
PROCEEDINGS OF THE 15TH EUROPEAN WAVE AND TIDAL ENERGY CONFERENCE, 3–7 SEPTEMBER 2023, BILBAO  643-1 

Abstract— A 6-Degrees-Of-Freedom robotized dry test 

rig has been developed at Uppsala University to test point 

absorbing WECs (Wave Energy Converters). Using a six 

joint industrial robot as a buoy movement emulator, the 

robot's outermost point (joint 6) is connected to the wire 

from the generator concept WEC PTO (Power Take-Off). 

The robot's movement in joint 6 thus corresponds to the 

buoy movement on the sea surface. The test rig can be used 

for various point absorbing WEC PTO units. In this project, 

the test rig has been used with a WEC-PTO prototype. The 

point absorbing WEC-LRTC concept is being developed at 

Uppsala University. The generator concept is made up of 

two identical rotating generators. A wire is used as a 

connection between the generator concept at the seabed and 

a buoy on the sea surface.  

The goal of this article is to demonstrate and evaluate 

how the test rig interacts with the LRTC-WEC PTO in 

regular waves. In the presented experiments, a 

hydrodynamic model with force control method has been 

used.  

The results show a clear difference in the use of the 

hydrodynamic model with different sizes of the buoy. The 

test rig with the force control model can be used easily to 

test different theoretical buoys and different load settings 

for WEC PTOs. Effective experiments can be performed 

with real PTO forces instead of simplified simulations.  

Future work is to experiment with the position control 

method and also experiments with irregular waves. 

Keywords— dry test rig, industrial robot, LRTC, point-

absorber, wave emulator, wave energy converter

I.INTRODUCTION

he need for renewable energy in the world is 

increasing and the demand for environmentally 

friendly electrical energy, green energy is increasing. 

Ocean waves are an attractive source of energy for many 

researchers around the world [1]. There are a few point 

absorbing WECs (Wave Energy Converters) that have 

already been developed worldwide. Research is ongoing 

around the world for the development of more efficient 
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and sustainable WECs that also have to be economically 

rewarding [2][3][4].  

For more than 20 years, Uppsala University has begun 

to focus on renewable energy production. At Uppsala 

University, different types of renewable energy sources 

have been evaluated including several WECs [5]. One of 

them is the LRTC (Low Rpm Torque Converter) concept 

[6][7]. The concept is made up of two rotating generators, 

the generators placed against each other. The rotating shaft 

of the generators are connected to each other via a drum. 

Two clutches and a spring are implemented in the drum. 

The clutches allow each generator to spin only in one 

direction (opposite to each other). A wire is spun around 

the drum and connected to a buoy on the sea surface. With 

the movement of the waves, the buoy gets up which pulls 

around generator 1 and the buoy on the way down pulls 

the spring around generator 2 (see Fig.1).  

All kinds of WECs have to be tested in some way with a 

PTO (Power Take-Off) and validated during the entire 

development phase. Limitations of test environments and 

its costly methods have slowed down the development of 

WECs. Today, the WEC concepts are tested in different 

ways, there is tests directly in open sea, which is difficult 

and time-consuming, and there are also experiments in 

wave tanks and on shore dry test rigs [8][9][10][11]. The 

advantage of the robotized dry test rig used in this article 

compared to other dry test rigs is that it is flexible, can 

work in 6-DOF and is an industrial general machine 

concept. 

At Uppsala University, a dry test rig with a six-jointed 

6-DOF (Degree Of Freedom) industrial robot has been

developed to test and validate WEC concepts on a smaller

scale (see Fig.2).

In the past, the robot has been used as a test rig to 

passively test and validate the performance of the LRTC-

WEC concept [6][7]. The test rig has since then been further 

developed with the implementation of a hydrodynamic 

model [12].  

The purpose of this article is to demonstrate and 

evaluate the interaction of the dry test rig including the 
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hydrodynamic model with a PTO. In this article, the test 

rig is used with the LRTC-WEC PTO in only vertical 

direction (heave) using a force control method in the robot 

system. 

II.METHOD

In this article, various methods have been used including 

both experiments and theoretically calculations. 

1) Experiment setup

An industrial 6-DOF robot of the model IRB6650S, 

manufactured by ABB, payload of 200 kg, a range of 3 m 

and position repeatability 0,14 mm is used in the robotized 

dry test rig. 

