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Abstract—This paper is a continuation of part I, which presented
interturn fault (ITF) models for interior permanent magnet syn-
chronous motors (IPMSMs). ITFs are defined by two ITF param-
eters: the healthy turn ratio and the fault contact resistance. First,
this paper presents a proof that the two fault parameters defin-
ing a given ITF condition cannot be individually estimated from
motor information and drive information (applied voltage, phase
current, rotor speed, etc.) because they have multiple solutions.
However, it is also shown that the additional Ohmic loss, which is
the most important factor in heat generation and deterioration due
to ITFs, is not dependent on these solutions. Thus, after arbitrarily
setting one fault parameter, the other can be estimated for a given
ITF condition; this model can be used to represent the effect of
an ITF, particularly its Ohmic power loss. In this paper, an on-
line fault parameter estimation method for IPMSMs is proposed
after presenting one of the two fault parameters. The proposed
method utilizes a searching algorithm that finds the fault parame-
ter that has the minimum negative-sequence voltage error between
the applied voltage and the ITF models (presented in part I). An
experiment was performed to verify the proposed fault parameter
estimation method.

Index Terms—Fault parameter estimation, inter-turn fault
(ITF), motor fault detection, motor fault-tolerant control.

OTOR fault detection is a primary issue because faults
M can lead to reduced safety and increased repair time costs
[1], [2]. As stated in part I, the most common motor fault is a
winding interturn fault (ITF) due to coil insulation failure. The
detection of stator ITFs in different types of electric machines,
such as on induction motors [3]-[13], brushless DC motors
[14]-[16], claw-pole generators [17], and synchronous motors
[18]-[23] has been performed in many studies.

Detection methods can be categorized into three types, based

on the selected fault signatures.

1) Unbalanced signals resulting from unbalanced impedance
and backelectromotive force (EMF): An ITF causes an un-
balanced motor impedance and back-EMF that eventually
induce unbalanced motor currents and voltages. In many
previous studies, the unbalanced impedance, back-EMF,

current, and voltage of motors have been the most com-
monly used fault detection signals.
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Unbalanced current [4]-[6] [10], [13], [17], [19],
[21].

The unbalanced current is a useful signal for ITF de-
tection because it is easy to calculate from the phase
current. In a conventional ITF detection scheme, the
unbalanced current is calculated after the phase cur-
rent has been sensed. Then, the ITF decision rule is
used to compare the unbalanced current with the pre-
defined fault limit value from a lookup table; lookup
tables are created for various drive conditions using
arich pretest dataset.

By monitoring the Park’s vector of the motor cur-
rent, the unbalanced current due to an ITF can be
observed. Cardoso et al. [4] proposed an online di-
agnosis method that uses an ellipticity check for op-
erating three-phase induction machines. The unbal-
anced current can also be observed in the abc frame
in the ellipse form, which is similar to Park’s vector
[13]. Hadef et al. [21] used the direct torque control
approach to apply a pattern recognition technique
based on image composition to interior permanent
magnet synchronous motors (IPMSMs). The un-
balanced current can be observed in the form of a
negative-sequence current or second harmonic cur-
rent in the positive synchronous reference frame
(SRF). Arkan et al. [5] and Kim et al. [19] used
the negative-sequence current and the second har-
monic current as the main signals for fault diagnosis.
Briz et al. [6] utilized the negative-sequence current
resulting from high-frequency carrier-signal injec-
tion to detect ITFs. The unbalanced current can be
observed in the third current harmonic at the dc-link
side. This method has also been utilized for fault
detection in claw-pole generators [17].
Negative-sequence/transfer impedance or unbal-
anced back-EMF [7], [8], [11], [12], [16], [23].
The fault detection methods proposed in [7], [8],
and [11] can be explained in terms of the negative-
sequence impedance and transfer impedance by in-
cluding the effects of nonidealities. The estimated
impedance is utilized as a fault detection signal. Tal-
lam et al. [7] proposed a neural-network (NN)-based
detection scheme to reduce the amounts of data
memory usage and computation. Ostojic et al. [12]
utilized the normalized cross-coupled impedance
(ratio of cross-coupled impedance and positive-
sequence impedance) as the key signal for fault de-
tection. Park et al. [16] used the phase impedance of
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brushless DC motors as the key signal for ITF de-
tection. Sarikhani and Mohammed [23] compared
the normalized back-EMF difference between val-
ues estimated in real time and reference values from
finite element analysis for fault detection.
¢) Line-neutral voltages [3], [10], [14].

