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Abstract: Direct-drive generators are an attractive candidate for wind power application since they
do not need a gearbox, thus increasing operational reliability and reducing power losses. However,
this is achieved at the cost of an increased generator size, larger inverter and decreased thermal
performance. The associated cooling system is therefore crucial to keep the generator and inverter
sizes down and to operate within the safe thermal limits. Various cooling techniques suitable for
generators are therefore reviewed and analyzed in this paper. The performance and maintenance
requirements are unavoidable compromises that need to be investigated together, especially for
large generators. The location of the wind turbine is also important and dictates critical issues such
as accessibility and maximum size. The key novelty in this paper is the assessment of the cooling
methods based on generator size, reliability and maintenance requirements.

Keywords: cooling; direct drive; thermal analysis; wind power generation

1. Introduction

The unprecedented worldwide industrial development in the last century has seen a
number of unwanted side effects, amongst which are heavy pollution and associated out-
comes such as global warming and widespread health issues. As soon as it was identified as
a problem, worldwide policy makers implemented legislation to reduce and contain global
warming for the last half of the century. Recent legislative efforts culminated in the Paris
Agreement in 2015 [1], which established a global limit of 1.5 °C mean temperature rise
above pre-industrial levels in order to mitigate the issues of climate change. Moreover, there
is a clear trend at the national levels and across the relevant industries to adopt greener
renewable technologies such as solar and wind power generation in order to displace
coal and gas plants. Even the traditional fossil fuel industries are investing in renewables,
recognizing that at some point in the future they will have to transition to green energy.

For the first time, in 2020, renewables accounted for more electricity in EU than fossil
fuels. In particular, the wind power energy market has constantly increased during the
last decades, but more so in recent years [2]. This increase is driven by goals across the
industry to significantly reduce or even eliminate carbon emissions by 2050. For example, in
2020, new wind power installations reached globally 93 GW, bringing the total worldwide
capacity to 743 GW, which represents 14% total growth compared with 2019. Most of the
installations are onshore—for example, in 2020 the market saw 86.9 GW onshore compared
to only 6.1 GW offshore.

Wind power generation has the following advantages [2]:

e It can provide a decentralized energy supply to remote places where the electrical
grid does not reach. Alternatively, if the grid is present, the wind turbine can pump
electrical green generated energy into it;

e  Offshore wind turbines can reuse existing technology from oil and gas industries for
deployment and maintenance, thus reducing developing costs;
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e  Up to 80% of the wind turbines’ mass is recyclable since it is made of steel, iron, copper
and aluminum;

e  The carbon emissions payback period for wind is much reduced compared with coal,
gas, nuclear, hydro and solar energy generation [2,3]. For example, a 6 MW offshore
wind turbine has a period of 7.8 months of operation after which it fully displaces the
carbon generated by a coal plant [2];

e  Energy payback [4] is the amount of energy generated during the turbine’s lifetime
versus the energy spent during its lifecycle (including manufacturing, operation and
disposal). In [5], it is shown that the wind power generation energy payback is 5 to
8 months—an improvement over hydro (9 to 12 months) and solar (1 to 2 years). Other
energy generation types such as thermoelectric devices have even lower payback since
they are not as efficient or deployed on large scale [6]. Oil, coal, gas and nuclear plants
consume more energy than they generate, and therefore they never amortize;

e [t can be used to generate green hydrogen in a cost-efficient way [2,7]. Currently,
non-green hydrogen can be generated at three times the cost per unit compared to
electricity from fossil fuels. In contrast, a wind turbine will generate energy at a much
lower cost per kilowatt.

At the core of the wind turbine is the electrical generator, usually associated with
power electronics. The generator’s power rating can range from a few kW [8,9] (supplying
a single household, sometimes in conjunction with solar or batteries or backed up by
the grid) to tens of megawatts supplying tens of thousands of homes. One major design
decision is whether to directly connect the generator’s shaft to the wind turbine or to
use a gearbox [10-16]. Both designs have pros and cons. The gearbox option allows the
generator to operate at a higher speed than the one provided by the wind turbine blades.
This in turn allows for a reduction of the generator size and weight and allows an easier
cooling. However, depending on various factors such as the number of stages, the gearbox
introduces additional losses of 1% for each stage [14] and requires maintenance on its
own. For large generators, this is not acceptable as it raises the generated energy costs and
reduces the financial revenue over the turbine’s lifetime, which can be decades. In addition,
due to the generator size and the fact that it is mounted at a considerable height in a remote
location, the maintenance is difficult, especially for offshore installations. The non-geared
design is called a direct-drive type, and it comes with issues such as increased generator
volume and weight and challenges in cooling. This can require generator topologies based
on permanent magnets (PM) to be adopted in order to achieve high power densities and
reduce losses as well as the usage of an aggressive cooling solution.

