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from variable speed inputs, some lessons from the wind
energy sector can be drawn upon.

Abstract
Examples of integrated design of electrical generators
for wave and tidal energy converters are presented.
These demonstrate the importance of modelling
structural and thermal aspects alongside traditional
electromagnetic
models.
Overall
generator
production per unit cost can be increased as a result.

2.2. Power take off methods
A range of different power take off methods can be seen
across the marine energy sector:
•
Gearboxes. As in wind turbines, a common
approach for tidal current energy converters is
to step up the slow rotation of the rotor blades
through a gearbox to a speed more appropriate
to a doubly-fed induction generator, for
example [1].
•
Hydraulics. Hydraulic power take off is a
popular choice for wave energy devices. For
example in the Pelamis device, hydraulic rams
are used to resist the motion of joints and are
used to pump fluid through hydraulic motors
(via smoothing accumulators). The hydraulic
motors drive high speed electrical generators
[2].
•
Pneumatic. In oscillating water columns
(OWCs) a chamber (open to the sea) is
pressurised and depressurised by wave action.
A turbine is installed at the exit to the outside
air. The wave action forces air back and forth
past the turbine, which is connected to a high
speed generator, e.g. [3].
•
Direct-drive. In direct drive there is no
intermediary energy conversion between the
mechanical energy capture and the electrical
generator. This principle has been used in wave
energy for the Archimedes Wave Swing using
a linear generator [4] and in a tidal current
converter by Open Hydro using a rim rotary
generator [5].

1. INTRODUCTION
Either low or high speed electrical generators can be used
in wave and tidal energy converters. The choice of which
is used depends upon the power take off mechanism.
Hydraulics, air and water turbines are often chosen so
that conventional high speed rotary machines can be
used, whereas in direct drive systems a low speed
generator is used. However, in both cases it is important
to design the electrical generator taking into account the
application and the environment in which it is operating.
An integrated design approach is necessary to ensure that
the machine design is optimised. In this paper the authors
will illustrate the need for integrating electrical,
mechanical and thermal aspects for both low speed
machines for direct drive and high speed machines.

2. INTEGRATED DESIGN OF
ELECTRICAL GENERATORS
Integrated design (of electrical generators in renewable
energy applications) refers to:
•

•

Jointly considering the electrical, magnetic,
thermal and structural aspects of the electrical
generator right from the start of the design
process.
Optimising the generator design as part of the
overall device design, not just as a component
in isolation.

2.3. Standard generator design methodology
Typically for a wave or tidal converter the mechanical
energy collector design is completed first and then the
power take off and electrical generator design is looked
at second.

The overall aim of the generator design should be to
minimise the overall cost of energy produced. This
entails achieving a number of objectives: robustness, low
material and manufacturing costs, high efficiency over
the whole load range, low mass, high reliability, and ease
of maintenance.

Electrical machines require electromagnetic, mechanical
and thermal design. On the whole the focus is on the
electromagnetic design, with the structure and heat
transfer design being adapted to suit. For example with a
permanent magnet synchronous generator the
electromagnetic design will often be completed first with
objectives of reducing the active material (the permanent
magnets, copper and electrical steel laminations).
Typically this is achieved using standard analytical
models, verified using 2D or 3D finite element packages.

2.1. Electrical generator applications in marine
energy
In this paper the authors will highlight examples of
electrical generators in wave and tidal energy. Because of
the similarities in generating grid compatible electricity
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The electromagnetic design may be done in conjunction
with a simple lumped parameter thermal model to help
evaluate losses and efficiencies. The next stage will be a
more thorough thermal model, perhaps using a finite
element package. The next stage in the design process
may be structural/mechanical design in order to ensure
that stresses, deformations and natural frequencies are of
a satisfactory level. At the same time the power converter
and generator control would be developed.

Designers have long tried to maximise this shear stress
for low speed, direct drive machines; hence the interest in
transverse-flux permanent magnet machines which are
characterised by high shear stresses [7]. If the
distributions of flux density and electric loading are
sinusoidal and are displaced by δ and the peak values are
B and K then [8]

σ = 12 BK cos δ .

