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Abstract: Design of direct drive power take off in renewable energy generators tends to focus on force density, naturally leading
to the use of relatively expensive permanent magnet machines. Elsewhere in the industrial landscape, induction machines
traditionally rule as they are low cost and robust. In this study, the design of a generator for use in an open centred tidal turbine
is presented as a case study to directly compare induction and permanent magnet machines. Mechanical constraints in the
turbine design enforce a large magnetic gap in the generator, which inherently limits the power density and power factor. A
comparison between the permanent magnet design and the induction design in terms of performance and economy has been
presented.

1

Introduction

Tidal stream energy, in common with many renewable energy
converters, produces slow speed motion. Direct drive generators,
therefore, have to produce a large torque to generate large powers.
For example, a 2 MW tidal turbine might rotate at just 25 rpm, in
which case the generator must react almost 1 MNm. As the torque
is related to machine active volume, direct drive machines tend to
be large and heavy.
As permanent magnet (PM) designs offer high torque density
per unit volume and per unit mass, they are often considered for
direct drive applications. Performance can be expressed as shear
force (σ), defined in (1) as the force reacted per unit of air gap area.
Typical air cooled machines may reach 10–20 kN/m2, with PM
topologies delivering significantly more 30–40 kN/m2
σ = F /area

(1)

The high remnant flux density of PMs offers a high magnetic
loading, meaning the active area of the air gap, and hence total
machine, can be relatively small. PM machines tend to operate at a
high efficiency, predominantly because there are no copper losses
associated with setting up magnetic field coils as found in wound
field synchronous and reluctance machines.
Most modern PMt machines rely on the use of neodymium iron
boron, a rare earth material. Per unit mass, this material is
extremely expensive, and the price is notoriously unstable. The
vast majority of the world supply comes from China, which has
historically caused problems in the market place. Assembly and
handling, especially of large machines, is challenging. At large
diameters, large magnetic forces must be resisted by significant
mechanical structures, and structural mass is thought to account for
80% [1] of the total machine mass.
In some renewable energy applications, notably wind, the mass
and size of the electric machine are critical – directly affecting the
mechanical requirements of the supporting tower. In other
generator applications, however, the host device has to be large to
capture the rated power and so arguably the torque density of the
machine is less important. In that case, the cheaper induction
machine (IM) might exhibit an advantage over PM topologies.
By way of example, in a tidal stream device, the physical size
of the generator is dictated by the diameter of the blades – around
14 m for a 2 MW machine. The space envelope for the electrical
machine at this diameter is ∼77 m3. The rated torque can,
therefore, be reached by a shear force of 6.5 kN/m2, well within the

range for conventional machines. However, such large structures
present other mechanical problems to the electrical machine
designer, for example, maintenance of a magnetic gap between the
rotor and the stator. In small machines (<300 mm diameter) a good
magnetic circuit can be achieved by maintaining a 1 mm air gap –
hard to maintain in a 14 m diameter application. At these larger
scales, mechanical constraints and tolerances are likely to enforce a
much larger magnetic air gap.
For PM machines, a large air gap reduces the torque density of
a machine, but can be partially offset by increasing the mass of
magnet used. In inductance machines, a large air gap increases the
stator leakage inductance, which in turn causes poor power factor
resulting in higher running costs or a more expensive converter.
For tidal stream devices, both IMs [2, 3] and PM machines [4]
have been proposed. In this paper, the choice between an IM and a
PM machine for the generator of a tidal stream turbine is
investigated. For the IM design to be competitive with the existing
PM machine it needs to have a lower manufacture cost to offset the
increased converter cost as well as competing on physical size and
efficiency.

2

Tidal stream device

2.1 Case study device
A number of tidal turbine concepts exist, and this paper focuses on
the OpenHydro turbine [5] as a case study. As shown in Fig. 1, this
is an open centred turbine with rim mounted PM synchronous
generator [6] with a shaft-less rotor. The rotor is neutrally buoyant
and free to rotate in a large flooded gap. It is a direct drive turbine
and the absence of a gearbox means there is one less potential
failure point in the turbine. The main bearing surface of this design
is also the air gap of the electric machine. The turbine has a
diameter of 14 m and a flooded gap >10 mm.
2.2 Power take off location
The performance of a tidal stream turbine with radius (R) is defined
by the tip speed ratio λ in (2) and the well-known power
relationship of (3), relating power (P) to density (ρ), velocity (v)
and coefficient of performance (Cp)
λ=

ωR
v

P = 0.5ρπR2v3C p
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Fig. 1 OpenHydro 16 m turbine with gravity base [6]

