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Abstract: Tidal stream energy is acquiring more attention as a future potential renewable energy
source. Considering the harsh submarine environment, the main challenges that face the tidal stream
turbine (TST) industry are cost and reliability. Hence, simple and reliable technologies, especially
considering the drivetrain, are preferred. The multibrid drivetrain configuration with only a single
stage gearbox is one of the promising concepts for TST systems. In this context, this paper proposes
the design optimization of a multibrid permanent magnet generator (PMG), the design of a planetary
gearbox, and afterwards analyzes the multibrid concept cost-effectiveness for TST applications.
Firstly, the system analytical model, which consists of a single-stage gearbox and a medium speed
PMG, is presented. The optimization methodology is afterwards highlighted. Lastly, the multibrid
system optimization results for different gear ratios including the direct-drive topology are discussed
and compared where the suitable gear ratio (topology) is investigated. The achieved results show that
the multibrid concept in TST applications seems more attractive than the direct-drive one especially
for high power ratings.

Keywords: tidal stream turbine; multibrid concept; direct-drive; permanent magnet generator; single
stage gearbox; design optimization

1. Introduction

Tidal stream energy is one of the promising renewable energy sources, which is highly predictable
and its potential can exceed 120 GW [1,2]. It is mainly harnessed by horizontal axis turbines where the
marine current kinetic power is converted into an electrical one. Despite the infancy of tidal stream
turbine (TST) technologies, various machines and prototypes have been developed in recent decades,
and different concepts are competing for supremacy [3–5]. In addition to the technology infancy, the
harsh submarine environment increases the criticality of the TST subsystems. Therefore, the main
challenges that face the tidal stream turbine industry are the energy cost and the system reliability,
which means simple and reliable technologies should be adopted. Drivetrain and generator topology
choice typically affects the availability of the system as well as the produced energy cost. The main
TST configuration types are gearless TST (direct-drive), mechanically geared TST, and magnetically
geared TST [6–8].

Direct-drive topology (Figure 1), which was designed to avoid gearbox failures in wind turbines,
is attractive due to its simplicity and its high reliability. However, direct-drive generators are
non-standard electric machines and have some disadvantages such as the heavy weight, large diameter,
and therefore high cost. Geared generators are compact, robust, and economically available compared
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to direct-drive ones, in addition to the fact that mechanical gearbox technologies are mature. Moreover,
authors in [9] addressed the criticality of wind turbine subsystems in different sites and provided a
comparison between geared and direct-drive wind turbines. The study shows that direct-drive systems
are less reliable than geared ones. However, mechanical gearboxes are still critical subsystems, which
can lower tidal stream turbines availability [10]. In [11] a comparative study between direct-drive
tidal stream turbines and gearbox driven ones has been carried out, where the result suggested the
multibrid concept as an alternative compact drivetrain for TST applications in terms of reliability
and availability.

Figure 1. OpenHydro/Naval Energies direct-drive tidal stream turbine [4].

The multibrid configuration (Figure 2a), with a single-stage planetary gearbox associated to a
medium speed PMG, combines the advantages of both geared and gearless drivetrain [12]. Indeed, a
medium speed generator is cheaper and more efficient than a direct-drive one and a single-stage
gearbox is lighter and more reliable than a multiple-stage one. Wind turbines manufacturers
have developed multibrid technology such as Multibrid (M5000) and WinWind (WWD-3) [13]
(Figure 2b), [14]. The same concept has been designed, realized, and tested for a small scale TST
system in the Chinese Zhoushan water channel [15] (Figure 3).

(a) (b)
Figure 2. The multibrid concept: (a) Schematic illustration [12], (b) The AREVA Multibrid M5000 5 MW
wind turbine nacelle [11].

The cost of a Multibrid TST depends on the gearbox ratio and the generator diameter. Gearboxes
with high gear ratio are heavier and more expensive. However, their high-speed output leads to
cheaper generators with low diameter. Hence, to determine the appropriate gearbox ratio and
generator dimensions for given specifications, a system optimization is required by minimizing
its active parts cost.
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Figure 3. Small scale multibrid tidal stream turbine [15].

