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Abstract Interest in wave energy converters to pro-1

vide autonomous power to various ocean-bound sys-2

tems, such as autonomous underwater vehicles, sensor3

systems, and even aquaculture farms, has grown in re-4

cent years. The Monterey Bay Aquarium Research In-5

stitute has developed and deployed a small two-body6

point absorber wave energy device suitable to such needs.7

This paper provides a description of the system. Addi-8

tionally, to support future control design and system9

modification efforts, a set of hydrodynamic models are10

presented and cross-compared. To test the viability of11

using a linear frequency-domain admittance model for12

controller tuning, the linear model is compared against13

four WEC-Sim models of increasing complexity. The14

linear frequency-domain model is found to be generally15

adequate for capturing system dynamics, as the model16

agreement is good and the degree of nonlinearity intro-17

duced in the WEC-Sim models is generally less than18

2.5%.19
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1 Introduction22

While much of the work to date on WECs has been23

targeted at “utility-scale” devices, which would have24

capacities on the order of 1 MW, in line with wind tur-25

bines, there is now increasing interest in smaller devices.26

Smaller WECs may be used for a more distributed27

approach (i.e., with a “farm” of many WECs needed28

to give a MW of generating capacity as suggested by29

Falnes and Hals 2012) or for applications where the30

power needs are lower, such as the so-called blue econ-31

omy (LiVecchi et al. 2019). Such a device might be32

used to power remotely located sensors or charge au-33

tonomous vehicles (Green et al. 2019; Driscol et al.34

2020; Hagerman 2002).35

This paper provides an overview of the Monterey36

Bay Aquarium Research Institute (MBARI) wave en-37

ergy converter (WEC) – the device is herein referred to38

as the “MBARI-WEC.” The MBARI-WEC was orig-39

inally developed in 2009 in order to provide power to40

MBARI’s various research missions. The project was41

initially funded by the Defense Advanced Research Projects42

Agency (DARPA), as a three-month grant to assess the43

availability of wave power around the world, and to as-44

sess DARPA’s previous attempts to generating electri-45

cal power from ocean waves. The project has been con-46

tinued since then, with support from MBARI’s main47

funding source, the David and Lucille Packard Founda-48

tion.49

Click here to
access/download;Manuscript;mbariWecPaper2020.pdf
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First, a detailed description of the system is pro-50

vided (Section 2). Next, in order to support future con-51

trol design and system re-design efforts, a series of hy-52

drodynamical models are proposed and cross-compared53

(Sections 3-4). These findings are discussed and sum-54

marized in Sections 5 and 6, respectively.55

2 Device description56

The MBARI wave-energy conversion buoy is a two-57

body point absorber that consists of a surface buoy58

and submerged heave-plate connected by an electro-59

hydraulic power take-off unit. A layout diagram is shown60

in Fig. 1 and key parameters for the device are given61

in Table 1. Power and communications extend from the62

buoy down to the heave-cone, but do not extend to63

the sea floor at this time. Typically, the system is de-64

ployed with the submerged heave cone anchored to the65

sea floor with a chain-catenary mooring and a 180 kg66

(400 lb) “Dormor” anchor. The usual deployment loca-67

tion is 36.7436 N, -121.88 E in roughly 80 m of water68

(Fig. 2).69

The computing and software architecture of the sys-70

tem is distributed, as shown in Fig. 3, using micro-71

controllers in critical roles and a topside Linux com-72

puter to log telemetry, issue commands to the micro-73

controllers when needed, and provide shore-based con-74

trol of the system. In particular, there are four micro-75

controllers throughout the system, serving as a bat-76

tery controller (BC), a power-converter controller (PC),77

a pneumatic-spring controller (SC), and a heave-cone78

trefoil controller (TC). The locations of each of these79

micro-controllers is shown in Fig. 1. A listing of teleme-80

try signals provided by each micro-controller is pre-81

sented in Table 6 in the Appendix.82

In each case, these controllers broadcast a stream83

of data on a Controller Area Network (CAN) bus con-84

tinuously at 10-50 Hz. This data streams at 10Hz by85

default but the rate can be increased to up to 50 Hz86

when needed for control purposes. The topside Linux87

computer time-stamps and logs all of this data, and88

provides a mechanism for data transmission to shore89
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Tether (length no to scale)

Heave cone

Sea surface

Power Converter (PC)

Load Dump

Trefoil Controller (TC)

Spring Controller (SC)

Linux Computer Battery &
Battery Controller

Fig. 1 MBARI-WEC system diagram showing mechanical
layout along with electronic subsystem locations.

via terrestrial radio or cell-phone modem. Each micro-90

controller can also accept commands from the Linux91

computer to execute a function or change behavior. In92

all cases, these controllers are fail-safe, if the Linux com-93

puter fails or communications is lost, each controller de-94

faults to a rational behavior. This distributed comput-95

ing infrastructure with the critical roles relegated to the96
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Table 1 MBARI-WEC key parameters.

