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Abstract: Marine current energy is an abundant renewable energy resource. Marine current turbines
(MCTs) can convert the kinetic energy of marine currents into electrical energy. However, the
variations in the marine currents are violent and complex. These characteristics will be reflected
in the variation in the operating condition of MCTs, thus interfering with normal diagnosis for the
high-resistance connection (HRC). The HRC can be caused by damaged connections between device
components that are easily made due to the harsh marine environment. To diagnose HRC in MCT, an
inequality indicator is proposed to quantify the current imbalance caused by HRC. The inequality
indicator is defined based on the arithmetic—geometric mean inequality and can identify slight current
imbalances in the early stages of HRC. The inequality indicator is robust to the variable operating
conditions of the permanent magnet synchronous machine (PMSM) in the MCT. Experimental results
show that the inequality indicator can be used to effectively diagnose HRC in the MCT with 100%
accuracy. This research will help maintain the health condition of the MCTs and provide some ideas
for diagnosis in MCTs. Moreover, the inequality indicator may provide a different approach to the
analysis for other faults that can lead to a current imbalance.

Keywords: fault diagnosis; high-resistance connection; permanent magnet synchronous machine;

marine current turbine

1. Introduction

Marines cover almost two-thirds of the earth and are rich in renewable energy [1].
Marine current turbines (MCTs) can convert the kinetic energy of marine currents into
electrical energy [2]. Much attention is being paid to permanent magnet synchronous
machines (PMSMs) connected through power converts due to their following advantages:
high-power density, compact structure, and relatively low cost in MCTs [3]. However,
swell effects are present in marine currents. In a short time, a marine current may sharply
fluctuate within several seconds [4]. Such short-time fluctuations in marine currents
are characterized by long-wavelength swells [4]. The MCTs are normally operated at the
maximum power point to capture as much energy as possible in variable marine currents [5].
The maximum power point will fluctuate due to long-wavelength swells [6,7], which will
affect the operating condition of the PMSM. Moreover, the short-time fluctuations in marine
currents are continuous and uncertain [8], which means that the operating condition of the
PMSM will continuously fluctuate. Violent and continuous fluctuations in the operating
condition of the PMSM inevitably interfere with the normal fault diagnosis. Therefore,
fault diagnosis methods are necessary to favor robustness under the variable operating
conditions of PMSM.

Many faults can lead to an imbalance in PMSM, such as inter-turn fault [9-11], ec-
centricity fault [12-14], demagnetization fault [15,16], and open-phase fault [17,18]. The
current imbalance is a feature of some of these faults. The presence of the current imbalance
implies that some faults may be present in the PMSM. The high-resistance connection
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(HRC) is a common fault that leads to a current imbalance. The HRC may be caused by
loose or damaged connections between any components between the industrial electrical
machine and the inverter [19,20]. The damaged connections may be formed due to poor
manufacturing technology, corrosion, aging, high current or voltage, vibration, thermal
cycling [21], etc. However, there are factors in the marine environment that can damage
the connections between components in a PMSM, such as humidity, salt, and variable
marine currents [22], thus increasing the possibility of HRC. Additionally, HRC is a typical
progressive fault [23]. There are some hazards due to HRC, such as localized overheating
and enhanced vibration. These hazards may lead to positive feedback that spontaneously
deepens the severity of HRC. Early HRC can lead to energy consumption and lower current
quality in the PMSM. However, as the fault severity deepens, HRC may induce insulation
damage, which may evolve into other types of faults, or even lead to electrical fires due to
excessive ohmic heat. Therefore, HRC diagnosis should be handled in the early stages of
HRC to avoid additional risks. The features of early HRC are less obvious. At the early
stage of the HRC, the additional resistances in the fault phase are not large, and the current
imbalance caused by HRC is slight [24]. The features of early HRC are easily submerged by
the interference of long-wavelength swells. Diagnosing early HRC in MCT is more difficult
in the presence of interference from long-wavelength swells.

