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ABSTRACT The dynamic performance and load capacity of a deep-sea electric manipulator are obviously
affected by the viscous resistance of compensating oil. However, the complex geometric clearance of the
oil-filled joint of the manipulator makes it difficult for existing theoretical models to accurately model this
problem. Based on the existing theoretical models, a viscous power model considering the influence of
the surface grooves of the rotor and stator is proposed. To reduce the viscous power loss, an optimization
method for the clearance geometry is proposed. This optimization method is carried out by filling the surface
grooves of the motor rotor and stator with epoxy resin. This method makes the clearance geometry of the
compensated oil more regular. The modified model and optimization method are validated by designing an
experimental installation and method. The experimental results demonstrate the accuracy and effectiveness
of the modified theoretical model and optimization method.

INDEX TERMS Compensating oil viscous power, deep-sea electric manipulator, modified modeling,

viscous power experiment, viscous power optimization.

I. INTRODUCTION

As it is difficult for humans to adapt to the deep-sea environ-
ment, underwater robots have become an important means
to explore the deep sea on behalf of humans. Unmanned
underwater vehicles (UUVs) can be classified as remotely
operated underwater vehicles (ROVs), autonomous underwa-
ter vehicles (AUVs) and underwater gliders. Conventional
AUVs and underwater gliders do not have the ability to carry
out operations. ROVs are capable of operating underwater but
require expensive mothership support. To meet the require-
ments of low-cost operation, hybrid underwater vehicles have
been studied, and they have been noted as an important
research direction for future underwater vehicles [1], [2]. The
typical representatives are the full deep-sea autonomous and
remotely operated vehicle (ARV) studied at the Shenyang
Institute of Automation of the Chinese Academy of Sciences
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FIGURE 1. The full deep-sea autonomous and remotely operated vehicle
and the TRIDENT interventional AUV.

and the TRIDENT interventional AUV (I-AUV) studied by
the European Union [3], [4]. Both types of underwater vehicle
carry a power source and can perform underwater operations
autonomously without the need for expensive mothership
support (Fig. 1).

Robots usually use manipulators to operate and retrieve
underwater objects [S]-[7]. An underwater electric
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FIGURE 2. Deep-sea electric manipulator.

manipulator has the characteristics of low power consump-
tion, a light weight and high precision [8]. Therefore, a hybrid
underwater vehicle is usually equipped with an electric
manipulator to complete underwater operations. A deep-sea
electric manipulator is shown in Fig. 2. The deep-sea electric
manipulator has four degrees of freedom and a clamp func-
tion. It operates at a depth of 3,000 meters.

Due to the high water pressure in the deep-sea environ-
ment, the deep-sea electric manipulator balances the seawater
pressure with compensating oil to prevent the shell from
bearing great pressure in one direction. The compensating oil
is usually insulated. However, the low temperature and high
pressure of the deep-sea environment lead to a significant
increase in the viscosity of the compensating oil, subjecting
the joint driving motor in the oil to a greater viscous friction
resistance. As shown in Fig. 3, the rotator of the oil-filled joint
of the deep-sea electric manipulator includes the motor rotor,
bearing, reducer, and Hall sensor and encoder. The complex
clearance between the rotator and the motor stator and shell
is filled with compensating oil.

When the rotator rotates in the oil, it drives the oil to
rotate as well. Due to the presence of a viscous shear force,
a viscous resistance moment will act on the rotator, reducing
the actual output efficiency of the joint. The dynamic model
of the oil-filled joint considering the viscous moment is as
follows:

Ty =in(Tm — TV) (1

where 7 stands for the joint output torque, i stands for the
reduction ratio of the reducer, 5 stands for the transmission
efficiency of the reducer, Ty stands for the output torque
of the motor and tv stands for the moment of viscous fric-
tion. It can be seen from the formula that the compensating
oil viscous moment is applied directly to the motor rotor
rather than to the output end after the reducer. Even a small
viscous friction moment will significantly reduce the joint
output efficiency. Previous studies and experiments by the
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FIGURE 3. Schematic diagram of the oil-filled joint of a deep-sea electric
manipulator.

