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Abstract

In order to study the dynamic response characteristic of hydraulic propeller control system for a work-class ROV

(Remote Operated Vehicle), a dynamic system model for hydraulic propeller controlled by a servo valve is constructed

with respect to propeller dynamic load characteristics. A solution method for motor flow, motor pressure, motor speed,

propeller torque and thrust is presented. The dynamic response characteristics of hydraulic propeller control system

with different control voltages are analyzed by numerical simulation. The thrust constraint model in thrust allocation is

constructed, and the nonlinear function relationship between the control voltage and the expected thrust is obtained.

Compared with tank test results of hydraulic propeller, the simulation results are accurate and reliable. It is good for

motion control, thrust allocation and hydraulic propeller control of underwater vehicles and dynamic positioning ships.
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Introduction

The biggest characteristic of a work-class ROV is able
to complete high-intensity, high load and high-precision
work in the dangerous complex deep-sea environment.
The work-class ROV is one of the essential technical
equipment to implement the development strategy of
deep-sea resources. In order to ensure the ability to work
underwater, the work-class ROV needs to achieve the
motion control for 4-6 degrees of freedom. The number of
propellers in a work-class ROV is generally greater than
the number of free degrees you want to control [1]. The
work-class ROV needs to control 6-8 hydraulic propellers
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simultaneously, which has a typical system of over-driven
kinetic control. The hydraulic propeller is a typical inertial
link which exists hysteresis in the response of controls. If
not properly controlled, it's easily cause a phase
difference of multiple propeller response so that cause the
deterioration of control performances for the ROV and
even the failure of underwater tasks; At the same time
there are limits of the maximum thrust threshold of
hydraulic propellers, the response rate and the response
time. This problem [2] must be considered when studying
the thrust allocation strategy of the over-driven control
system. Therefore, the analysis of dynamic response
system of hydraulic propellers controlled by servo valves
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has a great significance for kinetic control and thrust
allocation strategy of the work-class ROV [3].

Tor A. Johansen [2] gave a particular analysis and
comparison for the thrust allocation of over-driven
control system, and pointed out that it is necessary to
consider the saturated constraint characteristics of the
propeller output and the speed limits of increased thrust
when the thrust allocation of the over-driven control
system is studied. Fossen Thor I [3] gave a more profound
comparative analysis for the thrust allocation strategy of
the over-driven sea-aircraft and simplified the propeller
model as a proportional link with consideration of
saturated constraint characteristics. Yang Shi-zhi [4]
established a marine propulsive system for dynamic
positioning system and a simplified propeller model,
carried a study on the method of thrust allocation to
minimize the energy consumption. For the breakdown of
partial propellers, Serdar Soylu studied an optimal thrust
allocation with respect to the saturated constraint
characteristics [5]. It can be seen: When the domestic and
foreign scholars studied the thrust allocation of the over-
driven system, they often assumed that the mathematical
model of propeller is a simple proportional link, or
considered about the rising rate restrictions of thrusts,
but ignored characteristics of the dynamic response
system. Liu Xi-jia [6] modeled and simulated the hydraulic
propulsive system of the work-class ROV. Wei Yan-hui [7]
proposed a design for the propulsive system of the deep-
sea work-class ROV. Ji Yu-long [8], Ma Lai-hao [9] and
Peng Wei established a mathematical model for the
marine propeller according to its load characteristics, and
gave a numerical simulation of its load characteristics
[10]. It can be seen: although some domestic and foreign
scholars modeled and simulated the control problems of
the hydraulic propulsive system, they did not analyze the
dynamic response characteristics of the propulsive
control system with consideration of the dynamic load
characteristics.

In this paper, according to the deep-sea work-class
ROV whose hydraulic propeller is controlled by an
electro-hydraulic servo valve, the writer established a
mathematical model of the hydraulic propulsive dynamic
system controlled by a servo valve with a consideration of
dynamic load characteristics. A solution method for motor
flow, motor pressure, motor torque, motor speed,
propeller torque and thrust is presented. The writer
analyzed the dynamic response characteristics for the
servo valve, hydraulic motors and propeller with different
control voltages when the propeller speed is zero, and
then compared the simulation result with the cistern-test
results given by the company SMD. A simplified constraint

Xin fei Li, et al. Dynamic Characteristics Analysis of a Hydraulic Propeller Controlled by a
Servo Valve for Work Class ROV. Int ] Oceanogr Aquac 2018, 2(4): 000146.

model of thrust was constructed and a mathematical
model reflected the relationship between the expected
thrust and the control voltage of propeller was
established.

