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The permanent magnet (PM) machine has been widely applied in the areas of wind power
and electric vehicles. As one of the most common electric faults, high-resistance
connection (HRC) will induce 2nd-order components in the dg-axis current and
voltage, which can be used for HRC diagnosis. However, these HRC-introduced 2nd-
order components are also affected by the current closed-loop control, which ought to be
taken into consideration for an accurate HRC diagnosis. In this study, a mathematical
model of the 2nd-order components in the dg-axis current and voltage for the current
closed-loop controlled PM machine is derived, and based on the model, a new HRC
diagnosis method is proposed. In the proposed method, not only the location of HRC but
also HRC severity can be accurately obtained. Simulations and experiments have been
carried out to validate the effectiveness of the proposed method.

Keywords: permanent magnet machine, direct-driven permanent magnet synchronous generator, wind turbine,
fault diagnosis, high-resistance connection, current closed-loop control

1 INTRODUCTION

Recently, due to the advantages of high power density and high efficiency, the permanent magnet
(PM) machine has been increasingly applied in the area of wind power and electric vehicles. The
direct-driven permanent magnet synchronous generator is the most widely used scheme for high-
power wind power generation, such as the large-scale intertidal and offshore wind turbines.
However, the complex operating environment may cause unexpected faults to the machine. The
high-resistance connection (HRC) (or called a resistance unbalance fault) is one of the common
electrical faults for the PM machine (Hang et al., 2020a; Hang et al., 2021). Figure 1 (Braunovic et al.,
2006) shows the failure mechanism of HRC. It is found that HRC can cause increased torque
pulsation, decreased average torque, increased current, and voltage imbalance in the machine. The
continuous HRC status of the PM machine may lead to excessive heating, which further increases the
connection resistance. If these positive feedback loops are not broken, the HRC may propagate into
uncontrolled consequences and even lead to catastrophic failure. Thus, it is of significant importance
to detect the HRC fault and prevent potential severe damages (Gritli et al., 2013; Zarri et al., 2013).

Many methods have been put forward to detect the HRC for induction machines, which are
mainly based on stator current and voltage signals (Yun et al., 2007; Yun et al., 2009; Gritli et al., 2013;
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FIGURE 1 | Failure mechanism of HRC.

de la Barrera et al., 2014; de la Barrera et al., 2015; Mengoni et al.,
2015; Antonino-Daviu et al., 2017; Hang et al., 2019; Hang et al.,
2020b; Hang et al., 2020a; Hang et al., 2020¢; Hang et al., 2021). In
the study by Antonino-Daviu et al. (2017), the HRC of the wound
rotor induction machine is detected by a series of frequency-
domain characteristics of stator current. In the study by Yun et al.
(2007), a dynamic model of the induction machine with HRC is
established, and the negative-sequence current and the zero-
sequence voltage are used for HRC diagnosis. An additional
negative-sequence current controller is introduced by Mengoni
et al,, (2015) to compensate for the current imbalance caused by
HRC and the output of the negative-sequence PI regulators is
used to detect HRC. In the study by Yun et al. (2009), the
negative-sequence current and zero-sequence voltage features
are combined to realize the detection and classification of
HRC and interturn fault. In the study by de la Barrera et al.
(2014), the voltage between the machine’s neutral point and the
dc-link negative terminal is measured to detect HRC. In the study
de la Barrera et al. (2015), the improved dc signal injection is
proposed to generate dc current components in the machine
stator and the dc component in the line voltage is extracted online
to calculate the HRC indicator. Recently, literature focusing on
HRC detection for the PM machine has been put forward. In a
study by (Hang et al. 2017; Hang et al. (2019); Hu et al. (2020);
Hang et al. (2020b), the HRC is detected based on the zero-
sequence voltage measured through a resistor network, where the
faulty phase can be located and the fault severity can be estimated.
In the study by Hang et al. (2020c¢), flux linkage biases are injected
into the flux control loop to generate dc current in the stator.
Then, the dc component in the measured zero-sequence voltage is
extracted to estimate the resistance deviations. However, for all
the fault diagnosis methods based on zero-sequence voltage, the
neutral point of the machine must be accessible, which is not
always available in real applications. In the study by Hang et al.
(2020a), the HRC is detected by estimating the voltage distortions
using the reference model. Similar to the idea of Hang et al.
(2020Db), high-order sliding mode controllers are proposed by
Kommuri et al. (2020) to realize HRC-tolerant control and fault