research group [9], [10] showed that the viscous friction
power of the oil-filled joint accounts for a large part of
the output power of the motor and that it increases expo-
nentially with the increase in oil viscosity. Therefore, vis-
cous power modeling and optimization of deep-sea electric
manipulators are of great significance and are nonnegligi-
ble components of deep-sea electric manipulator dynamics
modeling [11], [12].
Our main contributions are summarized as follows:

o Based on the existing theoretical model, a modified
theoretical model is proposed for the complex clearance
geometry in the oil-filled joints of deep-sea electric
manipulators. The modified theoretical model considers
the influence of the surface grooves of the motor stator
and rotor on the viscous power. The experimental results
show that the modified theoretical model has clearly
higher accuracy.

« The viscous power is unnecessary power that reduces the
driving efficiency of the manipulator joint. In this paper,
a method of smoothing the surface grooves of the rotor
and stator is presented to optimize the viscous friction
power. The experimental results show that this optimiza-
tion method can significantly reduce the viscous power
loss and that the optimization method has little effect on
the joint inertia.

« Finally, an experimental installation to study the viscous
power in an oil-filled joint is established, and a rea-
sonable experimental method is designed. The modified
model and optimization method are validated by exper-
iments.

The remainder of the paper is organized as follows: in
section II, the existing modeling methods are introduced,
and then a modified theoretical modeling method is pro-
posed. An optimization method for reducing the viscous
friction power is proposed in section III. Section IV gives the
experimental process and results. The paper is concluded in
section V.
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Il. THEORETICAL MODELING OF VISCOUS POWER
A simplified physical model of the oil-filled joint of a
deep-sea electric manipulator is the concentric cylinder
model, which is a classic study case (Taylor-Couette flow)
in fluid mechanics. The characteristics of fluid velocity, tem-
perature and force in the clearance of the concentric cylinders
are studied. The viscous resistance moment generated by the
fluid viscosity between two cylinders is expressed as [13]:
2 2
Ty =4mn

R2 R2 (@2 —q1) @)
where p is the kinematic viscosity of the oil, Ry and R,
represent the outer diameter of the inner cylinder and inner
diameter of the outer cylinder, respectively, and ¢; and ¢»
represent the angular velocity of the inner cylinder and the
outer cylinder, respectively.

Formula (2) is applicable to the calculation of the viscous
moment when the state of the Taylor-Couette flow is laminar
flow. When the angular velocity of rotation, oil viscosity
and clearance size change, the Taylor-Couette flow gradually
changes to a turbulent state, and formula (2) is no longer
applicable [14]. The Taylor number [15] can be used to judge
the flow state. The Taylor number is defined as:

5)\03
T, =Re (E) 3)
where R is the Couette-Reynolds number:
GRS
Re = 12 @)
m

where ¢ denotes the angular velocity of the rotation and R
denotes the radius of the rotation. The relevant literature [14],
[16] shows that when the Taylor number is greater than 41.3,
the flow pattern of Taylor-Couette flow gradually changes
from laminar to turbulent flow, and the change in the flow
pattern will obviously lead to a change in the viscous power.
Reference [17] gives the equation for the viscous moment
when the Taylor number is greater than 41.3 and less than 400.
Reference [18] gives the equation for the viscous moment
when the Taylor number is greater than 400. Reference [19]
analyzes and summarizes the above equations in different
flow patterns and gives a comprehensive equation for the
viscous power in different flow patterns:

py = 0.57Crpd’R'L 5)

where p is the fluid density and L denotes the length of the
rotation. The viscous coefficient is calculated in R, stages as
follows:

S 0.3
10.0 Re™! (E) for Re < 64

S 0.3
2.00 Re %6 (E) for 64 < Re < 500
(6)
S 0.3
1.03 Re 0 (E) for 500 < Re < 10000

S 0.3
0.065 Re ™02 (E) for 10000 < Re
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FIGURE 4. Sectional view of the oil-filled joint of a deep-sea electric
manipulator.

