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Design of Deep Sea QOil-Filled Brushless DC Motors
Considering the High Pressure Effect
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The deep sea oil-filled brushless DC (BLDC) motor operates in an underwater environment. The pressure varies with the working
depth. The viscosity of the oil in the motor is sensitive to the pressure and hence the viscous drag loss varies with the pressure. The high
pressure has influence on the loss characteristics of silicon steel and results in the increase of the core loss in the motor. Computational
fluid dynamics (CFD) method is adopted to calculate the flow field in the air gap and the viscous drag loss at different pressures is ob-
tained. Finite element method (FEM) is adopted to obtain the core loss at high pressure. The motor design considering the high pressure
effect is compared with the motor design neglecting the pressure effect. The comparison results show that high pressure has large influ-
ence on viscous drag loss and core loss, resulting in the decrease in the efficiency and increase in the temperature rise. The experiment
is done and the results verify the effectiveness of the calculated results.

Index Terms—Brushless DC (BLDC) motor, deep sea, finite element method (FEM), high pressure, oil-filled, viscous drag.

I. INTRODUCTION

HE permanent magnet brushless DC (BLDC) motor is

outstanding with its small volume, light weight, high effi-
ciency, and high performance in control and thus is widely used
in deep sea applications, such as autonomous underwater vehi-
cles (AUV), remotely operated vehicles (ROV), electric propul-
sion, and pump drive systems [1]-[3].

In order to compensate for the pressure of the seawater, a
pressure equalizer is always used and the motor is filled with
oil. The presence of viscous fluid in the air gap will cause an
additional loss, named viscous drag loss [4]. The variation of
the oil viscosity with pressure results in the variation of viscous
drag loss with pressure. The core loss of the motor is also influ-
enced by pressure because the loss characteristic of the silicon
steel is largely influenced by high pressure [5]. The large influ-
ence of pressure on the viscous drag loss and core loss makes
the consideration of pressure effects essential in the design of a
highly efficient deep sea oil-filled motor. However, there is little
literature relevant to the pressure effect on the viscous drag loss,
and core loss and no previous literature has considered the pres-
sure effect in the design of the deep sea oil-filled BLDC motor.

In this paper, computational fluid dynamics (CFD) is adopted
to calculate the viscous drag loss at different pressures. Fi-
nite element method (FEM) is used to obtain the core loss at
different pressures. Based on the specifications, a deep sea
oil-filled motor design is presented and the design considering
the high pressure effect is compared with the motor design
neglecting the pressure effect. A test apparatus is built to
test the viscous drag loss and core loss at high pressure. The
experimental results are compared with the calculated results.

II. PRELIMINARY DESIGN OF THE DEEP SEA OIL-FILLED
BLDC MOTOR NEGLECTING THE PRESSURE EFFECT

The motor design neglecting the high pressure effect is pre-
sented first. The first step is to pre-determine the basic param-
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Fig. 1. FEM model of the deep sea oil-filled motor.

TABLE I
MAIN SPECIFICATIONS AND PARAMETERS OF THE INVESTIGATED MOTOR

Rated speed 5000r/min

Rated power 10.7kW

Stator inner diameter 56 mm

Magnet thickness 10.5mm

Air gap length 2mm
Stack length 110mm

eters such as the stator inner diameter, air gap length, magnet
thickness, stack length and rated current using the magnetic-cir-
cuit-based methods according to the specifications. FEM is then
adopted to identify the actual rated current and accurately cal-
culate the electromagnetic losses at the rated load considering
the magnetic saturation effect. Different from the conventional
BLDC motor, the viscous drag loss needs to be considered in
the design of the deep sea oil-filled BLDC motor.