Major players in the wind turbine market are Siemens-Gamesa [17], Vestas [18], GE
Renewable [19], Nordex [20], Enercon [21], etc. They manufacture, deploy and maintain
wind turbines all over the world. Over the last three decades, there has been a clear
trend of developing higher power rated turbines, especially for offshore use. The first
commercial wind power turbine with a direct-drive generator was Enercon’s E40 [22] with a
500 kW rated power output in 1992. Currently, typical direct-drive-based products include
Siemens-Gamesa’s SG 8.0-167DD 8 MW turbine [23] (currently in production as of 2019)
and GE Renewable Energy’s 14 MW [24]. Siemens-Gamesa is also developing turbines
rated 11 MW [25] and 14 MW [26] and available in 2022 and 2024 for serial production. All
these products have associated cooling systems, which are crucial to keep the generator
size down and allow it to operate reliably without overheating.

The important topic of thermal management is actively researched, especially for smaller
and more general applications such as electric vehicles (EV) or traction applications [27-29].
Many cooling techniques scale up to large machines as well, although not all of them. In
Table 1, a comparison of cooling technologies reviewed in other literature papers is shown.

As shown in Table 1, the topic of wind turbine direct-drive PM generator cooling is not
usually approached in depth. For example, the industry standard for cooling offshore large
wind turbines adopted by many OEMs is forced air cooling in a closed loop configuration.
This solution is bulky and furthermore increases in size and weight with the wind turbine
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output power. It is expected that, in the foreseeable future, this solution will not be adequate
and that the industry will have to adopt a better cooling method. These machines have
their own challenges and restrictions, and many proposed cooling methods are not suitable.

Table 1. Summary of literature review papers.

Reference

Cooling Methods Applications Notes

Mueller and Polinder [22]

Popescu et al. [27]
Nishanth et al. [28]
Gai et al. [29]

Polikarpova et al. [30]

Boglietti et al. [31]
Gronwald and Kern [32]

Cooling methods are briefly

Wind and marine power . .
p mentioned and not discussed

Passive, forced air and liquid .
generation

in depth
Various Electric traction
Various Various
Various Electric traction
Liquid th h holl . . Multipl lant t
1qui rough hoflow Direct drive PM generators ultipie coolant types are
conductors compared
. Th
Various General . eory/concepts are.
provided for thermal design
Various Electric traction

This paper aims to overview the cooling techniques in direct-drive generators for wind
power application, based on generator size, reliability and maintenance requirements. It is
organized as follows. A section is presented in which the concepts relevant to direct-drive
generators are presented and issues related to the scale and various topologies used are
discussed; in addition, a comparison is given between the axial and radjial field types. The
various cooling systems suitable for direct drive are discussed in the next section. Finally,
the conclusions and a comprehensive list of references are provided at the end.

2. Direct-Drive Generator Concepts
2.1. Sizing Constraints

A direct-drive solution couples the generator shaft directly to the wind turbine pro-
peller. Assuming the same mechanical output power from the wind turbine blades, without
an intermediary gearbox, the generator’s mechanical input speed is reduced and the torque
is increased. Moreover, it is well known that the torque is proportional with the machine
stack length and rotor diameter squared [33]:

T = 0.57D? Lo, 1)

where T is the input torque, D is the rotor diameter, L is the generator’s stack length, and o
is the average shear stress at the rotor surface. It can be seen from (1) that the rotor size
(and hence the overall machine size) increases with torque since the shear stress limit is
dependent on the particular grade of steel. Moreover, the shear stress can be expressed in
terms of electric and magnetic loading and developed further into [33]

T =kol, @

where k is a machine constant, ¢ is the excitation magnetic flux (produced by PMs on the
rotor, for example), and I is the stator current. In order to accommodate the high torque,
it can be seen from (2) that either the current must be increased or the excitation must be
strengthened. Thus, (2) shows that Joule losses, the PM grade and the magnetic circuit size
(thus PM/kg price and lamination weight) increase with torque. The low rotor speed needs
to be tackled by increasing the number of rotor poles [34].

These considerations lead to the design recommendations for wind power direct-drive
generators that are detailed below.

Small rated power wind turbines (<10 kW) have a higher cost of energy, and adopting
a direct-drive configuration may increase that cost further. This is due to generator size
requirements and the fact that a small rotor may not be able to accommodate a large number



Energies 2022, 15, 5986

40f29

of rotor poles. Moreover, the natural laws of scaling do not favor small machines [33] from
a thermal point of view. If a generator’s geometry is scaled down uniformly (all dimensions
are scaled with the same factor) by a factor X, the conductor cross-section and other surfaces
decrease by X?, thus increasing the heat losses and worsening the heat transfer through
conduction towards the exterior. Small wind turbine applications are therefore better
using a gearbox or an oversized direct-drive generator that can be naturally cooled. The
direct-drive generator is therefore more suitable for medium to large wind turbines.

A direct-drive generator should make use of a PM with high energy density [35],
which can ensure performance and avoid excitation windings, which introduce an excita-
tion penalty [33]. This excludes topologies such as the induction machine and switched
reluctance generators, which, although more robust and simpler to build than the PM ones,
generate a higher amount of energy losses. This in turn could lead to oversizing the cooling
system to compensate and increasing the cost of the generated energy over the lifetime of
the generator. On the downside, the PM-based generators are more expensive due to the
high price of the rare-earth PM material, which is usually neodymium-iron-boron (NdFeB)
and is sourced mainly from China. However, these costs can be counteracted elsewhere—
for example, through the elimination of gearbox and low generated energy costs.

