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Abstract
This paper investigates the modelling of a quarter

scale offshore oscillating water column (OWC) wave
energy converter (WEC) with results from a prototype
device used to validate the model. The OWC WEC
utilises a specialised bi-directional air turbine known as
the Wells turbine. The paper investigates the modelling
of this turbine and studies the electrical output from a
generator to be coupled to the turbine. Simulations of
the proposed system are carried out under multiple sea
state conditions and are compared to results from the
prototype device located at an experimental test site in
Ireland.

Keywords: Electical Machines, Device Control, Wells Tur-
bine Modelling

Nomenclature
Ψ = Non-dimensional pressure coefficient
p = Pressure head in the buoy chamber
ρa = Air density
N = rotational speed in rads/s
D = Diameter of Wells turbine
Φ = Non-dimensional flow coefficient
Q = Axial flowrate
AA = Annular Area
AC = Chamber Area
Ut = Tip velocity
Π = Non-dimensional power coefficient
TND = Non-dimensional torque
η = Efficiency
Bt = Damping coefficient
Br = Damping ratio
Ia = Armature Current
Va = Armature Voltage
Bm = DC machine friction factor
Vc = Capacitor Voltage
Tmech = Mechanical Torque

c© Proceedings of the 8th European Wave and Tidal Energy
Conference, Uppsala, Sweden, 2009

Tem = Electromagnetic Torque
Tf = Frictional Torque
Tj = Inertial Torque
Pelec = Electrical Power
Peloss = Electrical Power Losses
Pmloss = Mechanical Power Losses
Ppneu = Pneumatic Power

1 Introduction
The increased use of renewable energy technologies

in electrical generation systems worldwide is well docu-
mented. Wind power generation is the most mature tech-
nology and is therefore the most widely used. In recent
times wave energy has acquired a large interest. The po-
tential for power extraction is very significant. In West-
ern Europe the power density of the resource in the seas
are estimated to be 33 kW/m in Southern regions such as
Portugal ranging up to 75 kW/m off Scotland [1]. A re-
cent study estimated that the annual potential power off
the coast of Ireland is in the region of 59 TWh [2].

This potential has led to various technologies be-
ing proposed for wave energy converters (WEC). These
technologies include heaving body converters, over top-
ping devices, floating hinged devices and oscillating wa-
ter column devices. A summary of the device types is
discussed in [3]. Many of these devices have been de-
veloped to pre-commercial prototypes and the progress
a number of them are variously discussed in [4]-[6].

Of all the proposed technologies the oscillating water
column (OWC) is the most advanced [7]. Working shore
based protoypes have been developed in Scotland [8] and
Portugal [9], [10] however there is a current emphasis on
developing offshore devices as the potential for power
extraction is much greater.

Considerable challenges exist for the electrial conver-
sion system in an offshore OWC WEC. Some of the key
problems faced are the oscillatory nature of the power
profile of the sea and also the harsh conditions that exist
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in this environment. In [11]-[14] the reduction of large
power fluctuations feeding to the grid is explored in dif-
ferent methods.

The selection of the electrical generator is crucial for
any successful WEC to be developed. The advantages
and disadvantages of each of the main generator types
are investigated in [15].

The OWC WEC utilises a relatively high speed bi-
directional air turbine known as the Wells turbine and
this type of setup has been modelled previously in [16].
This paper presents the turbine and seeks to develop a
model for the turbine. Actual experimental data obtained
from a quarter scale prototype device is used to develop
the characteristic non-dimensional torque curve for the
device. Simulations of the device coupled to an elec-
trical generation system are carried out with the results
compared to the actual prototype data for validation pur-
poses.

The OWC WEC is introduced in Section 2. Section
3 discusses the mathematical model used for the Wells
turbine. Section 4 outlines the experimental test sys-
tem. Section 5 outlines the development of the simu-
lation model for the device. The simulated results ob-
tained using the electrical system are compared to the
experimental results in Section 6.