The detailed design process neglecting the pressure effect is
similar to that of the conventional motor and thus only the re-
sults are presented in this paper. The FEM model is shown in
Fig. 1. The main specifications and parameters of the eight-pole
nine-slot surface-mounted oil-filled BLDC motor are shown in
Table 1. The efficiency is related to the loss. When constant
losses are equal to variable losses, the efficiency is at the max-
imum. To obtain high efficiency, the copper loss is designed to
be comparable to the sum of the core loss and viscous drag loss
at the rated load. Under the rated torque output, copper loss and
core loss are adjusted by changing the flux density in the air gap
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TABLE II
COEFFICIENTS AND CORE LOSS AT DIFFERENT PRESUSURES

Quantity Normal pressure | 40MPa [ 70MPa
Hysteresis coefficient(W/m®) 113.02 85.10 83.45
Eddy coefficient(W/m3) 0.1316 0.1316 0.1316
Excess coefficient(W/m®) 5.92 13.17 15.93
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Fig. 2. Geometry of Taylor-Couette flow in the motor.

or the tooth width. For example, when the flux density in the
air gap is decreased, the flux density in the core is decreased
and the corresponding core loss is decreased, whereas the cur-
rent at rated load is increased and the corresponding copper loss
is increased. When the tooth width is increased, the magnetic
flux density in the core and the corresponding core loss are de-
creased. The slot area will decrease, the resistance will increase,
and the copper loss is increased. The adjustment is made until
the copper loss is almost equal to the sum of the core loss and
viscous drag loss. The viscous drag loss is calculated at 100°C
at normal pressure. The detailed description of the viscous drag
loss is presented in Section III. The core loss at normal pressure
and rotor eddy current loss at rated load are obtained by FEM.
The calculated losses and efficiency are presented in Table II.
The core loss is obtained using the formulation shown in (1) [6]

p:K}LBIQnaxf+Kc(Bmaxf)2+Ke(BmaXf)1'5 (1)
K.=a%0d?/6 @)

where K, is the hysteresis coefficient, K. is the classical eddy
coefficient, K, is the excess coefficient, B, .« 1s the maximum
amplitude of the flux density, o is the conductivity, d is the lam-
ination thickness, and f is the frequency. The coefficients K,
and K. are obtained by curve-fitting the results from the mea-
surements on the silicon sheet used in the motor.

III. DESIGN OF THE DEEP SEA OIL-FILLED BLDC MOTOR
CONSIDERING PRESSURE EFECT

A. Viscous Drag Loss at Different Pressures

The problem of viscous drag loss belongs to the fluid dy-
namics category. The flow in the air gap of the oil-filled motor
is named Taylor-Couette flow which occurs between concentric
cylinders where the inner cylinder rotates and the outer cylinder
is at rest, as shown in Fig. 2.
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Different flow states exist. Taylor number 7, and Reynolds
number R, shown in (3) and (4) are used to identify the flow

states [7]
[ Ruwb 5\ 05
= (%) () @

R, =Riwé/v. )

where 6 is the air gap length, w is angular velocity, R, is the
rotor radius, v and is the kinematic viscosity of the fluid.

With a low Taylor number, the flow is purely azimuthal,
known as circular Couette flow. When the Taylor number is
above a certain threshold, namely critical Taylor number41.2, a
secondary steady state characterized by axisymmetric toroidal
vortices, known as Taylor vortex flow, emerges. When the
Reynolds number reaches 2000, the flow becomes turbulence.

When the flow is Couette flow, analytical solution exists.
When the flow is vortex or turbulent flow, experiment or a nu-
merical method is needed. One of the typical relations is the
relation derived by Bilgen and Boulos shown in (5) [8]
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The viscous drag loss is shown in (6) where C,,, is moment
coefficient, L is the stack length, and p is the density

Py = ().STerpu}SR'}L. (6)

Viscosity v shown in (7) is influenced by the pressure. The
relationship between dynamic viscosity y and pressure p is
shown in (8) where 4o is the viscosity at normal pressure and
the value of the viscosity-pressure coefficient « ranges from
2 x 1078Pa ! to 3 x 10~%Pa ! dependent on the liquid types

v=yp/p (7
p= poe?. ®)

Viscosity of oil is influenced by pressure; hence the flow
state and the related moment coefficient expression in (5) are
different. The viscosity climbs as the pressure increases. The
viscous drag loss increases with the viscosity, but at different
flow states the increase rate is different. With a high Reynolds
number, the increase rate is relatively smaller.