Cash et al. [3] and Awadallah et al. [14] used the
sum of the three instantaneous line-neutral voltages
to detect an ITF. Yun et al. [10] proposed an online
monitoring technique for detecting and classifying
ITFs and high-resistance connections in an induc-
tion motor, based on the neutral point voltage and
negative-sequence current measurements.

2) High-order harmonic current [18], [20]: Neti and Nandi
[18] and Ebrahimi and Faiz [20] introduced frequency
patterns for a synchronous motor with field windings and
a permanent magnet synchronous motor (PMSM) with
ITFs. Frequency pattern analysis is commonly used for
the grid-connected induction motor ITF detection. How-
ever, for inverter-driven motors, the high frequency of the
inverter PWM voltage interferes with the fault detection
frequency. Therefore, frequency pattern analysis is not
commonly used for inverter-driven motors.

3) Induced voltage in additional coil [15]: Kim et al. [15]
proposed a detection coil for sensing the flux variation
caused by the ITF. This method is simple, but it requires
an additional detection coil installed within the motor.

The detection tools of previous works can generally be classi-
fied into lookup table schemes and NN-based schemes [9], [22].
Because the lookup-table-based detection schemes are easy to
implement, they have been utilized in many studies. However,
they require a fault threshold level table to be built based on
rich pretest data because of the absence of accurate IPMSM
models that include ITFs. To overcome this disadvantage, NN-
based schemes have been proposed. NN-based schemes do not
need any tables, but they do require a training phase. If an ac-
curate I'TF model of an IPMSM is derived, the pretest to define
the threshold level or training phase for the NN will be much
simpler. Hence, to implement an ITF detection method for a
specific motor, an adequate IPMSM model including ITFs must
be derived.

This paper proposes an online ITF parameter estimation
method for IPMSMs using the ITF models proposed in part
I. Because the ITF fault decision rule should be based on the
threshold limit set for the fault parameter based on the motor
heat radiation structure and operation environment, we focus on
the fault parameter estimation method. First, it is proven that the
two ITF parameters, namely, the healthy turn ratio and the fault
contact resistance, cannot be separately estimated based on drive
information because they have multiple solutions. Nevertheless,
these multiple solutions theoretically have the same ITF Ohmic
power loss, which is the key index used to define the additional
internal heat generation and fault severity for the motor. Both
parameters do not need to be estimated to obtain the Ohmic
power loss. Thus, the proposed method estimates only one fault
parameter by allowing the other to be set arbitrarily. Here, we
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Cross-sectional image of six-pole nine-slot IPMSM with an ITF.
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Fig. 2. (a) Series-connected and (b) parallel-connected winding configura-
tions with ITF.

set the fault resistance to zero in the simpler model, and the
healthy turn ratio will be an estimation parameter. The estima-
tion method implements a searching algorithm that finds one
fault parameter that satisfies the minimum negative-sequence
voltage difference between the drive voltage information and
the ITF model. An experiment was performed to verify the pro-
posed fault parameter estimation method.

II. ITF ANALYSIS OF ONE WINDING

Fig. 1 shows a cross-sectional view of a six-pole nine-slot
IPMSM with concentric windings. Here, al, a2, a3, b1, b2,
b3, cl, ¢2, and ¢3 are the winding numbers of each phase.
Fig. 2 shows the winding configuration of (a) series and (b)
parallel connections. ,, %5, and ¢, denote the phase currents;
and v,, vy, and v, denote the voltages of the a-, b-, and c-phase
windings, respectively. Because an insulation failure does not
provide a zero resistance path [1], [2], the fault location can be
described as a fault resistance Ry with an ITF current i;. In
this study, the a-phase a1l winding is assumed to have an ITF.
The ITF windings shown in Fig. 2 have another fault circuit loop
composed of the fault resistance I2y, a fault winding inductance,
and a fault winding flux linkage.