The robot is used to emulate the buoy motion in the sea 

waves. The wire from the LRTC-PTO, which in reality is 

connected to a buoy on sea surface, is in this experiment 

connected to the robot's outermost joint (joint 6) (see Fig.2). 

In this dry test rig system, the robot is equipped with an 

ABB FC (Force Controller) 6-DOF force measurement unit 

and a software for FC. A hydrodynamic motion model is 

implemented directly in the robot controller, processed by 

the robot control system. A waveform is sent to the robot 

control system, the robot will act as a buoy on the sea 

surface. In this article we investigate the force control 

method from [12] but with 500 N/(m/s) force sensitivity.  

The LRTC PTO system used in this article is from [7]. 

2) Hydrodynamic model

In order for the robot to behave like a buoy in real time, 

a hydrodynamic model was implemented in the test rig. 

The emulated hydrodynamic response is affected by the 

size and the shape of the buoy, the incoming wave and the 

mechanical PTO force from the LRTC-WEC.  

The hydrodynamic model calculation is divided into 

three main parameters, hydrodynamic force from the 

buoy 𝐹ℎ𝑦𝑑 , acceleration force from the buoy 𝐹𝑏𝑢𝑜𝑦 and

the mechanical forces from the LRTC-WEC, 𝐹𝑚𝑒𝑐  (see

Fig.4) [13][14][15]. In this case 𝐹𝑚𝑒𝑐  includes both the

mechanical and the damping PTO forces.  

𝐹𝑏𝑢𝑜𝑦 = 𝐹𝑚𝑒𝑐 + 𝐹ℎ𝑦𝑑 (1) 

 𝐹𝑚𝑒𝑐  is measured with the FC unit while  𝐹ℎ𝑦𝑑  and

𝐹𝑏𝑢𝑜𝑦 are calculated every 24 ms in the robot controller.

From this reference a force  𝐹𝑟𝑒𝑓  is calculated and set to

the robot force controller: 

 𝐹𝑟𝑒𝑓 =  𝐹ℎ𝑦𝑑 +  𝐹𝑏𝑢𝑜𝑦 −   𝐹𝑠𝑡𝑎𝑛𝑑𝑠𝑡𝑖𝑙𝑙    (2) 

Where  𝐹𝑠𝑡𝑎𝑛𝑑𝑠𝑡𝑖𝑙𝑙  is the standstill force from the LRTC-

PTO (constant force spring). For a buoy in real operation, 

there should be an equilibrium between all forces. Since 

𝐹𝑚𝑒𝑐  is measured by the FC sensor, the robot will thus 

strive to move so that 𝐹𝑟𝑒𝑓  cancel out 𝐹𝑚𝑒𝑐  and hence a 

buoy motion is emulated (see Fig. 3). To implement this 

hydrodynamic model, the buoy acceleration and velocity 

are derived from the buoy (robot) position and low-pass 

filtered. 𝐹𝑏𝑢𝑜𝑦  is then calculated based on Newton's second 

law, in this case we have the buoy mass m and the buoy 

acceleration is  𝑥̈(𝑡):  

𝐹𝑏𝑢𝑜𝑦 = 𝑚𝑥̈(𝑡) (3) 

Fig. 3. The hydrodynamic force control model use in the test rig 

Fig. 1. LRTC-WEC concept 

Fig. 2. The robotized dry test rig with the LRTC-WEC PTO 
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The hydrodynamic force is calculated relative the buoy 

equilibrium position and consist of the excitation force 𝐹𝑒 ,

the hydrostatic force 𝐹ℎ𝑠 and the radiation force 𝐹𝑟  which

calculated based on the wave motion [13]: 

𝐹ℎ𝑦𝑑 = 𝐹ℎ𝑠 + 𝐹𝑟 + 𝐹𝑒 (4) 

𝐹ℎ𝑠 = 𝜌𝑔𝐴𝑠𝑥(𝑡) (5) 

𝐹𝑟 = 𝐴𝑚(𝜔)𝑥̈(𝑡) + 𝐵𝑐(𝜔)𝑥̇(𝑡) (6) 

Where𝜌 is the liquid density, g is the acceleration of 

gravity, 𝐴𝑠  describes the transverse area of the buoy, x(t)

is the vertical displacement of the buoy, 𝐴𝑚 is the added

mass, 𝐵𝑐 is the damping coefficient, ω is the wave angular

frequency and 𝑥̇(𝑡) is the buoy velocity. 