Recently, the HRC diagnosis attracted the relevant attention of researchers. The HRC
was initially studied in the field of induction motors. Many methods have been proposed
for HRC fault detection in IM, based on upstream impedance measurement [25], negative
sequence current and zero-sequence voltage [26], multireference frame controller [27],
signal injection [23], inverse negative sequence regulator [28], etc. In the field of PMSMs,
the diagnosis methods for HRC in [24,29-31] are to construct a fault diagnosis model by
zero sequence component in the current or voltage in three-phase PMSM, and it will gradu-
ally realize detection, and the estimation of fault severity and identification of fault phases
with the deepening of research. However, all these methods require additional sensors and
special measurement loops to obtain the necessary signals, which is not suitable for MCT.
In [32], a current-control scheme is proposed based on a higher-order sliding mode, which
is the first attempt to implement fault-tolerant control for HRC in a three-phase PMSM.
However, the detection algorithm becomes much more complicated for such a scheme in
multi-phase HRC, and thus the diagnosis of multi-phase HRC is not implemented in this
paper. In [33], the high-frequency and low-frequency components of the zero-sequence
voltage are used to establish an appropriate fault indicator to identify the inter-turn fault
and HRC. However, multi-phase HRC fault diagnosis cannot be achieved synchronously.
In [34], a model-based method by voltage deviations is proposed to diagnose HRC in
three-phase PMSM. This method uses only the built-in sensors of the PMSM for fault diag-
nosis, but it needs to be discussed separately whether the voltage deviation is significantly
affected by the long-wavelength swells in the marine current.

In order to better diagnose HRC while avoiding the interference caused by the long-
wavelength swells, a diagnosis method consisting of two stages is proposed in this paper:
a robust indicator and additional filtering. The inequality indicator is proposed to quantify
the current imbalance in the PMSM. The diagnostic mechanism of the inequality indicator
is analyzed based on the PMSM model and the current model. Based on the inequality
indicator, the HRC diagnosis requires only the built-in stator current sensor, which can
help to reduce the complexity of the diagnosis method in the MCTs. Experimental results
and theoretical analysis show that the inequality indicator is robust under early HRC
conditions. Moreover, the inequality indicator can be easily constructed from the current
amplitude. The mean square (MS) value can be used to obtain amplitude from the current,
and in this process, an MS-based filtering method is proposed to further reduce the effect
of the variable marine current. The MS-based filtering method is well compatible with the
inequality indicator and can effectively improve the performance of the inequality indicator.
By combining the inequality indicator and MS-based filtering method, the features of HRC
can be effectively extracted under the interference caused by the long-wavelength swells.
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The organization of this paper is as follows. Section 2 describes the PMSM model and
the stator current model under HRC. Section 3 describes the features of long-wavelength
swells. Section 4 describes the proposed HRC diagnosis method. Section 5 describes the
experiments to verify the effectiveness of the diagnosis method. Finally, the conclusion is
drawn in Section 6.

2. PMSM Model and Current Model under HRC Condition
2.1. PMSM Model under HRC Condition

The resistive imbalance due to HRC can be emulated by adding additional resistances
connected to the stator phase windings [24]. Ignoring the core saturation, eddy loss,
and hysteresis loss, the voltage equations of the three-phase PMSM can be expressed as
follows [24]:

. d ..
[uzs] = [Ras][izs] + [LBS]E[Z%] + [e3s] 1)
where [uszs] = [ug, up, uC]T is a matrix of stator voltage; [i3s] = [ia, ip, iC]T is a matrix of

stator current; [Lss] is a matrix of stator winding inductance; [R3;] is a matrix of stator
winding resistance; and [e3s] is a matrix of induced electromotive force (EMF) components.
Additionally, [Lss] and [e3s] can be expressed as:

L M M
L] =M L M
M L L

and
p ¥ g ¥y cos(6,)
[e3s] = 0 Y| = T Y cos(0, +47/3)
¥ Y cos(0, +27/3)

where L is the self-inductance of the stator windings; M is the mutual inductance between
the stator windings; and ¥ is the amplitude of the magnet flux. By adding additional re-
sistances to the phase resistances of the PMSM when HRC occurs, [R3s] can be expressed as

Ro+ R, 0 0
[R3s] = 0 Ro + Ry, 0
0 0  Ro+R.

where Ry is the original phase resistance; R,, Ry, and R, are additional resistances in a-, b-,
and c-phases of the PMSM due to HRC.