2 OWC wave energy converters
The OWC WEC utilises a three step conversion pro-

cess where energy in the sea is converted to aerodynamic
energy that is transformed to mechanical energy via an
air turbine which is in turn converted to electrical power
via a rotary electrical generator. The Wells turbine is a
bi-directional air turbine and is thus far the most popular
choice for operation in an OWC application. The opera-
tion of this turbine is discussed in more detail in Section
3.

The OWC WEC operates on the principle of water in
the column rising and falling as the waves in the sea ex-
cite motion in the buoy type structure. In Fig. 1 it can be
seen that in the case where the water level in the column
rises, relative to the buoy, the air in the buoy chamber
is pushed out to the atmosphere. This outflow of air is
used to rotate the turbine to convert the pneumatic power
to mechanical power. The aerodynamic and thermody-
namic principles involved in this process are beyond the
scope of this paper but can be found in [17].

The alternative motion is when the water inside the
column falls causing air from the atmosphere to be
pulled into the resulting vacuum in the buoy chamber.
This airflow can again be converted to mechanical form
via a turbine. The inflow and outflow motion of the air
occurs once per sea wave cycle and it is for this reason
that the Wells turbine is well suited to the OWC applica-
tion. The symmetrical nature of the Wells Turbine is an
important attribute to convert the power from the recip-
rocating airflow.

Sea

WEC

Water Level 
Moves Up

Air is 
Pushed Out OWC

Figure 1: OWC operation

3 Wells turbine modelling
As has been mentioned previously the Wells turbine is

well suited to OWC applications due to its bi-directional
characteristic. The turbine itself has no moving parts as
its blades are generally fixed making it attractive from a
maintenance point of view. Pitching blade Wells turbines
are available to increase efficiency but are not widely
used due to the maintenance costs associated with them.

The Wells turbine is generally represented in non-
dimensional form as this is a more convenient manner
of characterising its aerodynamic properties. The fol-
lowing expressions from [10] and [8] denote the non-
dimensional (ND) quantities:

Ψ =
p

ρaN2D2 (1)

Φ =
Q

AaUt
(2)

Π =
Pt

ρaN3D5 (3)

It has been shown in [10] that Ψ has a linear relation-
ship with Φ for a fixed turbine speed N. The slope of this
line is known as the applied damping and this is denoted
BA. If an electrical analogy is used BA could be consid-
ered the resistance, Ψ would be applied voltage and Φ
would be current.
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Figure 2: Wells Turbine Efficiency Characteristic
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In [8] an efficiency characteristic of the Wells turbine
as a function of ND flow Φ is given. This characteristic
is plotted in Fig. 2. It can be seen from the plot that a
peak efficiency of 56% is achieved at a flow coefficient
of approximately 0.15. This point corresponds to when
the WEC operates with an optimal flow regime. As the
flow rate increases aerodynamic stall occurs in the tur-
bine and its efficiency rolls off significantly. Finally at
lower flow rates the efficiency initially drops off slowly
before a significant drop off occurs at very low flow co-
efficient. It can be seen from Fig. 2 that zero efficiency
does not correspond to zero flow.

At flow coefficient rates close to zero the efficiency
of the turbine is negative due to frictional and stiction
losses. This highlights the characteristic that the Wells
Turbine is non-self starting. The turbine must therefore
be spun by an external torque source up to a threshold
speed before it can begin converting pneumatic power to
mechanical power.

Taking the efficiency characteristic shown in Fig. 2
it is possible to develop a non-dimensional torque char-
acteristic for the Wells turbine. This characteristic fully
predicts the turbine’s performance from low flow rates to
stall. The ND Torque equation can be derived using (3):

TND =
T

ρaN2D5 (4)

The development of the non-dimensional torque char-
acteristic is discussed in a later section.

