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Optimization of offshore direct drive wind turbine
generators with consideration of permanent magnet
grade and temperature

Nurul Azim Bhuiyan and Alasdair McDonald

Abstract— In this paper, the main objective is to optimize
permanent magnet synchronous generators for offshore direct
drive wind turbine, examining the best choice of magnet grades,
BHmax and working temperature. A surface-mounted Nd-Fe-B
generator is designed electromagnetically and structurally and
optimized for different rated powers of 6, 8 and 10 MW. The
results show that the cost of energy decreases as the wind
turbine’s rated power increases. Further optimizations were
carried out using different neodymium magnet grades and it was
found that the higher magnet grades produce a lower cost of
energy. In addition, steps were taken to estimate the effect of
magnet temperature. A detailed thermal model is used to
calculate the cooling airflow requirements to bring the magnet
operating temperature from 120°C to 80°C. Allowing the use of
cheaper temperature grades of magnets, the additional cooling
reduces winding losses and improves the effective BHmax of the
magnets.

Index Terms—Cooling system, cost of energy, magnet grade,
optimization, permanent magnet generator, thermal model, wind
turbine.

I. INTRODUCTION

he rated power capacity of offshore wind turbines is

increasing rapidly. In recent years, the turbine power
generation abilities are increasing from the 6 MW to 10 MW
and beyond. A large number of wind turbine designs in
offshore are now direct-drive permanent magnet (PM)
synchronous generators. It is mainly attractive to use because
of lower maintenance cost, high efficiency and longer life as
gearboxes are less reliable and incur mechanical losses [1],
[2]. However, the bigger size, the large quantities of rare earth
permanent magnet materials, mass and the massive generator
structures are the main challenges for designers of direct-drive
permanent magnet generators [3].

The torque (and hence the power production at a given
speed) is directly proportional to the air-gap shear stress and
making machines more compact requires improvements in
shear stress. This shear stress is proportional to the product of
the magnetic loading (related to the air-gap flux density) and
the electrical loading (related to the current density) and
efforts to maximize this shear stress can generally be
categorized according to which of these loadings are
improved. The improvements in maximum energy product,
BHmax of modern PM materials, designs of magnetic circuits
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and the choice of iron materials have steadily helped improve
the magnetic loading (or the effective cost of this magnetic
loading). The careful selection of winding arrangements and
improvements in manufacturing techniques have helped to
improve both winding factors and fill factors and hence
electrical loading. Improvements in cooling help improve both
magnetic and electrical loading. The BH characteristics of PM
materials are temperature dependent, so cooling them
improves the effective remanent flux density. The heat
circulation from the stator windings and iron cores to the rotor
where permanent magnets are mounted should make minimum
as the magnet materials are temperature sensitive [4]. In most
direct drive generators, I°R losses dominate. As the electrical
resistivity of most conductors is generally temperature
dependent, cooling also helps machines operate at higher
electrical loading or with smaller losses.

Heat exchanger

Cooling duct

Mechanical support

Fig. 1. A simple direct-drive generator for wind turbine with active materials,
mechanical support and cooling system.

Different cooling methods can be used. Grauers shows a
method where the outer surface of the generator stator core is
cooled by cooling channels using forced air [5]. Alexandrova
et al. manage the losses of the stator winding due to joule
heating by internal direct liquid cooling [6]. Others have
looked at different cooling methods and coolants [4], [7], [8].
During an optimization processes, authors often assume that
the winding and magnet temperatures are constant, e.g. [9]. In
this study a comprehensive thermal model is used to include
this aspect during optimization.

Different authors have approached different optimization
methods with different objective functions to minimize the
generator cost of active materials, cost of structural materials,
losses, masses and maximize the efficiency and annual energy
productions [5], [10-13]. A hybrid algorithm combining



Genetic Algorithms (GA) with Pattern Search (PS) is used in
[9]. In this method, after a few generations the GA produces
an intermediate global solution which is then taken as primary
input by the PS to run a local search. The result after the local
search from this PS is taken as the global optimum result.

The main emphasis of this paper is to optimize large, low
speed direct drive generators using different rated power (6, 8
and 10 MW) for offshore wind turbine operation, exploring a
number of issues that attract a typical wind turbine generator
designer: the effect of different neodymium magnet grades
(N35 to N52) in the generator rotor, estimate the effect of
temperature due to losses by accumulation of a generator
thermal model and cooling down magnet temperature (from
120°C to 80°C) using the cooling system and controlling the
cooling air flow for variable losses.