Parameter Value Notes

Total system mass, mt [kg] 2530 includes PTO system

PTO pneumatic spring const., Kspring [kN/m] 8.9 spring not purely linear, see Section 2.3

Buoy

Mass, m1 [kg] 1080

Natural period, T1,0 [s] 1.4 see Fig. 8

Center of mass, z1,cog [m] 0.67 below buoy deck, see ‘G’ mark in Fig. 4

Center of buoyancy, z1,cob [m] 0.98 below buoy deck, see ‘B’ mark in Fig. 4

Metacentric height [m] 1.93

Water line [m] 0.80 below buoy deck (when PTO and heave cone are attached)

Water plane area, Awp [m2] 5.47

2nd-moment of area of water plane [m4] 1.37

Heave cone

Mass, m2 [kg] 815

Natural period, T2,0 [s] 7.9 see Fig. 8

Center of mass, z2,cog [m] 1.25 below attachment point, see ‘G’ mark in Fig. 5

Depth location [m] 30 see Fig. 1

Fig. 2 Monterey Bay bathymetry at deployment location
(36.7436 N, -121.88 E) shown with blue marker and arrow.
Depths shown in meters. (reproduced from https://www.

nauticalcharts.noaa.gov/ENCOnline/enconline.html)

micro-controllers has provided considerable software re-97

liability in this system. The micro-controller proces-98

sors do not rely on any third party operating systems,99

have no file system and are almost entirely stateless. In100

addition to interfacing with the micro-controllers, the101

Linux computer logs data from a GPS/IMU (Crossbow102

Nav440) and a SimRad radar system currently being103

used for incoming wave-detection research.104

Fig. 3 MBARI-WEC buoy computing and software infras-
tructure.

2.1 Buoy subassembly105

A layout drawing of the MBARI-WEC buoy is shown106

in Fig. 4. On board the buoy are two watertight boxes:107

one contains the battery system and the other contains108

the buoy control Linux computer and associated hard-109

ware. The battery has a capacity of 5 kW-Hrs (17 A-Hrs110

@ 325 V) and this housing also includes a 325 V to 24 V111

power supply that is the main power supply to the buoy112

https://www.nauticalcharts.noaa.gov/ENCOnline/enconline.html
https://www.nauticalcharts.noaa.gov/ENCOnline/enconline.html


4 Andrew Hamilton et al.

 0
.8

1 
 1

.1
2 

 1
.3

0 

 1
.3

7 

 1
.9

3 

 0
.9

8  0
.6

7 
Possible location
of radar

 
2.6

4 

Battery housing
5 kWh capacity

Control electronics
housing

MBARI Wave Energy Converter: Buoy

Weight: 1080 kg
Center of mass (G): 0.67 m below buoy deck
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Second moment of area of water plane  = 1.37 m^4
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controller, a battery control micro-controller which pro-113

