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Abstract

This paper proposed an analytical model for the distributed magnetic field analysis of interior permanent magnet-type blush-less
direct current motors under the stator-turn fault condition using the winding function theory. Stator-turn faults cause significant
changes in electric and magnetic characteristic. Therefore, many studies on stator-turn faults have been performed by simulation of
the finite element method because of its non-linear characteristic. However, this is difficult to apply to on-line fault detection
systems because the processing time of the finite element method is very long. Fault-tolerant control systems require diagnostic
methods that have simple processing systems and can produce accurate information. Thus analytical modeling of a stator-turn fault
has been performed using the winding function theory, and the distributed magnetic characteristics have been analyzed under the

fault condition. The proposed analytical model was verified using the finite element method.
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I. INTRODUCTION

Traditionally owing to their excellent performance
characteristics, including a high power density and high
efficiency, IPM-type blush-less direct current (BLDC) motors
have been actively developed for many different kinds of the
electric actuating systems in a wide variety of industrial and
transit applications such as HEV, EV and their motorized
systems [1]. In particular, they have been used in many
safety-critical application systems. Therefore, many methods
have been proposed for fault prediction and detection in BLDC
motors. When a motor develops a short circuit between the
windings of one of its coils, known as a stator turn fault (STF),
heat is generated by the circulating current in the shorted coil.
The circulating current is induced by the magnetic linkage flux
originating from the permanent magnet (PM) in the shorted
turn which results in deterioration of the torque characteristic
by the distortion of the air-gap magnetic flux distribution.
Moreover, this heat, which increases proportionally to the
square of the circulating current, expands the short-state to the
entire fault phase in a very short period of time unless the fault
is detected early and pre-emptive action is taken [2], [3].
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Therefore, the analysis of motors with a STF that is
reasonably accurate with respect to the magnetic nonlinearity is
strongly needed. The inductance of the stator changes the
operating conditions due to magnetic saturation and
cross-coupled magnetization effects. For this reason, many of
the studies on STFs have used the finite element method
(FEM) simulation [4]-[9]. However, it is difficult to apply
FEM simulation to online fault diagnosis systems because the
processing time of the FEM is very long. For this reason, this
paper performs STF analysis using the machine equation and
proposes an analytical modeling using the winding function
theory (WFT). The proposed model can calculate the stator
inductance and the distributed magnetic characteristics of a
system under the fault state. The proposed analytical model,
which is a combination of the WFT-model of IPM type motors
having a STF with a BLDC drive, is used for analyzing the
distributed magnetic flux density under the STF conditions.
The proposed analytical model is verified by the FEM and
experimental results.

II. STATOR-TURN FAULT MODELING

A. Stator-Turn Fault

For the STF it is assumed that each phase winding consists
of turns which are connected in series and that the three-phase
concentrated windings are wye-connected with a floating
neutral point. A circuit diagram of the three-phase windings
with a STF in the A-phase winding is shown in Fig. 1-(a),
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Fig. 1. Schematic circuit of STF.

where asl and as2 represent the healthy and the shorted turns,
respectively, and i, represents the circulating current in the
shorted turns. In addition, Fig. 1-(b) shows the equivalent
circuit in the faulty phase. The input current is changed by
reducing the number of turns in the as/ section, and a
circulating current is generated by the rotating magnetic field
of the PM in the as2 section.

Under the above assumptions, the stator line-neutral
voltages and the developed torque of IPM type motors with
an stator-turn fault on the A-phase winding can be
represented by the abc-variables in (1) [2], [4].

In addition, the “fault fraction” g, is defined as the ratio of
the number of shorted turns to the number of turns per phase,
and Z, represents the possible external impedance between the
shorted turns. The voltage at the winding of an IPM type
motor with a turn fault on the 4-phase winding is represented
by (2), where, 4, is the linkage flux by the phase coil current,
A4 1s the linkage flux by the PM, and L, = L,, - L;. In
addition, the voltages at as/ and as2 can be obtained using
(3) and (4), respectively. In (3) and (4), A,” = L., “if is the
linkage flux used for the consideration of the effect of the
turn count as reduced by the shorted turn. When a stator-turn
fault is involved with a small number of g, the resultant
asymmetry of the stator voltage generally has a small effect
on the overall stator voltage. Thus (4) can be rewritten as (5).
v, represents the value of the 4-phase-neutral voltage in the
faulty state.
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Fig. 2. Influence of stator turn fault.
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B. STF Modeling Using Winding Function Theory

Influence of a STF can be described by Fig.2. Finally, the
cause of the deterioration of the output characteristics is the
distorted air-gap flux density. Therefore, the fault analysis
requires magnetic distributed characteristics under the STF
condition. To analyze the magnetic distributed characteristic
under the STF condition, various magnetizations and mutual
inductances of the motor must be calculated.