HRC Detection for PM Machine

severity estimation. However, the dg-axis current of the faulty PM
machine is assumed to be constant by Hang et al., (2020c), which
may not be satisfied when the PI current controllers have
relatively low control bandwidth or when the HRC resistance
deviation is significant. In contrast, the bandwidth of the PI
current controllers in the study by Kommuri et al., (2020) is set to
be relatively low, which results in the apparent asymmetrics of the
stator current when HRC occurs. In application, the current
closed-loop control affects both the current and voltage fault
features, but this effect has not been well-analyzed in
previous works.

In this study, the mathematical model of the HRC-induced
2nd-order components in the dg-axis current and voltage is
derived, where the current closed-loop effect is taken into
consideration. Based on the established mathematical model, a
new HRC diagnosis method is proposed. In the proposed
method, not only the location of HRC can be identified but
also the HRC severity can be accurately estimated.

The whole article is organized as follows: In Section 2, the
model of the PM machine with HRC is established, and the
current closed-loop effect is analyzed in Section 3. In Section 4,
the proposed HRC diagnosis method is presented. Section 5
validates the proposed diagnosis method by simulations. In
addition, experiment results are presented in Section 6 to
show the effectiveness of the proposed method. Finally,
conclusions are drawn in Section 7.

2 PERMANENT MAGNET MACHINE WITH
HIGH-RESISTANCE CONNECTION

The HRC in the PM machine can be modeled by adding
resistance in the faulty phase. Without loss of generality, the
HRC is assumed in phase A, as shown in Figure 2, where the u,,
uy, and u, are the stator voltage, i,,, i, and i, are the stator current,
R, is the stator phase resistance, and AR represents the resistance
deviation in phase A. Then, the voltage equations of the PM
machine under HRC conditions can be expressed as (Hang et al.,
2017).

FIGURE 2 | Equivalent circuit model of the PM machine with HRC in
phase A.
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FIGURE 3 | Dg-axis decoupling of the PM machine with HRC.

d
(ttabe] = [R] [ape] + E ([Ls] liabe]) + [eancls (1)
where

[uabc] = [uu U, U ]T> (2)
[iubc] = [iu i i ]Tx (3)
[eahc] = [ea €y € ]T> (4)

Ri+AR, 0 O
[Ri] = [ 0 R, 0 ] (5)

0 0 R

La Muh Mac
[Ls] = {Mrzb Ly Mbc}- (6)

Muc Mbc Lc

The e,, ey, and e are the back-EMF of the PM machine. In the
stator inductance matrix [L,], the L,, L;, and L. are the stator
phase self-inductance and M, M, and M,, are the mutual-
inductance. The PM machine model in the synchronous frame
can be obtained by applying Park’s transform to Eq. 1, and it
yields.

d
ug = Ry + L‘%’” + e4 + exrcd
, (7)

uy = Reig + L + ey + enrey

qaiq
where u, and u, are the dg-axis voltages, iz and i, are the dg-axis
current, and L; and L, are the dg-axis inductances of the PM
machine. The e, and e, represent the coupling terms between the
dq-axis voltage equations of the PM machine and can be
expressed as

eq = —w.L,i

{e —w(eLq‘q )’ ®)
g = Wel Latg + Y f

where w, is the electrical angular speed and vy is the PM flux
linkage. The eyrca and eyre, are the terms introduced by the
HRC and can be expressed as follows:

1 1 1
eHrcd = 3 ARig + 3 AR cos 26,i; — 3 AR sin 20,i,

1 1 1 O
€HRCq = 5 Aqu - 5 AR sin 292id - 3 AR cos ZQeiq

where 6, is the electrical angle of the PM machine rotor.