Based on the complex flow characteristics, CFD method is
used to calculate the viscous drag loss. The detailed computation
process is given in [4] and only the results are presented here.
Fig. 3 presents the viscous drag loss of the hydraulic oil versus
pressure at 100°C. The viscous drag loss obviously increases as
the pressure increases. The loss increases by 59.5% and 142.5%,
at 40 MPa and 70 MPa, respectively, in comparison to the loss
at normal pressure.

B. Core Loss at Different Pressures

When the oil-filled motor operates in deep water, the pres-
sure inside and outside the motor is related to the motor working
depth. When the working depth is 4000 m, the pressure in and
outside the motor is almost 40 MPa. The high pressure exerted
on the silicon sheet will produce stress in the silicon sheet and
further change the magnetic property of the silicon sheet. High
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Fig. 3. Viscous drag loss versus pressure.
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Fig. 4. Measured specific total loss of silicon sheet at different pressures.

TABLE III
Loss AND EFFICIENCY RESULTS AT DIFFERENT PRESUSURES

Quantity Normal pressure | 40MPa [ 70MPa

Copper loss(W) 223 223 223
Core loss(W) 210.24 238.92 267.59
Rotor eddy current loss(W) 130.4 130.4 130.4
Viscous loss(W) 65.96 105.2 159.95
Total loss(W) 594.56 662.2 741.25
Efficiency(%) 96.10 95.69 95.20

pressure has an effect on the specific total loss of the silicon
sheet and influences the core loss of the motor. The measured
specific total loss of the silicon sheet used in the motor at dif-
ferent pressures at 400 Hz is shown in Fig. 4 [9]. The measured
specific total losses at 40 MPa and 70 MPa are obviously higher
than those at normal pressure. Table II presents the coefficients
in (1). Suppose the conductivity is not influenced by pressure,
then the eddy coefficient in (2) does not vary with the pressure.
The hysteresis coefficient decreases and the excess coefficient
increases with the pressure. Because the excess loss forms a
large proportion of the total loss at this frequency, the total core
loss will increase with the pressure.

The core losses calculated at rated load by FEM at normal
pressure, 40 MPa, and 70 MPa is presented in Table III. Com-
pared with the core loss at normal pressure, the core loss at 40
MPa and that at 70 MPa are increased by 13.6% and 27.3%, re-
spectively.

C. Motor Design Results Considering High Pressure Effect

As presented above, the influence of high pressure on the vis-
cous drag and core loss is considerable and a large error will
exist if it is not considered in the design of the highly efficient
motor. To consider the high pressure effect, the viscous drag
loss and core loss at high pressure are calculated and included
in the motor design. The loss results of the deep sea oil-filled
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Fig. 5. Temperature contour at different pressures. (a) Normal pressure; (b) 70
MPa.

BLDC motor neglecting the high pressure and considering the
high pressure effect are shown in Table III. The total loss of the
motor is increased by 10.79% and 24.04%, at 40 MPa and 70
MPa, respectively, in comparison to the total loss at normal pres-
sure. The efficiency decreases by 0.41% at 40 MPa and 0.9% at
70 MPa. The large increase in total loss results from the large
proportion of the viscous loss and core loss in the total loss. The
influence of pressure will be more significant when the motor
operates at high speed, because the core loss and viscous drag
loss greatly depend on the speed.

The variation of the total loss will cause the variation of the
temperature rise. To study the effect of the pressure on the tem-
perature rise, thermal analysis considering the convection of the
oil in the air gap is performed by two-dimensional FEM. The de-
tailed analysis procedure is presented in [10], and only the re-
sults are presented. The influence of water on heat dissipation is
considered. When the ambient temperature of water is 20°C, the
temperature contour of the motor calculated at normal pressure
and 70 MPa is shown in Fig. 5. It shows that the hottest position
in the motor is the rotor part. The reason is that the rotor eddy
current loss makes up a large proportion of the total loss, and
the magnet banding makes the heat generated in the rotor dif-
ficult to dissipate. The hottest point in the magnet is 110.3°C
at normal pressure, whereas that is 125.8°C at 70 MPa. The
increase is almost 14.1%. The hottest point in the winding is
88.4°C at normal pressure, whereas that is 98.3°C at 70 MPa.
The increase is almost 11.2%.

