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Abstract: The wave energy converter captures the wave power by buoy’s heaving motion, transfers
it by hydraulic system, and converts it into the electric power by generator. The hydraulic conversion
system plays an important role that can realize the effective regulation of the output power. In order
to develop the working characteristics of the hydraulic transmission system, a new wave energy
experimental platform was devised. The platform adopts the matching design mode of the driving oil
cylinder and the driven oil cylinder. The active hydraulic cylinder and the clump weight can simulate
the movement of the oscillating float under certain sea conditions, and the driven oil cylinder realizes
the conversion and the output of wave energy. In order to improve the operation accuracy of the active
hydraulic cylinder, the control strategy of the active hydraulic cylinder was studied. An adaptive
sliding mode control strategy based on the back-stepping method was proposed to overcome the
influence of the parameter uncertainty in state equation. The adaptive law was designed by Lyapunov
criterion to ensure the stability and the convergence of the closed-loop system. The proposed control
strategy was verified and compared with proportional integral derivative control strategy through
the concrete experiment, which shows the rapidity and the stability of it. The hydraulic transmission
system of wave energy converter was developed; at the same time, the characteristics of hydraulic
regulation under different working conditions were summarized through experiments. The results of
the research could be the guidance for the power control design.

Keywords:  hydraulic transmission system; experimental platform; control strategy;
Lyapunov criterion

1. Introduction

Compared with other wave energy capturing devices, the oscillating floater wave power generation
device is simpler to manufacture. It can adopt a hydraulic system or a mechanical system to transfer
energy with high efficiency, and it is easy to collect energy that can form a large-scale power generation
system [1-3]. Its disadvantages are that the device fails to achieve high conversion efficiency [4]. The
parameter adjustment and the adaptability to a sea environment need to be improved.

The hydraulic transmission system in the wave energy utilization device is responsible for
transforming the unstable wave energy of random fluctuation into relatively stable energy and
outputting it [5,6]. Because the hydraulic transmission system can use the accumulator to store the
hydraulic energy and buffer the random wave and the shock, it can also realize the volume speed
regulation of variable motors to improve the stability of electric energy output [7,8]. Therefore, scholars
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all over the world use the hydraulic transmission system of wave energy power generation device
as their research object. They conducted a series of targeted research on wave energy conversion
efficiency, energy output stability, and system reliability [9,10]. The main research methods include
mathematical mode analysis, simulation, and prototype experiment. It has been proven that hydraulic
technology has many advantages in wave energy utilization devices [11,12]. Through the optimization
of the mechanical system design and the energy output design, the hydraulic transmission system is
effectively used in the existing offshore power generation device [13,14].

Because of the huge cost of ocean testing, it is an effective research strategy to use a semi physical
experiment platform to develop the working characteristics of the equipment before the actual ocean
test. However, design and control of the experiment platform are complicated, which is the key technical
problem to be solved [15,16]. Because it contains the nonlinear factors caused by viscous damping force,
inertia force, and friction force of the mechanical system as well as the nonlinear dynamics and the
parameter uncertainty of the hydraulic system itself, traditional control strategies have difficultly achieving
ideal control performances under different conditions; it is also difficult to ensure the stability and the
real-time control in the full requirement. The application of advanced non-linear control strategies to
overcome the effects of parameter uncertainty and nonlinearities, system uncertain delayed, and external
interference is a current research focus and development direction [17,18].

The starting point of this project was to design an experimental device. According to the condition
of complex disturbance parameters, the control strategy of the wave power experiment platform was
designed by using the adaptive back-stepping sliding mode control strategy. The proposed controller
was devised to ensure a better displacement tracking accuracy regardless of parameter nonlinearities
and uncertainties. An adaption law was also included in this controller to effectively compensate for
external disturbances and uncertainties. The desired force is planned to guarantee the boundedness of
the internal state, and the position controller is used to track the required state variable. The main
contributions are summarized as follows.