In the permanent magnet synchronous power generation
(PMSG) and the PM machine drive system, the feed-forward
compensation is commonly used to realize the dg-axis decoupling
of the PM machine, as shown in Figure 3.

Then, the current controller diagram of the PM machine with
HRC can be simplified after dg-axis decoupling, as shown in
Figure 4.

For a healthy PM machine, namely, the eyrcq and eprc, equal
0 and the ideal dg-axis currents and voltages are of constant
values. But, the eprcq and eprey can induce harmonics in the dg-
axis currents and voltages. According to Eq. 9, the eyrcy and
errcq Mainly comprise the 2nd-order and dc components. Thus,
the 2nd-order component will appear in the dg-axis signals, such
as current signals iy and iy, and the voltage signals upy; and upy,.
Figure 5 can be derived from Figure 4A, where only the 2nd-
order components are considered (the subscript 2 represents the
2nd-order component). As the HRC can introduce 2nd-order
torque to the PM machine (Braunovic et al., 2006), perturbation
of the same frequency will be induced in the speed signal.
Considering that the i * is the output of the speed closed-loop
controller, the i,* signal will also contain a 2nd-order component
ig>*, which is significantly affected by the speed closed-loop
controller and the mechanical parameters of the machine.
Therefore, it can be drawn that the i;, and wup, are also
affected by the speed closed-loop controller and the machine’s
mechanical parameters.
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FIGURE 4 | Decoupled current control diagram of the PM machine with HRC. (A) g-axis; (B) d-axis.
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FIGURE 5 | 2nd-order components in g-axis current control diagram.
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FIGURE 6 | 2nd-order components in d-axis current control diagram.

Similarly, the 2nd-order components in the d-axis current
control diagram can be derived, as shown in Figure 6. For the
commonly used i;* = 0 method in the PM machine drive system,
no 2nd-order component exists in the i;* signal. It is apparent
that the i;, and upy,, are generated only by the eyrcy, and are
independent of the mechanical-related parameters. Thus, the i;,
and upr, may be better signals for HRC diagnosis.

3 CURRENT CLOSED-LOOP EFFECT

In this section, the expressions of the i;, and upy, for the PM
machine with HRC fault are derived in detail, where the current
closed-loop effect is taken into consideration. It can be drawn
from Figure 6 that the i, satisfies.

. K;
€HRCd,2 — ld,z(Kp + zj—we>

R, +2jw.Ly

= id,Z) (10)

where K, and K; are the proportional and integral gains,
respectively, and w, is the electric angular speed of the PM
machine. Therefore, the i, and upy,, satisfy.

igz = Tigenrcdzs (11)
where T, is
2jw

T = i , (12)

(Ki — 4w2Lg) + 2jwe (K, + R)

The i, and egrcgy can be expressed as

id’z = Id‘z COS (292 + eid’z), (13)
enrcd,2 = Enrca €Os (29e + eeHRCd,Z)) (14)

where the I;, and 0, are the amplitude and initial
phase angle of the i;,. The Eygrcy, and O.urcan are the
amplitude and initial phase angle of the eygca,, respectively.
Also, it has

I = |TiqlEnrcaz (15)
0id2 = Oerircaz + arg(Tiq) '

Similarly, the upy;, can be expressed as
pgz = Upra €08 (26, + Oup1a ), (16)

where the Upy,, and 6,,p,, are the amplitude and initial phase
angle of the upr,,, respectively. Also, the upy;, satisfies

upigz = —Tpiiay = —TpiTiq€nrcd, (17)
= Tuqenrcd,2s

where
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FIGURE 8 | |T,4| versus different K, and K; values.

TABLE 1 | Machine parameters.