vides power switching, manages over- and under-charge114

conditions as well as battery balancing, and monitors115

environmental conditions such as hydrogen levels and116

ground faults on the 325 V bus.117

The controller box contains a Linux computer, an118

Ethernet network, a 2.4 Ghz Wi-Fi radio, a 4G cellular119

modem, power supplies that generate 12 V and 5 V from120

the incoming 24 V, and a power switching relay that121

can switch any voltage in this box to external devices122

as needed. Not shown in Fig. 4 are the antennas for the123

two radios (Wi-Fi and cellular modem), a light, and124

an independent satellite location transponder (“SPOT125

tracker”).126

2.2 Heave plate subassembly127

The heave cone (Fig. 5) is located 30 m below the free128

surface, within the depth limit for a typical open wa-129

ter diver. The heave cone is designed to be adaptable130

and can open and close the center aperture by rotating131

the clover-shaped “trefoil” upon command for purposes132

of storm-survivability. The two configurations of the133

heave cone have dramatically different added mass val-134

ues and modestly different drag coefficients. These val-135

ues have been estimated by potential flow analysis and136

CFD studies, and have been confirmed in tank tests.137

The heave cone contains a micro-controller that con-138

trols the opening and closing of the doors, and also re-139

ports telemetry from a pressure sensor and inexpensive140

IMU (VectorNav VN-100). The Linux computer mon-141

itors PTO extension and opens the doors when larger142

seas cause excursions beyond 80% of the total stroke,143

and closes the doors upon a command from shore. This144

controller also contains a battery back-up and fail-safe145

logic that opens the doors in the case power or com-146

munications are lost from the surface. The tether from147

the PTO to the heave cone contains two larger power148

conductors and four smaller communications lines. Cur-149

rently communication is provided by extending the sys-150

tem CAN bus down the tether and power is transmitted151

at 48 V.152

2.3 PTO subassembly153

The PTO system consists of an electro-hydraulic sys-154

tem for power capture and a pneumatic spring device155

that provides a restoring force (Fig. 6). These two ele-156

ments (electro-hydraulic system and a pneumatic spring)157

are effectively connected in parallel. The PTO couples158

the buoy and heave cone via a flexible tether.159

The pneumatic spring component provides a restor-160

ing force of about 8.9 kN (2000 lbs) per meter of ex-161

tension. The static weight of the heave-cone therefore162

extends the PTO approximately half-way in calm seas.163

The pneumatic spring also contains a micro-controller164

that provides a variety of features. It is primarily a165

telemetry device that measures and reports (at 10-50 Hz)166

the spring extension, the upper and lower gas pres-167

sures, and the tension between the PTO and the surface168

buoy as measured by an 89 kN (20000 lb) load cell. Also169

present are a gas make-up pump that can (slowly) move170

gas from one side of the piston to the other, a gas re-171
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lief valve that can reverse that process, and a switched172

power supply that provides 48 V to the heave-cone.173

The electro-hydraulic device consists of a piston driv-174

ing oil through a fixed displacement hydraulic motor175

that is directly coupled to a three-phase brushless mo-176

tor/generator. There is no hydraulic rectification and177

the motor reverses rotary direction with a change in178

piston direction of motion. This component contains a179

10 kW (peak) four-quadrant power converter that con-180

trols the current in the motor windings to a set value. If181

the prescribed torque opposes the motion of the motor,182

the system acts as a generator and boosts the voltage183

coming out of the three-phase generator to 325 V for184

transmission up to the battery pack on the buoy. This185

behaves as a current limited battery charger, if the bat-186

teries cannot accept the necessary power, the energy187

is directed instead to a submerged load-dump heater188

which is part of the PTO device. This load dump is189

sized to absorb all the power in case the batteries are190

full or disconnected.191

If the commanded torque is in the same direction as192

the motion, the system acts as a motor and drives the193

ram with a force proportional to the commanded cur-194

rent. This draws energy out of the battery (up to a spec-195

ified current limit). In addition to the current control196

duties, this micro-controller provides a range of teleme-197

try to the buoy at 10-50 Hz, this data includes motor198

RPM, motor winding current which indicates torque,199

bus voltage, load dump current, battery current (plus200

or minus) as well as a variety of controller status bits.201

By default, this controller acts in a standalone “lin-202

ear generator” mode, in which the generator exerts a203

torque that is linearly proportional to the motor RPM.204

In the event that communications from the surface are205

lost, the system reverts to this linearly proportional206

control default. Alternatively, the buoy control com-207

puter can command any torque it likes based on an algo-208

rithm running top-side. In this case the power converter209

controller attempts to achieve the requested torque, but210

will self-limit in some situations for device safety con-211

siderations. Fig. 6 also shows the relation between the212

motor/drive, the load dump, and the battery system.213

The motor-drive power electronics in this system214

were custom developed for this application because the215

wave-energy problem at this scale has some specific re-216

quirements that are hard to achieve using commercially217

available power electronics. In particular, the efficiency218

requirements of the system are important, especially at219

low speed. In this type of motor drive, switching losses220

in the transistors are a significant component of the221

total losses and unfortunately do not diminish at low222

speeds and winding currents like other resistive losses in223

the system. For this reason, the motor drive developed224

for the MBARI-WEC turns off the transistor bridge225

at low speeds/torques to eliminate this loss. Additional226

features that are atypical of commercially available sys-227

tems are also required because of the autonomous and228

remote use of the system. Under-voltage, over-speed,229

and all other conditions must be handled gracefully and230

allow the system to continue operating. In particular,231

the system must also bootstrap itself and turn on in232
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the case of the batteries being disconnected, to ensure233