4 Experimental Test System Description
The development of the turbine model was based on

experimental data obtained from a quarter scale offshore
OWC WEC located at the Irish test site. The system con-
sists of a Wells turbine coupled to a dc electrical gener-
ator. The electrical generator is driven by a dc-dc con-
verter that is controlled to maintain the speed of the sys-
tem at a specified value. The controller gains are set to
allow the speed to vary +/- 20% about the setpoint value.
Finally a load resistance is connected to the system to
dissipate the electrical power generated from the system.
A block diagram of the system is shown in Fig. 3.
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Figure 3: Electrical Generation System

4.1 Measurement of Electrical and Mechanical Pa-
rameters

The electrical system used was tested on-site and the
key parameters of the dc generator were established.
These parameters included total machine and turbine in-
ertia, J, machine friction factor, Bm, machine constant,
kt and machine armature resistance Ra.

The electrical system sampled machine voltage, Va,
current, Ia and rotational speed, N , at a a sampling time
of 0.2 s. By using these measured electrical parameters
at each time interval it was possible to estimate the me-
chanical shaft torque delivered to the system from the
Wells turbine. The mechanical torque is given by the
following equation:

Tmech(t) = Tem(t)+Tf (t)+Tj(t) (5)

where Tem, Tf and Tj are the generated electromagnetic,
frictional and inertial torques respectively. These torques
can be obtained at each time sample using the following
equations:

Tem(t) =
Pelec(t)+Peloss(t)

N(t)
(6)

Tf (t) = BmN(t) (7)

Tj(t) = J
dN(t)

dt
(8)

where Pelec is the generated electrical power and Peloss is
the machine electrical losses. Pelec is determined by the
product of armature voltage and current and Peloss is the
power loss in the armature resistance of the machine.

The non-dimensional torque can then be obtained by
using (4).

4.2 Measurement of Pnuematic Parameters

In a similar method to that which has been discussed
for the torque, by using the measured pressure within the
OWC chamber and turbine damping ratio it is possible to
derive the non-dimensional flow. The pressure within the
chamber was measured using a calibrated +/- 200 mbar
vented guage pressure sensor and was again sampled at
a rate of 0.2 s. The flow inside the chamber was derived
using turbine damping from the following equation:

Q(t) =
p(t)
Bt (t)

(9)

where the applied damping Bt is given by the following
expression:

Bt (t) =
2ρaDN(t)Br

AA
(10)

in which Br is the damping ratio of the turbine and is
defined as:
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Br =
Ψ
Φ

(11)

The damping ratio was calculated from complex fluid
dynamic analysis based on turbine design specifications.

5 Development of ND torque profile
As has been discussed previously the Wells turbine

can be modelled using an efficiency curve that denotes
the regions of operation for the turbine. This can be fur-
ther developed to give a non-dimensional torque profile
that predicts the mechanical torque output from the tur-
bine based on the flow conditions it experiences.

With the instantaneous non-dimensional flow and
torque of the system defined from the method described
in the previous section it was then possible to develop the
non-dimensional characterisic curve. The equations for
non-dimensional quantities assume that the speed of the
system was constant and therefore the data was sorted
into a series of speed bins of 20 RPM intervals.

A family of scatter diagrams for non-dimensional
torque versus non-dimensional flow for the various
speed profiles were then developed.

The non-dimensional torque data was then divided
into groups in intervals of 0.02 in flow coefficient.
The mean of the non-dimensional torque in each group
was taken allowing for characteristic curves of non-
dimensional torque versus flow coefficient for the Wells
turbine to be produced. A sample of the results are
shown in Fig. 4 where the speed range is 1770-1890
RPM.

−0.001

−0.0005

0

0.0005

0.001

0.0015

0.002

0.0025

0.003

0.0035

0 0.05 0.1 0.15 0.2 0.25 0.3 0.35
Flow Coefficient

T
N

D

Figure 4: Scatter Plot of ND Torque vs Flow coefficient

Some variation in the curves was still found to exist
and therefore a best fit curve was produced through the
points to produce the characteristic curve for the Wells
turbine. Taking a full data set, the curve shown in Fig. 5
was obtained.