A wave power generation experiment platform was designed that can be used to develop the
working characteristics and the control strategies of the power generation device under different
working conditions. It also can provide the experimental basis for the marine engineering test
and strengthen the stability and the security. A displacement tracking control strategy based on
back-stepping and adaptive control algorithm was devised, and the control strategy can solve the
problems caused by nonlinear parameters and unknown interference as well as improve the rapidity
and the validity of displacement tracking. Through the comparative test, the rationality of experiment
platform design and the effectiveness of the control strategy were verified, the working characteristics
of the hydraulic transmission system were studied, and the dynamic properties of the hydraulic
parameters under different working conditions were revealed. The influence of the system parameters
on the absorption of pressure shock and flow pulsation of the hydraulic system was clarified, which
provided the basis for the optimal design of the wave power transmission system. The design method
of the nonlinear control strategy and the study of dynamic characteristics regulation law of hydraulic
system can provide a theoretical basis for the research of other marine engineering equipment.

The rest of this paper is organized as follows. In the second part, methods and principles of the
semi physical experimental platform are introduced. In the third part, the mathematical model on the
control strategy is built; meanwhile, the control strategy is verified and analyzed through experiments.
The working characteristics of the hydraulic transmission system are also presented. The final section is
the conclusion.

2. Methods and Principles

2.1. Power Generation Principle

Figure 1 shows a heaving float wave energy power generation device designed by our team.
Figure 1a is bracing and agent architectures of the device, and Figure 1b is the work principle sketch
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diagram of it. The device is mainly composed of wave energy conversion system, hydraulic energy
transfer system, electric energy consumption system, and control detection system.

1. Float 2. Buoy 3. Damping plate 4. Hydraulic cylinder 5. Regulating valves 6. Accumulator 7. Motor 8. Generator

Figure 1. The heaving float wave energy power generation device. (a) Bracing and agent architectures,
(b) work principle sketch diagram.

It uses the hydraulic transmission system as energy transmission to improve the stability of
electric energy output.

The wave energy collection system can convert the wave energy into mechanical energy of float.
The movement of float can alter the mechanical energy to hydraulic energy, which travels through
the hydraulic system and drives the motor to rotate, thus driving the generator to work and output
power stably.

Figure 2 is a schematic diagram of the hydraulic energy transfer system. The double rods hydraulic
cylinder improves the output energy efficiency of the hydraulic system and ensures that there is hydraulic
energy discharging when the float moves up and down. Four check valves are used to constitute a
hydraulic rectifier module, which guarantees that the hydraulic motor remains rotating in the same
direction. The accumulator serves to turn the surplus wave energy into high pressure oil. In the case of
small fluctuations, the pressurized oil is released quickly and then runs the generator at a high speed to
overcome the oscillation of the power output. The relief valve is designed to open at a predetermined
pressure for protecting pressure vessels and other equipment from being damaged. When the wave
pushes the float to move upward along the guide column, it drives the piston rod of the hydraulic cylinder
to rise and pushes the oil up the chamber into the accumulator (3) after the throttle valve (7) regulates the
flow, then the hydraulic motor (8) works so that the power generator (9) operates.

1. One-way valve; 2. hydraulic cylinder; 3. accumulator; 4. relief valve; 5. pressure sensor; 6. flow sensor; 7.
throttle valve; 8. hydraulic motor; 9. generator

Figure 2. Working principle of the hydraulic transmission system.
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2.2. Design Principle of Experimental Platform

According to the principle of oscillating float wave energy generator, a semi physical experimental
device was designed. Figure 3 reveals the principle of the experimental platform. The experimental
platform consists of two subsystems: the float motion simulate system (Figure 3a) as well as the
hydraulic transmission and electric power processing system (Figure 3b). The float motion simulate
system is used to achieve the simulation of the float movement with different signals, while the
hydraulic transmission and electric power processing system realizes the wave energy conversion
and the output of electric energy. It corresponds to operating principle two of the power generation
device. We took advantage of the design method of the double rod hydraulic cylinder and symmetrical
arrangement. The hydraulic circuits of the two systems are relatively independent, and the hydraulic
transmission system has a separate upper oil tank at the top of the device that can improve the
self-priming capacity of the hydraulic cylinder.
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1. Motor; 2. constant displacement pump; 3. check valve; 4. pressure gauge; 5. safety valve; 6. oil filter; 7. servo
valve; 8. pressure transmitter; 9. relief valve; 10. bench; 11. the active hydraulic cylinder; 12. the driven generator
cylinder; 13. pressure sensor; 14. one-way valve group; 15. flow meter; 16. accumulator group; 17. accumulator
safety valve group; 18. proportional speed regulating valve; 19. variable motor; 20. torque and speed sensor; 21.
permanent magnet synchronous generator; 22. upper oil tank; 23. stop valve; 24. oil temperature controller.