Parameter Value
Phase resistance rs (Q) 2.5
Phase self-inductance L (mH) 71
Phase mutual-inductance M (mH) 2.2
Pole pairs 4
PM flux linkage Apps (WD) 0.281
K.
Ty ZKP+.—Z> (18)
2jw,
K; +2jw.K
)4
Tt = (19)

(K; - 4w?Ly) + 2jwe(1<p + Rs)’

where the w, is the electric angular speed of the PM machine.
Thus, it has

{UPId,Z = |TPI|Id,2 = ITudlEHRCd,Z (20)

Oupraz = Oian +arg(Tp) + 7 = Opnrcay + arg(Tua)

uprq Signal

Uprq2and O,p1q.2

extraction
N 4@
Yy y
Y Calculate I;, and Calculate Eprcaz
Health 6.4, based on eq(25) and Opredo based
on eq(26)

HRC characteristic
current C,, Cj, and
C, calculation

o Oetirca2l<| Ocy- Oerrca 2l &
a-Oerrca2|<| Oce- Oorreg

<{Gcv-Oerirca2l<| Oce- Ocrirea =
Y
\4 N
| HRC in phase A I I HRC in phase B | ‘ HRC in phase C l

v v v

| AR=3Eprcar/Iea I AR=3Enrcar/Ie | | AR=3Enrcdr/lee

FIGURE 9 | Flow chart of HRC diagnosis.

It is apparent that |T;4| and |T,, | are greatly affected by the
values of K, and K;. Figures 7, 8 show the |T;4| and |T,4| versus
different K, and K; values, where the PM machine operates at the
speed of 300 r/min and its parameters are shown in Table 1. For
the current closed-loop controller with high bandwidth, namely,
when the K, and K; are relatively large, the amplitude of |T,| is
close to 0, while the |T,4| is close to 1. Therefore, the i , is well-
suppressed by the high bandwidth current closed-loop and only
has quite a decreased amplitude. But the up;,, has an increased
amplitude under this condition. On the contrary, for the current
closed-loop controller with low bandwidth, the amplitude of
uprap may be small, while the i;, may have a relatively larger
amplitude.

4 HIGH-RESISTANCE CONNECTION
DIAGNOSIS

In industrial applications, it is preferred to design a high
bandwidth current closed-loop to obtain better control
performance of the PM machine. Therefore, the HRC induced
upra» commonly has a relatively large amplitude and is more
suitable for the diagnosis of HRC.

The frequency tracking algorithm (Hang et al., 2017) is used
for online extraction of the 2nd-order component from the upy,
signal, and it has

{ Uprgox = LP (2upyy - cos26,) 1)

uPId,Zy = LP(2up1d . Sil’l 29«2) i
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FIGURE 10 | Waveforms of the PM machine with different current
closed-loop controller parameters.

where LP represents the low-pass filter. Thus, the upy;, can be
written as

Upid, = Upidzx COS 293 + uPId,Zy sin 299. (22)

In addition, it has

Ubplaz = \{”%Id,z;c + u%’ld,Zy’ (23)
—arctan% if Uprgax >0
Upidx
Oupraz = if Uprgo = 0. (24)
—arctan Ueidzy + 7 if Uprp <0

Up1d,2x

The amplitude Upjy, can be defined as the HRC detection
indicator, which is 0 in theory for a healthy PM machine.
According to (20), the amplitude and initial phase of i;, and
enrcd2 can be calculated as

_ Upap
Ter]

Oiap = Ouprap — 7 - arg (Ter)

I
2 , (25)

HRC Detection for PM Machine

UPId,Z
ITud |

9eHRCd,z = 9upld,2 - 31‘g(Tud)

EHRCd,Z =
; (26)

where Tp; and T, can be easily calculated since the w, can be
obtained through the encoder and the parameters of the current
controller are known.