When the IPMSM has an ITF, negative-sequence elements
exist in the voltage and current. However, because the models
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proposed in part I are derived under the assumption of a balanced
three-phase current, all of the unbalanced phase impedances
and phase back-EMFs affect only the motor voltage, which
is modeled by the negative-sequence voltage equations in the
negative SRF. The assumed balanced three-phase currents are
expressed as

—1I,sin@ + I;cosf (1)

—Iysin | 0 — n + Ijcos |60 — n 2)
3 3
2 2

—1,sin (9 + ;) + I cos (9 + ;) 3)

where 6 denotes the electrical rotor angle, and I; and I, are
the dg-axis currents in the SRF. The negative-sequence voltage
equations of IPMSMs employing series and parallel winding
connections were derived in part I and are presented here: (4),
(5) shown at bottom of the page. R, Ksij, Rpij, and kp;; are
defined with motor and fault parameters in part 1. Here, ¢, 7 =
1,2,3,4. The healthy turn ratio is . The fault resistance is
R;. w(= df/dt) and 9, denote the electrical angular velocity
and back-EMF constant, respectively. agi 2, 51,2, and a1 9
represent the sine and cosine magnitudes of the fault current ¢
for both the series and parallel winding IPMSMs and the al
winding current 7,; of the parallel winding IPMSM. iy and i,
can be expressed as follows:

lg =

i =

i(: =

if = g1 sinf + ago cos : series winding IPMSM (6)

Ip1 = Q1 Sin 0 + a0 cos 0

: 1lel winding IPMSM.
iy = Bp18ind + Bya cost } parallel winding

(N

The healthy turn ratio of a1 is defined as & = Npeainy /N, where
Nheathy and IV denote the al winding’s healthy turn number and
total turn number, respectively.
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The ITF is resolved into two fault parameters: the healthy
turn ratio = and the fault resistance Ry. Because these two
parameters define the fault severity, they should be estimated
for better fault detection accuracy and the creation of a more
fault-tolerant drive.

Fig. 3 shows the negative-sequence voltage plots of (a) series
and (b) parallel winding IPMSMs with (4) and (5) when the ITF
exists in the a-, b-, or c-phase windings. The negative-sequence
voltages for a-, b-, and c-phase winding faults have phase differ-
ences of 27 /3 relative to each other. Table I presents the motor
parameters, which are the same as those of the motors described
inpartl. Ly, Lo, and v were obtained from FEM simulations [2].
As shown in Fig. 3, for a given motor speed and phase current,
the absolute value of the negative-sequence voltage increases
along a curve as x increases or 2y decreases. In other words,
for a given point on the negative-sequence voltage plot, there
are multiple solutions = and Ry that satisfy both (4) and (5).
Thus, the two fault parameters x and Ry cannot be individu-
ally calculated or estimated using the model proposed in part
I; however, an equation relating them can be obtained. In this
section, we develop unbalanced voltage equations for a single
winding with an ITF to show that the two fault parameters = and
R cannot be individually estimated based on the unbalanced
voltage. Then, we present the equation relating = and Ry and
derive the additional Ohmic power loss.

A. Unbalanced Voltage of One Winding

Fig. 4 shows an al winding with an ITF and its equiva-
lent circuit, where Va1, ia1, and A,; denote the al-winding
voltage, al-winding current, and total cross-flux linkage of
both the other windings and the rotor flux in the complex do-
main, respectively. R,; and L,; denote the al winding resis-
tance and inductance, respectively. The faulty windings and the
remaining healthy windings have turn numbers of N (1 — x)
and Nz, respectively. Because of the ITF’s resistance Iy, the
faulty and healthy windings have different current magnitudes
and phases. Because the two windings are placed in the same