A large direct-drive generator spins at a low angular speed. However, due to the large
rotor radius, the peripheral speed can be very high, which can lead to PM retention issues
on a classic configuration with the rotor inside the stator. The outer rotor configuration is
preferred and has the advantage of maximizing the power density while also being able to
accommodate a larger number of poles.

The direct-drive generator needs power electronics in order to connect and synchronize
with the grid and also tackle the variable wind blade speed [11,35,36] (see Figure 1). The
usual adopted solution rectifies the generator AC output, which is further connected via
the DC link to an inverter. The generator AC output frequency is determined by the
wind turbine speed, while the inverter output frequency should be the same as the grid.
This method allows the system to cope with variable wind speed, as the inverter can be
controlled and synchronized at the grid frequency. The grid itself imposes constraints on
the generator design, more importantly, due to grid standardized voltages, for a high rated
power the generator has to be designed for large currents. The converter itself has to be
designed for the generator’s full rated power.

DC link

PWM AC/DC I I PWM DC/AC
converter T T inverter

generator

Power
grid

Wind
turbine

Figure 1. Direct drive generator and power electronic configuration for grid connection [35].

2.2. Thermal Constraints

The performance and operation of direct-drive generators are affected by thermal
constraints due to the component materials’ dependence on temperature [27,28,37-43]. For
example, the high power density requirements mean that PM topologies are recommended.
This is especially true for larger generators where the initial investment can be offset by the
lower energy cost during the turbine’s lifetime. The PM’s performance can degrade with
temperature, even going to failure if irreversible demagnetization occurs [44]. In [40], it
is shown that an initial partial demagnetization fault can be aggravated until total failure.
The PM materials available in industry are summarized in Table 2.
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Table 2. Comparison of typical PM materials [33,45,46].

Material AlNiCo Ferrite SmCo NdFeB
B (T) 1.35 0.4 0.8 12
Hc¢ (kA/m) 59 295 2100 900
BHmax (k]/m3) 60 31 204 325
Tdemagn. (°C) 525 100 300 150

x (%/°C) —0.02 -0.2 —0.043 —0.12

B (%/°C) +0.01 +0.4 —0.19 —0.59

Where « and (3 are the reversible temperature coefficients of induction and coercivity.
Parameters o and 3 show how the remanent flux density B, and coercive magnetic field
H. vary with temperature. The NdFeB material provides the highest energy density while
being the second most expensive (after SmCo [22]). It is also widely adopted in the wind
generation direct-drive industry, although cost efficient solutions based for example on
ferrite with flux concentrating topologies were also proposed in the literature [47]. Besides
the higher price, the NdFeB material also has a relatively high variation of B, and H. with
temperature, with outcomes such as reduced performance and increased demagnetization
risk at higher temperatures. Other materials also have strengths and weaknesses. AINiCo
for example shows good performance and good stability with temperature but higher risks
of demagnetization. The ferrite PMs have a low price and a positive 3 coefficient, which
means that, at higher temperatures, they actually become harder to demagnetize. However,
they also have a lower energy density. The values in Table 2 are typical and average, and
they do not reflect the best PM grade in each class. Ongoing research continues, and all
PM materials have been improved. For example, permanent magnets of the NdFeB type
can demagnetize from 80 °C for a lower cheap grade as N35 up to 220 °C for the more
expensive N35AH grade [48].

The wires in the windings are coated with a thin layer of insulation to prevent
short-circuiting the turns. The slot liner between the coils and stator is chosen based
on voltage and temperature values. Typical insulation values are defined according to
the IEC60085 [49] standard between 105 °C (class A) and 180 °C (class H) or more over
a default ambient temperature fixed at 40 °C. Increasing the temperature well over the
thermal class value can lead to insulation lifetime reduction or even failure. The rule of
thumb is that for every 10 °C increase over the thermal class value, the insulation lifetime
decreases two times. Since the Joule losses in windings are important, choosing the right
insulation system and then remaining within the safety thermal limits during the machine
lifetime is crucial.

The laminations in the stator stack are also insulated with a thin layer of insulation to
enforce the eddy current reduction and therefore iron losses. However, a loss of insulation
between two or more lamination sheets is less severe or probable. The insulation is locally
pierced during stack lamination manufacturing processes such as stamping or laser welding.
In addition, due to the slow speed of direct-drive generators for wind applications, the iron
losses in laminations are usually small—at least one order of magnitude compared with
the Joule losses in windings.

2.3. Topologies

This section summarizes the main types of direct-drive electric generators for wind
power used in industry or proposed in the academic literature. Due to the constraints
exposed in the previous section, only a few topologies are relevant to the topic [50,51].
In addition, the topology should be fault tolerant and have thermal separation between
phases (for this reason, single-layer windings are preferred).