2.2. Current Model under HRC Condition

The HRC may cause the positive, negative, and zero sequence components in the stator
currents [24,35]. Moreover, HRC leads to zero sequence current in the angle-connected
PMSM but not in the star-connected PMSM. When the HRC occurs in a star-connected
PMSM, neglecting the harmonic component, the stator current can be expressed as [35]:

i =1Ip cos(Ge — q)p) + I, cos(6. — @n)
iy = I, cos (0, — @p + 41/3) + I, cos (6, — @y + 271/ 3) ()
ic = I cos(0, — @p +27/3) + I, cos(0 — @n + 471/3)

where i, i3, and i, are stator currents in a-, b-, and c-phases of the PMSM, respectively; I,
and I, are the amplitudes of the positive and negative sequence components, respectively;
@p and @, are the initial phase angles of the positive and negative sequence components,
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respectively; 0, is the rotor electrical position. From (2), the stator current amplitude can be
expressed as:

I, = \/1,3 + 12 + 21,1, cos(Ab,)
I, = \/ 12 + 12 + 21, I, cos (A6, ©)
I = \/Ig + 12 + 21,1, cos(A6,)

where I, I, and I are stator current amplitudes in a-, b-, and c-phases of the PMSM,
respectively; Af,, Afj,, and Af. are phase angle differences between the positive and
negative sequence components in a-, b-, and c-phases of the PMSM and can be expressed as:

Aba = ¢p — ¢n
NGy = gy — gu +47/3 )

From (3), amplitudes of three-phase stator current amplitudes are not equal, which means
that the current imbalance occurs. The phase angle differences preserve three-phase symmetry.

3. Feature of Long-Wavelength Swells

This section describes the fluctuations in the stator current amplitudes due to long-
wavelength swells.
The extracted power by the MCT can be expressed as [36]:

1
Py = Enprzzﬁcp (5)
where p is the density of seawater; r is the radius of the blade of the MCT; v is the marine
current speed; and C, is the power coefficient of the MCT. In the output circuit, the output
power generated by the PMSM under HRC conditions can be simply expressed as [37,38]:

1
Py = E(L?(Rl + Ryp +Ra) “r‘IEZ,(Rl + Ry +Rb) +ICZ(R1 +R0+Rc)) (6)
where R; is load. At the early stage of the HRC, the difference between stator current
amplitudes is slight [24]. Ignoring the difference between the stator current amplitudes,
the stator current amplitude can be approximately expressed as:

3 3
2P, npr’Cy
L=~ = v
3(Ro+R;))+ ¥ Rg 3(Ro+R;))+ ¥ Rg
g=a,b,c g=a,b,c

NI

@)

In actual environments, the fluctuations of the marine current may reach 10-30%
of the marine current speed [39]. From (7), the stator current amplitudes in the MCT
may fluctuate with the marine current and may be more violent than the marine current.
The features of early HRC are easily submerged by the violent fluctuations caused by
long-wavelength swells.

4. An Inequality Indicator for HRC Fault Diagnosis

To diagnose HRC while avoiding the interference caused by the long-wavelength
swells, an inequality indicator is proposed in this section. Then, the diagnostic mechanism
of the inequality indicator is analyzed. The robustness of the inequality indicator is analyzed
in terms of the feature of long-wavelength swells. Finally, an MS-based filtering method is
proposed to further avoid the interference from long-wavelength swells.
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4.1. The Inequality Indicator

The inequality indicator is defined as follows:

n n
3Y |xy, XL xp
=1 hy =1,
h h
‘o — 1# ®)

where x1, xp, ..., x, are elements of the inequality indicator. There are some known
arithmetic-geometric mean (AM-GM) inequalities for these elements, as follows [40]:

xil + xﬁz > 2Xp, Xpy, 1 # ho )

The larger the difference between two elements of the AM-GM inequality, the larger
the difference between the values of the two sides of the AM-GM inequality. Then, several
AM-GM inequalities can be combined to form a total inequality as follows:

2
n n n n n n
(Z xh1> =Y g +2) | Y o, [ =3y |wm Y owm, | (10
h=1 =1 =1 hy =1, h=1 hy =1,

hq 7'é hy hy 7'é hy

The inequality indicator can be equivalent to several AM-GM inequalities, thus quan-
tifying the imbalance between multiple elements based on the AM-GM inequality. An
advantage of the inequality indicator is that it is not limited by the number of elements, and
the inequality indicator can be easily extended to multi-phase electrical devices. It should
be noted that the inequality indicator is dimensionless if each element of the indicator has
the same dimension.