According to Eq. 9, for the case that the HRC occurs in phase
A, the eyprcg, can also be expressed as

| 1 . 1 . )
€HRCd,2 = 5 ARld,z + 5 AR cos 2621‘1)0 - g AR sin 2661%0

1
= EAR(id,z +C08 20,40 — sin 20,i4 ) (27)

1
= -ARC,,
3

where iz and i, are the dc components of i; and i . The C, is
defined as the characteristic current of phase A and can be

obtained by

Time(s)

|
i
|
|
1 i
S i HRC detected
= |
205 Uy=0.1 | ‘
= |
0 —
0 0.2 Lo 04 0.6
Time(s) E i
180 . —t .
% : | 0((/ . /geHRC d.2
s l Orc
50 : .
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FIGURE 11 | Waveforms of the PM machine with HRC (AR = 1Q) occur
in phase A.
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I;,sin0y, +i
arctan-22-— 42 7 a0 if I €08 0,42 +i40>0
— I55c080:45 + 49
&
< Vi1
o8 ch = E if Id,z sin ed)z + l.q,() =0.
I
1 I;5sin0y,, +i
: arctan 22> 42 7 a0 if I45c08 6,42 +1i40<0
: Id’z COoS Gid,Z + 14,0
I (30)
~ I
& : Combining Eqs 14, 27, and 28 yields
=05 Up=0.1 I HRC detected
=) | 1 1
| E =-AR,I
0 r i HRCd,2 3 alca ) (31)
0 02 : : 0.4 0.6 GeHRCd,Z = ecu
Time(s) | |
180 | ' If the HRC occurs in phase B, the eypcg, can be written as
2 ol Oy )
- I
-g' 0 i /9“ ?s)}ll{(‘(lﬁ | €HRCd,2 = EARC;,, (32)
:é: ! N where
-180 02 Il 04 0.6 Co—iy (26 +2_71> . (20 +E>
Time(s) | | b= taz ¥ COS\ e %757 Jlao = S e ¥ 757 Jlao (33)
P | |
g ! T = I 05 (26, + 6.),
I |
%0_5 i i Similarly, if the HRC occurs in phase C, the egyrcg, can be
g ! /x— written as
£ i
Z 0 : : : 1
M 0 0.2 0.4 0.6 €HRCd,2 = gARCC, (34)
Time(s)
where
FIGURE 12 | Waveforms of the PM machine with HRC (4R = 0.5Q) 20T 2
oceur in phase C. C. =14, + c05(29€ - ?>id,o - Sin(ZGe - ?)iq)o (35)
=I.. cos(26, + 0..).
Ca =gy + €08 20,00 — sin 20,ig40 The I,;, and 8,4, are the amplitude and initial phase angle of the
= (142 €08 034 +iap) cos 26, — (I d2sin B, + iq,o) sin 20, Cp, and I and 6, are the amplitude and initial phase angle of the
=1, cos(20, + 6.,), C,, respectively. If the HRC occurs in phase A, only the 6., equals

(28) O.tirca2> and the 0, and 6, will keep a distance to the 0,5rcas.
Therefore, the location of the HRC can be simply judged by
respectively comparing the extracted 6, 04, and 0. with the
calculated 0,prca,- Also, after the HRC is located in phase A, the

T ] T resistance deviation in the faulty phase can be easily calculated

Lea = \/(I"”Z €0 Bia +iao)” + (Idvz sin Gias + ’%0) ’ (29 according to Eq. 31, and it has

where

A B

% 0.5 S — %0.5

e o

3 3

< <

E £

A 0 g0
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FIGURE 13 | Estimated AR. (A) Rated load at a different speed; (B) different loads at 300 r/min.
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3E
AR = STHRCA2 (36)
I ca
Figure 9 shows the flow chart of the HRC diagnosis process. The
online HRC diagnosis process steps are summarized as follows:

Step 1. HRC detection. The 2nd-order component of upy, is
extracted online using the frequency tracking algorithm. Then,
the HRC can be detected once the amplitude Upy,, is larger than
the preset detection threshold Uy,

Step 2. HRC location. After the HRC is detected, the eyrcy, and
the three HRC characteristic current C,, C,, and C. are calculated.
The characteristic current for the faulty phase has the initial phase
closest to the 8 1rcao.

Step 3. HRC severity estimation. After the faulty phase is located,
the resistance deviation AR can be calculated according to the

Enrca and the amplitude of the characteristic current of the
faulty phase.

