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Abstract: With the wide application of motors in deep sea exploration, deep-sea motors require a
higher power density and a longer lifetime. Motor lifetime mainly depends on the thermo-mechanical
stress (TMS) load on its stator insulation. Unlike normal motors, deep-sea motors are usually filled
with oil to compensate for the high pressure generated by seawater, which leads to high additional
viscous drag loss. This, combined with the high pressure, will greatly change the TMS distribution
and further influence motor insulation lifetime. Thus, the insulation degradation analysis of deep-sea
oil-filled (DSOF) motors due to TMS has become important. This paper presents a TMS analytical
model of DSOF motor insulation, considering the joint effects of high pressure and motor temperature.
The CFD method is adopted to perform motor thermal analysis, considering temperature effects on
viscous drag loss. The FEA method is adopted for thermo-mechanical analysis and to verify the
analytical model accuracy. Rainflow counting and the Miner fatigue method are adopted to evaluate
motor lifetime. Results show that compared with motors working in normal environments, TMS
on DSOF motor insulation can be reduced by up to 59.5% due to high pressure and the insulation
lifetime can be increased by up to 16.02%. Therefore, this research can provide references for high
power density DSOF motor design.

Keywords: viscous loss; oil-filled motor; thermo-mechanical stress; CFD analysis; insulation degra-
dation

1. Introduction

Stator insulation systems (SISs) play a key role in affecting motor service life. The
differences in thermal expansion coefficients among insulation components, including
ground insulation, copper wires, coatings and epoxy fillings in stators, will induce thermo-
mechanical stress (TMS) in the SIS. TMS is considered to be a critical factor causing insu-
lation degradation [1]. Deep-sea motors usually adopt oil-filled methods to balance the
seawater pressure, which brings two challenges to TMS assessment compared to motors
running under normal conditions. One is that the oil filled in the air gap will lead to high
additional temperature-dependent viscous drag loss and changing motor heat dissipation
conditions, which will greatly influence the motor thermal distribution. The other is that
the motor SIS is subjected to high pressure caused by seawater, which combined with
the thermal distribution will change the TMS distribution greatly. In order to analyze the
insulation degradation of a DSOF motor due to the TMS, these two challenges have to
be considered.

In recent years, many researchers have addressed the thermal analysis issue of motors
working on land, but few studies have focused on DSOF motors. The motor loss and
heat dissipation conditions in DSOF motors are quite different from normal motors. The
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viscous loss induced by oil may account for more than 50% of the total loss [2]. Addi-
tionally, the thermal conductivities and heat transfer coefficients are tightly related to the
fluid and temperature fields of DSOF motors. Therefore, numerical analyses such as the
finite element method (FEM) and computational fluid dynamics (CFD) method should be
adopted for the motor thermal analysis instead of analytical calculation. The advantage of
the CFD method in calculating viscous drag loss compared with analytic methods has been
demonstrated on a motor test rig [3]. The necessity of coupled field analysis by taking the
viscous loss component into consideration in DSOF motor design has been illustrated in [4].
Reference [5] constructs a three-dimensional fluid-thermal coupled model of an oil-filled
motor to obtain the heat transfer coefficients, fluid flow characteristics and temperature
distribution. However, most of the published literature ignores the influence of temperature
on the gap oil viscosity and the viscous loss. This paper focuses on this issue by using
the viscosity user-defined function (UDF) to improve the accuracy of the DSOF motor
temperature field calculation, based on which TMS analysis and lifetime assessment of the
DSOF motor are performed.