The inequality indicator may have physical meaning in some applications. From (3),
stator current amplitudes are added as the form of vectors and scalars, respectively:

Soector = I3 + &3 I} + 4312 = 31, 1,6/ (11)

Sccatar = 12+ B+ 12 =3(1 + ) (12)
From (11) and (12), a parameter can be expressed as:

—

L S vector B |I§+ej27r/31§+ej47r/31C2
- I%Jrf,zl " Sscalar I§+I§+ICZ
B \/1§+Ig+1§—1§1b2—1§1§—1§13 (13)
- 4+12+12
_ - 3(IRI2+1212+1212)
- 2
(B+12+12)

The basis of « is three AM-GM inequalities and can be expressed as:
I;+ I > 21212

Iy + I > 21212 (14)
241> 21212
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When the stator currents are balanced, x takes to be the minimum, which is zero. When
the stator currents are imbalanced, x increases with the severity of the current imbalance.
Therefore, x is an inequality indicator consisting of the stator current amplitudes and can be
used to estimate the severity of the current imbalance in the three-phase PMSM. Moreover,
K is dimensionless.

4.2. Diagnostic Mechanism of Inequality Indicator

Based on the PMSM model in (1), the instantaneous power for the PMSM can be
expressed as:

. . .o d . d. . d
Py = [iss) [uss] = Y (Ro +Re)iz+ Y zg(L%zg +M Y Ezh) + ) ig = ¥r (15)
g=ab,c g=ab,c h = a, b,C g=ab,c
hF g

By substituting (2), (3), and (4) into (15), Ps can be expressed as:

P, = g(lg + 1,3) Ro + 31,1,Rg cos (20, — ¢p — ) + %(If, + 1,%) (Ra+ Ry + Re)
+%I§RS cos (26, — 2¢p — @s) + %I,%Rs cos(20, — 2¢, + ¢s)

(16)
+1,IyRs cos(9p — @n + @) + IpIi(Ra + Ry + Rc) cos (26, — ¢p — @)
+3we (M — L) I, 1, sin (20, — ¢p — @) — %we‘f’flp sin(gp) — %we‘I’fln sin (20, — @)
where w, is the electrical angular velocity of the PMSM; R; and ¢; are expressed as:
Ree/? = R, + R,e/*™/3 + R.e/*™/3 (17)

— —
The I, 1, is the amplitude of S yector in (11). Similar to S yector and «, Rs correspond to
the resistive imbalance [34]. The amplitude of Ps; can be expressed as:

1 3 .
Pom =3 (Ig + 1,%) (3Ro + Ra + Ry + Re) + Iy InRs cos(Af) — Swe¥ ¢l sin(gy)  (18)
and Afy is expressed as:

Aby = Pp — Pn+ @s = AB; + s (19)

From (18), in addition to the normal ohmic heat release, Ps_;; also has a component
composed of resistance imbalance and current imbalance. Afy is consists of the phase angle
of the resistive imbalance and the current imbalance.

By combining (11) and (12), the vector form of x can be expressed as:

=
%)U — KejAG“ — gvector
scalar
(20)
SR N7 7 S SN T,V N
st s O

By rotating to the direction of Afy — Af,, the vector in (20) can be expressed as:

ABo—00) [261(80) 4 [2¢/(800+470/3) | [2,i(A0g+27/3)
3(Ip+1a) (21)
=0dg + 5}76]47[/3 + §c€]2n/3

where é,, §p, and J. have some relation as follows:
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8y — 60 = 2P 1 (12sin(ABy + 471/3) + I2sin(A6y + 271/3) + [ sin(Afy))

Z+12

80 — b = B A (I2sin(A6g +271/3) + 17 sin(Ao) + 12 sin(A6 +47/3))  (22)
pTin

0 — 8y = B2 51 (I2sin(A6g) + 2 sin(Abg +477/3) + 12 sin(A6y +27/3))
p n

From (21) and (22), ?v can be decomposed into three reference directions: Ay, Aby +
27t/3 and ABy + 47t /3, which correspond to a-, b-, and c-phases of the PMSM, respectively.