In this paper, the WFT was used for the analysis of STFs
because WFT is a useful technique for modeling the magneto
motive force which occurs in the stator windings [3].

The turn function (TF; function of the conductor current
density) and the winding function (WF; function of the
winding distribution in the stator) can be described as in Fig.
3 and calculated as in (6). The value of these functions
depends on geometry because it takes the number of turns
and poles per phase into account. n, and N, represent TF and
WF. As shown in (7), the value of TF and WF can be
rewritten as ¢ hand T h.

_ _ Total number of turns N 6)
= Number of slots per phase 3 ,
r o=tV
- 2 6

Based on these functions, the self-inductance (L,,) and
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Fig. 4. Flux line distribution due to the stator slots.

mutual-inductance (L,,) can be calculated and used in the
voltage equation as shown in (7). Equation (8) is the
voltage equation of IPM type motors.

Ly=py-rel,- Uj”g*(em ~In,(8,N,(0, )dem} o

2
Ly =uy-r-1, U{) g (6, —n,(6, )N,@O, )dGW}

where, x is the A-phase of the TF; y is the A-phase of the WF;
r is the radius of the rotor; /; is the stack length; ¢ is the
rotating angle; and g”'(6,,) is the inverse air-gap function of an
IPM motor.

Vy:Ri+Lﬁ+id—L+e ()
‘ de - dt

In the case of IPM motors, the magnetic resistance varies
according to the rotor position. This variance is due to the
position of the buried PMs, and it is called the magnetic
saliency. Thus in order to compute the air-gap flux density, it
has to be considered an inverse air-gap function (g”) by the
rotor flux path and the WF (N,) by the stator flux path. The
flux path due to the magnetic saliency of the rotor is
calculated by the equivalent permeance value, and the flux
path due to the stator slots can compute as in Fig.4.

T .
g, + 5 RO for 0<ROLK, 9)

8,(0) = for k, <RO< 72

g()+%R0+y(R0—ko)

y = (n/2) — arctan(k, (W, — w,)/2)) (10)
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Fig. 6. TF (ny) and WF (N,) under the STF condition.

As shown in (11), g’ can be obtained from the modeling of
the flux path in the air-gap. Finally, the air-gap flux density of
the A-phase can be calculated as a product of g’ and N,, as
shown in (12). Therefore, the inverse-gap function is calculated
as Fig. 5.

1
1y _ _ (11)
Sy Sy
BA(gm) = lu()gil(Hm)NA(Hm)iA (12)

where, g; (0,,) is the flux path due to the stator slots; and g,(6,,
—p) is the air-gap function.

Fig. 6 shows the WF and TF under healthy conditions and
under the STF condition. ng and Ny are defined as TF and WF
under the STF condition. The other functions are defined as:

t _h= g : TF under healthy state

t_ff= g(l — ) : TF under ITF state

T h= g— % : WF under healthy state
N N
T fl= 3 E(l — 1) : WF of other 4 - phase under ITF state

T f2= —%(l—,u):WFunder ITF state

T _ff= g— %(1 — u)— uN : WF of fault 4 - phase under ITF state

Through np and Ng, the inductance under the STF condition
can be obtained. In addition, these functions can present the
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Fig. 7. Inductance variation by STF.

teeth magnetic density with faults by calculating the I-region in
the faulty phase and the II-region in the faulty phase. The fault
has not yet spread to I-region but it has spread to Il-region.
Therefore, each part of the inductance and magnetic flux
density can be calculated from (13). Finally, the distributed
flux density can be calculated using the proposed equation.

_ {Lregion71 : in /(Npcrirccrh )}+ ¢PM
region_I —
ATeezh ( 1 3)

_ {LregianH T N s tcer = HN ey piase) } + @pyr

region I — A
Teeth

III. SIMULATION RESULTS

Many electrical devices contain non-linear magnetic systems.
In particular, in IPM motors, the magnetic non-linearity leads
to significant variations in the flux-related machine parameters,
specifically, the self-magnetization and mutual inductances.
Although the proposed analytical method does not consider
non-linearity, it can approximate the variation pattern of the
distributed magnetic characteristics under the STF condition.
The stator inductance in the healthy state is 0.3 (mH). However,
it decreases to 0.25 (mH) when the fault fraction is 8.33%. It
has been confirmed that the flux and self-inductance decrease
because of a shorted coil, based on the inductance profile
shown in Fig. 7.

