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Abstract
The paper is aimed at the Design of hydraulic power pack for 
Random Sea Wave Generators at CWPRS (Central Water Power 
Research Station), Pune, for conducting laboratory physical model 
studies. This Hydraulic power pack is to be used for operation of 
hinged wave paddle in shallow water basin to generate random 
sea waves. Replication of sea wave conditions is simulated in 
laboratory in the form of spectrum. Wave data is needed for 
design and development of port lay outs, marine structures etc 
and it’s analysis is useful in taking decision on optimum design 
for development of port lay out projects. This paper describes the 
Random Sea Wave Generating Servo-Hydraulic System including 
development of hydraulic power pack for generating random 
waves in a shallow wave basin. Hydraulic power pack and servo-
controls plays a vital role in automation and mechanization of 
systems like Random Sea Wave Generators (RSWG). The power 
pack consists of a pump, reservoir, relief valve, direction control 
valve and Pressure control valve. The design of hydraulic power 
pack,the components to be designed mainly are pump, and an 
electric motor. Selection of pump using pump performance curves 
and working of swash plate type axial piston pump are discussed. 
Generation of Random waves are controlled completely by servo-
hydraulics through SCADA. A Special emphasis is made on design 
methodology for estimation of power of hydraulic system used for 
RSWG systems which need to maintain constant pressure with 
variable flow so as to meet the dynamic performance of the system 
in response to the control signal generated by the wave generation 
software. Design curves for estimation of force and velocity which 
are main parameters in calculation of power of hydraulic system 
are developed in this paper. Mean square values and Dimensionless 
mean square parameters are described for Calculation of velocity 
and force which are main design parameters for selection of 
hydraulic power pack. 
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I. Introduction 
The industrial hydraulic system is a power transmission system 
using a fluid to carry the power. As with a simple mechanical 
coupling or transmission shaft, the hydraulic system is of no value 
unless it is connected at one end to a motive force and at the other 
to a load. In other words, the hydraulic system requires an input 
and an output. In RSWG system hydraulic power pack is used to 
supply fluid with constant operating pressure and variable flow 
rate as per the demand generated by the wave generating system. 
Power of hydraulic pack is a function of operating pressure and 
maximum flow rate. The flow rate depends on bore area and stroke 
of actuator. Maximum wave height determines the stroke of the 
actuator. Usually, small hydraulic signal controls larger hydraulic 
valves which then respond so as to direct the main hydraulic 

power to the output operation. Here, control signal output is the 
displacement of a valve spool which is mounted on a actuator 
that carries a wave board [1], [23].If a directional control valve 
spool is moved right across to give simple stop-start, up-down, 
left-right, in-out, clockwise-anti-clockwise, positive or negative 
movement, this is called `bang-bang’ control. If a valve can be 
moved under the action of a control signal to any intermediate 
position so as to cause a progressive, gradual or ̀ step less’ control 
of speed position or direction of movement, this is a servo valve. 
Servo valves of this type may be operated manually, mechanically 
or electrically, and the movement of the valve spool will often be 
approximately proportional to the strength of the control signal 
applied. Servo hydraulic system  finds its application in generation 
of waves in laboratory flumes and basins.

A. Working of Random Sea Wave Generating System 
(RSWG)
Simulation of prototype sea conditions in laboratory flumes and 
basins for hydro dynamic study of maritime structures such as 
breakwater, sea walls and port layouts studies is being conducted 
using a Random Sea Wave Generating Systems (RSWG) [11], 
[12]. A typical RSWG System is shown in figure1. Each wave 
paddle is driven by a ram operated by an electro-hydraulic servo 
system which is controlled by a signal generating unit. Pressurized 
oil is supplied to servo- actuator by a hydraulic power pack. The 
servo controller receives analog command signal from the micro 
processor and generates error signal by comparing it with a 
feedback signal obtained from the displacement transducer [2], 
[21]. The error signal from servo amplifier is converted into a 
current suitable for driving a servo-valve, which in turn controls 
oil flow to the actuator and hence the displacement.

