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Abstract: This study investigates the effect of waterproofing can on the electromagnetic performance
and thermal characteristic of the electric motor, which is a major part of an integrated motor propulsor
for unmanned vehicles. To satisfy the design target, the electromagnetic performance of a designed
motor with variable thickness and materials of waterproofing can was examined by two-dimensional
finite element analysis (FEA) considering its eddy current loss. The thermal problem of the motor with
waterproofing was solved by using an analytical lumped parameter thermal network method based
on the motor losses which was obtained from FEA. A 39-kW electric motor and proper waterproofing
can be manufactured and tested to verify the analytical expectation.

Keywords: eddy current loss; integrated motor propulsor; lumped-parameter-thermal-network;
waterproofing can

1. Introduction

The integrated motor propulsor (IMP) exhibits many advantages compared to ordinary propulsors
or thrusters, such as lower overall volume, higher power density, higher reliability, and lower
noise [1–3]. Depending on the bearing position, IMP can be divided into two types: rim-bearing
type and hub-bearing type [4–6]. The conceptual configuration of the rim-bearing type IMP system
is illustrated in Figure 1. The considered IMP consists of a rim-driven motor (IMP motor), a fluid
hydrodynamic bearing, and a propeller. The rotor of the IMP motor is part of the propeller rim,
and the stator is embedded in the duct [7]. It can be seen that the interior of the IMP system would be
immersed in the seawater. Therefore, to protect the motor from being corroded, the rotor will be sealed
by carbon-fiber-reinforced plastic (CFRP), and the stator is totally closed and sealed by a welded can.

Although various papers have presented the design and optimization of a motor for an IMP
system [1–3,8–10], researches related to the effect of waterproofing can on the electromagnetic and
thermal performance of the motor are still rare. Previously, the authors have mainly concentrated on
the design of a permanent-magnet (PM) motor of a rim bearing type IMP for unmanned underwater
vehicle [11–13]. Those papers are related to a basic design process of the first prototype of an IMP
motor that has not been considered waterproof.

Energies 2020, 13, 2227; doi:10.3390/en13092227 www.mdpi.com/journal/energies

http://www.mdpi.com/journal/energies
http://www.mdpi.com
https://orcid.org/0000-0002-0892-3454
http://dx.doi.org/10.3390/en13092227
http://www.mdpi.com/journal/energies
https://www.mdpi.com/1996-1073/13/9/2227?type=check_update&version=2


Energies 2020, 13, 2227 2 of 12

Energies 2020, 13, x FOR PEER REVIEW 2 of 12 

 

losses and as a result reduce the motor efficiency. Therefore, to achieve the design goal of the IMP 

motor, the performance of motor with variable thickness and materials of waterproofing can were 

examined and chose the proper can. In order to predict the eddy current loss of the waterproofing 

can, 2-dimensional (2-D) finite element analysis (FEA) is performed. Based on the losses obtained by 

FEA, the thermal problem was solved by using the lumped-parameter-thermal-network (LPTN) 

method. Considering the manufacturing cost and motor performance, the proper waterproofing can 

be selected and applied to the IMP motor. Several experiments were performed to validate the 

analytical expectation. 

 

Figure 1. Conceptual configuration of the proposed IMP system. 

2. Prototype Specifications 

Figure 2 shows the configuration of the IMP motor with waterproofing can for the stator. Table 

1 shows the specifications of the IMP motor. As the seawater can enter the inside of motor, it also 

helps to reduce the motor temperature. Therefore, the motor can be designed with higher current 

density compared to totally-enclosed motors with natural cooling, which is 15 A/mm2 in this study. 

The performance of first prototype (IMP motor without waterproofing can) satisfies the requirement 

of output power and efficiency. In the load test, the first prototype has 46.4 kW at 80.2 A input current 

and 1020 rpm. Its power exceeds 20% of the requirement. The waterproofing can must be designed 

and selected such that its eddy current loss is less than 20% of the output power to meet the system 

requirement. 

 

Figure 2. Configuration of the IMP motor with waterproofing can for the stator. 

Table 2 shows the characteristics of waterproofing and sealing materials. The LD and TD in the 

table stand for the longitudinal and transversal directions respectively. The conductivity of CFRP in 

the cross-ply direction (CD) is able to be considered as the same value of the conductivity in the 

Figure 1. Conceptual configuration of the proposed IMP system.