Fig. 7 shows the variations of the radial flux density at the
stator teeth based on the distributed magnetic characteristic
analysis. The flux density at the stator teeth changes as the
input current varies and the fault fraction changes. Fig. 8 (a)
shows the calculation results for the faulty phase using the
proposed model. Fig. 8 (b) considers the effect of the B-H
curve of the core using the FEM. The results obtained with the
proposed analytical model are slightly different than those
obtained with the FEM, because it cannot consider the
non-linear characteristics up to the point of saturation. The
distributed flux density field of the FEM is presented in Fig. 9.
The proposed model generates a circulating current in the
opposite direction to that of the magnetic field. Therefore, as
the fault fraction increases over time, a reverse magnetic field
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Fig. 9. Distributed flux density.

is generated in the teeth with the shorted turn and magnetic
saturation occurs in the other teeth. When a large number of
turns are involved in an STF, the additional flux strongly
distorts the distribution of the magnetic flux in the air gap.

IV. EXPERIMENTAL RESULTS

The distributed magnetic characteristics under the STF
condition can be monitored because the circulating current
generates a distinct unbalanced magnetic field. To validate the
distributed magnetic characteristics, an experiment has been
performed using a detection coil, which generates an induced
voltage based on the time-varying magnetic field. In addition,
as shown in Fig. 10, this experiment applied a LPF (low-pass
filter) for harmonic filtering in the switching of the inverter.
Using (15), the linkage flux can be calculated using the output



556 Journal of Power Electronics, Vol. 12, No. 4, July 2012

idetrﬂlonitnﬂ

Linkage Flux

Ccrection coi ®

AC Voltage
Measurement

Induced Voltage

LowPass ~

Filter

J‘ Integrator

Detection Coil

Fig. 10. Experiment process for DMC detection.

——@—— EMF in Al (Detection Coil)
—O—— EMF in A2 (Detection Coil)
—{ 13— EMF in A3 (Detection Coil)
6 6 R :
8 4 8 4 A = A M
Z 4 p 5 Ay T
E P E Y o iy |/
i Qlﬁﬂg |ofi % =) Bl
-4] S 4
:_é -6 ; E -6 ﬁ‘ GFH
8 34 6 s d0 12 2 4 0 12
Times (ms) Times (ms)
(a) EMF by analytical model (b) EMF by analytical model
(#=0%) (W=12.5%)
‘{ 7 I3
6 |
= 4{ : = : i L T
3 oM e i Ik
TR A B R | I8 B S
B 2 B 2
(i 1 ERStR R &
= -6 = -6
8 2 4 6 o ® 2 4 10
Times (1ms) Times (ms)
(c) EMF by experiment (d) EMF by experiment
(u=0%) (W=12.5%)

Fig. 11. Induced voltage in the detection coil.

of the integrator. Kjeguo- and K pr are the gains of the
integrator and the LPF, respectively. Fig. 11 and Fig. 12 show
the EMF voltage, which is the voltage induced by the rotating
magnetic field, and the linkage flux, which is calculated using
(14), respectively. In Figs. 11 (a) and (b), the analytical results
confirm the EMF variations caused by a STF. Furthermore, in
Figs. 11 (c) and (d), the experimental results confirm the EMF
variations caused by a STF. From the experimental results
shown in Fig. 12 (d), it can be seen that the value of the linkage
flux is one thousand times higher than the simulation value for
the gain value of the integrator. An experimental motor was
designed for testing STFs and for applying detection coils, as
shown in Fig. 13. The detection coils are wound around each
tooth, and each coil carries a phase winding for the detection
of the distributed magnetic characteristics.

/1 = K[ntegmtor : I(KLPF) : (edetecti()nict)il )dt (14)

V. CONCLUSIONS

This paper proposed an analytical model for calculating the
distributed magnetic characteristic with STFs using the WFT.
Regarding the STFs, it is possible to determine which one has
the most problematic characteristics. Proposed analytical
modeling was developed on the basis of the analysis of STFs
using mechanical equations. Thus the distributed magnetic
field were analyzed using a WFT that uses these analytical
functions. This has been verified using both FEM-simulation
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Fig. 12.  Output value in the detection coil.
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and experimental results.

The proposed analytical modeling has good agreement
although it uses a simple calculation process. It can be used for
fault-tolerant operations by detecting the STF at the initial
stage and small fault fraction.
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