Previous studies on wind turbine systems compared geared generators (including single stage
gearbox driven ones) to direct-drive generators in terms of cost. In [16], the authors compared
quantitatively different drive-train configurations and different generator topologies. In this study,
which highlights the multibrid concept, the design of the generators is not optimized and the gear
ratio is chosen in advance. In [17] and based on [16], the authors have estimated and compared the
cost of energy of different drive-train configurations. Unlike the above-cited papers, Hui et al. [12]
have investigated gearbox ratios and power ratings cost-effective ranges of multibrid permanent
magnet wind generators including direct-drive ones. Concerning TST design optimization, in [5,18],
the authors compared different optimized direct-drive PMG topologies (rim-driven vs. pod assembly
and radial flux vs. axial flux PMG). However, for the geared drive-train configuration especially, the
multibrid concept was not considered. Even if the wind turbine systems seem similar to TST ones,
some fundamental differences on design and operation require more investigation, such as biofouling
and marine current turbulence [19,20]. Therefore, both the blades and yaw pitch subsystems are
avoided due to their high criticality in such a hostile environment [9].

In this paper, a design optimization of PMG for TST system is proposed in order to analyze the
cost-effectiveness of the multibrid concept and compare it to the direct-drive one. In this context,
the Multibrid TST analytical model is presented and it consists of: the turbine model, the single
stage planetary gearbox model, the three-phase PMG two-dimensional (2D) electromagnetic model,
and the power electronics converter model. Figure 4 is therefore illustrating a grid-connected single
stage gearbox driven PMG, highlighting each subsystem. The proposed design optimization process
is performed using the interior-point method to minimize the active material cost of the generator.
The suitable drivetrain configuration is afterwards investigated for different power ratings (500 kW,
1.5 MW, and 5 MW) and the achieved results are compared and discussed.

Figure 4. Scheme of a grid-connected single stage permanent magnet generator-based tidal
stream turbine.
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2. System Modeling

2.1. Renewable Resource and Tidal Turbine Modeling

Tidal current velocity data in the site near Ouessant Island were collected by the French navy
hydrographic and oceanographic service [21]. The amplitude and direction measurements of the tidal
current velocity are done hourly during one year (8760 h). The optimal direction, which provides the
maximum of energy, is calculated as described in [22] (Figure 5). Tidal speed through the optimal
direction is shown in Figure 6.
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Figure 5. Tidal velocity in polar coordinates.
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Figure 6. Tidal velocity in the Ouessant Island.

2.1.1. Power and Energy Calculation

Energy calculation is done considering the optimal angle direction (61◦). Concerning the input
shaft power from a tidal turbine, it is calculated as a function of tidal currents speed and the turbine
rotor diameter.

PT =
1
2

ρCp(λ, β)Atv3, (1)

where At =
1
4 πD2 is the turbine blade swept area, ρ is the sea water density, Cp(λ, β) is the power

coefficient which is a function of tip speed ratio (λ) and the pitch angle of the tidal turbine blades (β).
The annual energy production (AEP) can be calculated by summing the harnessed energy in

each hour (the tidal current speed is assumed non-variable). Figure 7 shows the energy distribution
according to tidal current speed amplitude in the Ouessant site.

AEP =
∫ vn

vi

PT(|v|)OCC(|v|)dv + PTr

∫ vc

vn
OCC(|v|)dv, (2)



Energies 2020, 13, 487 5 of 19

where vi is the cut-in tidal current speed, vc is the cut-out tidal current speed, vn is the rated tidal
current speed, and PTr is the rated input shaft power.

The OCC(|v|) function represents the tidal current speed amplitude distribution (Figure 8).
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Figure 7. Tidal current energy distribution.
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Figure 8. Tidal current amplitude speed distribution.