The  Hydraulic Propulsive
Composition and Main
Parameters of Work-Class ROV

System
Technical

In this paper, taking the Quantum remote-control ROV
of British company SMD as the research object analyzes
the composition and dynamic response characteristics of
the hydraulic propeller controlled by a servo valve. The
hydraulic propulsive control system is an important part
of the work-class ROV hydraulic systems that ensuring
the ROV to achieve the six degrees of freedom motive
control which is required by a variety of underwater tasks.
The control system of hydraulic propellers comprising:
the constant pressure pump, the control unit, the servo
valve, the reversing valve, the safety valve, the relief valve,
the pressure compensatory unit, the hydraulic motor, the
propeller and other components.

Components of the control system for a work-class
ROV are shown in Figure 2, the constant voltage source of

oil works at a constant pressure Pr. The underwater
movement of ROV is completed by the instructions of
motion control, and then a control amount 7 issued by
the appropriate "control method" module is outputted.

Outputting the desired thrust Te, by the " thrust

allocation strategy" module, the desired thrust is
converted into a control voltage Uy by the "control
function of propeller" module, Uis transformed into the
control current iV of a servo valve by the "pre-amplifier"

module, v transforms into the opening displacement of a
servo valve through the "proportional amplifier" module.
Through adjusting the pressure and flow of servo valve to
control the speed and output torque of the hydraulic
motor, and then the output of desired thrust is achieved
by the rotate of propeller. Finally, the thrust applying to
the ROV which makes the ROV moving as desired control
commands.

There has 8 hydraulic pipe propellers arranged
symmetrically at vector in the Quantum work-class ROV
of company SMD. There has 4 vertically and 4 in
horizontal direction. The working principle of Work-Class
ROV is shown in Figure 1, Quantum series ROV is
equipped with 8 hydraulic ducted thrusters, of which 4
are installed in the vertical direction and 4 in the
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horizontal direction. The % ~*¥% body coordinate
system of underwater vehicle [3] is established. The

origin % of the coordinate is taken from the center of

gravity of ROV and the coordinate axis 0% | %Yo O¥s
which is respectively consistent with the inertial spindle
of ROV. The rated working pressure of the hydraulic
system for ROV is 320Bar, maximum working pressure is
350Bar; the theoretical maximum flow of the hydraulic
system is about 250L/min. Taking into account the impact

of the pump efficiency, the actual maximum flow rate of it
is 210L/min. The theoretical maximum flow for a single
set of propeller is 57L/min. The model of the horizontal
propeller [11] is HTE380BA-32; the model of vertical
propeller is HTE300BA-23. The hydraulic motor is an
inclined shaft quantitative motor with axial plunger of
Rexroth Germany’s A2FM series [12]. In this paper, the
writer takes the horizontal propeller as an example
establishes a mathematical model of the hydraulic
propulsive dynamical system [13,14].

———————————————————————————————— Te,
T, *
4 horizontal : 0
state S thruster " il
observer synthesis T I Te,
odul T, l——
moee > 4 vertical I o
thruster : i
e e e e e e e e e e A I
o .
pera.tlng _ u, - X+ Y. N
motion | guidance horizontal thrust
. . | d N amplification thrust
instructiog| law an motion allocation
trajectory controller [ U, vertical thrust | Z« K. M
Figure 1: The working principle of Work-Class ROV
Mathematical Modeling of Hydraulic can be seen that, when the flow is 60L/min, the time

Propeller Controlled By a Servo Valve

In order to model the dynamical system of the
hydraulic propeller controlled by a servo valve, the writer
makes some assumptions as follows:

Simplifying the hydraulic propeller reasonably, ignoring
the safety valve, the relief valve and the pressure
compensation unit as shown in figure 2;

Ignoring all the short and thick connected pipes, the
friction losses in the pipeline, and the impact of fluid mass
and the dynamic of pipes;

The fluid temperature and elasticity modulus of bulk are
considered constants;

The internal and external bleed of the hydraulic motor are
laminar flow.