Figure 3. Schematic diagram of wave energy power experimental platform. (a) The float motion
simulate system, (b) hydraulic transmission and electric power processing system.

Because the float motion simulate system is used to realize the imitating operation of float under
different wave conditions, the accurate operation of the active simulation part is the key to ensuring
that the platform can realize the research function. Therefore, it was necessary to develop the control
strategy according to the characteristics of wave operation. The control principle of the float motion
simulate system is that the displacement sensor converts the displacement signal of the hydraulic
cylinder (11) into an electrical signal and compares it with the given displacement signal to form the
error signal of the closed-loop control. The given signal comes from the ocean wave information. The
error signal obtained is proportionally amplified and driven by the servo valve to adjust the hydraulic
oil quantity and direction so as to control the displacement speed as well as the direction of the active
hydraulic cylinder. As long as there is deviation between the output displacement of the actuator and
the given displacement, the control system can automatically adjust the pressure and the flow until the
displacement error achieves the minimum. The driven generator cylinder can move synchronously to
simulate the motion of the practical hydraulic cylinder.
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2.3. Mathematical Modeling Analysis on the Main Parts of the Experimental Platform

The valve control cylinder part is the key device to simulate the reciprocating motion of the float
under the action of the wave, and it is the core of the wave simulation system. Its main control mode
is the servo valve control double rod hydraulic cylinder. Figure 4 shows the valve control cylinder
schematic diagram, and its state equation is analyzed as follows.
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Figure 4. Schematic diagram of servo valve control cylinder of experimental platform.

The moment equation of hydraulic cylinder is:
Ap X pp = 1y X Xp + By X xp + ksxp + fp 1)

In formulation: A, is the effective area of the hydraulic cylinder, p; is the outlet pressure of the
servo valve, 1, is the effective piston mass, By, is piston viscous damping coefficient, k; is the stiffness
coefficient, x, is the operating displacement of hydraulic cylinder, and fj, is the friction force and other
nonlinear forces caused by external disturbance.

The flow equation of the servo valve controlled hydraulic cylinder is as follows:

[ u, .
kqxp Ps — p;sgn(xp) = Ap Xvp + ,B_ppl + Cp X pi 2)

In formulation: k; is the discharge coefficient, U, is the average volume of both cylinder chambers,
ps is the supply pressure to hydraulic source, f3. is the equivalent volume modulus of elasticity, p; is
the output pressure of servo valve controlled hydraulic cylinder, v, is the movement speed of the
hydraulic cylinder, and C,; is the leakage coefficient.

The dynamic equation of servo valve core can be expressed approximately as follows:

In formulation: u is the input voltage, £ is the damping ratio of the electric-hydraulic servo
valve, wy is the natural frequency of the electric-hydraulic servo valve, and k is the gain of the
electric-hydraulic servo valve. Then, the differential equation expression of the system is:

. A By . k fi
— Py, Py Ky _Jb
Xp = my pi 1y Xp 1y Xp 1y

' . Agpe e
ij - vp
by = ~wixp — 28wn0p + whku
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Define the variables x and the output variables y expressed respectively as:

T , T
x = [x1 X2 X3 x4 X5] :[xpxpplxpvp] , Y =X

Then, the state equation of the system is:

5(1 = X2

Xp = hix3 —hpxo — h3x1 + fx

x3 = kgxg \/ps —plsgn(x4)£—; - sz’Z;ﬁe - x3ﬁ82—5m (5)
X4 = X5

X5 = —w2xy — 2Ewnxs + wlku

In the definition expression:

A B ks kqxBe
= g b= o, b= i, fo =~ g(xe) = S o = prsgn(a),

ApxBe CimxB
h5 = u, ’ h6 = %

Then, the equation of state can be expressed as:

X1 = X2

Xo = hix3 —hyxo — h3xq + fx

X3 = g(xa)xq — hs5x2 — hex3 (6)
X4 = X5

X5 = —w2xy — 2Ewnxs + wiku

2.4. Establish the Control Strategy

The displacement control strategy of the hydraulic cylinder was designed based on the
back-stepping method combined with adaptive control mode and sliding mode variable structure
control mode. The expected displacement value of the hydraulic cylinder is defined as x15. The
tracking error expression of the hydraulic cylinder is:

z] = X1 —X14 @)

The designed integral sliding mode surface expression is as follows:

s=z1+Az1 + Azledt (8)
The derivation of the above formula is as follows:
S =21 + Az1 + Arzq 9)

The expected value of the design pressure used to control the cylinder displacement is defined as
x34, the expected displacement of the servo spool designed to control the movement of the hydraulic
cylinder is defined as x44, and the expected speed of the servo spool designed to control the movement
of the hydraulic cylinder is defined as x5;. The tracking error expression of pressure used to control
the displacement of hydraulic cylinder, the servo valve core displacement tracking error, and the servo
valve core speed tracking error are as follows:

Z3 = X3 — X34
Z4 = X4 — X4 (10)
25 = X5 — X54
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Definition:f1; is the evaluation value of coefficient #; and the error %1 =hy -y, eis positive real
number and satisfaction relation f = f + f + ¢; then, sorting the expression, we can get:

s = F}:1£3 + f1123 + f11x3d —ZzXz - flzxz —ngl - flgxl (1)
+fx+ fr+e=Xa + A1 — 1) + Az (x1 = x14)
The expected pressure value x3;4 is expressed as:
_ 1 —flzXz - fl3X1 -+ f;c —X1q + )\(5(1 - Jkld)
X34 = —7 (12)
h +A2(x1 — x14) + k15 + kpsat(s)
Then: _ _ _ _
s =hyx3 — hoxy — haxy + fr—kis—kp % sat(s) + fll X 73 (13)

In the process of building the back-stepping control method, the way based on Lyapunov stability
criterion was used to design the adaptive parameters so as to approach unknown interference. At
the same time, in order to eliminate the approach error of the adaptive system, the integral sliding
mode theory was employed to compensate it. During this process, the nonlinear control strategy
was devised, and the control input # was solved. The designed expression according to Lyapunov’s
decision theorem is [19,20]:

1 1, - 1, - 1 = 1
= ~kis? + skoli? + Skahd + Skal? + ks f? 14
Vi 21S+221+232+243+25f ( )
The derivative of the above equation is:

Vi= Iy [kysx3 + sz] +E2[—k15x2 + kﬁl]

+F]’;3 [—k15x1 + k4ﬁ3] + ﬂkls + k5ﬂ (15)
—k7S2 —kgs x sat(s) + kishy X z3
The adaptive rate of the above equation is:
Ifll = k9 X 5X3
]A12 = klO X 5Xp (16)
Ag = —k11 X sX1
F k
f= —é X8
Then:
Vi = —k752 —kgs x sat(s) + klsfll X z3 (17)

In formulation, k;, is the positive constants, sat(s) function is a saturation function, and its
expression is:

1 s >P
sat(s) =4 § Isl<® (18)
-1 s <=9

In formulation, ® is the boundary layer and @ > 0, then:

: —kys? — kg X |s| + kyshy x >P
V1—{ 78~ — kg X |s| + kishy X z3 s (19)

—k7S2 —kg X % +k1$]:ll Xzz |s| < P

The essence of sliding mode control using saturation function is when the control signal is outside
the boundary layer of the sliding mode surface, the switching control is adopted to make the system
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state tend to the sliding mode quickly; when the control signal reaches the boundary layer of the sliding
mode, the feedback control is adopted to reduce chattering caused by rapid switching of sliding mode
and improve the anti-vibration performance of the system. We continued to use the back-stepping
method and got the adaptive rate as follows:

7 k
hs = —2z3x
;\5 :16 342 (20)
— 15
h6 = _623)(3
The expression of design control input u is:
= | ~wnXa — 28@nxs — X5 +koszs + 1z (21)
ok 22
Through the Lyapunov’s theorem, we get:
: —k7s? — kgls| — k1822 — ko122 —kpyz2 <0 |s| >
V, = 72 8l |2 18 5 21 s 24 5 Is| 22)
—k7S - kg . % - k1823 - k2124 - k2425< 0 |S| <o

From the above formula, we get V4 < 0, which ensures that the layout of the control system is
stable and bounded. Summarizing the planned method of the above control strategy, we present the
design diagram of displacement tracking control strategy based on back-stepping and adaptive rate,
as shown in Figure 5.