The next sections will look at how the different aspects
of generator design can be combined early on in the
development process in order to develop more cost
effective electrical generators.

(3.2)

The structure of the generator rotor and moving
subassembly of the device must be capable of
transmitting the torque or thrust. If the stator is connected
to a (semi-)static part of the device (for example, the
tower) then the structure must be stiff enough to provide
reaction torque/force. Because the shear stress is
perpendicular to the airgap – as shown in Figure 2 – it
does not serve to close the airgap.

3. INTEGRATING STRUCTURAL
DESIGN FOR LOW SPEED
MACHINES
In low speed, direct-drive applications the electrical
generator will be large in order to generate significant
amounts of power. The design of the machine structure
takes on a greater importance than in smaller, high speed
machines.

3.1. What is structural material?
Figure 2. Shear stress

Structural material does not play an active rôle in the
electrical circuits and magnetic circuits which are the
primary purpose of an electrical machine. Instead this is
material which is required to increase stiffness, reduce
stress concentrations or alter mechanical natural
frequencies which could be excited by the electrical
performance of the generator.

3.2.2. Normal force
The normal component of Maxwell stress, q, is directed
across the airgap, so that the facing iron surfaces are
attracted towards one another. This is shown for a section
of a machine in Figure 3. When a large airgap flux
density is used (e.g. B > 0.8 T) this stress is about ten
times than that of the shear stress. The normal component
of Maxwell stress is a function of the square of the airgap
flux density,

In renewable energy generator designs there may be
requirements for the generator to act as a structural load
path, transmitting forces and moments from the energy
collecting elements of the device to the static structure of
the device. The design of the generator bearings is an
important factor in this case [6].

q=

3.2. Forces in electrical generators for marine
energy

B2
2µ o

(3.3)

where µo is the permeability of free space. In the rest of
this paper, the normal component of Maxwell stress will
be referred to as the normal stress.

There are a number of forces at play in an electrical
generator which must be considered in the overall design.

Figure 3. Normal stress

Figure 1. Radial flux machine for tidal current device

3.2.1. Shear force
The shear stress, σ, is the useful force in an electrical
machine, giving rise to torque, T, in a rotary machine,
T = 2 πrg2ls σ

(3.1)

where rg and ls are the airgap radius and stack length of
the machine respectively.
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3.2.3. External forces

3.2.5. Thermal stresses
Significant amounts of heat are generated in electrical
machines leading to temperature rises in machine parts.
These in turn give rise to expansion given by

For a tidal current device these forces and moments
include the weight of the rotor blades, horizontal and
vertical flow shear, yaw error and inertial effects [9]. In a
direct-drive wind turbine these forces may indeed be the
biggest factor leading to airgap closure and can in turn
lead to a change in the normal stress distribution [10].
Bearing designs external to the generator can be used to
take these forces, although a cheaper and lighter device
might be achieved by using the same bearings for the
rotor shaft and the generator.

∆L = Lo α∆T ,

(3.4)

where ∆L is the change in dimension, Lo is the original
dimension, α is the thermal coefficient of expansion of
the material and ∆T is the temperature rise. A difference
in temperature rise in the rotor and the stator of a radialflux machine will lead to a change in the airgap clearance
as shown in Figure 6.

3.2.4. Weight
In a horizontal axis tidal turbine, the tilt angle, ψ, of the
rotor axis to the horizontal is normally minimal but might
be varied up to 90° during the installation or maintenance
of a tidal current device [11]. In vertical axis turbines, ψ
= 90° is normal. The weight of the generator then can act
in two ways: there is a major and a minor component as
shown for a radial-flux machine in Figure 4.

Figure 6. Thermal expansion

For this topology, the major component of gravity is of
magnitude gcosψ and acts to deflect the rotor and stator
back iron and structural members (such as spokes and
support spiders). If the support is one sided – often
chosen in the wind industry to reduce bearing cost and
mass – then there will be a tipping moment – as in Figure
5. Depending on their construction and the distribution of
active material in the rotor and stator there may be
different deflections, causing a narrowing or widening of
the airgap.

