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Executive Summary of CRADA Work: 

This project represents a continuation of the collaboration between iProTech and NLR to 

simulate, optimize and design the iProTech Pitching Inertial Pump (PIP) device. The objectives 

of this TEAMER project are twofold: 

1. Refining the physical characteristics of the existing iProTech PIP WEC-Sim model to 

enhance the model’s fidelity and include controllable components. 

Key model enhancements target the inclusion of Coulomb friction, the introduction of a 

controllable bypass valve, and the replacement of traditional check valves with advanced 

motorized ones. 

2. Exploring traditional and advanced control algorithms. 

From traditional methods like latching control to cutting-edge reinforcement learning 

(RL) algorithms, the goal is to ensure the PIP device's adaptability and optimal 

performance across a range of ocean conditions. 

NLR is tasked with augmenting the WEC-Sim model and implementing the control algorithms, 

culminating in performance comparison analyses. iProTech will update their existing 3D models, 

advise on model improvements, and determine crucial system metrics. 

WEC-Sim, developed in MATLAB/SIMULINK with Simscape Multibody, is the main piece of 

software that will be used in this project. Coupled with the MATLAB RL Toolbox, it offers a 

robust platform for in-depth simulation and optimization of the iProTech PIP device. 

Building on previous work to explore the PIP design space and optimize its geometry, mass 

distribution, center of gravity and other key parameters, this project aims to refine iProTech’s 

existing numerical models and develop effective control algorithms that can seamlessly integrate 

into their future hardware testing campaigns. 

CRADA benefit to DOE, Participant, and US Taxpayer: 

• Assists laboratory in achieving programmatic scope and uses the laboratory’s core 

competencies. 

http://www.nlr.gov/publications
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Summary of Research Results: 

The device background and the original work plan are covered in the proposal test plan 

document. This document will cover the work done and mention some of the circumstances that 

resulted in significant test plan deviations. The project proposal for RFTS-10 was written by the 

PI with the assumption that the models developed in RFTS-1 were supposed to be the starting 

point from which a controls design could be developed. However, as elaborated in this 

document, some serious flaws were discovered in the models from RFTS-1 as work began. 

The work was able to cover Task 1 by increasing the modeling detail and fix the issues with the 

previously developed numerical models in WEC-Sim. Towards Task 2, a rudimentary control 

was implemented, however, funding ran out for developing advanced control mentioned in Tasks 

3 and 4. 

The details of the work are described as: Section 1.1 will discuss the numerical models 

developed in RFTS-1 and the issues therein. Section 2 will discuss the methodology for the 

numerical models developed in this round (RFTS-10) and explain how such a complex system 

was accomplished in RFTS-10 given all the important modeling expectations, such as the ability 

to latch/de-latch the internal water coil, and the numerical stability issues in modeling. Finally, 

Section 3 will discuss the results for the numerical models, along with the challenges with the 

device concept and its modeling due to a lack of clarity on its operational principle and any 

information on the necessary physical parameters of the important constituent components of the 

proposed device. 

Task 1: Increase modeling detail of the PTO developed in CRD-22-22968 

Description: 

• NLR will enhance the PTO model by replacing viscous damping with coulomb damping 

for improved representation. 

• NLR will incorporate a bypass valve across the PTO coil to simulate latching, unlatching, 

and torque-dependent latching. 

• NLR will replace check valves with on/off control valves, allowing power to be supplied 

when advantageous. 

o Estimated completion date: 7 months from project start 

The RFTS-1 phase developed two types of models: 

1. A simplified PTO model, where the internal water coil was always treated as a rigid body 

interacting with the outer hull with a rotary spring and damper. 

2. A hydraulic PTO model, where the internal water coil was modeled as a fluid or as a rigid 

body coupled with a hydraulic circuit composed of a low-pressure accumulator and a 

high-pressure accumulator. 

http://www.nlr.gov/publications
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The simplified PTO model was used in the later phase, RFTS-6, and the hydraulic PTO model 

and the flaws therein were not discovered until RFTS-10 started. When the RFTS-10 phase 

started, the TSR pointed out that there may have been issues with the models developed during 

the RFTS-1 phase. Specifically, the TSR noted that the power generated by the hydraulic PTO 

model was higher than expected and on par with the simplified PTO model. This outcome would 

be wrong because the hydraulic PTO model should have inherent power losses, as the power it 

generated used a hydraulic circuit and not a rigid and idealized spring damper. TSR suggested 

that the hydraulic PTO model should incorporate the relevant pipe frictions to account for the 

discrepancy. Part of the team investigated this lead, but after modeling the pipe frictions, it was 

unclear how pipe friction alone could explain almost 2 times the expected power the RFTS-1 

models were making. Following this discovery, the multibody dynamics of the model itself were 

revisited. Section 2 will discuss the methodology for the numerical models developed in this 

round (RFTS-10) and explain how such a complex system was accomplished in RFTS-10 given 

all the important modeling expectations, such as the ability to latch/de-latch the internal water 

coil, and the numerical stability issues in modeling. Section 3 will discuss the results for the 

numerical models, along with the challenges with the device concept and its modeling due to a 

lack of clarity on its operational principle and any information on the necessary physical 

parameters of the important constituent components of the proposed device. 