The decomposition result of X can be expressed as:

phases a, b : % = gz:gi =1- @ cot(Afy — A6,)
phases b,c: it = gi’:g‘: =1- § cot(Afy — AG, + 271) (23)
phasesc,a: & = % =1- @cot(AGo — N0, + 37)

—
where #x,, k3, and «. are the components that x, decomposes on the a-, b-, and c-phases,

respectively. Figure 1 shows the basic mode of the decomposition of Xo. From (17), the
relationship between additional resistances of fault phases within different HRC conditions

can be obtained as:

phasesa, b : % =1- ? cot(Ag — Ay)
phases b, c : % = % - ? cot(Ag — Ay +27/3) (24)
phasesc, a: % =1- @cot(Ao — N, +4m/3)

N
Figure 1. Decomposition mode of « .

By comparing (23) and (24), it can be known that «,, x;, and «. are proportional to the
additional resistances R, Ry, and R, respectively, which can be expressed as:

K Ko Ky _ Kc
— === 25
Rs Rq Ry R¢ ®)
Therefore, x can be used as a fault indicator to estimate the severity of HRC in

the PMSM.
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4.3. Robustness of Inequality Indicator

When early HRCs occur in a PMSM of the MCT, the variations due to long-wavelength
swells are much larger than that due to HRCs in the stator current amplitude. Thus,
the difference between stator current amplitudes is slight. The variation caused by long-
wavelength swells is separated as:

L(t) =k(H)I7
I (t) = k() I} o + AL (t) (26)
2(t) = k(t)IZ o+ ALZ()

where I, o, I, 9, and I g are the amplitudes of three-phase stator current under a specific
operating condition of the PMSM,; k is the proportion of the common variation; and AI?
and AI? are the errors due to the current imbalance. When long-wavelength swells exist,
there are some relations that AI? << I2 and AI? << I? due to I, & I, ~ L. By substituting

(26) into (20), the ¥, can be expressed as:
(t) = 12(0) 4 12(1)e27/3 1 12(1)e/3
° - () +12(5)+12(t)
(12 412 G734 12 o7/ V(1)

T (Bt E KO+ AR () +A() (27)
n A2 (£)el2T/3 4+ AT2 (1) el*7/3
(12 o+ 12 o +12 k(D) +AIZ (1) +AI3 (1)
Due to Allf << 15 and AI? << I?, k in (27) can be approximated as:
2 42 e2n/3 4 2 ojdn/3
— a_0 b_0 c0
K(t) = ]KU () ~ (28)

7 7 7
I o+ 1, o+ 15

From (28), x is not sensitive to the value of k. Therefore, x tends to be robust under the
variable operating condition of the PMSM.

4.4. Filtering for Improving Diagnostic Accuracy

Although the « is robust to the variable operating conditions of the PMSM, there are
still inevitable fluctuations in the signal of x due to the complex and variable working
environment. To further avoid the effects from the long-wavelength swells, an MS-based
filtering method is proposed as follows.

The stator current amplitude can be obtained by the MS value. The mean-square value
Il%,ls under a specific time ([1, f2]) can be obtained as [41]:

2 1 29
Ms = 7/ ig(t)dt, g =a, band c (29)
tr —t1Jy
It is assumed that the fundamental frequency of the stator current remains constant
for a short time, the stator current amplitude can be obtained as:

Iy = \/2I}s, § =a, band (30)

At long times, the signal of the stator current can be divided into several short-term
finite element sequences. Then, the stator current amplitude can be calculated by (29) and
(30) in these finite element sequences. However, spectrum leakage may be inevitable and
lead to periodic oscillations in the signal of the stator current amplitude. The window
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function is known to be efficient in avoiding spectrum leakage. To avoid the oscillations
due to spectrum leakage, the stator current amplitude can be obtained as:

wf
Y 2i3(m)We(m)
m:thwf/Z

wy

L, (Tt) = 21§_MS(T ) = ,g=a,bandc (31)
Wi (m)
m:Tt—wf/Z

where Wy is the window function; wy is the length of the intercepted finite element sequence;
and T is the sampling period.