The artificial control 3 ks +k, -sat(s) Robust stabilization feedback
1 2

. terms i
X=X, X Error integral sliding E;i:;)i;nltlffgil
%= by x,—hy X, — b, Hf, E miode e NN LIV pppe

X —hyx,—hyx, + f X3
Xy =g(x,) x, —hs-x,—hg-x L Xy —hyx

» + h]
. Model feedforward compensation|
X, = X5 - - .

¥y =@ x, — 2w, %, + @ ku X, T
l‘ h =ky-s-x,
Iy X. X. A

273 Parameter adaptation ok sex

i rate 2 10 2
- (A

/ 5 hy = —ky, - sx,

-, X, A ky
M =28, x, + k2, X f=mits
Zy X Paad o 3
y + 24 4@:7
gl )/
+ A
Model feedforward compensation h5 = _323 X, %
; k P o
V;{ X5y Xsa ‘ ) 16 hyx,+hox; — k2, _?S A
~ _ 15 15
hy=——2z;-x
17
ﬁ X4a
Parameter adaptation
rate

—kisg(x,)z;

—k.s* —kg‘s‘—kmzf —kyz; —ky,z2 <0 ‘s‘ >P

v, =

2
2 s 2 2 2
—k,s™ =k ~;—klsz3 —ky 2y —kyyz5<0 ‘s‘ <P

Figure 5. Design diagram of displacement tracking control strategy based on back-stepping and
adaptive control methods.
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3. Results and Discussion

3.1. Experimental Setup

The wave energy experimental platform was built to develop the influence of the hydraulic
transmission system, as illustrated in Figure 6. The experimental platform is mainly composed of the
float motion simulator, which is employed to simulate the motion of 1500 kg floats under different
motion trails. The float motion simulator mainly consists of the active hydraulic cylinder operation
control system and its load, the controller, the hydraulic energy transfer system, the variable motor, as
well as the generator combination and the output power management system (Figure 6a).

Schematic diagram of
i| experimental platform
:| (Figure 3)

1. Upper hydraulic tank; 2. accumulator combination; 3. output power management system; 4. variable motor
and generator combination; 5. the controller; 6. the active cylinder and the driven oil cylinder system.

Figure 6. Wave power experiment device and experimental principle. (a) Wave power experimental
device, (b) block diagram of the experimental setup.

The hydraulic energy transfer system, including a driven hydraulic cylinder, an accumulator
combination, hydraulic valves, and sensors, was built to convert the mechanical energy of simulating
float motion into the hydraulic energy. The variable motor and generator combination change the
hydraulic energy into electrical energy. The output power management system is employed to adjust
the energy output of the generator to ensure the electric energy output stability. It mainly consists
of load resistance and the power processing module; the load resistance is used to simulate different
power loads of users. The target computer is applied to control the servo slave, collect various sensor
information, and adjust the loading to the generator. Real-time operating parameters, such as the
flow, the pressure, the torque, the displacement, the voltage, and the current are fed back to the host
computer through ethernet. The software Matlab simulink and AMEsim were used to establish the
control strategy in the host computer (Figure 6b). The posed hydraulic cylinder displacement control
strategy was obtained by using Equations (1)-(22), while the reference controller was designed based
on the proportional integral derivative (PID) algorithm [21,22]. The proposed controller was compared
to a conventional hydraulic cylinder-controlled displacement system that used a PID controller.