2.1.2. Power Rating Choice

To harness all the energy, a maximal power should be chosen as a rated one and an oversized
system will be required. In wind turbines, mechanical limitation of power using blade or yaw pitch
subsystems are adopted. However, due to the harsh submarine conditions such mechanical subsystems
should be avoided. An alternative using an over-speed power limitation is adopted in this study. In
this context, when the input power is less than the rated one, the power coefficient is maintained at his
maximum (Cpmax = 0.455) (Table 1). However, when the input power is higher than the rated one,
the generator accelerates and reduces the power coefficient. This methodology is detailed in [8]. The
power rating (limitation power) is chosen around 30% of the maximum power where 90% of the total
energy can be harnessed (Figure 9). As the swept area considered is 1 m2, the same power ratio of 30%
is maintained, and for each power rating (500 kW, 1.5 MW, 5 MW) only the blade’s diameter (swept
area) is calculated.
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Figure 9. Harnessed energy rate versus power limitation rate.

2.2. Gearbox Modeling

The gearbox converts the turbine rotor slow rotational speed and high shaft torque to high
rotational speed and low torque. The more its gear ratio is high, the more its cost and weight increases.
However, the opposite happens to the generator because its input shaft torque decreases. It exists two
main types of gear trains: parallel shaft and planetary. In this study, a planetary single stage gearbox is
considered due to its high power density (Figure 10). The volume of each part of the planetary gearbox
is estimated to calculate its total mass [23,24].

∑ FWd2 = FWd2
s + FWd2

p + KrFWd2
r , (3)

where FW is the face width of the gear, ds, dp, and dr are the diameter of the sun, the planets, and the
ring gear respectively. FWd2 presents the gear volume and Kr = 0.4 is a scaling factor and it is selected
from [23,24].

The weight of the planetary single stage gearbox is a function of the gear ratio and the transmitted
shaft torque [25]. Equation (4) is developed to obtain the planetary gearbox total weight.

Ggear =
Wc

36050
2(103)TmKag

K f

[
1
Z
+

1
Zrsn

+ rsn + r2
sn + Kr

(1 + (rsn)−1)

Z
(rratio − 1)2

]
(4)

In the last Equation (4), Tm is the gearbox output shaft torque and Kag is the application factor.
It is chosen from [23] among different application factors. In fact, a factor of 1.0 is chosen when we
have a perfectly smooth turbine driving a perfectly smooth generator always at a constant speed (no
frictions and no vibrations). Because of the high torque fluctuations due to the high marine energy
density [26], an application factor of 1.5 is chosen. K f is an index of tooth loads intensity and it is
empirically estimated from [23]. Wc, which is the weight constant, is also estimated from [23]. rratio is
the single stage gearbox ratio (between the carrier and the sun gear), rsn = (rratio/2)− 1 is the ratio
between the sun and planet gears, and Z is the number of planet gears (Table 1).

The estimated cost of the single stage gearbox is given as

Cgear = cgearGgear, (5)

where cgear is the specific cost of the single stage gearbox (Table 1).
Concerning losses, only speed dependent ones are considered (seal losses and lubricant losses).

Regarding power-dependent losses, they are negligible compared to speed dependent ones [27].
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pgear = kgPN
nr

nrN

(6)

In the precedent Equation (6), kg is the speed-dependent losses constant, PN is the rated power of
the TST, nr is the rotor speed, and nrN is the rated rotor speed.

Figure 10. Illustration of a planetary gearbox with five planet gears.

2.3. Single Stage Geared PMG Design

The generator considered in this paper is a three phase radial flux permanent magnet one [8].
Figure 11 shows the geometric parameters of one pair of poles and its structure. The magnets are surface
mounted and the generator curvature is assumed insignificant. For design purposes, the adopted
modeling is a 2D analytical electromagnetic model based on magnetic circuit calculation [18,28]. The
objective is to calculate the size of the generator knowing its specifications.

Figure 11. Basic dimensions of one pair of poles [8].