Task 2: Develop Classic Controller 

Description: 

• NLR will implement Complex Conjugate Controller 

• NLR will implement the Latching Controller 

• NLR will implement the Optimal Active Controller 

A PID controller was implemented for the hydraulic circuit components. Additionally, the 

numerical model can latch and unlatch the water coil depending on the pressures in the coils. 

However, only some manual tuning was done for the controls. Further work was not 

accomplished because the majority of the funds were spent on trying to fix the RFTS-1 models. 

Task 3: Develop Reinforcement Learning (RL) controller 

Description: 

• NLR will use an optimal controller to set up the plant for the RL controller 

• NLR will train the controller on a wide range of wave-states generated using Pierson 

Moscowitz (PM) spectra 

• NLR will test the RL controller on wave elevation data recorded by National Database of 

Buoys Center (NDBC) buoys 

Deliverable: Final post-access report reviewed by both Parties in accordance with 

the TEAMER (Testing Expertise and Access for Marine Energy Research) post 

access report policies. 

http://www.nlr.gov/publications
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Estimated completion date: 12 months from project start 

Funds run out before work could start on this final task. The detailed explanation of the work 

done follows hereon. 

Issues with the models developed in RFTS-1 

The RFTS-1 phase developed two types of models: 

1. A simplified PTO model, where the internal water coil was always treated as a rigid body 

interacting with the outer hull with a rotary spring and damper. 

2. A hydraulic PTO model, where the internal water coil was modeled as a fluid or as a rigid 

body coupled with a hydraulic circuit composed of a low-pressure accumulator and a 

high-pressure accumulator. 

The simplified PTO model was used in the later phase, RFTS-6, and the hydraulic PTO model 

and the flaws therein were not discovered until RFTS-10 started. When the RFTS-10 phase 

started, the TSR pointed out that there may have been issues with the models developed during 

the RFTS-1 phase. Specifically, the TSR noted that the power generated by the hydraulic PTO 

model was higher than expected and on par with the simplified PTO model. This outcome would 

be wrong because the hydraulic PTO model should have inherent power losses, as the power it 

generated used a hydraulic circuit and not a rigid and idealized spring damper. The TSR 

suggested that the hydraulic PTO model should incorporate the relevant pipe frictions to account 

for the discrepancy. Part of the team investigated this lead, but after modeling the pipe frictions, 

it was unclear how pipe friction alone could explain almost 2 times the expected power the 

RFTS-1 models were making. 

Following this discovery, the multibody dynamics of the model itself were revisited. Figure 1 

shows an overview of the WEC-Sim model developed during RFTS-1 for the hydraulic PTO 

model. 

http://www.nlr.gov/publications
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Figure 1 An overview of the role of the different subsystems of the RFTS-1 hydraulic PTO model. 

WEC-Sim is based on the Simscape multibody solver that uses “Joints” blocks to articulate 

dynamics relationships. These joints can be further acted upon by external forces/moments to 

simulate the effects of actuators in the system. The fundamental challenge in modeling this 

device is to model the internal water coil as a rigid body when its pressure is below a 

prespecified “cracking pressure,” 𝑃𝑐𝑟𝑎𝑐𝑘, and then as a fluid when the valves open and flow of 

the internal water coil is permitted. In other words, the model should be able to arrest the motion 

of the internal water coil such that its velocity is the same as the overall hull when the fluid 

pressure is below the threshold 𝑃𝑐𝑟𝑎𝑐𝑘, or it should effectively lock the revolute joint between the 

hull and the water coil while allowing the revolute joint to operate as a revolute joint when the 

water coil allows flow.  On closer inspection, it was observed that the RFTS-1 model tried to 

achieve the above by imposing an external torque on the revolute joint based on the dynamical 

motion of the coil. It can be speculated that this was an attempt to cancel out the revolute joint 

internal mechanics, effectively “latching” the water coil. However, this in turn imposes an extra 

moment and perhaps explains the 2-times the expected power from the RFTS-1 hydraulic PTO 

model. Equation 1 shows a simplified representation of the external torque calculations in the 

RFTS-1 hydraulic PTO model as implemented within the PTO-Sim block, shown in Figure 2. 

http://www.nlr.gov/publications
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Figure 2 External torque calculations in the hydraulic PTO model of RFTS-1. 

𝜏 =  −𝐼𝜔 + 𝑚(𝑉𝑜𝑙)̇ + 𝜏𝑓𝑟𝑖𝑐𝑡𝑖𝑜𝑛 + 𝜏𝑓𝑙𝑢𝑥               (1) 

In the RFTS-1 model, when the inertia contributions were removed, the power generated was 

approximately halved, and the results were therefore somewhat reasonable. However, the 

parameters of the physical components were not based on specific off-the-shelf or carefully 

engineered components. The pressure of the water when flow was allowed was based on the flow 

rates, which were based on arbitrary accumulator sizes. The overall model performance remained 

sensitive to the accumulator sizes—with volumes set at hundreds of cubic meters. For 

perspective, the accumulators for the hydraulic systems used to operate ports and piers 

infrastructure are less than 5 m3. 

To summarize, the major flaws in the RFTS-1 hydraulic PTO model were as follows: 

1. Counting the inertial moments twice—once by Simscape Multibody and then by the model.  

2. Not modeling the latching and de-latching modes of the internal water coil. 

http://www.nlr.gov/publications
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Methodology for the RFTS-10 model 

This section will describe the various modeling developments necessary for the RFTS-10 model. 