In this paper, a 6 MW surface-mounted Nd-Fe-B (SM Nd-
Fe-B) generator is designed by following the work of
McDonald and Bhuiyan [9], using flexible boundary limit for
optimization to allow the maximum air-gap diameter. This 6
MW generator is then upgraded to 8 and 10 MW and
compared with 6 MW SM Nd-Fe-B generator after
optimization for offshore wind turbine application. These are
analytically designed and optimized in MATLAB and verified
using finite element software. Two different objective
functions are used for optimization to compare the best
performance machine. Further optimizations were carried out
for a 6 MW Nd-Fe-B generator using different neodymium
magnet grades (N35 to N52) and operating temperature (“H”
grade where maximum operating temperature 120°C and
“Regular” grade where maximum operating temperature
80°C). In addition, steps were taken to estimate the effect of
magnet temperature. A detailed thermal model is used to
calculate the cooling airflow requirements to bring the magnet
operating temperature from 120°C to 80°C. A number of fans
and heat exchangers are used for the cooling system. The
process of controlling cooling air flow for variable losses also
shown after that.

Il. METHODOLOGY

The turbine characteristics for this study is defined in this
section. The generator model that includes electromagnetic
and structural model comes after that. Next, the structural
model of the tower, substructure and foundation costs of the
wind turbine are described. The investigations include the
effect of using different magnet grades in generator rotor and a
thermal model to estimate the effect of temperature due to
losses and cooling costs are defined after that. Subsequent to
that, the process of optimization is described.

A. Wind Turbine Characteristics

In this study, a generic variable speed, 3-bladed, pitch
regulated wind turbine is modeled for an offshore application.
The major ratings and assumptions for three different rated
powers are given in Table I. It is presumed that the turbine
rotor speed varies proportionally with the wind speed below
the rated speed. The rotor speed becomes constant when it
reaches to rated wind speed and power and blades are pitched.
Table | shows the wind speed characteristics to define the
probability of the wind speed.

B. Generator Model

The SM Nd-Fe-B generator is modeled analytically in the
steady state using MATLAB. Lumped parameter magnetic
circuit models are used to calculate flux per pole.

The N40OH magnet is chosen as the baseline magnet in this
study and its properties are given in Table IV. Fig. 2 shows the
generalized, geometrically linearized sections of generator
model for one pole pair. This magnetic circuit is also modeled
in FEMM to verify the results from analytical model [16]. The
calculation of flux density and induced emf using the magnetic
circuits can be found as shown in [17]. Table Il shows some
key dependent variables verified using a 2D finite element
software (FEMM) for the baseline generator design.

The electrical equivalent circuit modeling, losses, output
power, masses of different materials and costs calculation are
the same as the method in [9] and [17]. The assumed costs in
Table I1I for different materials are taken from [9] and [11].
Generator structural modeling given in [9] is used in this study
where the deflections of structure are limited in three
directions radially, tangentially and axially in optimization
process to minimize the structural mass.

TABLE |

THE WIND TURBINE SPECIFICATIONS AND SITE WIND RESOURCES [9]
Rated wind speed (m/s) 11
Cut in wind speed (m/s) 3
Cut out wind speed (m/s) 25
Optimal tip speed ratio 8.3
Coefficient of performance at optimal tip speed ratio 0.48
Wind turbine availability (%) 94
Site wind speed shape parameter 2.3
Site wind speed scale parameter (m/s) 10.8
Mean wind speed (m/s) 9.6

Turbine characteristics for different power ratings

Rated grid power (MW) 6 8 10
Rotor diameter (m) 145 166 185
Rated rotational speed (rpm) 12 10.5 9.4
Hub height (m) 90 100 110
Fixed charge rate (FCR) 0.116 0.116 0.116
Wind firm turbine capital cost (exc.
Generator, tower and foundation) (k€) [14] 16309 20564 | 24948
Operation and maintenance cost (k€) [15] 628 816 1005

Surface mounted

z0

Nd-Fe-B magnet

Py | Oy Py
4

ry
Fig. 2. (a) Magnetostatic finite element analysis of surface-mounted Nd-Fe-B
generator, (b) Magnetic circuit. B0T—B1.5T. Software is FEMM [16]

TABLE II
ANALYTICAL RESULTS VS FEMM ANALYSIS RESULTS
Variables Analytical | FEMM
Fundamental air-gap flux density, By (T) | 1.00 0.99
Direct axis inductance, Ly (mH) 18.4 18.2
Quadrature axis inductance, Ly(mH) 18.4 18.2




TABLE Il
GENERATOR MATERIALS AND COST MODELING [9], [11]
Generator Material Characteristics

[22], are shown in Fig. 3. The cost of different magnet grades,
C(X) can be found from the baseline magnet cost C(40H)
given in Table 111, multiplied with unit price, U given in Fig.