TMS has been extensively studied in various industrial fields. The mismatch of mate-
rials’ thermal expansion coefficients can induce TMS in electronic assemblies not only by
temperature cycling during normal operation, but also due to the high temperatures expe-
rienced during fabrication, shipping and storage [1]. References [6,7] present a degradation
model investigating the thermo-mechanical fatigue in insulated gate bipolar transistor
modules and apply it to degradation estimation as well as to the accurate lifetime as-
sessment of power modules. References [8,9] analyze the failure of a ceramic ball grid
array package used for an FPGA chip caused by TMS and both analytical modeling and
numerical simulations are performed to analyze the TMS, which is validated to be the main
factor causing FPGA chip failure. In the paper [10], fatigue life evaluation for multiple
epoxy laminate composites considering the stress versus cycle life has been investigated.
Reference [11] focuses on the thermo-mechanical fatigue of silicon and molybdenum (SiMo)
alloyed ductile iron by performing FEA and testing the stresses of the specimen. In IEEE
Standard-56, TMS is regarded as one of the aging factors of motor insulation [12]. As for
electric motors, researchers have derived the TMS analytical equation of a single wire in
epoxy-impregnated traction motor stator windings and established 3D FEA models to
demonstrate it [13]. Reference [14] analyzes cooling methods to reduce the mechanical
stress, which will cause fatigue and the degradation of motor insulation, induced by the
thermal loading on motor windings impregnated with epoxy, and builds an experimental
set-up to validate the numerical analysis results. Some researchers have performed thermo-
structural simulations on a segmented stator winding geometry numerically to quantify
the TMS induced in the motor windings due to high temperature [5]. However, the work
on insulation degradation analysis caused by TMS in electric motors is far from sufficient,
especially for motors working in the deep sea. For DSOF motors, the SIS bears a high
pressure varying with the operating depth, which can reach more than 100 MPa for the
working depth of 10,000 m. The high pressure will change the TMS distribution and further
affect the motor lifetime. This paper seeks to address the insulation TMS distribution issue
considering a high-pressure environment based on the accurate thermal calculation results
of DSOF motors.

This paper will take the brushless DC (BLDC) motor as the target due to its outstanding
performance and wide application in deep-sea equipment. The main contributions of this
paper are as follows:

1. Considering the deep-sea high-pressure effects and structural characteristics of
the DSOF motor SIS, an analytical model of TMS for stator insulation in DSOF motors is
proposed. The effects of slot dimension and copper fill factor on the TMS are investigated,
and the analytical model shows that TMS in DSOF motor stator insulation is closely
related to the external seawater pressure, the motor temperature rises and the motor
structure dimensions.
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2. To obtain the DSOF motor temperature rises for the further TMS analysis, a 3D
CFD model of a DSOF motor is established considering the sensitivity of oil viscosity to
temperature. Two UDFs are compiled for the temperature field calculation. In addition,
the influence of viscosity on the heat transfer coefficient of the motor is analyzed, and the
importance of the viscous loss and viscosity UDFs in the temperature field in respect of the
accurate calculation of the DSOF motor is demonstrated.

3. Based on the calculation results of the motor temperature distribution, the analytical
TMS model is used to obtain the stator insulation TMS variation trend with the seawater
pressure. It is found that the seawater pressure can decrease the TMS to 59.5% at most.
Then, based on the DSOF motor model, numerical analysis is carried out to obtain the
coupled TMS through thermal-mechanical simulation, which further demonstrates the
accuracy of the proposed analytical model.

4. The TMS spectra of dangerous points on the stator insulation are synthesized. By
counting the rainflow of the TMS spectra, combining the S-N curve of stator insulation
materials and using Miner fatigue theory, the lifetime of the DSOF motor is predicted. The
research can afford a new perspective for high power density DSOF motor design. Figure 1
shows the flow chart of fatigue lifetime evaluation of DSOF motors.

Derivation of TMS DSOF motor CFD-
analytical model lbased thermal analysis

I |
v

Stator insulation
TMS analysis

4
TMS spectrum
synthesizing

| Fatigu:theory | | S-N curve I
l¢ I

Lifetime evaluation

Figure 1. Flow chart of DSOF motor fatigue lifetime prediction.

This paper is organized as follows. Section 2 derives the analytical model of TMS
in DSOF motor SISs by considering deep-sea high pressure, motor temperature rises and
structure dimensions. Section 3 focuses on the temperature field calculation of DSOF
motors based on fluid-thermal coupling analysis. In Section 4, the temperature results
obtained by CFD analysis are applied to further calculate the TMS. Thermal-structure
simulations are conducted to verify the accuracy of the proposed TMS analytical model. In
addition, the motor insulation degradation and lifetime prediction are investigated based
on the TMS analysis results. Conclusions are given in Section 5.