The relationship between the viscous coefficient C,, and
the dimensionless parameter of the clearance width & / R and
Couette-Reynolds number R. is a power function, where C
represents the proportional coefficient. The general equation
of the viscous coefficient C,, is:

c=c(2) re? 7
m = (1_2) € @)

where o and B are determined according to (6).

Fig. 4 shows a sectional view of the manipulator drive
module, in which the viscous power loss is mainly generated
in regions 1 and 2. Region 1 is the motor stator and rotor,
and the clearance between the rotor and stator is filled with
compensating oil. Region 2 is mainly the inner ring and outer
ring of the bearing. The clearance between the inner ring and
outer ring is filled with compensating oil, and the inner ring
rotates at a high speed with the motor rotor. The physical
geometry of these two regions can be reduced to the green
and red boxes shown in the figure, where §; and §, represent
the width of the clearance in the two fluid regions, L; and Lp
represent the length of the two fluid regions, and Ry and R»
represent the radius of the rotation in the two fluid regions.

The viscous friction power consumption of the oil-filled
joints of a deep-sea manipulator is mainly generated by
regions 1 and 2. The viscous power generated by region
2 can be calculated by formulas (5) and (6). In the classical
physical model of a concentric cylinder in fluid mechanics,
the surface of the cylinder is considered to be smooth, so
there is no parameter to represent the geometric roughness
of the cylinder surface in formulas (5) and (6). The stator
and rotor surfaces of the motor in region 1 are covered in
grooves, and the roughness of the surface geometry affects
the viscous power. To describe the viscous power of region
1 more accurately, the general equation for the viscosity
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FIGURE 5. Geometric model of the clearance between the rotor and
stator.

coefficient of (7) is modified as follows:

Cn=C <%> ReP(T)" ®)

where T represents the geometric roughness of the clearance
between the motor rotor and stator and is defined as follows:
-2 ©)
I3 —T
where T1, T>, T3 and T, represent the geometric parameters
of the motor rotor and stator, as shown in Fig. 5. The closer
the geometric roughness T is to 1, the smoother the clearance
between the rotor and stator. The modified viscosity coeffi-
cient Cy, is a power function of the clearance width parameter,
the Couette-Reynolds number and the clearance geometry
roughness, and it is more suitable for the calculation of the
viscous power of region 1.
In summary, the viscous power model of the deep-sea
manipulator is as follows:

Py =pot +pi2 = 05793 (CuiRiL1 + CozR3L2) (10)

where p,; and p,, denote the viscous power of region 1 and
region 2, respectively, and C,,; and C,;; denote the viscosity
coefficient of region 1 and region 2, respectively. C,,;1 can be
calculated from (8), and C,;» can be calculated from (7).

Ill. VISCOUS LOSS POWER OPTIMIZATION
Some studies improve the driving ability of deep-sea oil-
filled motors by designing a special underwater motor. The
coupling calculation of the flow state and temperature of the
underwater oil-filled motors is carried out in reference [20].
Reference [21] studies the design method of oil-filled motors
considering the influence of high water pressure in the deep
sea. Reference [22] studies the influence of the deep-sea
low-temperature and high-pressure environment on oil-filled
motors. However, the design of a special deep-sea oil-filled
motor requires professional knowledge and incurs a high cost.
In contrast, this paper uses a simple method to optimize the
driving capacity of deep-sea motors.

Viscous power is unnecessary power that reduces the out-
put efficiency of the manipulator joint. Therefore, the viscous
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FIGURE 6. Motor stator and rotor surface smoothing.

power can be optimized by finding ways to reduce the influ-
ence of viscous power. The viscous power can be optimized
through two methods. The first is to use a compensating oil
with lower viscosity or a compensating oil that is less affected
by the deep-sea temperature and pressure, but this may cause
problems such as leakage and poor lubrication. The second
method is to improve the geometric characteristics of fluid
clearance. Equations (8) and (9) show that the grooves on
the surface of the motor stator and rotor increase the viscous
resistance. In this paper, the viscous power is reduced by
smoothing the grooves.

