a) High rise in current corresponding to shorted turns
accompanied with change in frequency during the combined effect of
SITF and demagnetization fault in a machine. (b) Reduction and change in
frequency of back-EMF during combined effect of SITF and uniform
demagnetization conditions. (c) Oscillatory behavior with and increase
and decrease in magnitude of torque during SITF and demagnetization
fault conditions. (d) Reduction in magnetic flux density value during
combined effect of SITF and uniform demagnetization fault.

Thus, since change in B, characterizes demagnetization
fault in the machine, the change in frequency of Ep validates
the SITF conditions, signifying the combined effect of fault
in the machine. It has been investigated that, among other
adverse effect in electromagnetic signatures, the significant
and distinct changes encountered in rotor back-EMF and
radial magnetic flux density gives more simple identification
and classification to motor faults.

In addition, before proceeding to the experimental inves-
tigations, the subsequent section illustrates briefly the har-
monic analysis of phase currents and back-EMF of a BLDC
motor under healthy and demagnetization fault conditions.
The harmonic based analysis though is beyond the scope
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of the current study; however, it is included to develop a
framework for the future research investigations.

V. HARMONIC ANALYSIS OF A BLDC MOTOR UNDER
HEALTHY AND FAULT CONDITIONS

Additional investigations are made on the harmonic analysis
of demagnetization faults in the BLDC motor drive. The
harmonics are excited at multiples of mechanical frequency
in the stator back-EMF and current spectrum as given in (19).

J?:<Pi>fs=kfm k=1273.... (19)
2

where fr is the frequency of k™ component in the spectrum,
f5 is electrical frequency, f, is the rotational frequency and
p is the number of poles. The proposed investigations are
done on the BLDC motor under study with p = 8 which
is operated at mechanical speed of w, = 50 rad/s (as for
all operating conditions). The corresponding electrical and
mechanical frequency thus calculated is found to be, f; =
32 Hz and f;, = 8 respectively. The harmonic analysis is
performed by taking the fundamental frequency as electrical
frequency i.e. 32 Hz and is being shown through Fig. 22-23.
The presence of harmonics with the multiple of mechanical
frequency (f;,,) are also encountered and presented.

A. HARMONIC ANALYSIS UNDER HEALTHY CONDITIONS
The harmonic analysis of stator phase currents and rotor
back-EMF are analyzed at fundamental electrical frequency
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T
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FIGURE 22. (a) Harmonics in the current relative to fundamental at
fs = 32 Hz for healthy BLDC motor. (b) Harmonics in the back-EMF
relative to fundamental at fs = 32 Hz for healthy BLDC motor.

;
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(fs = 32 Hz) as shown in Fig. 22. (a)-(b). The motor
current THD is found to be 30.16% (Fig. 22. (a)) while the
harmonic characteristics of the motor back-EMF is 36.21%
THD (Fig. 22. (b)).

B. HARMONIC ANALYSIS UNDER FAULT CONDITIONS

The harmonic analysis of stator phase currents and rotor
back-EMF under fault conditions (here uniform demagneti-
zation conditions are taken for analysis) has been already
illustrated in Fig. 23. (a)-(b). the motor current THD is found
to be 35.93% (Fig. 23. (a)) while the harmonic characteristics
of the motor back-EMF is 39.28% THD (Fig. 23. (b)).

(32Hz) = 4.011 , THD= 35.83%
T T
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FIGURE 23. (a) Harmonics in the current relative to fundamental at

fs = 32 Hz during uniform demagnetization of BLDC motor. (b) Harmonics
in the back-EMF relative to fundamental at fs = 32 Hz during uniform
demagnetization of BLDC motor.

The harmonic components of motor back-EMF and stator
phase current is summarized in Table 4-5. It can be observed
that the 39k = 12), 5"k = 20) and 7"k = 28)
harmonics of back-EMF of fundamental electrical frequency
(fs = 32 Hz) are almost same for both the healthy and
fault conditions but the difference can be observed in other
harmonic components. It has been also observed that the
back-EMF has dominant 3¢ harmonic component while it
is negligible in motor current. This is one of the significant
distinct characteristics to classify the fault in a BLDC motor.