2. Analytical Model

Figure 1 shows the flow chart of fatigue lifetime evaluation of DSOF motors. The
derivation of the TMS analytical model is performed first. For a DSOF motor, the SIS is
adhered to stator laminations and compressed copper wires. The polymer coating and
copper have similar thermal expansion coefficients, which are quite different from those
of the stator core and epoxy impregnation. Thus, high TMS will be introduced into the
stator insulation when the motor temperature rises. Moreover, the high density of the
copper wires and irregular shape of the stator slots will make derivation of the TMS
analytical model very complex. In order to facilitate the task while ensuring the model
accuracy, the derivation is implemented by a combination of preliminary derivation and
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post-modification. That is, we disregard the effect of stator slots and windings in the
preliminary derivation and investigate them in the post-modification.

2.1. Preliminary Derivation of TMS Analytical Model

The stator model ignoring the stator slots and windings is shown in Figure 2, where the
outer layer is the stator core layer and the inner layer is the impregnation insulation layer.
The preliminary aim is to obtain the TMS analytical model of the inner layer. In a deep-sea
high-pressure environment, the inner and outer surfaces of the model are subjected to the
same pressure due to the oil-filled method.

Figure 2. Cross-section of simplified DSOF motor stator model subjected to both internal and
external pressures.

Since the geometry of motor stator, the operating temperature distribution and the
pressure constraints are all symmetrical about the central axis, the derivation of the TMS
analytical model can be performed based on a cylindrical coordinate system. According to
the strain-stress theory, strain-displacement correlations and Lamé equations for spatially
axisymmetric hollow cylinders [15-17], the stress components of the inner layer can be
obtained provided the pressure in the common boundary is known. The two layers have
equal radial displacements at the common boundary. Accordingly, the outer surface
pressure of the insulation layer can be determined. As shown in Figure 2, P;; and P, are
the internal and external pressures of the stator core layer, respectively. ry; and rs, are the
stator core layer inner and outer radii. As for the insulation layer, P,; and P, are its internal
and external pressures, respectively. r,; and ., are its inner and outer radii, respectively.
The pressure at the common surface is Py, which is equal to P, and Ps;. The radius of the
common boundary is r,;, which is equal to r¢, and ;. By means of Lamé equations, the
stresses at the outer surface of the insulation layer and the stresses at the inner surface of
the stator core layer are obtained, which can be further substituted into the strain—stress
equation. Then, the radial displacements of the insulation layer and stator core layer at the
common boundary, u,, and 14, can be obtained by means of strain-displacement correlation

as follows:
2Py —Peo (R2+1) P..—R2P.
_ T ei eo | g o
Ueo = EL: |: RZ—1 - ﬂe( ezRg_Blw — ng) + Teotte T 1
rg | Poi(RE+1)—2RZPso P, R2P
Usi = Eisl |: R2-1 — Hs SZRg_Sl 2 — Py )| +rsiasT 2)
where .
R, =2

Tei
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Ry =
Tsi
R, denotes the ratio of the insulation layer outer radius to its inner radius. Rs denotes
the ratio of the stator layer outer radius to its inner radius. E, is Young’s modulus, p is
Poisson’s ratio and «, is the coefficient of thermal expansion of the insulation layer. E;, ys
and &5 denote the same properties of the stator core layer. T denotes model temperature
rise. Considering a seawater pressure P equal to P,; and Ps,, and with Equation (1) equal to
Equation (2), the pressure Py, can be expressed as

VieP — V,, T
P — 10 n 3
=y (©)
where )
2 R%(2 — E
Vie = =5 He | 5(2 ps) Ee
R2 -1 R2—1 K
v 47(1—2#&R34—Me+1_+(Vs+])R§—2yy+1.E£
" R2 -1 R2 -1 Es

Vi = Ee(lxs - lxe)

Vio, Vi and V;, are the coefficients related to the motor dimensions and material prop-
erties. Substituting Equation (3) and insulation layer parameters into the Lamé equations
then using the von Mises theory, the average TMS on the stator insulation layer, o, can be
expressed as

: 2

Vi

where

(r) =225 re | " Lar
g ' (reo - rei)(Rg - 1) Tei r2

g(r) is a function of the stator insulation layer radius. The preliminary TMS analytical
model notes that there is a minimum value of average TMS on the SIS as the deep-sea
pressure increases. The TMS will first decrease to a minimum value, and then increase with
the deep-sea pressure rising.