((Rsll — Ry92) 1 + Rg1s0s0 + wly (ks14 — ksoa)s1 >
1

(= ks11 + 2ks12 + koo — 2kg03) 1, + (Ks14 + 21€524)as1] @

1 <+ WLy (kpa1 — kpao — kps1 + kp32)ap1 — Rpaocps + wly (kpas — kpss) By )
3 <( szg + Rp33)Iq +wly (7]{}1,22 + 2kp23 + k1;33 - k,,234 )Id )

+ why (—kpo1 + kpoo + kps1 — kpse) oo — Rpooay1 + why (—kpos + kp3s) Bpo

Vae + wLli(—=ks11 + 2ks12 + ks2o — 2ks03) 1,
V;l?‘ 3 - (Rsll + 2R522)Iq —+ Rsl4asl _ le (k814 o k324)0452
+ wly(—ks11 + 2kg10 + kgoo — 2kso3) 1y + %(1 — 2wy,
wly
6 | (karr = 2kso1 — kaga + 2ka3) Lo + (Kora + 4ks24)ag
(Rp22 — Rpss)la + wly(—kpao + 2kp2s — 2kp3s + kp3s )1,
Vi) _
Vae
L‘LQ (kp21 - kaQ + 2kp31 — 2]{1132)@])1
6

— (kpoo + 2kp32) 1, + (2kp35 + kp25)ﬂp1‘| 5)

(kp21 — kpaa + 2kp31 — 2kp32) e + (Kpao + 2kps2) Iy + (2kpss + kpas) Bp2
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Fig. 3. Negative-sequence voltage plots for a-, b-, and c-phase faults for I, = —10, 0, and 10 A and 0.5 < x < 1: (a) series winding IPMSM for
0.001 < Ry < 0.1 and (b) parallel winding IPMSM for 0.1 < Ry < 1.
TABLE I
MOTOR SPECIFICATIONS al winding

Items Values Units
Pole number 6

Rated phase current 10 [Apeak]
Rated phase-to-phase voltage 27 [Vims]
L 702 [H]
Ly 147 [H]
Phase resistance R 0.129 [Q]
Healthy turn ration x 0.5833

Coupling factor 0.15135

magnetic flux path, they are coupled to each other as described
by jwz(l — x)L,1ia1 and jwz (1l — x) L, i in Fig. 4. When x
and R are not equal to 1 and an infinite value, respectively, a
faulty circuit and an unbalanced voltage exist. The unbalanced
voltage generates a negative-sequence voltage, as described in
(4) and (5), and decreases the positive-sequence voltage, as de-
scribed in part L.

From Fig. 4, the voltage equations for two closed loops can
be derived as follows:

(Ral + jWLal) (wial + (1 - {E)lf) +jWAa1 (8)
[(1 —2)Ry1 + jw(1 — x)QLal] if + jwz(l — x)
9

When the PMSM has no ITF (2 = 1), the al-winding voltage
Va1 (z = 1) has no element that induces unbalanced voltage in
the model. Thus, by subtracting v,1 (x) from v, (z = 1), the
unbalanced voltage term can be derived from (8) and (9)

Va1 (z) =
0=

X Lalial +.]W(1 - -T)Aal - Rf(ial - if)

Va1 (.’E - 1) — Va1 ({E) - (Ral +ijal) [(Ral +jWLa1)ia1
1
jWLal + fXR,(xa Rf)

+jwAai] (10)

Fig. 4. 1 winding with ITF and equivalent circuit.

where fir (2, R¢) can be defined as follows:

Ra1 Ry
-2 T-22
In the same manner, the unbalanced flux due to the faulty

al winding, which affects other windings, can be calculated as
follows:

fer(z, Ry) = (11)

Lyiiar — (1 — @)Ly if — 2Ly s
(I)O*al(le)—‘}ofal(x): 11la1 ( l’])v 11¢ xLl,11a1
Lal 1

= N [(Ral +jUJLa1)ial +jWAal}

(12)

jWLal + fXR,(LE,Rf)

where ®,_,; denotes the total flux generated by the a1l winding.
Because the coupling coefficient is dependent on the winding
placement, the coupled flux linkage from the a1 winding to the
other windings is proportional to ®,,_,; . Therefore, the coupled
unbalanced voltage from the faulty a1 winding to other windings
is proportional to (12).