In a finite element sequence, the weight coefficient of a sample on the MS value
is We/Y Wy. Taking T << wy, the weight coefficient of a sample in all finite element
sequences containing this sample can be approximately expressed as:

W (mo)+Wy (mo+T)+--+Wy (wy) o1

wf ZUf/T
» Wy (m)
m= 7wf/2 (32)
L(Wr(1)4+We(2)++We(w
~ WA+ f(f)):%,moe[llﬂ'
f wy f
Wf(m)*T
m:thwf/Z

The weight coefficient of a sample is 1/wy on average. Therefore, the filtering in (31)
can make the signal waveform smoother since the effect of each sample is weakened, and
wy is the main factor affecting the filtering effect.

The wy can smooth the signal, but excessive w; weakens the real-time performance of
the diagnosis and takes up additional computational resources. The T can be used to save
computational resources. The window function is able to avoid oscillations due to spectral
leakage. These elements perform their respective functions and do not affect each other.

It is assumed that the length of a signal of the stator current amplitude is much larger
than w;. The mean value of the square of this signal can be expressed as:

L/T “f
TL)/:Tlg(Tﬂ TY ( v 2i§(m)wf(m))
=1 ° —

) . t=1 m:thwf/2
B(B) =S —= w
m:thwf/Z
- wa Wy (m) (33)
Ttglzlé(t) m:thwf/Z f
~ w5 * T
L Y Wem)
m:thwf/Z
L
2i2(t
_ %0
- L

where L is the length of the signal of the stator current amplitude. It is obvious that the
MS-based filtering method does not change the mean value of the square of the stator
current amplitude and hence does not change the mean value of x. The MS-based filtering
method is well compatible with «.

5. Experimental Results and Discussions

First, an experimental platform is introduced. Then, the robustness of the inequality
indicator is shown under a fault case. The effect of the MS-based filtering method on the
inequality indicator is analyzed under multiple fault cases. Experimental results show
the effectiveness of the inequality indicator for the early HRC diagnosis. Finally, the
performance of the inequality indicator is analyzed when the current imbalance is slight.
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5.1. Experimental Setup and Practical Considerations

The experiment is carried out on a dedicated experimental platform for the simulation
of marine current generation. The experimental platform consists of a marine current
simulation system, a generator set, and a signal acquisition system, as illustrated in Figure 2.
The generator set is placed in a 45 m> volume circulating water tank, which is equipped
with an axial flow pump with a motor speed control system. The generator set consists of a
fixed-pitch turbine with Maca0018 blades and a 230 W three-phase star-connected PMSM.
The specific parameters of the PMSM and the turbine are listed in Table 1. With the center
of the turbine axle as a reference point, the generator set is placed in an operating area 1 m
underwater and 0.6 m from the left and right observation windows for testing. As shown
in Figure 2, the water flow is created by an axial flow pump and circulated in the water
tank. The water flow continuously drives a generator set to generate current and an axial
flow pump regulates the flow speed of the water to simulate marine currents. The current
generated by the PMSM is consumed by the load circuit. Then, the three-phase current
signal is collected by the MIK-DJI current sensor and transmitted to the upper computer
through the acquisition card for real-time analysis.

‘Water Pump Motor

5

R Water
\!\ i/
[ % Current
AAAN
N ™

Water Deflector

Current

Drum Motor

_Generator

Figure 2. The structure of the experimental platform.

Table 1. Specific parameters of MCT in the experiment.

Turbine Parameters Value PMSM Parameters Value
Twist angle 3.4°~25.2° Pole-pair 8
Blade chord 0.6 m Flux linkage 0.1775 Wb

Number of blades 3 Resistance 330
Water density 1024 kg/ m3 d axis inductance 11.873 mH
damping 1x107°m?/s q axis inductance 11.873 mH

The HRC is simulated with the additional resistances connected to the stator phase
windings. In this paper, multiple fault cases are designed in the experimental platform. The
fault conditions for these cases are shown in Table 2. The water flow velocity is designed to
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vary between 0.85 and 1.15 m/s by adjusting the axial flow pump frequency, which means
that the generator set operates in the energy density variation range of about 0.45 KW /m?3.

Table 2. HRC conditions of cases tested in the experiment.