Slot filling factor 0.6
Resistivity of copper at 120°C (uQ-m) 0.024 2.
Temperature coefficient of resistivity (K™) 0.00393
Eddy-current losses in laminations at 1.5 T, 50 Hz (W/kg) 0.5 14+ [+]
Hysteresis losses in laminations at 1.5 T, 50 Hz (W/kg) 2
Cost Modeling T t -
Lamination cost (€/kg) 3 % /ﬂ/
Copper cost (€/kg) 15 Opot U=0.026X-0.02 1
Permanent magnet cost (N40H magnet) (€/kg) 60 I3 o
Rotor iron cost (€/kg) 2 L”) + P g g
Structural steel cost (€/kg) 2 ) o~ 9
Price of kWh energy (€/kWh) 0.19 g 1+ ) ~ U:0.0lzlﬁo.fiju_ =0 |
s 5~ —
C. Magnet Grades = -~ - —N35-N52 .
. 2 |~ —o —— N35H-N52H
When choosing the type of Nd-Fe-B magnet, a generator 0= -~ ‘ ‘ ‘ : ‘
designer can pick from a number of magnet grades. These 35 38 40 42 45 48 50 52

grades are often expressed as NXY where ‘N’ indicates that
this is an Nd-Fe-B magnet, X is the maximum energy product
(BHmax) in MGOe and Y indicates the maximum working
temperature. Although the actual BH of a magnet depends on
the magnetic circuit design in which it is placed, BHmax is a
good figure of merit and a higher number indicates a stronger
magnet.

The production of rare earth permanent magnets is based on
the combination of intermetallic compounds of rare earth
elements and the transition metals Fe or Co. The development
in the last few decades has led to significant improvements in
energy product BHmax and higher Curie temperatures (the
temperature at which the magnet will become completely
demagnetized) [19-20].

Gutfleisch [19] shows different manufacturing routes of
magnets for high BHmax and high operating temperatures.
Based on the proportion of intermetallic compounds of rare
earths, transition metals, other impurities, structure, heat
treatment and processing route, BHmax and the maximum
operating temperature and the cost of a magnet will be
different. Commercial magnetic characteristics are advertised
with tolerance; where an operative range of the maximum

energy product are given.
TABLE IV
MAGNETIC PROPERTIES FOR DIFFERENT MAGNET GRADES [18]

Remanent flux density (T)
Magnet grade Regular “H” grade
Operating Temperature 80°C 80°C | 120°C
N35 1.12 1.12 1.06
N38 117 117 111
N40 1.20 1.20 1.13
N42 1.21 1.21 1.15
N45 1.25 1.25 1.19
N48 1.30 1.30 1.23
N50 1.32 1.32 1.25
N52 1.34 1.34 1.27

A number of different Neodymium magnet grades (N35 to
N52) are used in this study for a 6 MW SM Nd-Fe-B
generator. The baseline neodymium magnet grade in this study
is N40H. The optimization process is repeated for other
magnet grades and the optimal designers are compared. Table
IV shows the magnetic properties, the maximum operating
temperature of different Neodymium magnet grades and their
actual operating temperatures. The current specific per unit
cost of different magnet grades are collected from [21] and

Magnet grade, X (MGOe)

Fig. 3. Fitted trend lines of the per unit specific cost of Nd-Fe-B magnet
grades (relative to N40H). X represents the maximum energy product and the
graph shows ‘regular’ and high temperature magnets. [21-22]

D. Temperature Effect and Cooling

It is important to understand the effect of operating
temperature on Nd-Fe-B magnets. Typically, Nd-Fe-B
magnets operate best at lower temperatures, i.e. their B, and Hc
are larger. Regular Nd-Fe-B magnets can work safely up to
80°C temperature but after this point, they begin to
irreversibly lose their magnetism. On the other hand, grades
with an “H” rating can operate in temperatures up to 120°C.,

This study estimates the temperature effect due to power
losses, the additional cost and energy consumption incurred to
cool down the magnet temperature by forced air flow using
fan and heat exchanger. Different “H” grade Nd-Fe-B magnets
(N35H —N52H) with operating temperature of 120°C are used
in the rotor of 6 MW SM Nd-Fe-B generator to estimate the
temperature rise due to losses. After that a cooling system is
introduced to cool down the magnet temperature 120°C to
80°C. Subsequent to that, different regular grade magnets
(N35-N52) with maximum operating temperature of 80°C are
used instead of “H” grade magnet to compare the effect of
temperature and cost of energy. The process of controlling the
cooling air flow for variable losses comes after that.

1) Temperature Effect on Resistance and B,

In the case of additional cooling, the winding temperature
will be decreased. The resistivity, pr dependency on
temperature is,

pe(T) = po(1 + aT) 1)

where po is the resistivity at ambient temperature (20°C) and
a is the temperature coefficient of copper. This varying
resistivity affects the winding resistance. The copper losses of
the generator vary due to temperature effect on resistance.

The magnet’s remanence (Br) and coercivity vary with
temperature as given in [18]. Indeed, changing the temperature
of a N4OH magnet from 120°C to 80°C will increase its
effective BHmax by more than 12%. This in turn affects the
magnetomotive force, hence the flux density and power
production will vary with temperature.