a load is always present in the system.234

3 Hydrodynamic modeling235

To enable future model-based system and control de-236

sign, two hydrodynamic models have been developed:237

a frequency-domain model, which will provide a useful238

means of performing model based design (Section 3.1)239

and a time-domain model (Section 3.2) which provides240

a useful benchmark comparison point for the frequency-241

domain model.242

3.1 Frequency-domain model243

If we consider each of the two bodies within the device244

(the buoy and heave cone as described in Section 2) to245

be governed by an impedance model, we can write the246

equations of motion as follows.247

Ẑ V̂ = F̂ext (1)

Here, Ẑ ∈ C2×2×n is the complex impedance matrix,248

where n is the number of frequency components. The249

elements of the matrix are250

Ẑj,k(ω) = Bj,k(ω) + bj,k

+ i

(
ω (mj,k +Aj,k (ω))− Kj,k

ω

)
= Rj,k(ω) + iXj,k(ω)

(2)

The components Rj,k(ω) and Xj,k(ω) are the resistance251

and reactance, respectively. The terms Bj,k(ω) and bj,k252

are the frequency-dependent linear damping (“radia-253

tion damping”) and additional linear damping (account-254

ing for both viscous friction in the water and mechan-255

ical friction), respectively. Likewise, Aj,k(ω) and mj,k256

are the added and rigid-body inertias, respectively. Fi-257

nally, Kj,k is the balance of stiffness terms. In addition,258

the presence of the pneumatic spring in parallel with259

the hydraulic PTO coupling the two bodies (see Fig. 6),260

and the presence of a mooring affecting the heave plate,261

the stiffness term is262

K =

[
Khs,1 +Kspring −Kspring

−Kspring Khs,2 +Kspring +Kmoor

]
(3)

where Khs is the hydrostatic stiffness. Similarly,263

b2,2 = bdrag,2 + bmoor (4)

for the effect of the mooring line, bmoor. Values of bdrag,1264

and bdrag,2 were based upon the iterative Lorentz lin-265

earization (Terra et al. 2005) of the quadratic drag co-266

efficient in the heave direction for the buoy and heave267

plate using the periodic PTO forcing time series.268

The complex velocity of each body described by V̂ ∈269

C2×n, where V̂ =
[
V̂1, V̂2

]T
, where the buoy is body270

1 and the heave cone is body 2. External forces on the271

system are given by F̂ext ∈ C2×n. The external force272
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is composed of two components: the excitation force,273

F̂exc, and the PTO force, F̂pto.274

F̂ext = F̂exc − F̂pto (5)

where the sign convention has the PTO force oppos-275

ing the excitation (i.e., negative feedback) – this is also276

shown in Fig. 6. The PTO force acts in equal magnitude277

and opposite sign on bodies 1 and 2, such that278

F̂pto =

[
1

−1

]
f̂pto, (6)

where f̂pto ∈ C1×n.279

To find a simple means of specifying f̂pto, we can280

compress the system to a single degree of freedom by281

solving for the relative motion between the two bodies.282

First, returning to (1), we can write283

V̂ = −Ẑ−1 F̂ext. (7)

To solve for the relative motion, can further write284

∆V̂ = V̂1 − V̂2 =
[
1 −1

]
V̂

= −1
[
1 −1

]
Ẑ−1 F̂ext.