2.3.1. Electromagnetic Torque

The average electromagnetic torque results from the interaction between the fundamental
electromotive forces and the currents of the phases (considered sinusoidal) at the nominal operating
point [29].

< TEM >= 4
√

2ALkb1Bgmax R2
s Lmξ3D sin(βm

π

2
)| cos(ψ)|, (7)
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where AL is the current loading in the stator, Bgmax is the maximum air-gap flux density under the
magnet, kb1 is the first harmonic winding factor, ψ is the phase shift between the fundamental of the
electromotive force and the current, Rs is the stator radius, Lm is the equivalent core length, and ξ3D is
a corrective coefficient which takes into consideration the 3D flow leakage.

2.3.2. Air-Gap

The mechanical air-gap is given by the following empirical formula [30]

hg = 2kDRs, (8)

where kD is a coefficient, which considers the deformations caused by the forces acting on the
rotating rotor.

The additional Carter air-gap hg′ is calculated as [30]

hg′ = (kc − 1)(hg +
hm

µrm
), (9)

where kc is the Carter factor, hm is the magnet height, and µrm is the magnets relative permeability.

2.3.3. Magnet Height

The magnet height model calculation considers inter-polar 2D leakage flow [28]

hm =
τ

2π

ln (
(µrm + 1)Bgmax exp −π

τ (hg + hg′)−
(µrm−1)
(µrm+1) exp π

τ (hg + hg′)− 2Br

(µrm + 1)Bgmax exp π
τ (hg + hg′)−

(µrm−1)
(µrm+1) exp −π

τ (hg + hg′)− 2Br
)

 , (10)

where Br is the magnet’s remanent flux density and Bgmax is the maximum air-gap flow density, and τ

is the pole pitch.

2.3.4. Slot Height

The slot height depends on the current loading AL, the fill factor k f , and the teeth pitch ratio βt.

hs =
AL

k f J(1− βt)
(11)

2.3.5. Stator and Rotor Yoke Height

The stator yoke height hys is determined in a way to avoid its saturation. With the same principle,
the rotor yoke height hyr is developed [28].

hys = βm
πRs

2p
Bgmax

Bsat
+

1
3

µ0µrm
√

2ALπ2R2
s

(hm + µrm(hg + hg′))Sppmp2Bsat
, (12)

hyr ≈ hys (13)

where Spp is the number of slots per pole per phase, m is the phases number, and p is pole pairs number.

2.3.6. Teeth Pitch Ratio

The teeth pitch ratio βt is calculated in a way to assure a non saturation of the generator when it is
over-fluxed (ψ = π/2) and the air-gap flow density is at its maximum Bg = Bgmax along the pole [28].

βt =
Bgmax

Bsat
+

µ0µrm
√

2ALπRs

(hm + µrm(hg + hg′))SppmpBsat
(14)
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2.3.7. Maximum Magnetic Field

To avoid the irreversible permanent magnet demagnetization, the maximum magnetic field Hmax

has to be less than the PM coercive magnetic field Hcj. The maximum magnetic field is calculated
in the worst scenario where stator flow density is opposite to the rotor flow density. Hmax will be
introduced as a constraint in the optimization process [28].

|Hmax| =
√

2ALπRs

(hm + µrm(hg + hg′))Sppmp
+

(hg + hg′)Bgmax

µ0hm
(15)

2.3.8. Iron Losses

The specific iron losses are estimated by using the Steinmetz formula [31,32]

pFe = 2pFe0h(
fe

f0
)(

B̂Fe

B̂0
)2 + 2pFe0e(

fe

f0
)2(

B̂Fe

B̂0
)2, (16)

where fe is the field frequency in the iron, pFe0h represents the specific hysteresis loss, pFe0e represents
the specific eddy current loss in the laminated stator core for a frequency f0 of 50 Hz and a flux density
B̂0 of 1.5 T.