The most common topology found in the industry is the radial field outer rotor
surface mounted permanent magnet generator (SPM) [22,52-54]. Moreover, distributed
windings with one or more slots per pole per phase are the norm, although fractional-slot
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windings configurations are increasingly attractive due to short end-windings and ease of
manufacturing [55]. A typical radial field outer-rotor SPM is given in Figure 2.

B
C Ct
L A-

| B+
L C-
L AT

Figure 2. Two-dimensional cross section (2 poles) of a 3 MW outer-rotor SPM [56].

Due to the typical low speed of a direct-drive generator, the heat sources are given
mostly by the Joule losses in the windings. Depending on the cooling method, the heat
can be removed either radially, axially or both from the machine. The coils have a strong
anisotropic thermal conductivity, allowing for a strong heat conduction in the axial direction
and weaker in the radial direction. Because of this, and as the Joule losses are the highest in
the machine, the hotspot can occur inside the slot or, depending on the cooling method,
in the end-windings. If the machine does not have a cooling system, the heat is removed
from the generator mostly in the radial direction across the airgap and through the external
surface, especially if the machine has a relatively long lamination stack.

The switched-flux permanent magnet machine (SFPMM) Figure 3, [57-62] and its
derivatives are a novel class of radial field topologies with both PMs and windings located
on the stator. The rotor has a basic steel-only structure making it very robust at high speeds.
The SFPMM stands out for direct-drive applications due to the fact that the bulk of the
heating sources are located in the same region (stator). The cooling system for SFPMM has
the potential to be simpler and more effective than other machine types.

Figure 3. Switched flux permanent magnet machine for wind power generation [60].
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In axial flux machines (AFPM) [54,63,64], the magnetic flux flows in the axial direction
across the airgap. The main heat losses are the Joule losses in the windings and PM losses.
Without a cooling system, the heat flows axially across the airgap. A typical AFPM is given
in Figure 4.

stator
core

Figure 4. Axial single-stator single-rotor PM machine [65].

Compared with the radial field machines, the AFPMs exhibit a higher torque/volume
ratio and have a shorter axial length (albeit larger diameter) and simpler winding configu-
ration. Their performance is also less dependent on the airgap length. They can easily be
expanded with multi-stage configurations that add more rotors and stators. Similar cooling
methods can be applied to the axial flux machines as for radial ones. However, the AFPM
configuration has its own challenges, such as the potential unbalance between stator and
rotor due to the large magnetic PM force and the difficulty to manufacture the lamination
cores for the stator. Therefore, although it has potential, it has not been widely adopted in
the wind generation and is encountered more for low power (<10 kW) wind turbines.

In a transverse flux permanent magnet machine (TFPM) [66,67], the magnetic flux is
perpendicular (transverse) to the direction of the rotor rotation, as shown in Figure 5. This
topology has a high torque/volume ratio but low power factor, as well as complicated
structure and difficulties for laminations, and therefore it is not widely adopted by the
wind power industry.

Coil

Rotor PM

Figure 5. Single-sided transverse flux PM machine with one pole pair [66].

Permanent magnet Vernier machines [68,69] are based on the magnetic gearing
principle [70] and exhibit high torque density and low torque ripple, as shown in Figure 6.
The reduced weight and cost have led to them being proposed in the literature for direct-
drive wind power generation. However, they have a low power factor, which reduces even
further for larger generators [56,71]. Thus, a system level consideration including both a
generator and inverter is required.
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Figure 6. Two-dimensional cross section of a 3 MW outer-rotor Vernier machine [56].

In order to increase the power density, multi-rotor and multi-stator configurations
are employed at the expense of a more complicated mechanical support structure [72-74].
In Figure 7a, a dual rotor radial PM machine is shown. From a cooling point of view,
multi-rotor configurations present some challenges as the coolant inlets and outlets are
confined to the stationary surfaces. This issue is not important for dual stator machines
that increase the available stationary surfaces, as shown in Figure 7b.

second
- rotor
first

stator
stator \

(b)

Figure 7. Double rotor and stator PM machines: (a) dual rotor radial field PM machine [73]; (b) double
stator axial field PM machine [75]. This machine can have multiple stages, thus increasing the cooling
complexity even further.

The radial and axial field configurations show different behaviors of the airflow in the
airgap [76]. They could conceptually be reduced to the basic primitive shapes, cylinder and
disc, in order to explain the main heat transfer directions in the machine. In terms of main
heat transfer directions, the TFPM is closer to the radial field type.

2.4. Superconductor Based Generators

The superconductor-based generators [22] achieve a high power density due to in-
creased current densities, which in turn are due to windings in the superconductor state.
This state assumes the windings operate at temperature values below a threshold value
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called the critical temperature, which reduces the electrical resistivity. For wind power
generation, the advantages of superconductor-based generators are as follows:

e High power density, even with the associated cryogenic cooling unit. In turn, this
technology is directly suitable for direct-drive applications due to high torque density.
For the same power ratings as a conventional generator, a superconducting one could
achieve 50% size reduction;

e  High efficiency due to reduction of Joule losses. Some topologies also avoid iron losses
as well due to the removal of the magnetic core as the superconducting topologies
can compensate.