The solid black line shows the experimental curve
while the dashed red line shows the ND torque profile
based on the efficiency curve in Fig. 2. It can be seen
from this figure that the curve that has been developed
has a similar profile to that which is predicted from the
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Figure 5: Characteristic ND Torque vs Flow coefficient curve
for tested data (black) and efficiency data (dashed red)

efficiency plot shown in Fig. 2. The peak torque is pre-
dicted to occur when Φ is equal to 0.2 and after this point
aerodynamic stall in the turbine is predicted. Also it can
be seen that at low flows a negative torque will be ex-
perienced by the turbine which is again predicted in the
efficiency plot.

6 Comparison of simulation and experi-
mental test results

This section investigates the simulation of the electri-
cal system shown in Fig. 3 using the characteristic curve
developed in the previous section to represent the Wells
turbine. The model takes a measured pneumatic power
time series from the prototype offshore device which was
recorded at the Irish test site. The results from the quarter
scale device model are then compared to actual recorded
electrical data from the quarter scale OWC WEC proto-
type device.

In this paper three different sea state conditions are
investigated, a high power state, medium state and a low
state. The performance of the model is analysed under
each of the three conditions. The plots used to demon-
strate the results are all given on a per unit basis.

6.1 High power sea state

The pneumatic power profile applied to the model is
shown in Fig. 6 at the end of the paper. This profile is
a higher power profile at the location where the device
is situated. The ratio of the maximum peak power to the
average sea state power is 11.62.

The mechanical torque experienced by the Wells tur-
bine is also seen in this plot. The simulated torque is seen
to track the measured torque with a reasonable level of
accuracy.

The stall region of the turbine can be shown in more
detail in Fig. 7 and this highlights that the model pre-
dicts this region of operation with a satisfactory degree
of accuracy within the level of data sampling.

Fig. 7 shows that a large pneumatic power is expe-
rienced between 144s and 146.5s which leads to severe
stall occurring in the Wells turbine.
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Figure 7: Examination of stall charcteristic of Wells turbine
with simulated (blue dashed) and measured (red) torques

A scatter plot of predicted torque versus measured
torque is shown in Fig. 8. This plot shows scattered
points which indicate the degree of accuracy of the
model.

Figure 8: Scatter plot of simulated versus measured parame-
ters (green) and linear fit (black)

A linear fit was plotted through the scatter and this
line has a slope of 0.8. This slope indicates that on aver-
age the model will have an 80% level of accuracy. The
degree of error in the model can be put down to a num-
ber of reasons. One of the reasons for scatter in Fig. 8
is due to a phase difference between the measured and
simulated torques. This can be seen in Fig. 7. This
phase difference has been introduced by the fact that the
model is first order and does not take into account higher
order aerodynamic effects, for example hysteresis in the
turbine.

Other outlying points are due to inaccuracies in the
stall region. The prediction of the degree of stall has
been seen to be difficult to predict due to a scattering
of points in the torque versus flow coefficient curve. It
can be seen in Fig. 4 that after the peak torque point
that the curve becomes more scattered. Also it should
be noted that this curve is formulated by taking a mean
torque at each flow coefficient which will lead to certain
inaccuracies in instantaneous torque prediction.

Considering the assumptions mentioned and also the
slope of the line through the scatter diagram and time se-

ries results, the accuracy of the torque prediciton is seen
to be of a reasonable level.

Further analysis of the system performance is also
seen to be reasonable to a first order approximation
with the model seen to predict speed, generated electri-
cal power, armature current and voltage quite accurately
throughout. This can be seen in Fig. 9 at the end of the
paper.

The figure shows the simulated data in the blue
dashed curve while the measured data for speed is in
green, generated electrical power is in red, armature cur-
rent is in magenta and voltage is in cyan. The simulated
results are seen to track the experimental results and pro-
vide an acceptable representation of the actual systems
performance.

6.2 Medium power sea state

In order to investigate if the model is accurate under
various sea state conditions further testing was carried
out. The following sea state has a power level of medium
intensity for the test site with a peak to average ratio of
12.7. This profile would be of medium level in its inten-
sity. Fig. 10 shows the pneumatic profile applied in this
case along with the predicted and measured mechanical
torques.

The figure again shows that the model can predict the
torque experienced by the turbine to a sufficient level of
accuracy. Again certain inaccuracies exist in the predic-
tion of torque due to unmodelled aerodynamic effects.