VI. EXPERIMENTAL VALIDATION TO THE PROPOSED
FAULT MODELING APPRAOCHES AND CLASSIFYING

THE MACHINE FAULTS

The experimental investigations are carried out on a
closed loop BLDC motor drive developed using a FPGA
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TABLE 4. Harmonic components of back-EMF signatures.

Harmonic 8 Hz 16 Hz 24 Hz
Frequency (k fi,) (k=1) (k=2) (k=3)
Healthy conditions 1.40% | 1.83% 313 % 100 %
Fault conditions 6.7 % 12.82 % 18.36 % 100 %
TABLE 5. Harmonic components of stator current signatures.
Harmonic 0 Hz 8 Hz 16 Hz 24 Hz
Frequency (k fy) (k=0) k=1) (k=2)
Healthy conditions 0.02 % 0.41 % 1.03 %
Fault conditions 2.61 % 8.15% 14.48 %

(Spartan 6) based real-time control system. The control
system is designed using a hysteresis current control
(HCC) technique for deriving the switching pulses for
120-degree conduction Voltage Source Inverter (VSI). The
controller is programmed using Hardware Description Lan-
guage (HDL) for interfacing with the three phase windings
of a BLDC motor. The inner rotor SPM-type BLDC motor
with HE/flux sensors embedded on stator periphery as shown
in Fig. 24. (a)-(b) undergoes change in PM properties in order
to induce demagnetization effects in the machine.

()

FIGURE 24. (a) Three phase BLDC motor showing outer-stator, inner-rotor
and the hall-effect/magnetic flux sensors. (b) Stator with 12 slots having
three-phase star connected windings (c) 8-pole rotor having surface
mounted PM (SPM).

a. The two adjacent PMs of Motor-1 has been uniformly
demagnetized to a demagnetization factor of approximately
Y = 40% (similar to modeling approach). The demagnetiza-
tion has been carried out during the development of a motor
drive, in a heating chamber at the temperatures above 150° C.
The demagnetization of N35SH PM follows the corre-
sponding demagnetization BH characteristic as given earlier
inFig. 7. (b) and Fig. 11. Similar BH curve is obtained numer-
ically, when plotted using FE method as shown in Fig. 25.
The embedded flux sensors are programmed through HDL
and HE sensors to measure the airgap By and record the data
through Data Acquisition (DAQ) system.

The demagnetized rotor is then assembled in the stator
maintaining an airgap of Imm. b. The Motor-2 has tapings
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FIGURE 25. BH characteristics of a PM at 150° C (PM of grade-N35SH)
obtained through FE analysis.

in the stator windings at 25% intervals of complete wind-
ing in each phase shown in Fig. 26 and Table-6. This
motor is used for healthy operations (when tapings are
not shorted) and SITF conditions. ¢. The Motor-3 has
demagnetized rotor (of Motor-1) and a stator with tapings
(of Motor-2) to investigate the combined effect of both the
faults. The complete experimental testbed with healthy and
faulty BLDC motor operations has been set up as given
in Fig. 27.

The testbed comprises of three phase Voltage Source
Inverter (VSI), FPGA based controller, healthy and fault
emulated BLDC motors and DAQ system for recording the
motor characteristic signatures.

A. BLDC MOTOR PERFORMANCE UNDER HEALTHY
CONDITIONS

The motor-drive is operated at w,, = 50 rad/s and the current
and back-EMF for a healthy BLDC is observed to be 3.5 A
and 4.5V respectively as shown in Fig. 28. (a). The assertion
of motor back-EMF (Ep) as magnetic flux density (B) and
is found to be 1T (B; = Kg*w:,) as shown in Fig. 28. (b).
Here K = 0.02 V/rad/s (or T/rad/s). Similar results were
obtained through proposed modeling and simulation-based
analysis.
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FIGURE 26. Three phase stator windings of a BLDC motor showing
winding arrangement and tapings percentage to emulate SITF effects.
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FIGURE 27. Complete experimental setup with i. healthy ii. SITF iii.
demagnetized iv. combined SITF and demagnetization fault emulated
BLDC motor.