Compared with classical generator technologies, the superconducting generators
have a different set of challenges, most of which revolve around the requirement to keep
the winding temperatures low. This in turn dictates design choices, such as keeping
the magnetic core at similar lower temperatures, thermally isolating it or removing it all
together. The cooling of the windings is achieved using cryogenic units. Depending on the
type of superconductor, the coolant can be nitrogen, neon, oxygen, hydrogen or helium.
In general, the lower the temperature, the better the performance. However, the required
power for cooling also increases with lower temperature, and at some point the resulting
efficiency is no longer economical. Finally, the superconductor effect is better in DC mode.
For this reason, the superconductor windings are located on the rotor and work in DC
mode. A rotary coupling is required to circulate the coolant through the rotor, which results
in a complicated mechanical structure.

Although highly predicted and anticipated in the last decades, the superconductor
windings are still yet to be commercially proposed. A factor that could change this is the
discovery of a superconductor material that works at room temperature. This will in turn
eliminate the large cryogenic coolers.

3. Cooling Systems for Direct-Drive Generators

In order to keep the generator size down as well as to maintain temperature within
safety limits, additional hardware must be used for cooling. The hardware can range
from simple internal structures that increase turbulence and hence cooling to external
heat exchangers. The goal of the cooling system is to reduce the machine hotspots below
insulation class values and also PM demagnetization temperature. The various cooling
methods work due to the convection process, in which the coolant fluid interacts with a
hot surface, removing heat from it. The convection process is described by Newton’s law
of cooling:

pc =h(Ts — To), 3)

where p. is the heat flux removed from the hot surface into the coolant, h is the convection
coefficient, T is the hot surface temperature, and T is the coolant temperature.

The cooling methods can be classified based on their performance, which is quanti-
fied by the convection coefficient h. The convection coefficient depends on the physical
properties and velocity flow of the coolant as well as surface area. There is a clear hierarchy
in terms of performance, with air-based methods being the least performant and phase
change being the best [77,78]. Free convection-based cooling is the lowest performing
method for both gases (2-25 W/K/ m?) and liquids (50-1000 W/K/ m?). The forced convec-
tion method performs much better (gases 24-250 W/K/m?, liquids 100-20,000 W/K/m?),
although it needs auxiliary energy-consuming hardware. Finally, a solution based on
boiling or condensation is an even better performer with convection coefficients of up to
100,000 W /K /m?2. If the coolant is in direct contact with the surface of interest, the method
type is called direct cooling, and it relies solely on the convection process. An example
of direct cooling is the forced-air method, where the coolant (air) can reach anywhere
inside the machine. If the coolant is not touching the surface of interest, the method type is
indirect, and it relies on conduction as well, besides convection (i.e., the heat is removed
through conduction up to the surface where convection takes place). The water jacket is
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an example of indirect cooling, as the PMs and windings are not in direct contact with the
coolant, which is usually contained in the housing. The direct cooling methods perform
better. However, due to machine size or performance restrictions, it may not be possible to
adopt a direct cooling method.

The generator heat loss through convection process can be supplemented by the
radiation loss described by [77]:

p, = w(Ti — Ti*o), @)

where p; is the heat flux removed through radiation from a hot surface with temperature
Ts, Teo is the environment temperature, o = 5.67 X 10~8 W/m?/K* is the Stefan-Boltzmann
constant, and ¢ is the emissivity of the surface (0 < ¢ <1, with 1 being an ideal radiator or
blackbody), which depends on the surface material and finish. Radiation is independent
of the coolant flowing along the hot surface, and it happens in vacuum as well. Due to
the low value of the Stefan-Boltzmann constant, the radiation process is not significant for
the temperatures typically encountered in electrical generators (for example, H thermal
class defined limits). The radiation process should be therefore only considered for small
generators (with reduced surfaces) and low performance convection where the convection
coefficient is low. Both Equations (3) and (4) are used as boundary conditions for the heat
equation, which describe the temperature distribution inside an electrical generator. The
boundary is the generator’s housing outer surface. Equations (3) and (4) can also provide
an intuitive understanding of the heat transfer between the generator and its environment.

The next sections describe the various cooling systems available in industry or pro-
posed in literature.

3.1. Passive Cooling Systems

Passive cooling systems do not employ methods that consume energy such as fans or
cooling pumps. They are simpler to implement but not very efficient compared with active
systems. However, they can be used to complement the active systems. Passive solutions
involve geometry optimization and materials with better thermal conductivity as well as
various additional structures to redirect the air flow mostly in the end-winding regions.
The larger the generator size, the more options for passive cooling are available due to
increased surface area available for heat transfer.