The total unbalanced voltage is generated by summing the
unbalanced voltages between the faulty al winding (10) and
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Fig. 5. Plots of calculated negative-sequence voltage for (a) series winding with fygr = 0.161, 0 < Ry < 0.1 and (b) parallel winding with f,g = 1.505,

0 < Ry <1, and z calculated with (13).

the other (healthy) windings, induced by the unbalanced cou-
pled flux linkage according to (12). Note that both (10) and
(12) are proportional to 1/(jwLq1 + fyr(z, Ry)). As a result,
the total unbalanced voltage is proportional to 1/(jwL,1 +
fxr (z, Ry)) and, thus, is a function of fyg (z, Ry). Except for
via fir (, Ry), the total unbalanced voltage is independent of
fault parameters & and R . For a given ITF condition, = and Ry
are constant values. Thus, fyg is also a constant value by (11);
its value is maintained unless fault parameter variation occurs.
Thus, from the total unbalanced voltage, constant fir can be
identified; however, there are multiple x and R solutions for a
given constant value of fir (z, Ry).

Fig. 5 shows the calculated negative-sequence voltage based
on the ITF model: (a) series winding with fir = 0.161 and
different values of 0 < Ry < 0.1 and (b) parallel winding with
fxr = 1.505 and different values of 0 < Ry < 1. The healthy
winding ratio x is calculated from (11)

R + /R, + 4Ry
2f xR
where R, is the resistance of one winding. Here, because the
number of phase windings in each of the studied motors is
P/2, Ry = % and R, = % for series and parallel wind-
ing IPMSMs is satisfied, respectively, where PP and R denotes
the pole number and phase resistance. As shown in Fig. 5, the
negative-sequence voltages are placed near each other for a fixed
current and speed at various [2y and x values that satisfy (13).
Thus, the negative-sequence voltage [V, V] is the same if fir
is constant. This means that 2 and R cannot be obtained or es-
timated from a given unbalanced or negative-sequence voltage.
However, note that ¢, is equal to ¢, and %, for the series
and parallel winding IPMSM. Therefore, the total unbalanced
voltage is a function of 7, and %,;. ¢, is a known value (and is
controllable), but 7,,; is not known. If 4,,; varies under a constant
value of fir and different values of the fault parameters, and its
variation could meaningfully affect the negative sequence, x and
Ry can be estimated individually from the negative-sequence
voltage.

r=1-—

13)

To observe 4, and [V, V] variation ranges for a range of
x and Ry values, we determined the two fault conditions hav-
ing the maximum difference under I, = 10 A and 3500 r/min
in Fig. 5(b), which exist at A: {R; =1, 2 =0.046} and
B :{R; =0, z = 0.743}. These values are the maximum and
minimum for the given range of 0 < Ry < 1; the negative-
sequence voltages for these values are located at the edge of the
point group, as shown on the right-hand side of Fig. 5(b). The
calculated (cv,1, a2) values of ¢, are (1.51, —16.06)|4. and
(2.05, —15.39)|p.. If I, = 0, no difference in i, for various
and Ry values is observed; therefore, [V V] have the same
value, as in the results of the series winding IPMSM shown in
Fig. 5(a). However, because of the difference of ¢,; for nonzero
values of I, one can observe that the negative-sequence volt-
age has differences with different x and R, values, as shown
in Fig. 5(b). Nevertheless, the maximum differences in %,; and
[Vie Vie] between these two A and B conditions are less than
7%. For simplicity, we assume that 4, is not influenced by in-
dividual x and Ry values. Hence, [V, V] is also assumed to
be a function of fyy in the case of the parallel winding IPMSM.

Because the fault parameters should be limitedto 0 < z < 1
and Ry > 0, fyr is a positive value. The equation relating = and
Ry can be rewritten as follows:

By = -2~ (- 2)As
= (1—37)(fo _Ral _fXR‘r)'

Fig. 6 shows the Rf and Z estimation process based on the
negative-sequence voltage. On the right-hand side of Fig. 6, a
graph of the parabola quadrature function (14) is shown. From
the observed negative-sequence voltage, possible 12 and x val-
ues are placed along the solid lineinthe Ry > 0and 0 < x <1
range.