2) Thermal Model

A detailed thermal model based on the work of Grauers [5]
is used in this study. A lumped-parameter thermal network
model is used to define the 6 MW SM Nd-Fe-B generator. A
simplified thermal model for the complete generator given in
Fig. 3. The simplified model reduces thermal resistance from
the detailed model using symmetry by connecting Q parallel
models for a stator slot pitch, coil, 2 p parallel models for a
rotor pole and the model for the internal air and the two end
shields (where Q is the number of slots and p is the pole pair).
The reason behind the simplification is to assess only essential
nodes to calculate the winding and magnet temperatures,
where the simplified thermal resistance are the replacement of
the series and parallel connected thermal resistances. This
simplified model consists twelve nodes and eighteen thermal
resistances as shown in Fig. 4.

The temperature differences in the circumferential direction
of the generator are neglected, i.e. losses are uniformly
distributed from one tooth to the next, one slot to the next and
one pole to the next. The two end windings of a coil are
simplified as one because of symmetrical generator cooling in
the axial direction.

The losses are assumed to be dominated by the copper
losses come from stator winding, iron losses come from the
stator teeth and yoke, eddy current losses come from the
magnets and supplementary, stray losses (at no load, 20% of
the core losses). It is assumed that, Friction and windage
losses do not affect the temperature rise of the winding or
magnets, hence they are neglected. The copper losses are
divided into losses in the end windings and in the top and
bottom coil sides in the slots. The losses in the magnets are
assumed to be spread equally, while supplementary losses are
expected to be in the tooth tip.

Ambient air

Stator cooling air

L
End shield

Endwinding

Internal air

I Rotor yoke

Fig. 4. The simplified thermal model based on one slot pitch, one rotor pole,
one coil, internal air and end shield

Cooling Air is passed through circumferential cooling
channels to cool down the generator outer surface of the stator
core. An equivalent thermal resistance is added in the model to

represent the temperature increase in the cooling air. A matrix
equation is used to formulate the temperature rise problem.
The temperature difference, AT between the nodes across a
given thermal resistance, R which results from power losses
at specific node, Pioss (losses in different nodes and thermal
resistance across the nodes can be calculated as Grauers [5])
can be given as,

AT = PiossRin 2)

The temperature rises vector is calculated by multiplying
the loss vector by the inverse of the thermal conductance
matrix. The analytical results of thermal model are verified
using 2D FEMM heat flow analysis [16]. Table V shows some
nodes temperature verified using finite element software for
the baseline generator design.

The 3D components of the thermal model such as end
shield and cooling channel are represented using equivalent
conductivity. For the end shield, the equivalent conductivity
can be calculated as,
leRt:FEMZr @)

,end’t’s,out
where heggmm is the chosen height in FEMM for end shield,
Rinend is the thermal resistance of the end shield and rs oy is the
outer radius of the stator.

Aend =

TABLE V
ANALYTICAL RESULTS VS FEMM HEAT FLOW ANALYSIS RESULTS

Nodes Analytical (°C) | FEMM (°C)
Yoke above a tooth 134.2 133.8

Bottom coil side inaslot | 145.2 144.9

Top coil side in a slot 150.1 149.7

End winding 153.8 153.6

Magnet 80.1 79.8

3) Air Flow

The volumetric cooling air flow is varied to determine the
required air flow to cool down the magnet temperature from
120°C to 80°C. This varying cooling air flow, gy varies the
temperature rise of the cooling duct, which can be represented
as equivalent thermal resistance, Rincool given in [5],

1

(4)

where p¢ is the density and kinc is the specific heat capacity
of the cooling air. Fig. 11(c) shows the trend line of required
cooling air flow for a 6 MW Nd-Fe-B generator using N40H
magnet, cool down to different magnet temperature.

Typically, a wind turbine generator that is forced air-cooled
has a closed loop system which transfers heat from the
generator to heat exchangers mounted on the nacelle, where
the heat is radiated to the outside air which is at ambient
temperature. The flow rate in such a closed system is defined
by the characteristics of the fan(s) and the characteristic of the
loop. A given fan at a given speed and power input will
produce a range of flow rates, depending on how much
resistance to flow there in the loop. Its operating characteristic
is given by a curve, showing that it has low flow rates when it
works at higher pressure but higher flow rates when it works
at lower pressures. The pressure that it has to work at is
effectively determined by the “resistance” of the loop to air
flow. The equation associates to pressure drop, P to
volumetric cooling air flow and the system resistance to
airflow, Rsys can be found by using the equation given as [23],

R = —
th,cool AvcPckthc



pP= Rsys qvc2 (5)

The flow path with all changes are presented by system
flow resistance can be calculated as [23],

Reys = 2% (©)
where k¢ is the coefficient of related fluid resistance that
depends on the nature of flow (obstruction, expansion,
contraction, and so on). The ks factors for all changes in the air
flow path from fan to heat exchanger can be calculated from
the formulation given as [23] and [24]. A is the flow section
area.