2.3.9. Synchronous Inductance

The synchronous inductance Ls is the sum of the magnetizing inductance Lsm and the leakage
inductance Lsl . It is calculated as [30]

Lsm =
6µ0LeRs(kwNs)2

πp2(hg + hg′)
, (17)

where µ0 is the vacuum permeability constant and Ns is the number of turns of the phase winding.
Only slot leakage and the end-winding leakage inductances are considered to calculate the leakage

inductance Lsl . Skew leakage inductance is ignored because the stator slots are not skewed.

2.4. Power Electronic Converter Design

A two level back-to-back pulse width modulation (PWM) full scale converter is used to inject
power from the generator to the grid. Its specific cost estimate is presented in Table 1. Concerning
losses rate, they are considered to be about 3% at the rated load [33].

Table 1. Modeling parameters of the tidal stream turbine system.

Tidal Stream Turbine

Rated power PN [MW] 0.5 1.5 5
Rated rotor speed nrN [rpm] 80.3 47.0 25.8
Rotor diameter D [m] 6 10.3 18.8
Cut it tidal current speed vi [m/s] 1.0
Cut out tidal current speed vout [m/s] 6.2
Maximum power coefficient Cpmax 0.455
Optimum tip speed ratio λopt 5.90
Sea water density [kg/m3] 995.6
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Table 1. Cont.

Single Stage Planetary Gearbox

Gearbox application factor Kag 1.5
K-factor K f [N/mm2] 2.76
Gearbox weight constant Wc 0.6
Planet gears number Z 6
Gearbox specific cost cgear [e/kg] 6
Speed dependent losses constant kg [%] 1.5

PMG System

Hysteresis losses at 1.5 T and 50 Hz pFe0h [W/kg] 2
Eddy-current losses at 1.5 T and 50 Hz pFe0e [W/kg] 0.5
Specific cost of electrical steel cFe [e/mT] 449.77
Specific cost of copper cCu [e/mT] 4259.18
Specific cost of NdFeB magnet cm [e/mT] 84,538.60
Specific cost of power electronics cconv [e/kW] 40

3. Design Optimization

The design optimization is based on the modeling of each part of the system (the turbine, the
gearbox, the power electronics converters, and the PMG generator). The electromagnetic specifications
are all the fixed design parameters, the gearbox ratio is chosen before the optimization process starting,
and tidal power specifications are calculated from tidal current speed data. The analytical model can
be represented by a non-linear function, which has as input a geometrical design variables vector.
To evaluate the cost-function, an iterative inversion of the non-linear model is adopted. By considering
the constraint, the interior-point optimization technique is used to minimize the cost-function. The
optimal design is the one which has the lowest cost (Figure 12).

3.1. Cost-Function

The TST cost depends on its active materials weight, its structure cost, and its manufacturing cost.
In this study, only the generator’s active materials cost is considered in addition to the gearbox and the
power electronic converter costs. The active material cost depends on the size of each material. Hence,
the generator cost is calculated only from the size parameters G = (Lm, hs, hm, hys, βt).

Cg = cCuGCu + cFeGFe + cmGm (18)

CTST = Cg + Cgear + Cconv, (19)

where Cgear is the single stage gearbox cost, Cconv is the estimated power electronics cost, cCu, cFe, cm

are the copper, the iron, and the permanent magnet specific costs, and GCu, GFe, Gm are the copper, the
iron, and the permanent magnet weights, respectively.

The cost-function depends on the gearbox ratio and the size parameters of the PMG. However,
if the analytical modeling is considered, the PMG cost will depend only on the following variables
X = (AL, J, Bgmax , p, Rs).

X∗ = minX∈D||Cg(X)||, (20)

where X is the vector including the independent variables (AL, J, Bgmax , p, Rs) and D is the set of
possible solutions.

3.2. Optimization Constraints

The optimization is performed under electromagnetic and mechanical constraints, which define
the D set.
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The first constraint on the pole pair number is related to the maximum electrical frequency. In
fact, a high pole pair number leads to a higher electrical frequency resulting in high iron losses. To
avoid this, the maximum electrical frequency ( fmax) allowed in laminated steel core is limited, which
can be considered as a limitation of the pole pair number. The second constraint is related to the ratio
of slot depth to slot width. This ratio must be in the range of 4–10 to avoid excessive mechanical
vibrations [12,34]. This limitation is converted to two additional constraints on the pole pair number.