Table 1 Radius ratio for alternative turbines
Air
density

ρ
v

kg/m3
m/s
—

Water

1.2

1025

1025

12
0.45

4
0.45

4
0.45

7
30

7
30

3
30

flow speed
coefficient of performance

C

tip speed ratio
shear stress

Λ
σ

kN/m2

aspect ratio

la/R

—

0.5

0.5

0.02

radius ratio

r/R

—

0.06

0.27

1.0

p

—

ratio of 0.27 – becoming comparable to the size of the turbine
itself. Direct drive does not look that attractive for tidal stream
turbines with a central shaft.
A particular power output can be obtained with a smaller
electrical machine if speed is increased, and inspection of (5)
shows reduction of the tip speed ratio must be matched by an
increase in the radius ratio for balanced torque. In this way, column
3 shows that if the turbine is altered to have a lower rotational
speed and the aspect ratio is changed to a short fat machine, then
R/r tends to 1, i.e. a generator mounted on the outer radius of a
tidal turbine. This paper hence investigates the characteristics of
electric machines mounted on the rim of a tidal turbine.

3

3.1 Machine topology

Fig. 2 Simplified linear model of the PM machine

Equations (2) and (3) can be combined and used to obtain an
expression of torque (T) from the turbine
T=

ρv2πR3C p
2λ

(4)

The torque from the electrical machine can be found using the
shear force equation (1), and noting the active area is the product of
rotor circumference (πr) and the axial length (la).
As the electrical torque and turbine torque are equal at steady
state, and replacing axial length with aspect ratio (la/R), (5) [7] can
be used to relate turbine radius (R) to electrical machine rotor
radius (r)
ρv2C p
r3
3 =
4λσ(la /r)
R

(5)

Table 1 uses this equation to investigate the aspect ratio of direct
drive generators. Column 1 considers a wind turbine, assuming a
tip speed ratio of 7. Assuming the electrical machine has an aspect
ratio of 0.5 (i.e. length is half the radius, or quarter the diameter),
the radius ratio between the generator and the turbine is seen to be
0.06. For a wind turbine radius of 50 m, this gives a generator
radius of 3 m. Although this is a large machine, it is small
compared to the blade, and covers just 0.3% of the swept area.
However, as water density is two orders of magnitude greater,
column 2 shows an equivalent water turbine requires an aspect
5230

PM machine design

The generator developed for the OpenHydro device is a surface
mounted PM machine with concentrated coils mounted in a
toothless stator, as described in [6]. Known limitations with PM
machines include the inability to stop back emf under faulted
conditions, and the variation of coil voltage with eccentricity. They
require a fully rated inverter to produce a 50 Hz output unless they
are operated at synchronous speed.
3.2 Design and optimisation
The existing OpenHydro generator design has many mechanical
features such as chamfers and bolts that have a limited effect on the
magnetic circuit. These features can be ignored by electromagnetic
analysis and a detailed design study of the PM generator can be
done by a simplification of the geometry as explained in [6].
Reported difference between the measured EMF and the EMF from
the 2D finite-element analysis model was attributed to the end
windings and therefore a 3D model was used for the investigation.
Ignoring the mechanical features and the surrounding iron was
found to have no discernible impact on the result accuracy, yet
simplifies the model and improves the computation speed of finiteelement analysis. Further, as the machine radius is large, a single
pole pair can be accurately modelled as a linear segment. Fig. 2
shows the conceptual PM machine design.
The PM machine has been optimised using scripted finiteelement analysis software to develop the rated torque using
minimum magnet material. The design study identified that a mass
reduction of 13% for a force reduction of 5% could be achieved by
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4.3 Performance

Fig. 3 Dimensions of rim generator

Fig. 4 Single-segment rotary model of the 40-, 60- and 100-segment IM

Table 2 Motor performance
Design
Total number Efficiency, %
of pole pairs
permanent
magnet
induction
machine

Mechanical
power, MW

144

96

2

60

89

2.24

reducing the magnet height. This design is then used as the
baseline to evaluate an IM.