B. Additional Ohmic Power Loss due to ITF

(14)

Because the ITF current induces additional Ohmic power loss
and heat in the faulty winding, it must be quantified. In the series
winding IPMSM, the additional power loss P; occurs at R and
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Fig. 7. Control block diagram with negative-sequence current controller.

R,1; it is derived as follows:

1. . . . 1
Pp=5(la —if)(ia i) By + 5

_ ffo [Aal + (Ral +.jUJLal)ia] [Azl + (Ral _jWLal)ia*]
2 fin +w? Ly,

Re{(Aal +Ralia)(j°-)La1 - fo)ia*}Ral _w2L31Raliai;
fin + WLy, .

(ifif* — iai:)Ral (1 — a:)

+

15)

Equation (15) shows that the Py value of the series winding
IPMSM is a function of fyr.

For the parallel winding IPMSM, 4, (= 4,1) changes, de-
pending on the drive and ITF condition. Therefore, the additional
power loss is obtained by subtraction of the normal Ohmic loss
%ia iy R from the overall Ohmic loss

1, C . s ... . .
Py = 5(11,1 —ig)(ip1 —ig)" Ry + §(lflf —ip1iy; ) Rai (1 —2)
1. ., 1, . . PR 1.
+§1p11p1Ru1 + §1p21p2 m - ElalaR' (16)

The first and second term on the right-hand side of (16) can
be derived as a function of fyr in the same manner as (15).
Because we assumed that i,; does not influence individual x
and Ry values, the additional Ohmic power loss Py in a parallel
winding IPMSM is assumed to be a function of fyg.

According to (15) and (16), the fault current power loss P is
a function of fyr; as a result, the total fault power loss can be
calculated without having exact values for x and R, although
the heating region and density vary according to x and Ry. Py
represents the additional loss caused by an ITF; thus, it is zero
for a healthy motor. This Ohmic power loss increases the total
power loss in the system and the motor winding temperature,
which is a major reason for the expansion of the fault winding
range. Thus, depending on the additional Ohmic power loss

Py, afault level should be established and a fault-tolerant drive
could limit the possible drive speed and torque ranges.

III. ITF PARAMETER ESTIMATION

This section presents an ITF parameter estimation method
that applies a searching algorithm to the ITF model. The pri-
mary problem caused by an ITF is additional Ohmic power loss
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Fig. 8. Flowcharts: (a) proposed x estimation method under the assumption that Ry = 0, (b) proposed faulty phase decision method.
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,,' Constant |V, fault parameter estimator utilizes the negative-sequence voltage
. Vige = [Vie Vil positive-sequence current I, [Iqu]TA,
¢ winding fault and rotor speed w, as input information. By letting R; = 0, @
phase can be estimated. Using the estimated x; value, the estimated
) power loss Pf can be calculated. z, and Pf are utilized in the
Va3, phase fault fault decision block, which should be configured based on the
motor heat configuration and the drive environment.
Fig. 9.  Plot of negative-sequence voltage phase 0y and calculated negative-

sequence voltage phases 0y, , Ory,, and 0y for a-, b-, and c-phase faults, respec-
tively, based on (4) and (5) in the negative SRF.

and internal heat generation, both of which worsen the fault con-
dition. The previous section presented a proof that the additional
power loss is independent of = and Ry if fgr is constant. If we
choose arbitrary values of = and I/ that satisfy the condition of
having a constant value of f.g, the additional power loss would
be the same. Thus, by letting 2y = 0, the unbalanced voltage

Fig. 8(a) presents the proposed fault parameter estimation
method. The proposed method utilizes a searching algorithm to
find the minimum error between the applied negative-sequence
voltage [V, | and the calculated [V (k)| value while varying

(k) from 1 (healthy) to O (fully faulty). [V (k)| is obtained
from the unbalanced voltage equations (4) and (5).