2.2. Post-Modification

Subsequently, the influence of the stator slot dimension and copper fill factor on the
TMS of the motor SIS are explored using Ansys software to refine the analytical model.

2.2.1. The Effect of Slot Dimension

For investigating the influence of slot dimension on the TMS, three stator models A4,
Aj and Aj with stator teeth widths of 9, 13.4 and 16 mm are analyzed, respectively. The
results are presented in Figure 3. The black line is the preliminary analytical model solution,
while the others are from the simulation results. The minimum TMS points of the three
model simulation results show no difference from the analytical solution, but the slopes are
inconsistent and the difference will become larger when the stator slots become narrower.
Consequently, the slot shape factor (SSF), s, denoting the ratio of the stator slot width to
the stator yoke height is introduced to weigh the slot shape. Interestingly, the SSF only
affects the changing rate of the TMS, not the minimum value. Therefore, the slope-modified
coefficient Qs is introduced to refine the preliminary derivation model.

To further quantify the influence of SSF, another six FEA models A4 to Ag with different
SSFs are constructed and simulated. The correlation of the modified coefficient Qs with s is
shown in Figure 4. Remarkably, the slope-modified coefficient Qs will increase to a stable
value of 0.9123 as the slot shape factor grows.
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Figure 3. Average TMS of different slot shape factor variations with deep-sea pressure.
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Figure 4. Slope-modified coefficient versus slot shape factor.

2.2.2. The Effect of Copper Fill Factor

For investigating the effects of the influence of the copper wire fill factor on the average
TMS of the SIS, FEA simulations are performed on three stator FEA models with same
SSF of 0.96 and different copper fill factors (CFFs), f, of 0, 0.3 and 0.4 are simulated. The
results are presented in Figure 5. The black line still represents the analytical solution
of the preliminary model, while others are from the simulation results. The three model
simulation results of deep-sea pressure corresponding to the minimum TMS agree with
the analytical solution, while the curve slope shows some inconsistencies. When the CFF
becomes larger, the TMS changing rate will decrease, and the decrease rate will become
smaller. Meanwhile, the lowest point moves upwards, and the slope closer to the minimum
is gentler. Therefore, another slope-modified coefficient Qy is introduced to improve the
preliminary derivation model.

To further explore the influence of CFF, five FEA models with different CFFs are
investigated. The variation in the slope-modified coefficient Q¢ with f is shown in Figure 6.
Notably, the slope-modified coefficient Q; will decrease to a stable value of 0.7913 as the
CFF grows.
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Figure 5. Average TMS of different copper fill factor variations with deep-sea pressure.
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Figure 6. Slope-modified coefficient versus copper fill factor.

Eventually, the modified TMS analytical model can be expressed as

= Qi) \/[(Vm V)P + T “

In Equation (5), the average TMS for the DSOF motor SIS is not only related to the
material properties and dimensions of the motor, but also to the temperature change and
the ambient pressure. When the motor material, dimensions and temperature rise are
fixed, the TMS on the insulation will first decline to a minimum value and then increase
as the DSOF motor work depth increases. By means of the analytical model, the external
pressure corresponding to the minimum TMS based on the DSOF motor temperature rise
can be predicted.

3. Temperature Distribution of DSOF Motors Based on Fluid-Thermal
Coupling Analysis

DSOF motor thermal analysis needs to focus on heat sources and heat dissipation.
For heat sources, except copper loss, iron loss and eddy current loss, additional viscous
loss generated by oil filled in the air gap has to be considered. For heat dissipation, direct
contact with oil and seawater makes the heat removal of DSOF motors quite different
from normal ones. Thus, the key to the thermal analysis of DSOF motors is the accurate
calculation of viscous loss and heat transfer coefficients. Viscous loss is closely related to



Energies 2022, 15, 3963

8 of 16

rotation speed and oil viscosity. For an oil-filled motor, the inner and outer radii of the air

gap are rq and ry, respectively, and according to the boundary conditions of the gap oil and

fluid momentum equation, the mechanical loss consumed by the force of oil acting on the

rotor surface can be determined. This mechanical loss, namely viscous loss, is defined as

Equation (6) [18,19]:

4tpw?Lry?r?
6(r2+711)

where y denotes fluid dynamic viscosity (Pa - s), w denotes rotor angular velocity, L is
rotor axial length and ¢ is the air gap width. It can be noted that viscous loss has a linear
relation with dynamic viscosity for a motor with determined dimensions and rotational
speed. Obviously, viscosity has a critical impact on viscous loss.