TABLE 6. Percentage tapings in stator windings of a BLDC motor.

Short-circuit R Phase Y Phase B Phase
Percentage
Tap R1 Tap Y1 Tap Bl
( ‘5—6";(: ) Tap R2 Tap Y2 Tap B2
75% Tap R3 Tap Y3 Tap B3
100% Tap R4 Tap Y4 Tap B4

B. BLDC MOTOR PERFORMANCE UNDER SITF
CONDITIONS

For the BLDC motor operation under SITF conditions,
the expected sudden rise in stator phase currents is observed
as shown in Fig. 29. (a). The corresponding change in motor
back-EMF is given in Fig. 29. (b). The similar outcomes have
been encountered in Section-II using the EEC-IWFT based
modeling approaches.

118042

120-degree conduction operation

()

I 1
Motof back EMF #nd Raldial flux density

N

N b AL

- hi N A
Ep=4.5 andBy=1T
[(10.0ms 100MS/5 - hl
@D 00V 10M points 73.8V Jr 100ct 2 Ls]
L

alue Max Std Dev 17:06:23

v Mean Min
@D @D Fhise  -50.53° A Clipping pos/neg

(b)

FIGURE 28. (a) Experimentally obained healthy motor back-EMF Eg = 4.5
V and phase c urrents Ipp=3A [Vac ~ 2V /div (pink),

Ipn ~ 5A/div (green), t = 20 ms/div]. (b) Experimentally obained healthy
motor back-EMF Eg = 4.5 V [Vac ~ 2V /div(blue), t = 20ms/div]. The
same has been plotted to obtain radial flux density using flux sensors,
accounting for Bg = 1T [0.5T/div].
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FIGURE 29. (a) Exprementally obtained high rise in stator phase current
(phase-A) under SITF condition [Vac ~ 2V /div, Ipp ~ 5A/div, t =
10ms/div]. (b) Exprementally obtained rotor back-EMF under SITF
conditions [Vgc ~ 2V /div, t = 10ms/div]. The sinusoidal shape of
back-EMF is due to the curved shape of the PMs of Motor-2.

C. BLDC MOTOR PERFORMANCE UNDER
DEMAGNETIZATION FAULT CONDITIONS

For a demagnetized fault emulated BLDC motor operation,
the rise in phase currents and the proportionate change in
back-EMF (Ep) or radial magnetic flux density (B,) are
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observed as shown in Fig. 30. (a)-(b). It is found that the
B, decreases in the same proportion as the induced change
in magnetic coercivity (Hc) value. The back-EMF (Ep) for
the demagnetized pole, reduces by 40% and is found to
be 2.7V (healthy Ep = 4.5 V) which is approximately 40% of
healthy back-EMF. The same has also been validated earlier
in Section III of this paper.
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FIGURE 30. (a) Experimentally obained uniformly demagneized PMs’
back-EMF (Eg) and phase current
[Vac ~ 2V /div(red), Ipp ~ 1A/div(green), t = 10ms/div] (120-degree
conduction). (b) Experimentally obrained back-EMF (Bg) for
corresponding uniformly demagnetized PM, found to be Eg =2.7 V
[Vac ~ 2V /div, I, ~ 2A/div, t = 10ms/div]. The same has been plotted
to obtain radial flux density under demagnetization fault conditions,
accounting for approximately By fqy, = 0.67[0.5T /div].

D. BLDC MOTOR PERFORMANCE UNDER COMBINED
EFFECT OF SITF AND DEMAGNETIZATION FAULT
CONDITIONS
For the BLDC motor operation under combine effect of
SITF and demagnetization fault conditions, the stator phase
current possess the oscillatory rising behavior with an
increase-decrease pattern as shown in Fig. 31. (a). The
motor back-EMF across the shorted windings is significantly
less, undergoing through the change in frequency as shown
in Fig. 31. (b), thereby signifying SITF and demagnetization
fault conditions in the machine.

The experimental outcomes thus obtained are similar when
compared with the results obtained earlier using the proposed
hybrid model-based approach.