Mathematical Model of Servo Valve

The propeller of the remote control ROV studied in
this paper is controlled by a electro-hydraulic servo called
Model456 which comes from an British company “Star”. It
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constant is 0.012s; When the flow is 4L/min, the time
constant of the servo valve is 0.006s. In order to simplify
the model of the servo valve, the time constant is settled
to 0.02s. The input current range of the electro-hydraulic
servo valve is -40mA-40mA. The displacement range of
the plug and seat is -5mm-5mm.

So the transfer function of a servo valve for horizontal
propeller can be simplified as a first-order inertia link:

0.125
G(s)=————(1
©) 0.025+1( )

Mathematical Model of the Hydraulic Motor
Controlled by a Servo Valve

Linearized flow equation of the servo valve: The
linearized flow equation of a servo valve worked in the
work-class ROV hydraulic propulsive system is:
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QL = quv - Kc P (2)

Where: Q,_ —the flow of load oil-fluid, m3 P -the

difference of pressure between the high pressure oil-way
and the low pressure oil-way of the hydraulic motor, Pa;

X, -the opening displacement of an electro-hydraulic

servo valve core, m; Kq -the flow gain; K, -the

flow/pressure coefficients, (m3/s)/Pa.

Because the work-class ROV needs to take complex
operations underwater for a long time, so it's working-
speed range is wide. The valve coefficient in formula (2) is
not a constant, but fluctuates according to the working-
point of hydraulic system. But in order to facilitate the
analysis, adopting the linearization and regarding that K,

K, are constants.

Continuity equation of flow for the hydraulic motor:
The continuity equation of flow for the hydraulic motor
can be written as the following formula [13]:

. VvV, d
QL = DM6+th P +4’Ee %(3)

Where: -the theoretical displacement of the hydraulic
motor, m3/rad; -the total volume of the cage, the motor
chamber and the connecting pipeline, m3; -the elasticity
modulus of equivalent volume, N/m2 (Pa);-the total
leakage coefficient of the hydraulic motor, (m3/s)/Pa; -the
angular displacement of the hydraulic motor, rad; -the
angular speed of the hydraulic motor, rad/s.

Equilibrium equation of the hydraulic motor and the
load torque: According to the modeling assumption, the
Coulomb friction coefficient and other torques of non-
linear load are ignored. Due to the external load of the
hydraulic motor is not spring-load, and there just has a
propeller torque load, so the hydraulic motor only has
inertia loads, sticky load and external load torque.
According to the Newton's second law, the equilibrium
equation of the hydraulic motor and load torque is:

d?e de

M, =1J +BME+M(4)

oAt
Where: M, —the output torque of the hydraulic motor,
N-m; B,,-the viscous damping coefficient of the spindle

for the hydraulic motor, N-m/(rad/s); J» -the sum of
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equivalent inertial moment for the hydraulic motor and
propeller, kg/m3; M -the load torque acted on the
hydraulic motor of the propeller, N-m.

The output torque of the hydraulic motor can be
calculated as follows:

M, =Dyp. (5)
Where: D,, -the displacement of the hydraulic motor,
m3/rad,;

Mathematical Model of Propeller Load

The work-class ROV usually uses the hydraulic
propeller, the load torque of propeller can be calculated
as[14]:

M = K,pn’D® (6)

Where: M -the torque of load, N-m; KQ -the torque

coefficient of propeller; p -the density of seawater,
kg/m3; n -the speed of propeller, rps; D -the diameter of
propeller, m.

The output thrust of propeller:

T =K, pn’D* (7)

Where: K; -the thrust coefficient of propeller.
The speed coefficient of propeller can be calculated as:

\)
- &

Where: n -the speed of propeller, rps; V, -the inlet speed
of propeller, m/s.
The thrust coefficientK;, the torque coefficient KQ and

the efficiency 7, of some propellers which have constant

geometrical shape are only related to the intake
coefficient J . The writer assumes that the velocity of inlet

water is zero, the K; and KQ are constants.