The prediction of electrical parameters was also
found to be reasonably accurate. These results are shown
in Fig. 11.

6.3 Low power sea state

The final sea state that is tested is a low power sea
state. This sea state has a peak to average ratio of 9.63.
The pnuematic profile of the sea state along with the tur-
bine torque response is shown in Fig. 12.

The results for the electrical measurements are shown
in Fig. 13. The results can again be seen to have a rea-
sonable level of accuracy in this sea state taking into ac-
count the simplicity of the model. In this sea state noise
on measurements contribute more to inaccuracies. An
example of this noise can be seen in the torque plot of
Fig. 12 where spikes in the measured torque are seen.
This is due to the time derivative of speed that is used in
the calculation process for mechanical torque.

These results over various sea states highlight that the
characteristic curve developed in Section 2 provides an
appropriate model for the Wells turbine despite simpli-
fying assumptions and thus the OWC WEC can be mod-
elled with a reasonable degree of confidence.

6.4 Comparison of energy data

A final analysis of the model is to analyse the pre-
dicted electrical and measured electrical energies on a
per unit basis. These results are shown in Table 1.
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Table 1: Generated electrical energy for various sea states
State High Medium Low

Sim. Eelec (p.u.) 1.0 0.67 0.14
Meas. Eelec (p.u) 0.89 0.58 0.17

The prediction of electrical energies quantifies the
level of accuracy of the model of the system over a pe-
riod of time. The results shown in Table 1 demonstrate
that the model can predict the electrical energy gener-
ated from the system within 20% of the actual experi-
mental value. Differences between these values can be
put down to simplifying assumptions mentioned earlier
coupled with experimenal errors. Examples of such er-
ror are in measuring machine frictional coefficient, Bm,
inertia, J and also noise that is introduced due to the time
derivative of speed which is used in the calculation pro-
cess. The losses in the electrical power converter have
also been neglected.

Whilst a certain degree of error exists in the model the
results obtained gives a satisfactory level of prediction of
system performance and the model is found to compare
favourably with work that has previously been presented
on OWC modelling such as in [16].

7 Conclusion
The paper presents the testing and experimental vali-

dation of a model for a Wells turbine coupled to a dc gen-
erator for a quarter scale offshore OWC WEC prototype.
The paper discusses the theory behind the operation of
the Wells turbine and uses this theory in modelling the
system. Actual test data from an experimental quarter
scale prototype device was used to develop a character-
istic curve for the performance of the turbine.

A model of the system was developed and the simu-
lated results from this model were compared with actual
experimental data from the system for validation pur-
poses. The model was tested under three different types
of sea conditions, one of high intensity power density,
one of medium intensity power density and one of low
intensity power density. Despite simplifying assump-
tions and experimental error the model was found to
predict the mechanical and electrical performance of the
system to a satisfactory level of accuracy. This was fur-
ther demonstrated by examining the measured and pre-
dicted electrical energies.

Future work is to be carried out in refining the model
and improving its accuracy by taking into account tur-
bine hysteresis and also the different flow regimes that
occur in both inflow and outflow conditions.

Further work will also be carried out analysing the
electrical system by selecting a more efficient electrical
machine and control system. The model that has been
developed and validated in this paper can be used to sim-
ulate the system with a degree of confidence. This allows
for refinements to the electrical system to be simulated.
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Figure 6: Pnuematic power profile with simulated (blue dashed) and measured (red) torques for high level sea state
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Figure 9: Electrical parameters simulated (blue dashed) and measured (green,red,magenta,cyan)for high level sea state
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Figure 10: Pnuematic power profile with simulated (blue dashed) and measured (red) torques for medium level sea state
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Figure 11: Electrical parameters simulated (blue dashed) and measured (green,red,magenta,cyan) for medium level sea state
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Figure 12: Pnuematic power profile with simulated (blue dashed) and measured (red) torques for low level sea state
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Figure 13: Electrical parameters simulated (blue dashed) and measured (green,red,magenta,cyan) for low level sea state
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