(8)

Within this composite system, in order to consider285

the impedance observed at the PTO we can disregard286

other external forces (i.e., by setting F̂exc = 0). Thus,287

from (8) we can find the composite system impedance.288

∆V̂ = −1
[
1 −1

]
Ẑ−1F̂pto

= −1
[
1 −1

]
Ẑ−1

[
1

−1

]
f̂pto

= Ẑ−1
eq f̂pto

(9)

The final expression of (9) gives defines the relative289

motion of the two bodies in the system in terms of a290

single PTO force, f̂pto, and an equivalent admittance,291

Ŷeq = Ẑ−1
eq . Some manipulation of (9) gives292

Ŷeq = Ẑ−1
eq =

Ẑ1,1 + Ẑ1,2 + Ẑ2,1 + Ẑ2,2

Ẑ1,2 Ẑ2,1 − Ẑ1,1 Ẑ2,2

. (10)

With (10), we now have a succinct means of de-293

scribing the response of the WEC system to any input.294

Returning to the task of specifying f̂pto, we can maxi-295

mize mechanical power by setting the PTO force based296

on the complex conjugate of the system impedance (see,297

e.g., Falnes 2002).298

f̂pto = Ẑpto ·∆V̂

where Ẑpto, opt = Ẑ∗eq
(11)

As discussed in Bacelli and Coe (2020); Coe et al.299

(2020), the causal PTO impedance can be used to ap-300

proximate the condition specified in (11) for some lim-301

ited frequency range. Given the band-limited nature of302

ocean waves, the tuning of such a controller can be up-303

dated intermittently to track the slowly varying changes304

in sea state. This “self-tuning” approach was shown by305

Forbush et al. (2020). Thus, we can maximize power as306

follows.307

arg min
Ĉ(kp,ki)

P (F̂exc, Ẑeq, Ĉ(kp, ki)) (12)

Here, the optimization problem has been defined to308

minimize work done by the WEC, such that negative309

work equates to absorbed power. The task defined by310

(12) is to minimize work done by the WEC by varying311

the controller gains kp and ki. Note that the solution312

to this problem is dependent on the prevailing sea state313

(F̂exc) and the device dynamics (Ẑeq).314

3.2 WEC-Sim models315

To provide a comparison point off which to judge the vi-316

ability of using the impedance model described in Sec-317

tion 3.1, a weakly nonlinear time-domain model was318

developed in WEC-Sim (Ruehl et al. 2016). WEC-Sim319
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Table 2 Quadratic (Cd) drag coefficients and projected area
(A) used in WEC-Sim in [heave, surge, pitch], and linear
heave damping (B).

Cd A [m2] B [N-s/m]

Buoy [1,1.15,0.5] [5.47, 2.96, 5.47] 665.30

Cone [* ,0.8, 1] [6.56, 1.12, 6.56] 965.53

uses a time-domain Cummins’ formulation (Cummins320

1962) to model WEC dynamics and can be constructed321

from boundary element method (BEM) data, and ex-322

panded to model nonlinearity in the physical system.323

The specific sources of nonlinear behavior considered324

herein are kinematics, mooring, and a quadratic drag325

model based upon buoy and heave plate geometry (Ta-326

ble 2). In the case of the asymmetric heave cone, a327

direction-specific drag coefficient of 1.45 (moving up-328

ward) and 0.85 (moving downward) is used, the de-329

coupling of the heave plate and buoy motion when the330

tether is slack, and the single-point catenary mooring.331

Additionally, MoorDyn (Hall and Goupee 2015) can332

be used to model the mooring based solely upon phys-333

ical component description and advise linear approxi-334

mation (i.e., Kmoor) in absence of test data. For this, a335

heave-only WEC-Sim model using MoorDyn model was336

run, and a least-squares fit linear pre-tension, spring,337

and damping approximation was developed relating moor-338

ing force to heave plate displacement and velocity.339


Kmoor

bmoor

T

 =
[
X2 V2 1

]
\FmoorDyn (13)

where X2 and V2 are the column vector time-series340

of heave displacement (m) and velocity (m/s) of the341

heave plate, FmoorDyn is the column vector time-series342

of mooring force as calculated by MoorDyn, and T is the343

mooring pre-tension (N). Because the suspended wet344

mass of the single-point catenary mooring will change345

based upon sea-level changes (i.e., tides) and the lat-346

eral and vertical displacement of the heave plate to the347

mooring anchor, this approximation is only anticipated348

to be valid in the vicinity of the linearized location (Ta-349

Table 3 Linearized mooring parameters.

Kmoor [N/m] bmoor [N-s/m] T [N]

6.47 81.14 233.22

Table 4 WEC-Sim model configurations for comparison
with impedance model. Note that WS0 is not shown, but
is the same as WS1, but with a rigid tether.