Basing on the main technical parameters of the
horizontal propeller and the hydraulic motor, the main
technical parameters of dynamical systems for the
horizontal hydraulic propeller controlled by a servo valve
can be calculated. The outcomes are shown in Table
[11,12].
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Symbol Parameter Name Value

DM Displacement of hydraulic motor 5x10-6
| Moment of inertia of motor shaft and propeller 10x10-2

Kc flow/pressure coefficient 13x10-12
Ctc Leakage of the hydraulic system | —ceeeeeen
Vt the total volume of the cage, the motor chamber and the connecting pipeline | 0.6x10-3
Be Elasticity modulus of equivalent volume 7x108
Kq Gain of flow 0.2
BM Moment coefficient of viscous damping 0.02
KT Thrust coefficient of propeller(when the velocity of inlet is zero) 0.355
KM Torque coefficient of propeller(when the velocity of inlet is zero) 0.0232

Table 1: The main technical parameters of hydraulic propulsive dynamical system controlled by a servo valve.
Note: The unit of parameters in (Table 1) accords to the symbol units in this article.

Mathematical Model of the Zoom Link

In figure 2, "the control function of propeller" module
converts the desired thrust signal Ta, which outputted

from the allocation unit into a control voltage signalu, .

The relationship between them is a nonlinear function
and can be expressed as shown:

u, = f(Ta) (9)
Where: u, —the control voltage.

In figure 2, the circuit of proportional amplifier is
driven by the servo valve, it is a voltage - current
converter with high impedance output whose band is
much higher than the inherent frequency of the hydraulic
system. The proportional amplifier can be simplified to a
proportional link. Through it out putting a current signal
within -40mA—40mAto control the displacement of the
electro-hydraulic servo valve core. The transfer function
of the proportional amplifier can be expressed as:

i,
K, U (10)

Where: i, —the control current of a servo-valve.

Simulation of the Dynamical System for
the Hydraulic Propeller Controlled By a
Servo Valve

Because there has a complex nonlinear relationship
between the thrust of propeller and the inlet speed
coefficient, the rotational speed of hydraulic motor, the
torque, the oil pressure, there also has a complex
nonlinear relationship between the torque of propeller
and the inlet speed coefficient, the rotational speed of
hydraulic motor, the torque, and the flow. So according to
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the traditional method of transfer functions, the
linearized model between the expected thrust and the
actual thrust of propeller can’t be established. Therefore,
proposing a method to simulate the dynamical system of
hydraulic propeller controlled by a servo valve. The
method introduces the torque of propeller load into the
moment balanced equation of hydraulic motor, solves the
flow, the pressure, the torque and the state of rotational
speed for the hydraulic motor in real-time; then puts the
rotational speed of motor and the inlet speed coefficient
into the torque and thrust equation of the propeller,
thereby solves the torque and thrust in real-time. As
shown in (Figure 2) is a solving method process of the
motor flow, the pressure, the torque, the speed, the
turning moment and the thrust of hydraulic propeller
controlled by a servo valve.

The solving steps for the flow of the hydraulic motor,
the pressure, the speed, the torque and the thrust of
propeller are given below:

e Firstly, initializing the dynamical simulated system of
hydraulic propeller controlled by a servo.

e Secondly, inputting the control voltage u, to the
"proportional amplifier" module, we can calculate the
control current i, of servo valve.

e Thirdly, in putting the control current i, of servo valve

to the" transfer function of servo valve " module ,the
opening displacement X, of servo valve can be

calculated .
e Fourthly, in putting X, to the "flow calculation of servo

valve" module, the flowQ, of servo valve at time ¢t can

be calculated .
e Fifthly, inputtingQ, to the "loaded flow of motor"

calculative module, and according to the oil pressure
P, , of the hydraulic motor at time ¢-1, the load flowQ,
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of motor at time ¢ can be calculated.
Sixth, whether the current loaded flow of motorQ,

reached the maximum Q,, or not. If reached, the

current flow of motor isQ if not reach, the current

e
flow of motorisQ,.

Seventh, inputting Q, to the "increasing speed of
motor’s oil pressure” calculated module, and according
to the oil pressure of the hydraulic motor p,_,, the
angular velocity of motore, ; at time ¢-1,to calculate
the current increasing speed of motor’s loaded
pressure p attime t.