In this paper, a welded can is considered and designed as a part of the electro-magnetic design
process for waterproofing of the electric motor stator. The welded can is called the waterproofing can
herein. However, waterproofing can be made of conductive material, so it will generate eddy current
losses and as a result reduce the motor efficiency. Therefore, to achieve the design goal of the IMP
motor, the performance of motor with variable thickness and materials of waterproofing can were
examined and chose the proper can. In order to predict the eddy current loss of the waterproofing
can, 2-dimensional (2-D) finite element analysis (FEA) is performed. Based on the losses obtained
by FEA, the thermal problem was solved by using the lumped-parameter-thermal-network (LPTN)
method. Considering the manufacturing cost and motor performance, the proper waterproofing
can be selected and applied to the IMP motor. Several experiments were performed to validate the
analytical expectation.

2. Prototype Specifications

Figure 2 shows the configuration of the IMP motor with waterproofing can for the stator. Table 1
shows the specifications of the IMP motor. As the seawater can enter the inside of motor, it also
helps to reduce the motor temperature. Therefore, the motor can be designed with higher current
density compared to totally-enclosed motors with natural cooling, which is 15 A/mm2 in this study.
The performance of first prototype (IMP motor without waterproofing can) satisfies the requirement
of output power and efficiency. In the load test, the first prototype has 46.4 kW at 80.2 A input
current and 1020 rpm. Its power exceeds 20% of the requirement. The waterproofing can must be
designed and selected such that its eddy current loss is less than 20% of the output power to meet the
system requirement.
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Table 1. Specifications of the IMP motor.

Output Characteristics
Output Power 37.3 kW

Max Speed 1000 rpm
Max Torque 356.2 Nm

Dimensions

No. of pole and slot 40 / 48 -
Outer diameter of stator 500 mm
Outer diameter of rotor 414 mm
Inner diameter of rotor 381 mm

Thickness of PM 5 mm
Magnetic air-gap 5 mm

Stator stack length 50 mm
Rotor stack length 70 mm

Material
Core material S18-0.5t -

PM 45SH -

Driver
Input voltage 600 Vdc
Max current 100 Arms

Max switching frequency 50 kHz

Table 2 shows the characteristics of waterproofing and sealing materials. The LD and TD in the
table stand for the longitudinal and transversal directions respectively. The conductivity of CFRP
in the cross-ply direction (CD) is able to be considered as the same value of the conductivity in the
transversal direction [14]. If only the conductivity of Table 2 is considered, CFRP is the most suitable
material for cans, but the epoxy that composes CFRP is not perfect for waterproofing, and CFRP
is too expensive and difficult to make a shape for sealing the stator. Therefore, weldable materials
were selected. Two materials which are 316L grade-stainless steel (SUS316L) and 718grade-inconel
(Inconerl718) are examined as can material in term of low conductivity and rust prevention.

Table 2. Characteristics of waterproofing and sealing materials.

Characteristics Unit CFRP SUS Inconel

Grade - - 316L 718

Permeability H·m−1 1.00 1.02 1.00

Electric
conductivity S/m 104 (LD)

102 (TD) 1.35 × 106 0.80 × 106

% Conductivity % 2 × 10−2(LD)
2 × 10−4(TD)

2.33 1.38

Density g/cm3 1.54 7.99 8.19

Tensile strength MPa 600 558 1138

3. Analysis Model and Methods

3.1. Analysis Model

For the second prototype design, there is no change in the dimensions and specifications of stator
and rotor except waterproofing can. The material and thickness of waterproofing can be selected when
the output power of the IMP motor with the can meet the system requirement. The waterproofing
can be made into four thin plates, which are one internal, one outer, and two side plates. The outer
plate, between the stator outer and housing inner surfaces, and the two side plates beside end-coil are
unaffected by the main flux path. Therefore, the internal plate of the can, which is between stator inner
and rotor outer surfaces, is only modeled to see the eddy current loss effect.

Figure 3 shows the 2-D FEA model including an internal plate of waterproofing can for
electro-magnetic field analysis of IMP motor. When changing the can thickness, the magnetic
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air-gap is maintained and the mechanical air-gap changes. For instance, if the thickness of CFRP is
1 mm and the same thickness of waterproofing can also be used, the magnetic airgap is still 5 mm but
the mechanical airgap becomes 3 mm.
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If there is space between the inner surface of the stator core and the outer surface of the internal
plate of the can, the eddy current loss on the can is lower and the efficiency is better due to the less
affected by magnetic flux. However, for the effective manufacturing process of the can and avoiding
roundness, the internal plate of the waterproofing can be considered to be attached next to the internal
surface of the stator. Although there are conductivities in both the stator core and the waterproofing
can, they are considered to be insulated to each other due to the polymer, which is used to fill inside of
the can by vacuum impregnation.