Poil = (6)

3.1. Viscous Drag Loss at Different Temperature

Viscosity has a close relation with fluid temperature. The distance between fluid
molecules will expand and the fluid viscosity will decrease significantly as the temperature
increases [20,21]. Hence, viscous loss calculation needs to take the temperature into account.
The experience formula describing the viscosity variations with temperature, namely the
Poisson formula, is shown in Equation (7) [22,23]:

pe = vp = pge M) (7)

where p; denotes the dynamic viscosity at temperature £, yp denotes the dynamic viscosity
at temperature ¢y, and A is the viscosity-temperature coefficient (VTC) of the liquid, reflect-
ing the viscosity decreasing rate. Clearly, the viscosity has an e-exponential correlation
with the temperature. Unlike no-oil motors, the empirical value of VTC 0.035 cannot be
directly adopted for DSOF motors [24]. It is necessary to introduce CFD numerical calcula-
tion methods. A 24-slot and 8-pole DSOF motor (Sanao Electrical, Shanghai, China) with
2.62 KW rated power and 5000 rpm operating speed was adopted as the research subject.
Its 3D CFD model was established as presented in Figure 7. Figure 8 shows the meshing
details, comprising a total of 3,533,129 meshing cells.

Figure 7. 3D CFD model of the DSOF motor.

According to the CFD fluid field model of the motor, oil viscosities at different temper-
atures are obtained and the corresponding viscous losses are determined. For subsequent
motor temperature analysis, the temperature and corresponding viscous loss are fitted
and compiled into a UDF, namely a viscous loss UDF. The relation between the viscous
loss and temperatures is presented as Equation (8), where P, is viscous loss and T is the
temperature of the gap oil.

Py = 3.576 x 1075T* — 1.064 x 1072T2 + 1.154 x 10T? — 54.356T + 1050.62  (8)
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Figure 8. Meshing results of the DSOF motor.

3.2. The Need for a Viscous Loss UDF and Viscosity UDF

Viscosity changing with temperature not only affects the heat source (viscous loss) but
also the heat dissipation of the DSOF motor. Therefore, the function of viscosity changing
with temperature should be compiled into a viscosity UDF and adopted in the temperature
field numerical calculation. By fitting with a polynomial, the relation between the oil
viscosity and temperature is expressed as follows:

p=—1201x10"197° 45387 x 107 8T* — 9.284 x 107°T3+

9
7.735 x 107472 — 3.162 x 10 2T + 0.533 ©)

where p is the oil viscosity. Then, the viscosity UDF is compiled and added to the CFD
analysis. After fully investigating the heat source and the dissipation condition, a thermal
analysis of the DSOF motor is performed. CFD analysis both with and without the UDFs is
carried out for investigating the influence of the UDFs. The temperature results of each
motor component are compared in Table 1. The initial temperature is set to 293 K.

Table 1. Thermal analysis with and without viscous loss and viscosity UDFs.

Temperature (K)

Minimum Maximum Average
Component

No With With With
UDFs UDFs No UDFs UDFs No UDFs UDFs
Windings 331.7 325.1 332.7 326.1 332.2 325.6
Rotor 332.1 3252 333.8 3264 333.0 325.8
Magnets 333.9 326.5 335.2 327.6 334.7 327.2
Shaft 327.2 321.2 331.9 325.0 330.8 324.1
Stator 326.0 320.3 331.2 324.6 328.3 322.2

It is noted that motor component temperatures with viscous UDF and viscosity UDF
are lower than those without the UDFs. Temperature rises of the rotor, permanent magnets
and stator of the DSOF motor have decreased by 17.96%, 18.06% and 17.17%, respectively,
indicating that viscosity indeed affects the heat transfer coefficient and heat source of the
DSOF motor, and further demonstrating the necessity of viscous and viscosity UDFs in the
accurate thermal calculation of DSOF motors.

3.3. Temperature Distribution of DSOF Motor

The temperature distribution of the whole DSOF motor is shown in Figure 9. The
motor maximum temperature is 327 K and minimum temperature is 321 K. It is noted that
the temperature rises of all motor components are almost the same.
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Motor Temperature
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Figure 9. DSOF motor temperature distribution.