The RFTS-10 model required customized WEC-Sim development. Overall, 20 iterative models 

were made to try the different development efforts needed for the project. Table 1 gives a 

summary of the primary issues and the associated WEC-Sim development: 

Table 1 WEC-Sim development completed to model the different aspects of the device concept 

Ensuring the numerical stability of the model 

The numerical stability of the model was an ongoing challenge, as it introduced ambiguity about 

whether the modeling issues were caused by erroneous implementation or the complexity of the 

problem being solved. Figure 3 shows the WEC-Sim solver configuration used to model the 

RFTS-10 models. This enabled increasing the model sampling time, from requiring 10−4 s to a 

sampling rate of 10−1 s. 

 Issue Development 

1. Ensuring the numerical stability of 
the model. 

Relax the tolerance of Simscape solver while balancing the 
accuracy and stability of the model and while increasing the 
computational speed by a factor of 3. 

2. Modeling the revolute joint to have 
the ability to latch and de-latch. 

Develop a new WEC-Sim joint block where the revolute joint 
can be locked or unlocked using an external Boolean 
command. 

3. Implementing a valve logic (that 
maintains the numerical stability of 
the model) 

Develop two different types of valve logic: (1) Using the 
pressure differences between the water coil and the 
hydraulic accumulators; (2) using an AND gate that imposes 
a threshold pressure on the coils and accumulators. 

4. Calculating the additional torque 
due to the water coil 

The two options explored were either using (1) the flow rates 
or (2) the pressures calculated. 

5. Introducing a hydraulic motor and 
bypass valve with basic PID 
controls 

A PID control was introduced to control the flow from the 
hydraulic motors and the flow between just the two water coil 
terminal ends bypassing the overall hydraulic circuit, thereby 
implementing a “bypass valve” with PID controls. 

6. Calculating the pressure of internal 
water coil 

Calculate the pressure of the internal water coil using three 
different approaches based on whether the water coil is 
considered a fluid-bulk or a rigid body, 

1. Fluid Pressure: Using the Bulk-Modulus and flow rates, 

2. Rigid body Pressure: By considering the internal water coil 
to be a rigid body and using the torque a rigid body (water 
coil) would experience and dividing it by the coil radius and 
the area of aperture, 

3. Fluid Pressure: Imposing mass-flow conservation, energy 
conservation, i.e., using Bernoulli’s equation to convert the 
kinetic energy of the water coil to the pressure. 

http://www.nlr.gov/publications
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Figure 3 WEC-Sim solver configuration used for the RFTS-10 models. 

Modeling the revolute joint to have the ability to latch and de-latch 

 The inability of the revolute joint to be able to latch and de-latch was a shortcoming of the 

previous modeling attempts. In models from RFTS-1, the water coil was considered to be a rigid 

body for the purposes of multibody dynamics; an inertial moment was exerted on the water coil 

(using conservation of angular momentum) at all time steps, which was an incorrect modeling 

approach that resulted in substantially high moments measured at the PTO joint, which in turn 

resulted in inflated PTO torques and associated power captured. The new approach used in 

RFTS-10 utilizes a customized WEC-Sim PTO block where the revolute joint block is modified 

to have an external Boolean trigger that can lock/unlock the revolute joint. This enabled 

effectively opening/closing the valves and flow control in the model such that the water coil 

could be modeled as a fluid when the flow was unlatched and as a rigid body when the flow was 

latched. Figure 4 shows the customized WEC-Sim model developed for this application. The 

state of the variable valve_logic changes during the model run-time. This feature enables the 

model to allow or restrict the motion of the inner water coil. The user has the choice to run the 

model in “manual” mode such that the revolute joint is always latched/de-latched or in 

“automatic” mode, where the states calculated during run-time change the revolute joint from 

latched/de-latched depending on the model state. 

http://www.nlr.gov/publications
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Figure 4 A view inside the WEC-Sim Revolute PTO block that allows external torques. By enabling 
the “Mode,” the revolute joint can be latched or de-latched. 

Note, the latching/de-latching of the revolute joint does not introduce numerical instabilities in 

the overall model; however, if the switching happens such that there is a significant difference 

(> 106 Nm) in the external torque to the revolute joint, the revolute joint block has significant 

solver issues, and the entire model suffers numerical breakdown. Some strategies such as using 

tan h(𝑦) to smooth the abrupt state changes—as suggested by the TSR—can help alleviate some 

of the numerical sensitivity.  Overall, it is important when and how often these switches are 

performed for the overall model’s stability and accuracy. The accuracy of the model could be 

affected if the simulation is run for very long durations such as more than 2,000 s, as the 

numerical integration error will accumulate, especially because the model can never truly 

achieve a steady state due to continuous latching/de-latching of the internal water coil. 

Anecdotally, however, the time series is periodic for simulations of up to ~4,000 s. 

Implementing valve logic 

Determining the valve logic during run-time is fundamental because of the device’s working 

principle, i.e., keeping the water coil locked when the pressure in the water coil is below the 

cracking pressure but allowing the water coil to flow when the cracking pressure has been 

breached. 