The excitation force for regular wave as we use in this 

project is: 

𝐹𝑒 = Γ(𝜔)
𝐻𝑠

2
𝑠𝑖𝑛𝜔𝑡 (7) 

Where Γ(ω) is the force amplitude and 𝐻𝑠  is the

significant wave height: 

Γ(𝜔) = √
2𝑔3𝜌𝐵𝑐(𝜔)

𝜔3 (8) 

3) Simulation experiment set

The buoy motion was also simulated in Simulink, using 

the same force model and with 10 ms time-step size. A 

simplified LRTC-PTO force model was here used to 

simulate 𝐹𝑚𝑒𝑐  as being proportional to the buoy velocity

using the LRTC damping factor 𝐷𝑚𝑒𝑐 set to -500 N/(m/s). 

Since the model is based on the buoy equilibrium position, 

the LRTC-PTO constant force springs could be neglected 

in the simulation. The robot damping sensitivity force 

𝐹𝑟𝑜𝑏 was simulated the same way as the 𝐹𝑚𝑒𝑐 , setting the

robot damping factor 𝐷𝑟𝑜𝑏  to -500 N/(m/s). After

calculating 𝐹𝑏𝑢𝑜𝑦 using Eq. 1 but now also adding 𝐹𝑟𝑜𝑏 ,

Eq. 3 was used to calculate the buoy acceleration. Finally, 

a continuous integrator function was used to calculate the 

buoy velocity and position. A conceptual illustration of the 

Simulink model is shown in Fig. 5. 

4) Experiments

In this project we only experimented with regular 

waveform, sinus wave in vertical direction (heave). Due to 

limitations in the ABB force control application, we have 

not been able emulate higher wave velocities. The tests 

were made only with sine waves in heave direction, the 

simulation coefficients are based on a specific buoy size. In 

this test, two different cylindrical buoys with diameter D, 

height h and mass m were used (see Table 1). The software 

WAMIT was used to obtain buoy parameters 𝐴𝑚 and 𝐵𝑐 
constants used in the calculations. 

Three different experiments were performed with the 

same regular wave sample: 

I. A sine wave with an amplitude of 200 mm and

a period of 4 s during five full periods

TABLE 1 BUOY PARAMETERS 

D 
(m) 

h 
(m) 

m 
(kg) 

𝐴𝑚 
(kg) 

𝐵𝑐 
(Ns/m) 

Buoy 1 1.2 0.5 100 550 180 

Buoy 2 0.6 0.5 25 64 12 

Fig. 4. Hydrodynamic forces 
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Experiment one (Exp.1) were done without the effect of the 

hydrodynamic forces with the LRTC-WEC electrically 

loaded. For this experiment the buoy size or the PTO forces 

does not matter as the robot movement will be identical to 

the wave movement. 

Exp.1.i Sine wave, LRTC loaded 

Experiment two (Exp.2) was done with the hydrodynamic 

force model and the LRTC-WEC electrically loaded and 

unloaded for both of buoy 1 and buoy 2: 

Exp.2.i  Buoy 1, LRTC loaded 

Exp.2.ii  Buoy 1, LRTC unloaded 

Exp.2.iii  Buoy 2, LRTC loaded 

Exp.2.iv  Buoy 2, LRTC unloaded 

Experiment three (Exp.3) is a simulation model of the buoy 

movement with the hydrodynamic force model made in 

the software MATLAB-Simulink (see Fig 5): 

Exp.3.i Buoy 1, simulation model LRTC loaded 

Exp.3.ii Buoy 2, simulation model LRTC loaded 

III.RESULTS

In Fig. 6 results from Exp.1 and exp.2 show how the 

movement of the various buoys looks compared to the sine 

wave used in this case Exp.1.i. Table 2 and Fig.7 present 

the power output between Exp.1 and Exp.2. 

Fig. 8 results from the simulation experiment show two 

different buoy movements which are compared with both 

the incoming wave and with the result from Exp.2. 