Model ID DOF Drag Mooring

WS1 heave only linear matrix

WS2 planar motion quadratic matrix

WS3 planar motion quadratic MoorDyn

ble 3). However, excellent agreement was observed un-350

der these conditions (r2 = 0.99).351

4 Comparison of hydrodynamical models352

As the impedance model detailed in Section 3.1 will be353

used for control design, it is necessary to assess the ac-354

curacy of this model. Here, we compared the impedance355

model against a series of models developed in WEC-356

Sim. The different WEC-Sim model configurations are357

summarized in Table 4 and illustrated in Fig. 7. The358

WS1 model is a heave-only model with only linear dy-359

namics. The WS2 model adds additional kinematics for360

planar motion (heave, surge, pitch) and quadratic drag.361

WS3 is a four-body model (float, PTO cylinder, tether,362

and heave cone), and is considered the closest approxi-363

mation of the physical device used in this comparison.364

By treating the WEC-Sim results as numerical ex-365

periments, system identification (SID) methods can be366

applied to produce linear impedance models (Bacelli367

et al. 2017; Pintelon and Schoukens 2012; Ljung 1999).368

In this case, the PTO was excited with a pink spectra369

from 0.015 to 1.5 Hz. Note that in WEC-Sim configura-370

tion WS1 - WS3, the slack tether decoupling was mod-371

eled, but PTO force amplitudes were selected such that372

the tether remained taut throughout all device motion.373

Fig. 8 shows a Bode plot with these admittance mod-374

els, alongside the admittance model developed directly375

from the BEM coefficients per (10). The WEC-Sim re-376

sults agree well with BEM estimates near the resonance377

peak of the heave cone single-body admittance, but the378

higher frequency resonance peak occurs at a slightly379
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WS1 WS2 WS3

Fig. 7 Screenshots of WEC-Sim models in MATLAB Simulink showing different model configurations. See Table 4 for further
explanation. Note that WS0 is not shown, but is the same as WS1, but with a rigid tether.

lower frequency than predicted from BEM, which itself380

agrees closely with the single-body buoy impedance.381

While Fig. 8 conveys the matching of these mod-382

els in linear terms, it is also necessary to understand383

how well the linear model captures the dynamics of384

the WEC (i.e., the amount of nonlinearity present in385

the system and not captured by a linear model). Fig. 9386

shows the magnitude of velocity response from each of387

the four models in a regular wave with H = 1.25 m,388

T = 8 s, which is considered somewhat representative389

of the wave climate at the Monterey Bay deployment390

site during typical summer deployments.1 An optimal391

linear damping of 851 Ns/m was applied via the PTO392

(Falnes 2002; Coe et al. 2020). Note that, per Fig. 8393

and Table 1, this 8 s wave period is nearly the reso-394

nant frequency of the heave plate, and near the largest395

resonance peak of the equivalent impedance As a re-396

sult, this case shows large-amplitude relative body mo-397

tion, resulting in significant tether slack not captured398

in linear frequency-domain models (see time history in399

Fig. 10). For an additional point of comparison, a forth400

WEC-Sim configuration (WS0) was tested in which a401

1 Note that a regular wave is used here instead of an ir-
regular wave to enable a more clear analysis of nonlinearities.
However, in a real sea state the energy would be more broadly
distributed across a range of frequencies.