VIi. DEDUCTIONS AND CLASSIFICATION OF FAULTS
The proposed research carries out an extensive investiga-
tion on the Stator Inter-Turn Faults (SITFs), demagnetization
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FIGURE 31. (a) Experimentally obtained oscillating high rise in phase
current for combined SITF and demagnetization fault conditions in BLDC
motor operation [Vgc ~ 2V /div, Ipp ~ 5A/div, t = 4ms/div].

(b) Experimentally obained back-EMF (Bg) for combined SITF and
demagnetization fault conditions in BLDC motor operation

[Vac ~ 2V /div, Iph ~ 5A/div, t = 10ms/div].

effect and combined effect of both the faults on the BLDC
motor drive. The fault analysis is done using the proposed
EEC (IWFT), MEC (LM and PN), NM (FE) and hybrid
model based approaches respectively. The simulation out-
comes are further validated experimentally. The results thus
obtained reveals that during the existence of faults, the perfor-
mance of the machine degrades due to the adverse effect in
the electromagnetic quantities of the motor. The significant
changes observed in the stator phase currents (/;), motor
back-EMF (Ep) and electromagnetic torque (7k) suspects the
existence of fault in the machine. The additional changes
encountered in the magnetic quantities of the machine, such
as radial magnetic flux density (B,) further confirms the type
and gives classification to the fault.

A. MOTOR CURRENT SIGNATURE (Is)

During the SITF conditions, the stator current, Is suddenly
rises in a very short interval of time. The rise in current
corresponds to shorted turns as can been seen from Fig. 5. (a)
(EEC) and Fig. 10. (a) (NM). The breakdown of winding
insulation is validated with the instant rise in stator phase
currents, signifying the SITF conditions. But for a demagne-
tization fault, the rise in current is not significant. However,
when both the faults viz. SITF and demagnetization occurs
together, the rise in current possess change in frequency,
thereby signifying the combined effect of the faults as also
shown in Fig. 19. (a) and Fig. 21. (a)
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FIGURE 32. Flowchart for effective diagnosis and classification of machine faults using conventional and hybrid fault modeling approaches. The inference

is made depending on the accuracy and computational time-based analysis.

B. MOTOR BACK-EMF SIGNATURE (Eg)

The motor back-EMF during SITF conditions reduces in
proportion to the percentage of short circuit turns. In the
proposed study the short circuit is emulated for § = 25%
and the winding turns undergoes the decrease in
Ep proportionally. For the demagnetization fault where
approximately 40% magnetic coercivity has been reduced
in the PMs of the machine, the corresponding half-cycles
of the back-EMF reduces (to 2.7V) proportionally as shown
in Fig. 5. (b) and Fig. 21. (b). This validates the assertion
taken in the proposed study and also in (16)-(18) of the
healthy and faulty back-EMF relation. The correlation is
further deduced through (20):

€b_faulty = W (€b_healthy) (20)

where ¥ is the demagnetization factor.

Moreover, during the combined fault effect, the average
reduction in back-EMF encounters the adverse effect of both
the SITF and demagnetization fault respectively.

C. RADIAL MAGNETIC FLUX DENSITY (Bg)

It has been observed that during the SITF, the change in B,
is not much significant however during the demagnetization
fault, the B, is in proportion to the change in magnetic
coercivity as shown in Fig. 10. (d) and Fig. 14. (d). However,
under the combined fault effect, the change in By is not
proportional as given in Fig. 21. (d), which signifies the
occurrence of a demagnetization fault accompanied with the
SITF effect.
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Therefore, the detrimental changes encountered for the
corresponding faults in terms of stator phase currents (Iy),
motor back-EMF (Ep) and radial magnetic flux density (By),
further confirms the type and gives classification to the
machine faults. In addition, the subsequent section discusses
the accuracy and computational time-based performance of
the proposed modeling techniques for the diagnosis of faults.