4) Cooling Fan and Heat Exchanger

A number of fans are used and their combined pressure-
airflow characteristics [25] can be modeled as a quadratic
function as shown in Fig. 5. This figure also shows the system
flow resistance curve, the heat exchangers’ resistance curve
[26] and the combination to give the total system resistance
curve, also modeled as a quadratic function. The actual air
flow (due to combination of fans and heat exchangers) can be
found at the point where the fan curve and the system
resistance curves crosses. Table VI gives the specification of a
single fan at its maximum speed and the cost of fan and heat
exchanger.

A number of fans are needed for the required cooling and
these can be used in series and parallel combination. For the
case of identical fan units in parallel, the volumetric airflow
(at a given pressure) of one fan is multiplied by the number of
fans in parallel.

TABLE VI
FAN AND HEAT EXCHANGER SPECIFICATION [25], [26]

Maximum fan power (W) 430
Maximum fan current (A) 2
Maximum fan speed (r/min) 1500
Maximum fan pressure (Pa) 250
Maximum fan airflow (m%s) 0.53

Cost of single fan (€) 180

Cost of single heat exchanger (€) | 673

T T T

Fan curve
——System flow resistance
Heat exchanger resistance]
Total system resistance

250 k& Py =ay q2+bsrq

Pressure (Pa)

2
1001 Pr=arq +bs g+

- L
0 0.1 0.2 0.3 0.4 0.5 0.6
Airflow (m°/s)

Fig. 5. Fan, heat exchanger and system resistance curve

For the case of series fans, the pressure (at a given airflow)
of one fan is multiplied by the number of fans in series. It is
important to note that if the fans in combination are not
identical, the weaker fan becomes an additional resistance on
the system [24]. The combination of series and parallel fan
gives a combined characteristic curve which crosses the total
system resistance curve and hence the resultant volumetric air
flow, quc at intersecting point can be found as,

b¢Fs b¢Fs z  [agFs
_(Ff-_p_bsr)_\/( ;P _bsr) -4 Ff_pz_asr (cfFs—csr)

Qve = 2<ast_a ) (7

where as, br and ¢ represents the fan curve coefficients, as, by
and cs represents the total system resistance curve
coefficients, Fs is the number of fans in series and F, is the
number of fan in parallel. The total cost of fan, Crn used for
cooling can be calculated as,

Ctan = Cemn + Cren ©))

where Cimn is the manufacturing cost of the total number fan
and Crn is the cost of electricity consumed by those fans,
which can be calculated by using data from Table VI. The
required heat exchangers are connected in parallel; hence the
number of heat exchangers are proportional to the required
cooling air flow. The cost of each heat exchanger can be found
in Table VI.

5) Air Flow Control at Variable Wind Speed

The variable wind speed before rated wind speed causes
variable power losses, hence the required cooling air flow
varies, and it is always less than the required cooling air flow
at rated wind speed as shown in Fig. 11(b). After installation
of fans for maximum required cooling air flow in rated wind
speed, the number of series fan is varied by turning on/off to
control the air flow in variable wind speed while the number
of parallel fans remain fixed.

E. Tower and Foundation

The calculation of tower mass and the tower cost for a 6
MW generator is shown in [9]. For the 8 MW and 10 MW
generators, tower mass and cost are calculated by using the
data from Table | and Table III.

The foundation type is assumed a monopile in this study.
For a water depth of 30m, the monopile mass, myp (kg) can be
calculated for different turbine ratings, T, and hub height, hnuo
(given in Table I) as [27],

15, *hub”>” 2.25 1.13
(10007;) 1 *+—1U2—142100dy, +(1000m¢op)

)

where dy is the water depth and myp is the top head mass of
the turbine. The substructure and foundation mass, ms can be
found as,

m =
mp 10

Mgt = Mpyp + Mypos (10)
where myos iS the monopole transition piece. The monopile
cost and the monopile transition piece cost can be calculated
by taking the steel cost from Table 11 (it is assumed that, the
pile is 60% and the transition piece and outfitting steel is
40%).

F. Optimization

It is essential to perform optimization with specific
objective function in order to achieve the best performance
machine. The optimization process uses an algorithm which
takes some initial input to vary within their boundary limit to
calculate dependent variables (with consideration of given
constraints) to optimize for a specific objective function. The
algorithm used in this study is a hybrid algorithm
incorporating GA developed by [28] and PS which is



developed in MATLAB. The independent variables and the
objective functions for the optimization are described in
following section 1 and 2. The flow chart of the optimization
procedure is given in Fig. 6. A detailed optimization procedure

can be found in [9].