4

IM design

4.1 Machine topology
Squirrel cage induction generators (IGs) are renowned for their
cheap and robust structure. When connected to a fully rated
inverter, as a synchronous PM machine must be, they can operate
at variable speed with established control methods at high
efficiency points. Large IMs with efficiencies >90% are common.
IGs have the advantage that when the machine is disabled, no EMF
is produced by the rotor – a useful feature for fault tolerance and
maintenance.
IMs typically have an air gap length (lg) in the range of 0.5–4
mm. A large gap length, as enforced in this application, is known
to reduce the efficiency due to increased stator leakage inductance,
which in turn causes poor power factor resulting in higher running
costs or a more expensive converter.
The aim of this section is to design an alternative to the PM
machine capable of giving the same performance in the same space
envelope. The axial length is short compared to the large diameter
of the machine; in typical machines the axial length is larger than
the diameter. Also, crucially, the magnetic air gap is large.
4.2 Design and optimisation
In this comparison, the IM is designed to fit within the same cavity
as the PM machine. Fig. 3 shows a section of the rim generator
identifying the available stator and rotor volumes. The most
challenging constraint is the air gap length (lg), although the stator
thickness (Hs) is also restricted so the slots have to be designed
with consideration of the core back depth. The rotor thickness (Hr)
is also restricted and similarly, the depth of the bars in the rotor has
to be carefully considered. The rated speed of the turbine was set as
25 rpm.

The physical size of this machine coupled with the large magnetic
air gap makes using conventional commercially available design
tools inappropriate.
The stator of the present design has been divided into
magnetically independent segments, to make the design physically
more manageable during manufacture. The number of segments
(Na) is an additional design parameter, and the authors have
investigated designs from 40 to 100 segments in [8]. Each single
segment has been analysed as an individual rotary machine
covering 360 mechanical degrees by wrapping the segment to form
a rotary model. This is magnetically valid by maintaining the pole
pitch to air gap length ratio. Due to the symmetry provided by
adjacent segments, the end effects of the linear segment are
considered to be negligible. In this manner, it is possible to design
each machine segment using a normal rotary machine design
theory applied to the individual segments.
The initial three designs are 40, 60 and 100 segments, shown in
Fig. 4. The 40-segment design has four poles and both the 60- and
100-segment designs are two-pole machines. These designs hence
represent 60-, 80- and 100-pole pair machines.
The rotor is considered concentric to the stator frame, the rotor
eccentricity is a complex condition and outside the scope of this
paper.

5

Engineering comparison

5.1 Performance
The uncertainty surrounding the market price of the rare earth
materials has many companies considering different topologies of
the machine to avoid the associated risk of rare earth materials.
Although the price seems to have stabilised the unpredicted spike
in rare earth materials market prices has unsettled many
consumers. The prospect of new rare earth mines in Greenland and
Canada has contributed to alleviating the concerns of wary
consumers. This provides a consistent supply of rare earth
materials with a stable market price, the cost of construction of a
PM machine is the same regardless of the time of its construction.
The PM machine and the IM are two extremes of magnet content
for this application and there is precedence of using an IG in tidal
turbines albeit with a gearbox.
The size of the flooded gap between the rotor and stator in the
OpenHydro turbine, which is large due to mechanical constraints,
is a concern in this application. The air gap increases the leakage
inductance thereby decreasing the power factor of the generator. To
compensate, an overrated converter is required. Overall, for the IM
design to be competitive with the existing PM, it needs to have a
lower manufacture cost as well as competing on physical size and
efficiency.
5.2 Characteristics
The performance of the two machines was predicted using an
analytical design method and verified by using 3D finite-element
analysis. The 60-segment IM design has the highest efficiency of
all IMs considered, and hence this was taken forward for detailed
design. As this design had the lowest number of poles, it also had
the largest pole width to air gap ratio, believed to be the cause of
the superior performance. The performance of the designs at rated
speed is shown in Table 2.

6 Economic comparison
6.1 Site case study
The turbine capability of power generation is dependent on the
choice of the deployment site. Table 3 contains data provided by
Mer [9] of flow speeds for different test sites.
Assuming a perfect semi-diurnal tide, the tidal variation for the
Bay of Fundy can be modelled using the following equation [10]:
v(t) = K0 + K1cos

2πt
2πt
cos
T1
T0
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Table 3 OpenHydro deployment site data from the webAtlas [9]
Deployment site
Peak mean spring speed, m/s
Raz Blanchard, Normandy
Torr head, Ireland
Eday Test Site, Orkney Island
Bay of Fundy, Nova Scotia