Figure 10 shows cross-section temperature contour details of the DSOF motor. Ob-
viously, for the stator components, the maximum temperature difference is only 4 K.
Therefore, the temperature distribution of the SIS can be regarded as uniform and spatially
axisymmetric. The thermal analysis results will subsequently be used for the following
TMS analysis of the DSOF motor.

Temperature

327.40
327.00
326.60
326.20
325.80
325.40
325.00
324.61
324.21
323.81
323.41
323.01
322.61
322.21
321.81
321.41
321.01
(K]

Figure 10. DSOF motor cross-section temperature field contour.

4. Thermo-Mechanical Simulation and Lifetime Analysis of the DSOF Motor
4.1. Thermo-Mechanical Simulation

Before analyzing the TMS of the DSOF motor by means of the analytical model
proposed in Section 2, thermal-mechanical simulations are conducted to verify the model
accuracy. The relevant material properties are listed in Table 2.

Table 2. Relevant material properties of the motor stator.

Properties Electrical Sheet Polymer Coating Epoxy .
Impregnation

Young’s modulus (MPa) 2 x10° 7.4 x 103 35x10%
Poisson’s ratio 0.29 0.42 0.34

Coeff1c1en.t of thermal 1.2 % 10-5 1.6 x 10-5 5 % 10-5

expansion (1/K)
Thermal conductivity

(W/m-K) 28 0.2 0.21
Heat capacity (J/kgK) 440 1090 400

Density (kg/m®) 7650 1530 1180
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According to previous thermal processing results and the proposed TMS analytical
model, the optimal working environment pressure for the DSOF motor is 20 MPa, where
the TMS on the stator insulation system is the smallest. Therefore, thermal-mechanical
simulations of the motor under normal pressure and 20 MPa are compared for further
investigation. Figure 11 presents the simulation results.

Insulation body
Type: Equivalent (von-Mises) Stress
Unit: MPa

Insulation body
Type: Equivalent (von-Mises) Stress
Unit: MPa

28.006 Max
I 26.056
24.107

22157
20.207
18.257

16.307
14358
12.408
10458

- 85084

‘ 6.5587
4.6089
26591
0.70938 Min

Figure 11. TMS in the DSOF motor stator insulation under seawater pressure. (a) Normal pressure.

(b) Deep-sea pressure 20 MPa.

8.6101 Max

I 8.0074
7.4046
6.8018
6.199
5.5962
4.9935
4.3907
3.7879
3.1851

‘ 25823
1.9796
1.3768
0.77401
0.17123 Min

(a) (b)

It is noted that the TMS at the stator insulation component is decreased when the
seawater pressure changes from normal pressure to 20 MPa. For the stator insulation body,
the most critical regions, where the maximum TMS is located, are on the top boundaries of
the free ends. One is 8.61 MPa under the external pressure of 20 MPa, decreased by 69.25%
compared to the other under normal pressure. Additionally, the average TMS in the SIS
of the DSOF motor is further researched, and its variations with seawater pressure and
temperature rise are illustrated in Figure 12. Obviously, the average TMS can be affected
by both temperature rise and environment pressure, and the varying trends are consistent
with the analytical model.

1
]

T
[a—
wn

12

Figure 12. Average TMS in the SIS of the DSOF motor variation with seawater pressure and tempera-

ture rise.
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Analytical solutions and simulation results of the external pressure variation cor-
responding to the minimum TMS with DSOF motor temperature rise are illustrated in
Figure 13, where the analytical results agree well with the numerical ones and the maximum
error rate is 4%, proving the accuracy of the TMS analytical model in this study.

For the targeted DSOF motor, the TMS in the motor SIS influenced by the deep-sea
water pressure is then obtained as shown in Figure 14.

)

—#— Analytical solution
—A— Numerical results

)

)

o O

p—
oS O

30 60 90 120 150
Temperature rise (°C)

External pressure at minimum TMS (MPa)
[\ (U] -IS ) @) ~
() T

Figure 13. Comparison of analytical solution and numerical results of external pressure at the
minimum TMS.