Generate initial population randomly
from given boundary limit

Fitness evaluation (using objective function) |1—

Reach the
maximum
generation

No Create new generation
using selection,
crossover, mutation

Use the optimal solution from GA
as the initial point to make further
optimization by PS

|

o] Construct pattern vector
to create mesh points

Evaluate fitness at mesh points

Improvement
Expand Yes P -
. occurs in the objective,
mesh size :
function?

Stopping

S Contracting the
criteria

pattern vector

Fig. 6. Flow chart for optimization process

1) Independent Variables and Constraints

Table VII gives the boundary limit of Six independent
variables that are used in this study for different power ratings.
Where LB stands for the lower boundaries and UB stands for
the upper boundaries.

TABLE VII
INDEPENDENT VARIABLES AND LIMITS FOR DIFFERENT POWER RATINGS

Surface mounted Nd-Fe-B generator

6 MW 8 MW 10 MW
Independent variables LB UB LB UB LB uUB
Air-gap diameter, D (m) 6 15 6 16 6 17
Axial length, Is (m) 0.7 1.8 0.7 2 0.7 2.2
Magnet width/pole pitch, win/z, | 0.5 0.9 0.5 0.9 0.5 0.9
Magnet height, hm (M) 0.01 | 0.06 | 0.01 | 0.08 | 0.01 | 0.1
Pole pairs, p (-) 60 100 60 100 60 100
Height of tooth, h; (m) 0.04 | 0.09 | 0.04 | 01 | 0.04 | 0.11

To simplify the optimization process, it is assumed that, the
air gap clearance is the fixed ratio of the generator diameter.
Also using maximum stator and rotor yoke flux densities to

avoid saturation condition, which is 1.5 T. The power ratings
are made constraints for different rated machine in the
optimization run.

2) Obijective Functions

McDonald and Bhuiyan [9] compared some objective
functions to find the best possible way of machine
optimization. Out of four objective functions, this study has
chosen two, as these objective functions has produced efficient
machine design in terms of cost of energy, losses, active and
structural masses, efficiency and annual energy production.
The first objective function, F; looks for maximum revenue
while minimum active material cost over a number of years,
Py for the offshore wind turbine. This is performed for a 15
years’ period of time which is multiplied by the revenue of 1
kWh electrical energy, Ce and the annual energy production,
Ey,

F]_ = CPM + CCU + CFe - PyCEEy (11)

The 2" objective function search for the lowest cost of
energy, COE (the cost incurred to produce per unit energy),
which is the ultimate aim of the wind turbine manufacturer,

F, = COE = (FCRxI;c)+A0M (12)
y

where FCR represents the fixed charge rate given in Table I,
ICC is the initial capital cost of the turbine and AOM is the
annual operation and maintenance cost given in Table |
(assumed to be fixed for different machine design). The initial
capital cost can be calculated as,

ICC = Cgact + Cgstr + Crower + Csf + Cran + Chex + Crt (13)

where Cg iS the generator active materials cost, Cgys iS the
generator structural materials cost, Ciower is the tower cost, Cy
is the substructure and foundation cost, Crex is the cost of heat
exchanger and Cr is the rest of the turbine cost given in Table
I

G. Runs/Investigations

For a SM Nd-Fe-B generator, the optimization run typically
takes 7 min in MATLAB 2014 on a 64-bit Windows 7
operating system on a PC with an Intel core i7 3.4GHz
processor.

In this study GA gives results near to global optimum
solution after 4 generations, the population size is 100, the
maximum stall generation is 10 and the function tolerance is
1x10-3. The mutation function is adaptive feasible. For the
Pattern Search algorithm, the mesh size expansion factor is 2
and the mesh size contraction factor is 0.5 [29].

In the beginning the optimization program was run for SM
Nd-Fe-B generator with rated powers of 6, 8 and 10 MW for
both objective functions. After this, the Nd-Fe-B magnet was
varied from N35 to N52 (regular magnets) and N35H to N52H
(“H” grade magnets) for a 6 MW SM Nd-Fe-B generator
(baseline magnet grade in this study is N40H) using the 2"
objective function.

The thermal model is included in the optimization program
(using F») to calculate required cooling air flow to cool down
the magnet’s temperature of generator from 120°C to 80°C.
The effect on resistance and B is also included to calculate the
cost of energy of the turbine with cooling. The optimization



program runs in a way, that calculate the required cooling air
flow, fan and heat exchanger first to cool down the magnet
temperature from120°C to 80°C, then change the magnet
remanence and resistivity of copper for 80°C to obtain the
overall solution.

1. RESULTS

A. Different Turbine Power Ratings

Table VIII presents the independent variables chosen during
the optimization for the both objective functions with different
power ratings.