3.2. Electromagnetic Analysis Method

The governing equation of 2-D FEA from Maxwell’s electro-magnetic equation is as follows [15,16]:

∇× ν
(
∇×

→

A
)
=
→

J0 +
→

Je +
→

JM (1)

where ν is the magnetic reluctivity,
→

A is the magnetic vector potential,
→

J0 is the source current density

of the coil,
→

Je is the eddy current density, and
→

JM is the equivalent magnetization current density.
→

J0 and
→

JM can be expressed as follows:
→

Je = −σ
∂
→

A
∂t

(2)

→

JM = ∇×
(
νµ0

→

M
)

(3)

where σ is the conductivity and µ0 is the magnetic permeability of free space.
→

M is the magnetization.
The current occurred by gradient of electric potential, which is the voltage difference across the
conductor’s end points, is not taken into account in this analysis model.

Under the sinusoidal flux conditions, core loss Pt is computed in the frequency domain as the
following [15]:

Pt = Ph + Pc + Pe = Khf (Bm)2 + Kc (fBm)2 + Ke (fBm)1.5 (4)

Kc = (π2σ d2) / 6 (5)
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where Ph, Pc, and Pe are hysteresis loss, eddy current loss, and excess loss components respectively. Kh,
Kc, and Ke are the coefficient of each component. f is the frequency, Bm is the amplitude of the AC flux
component, and d is the thickness of one lamination sheet. The classical eddy-current loss coefficient
Kc is calculated directly Equation (5). The other coefficients, Kh and Ke can be derived using measured
core loss curves obtained under each given frequency and flux density condition, as shown in Figure 4
and Table 3.
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Table 3. Core loss data at various frequencies of S18-0.5t material.

B (Tesla)
Core Loss (W/kg)

f = 50 Hz f = 100 Hz f = 200 Hz f = 400 Hz f = 1000 Hz f = 2000 Hz f = 4000 Hz

0 0 0 0 0 0 0 0

0.3 0.19 0.49 1.30 3.57 14.6 44 137.9

0.6 0.65 1.67 4.47 12.45 51.9 159.1 506.3

0.9 1.34 3.45 9.33 26.18 110.4 341.1 1093.7

1.2 2.25 5.82 15.81 44.60 189.5 588.5 1896.4

1.5 3.37 8.75 23.88 67.62 288.8 900.5 2911.8

3.3. Thermal Analysis Method

The thermal characteristic of IMP motor was calculated by an analytical LPTN method, using
commercial software, Motor-CAD. Each single node in the network represents the components which
have similar temperatures. Thermal resistances are used to separate nodes, and losses are modelled as
the power source in the thermal network. The thermal transient problem is solved by calculating a set
of nonlinear equations at each node:

C
dT
dt

+
T
R

= P (6)

where C is the heat capacitance, which is defined as C = ρVCP, T is the temperature rise, P is the power
source, R is the thermal resistance, ρ is the density, V is the volume of the component, and CP is the
thermal capacity of material [17].

Thermal resistances for radiation and convection are calculated by R = 1/hA, where h is the heat
transfer coefficient and A is the surface area. Similarly, we can also determine the value of resistance
for conduction. Since the thermal resistance will not be calculated if h is unknown, so h is the most
important parameter to be considered. In the case of convective heat transfer, we considered mainly in
air gap and housing outer. For natural convective heat transfer in the outer housing, the equations for
determining heat transfer coefficient have been presented in another research [18].
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Because the motor is placed inside the fluid tank (fluid can be water or engine oil), so the
fluid is assumed to pass through air gap. Figure 5 shows the heat transfer paths in the air gap of
IMP motor. The convective heat transfer coefficient for each side of the air gap is calculated using
Equations (7)–(9) [18]:

hag =
Nu× k

Dh
(7)

Re =
Dh × υ

µ
(8)
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In this study, Re < 2800 the flow is assumed to be fully laminar, so the corresponding Nu can be
calculated by following equation:

Nu = 7.54 +
0.03× Dh

L ×Re× Pr

1 + 0.016× (Dh
L ×Re× Pr)

2/3
(9)

where k is the fluid thermal conductivity, Dh is the hydraulic diameter, Dh = 2 × Air-gap, ν is the fluid
velocity in the air-gap, µ is the kinematic viscosity of the fluid, and Pr is the Prandtl number.