>
o

(O8]
N

Average TMS (MPa)
_[\.) (98]
W ()

g
o

p—
(V)]

0O 5 10 15 20 25 30 35
Seawater pressure (MPa)

Figure 14. TMS in the SIS of the DSOF motor variation with seawater pressure based on the
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As working depth becomes larger, the average TMS in the DSOF motor insulation
system will first decrease from 4.2 MPa to 1.7 MPa and then increase, and the stress can be
reduced by up to 59.5%. These results indicate that the seawater pressure can ease stator
insulation degradation and extend the DSOF motor service life. For further investigating
the influence of the deep-sea working environment on the fatigue process of the DSOF
motor, the insulation degradation analysis is then carried out.

4.2. Insulation Degradation Analysis

For replicating a typical DSOF motor operating cycle, an actual-use heating rate value
of 0.02 °C/s and temperature change range of 5 °C relative to steady-state temperature
are adopted [25]. Thus, for transient thermal loads of the targeted motor, the copper
heating rate and thermal cycle are set to 0.02 °C/s and 350 s. Figure 15 shows the motor
stator cycling temperature distribution results. Accordingly, the TMS spectra of the most
dangerous point, where the maximum TMS is located, of the stator insulation are analyzed
under normal pressure and 20 MPa, as shown in Figure 16. The stress spectra can be used
for motor stator insulation fatigue lifetime prediction.
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Figure 15. Motor stator temperature.

The mean amplitude and the number of TMS cycles are calculated by a rainflow cycle
counter. The results are shown in Figure 17, where (a) represents the TMS results under
normal pressure and (b) illustrates the TMS results under 20 MPa pressure. Obviously,
there are 10 typical cycles in each case.
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Figure 16. TMS spectra of stator insulation under normal pressure and 20 MPa.
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Figure 17. Results from rainflow cycle counter of the maximum TMS of stator insulation. (a) Normal

pressure. (b) Deep-sea pressure 20 MPa.

By applying the Goodman equation to the rainflow counting results of the TMS spectra,
the equivalent zero-mean stress amplitudes are obtained [26]. Then, combining the S-N
curve of the insulation material and Miner fatigue theory, the cumulative damage of the
dangerous point in the stator insulation is obtained as 6.08 x 10~ under normal pressure
and 5.24 x 10~° under 20 MPa. It is assumed that when fatigue damage reaches 1, fatigue
failure occurs. Thus, the number of cycles to the insulation fatigue failure is 16,436 under
normal pressure and 19,069 under 20 MPa. As presented in Figure 16, the cycle time is
0.97 h. By multiplying the number of cycles to failure, the stator insulation lifetimes are
15,943 h and 18,497 h under normal pressure and 20 MPa, respectively. It is noted that
compared with motors working in normal conditions, the lifetime of a motor running in
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a deep-sea environment will increase by 16.02% at most, which indicates that deep-sea
high-pressure can slow down the degradation of stator insulation under TMS.

5. Conclusions

This paper has made an effort to analyze the insulation degradation for deep-sea
oil-filled (DSOF) motors due to TMS. This was done by first proposing a TMS analytical
model of DSOF motor stator insulation, considering the two key factors; namely, deep-sea
pressure and motor temperature rise. Then, CFD analysis was performed by investigating
the thermal effects on oil viscosity and viscous drag loss to obtain the motor temperature
rise. Based on the temperature rise, thermo-mechanical simulations on a DSOF motor were
performed to quantify the TMS and verify the proposed TMS analytical model. According to
the TMS analysis results, the DSOF motor lifetime was finally evaluated and compared for
two different working pressure conditions. The thermo-mechanical simulation results were
compared with the analytical solutions obtaining a 4% deviation rate, which demonstrates
the accuracy of the proposed TMS analytical model. Results show that the TMS in the
DSOF motor insulation system will first decrease then increase as the DSOF motor working
depth becomes larger. Compared to the normal pressure working conditions, the TMS
on the motor stator insulation can be reduced by 59.5% at most under seawater pressure,
and DSOF motor insulation lifetime can be increased by 16.02% at most, which indicates
that the seawater pressure can ease stator insulation degradation and extend the DSOF
motor service life. This research can provide references for high power density DSOF motor
design. In the future, the relevant accelerated aging experiments for a DSOF motor will
be carried out to further verify the proposed model. The high power density DSOF motor
design will be conducted based on this research.
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