The maximum magnetic field Hmax(X) (see Equation (15)) is limited to be smaller than the
permanent magnet coercive field to prevent demagnetization. The current density J and the loading
current A are limited in the range of 3–6 A/mm2 and 40–60 kA/m respectively [12]. The generator
efficiency is considered to be greater than 0.96. On the other hand, the phase voltage root mean square
is fixed to 690 V.

Figure 12. Flowchart describing the design optimization procedure.

4. Design Results and Discussion

To investigate the cost-effectiveness of the multibrid concept in TST systems, design optimization
of the system is performed for different gearbox ratios (1:1,3:1,5:1,7:1,9:1,11:1) and different power
ratings (0.5 MW, 1.5 MW, 5 MW). The total harnessed energy in the Ouessant site is calculated for each
power rating. According to the optimization results, the gear ratio (3:1) is the optimal one whatever
the power level is (Figure 13). When it is less than (5:1), geared systems are cheaper than direct-drive
ones. Concerning the estimated TST cost per kWh (Figure 14), the 1.5 MW and 5 MW TST energy is
cheaper than the 500 kW TST one. It seems that a rated power around 1.5 MW for the Ouessant site is
more preferable than very high power ratings.
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Figure 13. Tidal stream turbine (TST) estimated cost for different gear ratios and different power
ratings.
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Figure 14. TST total estimated cost per kWh.

As shown in Figure 15, the generator and gearbox cost estimations are separately presented at the
power of 1.5 MW. For high gear ratios the gearbox cost increases exponentially while the generator
cost decreases slightly. The generator cost is however highly reduced when the gearbox ratio changes
from (1:1) (direct-drive) to (3:1). The comparison shows that gearbox low ratios are more interesting
especially when the power rating is high but for higher gear ratios the direct-drive configuration
is preferable.

The second part considers the 1.5 MW generator’s active materials cost and weight. Figure 16
shows that the direct-drive system is the heaviest one compared to the other configurations. On
the other hand, the weight of the (3:1) geared generator is around 35% of the total weight of the
direct-drive generator.

Regarding PMG active materials cost (Figure 17), the direct-drive configuration is the most
expensive and permanent magnet’s cost is extremely high compared to the other material’s costs.
However, the multibrid generator’s active materials costs are more balanced especially when the gear
ratio is high. In Figure 18 the direct-drive configuration cost is taken as a reference to be compared to
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the other configurations cost. As it is shown, the generator’s active materials cost is reduced by around
65% when adopting a (3:1) gearbox. For higher gear ratios, cost reduction can reach approximately 85%.
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Figure 15. Gearbox and generator costs for different gear ratios at the power rating of 1.5 MW.
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Figure 16. Generator active materials weight for different gear ratios at the power rating of 1.5 MW.
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Figure 17. Generator active materials cost for different gear ratios at the power rating of 1.5 MW.
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Figure 18. Active material geared generator cost compared to direct drive (DD) generator.

Figure 19 presents four poles of the designed (3:1) geared generator and Figure 20 shows a front
and lateral view of the same designed generator at the rating power of 1.5 MW. The two figures give a
vision of the designed generator structure and size.

Figure 19. View of the designed (3:1) geared generator at the power rating of 1.5 MW.
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Figure 20. Front and lateral view of the designed (3:1) geared generator at the power rating of 1.5 MW.

From the above-presented results, it is shown that the Multibrid TSTs can be a promising
alternative to direct-drive TSTs in terms of weight and cost. According to the Ouessant site energy
potential, TSTs power ratings of around 1.5 MW are interesting especially if we consider the limited
deepness of the site that limits the turbine diameter. A power rating of 5 MW requires a turbine
diameter of 18.8 m, which is interesting if the site allows such a size.