The motor rotor and stator after smoothing are shown
in Fig. 6. The smoothing process is achieved by using epoxy
resin to fill the grooves evenly to make the compensated
oil clearance more regular. The stator coil surface is also
smoothed. Epoxy resin is used as a filler because it has good
pressure resistance and can maintain a smooth appearance
under high water pressure. Because of the low density of
epoxy resin, the effect on the rotor inertia of the epoxy resin
coating in the rotor groove can be ignored.

By coating the grooves on the stator and rotor surfaces with
epoxy resin, the parameters 77 and T4 in Fig. 5 are changed.
T is closer to T», and T4 is closer to 73. Smooth optimization
reduces the geometric roughness of the clearance between
the motor rotor and stator. Formula (9) is used to calculate
the geometric roughness of the clearance before the smooth
processing as follows: T, = 4. The geometric roughness of
the clearance after smooth processing is 7, = 2. The smooth
processing changes only the viscous power of region 1 but
not the viscous power of region 2. The viscous power before
smooth processing is

DPva = Pval +Pv2 = 0-577/)6.13 (CmalRéllLl + Cm2R3L2) (1D
where Cy,,1 is the viscosity coefficient of region 1 before

smooth processing.
The viscous power after smooth processing is

Pvb = Pub1 + pv2 = 0.57p4> (thlR?Ll + szRng) (12)
where Cy,p1 is the viscosity coefficient of region 1 after
smooth processing.

After smooth processing, the viscous power decreases by

Apy = pub — Pva = 0.5704 RILy (Coupt — Car) (13)
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FIGURE 7. Composition of the experimental installation.

IV. EXPERIMENT OF VISCOUS POWER

A. EXPERIMENTAL INSTALLATION

The experimental installation composition is shown in Fig. 7.
The experimental object is the oil-filled joint module of the
deep-sea electric manipulator, which is mainly composed
of a frameless motor and a harmonic reducer. During the
experiment, it is placed in a tank to simulate the underwater
heat dissipation environment. An adjustable load applies a
constant torque to the joint. The oil-filled joint is supplied
with 48 V by the DC power supply and communicates with
the computer through a controller area network bus. The
oil-filled joint receives the computer’s control instructions
and feeds back the angular velocity information of the motor.
The computer communicates with the DC power supply
through the RS232 to obtain the output power information.
The computer can save the motor and power information in
data files.

The deep-sea manipulator drive motor is a frameless motor.
The motor rotor and stator are separated and there is no shell.
The rated speed of the motor is 3000 rpm. The geometric
parameters of the two fluid regions in Fig. 4 are shown
in Table 1.

TABLE 1. Geometric parameters of the viscous fluid region.

Region 1 /mm Region 2 /mm
Rl Ll é‘l R2 L2 52
25.4 14.76 1 22 14.24 5

B. EXPERIMENTAL METHOD

The viscosity of the compensating oil of the deep-sea electric
manipulator changes significantly with the change in the
underwater pressure and temperature. In underwater condi-
tions at approximately 2 © and 7000 m depth, the kinematic
viscosity of #22 shell hydraulic oil is approximately 857 cSt.
To simulate the actual working conditions in the deep sea and
simplify the experimental installation, high-viscosity oil was
selected as the compensating oil under normal temperature
and pressure to simulate the viscosity of oil in the deep sea.
Table 2 shows the kinematic viscosity (measured at 40° and
normal pressure) of four kinds of oil selected for the exper-
iment. The experiment is divided into 5 groups, numbered
from O to 4, among which group O is the oil-free group.
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TABLE 2. Experimental group design.