This PID hydraulic cylinder displacement controller can be described as:

d(x, —x)

I (23)

t
u:kp‘(xr—x)+ki-f(xr—x)dt+kd-
0

When u denotes the displacement command derived from the PID pitch controller, ky, k;, kg,
denote the proportional integral derivative gains. x, denotes the reference displacement, and x denotes
the sensor detection displacement.
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3.2. Displacement Control Result Analysis of Experimental Device

The comparative experiments were carried out to evaluate the performances of the experimental
device and the proposed new controller. In the first experiment, the proposed new controller was
compared with PID under the same reference sine signal, and the other conditions were same. In the
second experiment, the proposed new controller was compared with PID under the step response signal.

The comparison curves of the movement displacement and target displacement (REF) of the
hydraulic cylinder under the action of PID control algorithm and designed control algorithm (AMCB)
are shown in Figure 7, when the amplitude was 0.4 m and the period was 4 s. Figure 8 shows the error
response curve. As shown in Figure 7, the conventional controller and the proposed controller can
realize the effective control of active hydraulic cylinder displacement. As shown in Figure 8, the sine
tracking curve error generated by the conventional controller was 0.6 mm, while the sine tracking
curve error generated by the proposed controller was 0.4 mm. Thus, the proposed controller can realize
the displacement control more effectively than the PID controller does.
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Figure 7. Displacement response curves of hydraulic cylinder.
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Figure 8. Displacement error response curves.

When the target displacement of the hydraulic cylinder was 0.4 m, the comparison analysis curve
of step response characteristics under PID control algorithm and AMCB control algorithm are shown
in Figure 9, and the error curves are shown in Figure 10. As illustrated in Figure 9, the proposed
controller could realize the step response with 0.65 s, and after reaching the step response value, it
could be kept at the target value stably while the PID controller was 0.7 s. After reaching the step
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response value, the oscillation occurred under the uncertain interference factors. Figure 10 shows that
the relative result error was 1.25% between target and observation values by using the PID controller,
while the error was 0.5% by using the proposed controller. Therefore, the proposed controller can be
employed to significantly reduce the fluctuations and better follow the target displacement curve.
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Figure 9. Step response displacement curves of hydraulic cylinder.
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Figure 10. Step response displacement error curves.

3.3. Working Characteristic Analysis of Hydraulic Transmission System Under Sinusoidal Displacement

Motor torque, speed, and pressure curves are shown in Figure 11 when the target displacement of
the hydraulic cylinder was 0.4 m, the cycle was 6 s, loads were 1 kW, and the motor displacement was
10 mL/r. In addition, the pressure curves of the active hydraulic cylinder and the check valve output
curves are shown in Figure 12. As illustrated in Figure 11, the motor speed was kept within 225 r/min,
and the change rate was about 7.5%. The pressure of the motor was usually in 90 Bar, and the variation
ratio was about 1%. The motor torque remained in 15 Nm, and the variability rate was about 7%. The
hydraulic transmission and electric power processing system could output more stable parameters
under regular waves. Figure 12 shows the pressure changes of the active hydraulic cylinder. When the
hydraulic cylinder operated according to the target displacement curve, the pressure change of the
upper chamber was opposite to that of the lower chamber, which was consistent with the design of
the symmetrical hydraulic cylinder. The difference value of output pressure between the minimum
and the maximum pressure was about 95 Bar, while, after the design of the one-way valve group, the
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output pressure was stable at 100 Bar. This could be beneficial to the stability treatment of electric
energy. The experimental results verify the accuracy and the reliability of the experimental device.

300 30
Motor speed (r/min)
Pressure of motor entrance (Bar)

250 Motor torque (Nm) ]
nbad N e enbodad R
e *? —ail Mg % Wm
200 420 ’g
I Z
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MMMMM 5
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100 |- 410 =
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Figure 11. Motor torque, speed, and pressure curves.
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Figure 12. Pressure curves of active hydraulic cylinder and check valve.