Case 1 2 3 4 5 6 7 8 9
b-phase 0 0 0 0 0 0 0 13 14
c-phase 0 02 03 06 08 12 15 0 0

Case 10 11 12 13 14 15 16 17 18
b-phase 17 03 06 08 10 03 05 07 09
c-phase 0 06 06 06 06 12 12 12 12

Additional resistance (QQ)

Additional resistance (QQ)

5.2. Test for Robustness of Inequality Indicator

Figure 3 shows the slope of the stator current amplitude and the x under case 6 in
Table 2. The water current speed under case 6 is set to increase monotonically to visually
illustrate the robustness of the x. In Figure 3a, the slopes of stator current amplitudes are
larger than zero for almost the whole time. In Figure 3b, the slope of x fluctuates around the
zero, and its Skewness factor is 4.51 x 1078. Therefore, « is essentially robust at a constant
value under the variable operating conditions of the PMSM in the experiment.

@ 0.06 T T T
f:./ a-phase
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g
= —0.004 - .
o I L 1 I L
2 0 5 10 15 20 25 30
=} .
@ time (s)

(b)
Figure 3. (a) The slopes of the stator current amplitudes, (b) the slopes of the inequality indicator.

5.3. Test for Improving Diagnostic Accuracy

Although the « is robust for the variable operating conditions of the PMSM in the
experiment, there are still some fluctuations in the x that can affect the diagnostic accuracy.
In this section, the effect of the MS-based filtering method on « is analyzed for better HRC
diagnosis results.

Figure 4 shows the stator current amplitude and « calculated with different window
functions under case 6 in Table 2. The stator current amplitude in the fault phase is lower
than in the non-fault phase. The oscillations appear in x with a similar period as the
stator current amplitude in Figure 4a, and the window functions effectively avoid these
oscillations in Figure 4b—e. Some statistical indicators of x in Figure 4 are shown in Table 3.
As shown in Table 3, both the dispersion coefficient and the margin factor of ¥ with the
Hanning window are smaller than the others, which means that the oscillation can be more
easily avoided by the Hanning window.
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Figure 4. The signals of stator current amplitudes and inequality indicator with different win-

dow functions: (a) no weight, (b) Hanning window, (¢) Hamming window, (d) Flap Top window,

(e) Blackman window.

Table 3. Statistical indicators of inequality indicator with different window functions.

Window Function

Dispersion Coefficient

Margin Factor

No weight
Hanning window
Hamming window
Flap top window
Blackman window

0.2881
0.0491
0.0653
0.0756
0.0523

1.7897
1.1529
1.2005
1.2821
1.1729

Figure 5 shows the values of x with different w r which sets the Hanning window as the
weight function in filtering. As shown in Figure 5, the waveform of x with wy set to 4000 is
smoother than that with w ¢ set to 1000. In Figure 5a, two cases (case 4 and case 5 in Table 2)
may be misidentified within 18-19 s due to excessive fluctuations. Obviously, the excessive
fluctuations in « is a factor affecting diagnostic accuracy. In Figure 5a, the fluctuations in
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« is well reduced. Thus, setting a larger wy can effectively avoid misidentification and
improve diagnostic accuracy. In addition, the mean value of x does not change under
different w settings, which means that the MS-based filtering method only reduces the
fluctuation of x without affecting the function of x.
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Figure 5. The inequality indicator with different w , (a) wy =1000, (b) wy = 4000.

5.4. Experimental Result of Diagnosis

Figure 6 shows the proportional relationship between the mean value of x¥ and R;
under cases 1-7 in Table 2. In Figure 6, x is approximately linear with R; when additional
resistance is less than 1.7(). This experimental result shows that x can be linearly converted
to additional resistance when the fault severity is not large.
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0.009 - b

0.008 - b

0.007 - b

0.006 - b

1cator

lity ind

inequa
e Qo
(=3 (=3
(=} S
-~ wn
T
Il

0.003 [ b
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Figure 6. The relation between inequality indicator and additional resistance.

Figure 7 shows the classification results for cases 1-18 in Table 2, which set w; to
6000 and the Hanning window as the weight function in filtering for better diagnosis

results. The samples of all cases are plotted in a plane based on Ko in (21). The distance



J. Mar. Sci. Eng. 2023, 11,97

14 of 17

between the sample and the origin corresponds to «, and the angle between the sample
and the x-axis corresponds to the a-phase angle difference, Af,. In the plane, the fault
conditions are clearly visible for each sample. The samples under different cases can be
distinguished with 100% accuracy in Figure 7. Moreover, the dotted circles represent the
relationship between x and R;, as shown in Figure 6.
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Figure 7. The plane plotting the fault condition of HRC under cases 1-18.