Fig. 7 gives the results after optimization for F; and F, with
different power ratings. Fi1 gives negative result, as the
revenue is much higher than active material cost. At rated
wind speed, the objective function Fi gives the highest
efficiency for all the power ratings. Fig. 8 gives the losses and
efficiency curve of a 6 MW Nd-Fe-B generator using F1 and
F, and magnet grade N40H. Other generators also follow the
similar pattern of efficiency and ratio between copper losses

and Iron losses after optimization.
TABLE VIII
INDEPENDENT VARIABLES VS OBJECTIVE FUNCTIONS

TABLE IX
UPGRADING FROM 6 MW T0 8 MW AND 10 MW: COST AND ENERGY
8 MW 10 MW
Active materials cost 8.6% increased 12.2%
increased
Structural material cost 24.2% 26.6%
increased increased

Tower cost 2.2% decreased | 3.2% decreased

Substructure and foundation cost 2.1% increased 9.5% increased

Wind firm rest of the turbine capital 5.4% decreased | 8.2% decreased

cost

2.2% decreased

Annual energy production 1.8% decreased

Surface mounted Nd-Fe-B generator

6 MW 8 MW 10 MW
Independent variables Fi F, Fi F, Fi F,
Air-gap diameter, D (m) | 11.87 | 10.44 | 13.22 | 10.43 | 11,55 | 11.74
Axial length, |5 (m) 1.38 1.24 1.63 1.18 1.84 1.55
Magnet width/pole 078 | 079 |08 |o067 | 086 |077
pitch, Wn/z,
Magnet height, hy, (m) 0.02 | 0.018 | 0.02 | 0.04 | 0.038 | 0.025
Pole pairs, p (-) 82 100 86 88 64 95
Height of tooth, h; (m) 0.089 | 0.08 0.1 0.09 0.11 0.1
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Fig. 7. Optimization results of F; and F, with different generator topologies

and power ratings
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Fig. 8. Losses and efficiency curve of a 6 MW Nd-Fe-B generator after
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Table IX shows the difference of cost and energy
production per MW for a SM Nd-Fe-B generator, upgrading
from 6 MW to 8 MW and 10 MW (using F»).

B. Effect of Different Magnet Grades

Fig. 9 shows the effect of different magnet grades on the
cost of energy for a 6 MW SM Nd-Fe-B generator. The results
are shown for “H” grade magnet at 120°C as well as regular
and “H” grade magnet at 80°C (cooled down from 120°C).

By varying the magnet grade from N35 to N52, the cost of
energy using “H” grade magnet decreases up until N48 and
then increases for N50 and N52; the cost of energy using
regular magnets (at 80°C) decreases from N35 to N50 and then
slightly increases for N52.

Fig. 10 shows the effect of different magnet grades on the
magnet mass for a 6 MW SM Nd-Fe-B generator. By varying
the magnet grade from N35 to N52, the magnet mass using
“H” grade magnet at 120°C varies from 5 tonnes to 3.4 tonnes.
Others also follow the same decreasing trends.

It is found that for a 6 MW SM Nd-Fe-B generator using
N40H magnet, a +5% tolerance in magnet’s remanence, By
decrease the turbine cost of energy by 0.03% and a -5%
tolerance increase the turbine cost of energy by 0.05%. Also
+2 MGOe tolerance in maximum energy product reduce the
cost of energy by 0.006% and -2 MGOe tolerance increase the
cost of energy by 0.003%.

C. Effect of Temperature and Cooling Cost

Fig. 11 shows the effect of temperature for a 6 MW Nd-Fe-
B generator using N40OH magnet: (a) shows the power losses
at 80°C and 120°C temperatures, (b) shows the required
volumetric cooling airflow to cool down the magnet
temperature of the generator from 120°C to 80°C. It can be
seen that the power losses below rated wind speed are variable
and hence the required volumetric cooling airflow also varies,
(c) shows the trend line of the required cooling air flow for
different magnet temperature (d) shows the number of series
fan required (5 series fan, where each of the fan curves
denotes the number of series fan) the generator to achieve the
required volumetric cooling airflow (1.38 m%/s in this case) to
cool down the temperature from 120°C to 80°C while the
number of parallel fans are fixed (4 parallel fan). It can be
seen that the maximum air flow at rated power can be
achieved by using maximum number of series fan and this is
reduced by subsequently turning off some of the series fans.