A first class of passive methods focuses on the windings. The windings have an
anisotropic orientation with strong thermal conduction axially and weak conduction in the
radial direction [79]. This is due to the orientation of the wires as well as the fact that a coil
cross-section can be regarded as a composite made of copper, insulation and air or varnish
filling in between. As a result, the middle of the coil will develop hotspots. Configurations
such as single layer are more prone to issues compared with double layer types. Strategies
to tackle these problems through design include the following:

e  Designing the machine to reduce the coil cross-section size. Shorter distances from the
middle to the side of the coil allow easier heat flow through thermal conduction. Pos-
sible options include using multiphase and multipole configurations, which distribute
the windings in more slots;

e  Increasing the slot filling factor. This reduces the pockets of air or varnish between the
wires. The winding’s composite thermal conductivity increases with the slot filling
factor [79]. This can be achieved, for example, by using rectangular cross section wires;

e  Varnishing the windings. The varnish’s thermal conductivity is about an order of magni-
tude larger than the air’s, and it displaces the air pockets. Better results can be achieved
by using vacuum impregnation as well as varnish with higher thermal conductivity.

In Figure 8 [80,81], solutions are proposed to reduce the hotspot in the middle of the
coil cross-section by either extending the back iron or using a T-section heat pipe made of
copper. Both solutions reach into the middle of the windings and provide a high thermal
conductivity path to remove heat and thus drop the hotpot value. The hotspot reduction
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can be significant (26.7% in [80] and 40% [81]), although extra work needs to be carried out
in order to reduce the eddy losses in the newly added extensions. Moreover, this solution
comes at the expense of reducing the slot area and also raising concerns with the winding
process, especially for distributed types.

T-type
copper bar

NN

(a) (b)

Figure 8. Winding hotspot reduction through iron extension or heat pipe insertion: (a) back-iron
lamination extension [80]; (b) T-section heat pipe [81].

The end-windings are exposed to air flow created by the rotor, although the cooling
effect is reduced due to low speed, specifically for direct-drive machines. An alternative
would be potting the end-windings in a high thermal conductive resin. This is not feasible
however for large generators due to weight constraints. It is also possible to expose the coil
slots to air flow (or another coolant) by adopting the ironless configuration in which the
stator is removed [82,83], as shown in Figure 9. This also removes the heat source due to
stator losses. The significant weight reduction can also lead to cost savings in the support
structures, such as in the tower.

rotor rim

C L LI/
_— avary ’
plastic support rim

encapsulated coil

Figure 9. Ironless stator generator design—4.9 MVA, 13 rpm, 95% efficiency [83].

Finally, the process of natural convection on the generator’s external surface helps,
and this can be improved by adding fins [79] or, for larger machines, adopting the outer
rotor configuration case in which the external surface convection phenomena can be
enhanced [84]. In a wind turbine, the generator is part of a nacelle (along with power
electronics). Between the generator outer surface and the nacelle, there is a narrow space
that acts as thermal barrier between the generator and the outside world, thus reducing
somewhat the heat transfer from the outer surface and surrounding environment. The
heat transfer function is also hampered by the fact that the surrounding air around the hot
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outlet A

surfaces will also heat up. As a result, the heat transfer slows down with time for passive
cooling methods as the temperature gradient between hot surfaces and surrounding air
reduces. The next step is to remove the hot air around the hot surfaces by bringing in cold
air to ensure that the temperature gradient remains high. This is achieved with forced
air-cooling methods, as explained in the next section.

3.2. Forced Air-Cooling Systems

The forced air-cooling method can significantly improve performance compared with
the passive methods at the expense of energy spent in auxiliary cooling hardware (usually
a fan). A fan is used to pump air either internally through the machine or externally over
the housing surface. Depending on the separation of internal from external environment,
two types of housing configurations are possible:

e  Open-type housing (open cooling loop) in which the outside air is pushed through the
machine. This solution is simpler but requires rugged generator internals in order to
withstand contaminants;

e  Enclosed-type housing (closed cooling loop). A closed cooling circuit is used which
allows purified air. An external heat exchanger is needed to re-cool the air.

Both solutions use an external fan to drive the air through the generator whose speed
can be increased independently from the generator’s speed. Because the direct drive
concept works at low speeds, simpler solutions that mount the fan internally and axially
on the rotor shaft are excluded [85,86].

A possible configuration for forced-air cooling systems is positioning the air inlets
and outlets in the end-windings regions and directing the airflow into the airgap across
the machine’s length, as shown in Figure 10a. Such a configuration is called asymmetric
or uni-directional [87] and can be enhanced by radial vents on the stator, which increase
the available cooling surface. The radial vents can be easily implemented due to the
laminar structure of the stator simply by removing laminations. This configuration has
the advantage that the coolant reaches both rotor (PMs) and windings (including the
end-windings), thus removing the heat. The only issue is that, due to the uni-directional
flow, one end of the machine will run hotter than the other. This can be tackled with a
bi-directional design, as shown in Figure 10b, in which the end-winding regions contain
only the air inlets while the air outlets are connected in the middle of machine’s housing.
A Dbi-directional or symmetrical configuration will lead to uniform cooling across the
machine length.

radial vents yinlet inlet outlet inlet

Y

(a) (b)

Figure 10. Symmetrical and asymmetric configurations with radial vents [87]: (a) asymmetric (uni-
directional); (b) symmetrical (bi-directional).