B. Technical Specification of wave basin model:
Scale ratio1:120• 
No of wave flaps: 02• 
Length of wave flaps: 11m• 
Width of wave flaps: 4m• 
Significant wave height: 0.033 m• 
Depth of water in the basin: 0.20m• 
Frequency: 0.3-3Hz• 

II. Problem Description
A physical model for simulation of Prototype Sea conditions in 
laboratory basin for the design and testing of port layouts and 
marine structures such as Breakwater, Seawalls, etc. under the 
wave spectrum is to be developed. Present studies were proposed 
for development of port layouts at 135º north direction with wave 
frontal length of 22m to in order to cover a comprehensive wave 
length. Replication of sea wave spectra in laboratory to cover wide 
range of proto type sea conditions is needed for analysis of port lay 
out designs. Therefore, development of laboratory facility is being 
proposed by Kamarajar port Ltd, Chennai, India, under research 
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and development scheme. A Random wave generating system for 
generation of random waves with significant wave height up to 
maximum of 0.17m using servo-hydraulic system is considered. 
Design and development of hydraulic power pack which is a part 
of RSWG system is need to be analyzed for optimum selection.

 Servo-
Amplifier 

ToAD

CCC 

Servo
-
Actu
ator 

Servo-
Valve 

 
Position-
Feedback 

 

Fro
m  
AD
C 

H
PP 

  

Fig.1 Schematic diagram of RSWG system 
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Fig. 1: Schematic Diagram of RSWG System

This hydraulic power pack is to be used for generation of random 
waves for conducting physical model studies under wave spectrum. 
The criteria for design are velocity and force which is required by 
the wave generating system. It was desired to produce range of 
frequencies between 0.3 to 3 Hz and wave height up to 0.17m.

III. Design Of Hydraulic Power Pack
Design of hydraulic power pack system needs estimation of 
parameters like force that should be provided by the actuator 
for operating wave board, velocity, flow that has to be supplied 
to the actuator by the pump and there by estimation of power of 
hydraulic system. The waves of a random sea are irregular in height 
and period so that the paddle stroke and forces required for the 
generation of such a sea are similarly irregular. The waves can 
no longer be defined in terms of a height and a period, instead the 
energy spectrum defines the sea state and the variations in wave 
height must be considered in statistical terms [4-5]. The statistical 
properties of the waves depend on the mean square water surface 
elevation Mo and the spectral width parameter ‘ξ’ both of which 
can be calculated from the spectrum. In particular the largest crest 
height (measured from the mean water level) in a consecutive 
crests can be predicted. Similarly if the spectra of paddle stroke 
and paddle forces are known then the maximum values of these 
variables (as measured from the mean) can be predicted by 
calculating the mean square values from the respective spectra. 
The design curves developed by G.Gilbert provide a means for 
calculating the mean square values. 

Transfer function γ can be determined using the dimensionless root 
mean square water surface elevation H0

1/2 from design curves for 
regular and random wave generation. This is related to the actual 
RMS Value M0

1/2 as follows: [4] 

M0
1/2 = hH0

1/2     (1)

Design curves were plotted in terms of M0
1/2, ξmax the height 

of the highest maximum above the mean, and N the number of 
consecutive maximum of interest. N is determined by the number 
of waves in an experiment. Suppose a value of ξmax is required 
such that there is a probability that ξmax will be exceeded only in 
one experiment in a hundred on average, when each experiment 
is 1000 waves long. From design curves value of ξmax/M0

1/2 is 4.8 
for this condition. Hence, the maximum crest height is

ξmax = 4.8 M0
1/2     (2)

The mean square values for paddle displacement M1, paddle 
velocity M2, paddle acceleration M3 and resistive force per unit 
width M4, are given by [4].