After fault parameter estimation, the Ohmic power loss can
be calculated for ITF decisions and creation of a fault-tolerant
drive. Based on iy and ¢,; from the model described in part I, the
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Turn short terminal block

Parallel winding
connection
IPM motor

Series winding §
connection
IPM motor

External switch

External resistor

Fig. 10.  Experimental setup.

Turn short fault period:
external switch on
| ——

v, = 1V/div .
v, =1V/div

i, =0.8A/div. - |y, =0.8A/div.

2sec./div.

Fig. 11.  Plots of negative-sequence voltages and currents in negative SRF
when an ITF occurred.

Ohmic power loss Py of (15) and (16) can be derived as follows:
(17) shown at the bottom of the page. For the estimated 2 value
for Ry =0, Py(R; = 0,%) can be simplified by eliminating
the first term.

Additionally, the fault’s phase can be determined based on
the negative-sequence voltage phase

V-
0; = tan™! <i_°)
Vie

Here, (4) and (5) are obtained for the a-phase winding fault. For
the b- and c-phase winding faults, the negative-sequence voltage
has the same magnitude and +27 /3 phase displacement relative
to those in the a-phase fault. Fault phase winding detection
might be meaningless if the motor drive stops and is changed

(18)

7221

Ve =1V/Adiv. = R, =0.50/div.
'/vf =1V/div. - ,/
/ qe F,
S Y
““: = s 1
L e e N
Searching period
EP :Searching
index
2msec./div.

Fig. 12. Plots of v, v, and estimated 2 with proposed method at fixed
x for parallel winding IPMSM (a-phase winding fault, Ry = 12, 3500 r/min

and I, = Iy = 0).

Turn short fault period
L : external switch on N
K<

v, =1V/div.

v, = 1V/div?

"N, = 2000rpnv/div.

Cl)r —g{ ' ' ' ' . ' ' ' '
+« Searching maximl_lm 120 ]
- , p =
R, \1%/ =1Q/div. ,
10sec./div.
Fig. 13. Plots of v, v, and continuously estimated Ry values for parallel

winding IPMSM (a-phase winding fault, Ry = 1Q, and I, = I; = 0).

immediately after the ITF is detected. However, the faulty phase
winding can provide meaningful information for the creation
of a fault-tolerant drive and troubleshooting. Fig. 9 plots the
measured fault’s phase angle ; and calculated fault’s phase
angles éfa, éﬂ), and 6 rc in the negative SRF. éfa, éfb, and 6 fe
can be calculated when the magnitude of the negative-sequence
voltage is the same as that of the measured |V;q o|- After 07 has
been obtained, the faulty phase can be obtained by finding the
minimum phase error for éfa, éfb, and 6 re- InFig. 9, 0 is placed
in the a-winding faulty phase range; thus, the ITF exists in one

%Rf \/(Id - 0452)2 + (Iq + a,1)?

T
|
N[ —=

R (1 2) (VoI + ol — /I3 + 12)
Ry \/(Ong = Bp2)? + (ap1 — Bp1)? + %Ral(l - x)\/ 52 + /851

: series winding IPMSM

a7

— L Ru1\ /13 + 12

+5 Rz /02y + ok + 55 Raiy/(Ia — y2)? + (I + a1 )?

: parallel winding IPMSM
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Fig. 14.  Estimated values of R 1 versus speed for various g-axis currents: (a)

of the a-phase windings in this case. The searching process is
shown in Fig. 8(b).

IV. EXPERIMENTAL RESULTS

Fig. 10 shows the experimental setup used for back-to-back
IPMSM tests. One motor had series windings; the other had
parallel windings. One IPMSM was operated as a motor, while
the other was operated as a generator. The back of each IPMSM
had an ITF terminal block that was connected to the intermediate
stator windings. The external switch and resistor were series
connected to the ITF terminal block of the test motor. When the
external switch was turned OFF, the motors were healthy; when
it was turned ON, an ITF occurred.