Peak mean neap speed, m/s

4.48
2.06
1.49
4

2.53
1.08
0.83
1.88

Fig. 5 Ideal semi-diurnal tide

Fig. 8 Annual power extraction when mapped to 15 rpm

Fig. 6 Assumed linear relationship of tidal speed and turbine speed

Fig. 9 Annual power extraction when mapped to 25 rpm
Fig. 7 Power coefficient versus tip speed ratio

where K0 is determined by the peak mean spring tidal speed and K1
from the ratio of the peak mean spring tidal speed and the peak
mean neap tidal speed. T0 is the spring neap period, 12.4 h, and T1
is the tidal period, 353 h.
Fig. 5 can be created representing an ideal day cycle for a neap
and spring tide. This is a simplification of a complex subject; the
site bathymetry and environmental impact of tidal turbines are
complex research subjects [11, 12]. An in-depth investigation of
the available site power is not required to compare the two
generator designs. To improve the accuracy of the power
estimation, it is recommended to use a tidal stream chart of the
deployment site.
6.2 Turbine performance
The power of the turbine can be calculated using (3). The density
of seawater is dependent on salinity and temperature and is
considered constant, ρ = 1025 kg/m3.
The OpenHydro turbine uses fixed blades and the tip speed
ratio is variable and not in the public domain. Assuming a constant
5232

power coefficient results in an overestimation of the extracted
turbine power. Alternatively, assuming that the relationship
between the tidal speed and the turbine speed is linear, the gradient
of the line can be determined by assigning the tidal speed to an
assumed turbine speed. The tip speed ratio and hence the
corresponding turbine speeds can be determined for all tidal
speeds. Fig. 6 shows assumed relationship when the tidal speed
2.75 m/s was assigned to the rated turbine speed of 15 rpm (TSR15)
and when the tidal speed 2.75 m/s was mapped to the rated turbine
speed of 25 rpm (TSR25). Cp was determined from (7) [13],
obtained by fitting the curve of the data from a tidal turbine
prototype and is shown in Fig. 7. Figs. 8 and 9 show the annual
tidal power extracted by the two electrical machines for TSR15 and
TSR25. In all cases, the PM machine can be seen to have lower
losses than the IM
C p = 0.01395 ⋅ λ2(1.3172 ⋅ e( − 0.3958 ⋅ λ + 1.539) − 0.0867cos
(0.4019 ⋅ λ − 5.6931))

(7)

6.3 Economic comparison
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Table 4 Cost of material per kilogram
Material cost

£/kg

PM
copper
electric steel
aluminium

57
9.12
3.8
1.52

Table 5 Economic comparison of the two generators
Year
TSR15(PM optimum) TSR25(IM optimimum)
PM
IM
PM
IM
0
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
net income
PI

−£144
£625
£1,209
£1,755
£2,265
£2,742
£3,187
£3,604
£3,993
£4,357
£4,697
£5,014
£5,311
£5,589
£5,848
£6,091
£5,946
42.19

−£132
£400
£774
£1,124
£1,450
£1,756
£2,041
£2,308
£2,557
£2,790
£3,007
£3,211
£3,401
£3,578
£3,745
£3,900
£3,768
29.62

−£144
£594
£1,150
£1,669
£2,154
£2,607
£3,031
£3,427
£3,797
£4,143
£4,466
£4,768
£5,051
£5,315
£5,561
£5,792
£5,647
40.12

−£132
£500
£967
£1,403
£1,811
£2,193
£2,549
£2,882
£3,193
£3,484
£3,756
£4,010
£4,248
£4,470
£4,677
£4,871
£4,739
37.00

The economic basis used to compare the designs is the cumulative
net present value (CNPV). This technique is the basis of many
other techniques for project assessment. Table 4 shows the material
costs used to calculate the capital expenditure of each design.
Labour costs are neglected as the focus is on the design itself rather
than the complexity of the assembly.
A discount rate of 7% was assumed over a 15-year lifetime. The
majority of the maintenance costs are the costs to recover the
turbine. These costs were assumed to be the same for all the
designs and were not included in the comparison. The cost of
energy was set as £120 per megawatt hour (MWh). Figs. 8 and 9
provide the annual tidal power to be used in the CNPV.
The profitability index (PI) is the ratio of the lifetime costs and
the initial capital costs. A higher PI signifies a more profitable
venture. Table 5 shows that the IM has a lower capital cost,
however, the net income of the original PM machine is higher, the

profitability index of the IM is only slightly higher for TSR25. The
PM design has a higher net income and a higher profitability index
regardless of the assumed rated speed of machine.

7

Conclusion

The IG design has been compared to a PM design for use in a tidal
turbine. An economic model has been developed for a 15-year
lifespan.
The capital cost of the IM design is 17% lower than that of the
PM, however, over a 15-year lifetime the net income of the IM is
16% lower at a rated speed of 25 rpm. However, at a rated speed of
15 rpm the net income of the induction design is 37% lower due to
the low efficiency.
Compared to the benchmark PM synchronous generator, the
power factor of the IM is worse due to the large air gap length
forced by mechanical constraints of the application. The
advantages of simple robust construction in the absence of PMs
must be considered against the drop in efficiency and power factor
associated with the IM.
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