Figure 5 shows the directions of the flow and the pressure relationships for the hydraulic circuit 

of the device. Here, ports A and B represent the ports of the water coil where the pressure in the 

fluid builds as the device is excited by the incoming wave energy, and the ports C and D 

represent the high-pressure and low-pressure accumulators, respectively. In some of the initial 

models, the valve logic was formed using the condition Δ𝑃𝐷𝐴 = 𝑃𝐷 − 𝑃𝐴 > 0 coupled with an 

AND gate with the condition Δ𝑃𝐴𝐶 = 𝑃𝐴 − 𝑃𝐶 > 0 for causing positive flow from port A, such 

that 𝑄𝐴 > 0, which will happen in tandem with 𝑄𝐵 < 0, with the analogous conditions Δ𝑃𝐵𝐷 =
𝑃𝐵 − 𝑃𝐷 > 0 coupled with an AND gate with the condition Δ𝑃𝐵𝐶 = 𝑃𝐵 − 𝑃𝐶 > 0. 

http://www.nlr.gov/publications
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Figure 5 A schematic flow of the hydraulic circuit of the device. 

Imposing the valve conditions as above, however, introduces numerical sensitivity to the model. 

This is because the magnitude for the accumulator pressures supplied by the TSR was three 

orders of magnitude smaller than the pressure could be generated by the water coil. The 

numerical instability could be because very small changes in accumulator pressures could result 

in engendering latching and de-latching the water coil ports and mathematically require pressure 

changes that are ~100–1,000 times the pressure change on the accumulator side. To ensure 

numerical stability while capturing the correct dynamics, a different approach was used. It was 

assumed that as long as the water-coil ports A and B needed to stay closed, the revolute joint 

needs to stay latched, and as soon as the water-coil needs to be unlatched, the revolute joint 

should be unlatched. Similarly, if the accumulators need to relieve their pressures, the overall 

dynamics would act as though the water body inside the whole system would have to be allowed 

to rotate, i.e., the revolute joint would have to be unlatched.  Following this reasoning, the 

valve_logic will be set such that pressures of ports A and B |𝑃𝐴| > 𝑃𝑊𝑎𝑡𝑒𝑟𝐶𝑜𝑖𝑙   and  |𝑃𝐵| >
𝑃𝑊𝑎𝑡𝑒𝑟𝐶𝑜𝑖𝑙 and the pressures of accumulators are similarly need to cross a threshold pressure to 

trigger the dynamics of the revolute joint in unlatched mode, such that,  |𝑃𝐶| >
𝑃𝐴𝑐𝑐𝑢𝑚𝑢𝑙𝑎𝑡𝑜𝑟 , &, |𝑃𝐷| > 𝑃𝐴𝑐𝑐𝑢𝑚𝑢𝑙𝑎𝑡𝑜𝑟. This implementation is shown in Figure 6. 

http://www.nlr.gov/publications
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Figure 6 The implementation of an AND gate that triggers the water coil to be unlatched, allowing 
the dynamics solver to compute the forces associated with the fluid flow rotating in the water coil. 

Calculation of the external torque due water coil 

The two options explored to calculate the external torque from the water coil were to use:  

1. The flow rates, such that the torques were  𝜏𝑣𝑎𝑙𝑣𝑒 = (𝑄𝐴 + 𝑄𝐵)𝜌𝑅𝑐𝑜𝑖𝑙, as shown in Figure 7. 

 

Figure 7 Calculation of external torque from the water coil treated as a fluid bulk. 

2. The pressures calculated for ports A and B, such that the bulk of the fluid is considered a 

rigid body exerting a torque. In the implementation shown in Figure 8, the torques exerted on 

the revolute joint are proportional to the pressures developed in the water coil, and the 

constant of proportionality is 𝐾 = 10−4 such that 𝜏𝑣𝑎𝑙𝑣𝑒 = 𝐾(𝑃𝐴 − 𝑃𝐵)𝐴𝑐𝑜𝑖𝑙𝑅𝑐𝑜𝑖𝑙. The 

proportionality constant ensures the numerical stability of the model by not imposing torques 

so high that the numerical stability of the model is compromised. 

http://www.nlr.gov/publications
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Figure 8 Calculation of the external torque on the PTO using the pressures generated in the water 
coil. 

For the final numerical models, the second approach, i.e., the pressure-based approach, was used 

because there was inadequate confidence in the models for the accumulators, and the flow rates 

predicted by the model were too high.  

Using the second approach ensured a direct coupling from the angular momentum of the water 

coil body to the corresponding pressure calculations to the corresponding torque such that a 

swirling water coil would impose on the multibody dynamics of the system. Furthermore, the 

flow-based torque will be subject to flow losses; however, from a dynamic’s standpoint, the 

pressure method will capture all of the dynamic effects that the dynamical coupling between the 

hull and the inner water coil impose on each other. In other words, the additional torque 

experienced by the hull and water coil dynamic coupling will be proportional to the pressure 

developed within the water coil, whether the revolute joint of the PTO is latched or unlatched. 

Additional torque on the revolute joint will be experienced in the hull and water coil coupling, 

even if the flow was arrested in the latched mode. 

Introducing a hydraulic motor and bypass valve with basic PID controls 

The controls for the hydraulic motor and the bypass valve were implemented using the 

MATLAB-built off-the-shelf blocks. While a deeper control design exploration was the original 

objective of this project, as explained in other places in this document, the time and funds ran out 

due to issues with existing models and the limited information on the physical components of the 

device. 