4. Analysis and Experiment Results

4.1. Analysis Results

Depending on the variation of the waterproof can thickness and its materials, several analyses
were performed, and the results are listed in Table 3.

M1 is the analysis model of the first prototype of IMP motor. When comparing the analysis
results of M1 to test results of the first prototype, the power is 1.12 times lower in the condition of
the same input current and the same speed. The main reason is because of the overhang, which is
the difference between stator and rotor length in the axial direction. The analysis model depth is
considered as 50 mm, while the stack lengths of rotor and stator in the prototype are different as
listed in Table I. Since the overhang coefficient, which means the magnetic performance ratio of the
overhang model to non-overhang model, is defined as various forms depending on the electric motor
configurations [19–21], the overhang coefficient for torque in this research is decided as 1.12 considering
the power difference ratio in the first prototype. Actually, the power difference ratio is the same as
torque difference ratio because the speed and input current conditions were the same. The Torque_ovh
in the Table 3 is multiplied by the overhang coefficient 1.12 and the torque obtained by 2D-FEA.
The Power_ovh is calculated using the Torque_ovh value.

All of the models using Inconel718-M3, M5, M6-satisfies the output power condition, but the
model using SUS316L meets the output power condition only when the can thickness is 0.6 mm.
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Although Inconel material was analytically reviewed because of its relatively low conductivity and
high strength, the manufacturing cost was too expensive to use it in the second prototype. Considering
the loss limit and fabrication cost, 0.6 mm thickness SUS316L was selected.

The temperature distribution on the end-winding of M1-M5 under water cooling condition
is shown in Table 4. Because of the eddy current losses from waterproofing can, the temperature
distribution on the winding of motor with waterproofing can (M2-5) is about 11% higher compared to
the motor without waterproofing can (M1). Also, the water helps to reduce the motor temperature
effectively as the end-winding temperature does not increase much despite the fact that eddy current
losses in different can materially increase.

Table 4. Eddy current loss analysis results (speed: 1000 rpm, input current: 80 Arms).

Analysis Model M1 M2 M3 M4 M5 M6 M7

Can Material Unit Without
can

SUS
316L

Inconel
718

SUS
316L

Inconel
718

SUS
316L

Inconel
718

Waterproofing can
thickness mm 0 0.6 0.6 0.8 0.8 1.0 1.0

Torque Nm 396.6 332.4 358.6 311.8 346.5 291.1 334.2

Torque_ovh Nm 444.2 372.3 401.6 349.2 388.1 326.0 374.3

Percentage torque % 100.0 83.8 90.4 78.6 87.4 73.4 84.3

Power kW 41.5 34.8 37.6 32.7 36.3 30.5 35.0

Power_ovh kW 46.5 39.0 42.1 36.6 40.7 34.2 39.2

Core loss W 393.8 387.0 390.5 384.3 389.2 381.7 387.7

Eddy current loss kW 0.0 7.4 4.5 9.6 5.8 11.9 7.1

Copper loss W 1728.0 1728.0 1728.0 1728.0 1728.0 1728.0 1728.0

Efficiency % 95.1 78.5 85.0 73.6 82.1 68.6 79.1

End-winding
temperature °C 92.2 102.5 102.1 103 102.5 103.5 102.9

4.2. Experiment Results

Figure 6 shows the fabricated rotors and stators before and after sealing. Figure 7 shows the
fabricated second prototype in the water tank and the test set. Figures 8 and 9 are the test results in the
no-load (generating mode) and load (motoring mode) conditions respectively.
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torque 
% 100.0 83.8 90.4 78.6 87.4 73.4 84.3 

Power kW 41.5 34.8 37.6 32.7 36.3 30.5 35.0 

Power_ovh kW 46.5 39.0 42.1 36.6 40.7 34.2 39.2 

Core loss W 393.8 387.0 390.5 384.3 389.2 381.7 387.7 

Eddy current 

loss 
kW 0.0 7.4 4.5 9.6 5.8 11.9 7.1 

Copper loss W 1728.0 1728.0 1728.0 1728.0 1728.0 1728.0 1728.0 

Efficiency % 95.1 78.5 85.0 73.6 82.1 68.6 79.1 

End-winding 

temperature 
℃ 92.2 102.5 102.1 103 102.5 103.5 102.9 

4.2. Experiment Results 

Figure 6 shows the fabricated rotors and stators before and after sealing. Figure 7 shows the 

fabricated second prototype in the water tank and the test set. Figures 8 and 9 are the test results in 

the no-load (generating mode) and load (motoring mode) conditions respectively. 