A variation of the radial vents’ configuration is investigated in [88]. The air inlets and
outlets are positioned in alternate axial stator segments, as shown in Figure 11. Compared
to the solution presented in Figure 10, the air flow path in the airgap is different. The forced
air travels circumferentially from a stator axial segment to the next one. This variation is
simpler and reduces the ventilation losses and number of inlets and outlets. However, it
comes at the expense of a non-uniform heating as the axial segment containing the hot air
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rotor substacks [

chamber will operate at a slightly higher temperature than the cold one. A similar method
is described in [89] for a 3.35 MW direct-drive generator with a slightly different inlet,
outlet and flow path configuration. The issue with the radial cooling channels is that they
reduce the equivalent electrical length of the machine. In [90,91], the radial cooling vents’
presence in the laminations leads to a reduced performance compared to what the sum of
sub-stacks might predict, and the performance is even smaller if radial cooling vents are
adopted on both stator and rotor. A suggested workaround is to extend the rotor over the
stack length in order to compensate for the performance drop.
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Figure 11. Radial air-cooled configuration with alternate hot and cold chamber [88]: (a) cross-sectional
view; (b) longitudinal section view.

In Figure 12 [92], flux gaps are used as axial vents with the air inlets and outlets located
on the machine housing in the end-caps. This solution takes advantage of the existing
flux-gaps and, compared with the radial vents configuration, no modification to the stator
is required. As with the radial vents configuration, it requires external cooling hardware to
pump air through the machine.

Cl Cl-

Figure 12. Axial air-cooled configuration with flux barriers used as vents [92,93].

The forced air-cooling methods are safe and easy to maintain. The forced air-cooling
method is also easy to implement and reaches all the important surfaces to be cooled
in the generator. The method can provide sufficient cooling and can be enhanced by
optimizing the airflow through the machine or by improving passive cooling as well.
However, due to its inefficiency, forced-air cooling hardware is often bulky and noisy as
well as energy intensive. The inefficiency can be traced to the coolant (air) properties of
thermal conductivity and specific heat, both of which have low values, with the outcome
that the convection process removes little heat. In [14], it is shown that after a certain rated
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power value, the forced-air cooling method is no longer economically feasible. With the
current trend of developing larger generators, it is foreseeable that at some point in the
future, cooling systems based on forced air will become economically and technologically
unfeasible. A solution could be using liquid cooling methods, and these are described next.

3.3. Liquid Cooling Methods

The liquid-based cooling methods offer a more compact solution compared with the
forced-air ones. Some of the typical coolants used in liquid cooling are given in Table 3.
The most basic is water, which performs well but has the drawbacks of a relatively high
freezing point (the 0 °C value is commonly attainable during winter in regions where
offshore wind turbines are installed) and high electric conductivity, which can affect the
generator through corrosion and short-circuits if leaks occur. A mixture of water-glycol (in
various concentrations) can tackle the freezing point issue, albeit with reduced performance.
Potential oil leaks are less severe than water as the oil has electrical insulating properties
and will not short-circuit anything in case of leaking. Hydrogen and helium are used
for heavy cooling applications by being reduced first to a liquid state with a very low
temperature and then circulated as a coolant through the generator. Examples include
superconducting generators where the windings need to operate at a very low temperature
to achieve the superconductor effect and large generators with very large losses where
other liquid methods would not suffice.

Table 3. Comparison of typical liquids used in liquid cooling [77,78].

Liquid p (kg/m3) k (W/m/K) cp (J/kg/K)
Water 997 0.598 4186
Water/Glycol 1044 0.394 3620
Oil (PAO) 1108 0.270 2633

A typical formula that can be used to approximate the cooling system performance
based on the coolant fluid properties is given for example in [94]:

Z I)loss
/
PcoolantCp coolantAT

Qmin = %)

where Qi is the minimum amount of coolant flow rate needed to remove a total of } P}
losses, AT = Tounet — Tinlet is the temperature rise of the coolant between the inlet and the
outlet, and pcoolant AN Cpeoolant are the density and specific heat of the coolant. Equation (5)
is based on the conservation of energy, and the inclusion of p.y1ant allows obtaining Qmin
in m3/s and further in L/min units. In order to fairly compare various coolant fluids (for
example, from Table 3), Y Pj,s and AT should be kept at the same value for each fluid, with
lower values of Qi denoting better cooling capabilities (i.e., less fluid volume is needed
for cooling). With these, the outcome of Equation (5) depends only on the coolant density
and shows that the best performing liquid in Table 3 is water followed by water/glycol and
finally oil. Using the same reasoning, it can be shown that the liquids from Table 3 perform
better than air, due to their higher density and specific heat.

Compared to air, the liquid-based methods are localized to a part of the generator as
the cooling liquid must be contained and circulated between the inside of the generator
and the outside heat exchanger and pump. Depending on the location, the cooling liquid
method can be implemented as a water jacket, slot jacket, hollow conductor or hollow shaft,
or the stator can be sealed from the rotor and flooded (usually with oil).