5 SIMULATIONS

The PM machine drive system with HRC is established in Matlab/
Simulink, where the parameters of the PM machine are listed in
Table 1.

Figure 10 shows the simulation results of the PM machine
with different K, and K;, where the PM machine operates with a
rated load at a speed of 300 r/min. The K,, and K; are, respectively,
set to be 1 and 10 for t€[0, 0.3]. Before t = 0.15 s, no HRC occurs
to the PM machine, and the sinusoidal degree of the stator current
is not high because of the low control bandwidth. The ripple in
the d-axis current i; is mainly made up of the 6th-order
component, which is caused by the inverter nonlinearity, such
as the dead-time effect. But, nearly no 2nd-order component
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FIGURE 17 | Stator current, extracted upiq2x, and Upiq 2, Of the PM

machine. (A) K, = 1 and K; = 10; (B) K, = 30 and K; = 300.

TABLE 2 | Experiment HRC diagnosis results.

Cases Fault diagnosis results

Faulty phase Estimated AR (Q)
0.5Q in phase A A 0.46
1Q in phase A A 0.96
2Q) in phase A A 2.07
0.5Q in phase B B 0.49
1Q in phase C [¢] 0.99

exists in the i; and upry. HRC (AR = 1Q)) is set in phase A at t =
0.15s, and then the 2nd-order component appears in the i; and
upyy signals. In addition, for the larger K, and K; (the higher
control bandwidth), the harmonics in the stator current are well-
suppressed by the current closed-loop controller. The I;,
decreases with the increase of control bandwidth, while the

HRC Detection for PM Machine

Upya, increases with the increase of control bandwidth, which
agrees well with the analysis in Section 3.

Considering that the high bandwidth current closed-loop is
preferred in industry application, the case K, = 30 and K; = 300 is
analyzed in the following part. Figure 11 shows the waveforms of
the PM machine operating with rated load at a speed of 300 r/
min, where the HRC (AR = 1Q) occurs in phase A at t = 0.3 s.
With the high bandwidth current closed-loop control, the stator
current is well-controlled to be sinusoidal, and nearly no changes
can be seen in the stator current after the HRC occurs. But when
the HRC (AR = 1Q) occurs in phase A at t = 0.3 s, the amplitude of
Upya» immediately increases, and the HRC can be detected when
the Upy,, is larger than the preset detection threshold Uy,. After
the HRC is detected, the HRC location and severity estimation is
activated. It can be seen in Figure 11 that the extracted 8, is quite
closest to the 6.prcg- Thus, the HRC can be located in phase A.
The calculated AR eventually converges to 0.98(), which agrees
well with the real AR value.

Figure 12 shows the waveforms of the PM machine operating
with rated load at a speed of 300 r/min, where the HRC (AR =
0.5Q2) occurs in phase C at t = 0.3 s. The HRC can be quickly
detected in less than 0.1 s, and the faulty phase can be accurately
located in phase C. In addition, the estimated AR is 0.49Q) and is
almost the same as the theoretical value. More simulations are
conducted for the PM machine operating under different
conditions, where the HRC (AR = 0.5Q) is set in phase A.
Figure 13A shows the estimated AR for the PM machine
operating with rated load at different speeds. Also, Figure 13B
shows the estimated AR for the PM machine operating with
different loads at 300 r/min. It is shown in Figure 13 that the
estimated AR is quite accurate under most operating conditions.
But the AR cannot be directly estimated for the PM machine with
a very light load. This is because the HRC-induced fault feature is
dependent on the stator current, which only has small amplitude
under light load. The d-axis current injection is used to solve this
problem.