rigid tether was modeled. Otherwise identical to WS1,402

WS0 performs equivalently when no tether slack occurs.403

A contrasting sea-state, with H = 1 m, T = 5.5 s,404

not expected to cause tether slack was also simulated.405

In this case the optimal damping factor for the PTO is406

943 Ns/m. The results of this case are shown in Fig. 11,407

From Fig. 9 and Fig. 11, we can see the level of non-408

linear content present in each model by the magnitude409

of the excited harmonics. The linear model, Ŷeq contains410

effectively no energy at higher harmonics, but is pre-411

sented here so the extent of numerical error can be eval-412

uated. In the larger sea-state (Fig. 9), the substantial413

differences between WS0 and WS1 suggest that tether414

slack is the most significant source of nonlinearity; this415

can be confirmed by Fig. 10. Further, note that sub-416

stantially less energy is contained at higher harmonics417

for WS1-WS3 in the smaller sea state (Fig. 11), again418

highlighting the significant effect of tether slack. In the419

smaller sea-state, where there is no tether slack, WS2420

and WS3 demonstrate that the impact of quadratic421

drag and nonlinear mooring: energy at each higher har-422

monic increases monotonically from WS1 (identical to423

WS0) to WS3.424

Quantitatively, we can also find the total harmonic425

distortion (THD) from each velocity signal (see Ta-426

ble 5). Again, the linear BEM solution has a theoretical427
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Fig. 8 Bode plot of admittance calculated from WEC-Sim models compared against system admittance directly from BEM
coefficients. Single-body buoy and heave plate admittance are also shown.
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Fig. 9 Magnitude and phase response of models for a regular
wave with H = 1.25 m, T = 8 s. All cases are evaluated at res-
onances of the excited frequency, minor offsets are introduced
in the plot to avoid overlapping similar data.

THD of zero, but is included here to quantify the extent428

of numerical error. Aligning with intuition, the progres-429

sive introduction of nonlinearities to simulation cases430

serves to increase the THD monotonically from WS0431

to WS3, with the most striking separation occurring432

between WS0 and WS1, indicating that tether slack is433

the primary nonlinearity. Further, there is a striking re-434

duction in THD for all cases in the smaller sea-state.435
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Fig. 10 PTO and spring force with PTO velocity for WS2 in
T = 8, H = 2.5. The zeros of PTO and spring force indicate
tether slack events.

Table 5 Percent total harmonic distortion for regular wave
simulations.

Wave state Yeq WS0 WS1 WS2 WS3

T = 8 s, H = 1.25 m 0.0 0.0 9.8 12.7 14.3

T = 5.5 s, H = 1 m 0.0 0.0 0.0 2.1 2.3

However, it is notable that THD remains fairly low in436

all cases, suggesting that nonlinear will not strongly437

limit the utility of strictly linear models for controller438

development.439
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5 Discussion440

Generally, there is strong agreement in the identified441

systems observed for all WEC-Sim realizations (Fig. 8).442

Additionally, the nonlinearity in the WEC-Sim models443

are relatively small (see Fig. 11 and Table 5). This sug-444

gests that, at least for the excitation used here, nonlin-445

earities have a minor impact, and in turn, that the lin-446

ear impedance system model adequately describes com-447

plex system dynamics for the purposes of controller de-448

sign. This is especially true if one considers that power449

is proportional to velocity squared.450

It is interesting to note the disagreement between451

the admittance model and WS1, as shown Fig. 8. One452

potential source for this discrepancy is the infinite-frequency453

added mass (A∞ = lim
ω→∞

A(ω)). WEC-Sim relies fun-454

damentally on the time-domain Cummins’ formulation,455

which uses an estimate of infinite-frequency added mass,456

along with impulse response functions, to determine457

WEC dynamics at each time-step via a convolution458

integral (see, e.g., Tom et al. 2015). Given the esti-459

mation methodology of commercial BEM codes, this460

implies that estimates of added mass coefficients must461

be available to a sufficiently high frequency and at a462

fine enough discretization such that they are resolved463

to their asymptotic limit.464

Another factor to consider is varying levels of non-465

linearity in the two regular wave test cases (see Table 5).466

This highlights the amplitude-dependency of system467

nonlinearity: the linear impedance model may be an468

adequate descriptor for small perturbations, but large469

sea-states may cause substantial deviation. However,470

in this particular case, tether slack is clearly undesir-471

able from an operational perspective. Thus, a properly-472

designed controller may itself confine operations to a473

more-nearly linear regime. Avoiding significant nonlin-474

ear behavior may not be ideal or possible for all WEC475

and PTO archetypes, and the limitations of a linear476

model should be considered in the context of each spe-477

cific device.478

6 Conclusion479

The MBARI-WEC is a first of its kind device with an480

extended deployment history. The device has been de-481

signed for support of autonomous sensors and to even-482

tually support AUV charging. With roughly ten years483

worth of development and deployment experience, the484

MBARI-WEC has a plethora of learning experiences to485

offer.486

This study has presented the particulars of the MBARI-487

WEC design for general reference. Additionally, fre-488

quency domain hydrodynamic model was derived and489

compared with similar models solved in the time do-490

main via WEC-Sim. The comparison of these models491

shows that, in comparison to the higher fidelity WEC-492

Sim model, the frequency domain model does a good493

job of capturing the device dynamics. Nonlinearities494

seen in the WEC-Sim results tended to be small, es-495

pecially when slack line events that would be avoided496

during actual operation did not occur. These findings497

support the application of the frequency domain model498

for future co-design efforts to improve the performance499

of the MBARI-WEC.500

Future efforts will include an in-depth analysis of501

the MBARI-WEC PTO, with experimental and numer-502

ical modeling. Additionally, measurements from wave503

buoys and hindcast data will be used in combination504
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with device telemetry to further validate the hydrody-505