Eighth, inputting p to the "motor’s oil pressure”
calculated module. According to the oil pressure of the
hydraulic motor at time ¢-1, the current oil pressure p,
can be calculated at time ¢ .

Ninth, inputting p, to the" whether reach the pressure
of pump with constant pressure” module. If reached,

the current oil pressure of hydraulic motor is the
working pressure of hydraulic pump p, ; if not reach,

the current oil pressure of motoris p, .

Tenth, inputting the output torque of motor M, at time
the
rotational speed of propeller at time ¢-1 into
the "rotational speed of motor ” calculated module to
calculate the accelerated speed of hydraulic motor @
attimet.

Eleventh , inputting the output torque of motor at time
t and the t-1 time loaded torque, the rotational angular

velocity of propeller @, , into the " the angular

t and the loaded torque of propeller M

t-1 7

accelerated speed of motor “calculated module to
calculate the of hydraulic motor & at time ¢.

Twelfth, inputting the angular accelerated speed @
into the angular velocity of motor " calculated module
to calculate the angular velocity of the hydraulic o,
motor at time t.

Thirteenth, inputting the thrust coefficient K; at time t

and the angular velocity of propeller @, into the
"propeller thrust" calculated module to calculated the
propeller thrust at time ¢.

Fourteenth, inputting the torque coefficient K,, and
the rotational speed of propeller @, at time t into the
"propeller torque” calculated module to calculate the
torque of propeller M, at time ¢.

Fifteenth, initializing the system again and continuing
the iteration.
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Figure 2: The iterative solution for the flow, the
pressure, the torque, the speed of hydraulic motor, the
torque and thrust of propeller.

Results and Analysis of Simulation

Analysis for Dynamic Responsive Simulation of
Propeller under Different Controlled Voltage

When the inlet speed of propeller is zero, the control

voltage of servo valve is a step signal:-5V, -3V, -1V, 1V, 3V,

Copyright© Xin fei Li, et al.



International Journal of Oceanography & Aquaculture

5V, the results of simulation are shown as Figures 3-8.
Then analyzing the dynamical responsive processes and
characteristics of the flow, the pressure, the torque, the
speed, the torque of hydraulic motor and the thrust, the
torque of propeller under the control of the step signal.

As can be seen in (Figure 3) under the control of a 5V
step signal, the pressure of hydraulic motor rises rapidly
from zero. However, the pressure of motor is no longer
increasing after 320bar since the working pressure limits
of the hydraulic system. And it keeps at 320bar for some
time and then decreases to a steady pressure 305bar
slowly.

350

3007 —sV
—3vV
. v
£ 150 \\ -v
S — 3V
g 50 —-5V
s 0
o -50
>
3 _150
2
£ Ve
-300 -1~
-350
0 01 02 03 04 05 06 07 08 09 1

t/s

Figure 3: The pressure of motor under different
control voltages.

As can be seen in (Figure 4) when the control voltage
is a 5V step signal, the flow of motor increases rapidly
from zero. But at the time t = 0.02s, there appears a slight
fluctuation due to the pressure of motor is limited by the
motor’s maximum flow. Under the load of propeller, the
steady flow of hydraulic motor is about 54L/min.

—05V
50 / — 3v
40 / v
.§=30 -1v
:20 —-3V
§10 — -5V
S0
£
~510
gZO
£30
40 \\
-50
-60
0O 01 02 03 04 05 06 07 08 09 1

t/s

Figure 4: The floe of motor under different control
voltages.
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As can be seen in (Figure 5) when the control voltage
is a 5V step signal, the output torque of motor increases
rapidly from zero. The maximum output torque of
hydraulic motor is 160N-m due to the value is limited by
the work pressure of hydraulic system ; With the
increasing of motor rotational speed, the output torque of
motor begins to decrease and eventually keeps at a steady
value 154 N-m.

180

160 —sV
—3V

120 / \ 1V
80 -1v
60 —-3V
— -5V

20
-20

-60
-80

-120
-160 \‘/

-180

Output torque of motor/N.m

0 01 02 03 04 05 06 07 08 09 1
t/s

Figure 5: The output torque of motor under different
control voltages.