VIIl. ACCURACY AND COMPUTATIONAL TIME-BASED
ANALYSIS
The outcomes secured through the EEC, MEC, NM and
hybrid model-based approaches validate the experimental
investigations carried out in support to the proposed fault
modeling methods. It was found that the numerical results are
almost similar to the experimental outcomes than the EEC
and MEC based results. However, the results accomplished
through the proposed hybrid model approach, are fairly pro-
ficient in diagnosing and classifying the faults. In addition,
the results accomplished have better accuracy than the con-
ventionally used EEC and MEC based methods and are faster
than the NM based approaches, thereby effectively detect-
ing the fault in its incipient stage. However, the choice of
fault modeling methods can be chosen based on accuracy-
computational time-based analysis as given in Fig. 32.
Modeling of BLDC motor faults using IWFT and EEC
based approaches requires less computational time since
the analytical methods considers several assumptions like
neglecting the material properties and eddy current effects.
The electrical quantities of the machine are calculated on
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TABLE 7. BLDC motor faults diagnosis & classification.

Type of BLDC Phase Currents (A) Back-EMF (V) Electromagnetic Magnetic Flux Density (T)
Motor Fault [Is/ [Es/ Torque (N-m) [Be]
[Te]
Stator Inter-Turn  Sudden high rise in stator phase Significant decrease in back- Varying high torque No significant change
Fault (SITF) currents EMEF for the corresponding ripples
shorted turns
Uniform Insignificant rise in current Reduction in back-EMF in Torque ripples of Reduction in magnetic flux
Demagnetization proportion to the change in varying frequency density in accordance with the
Fault magnetic coercivity (presence domain change in demagnetizing

of 3 harmonics)

factor (magnetic coercivity)

Combined Effect
of Faults

The oscillatory and significant
rise in current is observed with
the change in frequency
spectrum

Change in back-EMF
frequency signifying SITF
while the proportionate
reduction in back-EMF with
respect to the change in H¢
signifies demagnetization fault

The torque has a
fluctuating increasing
pattern showing
distinguishing behavior

The change in B, is not
proportional to the change in
H.which signifies the
occurrence of a
demagnetization fault
accompanied by SITF

the basis of machine geometry. As studied in section- II, for
modeling the SITF conditions, the machine parameters like
winding inductances are calculated using the winding layout
of the motor which requires the physical geometry of the
machine. The results accomplished involves less computa-
tional time since the differential equations are solved with
respect to time only, and therefore the speed of computational
is significantly fast.

In contrary, the MEC based methods gives fairly good
results with optimum computational time involved in anal-
ysis. As studied in section-III, the motor is converted into
an equivalent magnetic circuit to find machine flux related
quantities (which involve machine’s physical geometry and
material properties) such as magnetic flux linkages and flux
density. The results thus accomplished subdues several limi-
tations of the EEC based methods and therefore gives results
with comparatively better accuracy and taking more compu-
tational time.

However, when the faults are modeled using the NM
based approaches such as Finite Element Method (FEM),
the results are found to be more realistic and accurate. The
FE-Simplorer based co-simulation-based analysis carried out
in section-IV-B models both the BLDC motor (FE) and its
controller-based drive system (Simplorer), involving huge
computational time for analysis. The numerical solutions are
based on ordinary and partial differential equations (PDEs)
solved with respect to time, ¢ and space x, y, z. The com-
putational time taken is more since the discretization of the
absolute space into multiple finite elements is executed which
further linearizes to converge the solution for each element.
The results thus accomplished are found to be more accurate
since the method involves comprehensive analysis of the
system. The computational speed is significantly less due to
the increase in simulation time.

However, the proposed hybrid fault modeling approach
confers complex solutions based on EEC, MEC and NM
based techniques. The faults under study, viz. SITF, demag-
netization and combined fault effects can be modeled effec-
tively through the hybrid fault model approach. The faults are
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FIGURE 33. Computational time and accuracy-based comparison for
different fault modeling methods of BLDC motor.

modeled using the proposed approach in section-IV of this
paper, where computational time of modeling was found to be
comparatively less than the NM based approach, but higher
than the EEC and MEC based methods. It is observed that the
computational speed is moderately optimum since the hybrid
method involves both the EEC and NM based techniques
which are complementary to each other in terms of com-
putational time and speed. The solutions thus accomplished
takes into consideration machine’s physical geometry, mate-
rial properties, non-ideal characteristics like saturation and
unequal mutual inductances of the winding respectively. The
results are found to be of higher accuracy than the EEC
and MEC based approaches consuming less computational
time when compared to the NM based techniques. Based on
this analysis, an inference is drawn as illustrated in Fig. 33.
It is found that as one tends to move from the EEC based
methods towards the NMs, the results accomplished are of
high accuracy. However, there is an increase in computational
time (for a given processor). The proposed hybrid EEC-NM
based approach is a middle approach, compromising on the
accuracy when compared to NMs and computational time as
compared to EEC based methods.