 

Figure 6. Fabricated rotors and stators. The full configuration of rotor (a) before CFRP sealing and (b) 

after CFRP sealing. The half configuration of stator (c) without waterproofing can, (d) with 

waterproofing can, and (e) waterproofing can configuration. 

Figure 6. Fabricated rotors and stators. The full configuration of rotor (a) before CFRP sealing and
(b) after CFRP sealing. The half configuration of stator (c) without waterproofing can, (d) with
waterproofing can, and (e) waterproofing can configuration.
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In order to classify the measured power as effective and loss powers, several times no-load tests
were performed under various conditions. The results are listed in Table 5. Torque_m and Power_m
denote the directly measured torque and power using torque sensor and power analyzer outside the
tank. Power_eff stands for the effective power for work against fluid resistance. The various loss and
effective powers are computed in the max speed 1000 rpm as follows:

(a) Mechanical loss: Power_m(TEST1) = 0.7 kW
(b) Waterproofing can loss: Power_m(TEST3) − Power_m (TEST1) = 6.9 kW − 0.7 kW = 6.2 kW
(c) Effective power in TEST4: Power_eff(TEST4) = Power_m (TEST4) − Power_m(TEST3) = 16.1 kW

− 6.9 kW = 9.2 kW

Table 5. No-load test results (speed: 1000 rpm).

Can Existence Without Waterproofing Can
(First Prototype)

With Waterproofing Can
(Second Prototype)

TEST name TEST1 TEST2 TEST3 TEST4

Fluid in tank Air Oil Air Water

EMF (Vrms) 363.4 360.2 361.5 364.6

Torque_m (Nm) 6.9 85.2 66.0 153.5

Power_m (kW) 0.7 8.9 6.9 16.1

Power_eff (kW) 0 8.2 - 9.2

The load test shown in Figure 9, TEST5, was performed with the same amount of water
as TEST4. Since the power in Figure 9 is the values of load motor power, the Power_eff

(TEST4) should be considered for pure output power of the second prototype. Therefore,
the maximum pure output power in the max speed 1000 rpm can be calculated as follow:
Power_m (TEST5) + Power_eff (TEST4) = 28.4 kW + 9.2 kW = 37.6 kW. The predicted efficiency in
Table 4 and the measured efficiency in Figure 9 appear to be very different, 78.5% and 60.3%,
respectively. This is the difference due to friction loss and bearing loss due to water in the air gap.
The bearing loss is very small, so the effect is negligible. And if the friction caused by water is
considered as the load of the motor, the output of the motor generated by overcoming the friction of
water becomes the measured power plus 9.2 kW, which is effective power. Accordingly, the efficiency
of the motor measured under the same conditions as those in Table 4 is 80.4%. It matches well with the
efficiency of the analysis.

The temperature distributed on end-winding was measured by thermocouple. The measurement
results of motor with and without waterproofing can in the different fluid tanks are illustrated in
Figures 10 and 11. The obtained mechanical loss and effective power from the experiment are applied
to the thermal analysis to keep the same condition between thermal simulation and measurement.
The comparison of measured and calculated temperature is shown in Table 6. It can be found that the
error is under 3% and it can be acceptable.

Table 6. Comparison of measured and simulated temperature distributed on the end-winding.

First Prototype Second Prototype

Analysis (°C) Test (°C) Error (%) Analysis (°C) Test (°C) Error (%)

115.3 116.3 0.86 103.5 106.6 2.91
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Figure 11. The measured temperature of the second prototype (motor with waterproofing can) in the
water tank.

5. Conclusions

During the waterproof can design for the stator in the IMP motor, eddy current loss on the can
and output power were calculated by 2-D FEA and verified by the test results. At the maximum
speed of 1000 rpm, the analytically expected can loss and the output power were 7.4 kW and 39 kW,
respectively, while the can loss and output power obtained by measured data were 6.2 kW and 37.6 kW.
Considering the limitation of 2-D analysis and possible errors, the difference between analysis and test
results is acceptable. Moreover, the temperature distributed on end-winding was successfully verified
by both simulation and experiment. This proves the accuracy of the LPTN method in thermal field
calculation for electric motors with waterproofing can. We hope this paper helped to establish a fast
and reliable motor design process when designing an IMP motor.
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