In summary, as can be seen in Figures 3-5 under the
condition that the propeller speed is zero, when the
u, =0, the steady pressure, the flow and the torque of the

hydraulic motor’s response increase with the increasing
of step control voltage. But the step control voltage of
hydraulic propeller must satisfy the following condition:

|u,|<5V (11)

If this condition is not satisfied the formula (11), a
saturation of the pressure, the flow and the torque of
motor will be caused, thereby causing a failure of the
control for the propeller. Therefore, the output of desired
thrust for the horizontal propeller should be made to
satisfy the following constraints when designing the
algorithm of the thrust allocation:

|Te,| <6000 N (12)

As can be seen in Figure 6 When the control voltage is
a 5V step signal, the rational speed of motor (the
propeller speed) increased from zero gradually and
slowly, and then quickly. Finally the rational speed of
motor increased to a stable value (about 1740rpm), the
adjustment time of its response is about 0.35s. The
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rotational speed of the horizontal propeller should satisfy
the following constraints:

|n| <1740 rpm (13)

1800

—5V

/ —3v

1200 v

-V

—av

500 ey
0

-500 \

-1200 \

-18000 01 02 03 04 05 06 07 08 09 1
t/s

Rotational speed of motor/rpm

Figure 6: The rotational speed of motor under
different control voltages.

As can be seen in Figure 7 when the control voltage is
a 5V step signal, the torque of propeller increases slowly
from zero, then increases rapidly. Finally the load torque
increases to a steady value about 150N-m.

170

150 —5SV
—3V

100 v
-1v

60 / —-3V
6 — 5V

-20 -<<

-60
-100

Torque of propeller/N.m
o

-150

4100 01 02 03 04 05 06 07 08 09 1
t/s

Figure 7: The torque of propeller under different
control voltages

As can be seen in Figure 8 When the control voltage is
a 5V step signal, the thrust of propeller increases slowly
from zero, and then increases rapidly. Finally the thrust
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increases to a steady value about 6000N.

7000
6000 v
—3v
/ Y,
z By,
$ 3000 v
T 1500 — 5V
S 50@ /
& <
5 S0\
2 -1500
5 N
= 3000
'—
6000
7000

0 01 02 03 04 05 06 07 08 09 1
ts

Figure 8: The thrust of propeller under different
control voltages

As can be seen from Figure 8 the maximum rising
velocity of thrust should be the red curve (response of the
5V signal step) which should satisfy the following formula:

‘% < 40000 N / s (14)

When designing the thrust allocation, the rising
velocity of desired thrust should satisfy the following
constraint:

‘d(Tei)

<40000N /s (15)

In summary, as can be seen in the (Figures 6-8) when
the speed of the propeller is zero, the steady response
value of the rotational speed, the torque and the thrust
increases with the increasing of the step signal; the adjust
time of the is about 0.35s; under the control of a step
signal, the thrust response, the speed and the torque of
propeller increase from zero slowly, and then increases
rapidly, finally increase to a stable value steadily.
Therefore, it's not reasonable to assume that the output
response of propeller thrust is a proportional link or a
link whose thrust is constrained by the rising velocity
[2,3].
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Dynamical Responsive Simulation of the
Hydraulic Propeller and Contrastive Analysis of
the Experimental Results

When the inlet speed of propeller is zero, the control
voltages of servo valve are 0V, 0.5V, 1V, 1.5V, 2V, 2.5V, 3V,
3.5V, 4V, 4.5V,5V, analyzing the relationship between the
steady thrust of hydraulic propeller and the flow of motor,
the pressure of motor. The comparison with the results of
tank test given by the company SMD is shown in Figures
9-11 [13].