In order to reduce the magnet temperature from 120°C to
80°C for a 6 MW SM Nd-Fe-B generator using N40 magnet,
the required cooling airflow at rated speed is 1.38 m%s, the
number of parallel fan is 4, the number of series fan is 5 and
the number of heat exchanger is 5.
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The cost of energy for a 6 MW SM Nd-Fe-B generator
including cooling system is given in Fig. 9, and this shows that
the cost of energy using “H” grade magnet at 80°C (using
cooling system) is less than the cost of energy at 120°C
without cooling system. The regular magnet at 80°C (using
cooling system) gives the better cost of energy compared to
the “H” grade magnet.
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Fig. 11. Effect of Temperature and cooling (a) Power losses at 80°C and
120°C (b) Required volumetric cooling airflow to cool down the magnet
temperature from 120°C to 80°C (c) Trend line of cooling air flow required for
different magnet temperature (d) Fan curves for series fan intersects total
system resistance curve (SR) where intersecting point is the volumetric
cooling airflow achieved (4 parallel fan and 5 series fan)

IV. DISCUSSIONS

A. On the Choice of Turbine Power Ratings

The cost of energy marginally decreases when moving from
6 to 8 to 10 MW rated power. Although the per MW cost of
the generator’s active and structural materials, substructure
and foundation cost are increasing with turbine size, this is
mitigated by the rest of the turbine cost. The 6 MW turbine
gives slightly better revenue per MW over the first 15 years of
life than the turbines with higher rated power turbine, but the
difference is small.

B. On the Effect of Magnet Grade

The cost of energy of the turbine and the magnet mass
slightly decreases by using magnet grades with higher
maximum energy product, BHmax. Although the magnet price
increases for the higher magnet grade, the higher BHmax
produces higher air-gap flux density and ultimately improves
the energy conversion efficiency with lower magnet mass.
However, when selecting an Nd-Fe-B grade, the designer
should keep in mind that the higher-grade magnets can be
more brittle.

C. On the Effect of Temperature and Including Cooling
System

The generators that use regular temperature grade Nd-Fe-B
magnets generally give lower cost of energy but with slightly
higher magnet mass than using “H” grade Nd-Fe-B magnets.
The main downside of the regular magnet is the maximum
operating temperature which is 80°C whereas for the “H”
grade magnet it is 120°C. When selecting the working
temperature, one needs to make sure that the maximum
operating temperature of the magnet is not exceeded,
otherwise the magnet can be irreversibly demagnetized. If the
rated power and losses of a machine leads to a magnet
temperature of 120°C, then an additional cooling system (or
additional levels of cooling) can be implemented to bring it
down to 80°C, allowing the regular temperature grade magnets
to be used. This additional cooling system cost and energy
consumption accounts for about 0.3% of cost of energy.

In variable wind speeds at below rated power, the generator
losses also vary. The required cooling air flow is variable —
this can be controlled by varying the number of series fan
while number of parallel fans are fixed. The cooling regime
can be optimized for minimizing the cost of energy.

As well as facilitating the use of the cheaper, regular
temperature grade of magnets, the additional cooling gives
two benefits regardless of the temperature grade used in the
generators. The cooling helps to reduce the stator winding
temperatures, the resistance and hence the copper losses. The
lower magnet temperatures also increase the effective
remanent flux density due to the negative temperature
coefficient of remanence.

When comparing the magnet temperature grades, the
regular magnets provide lowest cost of energy. Using the high
temperature magnets near to their maximum working
temperature (120°C) leads to higher copper losses and a
reduction in remanent flux density. This can be reduced by
cooling these machines down to 80°C. The difference between
regular and high temperature magnets at 80°C is small, and the



use of high temperature magnets may be safer as the magnets
will not demagnetize if the cooling system fails.

V. CONCLUSIONS

In this paper a methodology for modeling and comparing
the design of generators with different power ratings and
magnet choice was developed. This involved modeling the
specific magnet cost as a function of BHmax and temperature
grade; a detailed thermal and cooling system model; integrated
into an existing generator and turbine optimization framework.

Based on current price characteristics, the choice of BHmax
at or above 48MGOe is optimal. Generally speaking, the
generator cost reduces as BHmax increases, while the efficiency
of the optimal designs at each value of BHmax is fairly similar.
The higher magnet grade produces higher air-gap flux density
with lower magnet mass. However, the downside is that the
higher-grade magnets can be more brittle.

Based on current price differentials, the regular magnet in a
machine cooled down to 80°C gives the lowest cost of energy.
Partly this explained by the lower specific magnet cost of
these magnets and partly this is explained by the reduced
copper losses and additional remanent flux density when the
machine is cooled to 80°C. The difference in the cost of energy
of the regular and high temperature magnets is relatively
small, and the high temperature magnets can withstand the
elevated temperatures in fault scenarios.

These conclusions are applicable regardless of the power
rating of the wind turbine. The larger turbines tend to have
lower cost of energy for reasons outside the generator; the
costs of the generator itself increases with the power rating.

It is shown that, for a 6 MW SM Nd-Fe-B generator, using
higher grade magnet (N35H to N48H) reduce the turbine cost
of energy by 0.15% and magnet mass by 32%. It is also found
that, using a regular magnet at 80°C (with cooling) instead of
“H” grade magnet at 80°C can reduce the turbine cost of
energy about 0.1%.
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