Experimental group Compensating oil

number viscosity /cSt

0 oil-free
150
320
680
1000
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FIGURE 8. Angular velocity and angular acceleration of the motor.

Each experiment lasts for 5 min, and the data sampling inter-
val is 200 ms. Each experimental group includes 1500 data
points.

In the 5 groups of experiments, the angular velocity of the
motor is ¢ = 3000sin(0.1¢). The peak angular velocity is
3000 rpm (& 314.16 rad/s), which is the rated velocity of the
motor. The frequency of the velocity changes is 0.05 Hz. Such
velocity changes yield more comprehensive experimental
information. The feedback signals of the angular velocity and
angular acceleration of the actual motor are shown in Fig. 8.

The kinematic viscosity of the four kinds of compensating
oil selected in the experiment is measured at a temperature
of 40° under normal pressure. In the actual experiment,
the viscosity of the oil changes with the temperature. The
heat generated by the motor rotation causes the temperature
to increase rapidly at the beginning of the experiment. After
the generated and dissipated heat balance, the temperature
remains basically constant. The temperature data of the motor
coil recorded in the experiment and the relationship between
the oil viscosity and temperature (Ubbelohde-Walther) [23]
are used to obtain the actual viscosity during the experiment
(Fig. 9).

The power data collected during the experiment include
data on the viscous power, load power and transmission loss.
The group O experiments are carried out with no compen-
sating oil, and the other conditions remain unchanged. The
power data of group 0 include the data of all the power except
the viscous power. Therefore, from the power Py, P>, P3, P4
of groups 1-4, we subtract the power Py of group 0 to obtain
the data that are related only to the compensating oil viscous
power. The viscous power of groups 1—4 is shown in Fig. 10.
The higher the kinematic viscosity of the compensating oil
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TABLE 3. Theoretical model error (RMSE/W).

#150 #320 #680 #1000

Model without T 29.95 46.77 62.41 91.63
Model with T 7.79 10.33 18.22 33.01
Reducing 74% 78% 71% 64%

is, the greater the viscous power that results. During the
experiment, as the temperature increases, the viscosity of the
compensated oil decreases gradually, and the viscous power
decreases gradually.

C. EXPERIMENTAL RESULTS

1) THEORETICAL MODEL EXPERIMENT

The comparison results of the theoretical model and experi-
mental data are shown in Figs. 11-14. Comparisons are made
under four different oil viscosities. The theoretical model
curves and experimental data points are given in each figure.
The theoretical model curves include the model without T
(before improvement) and the model with T (after improve-
ment). By comparing the curves and data points in the figure,
it can be seen that there is a large error between the model
curve (before improvement) and the experimental data points,
while the modified model curve largely coincides with the
experimental data points.

VOLUME 9, 2021

100, —Model without T
= 80 #%‘ g g 3 7]24x(;ii]ir:;$a—fdata
3 f i
§6oﬁﬁ'ﬁﬁ?ﬁ§?§m%§5&éﬁé;gﬁ.*‘ﬁ ]
g
L Hi S |

i lw, },.! i 1‘}. I"‘ ; |‘i‘ l‘,' "‘ ; .‘l i |" I \,‘1 i {; .!; ‘g' E’l .{‘; {g; lm| 31 : |‘!!; "‘ﬁ ‘\j ‘,' I
% 200 400 60 500 1000 1200 1400 1600

Data

FIGURE 11. Theoretical model experimental results (#150 oil).

200,
—Model without T

—Model with T
+ Experimental data

_
i
(=}

T

E
z
élooi'ﬁ% ﬂ% ; %
Tl f‘%fﬁrﬁ il i %W
el

% ‘iy | ‘E : “g‘ : “‘ 1 ‘ 1600

Data
FIGURE 12. Theoretical model experimental results (#320 oil).