M1 = h2 H1     (3)
M2 = ghH2     (4)
M3 = g2 H3     (5)
M4 = 4ρ2g2h4H4     (6)

The mean square total inertia force per unit width M9 and mean 
square overall total force per unit width M10 are given by
M9= M2g2H3 + 4ρ2g2h4H5 + 2ρMg2h2H7  (7)
M10 = M9 + M10     (8)
Maximum Force = 4.8 M10

1/2   (9)

Where M is one third the mass per unit Width of the paddle and 
H1, H2, H3, H4, H5 and H7 can be read from the corresponding 
design curves for regular and random wave generation for the 
chosen value of γ. Using equations (2) for a particular value of 
ξmax the value of M0

1/2 can be calculated. From equation (1) 
values H0

1/2 are calculated for different values of “h”. Values of 
“γ” is being taken from the design curves for regular and random 
wave generation corresponding to H0

1/2 using plot digitizer 
software[20]. The points on G. Gilbert design curve for chosen 
value of ξmax (0.16m) to find values of H4, H5, H7 are located 
using plot digitizer software is shown in the fig. 2. Similarly, 
value of H1, H2, H3 are taken from the corresponding design 
curves for regular and random wave generation and few values 
are shown in Table 1. Maximum force and velocity is calculated 
using equations (9),(4) and few calculations are shown in Table 2. 
A design curve is drawn with maximum force, maximum velocity 
verses depth of water as shown in fig. 3. The value of force (F) 
can be known by locating a point on design curve in fig. 3 (for 
ξmax=0.16) for choosen value of “M” and “h”. The value of force 
(F) can be calculated by interpolation of force values taken from 
nearest curves for choosen value of “M” other than 30kg, 60kg, 
80kg, 120kg. In hinged flap type wave generators, the depth of 
water at wave flap is maintained at 0.4m or more by construction 
of hump to have sufficient water volume for a given stroke of the 
wave flap. Dimensionless parameter are taken from piston type 
wave board design curves shown by G. Gilbert. For ξmax=0.16m, 
h=0.72m, M=80kg, value of force(F) is being taken from the 
corresponding design curves from fig. 3 and it is noticed to be 
1412 N/m. Stall force is calculated as 20% excess of maximum 
force. Operating pressure (supply pressure) is being selected such 
that a positive valve pressure drop occurs for both forward and 
backward direction of oil flow through servo-actuator. This can 
be achieved by iterations and a positive valve pressure drop is 
noticed at pressure of 210 bar and hence, is selected as supply 
pressure. Maximum piston velocity of 0.65m/s is required to meet 
designed parameters in shallow wave basin. Maximum piston 
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velocity is calculated using design curve in fig. 3 for a water depth 
of 0.42m in prototype. Servo-actuator selected is E-851-40 having 
maximum piston area of 1260mm2, Stroke length of 320mm. The 
maximum flow required is equal to the product of velocity and 
maximum piston area and it is calculated to be 819x10-6m3/s i.e 
49.14 lpm. Power required to supply a flow rate of 819x10-6m3/s 
with operating pressure of 210x105 N/m2 (210 bar) bar is the 
product of pressure and flow rate. Accumulators can be used to 
supply oil in peak demands and hence, 20-30% of flow rate that 
is to be supplied by pump can be reduced.

Fig. 2: G. Gilbert Design Curve for H4, H5, H7

Considering efficiencies of pump and motor as 85%, 80% 
respectively, the power calculated to be 24 HP for one wave board 
and for two wave boards, it can be rounded to 50 HP.

IV. Selection of Pump and Electric Motor
The selections by the designer of a suitable pump for a particular 
hydraulic system will be based on its pressure, speed and capacity 
ratings and also on its efficiency, noise, life, serviceability, cost 
and other functional characteristics. A pump is a machine for 
converting energy from mechanical to fluid pressure energy. 
Pumps are designed and used either for the transfer of fluid, or 
for power transmission. Power transmission pumps in fluid power 
systems are nearly all hydrostatic or positive displacement units, 
the most common pumps are gear pumps, vane pumps and piston 
pumps [21]. The most effective pumping unit is the piston pump. 
Piston pumps are suitable for high pressure applications. Variable 
capacity units may be designed and adapted to many forms of 
hydraulic systems. In axial piston pumps, several cylinders are 
grouped in a block around a main axis with their axes parallel 
to main axis. One end of each piston is contained in the cylinder 
barrel and the other end is constrained to move axially by contact 
with a plate inclined at an angle to the pump axis as shown in fig. 
4. There are three basic configurations as described below:

The pump may have a ̀ bent axis’ or ̀ tilted body’. This pump 1. 
is relatively complex and expensive though very compact. 

