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and Carlos A. Michelen Strafer 

Abstract-Complex conjugate impedance matching is a 
key concept for wave energy converter design. Matching 
the impedance of the power take-off (PTO) system to the 
complex conjugate of the wave energy converter's (WEC) 
impedance ensures efficient transfer of energy from the 
WEC body motion to electrical power. In low frequency 
waves, impedance matching often requires a negative PTO 
stiffness. In this paper, an adjustable stiffness magnetic tor­ 
sion spring will be presented and modeled to understand 
its potential to improve WEC performance. The spring 
has the ability to provide a negative stiffness, allowing 
the PTO impedance to more closely match the complex 
conjugate of the WEC impedance at low frequencies. The 
spring also supports an adjustable stiffness value, meaning 
it can be tuned according to the incoming wave conditions. 
The spring's tunability may put less stress on the rest of 
the PTO system in wave conditions outside its normal 
operation zone without sacrificing electrical power output. 
The adjustable magnetic spring's effects are modeled and 
explored in this paper by examining the resultant average 
annual electrical power and capacity factor. The study 
suggests that the tunable magnetic spring has the potential 
to significantly improve capacity factor while maintaining 
a high average electrical power. 

Index Terms-Wave energy converter (WEC), power take­
off (PTO), optimization, co-design, optimal control 

I. INTRODUCTION

    To maximize wave energy converter (WEC) power 
extraction, the power take-off (PTO) of the WEC  
generator should be tuned to match the complex conju­
gate of the WEC [1]. For longer period, low frequency, 
wave conditions which contain much of the world's 
ocean wave energy [2], matching the PTO impedance 
to the complex conjugate of the WEC device requires 
either increasing the mass of the WEC or decreasing the 
stiffness of the PTO. A negative PTO spring stiffness, 
for instance, can effectively make the PTO impedance 
closer to the complex conjugate of the WEC device's 
intrinsic impedance in low frequency oscillation. If 
the PTO spring stiffness can be controlled to have a 
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negative value, the WEC can be made relatively small, 
and low cost, but still achieve impedance matching. 
Furthermore, a PTO spring stiffness which can be 
tuned can ensure efficient energy transfer across a wide 
array of sea states. 

One approach to making the PTO operate with a 
negative stiffness spring constant involves designing 
a generator to provide a force that mimics a negative 
spring constant. Such an approach was studied in [3]. 
The generator voltage and current are related to the 
WEC damping and stiffness terms respectively. There­
fore, to provide both a sizable generator damping as 
well as negative stiffness the generator voltage and cur­
rent must be highly out of phase and thus an extremely 
large amount of reactive power must be created by the 
generator. This demand vastly increases the generator 
and power electronic converter cost [3]. Another option 
to support WEC-PTO impedance matching is to use a 
mechanical or pneumatic spring with a negative spring 
constant [4]. However, the long-term reliability of such 
a PTO within the harsh ocean environment may be 
questionable. In addition, the efficiency of pneumatic 
springs is limited. 

This paper will present a WEC and PTO simu­
lation and analysis when utilizing a newly devel­
oped adjustable stiffness (AS) magnetic torsion spring 
(MTS) [5]. The negative stiffness value can be adjusted 
through the relative motion of the rotors. The AS-MTS 
can not only provide a negative spring stiffness, but 
is also adjustable and can thus be tuned according 
to the current wave conditions. The negative spring 
stiffness of the AS-MTS can alter the overall PTO 
impedance to match the complex conjugate of the WEC 
without sacrificing significant reliability, efficiency, or 
large reactive power. Furthermore, the tunability of the 
AS-MTS may put less stress on the rest of the PTO in 
wave conditions outside of normal operation while still 
supporting increased power capture when compared 
to a constant stiffness spring. 

The performance benefits of the AS-MTS within a 
point absorber WEC will be detailed and the results 
of the simulation analysis when using WecOptTool1 

will be presented. WecOptTool is an open-source WEC 
optimization software that supports efficient PTO and 
control optimization. WecOptTool will be used to as­
sess the WEC PTO system performance with the ad­
justable stiffness magnetic torsion spring relative to the 

1 WecOptTool: https:/ / github.com/sandialabs/WecOptTool


