In the implementation shown in Figure 9, a PID block has been added to the pressure differences 

of the water coil and accumulators. The variables throttle_control and FlowRate_CD represent 

the control action on the flow, effectively modulating the flow rate of the different ports. 

Additionally, a sinusoidal function represents a simple hydraulic motor that draws flow from the 

accumulators to create hydraulic power. This was a rudimentary stand-in for what would have 

been a control co-design of the hydraulic circuit.  
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Figure 9 Imposing a simple PID control on the flows of the hydraulic circuit using the pressure 
differences between the water coil and the accumulators. 

Pressure calculation of internal water coil 

The power extraction by the device is supposed to happen when the water coil has built up 

enough pressure to exceed a cracking pressure such that the water coil is de-latched and can flow 

through the overall hydraulic circuit. Figure 10 shows the three main components of the PTO 

assembly: (1) water coil, (2) hydraulic circuit, and (3) high-pressure and low-pressure 

accumulators. 

 

Figure 10 A high-level representation of the main components being modeled in the hydraulic PTO 
block. The water coil as it pitches is supposed to create additional pressure, supplying its flow to 

accumulators. 

Overall, for pressure calculations, three different approaches were explored, based on whether 

the water coil is considered a fluid-bulk or a rigid body: 

1. Assuming a fluid-bulk, the pressure calculations are made using flow rates and bulk 

modulus. 

2. Assuming a rigid body, pressures are calculated by considering the internal water coil to 

be a rigid body and using the torque that a rigid body (water coil) would experience and 

dividing it by the coil radius and the area of aperture. 

3. Assuming a fluid-bulk, imposing mass-flow conservation, energy conservation, i.e., using 

Bernoulli’s equation to convert the kinetic energy of the water coil to the pressure. 
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Pressure calculations using flow rates and bulk modulus 

The canonical WEC-Sim has PTO-Sim blocks that can be appropriate for this problem. The 

internal water coil can be considered as a hydraulic piston that develops pressure with the motion 

of the internal water coil body. Note, the main difference and challenge here is that the second 

body that pumps the pressure to the hydraulic cylinder needs to be modeled as either a rigid body 

or as a fluid-bulk, depending on the state of the model. Nevertheless, the pressure and flow rates 

developed at the ports of this hydraulic circuit block will have contributions from the motion 

dynamics and the compressibility effects. However, the TSR argued that the contributions from 

the compressibility and the bulk modulus approach will have to be negligible.  

Figure 11 shows the compressible fluid piston block, which implements the calculations of 

hydraulic pressure using Equations (2) and (3), where 𝐵 is the bulk modulus, 𝐴𝑝 is the area of 

the aperture of the valve, 𝑠𝑟𝑒𝑙  is the relative position of the body pumping against the body 

second body, which in this case would be the relative position of the water coil and the hull, 𝑣𝑟𝑒𝑙 

is the relative velocity of the water coil and the hull, and 𝑄𝐴 and 𝑄𝐵  are the flow rates of the 

terminals of the water coil. This fluid pressure rate (
𝑑𝑃𝐴

𝑑𝑡
 & 

dPB

dt
 ) is then integrated in time and 

multiplied with 𝐴𝑃 to get the PTO forces. 

𝑑𝑃𝐴

𝑑𝑡
=

𝐵

𝑠𝑟𝑒𝑙𝐴𝑝
(𝐴𝑝𝑣𝑟𝑒𝑙 + 𝑄𝐴 ),     

𝑑𝑃𝐵

𝑑𝑡
=

𝐵

𝑠𝑟𝑒𝑙𝐴𝑝
(𝐴𝑝𝑣𝑟𝑒𝑙 + 𝑄𝐵)     (2) 

𝐹 = 𝐴𝑝 ∫−𝑑𝑃𝐴 + 𝑑𝑃𝐵                                                                             (3) 

Equation (2) is shown in the red polygon area, and Equation (3) is shown in the blue polygon 

area of Figure 11. 

An important drawback of continuing with this approach is that it needs the flow rates of the 

hydraulic circuit. This was especially challenging because the accumulator parameters were not 

accurate, which meant the pressures and flow rates associated with the accumulators had a 

downstream effect on the calculations of the water coil pressure calculations as well.  

Note, the RFTS-1 models used a very similar approach (see Figure 2), where these forces were 

calculated under the Flux Force subsystem block. However, in addition to the flux forces, the 

RFTS-1 models added additional contributions from inertia forces, which resulted in much 

higher inertial forces (as they were already being calculated by Simscape), while still not being 

able to have any effective way of latching and de-latching the flow. The friction force 

calculations were explored in detail during this project and will be discussed. However, when it 

comes to pressure calculations, the canonical WEC-Sim block was not used, and two other 

approaches were explored. 
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Figure 11 A lower-level block diagram of WEC-Sim's Compressible Fluid Piston Block. 

Pressure calculations by assuming the water coil to be a rigid body 

Another approach explored treating the internal water coil as a rigid body and simply using the 

torque on the revolute joint to calculate the pressure of the water coil and calculating the 

additional torque on the joint using the flow rate induced by this pressure. 