For more accurate estimated cost, the generator structure and manufacturing costs should be
considered. Moreover, the TST foundations are not addressed in this study and the gearbox is not
deeply designed, which could affect the optimization results. However, these comparative study
results could be useful for TST designers and could give them insight on the relevance of the multibrid
concept.

5. Conclusions

This paper investigated the application of the multibrid concept for tidal stream turbines. In
this context, a design optimization of multibrid permanent magnet generator has been proposed and
the system cost-effectiveness has been analyzed by considering the Ouessant site potential energy.
A planetary gearbox rough design is proposed for TST systems and the gearbox weight and cost
estimations are presented. Furthermore, the study considers a 2D analytical electromagnetic modeling
to size the permanent magnet generator. The achieved optimization results clearly showed that
multibrid tidal stream turbines are the solution of choice, in terms of weight and cost, when compared
to the direct-drive topology. Otherwise, among multibrid systems, lower gear ratios seem preferable,
especially for high power ratings. The cost of the 1.5 MW TST is the lowest regarding its harnessed
energy in the Ouessent site and it is not far from the 5 MW one. However, a 1.5 MW TST is preferable
if the environment constraints are considered where the site deepness is limited.
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Abbreviations

The following abbreviations are used in this manuscript:

TST Tidal stream turbine
DD Direct drive
2D Two-dimensional
PMG Permanent magnet generator
3D Three-dimensional
AEP Annual energy production
PWM Pulse width modulation

Nomenclature

PT Input shaft power
At Turbine blade swept area
ρ Sea water density
Cp Power coefficient
λ Tip speed ratio
λopt Optimum tip speed ratio
β Pitch angle
vi Cut-in tidal current speed
vc Cut-out tidal current speed
vn Rated tidal current speed
PTr Rated input shaft power
OCC Occurrence frequency
FW Gear face width
ds Sun gear diameter
dp Planet gear diameter
dr Ring gear diameter
Kr Scaling factor
Tm Gearbox output shaft torque
Kag Application factor
K f Tooth loads intensity index
Wc Gearbox weight constant
rratio Gearbox ratio
rsn Gear ratio between sun and planet gears
Z Planet gears number
cgear Gearbox specific cost
Ggear Gearbox weight
Cgear Gearbox estimated cost
pgear Gearbox losses
kg Speed-dependent losses constant
PN Tidal stream turbine rated power
nr Rotor speed
nrN Rated rotor speed
TEM Electromagnetic torque
AL Stator current loading
Bgmax Maximum air-gap flux density
Bg Air-gap flux density
Bmax Saturation flux density
kb1 First harmonic winding factor
ψ Phase shift between the electromotive force and the current
Rs Stator radius
Lm Equivalent core length
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ξ3D 3D flow leakage corrective coefficient
kD Air-gap coefficient
hg Mechanical air-gap
hg′ Additional Carter air-gap
kc Carter factor
hm Magnet height
µ0 Vacuum permeability constant
µrm Magnets relative permeability
Br Magnets remanent flux density
Bgmax Maximum air-gap flow density
τ Pole pitch
hys Stator yoke height
hyr Rotor yoke height
hs Slot height
k f Fill factor
βt Teeth pitch ratio
p Pole pairs number
Spp Slots per pole per phase number
m Phases number
Hmax Maximum magnetic field in the magnet
Hcj Permanent magnet coercive magnetic field
pFe Iron losses
fe Magnetic field frequency in the iron
pFe0h Specific hysteresis loss
pFe0e Specific eddy current loss
Ns Phase winding number of turns

Lsl Leakage inductance
Cconv Power electronics cost
Cg Permanent magnet generator cost
CTST Tidal stream turbine cost
cCu Copper specific costs
cFe Iron specific costs
cm Permanent magnet specific costs
GCu Copper specific weight
GFe Iron specific weight
Gm Permanent magnet specific weight
D Set of possible solutions
fmax Maximum electrical frequency
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