3.3. Examples of integrated electrical and
structural design
In this section, examples of integrated electrical and
structural design of a direct drive generator (for a tidal
current device) will be given. Two types of PM generator
will be looked at: a radial-flux generator (Figures 1 and
7) and an axial-flux generator (Figure 8). Generators
rated for torques of 1, 1.8 and 3.8MNm are presented.

The minor component of gravity is gsinψ and is axially
directed leading to misalignment of the rotor and stator in
the axial direction.

Figure 7. Stator (left) and rotor (right) of a radial-flux
generator [13]

Figure 4. Components of weight with tilt angle, ψ

Figure 8. Single- and double-sided axial-flux machine.
Light grey = laminations and windings; black =
permanent magnets; dark grey = structures [13]
Figure 5. Cross section of single bearing setup and
tipping moment of generator rotor
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Figure 9. Aspect ratios for radial-flux machines, Krad
and axial-flux machines, kr [13]

3.3.1. Radial-flux machines
Equation (3.1) gives the torque produced by a cylindrical
radial-flux machine. One of the main choices of the
generator designer is the aspect ratio, Krad, which is given
by
l
K rad = s
(3.5)
2rg

Figure 11. Total mass for different torque-rated PM
radial-flux generators and aspect ratios [12, 13]

3.3.2. Axial-flux machines
Axial-flux PM machines (sometimes known as ‘pancake
generators’) can also be used. Again these machines have
an aspect ratio, kr, the ratio of the radii which define the
active length of the machine,
r
kr = o ,
(3.6)
ri
where ro and ri are shown in Figure 9.

and the dimensions ls and rg are shown in Figure 9. A
first approximation of modelling the active material (PM,
copper and steel laminations) is to say that the amount of
active material is proportional to the surface of the
airgap, 2πrgls. To maximise the torque produced per unit
active mass, the designer would choose as large an airgap
radius as possible, or stated alternatively as small a value
of Krad as feasible. Figure 10 illustrates why a large
airgap radius is preferred when possible (for example in a
rim generator [5] or in a vertical axis machine where the
generator will not block the water flow to any great
extent).

In the case of the axial-flux machine if the same shear
stress, σ, is developed between the inner and outer radii,
ri and ro, then the torque is

(

)

(

)

T = 2 πσ ∫rio R 2 dR = 23 πσ ro3 − ri3 = 23 πσro3 1 − k r3 .
r

(3.7)

The active material is approximately equal to the active
surface area or πro2(1–kr2). To maximise the torque per
unit active mass then the designer would chose ro and kr
values. Figure 12 shows the active material required for a
1MNm axial-flux PM generator, clearly showing smaller
mass at large aspect ratios [12, 13]. However if the
structural material is modelled (by using circular plate
loading models [14]), then a different trend is shown as
demonstrated by the steep increase in structural material
(Figure 12). The total masses for 1MNm, 1.8MNm and
3.8MNm machines are given in Figure 13. These show
that smaller outer radii and aspect ratios are more
favourable.
Figure 10. Active mass for different torque-rated PM
radial-flux generators and aspect ratios [12, 13]
Taking this to the extreme means a generator with an
infinite airgap radius and an infinitesimal axial length.
This approach does not take into account the structure
that must be included to maintain the airgap clearance
against the normal stress and to transmit the torque.
Modelling the structure of a horizontally mounted
generator (Figure 7) with normal stress and self weight
so as to limit the deflection into the airgap leads to Figure
11 [12, 13]. This shows that the material needed for
structural reasons exceeds that which is needed for
electromagnetic purposes. It also shows that using as
small an aspect ratio as possible is unlikely to lead to an
optimal generator design. Assuming that low mass is a
guide to cost then one might chose Krad = 0.2-0.3.

Figure 12. Active and structural mass for 1MNm PM
axial-flux generator at varying aspect ratio [12, 13]
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generator is cyclic and the cooling air speed is related to
the turbine output power, as seen in Figure 15.