There is a weakness in the drive and it is relatively difficult 
to arrange for variable deliver. 
The pump may have a straight axis, with a stationary cylinder 2. 
block and a rotating thrust plate. This permits the use of poppet 
valves which are easier to design for very high pressure as 
compared to rotating valves plates. The piston loads will be 
transferred to the pump body through the rotating thrust plate. 
These pumps are basically fixed capacity units. 
The pump may have a straight axis, the cylinder barrel rotating 3. 
between a stationary valve plate and a non-rotating swash 
plate. This is the most common form of axial pump today. It 
is the simplest mechanical design with the fewest components 
and hence the cheapest.

A pressure compensator is a device built in as an integral part of 
pumps which automatically reduces or stops pump flow when 
system pressure reaches a pre-set pressure. Any pump built with 
variable displacement can be controlled with a compensator. Radial 
piston pumps can also be built with variable displacement but do 
not lend themselves readily to this action. Most other positive 
displacement pumps like internal and external gear, balanced 
(double lobe) vane, and screw types cannot be built with variable 
displacement. 

A. Applications of Pressure Compensated Pumps
Basically the pressure compensator is designed to maintain a 
constant operating pressure by varying the flow. Since built up of 
excess pressure is compensated by reducing flow from the pump, 
little HP is added into the pressure lines and hence little heat is 
generated. Variable displacement pumps are especially useful to 
supply fluid to several branch circuits from one pump, to maintain 
constant pressure in more than one branches simultaneously and to 
cut-off fluid supply to the branch which is in ill operation. Swash 
plate-type pumps are suitable for application in open as well as 
closed circuits [24]. Swash plate-type pumps are also suitable 
for mounting of auxiliary or secondary pumps on the drive shaft 
and control valves can be integrated. Since the slipper pads are 
mounted on hydrostatic bearings, longer pump service life may be 
expected. In RSWG system operating pressure must be constant 
and flow should be variable. The temperature of oil should be 
below 500c to avoid leakages of oil through oil seals and there by 
minimum pressure losses. Since constant operating pressure with 
variable flow rate including little heat generation can be achieved 
by using swash plate type axial piston pumps, this type of pump 
is selected for RSWG system.

B. Working of Pressure Compensated Variable 
Displacement Axial Piston Pumps
In the axial piston units of swash plate design, the flow is 
proportional to the swash plate angle because stroke length is 
determined by the angle and also to the input speed. A prime 
mover like diesel or electric motor is used to rotate the drive 
shaft through the gearing, causes the cylinder to rotate, taking 
with it the pistons. Swash plate is held in between compensator 
unit and slipper pad as shown in fig. 4. As the cylinder rotates, 
each piston reciprocates axially through a stroke length equal to 
the horizontal distance between lower and upper dead point [21], 
[22]. A movement from one dead point to the other constitutes 
one complete stroke, oil corresponding to the stroke volume is 
either sucked in or pumped out via the  two control slots in the port 
plate. The hydraulic fluid is sucked during the suction stroke and 
compressed by the boost pressure in closed circuits. During the 
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pressure stroke, fluid is pushed into the hydraulic system through 
the piston bores on the opposite side.