The proposed and validated system thus finds its suit-
ability among efficient and fast modeling techniques for
machine fault diagnosis in industrial applications. In addition,
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FIGURE 34. (a) The load torque T = 0.5 N-m is applied to the machine drive under healthy operating conditions. The corresponding stator phase
currents is found to be I, = 5.8 A. The torque constant is Ky = 0.3 N-m/A (FEA). (b) For a load torque T| = 0.5 N-m applied to the machine drive under
healthy operating conditions, the corresponding stator phase currents is found to be I,,5.8 A and the motor back-EMF EB = 5.2 V (Hybrid Model).

(c) Electromagnetic torque for the loaded conditions. The T; = 0.5 N-m is applied to the machine. The corresponding average torque inclusive of no-load
torque (comprising of windage and frictional losses) is found to be Te = 1.5 N-m. (d) Radial airgap magnetic flux density for loaded conditions. The PM
Bg remains the same even during the loaded conditions. Bg is found to be 1.01 T (FEA). (e) Radial airgap magnetic flux density for loaded conditions. The
PM Bg remains the same even during the loaded conditions. By is found to be 1T (Hybrid Model).

the changes encountered in the electromagnetic quantities of
the machine are feasible to model through the hybrid model
system which is fast and efficient to detect and diagnose
the motor faults. The additional contribution of diagnosing
the fault using radial magnetic flux signatures further aids
in identifying the fault. The modeling of magnetic flux in
the proposed modeling method further gives reliable solu-
tions for machine fault diagnosis. This is justified when the
proportional reduction in magnetic flux density is encoun-
tered during the demagnetization faults in contrary to the
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insignificant or unchanged behavior observed in flux for the
SITF conditions.

The identification and classification of faults can thus
be accomplished through the changes encountered in the
characteristic performance of machine quantities. Conse-
quently, based on the type of fault, the required maintenance
scheduling can be preponed to avoid prolonged failure of
the complete drive system. Based on the research findings
and investigations, the BLDC motor fault classification is
summarized in Table-7.
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IX. BLDC MOTOR PERFORMANCE UNDER LOADED
CONDITIONS

In addition to the research work been carried out for a BLDC
motor drive under subjected conditions, the performance of
the motor is also studied under loaded conditions for both
healthy and fault conditions. The rated motor current and
electromagnetic torque (7,) for the machine under study is
21 A and 3.06 N-m respectively (given in Table-1). The
torque for the given machine is estimated through the mathe-
matical equations given through (21)-(24). The angular speed
wy, of arotor is given by (21),

dwy, _ T.—T; Bwy
d J
where, T, is a electrical torque, 7; is a load torque, B is a

frictional constant, J is a motor inertia. The electrical torque
equation can be given as:

2n

eqkig+epxip—+eckic

Te = (22)
W
T, = f eqiq + epip + e (23)
2 Wm

For a square waveform,
T, = f *2 % Epaxlnax (24)
2 Wm
where P is no. of poles, e,, ep, e, are motor back-EMF of
phase A, B and C while i,, i) and i. are stator phase currents
of phase A,B and C. The rotor speed is given through wy,.
When a load torque of T = 0.5 N-m is applied to the
motor under healthy operating conditions, the corresponding
motor characteristics in terms of electromagnetic quantities
are given through Fig. 34. (a)-(c).