namic models proposed in this paper. These analyses506

will support design improvements to the system. One507

potential point of interest will be the investigation of508

ways in which the WEC system and control design can509

be modified to improve performance, specifically to re-510

duce loading in large sea states and improve power gen-511

eration in smaller sea states. MBARI’s experience with512

this system to date indicates that an important im-513

provement to pursue is to make the system smaller, as514

a 10-20% reduction in size would simplify deployment515

and use significantly. Currently, no advanced control516

systems have been implemented for this system, so this517

is an important area of research that can help meet the518

size goals of the system without sacrificing the energy519

captured.520
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Table 6 MBARI-WEC system telemetry.

Signal name Description

Battery Controller (BC)
BC Time Unix time of each data point

BC Voltage Main battery voltage
BC GroundFault 0-20mA output from Bender ground fault detector

BC Ips Current flowing to the 300 V-24 V power supply for Linux buoy controller and accessories.
BC VStopCharge Voltage indicating number of 12 V batteries that are at or above the specified “StopCharge” voltage

BC Hydrogen % of LEL of H2 in battery box
BC Status A variety of status bits indicating the state of the battery system

BC VBalance A status voltage that indicates how many cells are currently bypassing in balancing mode.
BC VStopCharge A status voltage that indicates how many cells are over-voltage, this tells the power converter to back off the voltage

BC Voltage Battery pack voltage
BC GroundFault 4-20 mA signal from Bender ground fault detector indicating ground faults on 300 V bus

Power Converter (PC)
PC Time Unix time of each data point

PC BattCurr Current flowing to or from batteries
PC Voltage Bus voltage at power converter

PC RPM Motor shaft speed (positive RPM corresponds to PTO ram retracting)
PC WindingCurrent Winding Quadrature Current, linearly related to torque

PC LoadCurr Current flowing to the load dump
PC Status A variety of status bits indicating state of the power conveter

PC DiffPress 0-10 psi (0-0.69 bar) signal indicating hydraulic compensator pressure above ambient
PC Scale User specified scale factor (0.5:1.2) applied to internally programmed torque/speed curve

PC Retract User specified factor (0.5:1.2) applied to internally programmed torque/speed curve during retraction only

Spring Controller (SC)
SC Time Unix time of each data point

SC LoadCell 0-20000 lb (0-89 kN) load cell reading, between PTO and buoy
SC LowerPressure Lower spring chamber pressure (psia)
SC UpperPressure Upper spring chamber pressure (psia)

SC Range PTO Ram position in inches (0: fully retracted; 80: fully extended).
SC Status A variety of status bits indicating state of the spring controller

Heave Cone Controller (TC)
TC Time Unix time of each data point

TC Accel1 Heave Cone x-accelertion (m/s2)
TC Accel1 Heave Cone y-accelertion (m/s2)
TC Accel1 Heave Cone z-accelertion (m/s2)

TC Qtn1 Heave Cone Orientation Quaternion
TC Qtn2 Heave Cone Orientation Quaternion
TC Qtn3 Heave Cone Orientation Quaternion
TC Qtn4 Heave Cone Orientation Quaternion
TC Mag1 Heave Cone Magnatometer Component 1
TC Mag2 Heave Cone Magnatometer Component 2
TC Mag3 Heave Cone Magnatometer Component 3

SC Status Heave Cone Trefoil Position and Status

Buoy GPS/IMU (XB)
XB Time Unix time of each data point
XB Alt Buoy Vertical Position
XB Lat Latitude from GPS
XB Lon Longitude from GPS

XB NorthVel North Buoy Velocity (m/s)
XB EastVel East Buoy Velocity (m/s)
XB DownVel Vertical Buoy Velocity (m/s)
XB YawAng Buoy Yaw Angle (rad).

XB PitchAng Buoy Pitch Angle (rad).
XB RollAng Buoy Roll Angle (rad).