3.4. Working Characteristic Analysis of Hydraulic Transmission System Under Nonsinusoidal Displacement

When the target displacement of the hydraulic cylinder was nonsinusoidal and loads were 2 kW,
the comparison curves of hydraulic cylinder movement displacement under the designed control
algorithm (AMCB) and target displacement (REF) are shown in Figure 13. The proposed controller
could realize effective control of the active hydraulic cylinder displacement. The tracking curve error
was about 0.5 mm. This further verified the effectiveness of the control strategy. Figure 14 shows the
pressure changes of the active hydraulic cylinder when the hydraulic cylinder was being operated
according to the target displacement curve. Although the movement displacement was irregular, the
output pressure was still stable at about 70 Bar after the one-way valve group. The motor speed and
the flow curves in front of the accumulator are shown in Figure 15. When the displacement difference
of the hydraulic cylinder became smaller and kept stable, the flow into the accumulator altered from
2.5 L/min-5.3 L/min to 4 L/min-5.2 L/min and held steady. The hydraulic oil entering the accumulator
overlapped with the hydraulic oil stored in the accumulator, which made the flow enter the motor and
showed an increasing trend, thus the motor speed increased slowly, and the maximum speed could
arrive at 160 r/min.
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Figure 15. Motor speed and flow curves in front of the accumulator.

3.5. Working Characteristic Analysis of Hydraulic Transmission System Under Different Loads

When the target displacement of the hydraulic cylinder was 0.3 m, the cycle was 6 s. The load
varied from no load to 1 kW, then to 2 kW, and finally to 3 kW. The output pressure curves of the active
hydraulic cylinder and the check valve are shown in Figure 16. When there were no loads, the pressure
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oscillation was obvious, as it changed from 20 Bar to 70 Bar. As the load increased, the system pressure
increased and became stable; when the loads were 3 kW, the designed one-way valve group output
pressure was steady at 86 Bar. Figure 17 shows the motor pressure and the flow curves. Figure 18
shows the motor speed and the motor torque curves. When the loads were 0 kW, the pressure and
the flow of the motor showed greater oscillations. The pressure altered from 20 to 70 Bar, the flow
changed from 0 to 3.5 L/min, the speed turned from 0 to 490 r/min, and the torque went from 0 to 7.5
Nm. When the loads moved to 1 kW, the pressure became stable and grew from 70 Bar, the flow was
stable and grew from 1.7 L/min, the speed turned stable and kept at about 150 r/min, and the torque
changed to stable and kept at about 5.5 Nm. When the loads turned to 2 kW, the trend of change did
not alter, but there was an oscillation at the variation point. When the loads became 3 kW, the flow
reduced from 1.8 to 1.5 L/min, the motor speed adjusted from 130 r/min to 110 r/min, and the torque
turned stable and increased to 15 Nm. By analyzing Figures 17 and 18, we can see that the pressure
change was consistent with the variation of motor torque, and the flow alteration was consistent with
the adjustment of motor speed. It also obeys the law of energy conservation.

200
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Figure 16. Pressure curves of active hydraulic cylinder and check valve.
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Figure 17. Motor pressure and flow curves.
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4. Conclusions

In this research, an oscillating float wave energy experimental platform was taken as the research
object to develop the design principle and the control strategy. Design details and dynamic modeling
of the platform were also presented. An adaptive back-stepping displacement controller was shown
and compared with the PID controller. The designed displacement controller aims to improve the
displacement tracking accuracy, and its uniform stability can be guaranteed by constructing the
Lyapunov function. The adaptive back-stepping displacement controller was synthesized based
on this state-space model to accurately achieve the desired displacement control regardless of such
uncertainties and nonlinearities. This displacement tracking controller includes a back-stepping
procedure and an adaption law to deal with uncertainties and nonlinearities and hence to improve the
final displacement control performances.

The comparative experimental of motion response under the new controller and PID controller
was carried out. Comparative results validated that the proposed control strategy in this research
can better realize the hydraulic cylinder displacement tracking control than the PID controller. The
motion response of the active hydraulic cylinder was basically consistent with the input target curve;
in addition, the tracking error was smaller, and the response speed was faster than PID controller. The
precise control on the active part of the wave power experimental device provides a prerequisite for
the development of the hydraulic transmission system. The working characteristics of the hydraulic
transmission system were also shown through the experimental platform, and the peculiarities of
hydraulic regulation under different working conditions were summarized. It is helpful to realize
the design optimization of energy transfer process, as it provides the foundation for the layout of a
hydraulic transfer system of the wave energy power generation device.
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