250 —Model without T
L —Model with T
% 200 & E - Experimental data
S solik E% ]
g 150 ;5 H
EMW%% P
2 100/ 111} WE s ;Et PRRARA RS :
g EHE&MM F* Hf il HiEE
L t 4 199 11y
Eapa
‘E: ) @‘y ;i 3 G "' '. b i i ‘4" i ‘:’." lﬂ" Y ';"
G0 ‘ 20 400 600 800 1000 120 140 1600
Data
FIGURE 13. Theoretical model experimental results (#680 oil).
400 —Model without T

—Model with T
+ Experimental data

W
[l
=2
.
ST

Viscosity power/w
[ [3*)
(=3 (=3
(=) (=}
s

===

0 200 400 600 800 1000 1200 1400

Data

1600

FIGURE 14. Theoretical model experimental results (#1000 oil).

The root mean square error (RMSE) of the theoretical
model and experimental data is shown in Table 3. The errors
of the modified model are reduced by 74%, 78%, 71% and
64% compared with those before the improvement. It is
clearly shown that the modified model can improve the mod-
eling precision in practical problems.

2) VISCOUS POWER OPTIMIZATION EXPERIMENT
After the motor rotor and stator are smoothed, the vis-
cous power experiment is repeated using the experimental
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TABLE 4. Viscous power optimization results.

Experimental Compensated oil Average power before ~ Average power after Average power
group number viscosity /cSt optimization /W optimization /W reduction /W
0 No 24.42 25.36 0.94
1 150 36.20 ( 37.56 ) 25.35(24.35) -10.85 ( -13.21)
2 320 54.52 ( 54.31) 42.62 (143.11) -11.90 ( -11.20)
3 680 75.08 ( 74.01) 53.27 (153.44) -22.25 ( -20.57)
4 1000 106.02 ( 101.39)) 72.01 ( 70.11) -34.01 ( -31.28)

installation in 4.1 and the experimental method in 4.2. The
optimized experimental results are shown in Table 4. The
numbers in brackets in the table represent the results calcu-
lated using the modified theoretical model.

It can be seen from experimental group O that when there is
no compensating oil, the influence of the smoothing process
on the motor driving power is very small. This is due to
the light weight of the epoxy coating, which is negligible
compared with the inertia of the rotor itself. It can be seen
from experimental groups 1-4 that the average viscous power
decreases after optimization. The greater the viscosity of
the compensating oil is, the more clearly the viscous power
decreases. When the compensating oil viscosity is 1000 cSt,
the average viscous power decreases by 34 W. The calculated
results of the theoretical model, in brackets, remain very close
to the experimental data.

V. CONCLUSION AND FUTURE WORK

In this paper, a modified viscous power modeling method
is proposed based on an analysis of the existing modeling
theory and the actual situation of deep-sea electric manipu-
lators. The causes of viscous power loss are further analyzed,
and a method for smoothing the rotor and stator surfaces is
proposed to optimize the roughness of the fluid clearance
geometry and reduce the viscous power loss. Compared with
the experimental data, the error of the theoretical modeling
method is reduced by an average of 72% after the improve-
ment. This shows that the modified viscous power model
proposed in this paper has a higher modeling accuracy for
the viscous power of deep-sea electric manipulators. The
experimental results of the smoothed rotor and stator of the
motor show that the viscous power optimization method
has an obvious optimization effect. The viscous loss power
decreases by an average of 19.75 W. The theoretical model is
also used to analyze the viscous power after the smoothing
optimization, and almost the same conclusion is obtained
as in the experiment. This shows that the proposed viscous
power optimization method can effectively reduce the viscous
power loss.

Our future work will focus on the following points: 1) In
this paper, the influence of the bearing balls in fluid region 2 is
ignored in the theoretical modeling. Bearing ball movement
in the compensating oil also produces a certain amount of
viscous power, but this aspect of modeling is very difficult.
We will examine it next. 2) The deep-sea manipulator studied
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in this paper is driven directly by the motor and reducer
model. There is also a kind of deep-sea electric manipulator
that is driven by an electric linear cylinder. The viscous power
modeling method for this kind of manipulator is also worth
studying.
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