Figure 15. Airflow and generator power recorded during
OWC operation [15]

Figure 13. Total mass for different torque-rated PM
axial-flux generators and aspect ratios [12, 13]

The power output of the induction generator in this
system is limited by the maximum temperature of critical
components within the machine. The sustainable
overload possible can be found by coupling an
electromagnetic model with a thermal model. The
thermal modelling requires experimental validation.

The examples given here show that setting a main design
parameter (in this case aspect ratio) by considering the
electromagnetic aspects in isolation can lead to nonoptimal generator designs. An integrated design approach
is particularly important for low speed, direct drive
applications where the generators are physically large.

4.2 Thermal modelling

4. INTEGRATING THERMAL DESIGN
FOR HIGH SPEED MACHINES

4.2.1 Theory
Heat flow can be modelled in a similar way to current in
electrical circuits. In this analogy, temperature difference
corresponds to potential difference; heat flow is given by
current; heat sources are analogous to electrical current
sources; heat capacities behave like capacitors; and
thermal resistances for a given set of conditions can be
modelled as electrical resistances.

4.1. Induction machine in an OWC and
overloading
The environment and load typical of Oscillating Water
Column (OWC) wave power provides an opportunity to
safely overload an “off the shelf” induction machine. The
peak and average powers experienced in wave energy are
normally substantially different, thus rating a generator
for the peak power of a system will increase costs and
decrease efficiency. The cooling of the generator by the
high speed oscillating airflow (Figure 14) allows higher
losses to be tolerated and thus a higher than rated power
output to be sustained. A generator can thus be specified
closer to the average power output, but capable of
meeting peak power outputs, thereby maximising power
generation per unit cost.

Thermal resistance is given by the heat transport
mechanisms between generator components. The
transport mechanisms affecting the induction generator in
the OWC power take off role are chiefly conduction and
convection. The conduction between components is
modelled as electrical resistance,
l
(4.1)
R=
kA
where R is the thermal resistance in°C/W, l is the length
of conduction path, k is the thermal conductivity of the
material and A is the cross-sectional area of the
conduction path.
Thermal convection heat transfer is considered as either
natural or forced convection. Because the generator is
placed in the duct, both types of convection are present.
Should the air flow stop then only natural convection will
be present. In normal running conditions forced
convection (by the duct airflow) over the generator
casing will be dominant.

Figure 14. Induction generator in OWC application
Many accepted empirical correlations exist in the heat
transfer literature to relate the heat transfer from solid to
fluid during convection [16]. The thermal resistance (in
°C/W) of a solid/fluid boundary during convection is
given by equation (4.2).
1
R=
(4.2)
hc A
where hc is the convective heat transfer coefficient in
units of W/m2.°C.

The rating of a generator is designed for a standard
thermal performance, for example 80°C temperature rise
for a 20°C ambient temperature. However, the ambient
temperature in a wave or tidal current device is expected
to be less – in the LIMPET typical ambient temperatures
of 14°C have been recorded [15]. In addition in OWCs
there is a significant moist airflow in the device, which
will provide cooling for the machine. The loading of the
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4.2.2 MotorCAD model
MotorCAD software developed by Motor Design Ltd is a
piece of specialist software which simplifies the thermal
design of electrical machines [17]. It was used in
combination with induction machine design details to
model the flow of heat within the machine using the
methods detailed in section 4.2.1 and [15]. A cross
section of the generator with main nodes/components is
shown in Figure 16.
The model shows that in operation, the primary heat path
from the stator windings to the ambient is by conduction
through the winding insulation to the stator iron and into
the frame at which point there is forced convection from
the frame to the ambient air. The hottest parts of the
stator winding are the endwindings, which are located
outside of the stator iron forcing their heat to flow into
the active stator copper section or into the endcap air.

Figure 17. Recorded casing and winding temperatures
and 1 minute average generator power during operation
[15]

4.3.3 Cooling effect of turbine blades
4.3 Experimental and modelling results

During operation, the turbine blades are moving at high
speed and are well connected to the generator shaft. This
means they will act as cooling surfaces and heat
reservoirs. The impact this will have on critical generator
temperatures was assessed using MotorCAD. The blades
were considered as cooling surface to which the
correlations for forced convection from a flat plate are
applied. By calculation this heat transfer path was found
to have a thermal resistance of 0.024°C/W from the
blades to ambient air. Each rotor also had a thermal
inertia of 15411kJ/°C. The MotorCAD simulations
showed that the blade convection provided an outlet for
rotor heat but did not significantly affect the stator
cooling.