Fig. 5. Simulink simulation of the hydrodynamic model used in the test rig 



 DANA et al.:   DEMONSTRATING REAL-TIME HYDRODYNAMIC MOTION  643-5 

Fig. 6. Position and force results for Exp.1 (test rig wave motion) and Exp.2 (test rig buoy emulation) 

Fig. 7. Power output for Exp.1 (test rig wave motion) and Exp.2 (test rig buoy emulation) 

TABLE 2 PEAK AND AVERAGE POWER OUTPUT RESULTS EXP.1 (TEST RIG WAVE MOTION) AND EXP.2(TEST RIG BUOY EMULATION) 

Generator 1 

Output Peak 

Power (W) 

Generator 2 

Output Peak 

Power (W) 

Generator 1 

Output Average 

Power (W) 

Generator 2 

Output Average 

Power (W) 

LRTC Average 

Power 

comparison (%) 

Exp.1.i 11.7 11.6 3.0 3.0 100 

Exp.2.i 11.0 10.8 2.8 2.6 90 

Exp.2.iii 6.3 5.5 1.6 1.4 50 
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IV.DISCUSSION

In Fig. 6 it can be seen that we can simulate the 

movement of different buoys. The result from Exp.2 (see 

Fig. 6) shows the motion difference between two buoy 

sizes with the influence of the hydrodynamic forces and 

the sine wave used. The Exp.2.i curve deviates less from 

the wave than Exp.2.iii because the buoy in Exp.2.i is larger 

than the buoy in Exp.2.iii and is more affected by those 

hydrodynamic forces. From the figure it can also be seen a 

small difference in the curves between when the LRTC is 

electrically loaded or unloaded. In Exp.2.iii the movement 

is more damper by the LRTC PTO because the buoy is 

smaller in size compared to the buoy in Exp.2.i. 

It can be seen the power output in table 2 and in Fig.7. 

Generator 1 is pulled around while the robot is going up 

and generator 2 is pulled around with spring force while 

the robot is going down. That the power curve goes down 

more smoothly depends on the flywheels that are 

connected to the generators. 

In table 2 we clearly see the differences in power output 

between Exp.1 and Exp.2 down to 50% less power output 

depending on buoy size. Peak power output in Exp.1 is 

more than Exp.2 is due to the movement is larger in 

amplitude, in this case also the average power is higher. 

The difference in power output between Exp.2i and 

Exp.2.iii depends on the size of the buoy, where in Exp.2.i 

is larger than in Exp.2.iii and therefore achieve higher 

movement in amplitude and also higher peak and average 

power output. In Exp.2.i, the power curve looks spiky and 

more uneven compared to Exp.2.iii may be due to the 

robot's FC was set to high sensitivity in combination with 

high reference force.  

Exp.3 shows that the result in general the simulations 

agree well with the experiments in Exp.2. In Fig.8 we see 

the lag in the force 𝐹𝑟 for Exp.2 compared to Exp.3, this is

because speed and acceleration are derived from the 

robot's position and then low-pass filtered to obtain even 

values, so speeds and accelerations are obtained with a 

certain delay, which in turn affects the calculated value of 

𝐹𝑟 . The force 𝐹𝑒 is not affected by the motion of the buoy

and that is why the results from Exp.2 and Exp.3 clearly 

overlap.  

The noticeable difference in movement between 

experiment results and simulation results because the 

LRTC simulation model is not identical to the LRTC 

concept, the model is roughly estimated. It is difficult to 

estimate all possible forces from the LRTC or other WEC 

concept. Other potential resonance for deviations between 

the simulation and the robotized experiments are the 

hydrodynamic model is executed with position control 

instead of force control in the simulation, that smaller time-

steps are used in the simulation and that there might be 

limitations in the robot FC application. 
We have not been able to validate the test rig with the 

implemented hydrodynamic model fully. A more accurate 

simulation model of a WEC concept needs to be developed 

or a practical experiment in a wave tank can be performed 

to be able to compare the result with the test rig system for 

validation of the test rig system including the 

hydrodynamic model. 

Finally, it should be noticed that the robot damping 

force dose not in real off-shore operation. 

1) Future work

A more accurate simulated LRTC model should be 

developed for more accurate comparison and to be able to 

validate the test rig system. Also, similar experiments as in 

Fig.8. Position and force result for Exp.3 (buoy simulation) compared to Exp.2 (test rig buoy emulation) 
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this article but with the position control method instead of 

force control are interesting. 

V.CONCLUSIONS

The experiments with the robotized dry test rig 

connected to a PTO system have shown positive results 

regarding the interaction of the test rig with a PTO system. 

From the experiments and results obtained in this article, 

the aim of the article has been achieved.  

The results show that the test rig in force control mode 

can be used easily to test different theoretical buoys and 

different load settings for WEC PTOs. Effective 

experiments can thereby be performed with real PTO 

forces instead of simplified simulations. 
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