Fig. 11 plots the applied negative-sequence voltages (v, and
v;e) and currents (¢ ,, and ige) in the negative SRF when the ITF
was generated by the external switch being turned ON at¢ = 2s.
Although there is no ITF for ¢ < 2 s, the negative-sequence volt-
ages have nonideal dc offsets. There are many reasons for dc
offsets in the negative-sequence voltages, for example, motor
eccentricity, an unbalanced drive output voltage due to non-
identical FETs or IGBTs, gain asymmetry of the phase current
measurement, etc. After the external switch was turned ON, the
negative-sequence currents 44, and i, occurred. Owing to the
negative-sequence PI current controller, the generated i , and
iqe values were regulated to be zero, which caused the negative-
sequence voltages v;, and v, to increase to (and eventually
sustain) nonzero values. The proposed method was utilized with
and v, to estimate the fault’s phase and parameters.

Ude

Fig. 12 plots v, Vges and the estimated R + value for
x = 0.5833 (fixed) when the proposed estimation method was
applied to the parallel winding IPMSM with an a-phase wind-
ing fault, Ry = 19, and I, = I; = 0. Under realistic condi-
tions, the value of x would be estimated under the assumption
of R; = 0, because x is unknown. However, it was a known
value in this controlled experiment, as we fixed = at 0.5833.
The estimated I:Zf value was compared to the external fault
resistor’s value [2y to validate the estimation method. The pro-
posed estimation method started searching }A%f so as to satisfy
the minimum negative-sequence voltage error at 6 ms and ended
at 14 ms. The total calculation period was approximately 8 ms.
The calculation period can be managed by changing 4, . Note
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(b)
series and (b) parallel winding IPMSMs.

that the model of the parallel IPMSM was more complex than
that of the series IPMSM. Here, a DSP TMS320F28335 from
Texas Instruments was utilized as the main microprocessor to
control both the generator and the motor with a 5-kHz switch-
ing frequency. The proposed method was executed (with time to
spare) after prioritizing the interrupt service routine of the con-
trol algorithm for the two IPMSMs. Because the ITF parameter
did not change rapidly, the proposed estimation method did not
need to be utilized frequently. Thus, the calculation time did not
burden the microprocessor. Note that the experiments for the
faulty phase winding search algorithm were omitted because it
was easy to identify faults using only the ITF model.

Fig. 13 plots the continuous R + estimation, while the mo-
tor speed was changed abruptly by the generator. The external
switch was turned ON at approximately 1 s and OFFat 9 s. When
the external switch was turned OFFfor t < 1sand ¢ > 9, Rf
was 22, which was the limiting value. Changing the motor
speed caused R 1 to pulse at the beginning, but it converged to a
steady-state value immediately after v;, and v, converged.

It should be noted that every motor drive system has the dc
offset voltage in the negative SRF, occurred by the unbalanced
impedance, the structural problem, the sensor measurement er-
ror, etc., even under the healthy condition. It can be observed
in Fig. 13 when the external switch is turned OFF(f < 1 and
t > 9). This dc offset voltage in the negative SRF reduces the
estimation accuracy. The estimation results of this paper are ob-
tained with the dc offset voltages. For better accurate estimation
results, the dc offset voltage can be compensated with a lookup
table method which should be built in advance. Fig. 14 plots
the estimation results of P:f for (a) series (fiy = 0.1) and (b)
parallel (R; = 0.1) winding IPMSMs after compensating the
dc offset voltage. It can be observed that the accuracy increased
with the speed because of the larger negative-sequence voltage
from the ITF. Note also that the estimation was more accurate
for the series winding IPMSM.

V. CONCLUDING REMARKS

This paper proposed a fault parameter estimation method for
ITFs in IPMSMs employing series and parallel winding con-
nections. We proved that the negative-sequence voltage and ad-
ditional power loss due to the ITF are functions of fir (z, Ry).
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For a given ITF condition, f,g has a constant value; therefore,
there are multiple pairs of solutions for = and Ry that satisfy
fxr = constant. If we arbitrarily set the value for either x or
Ry, the other value is determined by fyr = constant. How-
ever, the additional power loss, which is the most important
cause of deterioration due to faults, is still a function of the
constant fyr and independent of both fault parameter values.
Thus, using By = 0 in the simple calculation, an % estimation
method based on the searching algorithm can be proposed. The
proposed estimation method was validated experimentally.
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