All of the above means that big errors will exist in the motor
total loss, efficiency and temperature rise if the high pressure
effect is neglected in the motor design procedure and the motor
reliability will even be reduced because of the actual higher tem-
perature rise at high pressure. Although the copper loss is com-
parable to the sum of the core loss and viscous drag loss at rated
load in the design neglecting the pressure effect to obtain the
highest efficiency, the actual efficiency at high pressure will not
achieve the design value because of the increase of the viscous
drag loss and core loss at high pressure. For deep sea oil-filled
motor, viscous drag loss forms a large proportion of the con-
stant losses and should be included in the loss distribution. To
guarantee that constant losses are equal to variable losses at high
pressure, the magnetic load should be considerably decreased in
the electromagnetic design.

IV. EXPERIMENT

An experimental rig was designed to test the motor loss at
high pressure. The motor prototype shown in Fig. 6(a) is put
in a high pressure tank shown in Fig. 6(b). The motor is filled
with oil. The pressure in the tank can be adjusted. The speed of
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high presure tank

@ B (b)

Fig. 6. Motor prototype and high pressure experiment apparatus. (a) Motor
prototype; (b) Experiment apparatus.
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Fig. 7. Comparison between experimental and calculated results.

the motor can be regulated and thus the motor input power at
different speeds can be obtained. The input power is obtained
by testing the line current and voltage using ampere meters and
voltmeters. Because of the space limitation in the high pressure
tank, a load device cannot be connected with the motor and so
only a no load test is performed. The no load loss is approxi-
mately equal to the no load input power. The power loss of the
motor driver and the copper loss at no load are small and ne-
glected. Hence, no load loss approximately comprises core loss
and viscous drag loss. It is difficult to separate the no load loss
into viscous drag loss and core loss at high pressure. Thus, the
no load loss is tested and compared with the calculated results of
the sum of the viscous loss and the core loss. The no load loss at
different speeds at normal pressure is tested first. Then no load
loss at different speeds at 70 MPa is tested. Because the viscous
loss is closely related to the temperature, a silicon temperature
sensor is put in the motor to monitor the oil temperature. To
guarantee that the two loss-versus-speed curves are obtained at
the same temperature, the test should be run in a short time. Be-
cause the loss increases sharply with the speed, the high loss at
high speed will result in a quick temperature increase making it
difficult to obtain the loss-versus-speed curve at a constant tem-
perature. Therefore, the maximum test speed is selected as 3500
rpm.

The experimental and calculated losses at 35°C are shown
in Fig. 7. At 3000 rpm, the increase of the loss tested at 70
MPa is 58.12 W and the percentage increase due to pressure is
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47.90%, compared with the loss tested at normal pressure. The
increase of the loss calculated at 70 MPa is 56.18 W and the
percentage increase due to pressure is 51.54%, compared with
the loss calculated at normal pressure. The experimental results
are in agreement with calculated results. At 3000 rpm, the error
between the calculated and tested loss at 70 MPa is 7.96% and
the error at normal pressure is 10.17%. The experimental results
are higher than the calculated results partly because the loss of
the bearings, the viscous drag loss of the rotor end, and the slot
opening are not included in the calculation process.

V. CONCLUSION

The high pressure effect on the viscous drag loss and core
loss are studied in this paper. The calculated and experimental
results show obvious increase of the viscous drag loss and core
loss at high pressure. The increase of the viscous drag loss and
core loss at high pressure will hence result in the increase of the
total loss, the decrease of the efficiency and the increase of the
temperature rise. To obtain high efficiency and reliability, the
pressure effect needs to be considered in the design of the deep
sea oil-filled BLDC motor.
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