A number of experiments can be used to inform the
coupled electromagnetic/thermal model which can then
be used to model and simulate performance and give
insight into generator operation. An 18.5kW rated
generator coupled to a 0.75m diameter biplane Wells
turbine is used for the tests [15].

4.3.1 4000rpm test
The turbine was spun at 4000rpm unloaded with the
valve closed and only leakage airflow present. The power
required to spin the turbine at this speed was measured,
thus the losses in the generator are known from the
power input. The generator was run for 191 minutes
under this condition and the temperature rise of all
measured components was observed. The time constant
was measured as 54 minutes. The loss in the generator
was estimated to be 941W and the final temperature 61ْC
[15]. Hence a heat transfer coefficient of 21W/ْC is
obtained.

4.3.4 4000rpm test in MotorCAD
The 4000rpm test was simulated in MotorCAD. It was
found that natural convection alone would have required
a higher casing temperature to dissipate the measured
losses. In the model a small airflow of 0.25m/s was
introduced to simulate the pumping effect of the turbine
blades and leakage airflow from the valve. Thus there
will always be a slight cooling flow over the generator as
long as the turbine is rotating and thus with a 14°C
ambient would not exceed its winding temperature limits.

4.3.2 Observations during operation
For a test close to motor rated current at 3000rpm, a
temperature rise of 57°C was recorded as compared to
the 75°C temperature rise measured during type testing
[18]. Hence there is considerably better cooling present
in the OWC duct than the induction machine is rated for.

4.3.5 Plant shutdown test
If the plant is required to shut down rapidly, the cooling
flow will be removed from the induction generator while
it stops the turbine. If the generator was operating
overloaded prior to this, the windings could be forced
over their rated limits. This was simulated as braking to a
halt from an overload set to the generator insulation rated
limit at 18.5kW for six seconds. The losses during the
braking stage did not significantly increase the stator
winding temperature as its thermal inertia was relatively
large. Hence it is safe to run the generator close to its
limits without fear of being forced to exceed them due to
loss of cooling flow.

The winding temperature shown in Figure 17 can be seen
as a low pass filtered version of the average generator
power. Large power spikes increase the winding
temperature.

4.3.6 Estimation of maximum rating
A sinusoidal loss cycle was applied to the MotorCAD
model with an in phase 14°C airflow varying from nil to
the stall point of the turbine. The increase of stator
resistance with temperature rise was included. A
maximum average power output of 21.4kW was obtained

Figure 16. Induction generator internal layout adapted
from MotorCAD [17]
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without temperature exceeding ratings. This is a 16%
increase in steady state power output.
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Netherlands, 2004.
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2001, 1st edn.)
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1, 2008.
[11] Tidal Stream (2008). www.tidalstream.co.uk .
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(2006). Comparison of generator topologies for
direct-drive wind turbines including structural mass.
XVII International Conference on Electrical
Machines, Chania, Crete, Greece, September 2006.
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generator performance in an Oscillating Water
Column wave energy converter. 4th IET Conf. on
Power Electronics, Machines and Drives, York, UK,
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Thermal measurements show that the OWC cooling
environment is better than the rated cooling and
overloading the machine is possible.
The simulations carried out to date show that a 16%
constant overload is sustainable at 14°C ambient
temperature.

5. CONCLUSIONS
Examples of integrated design of electrical generators
have been given for wave and tidal current energy
converters. Electromagnetic modelling performed in
isolation can lead to non-optimal generator and device
designs. Coupling such a model with structural and
thermal models can lead to power take off and generator
systems which deliver more power at a lower capital
cost. Considering the generator as part of the whole
device informs both the structural and thermal design of
the generator. In the future the authors will present more
design tools and methodologies for integrating design of
generators for wave and tidal energy applications.
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