Figure 14 shows the waveforms of the HRC detection under
10% load at 300 r/min speed. After HRC (AR = 0.52) occurs in
phase A at t = 0.1s, the extracted amplitude Up;, remains
smaller than the Uy,, and the HRC may not be detected. With the
d-axis current of 1.5 A injected into the machine, the stator
current amplitude is immediately increased. However, the
transient voltage in the upy; signal can cause a large
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FIGURE 18 | Experimental estimated AR. (A) Rated load at different speed; (B) different loads at 300 r/min.
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fluctuation to the extracted Upy, and lead to a false diagnosis
result, as shown in the shadow part in Figure 14. But a simple
time delay can be inserted after the d-axis current injection to
avoid the transient voltage effect. As shown in Figure 14, the
estimated AR converges to 0.48Q) about 0.2s after the d-axis
current injection, and the faulty phase is located in phase A. It is
worth mentioning that the interturn fault in the stator can also
induce the 2nd-order component in the iy and upy; (Ebrahimi and
Faiz, 2010), which might cause false detection for the proposed
method. The d-axis current injection can also be used to realize
the discrimination between the HRC and interturn fault since the
HRC fault feature can be apparently enlarged, while the interturn
fault feature may not vary obviously due to the d-axis current
injection (Urresty et al., 2015).

6 EXPERIMENT

An experimental platform has been built to validate the proposed
method, as shown in Figure 15. The PM machine-1 and PM
machine-2 have the same parameters as presented in Table 1, and
the PM machine-1 is used as a load, while PM machine-2 is used
as the test machine. The HRC can be implemented by connecting
an additional resistor in series with the phase winding, as shown
in Figure 16. Also, the parallel switches are used to control
whether the additional resistor is inserted.

Figure 17 shows the experimental waveforms of the PM machine
operating at 300 r/min with rated load. Also, the HRC (AR = 1)) is set
in phase A. In Figure 134, the parameters of the current closed-loop
controller are set as K, = 1 and K; = 10. After the occurrence of HRC,
the upyg, increases to 0.05 V and the up;45, changes to —0.14 V. Thus,
the amplitude of Upy,, can be obtained based on Eq. 23, and it is only
around 0.15V. In Figure 17B, the current closed-loop controller

parameters are set as K, = 30 and K; = 300. After the same HRC occurs
to phase A, the extracted upy,. is 0.04V and the upy;5, is to ~0.56 V.
Therefore, the amplitude Upy;, is 0.56 V, and it is much larger than
the case where K}, = 1 and K; = 10, which agrees well with the analysis
in Section 3. The experiment results considering different cases of
HRC conditions are presented in Table 2, where the PM machine
operates at 300 r/min with rated load. Also, the current closed-loop
controller parameters are set as K, = 30 and K; = 300. It can be seen
that the faulty phase can be accurately located, and the estimated AR
values are quite close to the theoretical ones.

To further validate the proposed method, more experiments are
conducted under different operating conditions. The HRC (AR =
1Q) is set in phase C. The K, and K; are set to be 30 and 300,
respectively. It can be seen in Figure 18 that the AR can be accurately
estimated at different operating conditions. In Figure 18B, the
estimated AR is obtained with d-axis current injection. Also, the
corresponding waveforms are shown in Figure 19. As the PM
machine operates at 300 r/min with only 15% load, the extracted
Uppizx and upy,, are 0.06 V; thus, the Upp, only has a value of
0.085 V, which is not larger than the detection threshold of 0.1V,
and the HRC fault may not be detected. By injecting the d-axis
current of 1 A into the PM machine, the stator current is increased,
and the fault feature is also enlarged as a result. It can be seen in
Figure 15 that the up;4,, changes to —0.16 V and the upy4,, rises to
—0.27 V after a short transient period. The expanded Upy,, is 0.31 V;
thus, the HRC can be detected under the light load condition.

7 CONCLUSION

The HRC can induce a 2nd-order component in the dg-axis signals
of the PM machine. However, as the current closed-loop bandwidth
increases, the 2nd-order components in the dg-axis voltage increase.
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But, the 2nd-order components in the dg-axis current have an
opposite trend. This study derives the mathematical model of the
HRC-induced 2nd-order components in the dg-axis current and
voltage. Also a new HRC diagnosis method is proposed based on the
established mathematical model. In the proposed method, not only
the location but also the resistance deviation AR can be accurately
estimated. Also, the proposed method has been proven by the
simulation and experiment results.
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