In Figure 7, the PMSM under case 1 can be considered under the balanced condition.
If a PMSM is under the balanced condition, ¥ will be close to zero, and A6, will fluctuate
between 0 and 2 7. Therefore, the detection of HRC can be achieved by «. It should be
noted that the health condition of the PMSM does not strictly correspond to the balanced
condition due to the possibility of inherent imbalance that can be tolerated in the PMSM. An
appropriate threshold should be set to divide the health condition and the fault condition.

In Figure 7, samples of cases 2-10 are those in which HRC occurs in only one phase.
These samples are distributed around certain specific lines so that their directions are
A8y +27t/3 or Aby + 47t/3, which corresponded to the c- and b-phase. The samples of
cases 11-18 are those in which HRC occurs in both the ¢- and b-phase. As shown in the
distribution of the samples of cases under multi-phase HRC, if the fault severity in the b-
phase changes, the sample points will move on a trajectory whose direction is Ay + 271/3,
which is plotted with dotted straight lines. These phenomena are consistent with the
regularity of ¥ under different HRC conditions described in (21) and (23). According to the
regularity shown in Figure 7, x can be used to diagnose HRC that exists in multiple phases.
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5.5. The Performance of Inequality Indicator with Silght Current Imbalance

As shown in Figure 7, k in all samples is less than 0.01. By combining (11) and (12), I,
and I, have the following relationship as:

— —
I Sscalar +2| Svector|— ssmlar —2| Spector
s =
Ip — —
Sscalar+2 S vector |+ Sscalnr *2‘ S vector

2 (34)
— l Sscalur _ l Ssmlar _ 4
2= 2 — 2
S vector S vector
_ 1-V1-4x?
- 2K

Then, it can be calculated that I, < 0.011, by (34). The difference between the stator
current amplitudes due to HRC is much smaller than the stator current amplitude in the
experiment. Table 4 shows the range of « in Figure 7. As shown in Table 4, the maximum
range is 8.3 x 1074, which means that the sample points of different cases with a distance
larger than 8.3 x 107* can be well distinguished in the experiment. The variation of
8.3 x 10~* in x corresponds to a slight variation in I, and [,. However, as shown in
Figure 7, the slight current imbalance can be effectively identified by the «.

Table 4. The range of inequality indicators under cases 1-18.

Case 1 2 3 4 5 6 7 8 9
Range 29x107%  29x107% 36x10* 32x10*% 78x10* 77x107* 33x107* 39x10* 44x10°*
Case 10 11 12 13 14 15 16 17 18
Range 70x107%  64x107* 38x107* 51x107* 44x10* 33x107* 31x107* 83x10* 50x107*

6. Conclusions

In a marine environment, the effect of variable marine currents is a factor that should
be taken into account in the diagnosis of MCTs. To diagnose HRC in the MCTs, a diagnosis
method consisting of two stages is proposed in this paper: a robust indicator and additional
filtering. In this paper, the inequality indicator is proposed for quantifying the current
imbalance to diagnose HRC. The inequality indicator is robust to the variable operating
conditions of the PMSM and can effectively identify slight current imbalances. Since it is
dimensionless and not limited by the number of its elements, the inequality indicator may
be used to analyze other faults that can lead to a current imbalance. Moreover, an MS-based
filtering method is proposed to further avoid the effect of variable marine currents. The
MS-based filtering method does not change the mean value of the inequality indicators,
but it can reduce the fluctuations in the signal of the inequality indicator. By combining the
MS-based filtering method, the inequality indicator can effectively diagnose early HRC in
the MCT.

One of the difficulties in diagnosing faults in the MCTs is that the effects caused by
marine currents must be taken into account when extracting fault features. Although the
proposed diagnosis method can effectively identify the severity of HRC in MCTs under the
short-time fluctuations in marine currents, there are still other features of marine currents
that should be considered in future research. For example, the parameters in the diagnosis
method can be adjusted more carefully if variations in marine currents are taken into
account on the larger time scales.
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