Fig. 4: Schematic Diagram of Swash Plate Type Axial Piston 
Pump

Since pressure compensator adjusts the pump displacement 
according to the actual need of the system, constant pressure 
is maintained in the system. A pilot line from pump out let is 
connected to compensator unit as shown in fig. 4. When the load 
due to pressure falls below spring tension, piston in compensator 
unit moves swash plate which in turn reduces stroke length. In 
this way angle of swash plate changes when the force due to 
differential pressure exceeds spring tension and thus flow of oil 
changes according to actual flow required by the system. Finally, 
a pressure compensated Variable displacement axial piston pump 
is found to be suitable for applications like RSWG systems. Using 
catalogue of Oil Gear Company, PVG-65 series pump having 
108.9 lpm at rated pressure 344.8 bar and 1800rpm is selected. 
One actuator needs a flow of 49.14 lpm and hence for two actuators 
98.28 lpm is required. 30% of flow required during peak demands 
will be provided by bladder type accumulators. Since actual flow 
rate required is 68.8 lpm which is less than pump supply (95lpm at 
1450 rpm), selected pump meets the flow rate demanded by wave 
generating system. Using PVG-65 pump performance curves, an 
Electric motor of 50HP with 1450 rpm is found suitable. 

V. Experimental Set Up and Test Results
Hydraulic power pack is fabricated and assembled with electric 
motor, pressure compensated variable displacement axial piston 
pump, auxiliary pump for off-line cooling, accumulators and oil 
filtering system as shown in fig. 5. The hydraulic power pack is 
connected to wave board assembly via servo-valve and actuator 
as shown in fig. 6. A Capacitance Wave Height Recorder (CWHR) 
unit and Analog to Digital Converter connected to USB port of 

the PC to acquire the wave data using sensors. The command 
signal is generated by wave generating software in a personal 
computer. The command signal in digital form is converted to 
Analog Voltage form by ‘Digital to Analog Converter’ (DAC). 
The SCADA based Servo Controller receives the signal after 
smoothening by passing through active Low Pass filter. Position 
feedback signal is generated as the position transducer runs parallel 
to the actuator rod. Error voltage signal which is given to the servo 
valve are computed by comparing the command and feedback 
signals and hence desired position of actuator rod which carries 
wave board is achieved. Capacitance type wave height sensors are 
placed at various locations in the wave basin to sense variations of 
water level. The capacitance of the copper wire connected in the 
sensor varies as per the variation in water level. The acquired wave 
data is analyzed to compute wave energy spectrum. The acquired 
energy spectrum from control point is compared with theoretical 
spectrum. The software for wave simulation, data acquisition, 
data analysis (frequency domain – spectral analysis, time domain 
- wave height analysis) and on-line/off-line data plotting has been 
developed in-house [11]. The software comprises of modules for 
Simultaneous wave generation and data acquisition. A current 
suitable for driving a servo-valve which in turn controls oil flow to 
the actuator is given by a command signal generated by software. 
The command is given to the servo valve through servo controller, 
digital to analog convertor and low pass filter to obtain the 
displacement of wave board. Since wave board displaces volume 
of water in front of it, velocities are induced in water particles 
which results in generation of waves in wave basin. A Capacitance 
wave height sensor is placed in front of wave board for recording 
generated waves as shown in fig. 6, details at X. Software module 
for calibration of wave height sensors, Spectral Analysis, Data 
Plotting etc. developed in ‘C#’ language using Visual Studio 2010. 
The acquisition program has a special feature i.e. real time display 
of superimposed, acquired wave data plots signal from max 16 
No. of sensors. This gives On-line instantaneous & simultaneous 
graphical picture of the wave pattern at various wave sensors 
installed in the wave basin. The hydraulic power pack system 
is used as an integral part of RSWG system for generation of 
waves in shallow basin for conducting physical model studies of 
Kamarajar port Ltd., Chennai, Tamilnadu State, India. SCOTT 
Wave spectrum was used for achieving significant wave height(Hs) 
4m and peak frequency (Fp) of 0.09 Hz in Prototype with model 
scale factor of 120. The same is shown in figure 6.
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Fig. 5: Hydraulic Power Pack         Fig. 5.1: Details at X in fig. 5

Table 1:

h H0
1/2 H1 H2 H3 H4 H5 H7

0.4 0.08325 0.008994 0.005029 0.004212 0.003943 0.0000415 0.000467
0.51 0.065294 0.004075 0.002703 0.003373 0.001863 0.0000689 0.000614
0.65 0.051231 0.001821 0.001645 0.002701 0.000966 0.0001018 0.000758
0.82 0.04061 0.000802 0.000949 0.002342 0.000422 0.000147 0.000944
1 0.03333 0.000448 0.000672 0.002124 0.000237 0.000183 0.001045