𝑃𝐴 =
𝜏𝑟𝑒𝑙𝑎𝑡𝑖𝑣𝑒

𝑅𝑐𝑜𝑖𝑙𝐴𝑎𝑝𝑒𝑟𝑡𝑢𝑟𝑒
             (4) 

Then, the additional valve torque from flow rates was calculated from this pressure such that 

𝜏𝑣𝑎𝑙𝑣𝑒 = (𝑄𝐴 + 𝑄𝐵)𝜌𝑅𝑐𝑜𝑖𝑙  (5) 
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Figure 12 shows the customized WEC-Sim block that implements this approach. While 

numerically stable, there are some important drawbacks with this approach according to the 

facility. If the water coil pressure is calculated using just the torque, it calculates the static 

pressure and completely neglects the fluid dynamics of the water coil. The inner water coil, 

given it is incompressible water, would not discharge all its energy as a static pressure. 

Additionally, if this torque-based pressure is converted to a flow rate by a mathematical 

relationship, then this flow rate is again used to calculate an external torque on the revolute joint, 

which will result in counting the same revolute joint’s torque twice and imposing it on the same 

joint. This approach ignores the additional pressure that will develop in the water coil with the 

operation of the device due to the accumulation of the water’s kinetic energy in the form of an 

additional dynamic pressure head. 

 

Figure 12 Calculating water coil pressures by treating the internal water coil as a rigid body. 

Pressure calculations using Bernoulli’s equation 

The dynamic pressure associated with the flow can be calculated using conservation of mass and 

flow, followed by conservation of energy. Figure 13 shows the streamline within the water coil. 

The pressure developed within this fluid bulk could be reckoned by considering all of the energy 

contributions to write the Bernoulli’s equation in steady and unsteady flow. We assume the 

streamlines states, pressure, density, cross-sectional area, and potential head are: 𝑃, 𝜌, 𝐴, 𝑧, 

respectively, which when measured at a different part of the water coil are: 𝑃 + d𝑃, 𝜌 + d𝜌, 𝐴 +
𝑑𝐴, 𝑧 + 𝑑𝑧, respectively. 
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Figure 13 As the inner water coil pitches with respect to the hull, a pressure develops inside the 
water coil. 

Then, we write the continuity equation as 

dρ

ρ
+

dA

A
+

dV

V
= 0            (6) 

Equation (6) establishes the continuity between the mass flow rate and will be useful in writing 

the equation for conservation of momentum. 

For steady flow, for a streamline at velocity 𝑢⃗  and for a control surface 𝐶𝑆, the conservation of 

angular momentum can be expressed as 

∫ 𝜌𝑢⃗ (𝑢⃗ . 𝑛̂)𝑑𝐴
𝐶𝑆

= Σ𝐹                         (7) 

Now, we calculate the flux entering the control surface: 

∫ 𝜌𝑢⃗ (𝑢⃗ . 𝑛̂)𝑑𝐴
𝐶𝑆1

= −ρV2𝐴              (8) 

For the flux exiting: 

∫ 𝜌𝑢⃗ (𝑢⃗ . 𝑛̂)𝑑𝐴
𝐶𝑆2

= −(ρ + dρ)(V + dV)2(𝐴 + 𝑑𝐴)

≈ 𝜌𝑉2𝐴 + 2𝜌𝑉𝐴𝑑𝑉 + 𝑉2𝐴𝑑𝜌 + 𝜌𝑉2𝑑𝐴         (9) 

Substituting in Equation (7), where the total forces will be due to the pressure and the 

gravitational pressure head: 

−ρV2𝐴  +  𝜌𝑉2𝐴 + 2𝜌𝑉𝐴𝑑𝑉 + 𝑉2𝐴𝑑𝜌 + 𝜌𝑉2𝑑𝐴        = −𝜌𝐴𝑔𝑑𝑧 −  𝑑𝑝𝐴          (10) 
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On simplifying: 

𝜌𝑉𝐴𝑑𝑉 +  𝜌𝑉2𝐴(
1

𝑉
𝑑𝑉 +

1

𝜌
𝑑𝜌 +

1

𝐴
𝑑𝐴) =  −𝜌𝐴𝑔𝑑𝑧 −  𝑑𝑝𝐴          (11) 

After substituting Equation (6), Equation (11) becomes 

   𝜌𝑉𝐴𝑑𝑉 = −𝜌𝐴𝑔𝑑𝑧 −  𝑑𝑝𝐴          (12) 

After dividing by 𝐴, Equation (12) becomes 

𝑑𝑝 + 𝜌𝑉𝑑𝑉 + 𝜌𝑔𝑑𝑧 = 0          (13) 

Upon integrating Equation 13 between two points on the streamline, we arrive at the familiar 

Bernoulli equation: 

𝑝2 − 𝑝1 +
1

2
𝜌(𝑉2

2 − 𝑉1
2) + 𝜌𝑔(𝑧2 − 𝑧1) = 0          (14) 