As shown in Figure 9 is the simulation and
experimental results of relationship between the pressure
of hydraulic motor and the response of propeller thrust.
Among them, the red line represents the tank test results
of HTE380BA-32 hydraulic propeller given by the
company SMD. The blue line represents the simulation
results of the model established in this paper. From the
comparison of the two curves can be seen: there has a
linear relationship between the pressure of motor and the
steady response of propeller thrust. The simulated results
of steady-state response for the propeller thrust is
identical well to the experimental results, the error is
minimal.

w
a
=]

w
o
S

N
3
=)

n
o
(=)

-
I
S

Motor pressure/Bar

=
o
S

o
=)

[ —e—Simulation data
—&—Test data

0 100 200 300 400 500 600 700
Propeller thrust/Kg

Figure 9: The relationship between the motor
pressure and the propeller thrust
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Figure 10: The relationship between the motor flow
and the propeller thrust

As shown in Figure 10 is the simulation of the
experimental results and the relationship between the
flow of hydraulic motor and the steady-state response of
the propeller thrust. Among them, the red line represents
the tank test results of HTE380BA-32 hydraulic propeller.
The blue line represents the simulation results of the
model established in this paper. As can be seen from the
figure: there has a typical non-linear relationship between
the flow of motor and the steady-state responsive value of
propeller thrust, but the simulation results and the
experimental results are basically coincident, the error is
less than 1%.
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As shown in Figure 11 is the simulation of the
experimental results and the relationship between the
rotational speed of hydraulic motor and the steady-state
response value of the propeller thrust. Among them, the
blue line represents the results of tank test for
HTE380BA-32 hydraulic propeller. The red line
represents the simulation results of the model established
in this paper. As can be seen from the figure there has a
typical non-linear relationship between the rotational
speed of motor and the responsive steady-state value of
the propeller thrust, but the simulated results and
experimental results are basically coincident, the error is
less than 1%.

1800

/’
1600 =
1400 Z
£ 1200
x
S 1000
2
o 800 /
g P
S 600
= }/
400 /
200 [ —e—Simulation data
‘+Testdata

0 100 200 300 400 500 600 700
Propeller thrust/Kg

Figure 11: The relationship between the rotational
speed of the motor and the propeller thrust

The Relationships between the Control Voltage
of Servo Valve and the Propeller Thrust

According to the results of hydraulic propeller
controlled by a servo valve simulated and analyzed in
section 4.1 and section 4.2, we can get the relationship

Copyright© Xin fei Li, et al.
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between the control voltage and the actual thrust of
propeller showed in Figure 12. As can be seen in Figure
12, there has a typical non-linear between the steady
thrust of hydraulic propeller and the control voltage
which can be described by the piece wise function. After
the fitting of curves, we can get the following formula:
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Figure 12: The relationship between the propeller
thrust and the control voltages.

-2.8x107°x* +0.0085x +0.892 130 <T, <600
—2.4x10°x* +0.0145x +0.442 50<T, <130
-0.6x107°x* +0.0513x 0<T, <50
(16)

After designing the thrust allocation on the basis of the
constrained conditions (12) and (14), the relationship
between the desired thrust and the control voltage should
satisfy the formula (16). "The controller of propeller” in
figure 2 can be calculated by formula (16).

Conclusions

Through the modeling of dynamical system and the
analysis of responsive simulation for the hydraulic
propeller controlled by a servo valve, we can get the
following conclusions:

1) This article introduced the dynamical loaded
characteristics of the propeller into the modeling for
the dynamic systems of hydraulic propeller, and
analyzed the simulation for the dynamical system of
hydraulic propellers under different control voltages.
The study for the control of hydraulic propellers has a
high engineering value.

2)Due to the limits of the rated work-pressure of
hydraulic systems and the maximum flow of the
hydraulic motor, the maximum thrust of hydraulic
propellers should satisfy the constraints of formula

Xin fei Li, et al. Dynamic Characteristics Analysis of a Hydraulic Propeller Controlled by a

Servo Valve for Work Class ROV. Int ] Oceanogr Aquac 2018, 2(4): 000146.

(12), the maximum outputting rational speed should
satisfy the constraints of formula (13).

3)When the control voltage changes, the simulation
results of the steady-state thrust, the rotational speed
and the flow are basically identical to the tank test
results of the actual propeller, the accuracy and
credibility of this paper can be indicated preliminary.

4) A simplified constraint for the thrust allocation of the
work-class ROV is established which was shown in the
formula (12) and (15); a mathematical model for the
control functions of hydraulic propellers as shown in
the formula (16) which had a guiding significance and
engineering value to the study for the thrust allocations
of the work-class ROV .
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