Table 2:

 S.No. h vmax F30(M=30kg) F60(M=60kg) F80(M=80kg) F120(M=120kg)

01 0.4 0.674262 977.454 982.5287 985.8973 992.6003
02 0.53 0.549211 1112.747 1123.338 1130.343 1144.226
03 0.69 0.469731 1352.878 1371.503 1383.781 1408.014
04 0.87 0.424419 1683.214 1711.653 1730.353 1767.16
05 1 0.389624 1970.471 2005.433 2028.406 2073.589

Fig. 3: Design Curves for Hinged Type Wave Flap
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        Wave Board      Hydraulic Power Pack

Fig. 6: Testing of Hydraulic Power Pack in RSWG System

           Wave Height Sensor

               Details X in fig. 6

       Tripoid stand

 
        Fig. 7: Wave Spectrum

VI. Conclusion
In this paper, a hydraulic power pack is designed and developed for RSWG systems which is useful for conducting physical model 
studies under wave spectrum and extracted data is being utilized for optimal design of port lay outs. Design curves for estimation 
of force and velocity which are main parameters in calculation of power of hydraulic system are developed. These curves are 
useful for estimation of force and velocity for design of random sea wave generator with hinged type wave flaps. The advantage 
of using a Hydraulic system over Mechanical and Electrical type wave generators is the possibility of automation of all types of 
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movements. Speeds, forces can be easily and infinitely controlled 
by integrating servo-hydraulic system with PLC and SCADA. 
RSWG system is being utilized for random wave generation in 
a physical model, hydrostatic loading of structural models, tri-
axial loading of soil samples, development of port layouts, marine 
structures etc. The hydraulic power pack using a closed loop servo 
hydraulic system employing high accuracy of controls is useful 
for generating waves with the frequencies ranging between 0.3 
to 3 Hz. Hydraulic power system has given expected results in 
terms of wave generation. From fig. 7, it can be concluded that 
99.90% of spectrum match was achieved. It can be observed from 
figure 3 that the velocity of wave flap decreases with increase in 
depth of water for a selected frequency of water waves in wave 
basin. Since velocity of waves increase with increase in depth 
of water as per small amplitude wave theory, wave takes lesser 
time to complete one cycle. Maximum pressure of 210 bar is 
being developed by the pump and is measured using Bourdon 
tube pressure gauge. Pressure compensated Variable displacement 
axial piston pumps are best suitable for applications like RSWG 
systems where i. several branch circuits are to be supplied from 
one pump, ii.full pressure may be required simultaneously in more 
than one branch, and iii. the pump must be unloaded when none 
of the branches is in operation. As per the experiment results, it 
can be concluded that wave board having length of 11m needs 
25hp horse power for operation of wave flaps in shallow wave 
basin to generate waves with frequencies ranging between 0.3 to 
3Hz and with wave height up to 0.04 m 
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Nomenclature 
γ = Transfer function
ξ = Distance of maximum from mean,
ξmax= Distance of largest maximum from mean, 
ρ = Density of water
g = Gravitation force due to gravity
h = Depth of water in water basin 
M0 = Mean square water surface elevation
M1 = Mean square paddle stroke
M2 = Mean square paddle velocity
M3 = Mean square paddle acceleration
M4 = Mean square resistive force per unit width
M9 = Mean square total force per unit width
M10 = Mean square overall total force per unit width
H0 = Dimensionless mean square water surface elevation
H1 = Dimensionless mean square paddle stroke
H2=Dimensionless mean square paddle velocity
H3 = Dimensionless mean square paddle acceleration
H4 = Dimensionless mean square resistive force per unit width
H5, H6, H7= Dimensionless mean force per unit width 
coefficients
HPP =Hydraulic power pack
HP = Horse power
Q = Flow rate
CWHR = Capacitance wave height recorder 
RSWG= Random Sea Wave Generator
lpm= Liters Per Minute
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