Equation (14) serves as an effective way to calculate the dynamic pressure from the velocity of 

the flow in the water coil. In other words, the knowledge of the velocity of the fluid can be used 

to reckon the pressure buildup in the water coil. This is especially useful for the device cycles 

where the flow does not quite crack the cracking pressure, yet the pressure from the angular 

momentum of the water coil builds within the bulk of the fluid. For the particular case of the 

water coil, the water coil’s velocities in all degrees of freedom are available from Simscape. So, 

the total energy of the total fluid-bulk can be summed up from all degrees of freedom, 

translational and rotational. Therefore, rewriting Equation (14) such that the velocity-squared 

terms are matrix-multiplied to the inertia matrix 𝑴 and then divided by the fluid-bulk volume, 

while the change in static pressure head (the last term on the left side of Equation (14)), the 

expression for the calculation of the pressure becomes 

𝑝2 − 𝑝1 = −
1

2

𝑴

𝑉𝑜𝑙𝑢𝑚𝑒
. (𝑉2

2 − 𝑉1
2)          (15) 

Equation (15) can be rewritten for unsteady flow and compressible flow. The continuity equation 

for the unsteady compressible flow can be written as 

1

𝜌𝑉

𝛿𝜌

𝛿𝑡
𝑑𝑠 +

dρ

ρ
+

dA

A
+

dV

V
= 0            (16) 

For unsteady flow, the integral momentum conservation equation is 

∫
𝛿𝜌𝑢⃗ 

𝛿𝑡
𝑑∀

𝐶𝑉

+ ∫ 𝜌𝑢⃗ (𝑢⃗ . 𝑛̂)𝑑𝐴
𝐶𝑆

= Σ𝐹                         (17) 
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where 

∫
𝛿𝜌𝑢⃗ 

𝛿𝑡
𝑑∀

𝐶𝑉

=
𝑑

𝑑𝑡
(𝜌𝑉)𝐴𝑑𝑠          (18) 

As the limit 𝑑𝑠 → 0, 𝑑𝐴 → 0: 

𝑑

𝑑𝑡
(𝜌𝑉)𝐴𝑑𝑠 − −ρV2𝐴  +  𝜌𝑉2𝐴 + 2𝜌𝑉𝐴𝑑𝑉 + 𝑉2𝐴𝑑𝜌 + 𝜌𝑉2𝑑𝐴 = −𝜌𝐴𝑔𝑑𝑧 −  𝑑𝑝𝐴          (19) 

Simplifying: 

𝜌𝛿𝑉

𝛿𝑡
𝑑𝑠 + 𝜌𝑉𝑑𝑉 +  𝜌𝑉2 (

1

𝜌𝑉

𝛿𝜌

𝛿𝑡
𝑑𝑠 +

1

𝑉
𝑑𝑉 +

1

𝜌
𝑑𝜌 +

1

𝐴
𝑑𝐴) =  −𝜌𝐴𝑔𝑑𝑧 −  𝑑𝑝𝐴          (20) 

Rearranging and dividing by 𝜌: 

𝛿𝑉

𝛿𝑡
𝑑𝑠 +

𝑑𝑝

𝑝
+ 𝑉𝑑𝑉 + 𝑔𝑑𝑧 = 0          (21) 

which upon integrating becomes 

∫
𝛿𝑉

𝛿𝑡
𝑑𝑠 + ∫

𝑑𝑝

𝜌
𝑑𝑠 

𝑆2

𝑆1

𝑆2

𝑆1

+
1

2
(𝑉2

2 − 𝑉1
2) + 𝑔(𝑧2 − 𝑧1) = 0          (22) 

which for incompressible flow becomes 

∫ 𝜌
𝛿𝑉

𝛿𝑡
𝑑𝑠

𝑆2

𝑆1

+ 𝑝2 − 𝑝1 +
1

2
𝜌(𝑉2

2 − 𝑉1
2) + 𝜌𝑔(𝑧2 − 𝑧1) = 0          (23)      

As was done for Equation (14), Equation (23) was further modified to be implemented in 

Simscape, such that the contributions from the static pressure head were ignored, and 

contributions of kinetic energy were summed up, which were then multiplied by the inertia 

matrix and divided by the fluid-bulk volume:  

𝑝2 − 𝑝1 =  −∫ 𝜌
𝛿𝑉

𝛿𝑡
𝑑𝑠

𝑆2

𝑆1

−
1

2

𝑴

𝑉𝑜𝑙𝑢𝑚𝑒
. (𝑉2

2 − 𝑉1
2)          (24) 

Equation (24) was implemented in Simscape. The first term of the right side of Equation (24) 

was calculated using a discrete integration block. However, given the states of the valves 

changed without ever truly achieving steady state, the integration accumulated a lot of numerical 

error. Furthermore, the contributions of the unsteady flow were small compared to the steady-

state pressure terms. However, the unsteady flow-related pressure contributions were still 

calculated. 
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Figure 14 and Figure 15 show the Simscape implementation of Bernoulli’s equation and have 

contributions from both the steady flow and the unsteady flow. However, when implemented and 

tested, the numerical integration of the unsteady flow accumulated numerical error.  

Overall, this approach uses the contributions from all the kinetic energy of the water coil in all 

degrees of freedom. This approach therefore avoids the shortcomings of considering the water 

coil as a rigid body and accounts for the pressure built up in the system even when it is below the 

cracking pressure while also accounting for the forces due to fluid effects and Coriolis effects. 

Hence, it conserves momentum and energy. 

 

Figure 14 Overall block overview for the calculation of water coil pressure using Bernoulli's 
equation. 