The T} = 0.5 N-m when applied to the machine drive under
healthy operating conditions, the corresponding stator phase
currents is found to be I, = 5.8 A and motor back-EMF is
5.2V as given in Fig. 34. (a)-(b), operating under 120-degree
conduction mode. The machine under investigation has a
torque constant of K7 = 0.3 N-m/A, corresponding to which,
the average torque generated is 1.5 N-m, shown in Fig. 34. (c).
The motor is under constant power operation and therefore
any change in torque is balanced with the corresponding
change in mechanical speed. In addition, there is no change
in radial airgap magnetic flux density, since the PM has a
constant flux density of B, = 1 T as validated through
Fig. 34. (d)-(e). under healthy operating conditions.

However, when a BLDC motor drive under loaded con-
ditions, is subjected to the effect of faults as studied ear-
lier in this paper, the change in electromagnetic quantities
are found to be similar. The stator phase current rises due
to the applied load and the corresponding generated torque
validates (21)-(24). During the SITF conditions the stator
phase current rises to significant values (inclusive of load
current) as shown through Fig. 35. (a). The corresponding
change in electromagnetic torque with ripples induced is
given in Fig. 35. (b). As studied earlier that during the SITF
conditions there is no significant change in radial magnetic
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FIGURE 35. (a) The rise in stator phase currents during the SITF
conditions which is found to be above 12.5 A. The fault currents are in
addition to the load currents since the machine is operating under the
loaded conditions. (b) Electromagnetic torque of a machine under load
conditions. The corresponding average torque inclusive of no-load torque
(comprising of windage and frictional losses) is found to be above

2.5 N-m. The significant torque ripples validate the existence of faults in
the machine. (c) There is a marginal change in the radial airgap magnetic
flux density for the SITF effects under the loaded conditions. The
subjected fault effects under the loaded conditions initiates the partial
demagnetizing effect in the rotor PM of a machine within the reversible
BH characteristic curve.

flux density, therefore the similar effect is observed even for
the machine under load conditions as shown in Fig. 35. (c).
However, the partial decrease in By is due to the effect of fault
currents (in addition to the load current), initiating partial
demagnetization effect within the reversible BH characteristic
curve as shown in Fig. 11.

Similarly, for a machine drive under loaded conditions,
when subjected to demagnetization effects, has an incremen-
tal change in electromagnetic torque as shown in Fig. 36. (a)
which is due to the increase in stator phase currents. How-
ever, the change in radial magnetic flux density remains
same and the proportional reduction in the corresponding
half cycles validates the demagnetized PMs as shown
in Fig. 36. (b).
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FIGURE 36. (a) Electromagnetic torque for the loaded conditions. The
corresponding average torque inclusive of no-load torque (comprising of
windage and frictional losses) is found to be Te = 2.1 N-m during
demagnetization fault effects. The torque ripples are due to the subjected
irreversible demagnetization conditions. (b) The reduction in radial airgap
magnetic flux density for the corresponding demagnetized PMs. The
detrimental characteristic performance of the machine for the
demagnetization fault remains the same even for the loaded conditions.

The study thus reveals that the characteristic change in
behavior of machine quantities remains same even under the
loaded conditions.

X. CONCLUSION

The proposed research work comprehensively studies the
modeling and analysis of Stator Inter-turn Fault (SITF), rotor
demagnetization effects and combined effect of both the
faults in BLDC motor. The modeling approaches like Elec-
trical Equivalent Circuit (EEC), Improved Winding Func-
tion Theory IWFT), Magnetic Equivalent Circuit (MEC)
and Numerical Method (NM) based approaches are used
to model the machine effectively. The modeling of sta-
tor winding inductance Lg using IWFT and rotor mag-
netic fields B, using MEC-NM based approach, are used
to develop a novel hybrid model system for diagnosing and
classifying the faults. The proposed accuracy-computational
time-based analysis further elucidate the effectiveness of
the developed modeling approach in giving classification to
machine faults.

In addition, the fault investigation and analysis based on the
electromagnetic signatures like motor back-EMF and radial
magnetic flux density has been the significant contribution of
the proposed research work. The distinct and distinguishing
characteristics obtained during the existence of both the faults
simultaneously, gives identification to the individual faults.

In addition, the proposed method of diagnosing the fault
is validated under loaded conditions and therefore find
suitability in wide industrial motor drive applications where

118048

the highly efficient and fast diagnostic technique is required
for diagnosing the motor faults in its incipient stage.
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