 

Figure 15 Zoomed-in views of the pressure calculation using Bernoulli's equation for unsteady 
flow. The top left shows pressure contributions from the unsteady flow, and the top right shows 
the contributions from the steady flow. Both are then divided to calculate the pressure difference 

between the two ports of the water coil. 
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Results and Discussion 

As mentioned in Section 3, the two important requirements/expectations that the numerical model 

was able to satisfy were: 

1. The capability to latch and de-latch the inner water coil during the run-time of the model 

based on the state of the pressures in the hydraulic circuit. 

2. Calculate the pressures developed within the water coil as the device pitches in response 

to the incoming waves. 

Implement the latching and de-latching of the inner water coil 

The final model iteration can latch and de-latch the inner water coil based on the pressure states 

of the hydraulic circuit during the simulation run-time. Figure 16 shows the pitch velocities of 

the inner water coil, the outer hull “duck” velocity, and the valve_logic that controls the latching 

and de-latching of the water coil. The Boolean 1 corresponds to the latching condition, and the 

Boolean 0 corresponds to the de-latched condition, or stated simply, the valve_logic Boolean 

indicates the latching on or off. When the hull and the water coil are latched, they have the same 

pitch velocity, whereas in the de-latched state, the inner water coil velocity slows down, i.e., the 

water coil uncouples as it experiences reduced forces. 

 

Figure 16 Time history of the velocities of the hull (duck_vel) and the water coil velocity 
(watercoil_vel).  

Calculate the pressures developed within the water coil 

The final model calculates the pressure developed inside the water coil using Bernoulli’s 

equation as shown in Figure 17 where signs of the pressures 𝑃𝐴 and 𝑃𝐵 indicate the direction of 

the exerted pressure in the hydraulic circuit.  Figure 17 also shows the pressure generated from 

the unsteady flow. 
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Figure 17 The Pressures PA and PB generated at the ports of the water coil, along with the 
unsteady flow-related pressures. 

General results 

Figure 18 shows the general results from the WEC-Sim model. It can be observed that the model 

has the capability to latch and de-latch the inner water coil. It can be further observed that the 

overall average power generated by the model is in the range of ≈40–60 kW (bottom-right plot in 

Figure 18), and the torque on the joints ranges from ≈ 1 × 106 to 1 × 107Nm (bottom-left plot 

in Figure 18)—similar ranges were predicted by linear models and the initial calculations by the 

TSR. Furthermore, by calculating the flow dynamic pressures using Bernoulli’s equation, the 

pressures in the water coil are in phase with the relative velocity. This is true for pressures in 

flows and is the basis for aeronautics and nautical engineering applications. Intuitively, this 

phasing suggests that the pressure in the water coil is generated from the energy of the flow of 

the inner fluid-bulk as the system is excited by the incoming waves. The top-right plot of Figure 

18  shows the flow rates in the simulation. These flow rates are sensitive to the accumulator 

parameters. 
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Figure 18 The general results from the WEC-Sim model. 

Test-plan deviations and lessons learned 

The work deviated from the initial plan because of a misunderstanding of the existing numerical 

models of the device. The existing models of the device had some significant deficiencies that 

resulted in this project trying to first fix and then create new models from scratch for the work 

done in RFTS-1. The device concept also suffers from ambiguity in some important aspects of its 

operational principles, which may have caused flaws in the models developed in RFTS-1. 

Furthermore, the project was delayed for approximately 3 months due to personnel issues caused 

by the departure of a senior researcher in January 2024. This resulted in the PI for the project 

being reallocated to several time-sensitive merit reviews for some of the key projects in the NLR 

portfolio. These delays and reasons were communicated to the TSR, and they showed flexibility 

in the matter. 
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For further context, the TSR was awarded two previous awards: 

1. Creating a numerical model of the device in WEC-Sim (RFTS-1). 

2. Numerical optimization of the device’s hull to improve its hydrodynamic performance 

(RFTS-6). 

The objective of this phase (RFTS-10) was supposed to be the implementation of advanced 

control laws for the device. However, on close inspection of the older model, some significant 

issues with the old model were observed. Specifically, the device required locking and unlocking 

of the internal water coil, and the older model tried to achieve this by adding angular torque 

calculations within the PTO-Sim block and used it as an additional torque exerted on the system. 

This meant the dynamic torque was being counted twice, once by the Simscape solver and then 

again analytically within the PTO-Sim block.  This resulted in much higher power outputs, about 

roughly twice the amount of what the newer models were calculating. This was recognized by 

the TSR. Furthermore, the initial intention was to fix already existing models but creating new 

models from scratch was necessary because the models in RFTS-1 used WEC-Sim v4.0, and 

significant refactoring was done in WEC-Sim in the most recent versions, i.e., v6.1. 

While it is clear that the water coil as it pitches with the hull will impart an angular momentum 

to the internal fluid, it is unclear how the device will perform on a wave-to-wave basis. The 

working principle is analogous to an externally excited two-pendulum system, which implies that 

the working principle and the pertinent models show indications of an inherently chaotic system. 

An important challenge for numerical modeling was a lack of details on the physical parameters 

of the constituents of the hydraulic circuit—especially the accumulator parameters. Even a 

realistic range would have helped set expectations and numerical results. 

This report serves to meet the requirement for the CRADA Final Report with preparation and 

submission in accordance with the agreement’s Article X. 
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