The jacket for a radial field machine is a hollow cylindrical structure containing
the liquid pipes connected in various configurations together with the liquid inlets and
outlets [29,95,96]. For axial field machines, a disk-like jacket is employed [30,97]. It is
attached to the stator, acting as a housing as well for small and medium power generators
with inner rotor configurations. Representative examples of jackets using a 50/50 mixture
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of water and glycol are given in [95] and shown in Figure 13. Water jackets in particular
can be used in systems up to the lower range of MW rated power and are covered by the
IC71W cooling standard.

(d)

Figure 13. Various jacket configurations [95]: (a) circumferential structure; (b) helical structure;

(c) half-helical structure; (d) axial structure.

The liquid jackets are a non-intrusive way of cooling a generator, being located away
from problematic regions where they could displace active materials or introduce parasitic
effects such as eddy currents induced in metal liquid pipes. They are also the most
maintainable of the liquid methods, as the cooling pipes are located in an accessible area and
can be inspected or replaced due to fouling. The liquid cooling jacket is relatively far away
from the end-windings, with the consequence that the windings hotspot will move from
the slot into the end-windings. Most importantly, the liquid jackets are positioned much
further away from the PMs across the airgap and can fail to keep the PMs’ temperature
below the demagnetization value. The direct-drive machines for wind power application
stand out due to their low speed, which in turn ensures lower heat transfer between the
rotor and the stator (due to laminar or low turbulence airflow in the airgap [31,79]). Due to
the application type, it is not possible to increase the rotor speed. Slightly modified versions
of liquid jacket methods protrude into the generator until the airgap. In Figure 14 [93], for
example, a water jacket that extends into the existing flux barriers is described. The method
is similar to the forced-air method, using also flux barriers, as described in the previous
section. However, a significant difference is that extra walls are needed to contain the water
and prevent a short-circuit. An approach using transmission oil that can freely circulate
from the flux barriers through the airgap and rotor is also studied. The authors of [93]
conclude that the oil method is suitable only for small machines due to high pressure drop
and friction due to oil viscosity.



Energies 2022, 15, 5986

16 of 29

Figure 14. 24 s/28 p liquid-cooled configuration with flux barriers used as channels [93]. The flux
barriers can be used on their own or as an extension of a water jacket.

Another solution, more intrusive than jackets, is the water cold plates [98,99], which
protrude into the stator up to the airgap edge and displace some of the stator laminations.
The water cold plates are hollow and circulated with water and can be seen as the water
equivalent of the forced-air radial vents described in the previous section. Fasquelle and
Laloy in [98], for example, describe the concept as applied to a 3 MW PM synchronous
generator. Fan et al. in [99] describe a similar method and go further by adding cold plates
at the stator ends in the proximity of the end-windings, as shown in Figure 15. Thus, the
issues of not reaching the end-windings and PMs are somewhat resolved at the expense of
losses through eddy currents induced in the metal walls of the cold plates.

water jacket water plates

o ke m

3 I
AL THRE

(a) (b)

Figure 15. Water cold plate and classic water jacket solutions [98]: (a) water jacket; (b) water plates.

The copper conductors that make the windings can be manufactured hollow, and
the interior can be used to circulate a cooling fluid, Figure 16. In [100,101], for example,
hollow conductors are used for windings in an outer rotor direct-drive PM generator.
In [102], the concept is scaled up for a 777 MVA hydro-generator. Various liquid coolants
are explored in [100]. The hollow copper conductors have stainless steel tubes inserted for
mechanical support.

The hollow conductor approach solves the issue of the cooling of end-windings. It
also scales up well since larger machines have a greater slot area. However, it does not fully
tackle the PM issues, although the method should perform better than the liquid jacket since
it is closer to the PMs. Moreover, it is suitable only for larger machines where slot space is
sufficient to accommodate hollow conductors. The skin effect can also be present. The coil
length is also an issue as longer coils will overheat the coolant and suffer from pressure
drops. Finally, this method is suitable for simple coil shapes such as the concentrated types.
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For distributed windings, this solution is difficult to implement except for a select number
of winding types. In particular, coils with longer end-windings and complicated shapes are
difficult to achieve as the inner hollow conductor has to be accommodated, resulting in a
higher pressure drop.

winding insulation
water hollow duct
rectangular conductor

insulation
copper:

—
steel pipe
msertion

liquid — -

— |

T )

outlet

(a) (b)

Figure 16. Windings made of hollow copper conductors: (a) 8 MW direct drive generator oil cooled
windings [100]. The inner support base stainless steel tubes are extending out; (b) 777 MVA hydro-
generator water cooled windings [102]. Only 12 conductors per winding are hollowed out.

A related method to hollow conductors is the slot water jacket cooling systems in which
pipes are inserted through the slot and are parallel with the conductors, Figure 17 [103].
Just like for the hollow conductor method, the cooling system is in the proximity of the
windings, which are the main source of heating in the generator, although they do not deal
as effectively with the end-windings. Concerning the PMs, especially the configuration with
the water pipe placed near the airgap could stand out in terms of performance. Moreover,
the pipe is larger in diameter and shorter in length compared with a hollow conductor,
which can lead to lower pressure drops. On the downside, the water pipes also compete
with the conductors for valuable slot space. The pipe metal walls also collect eddy currents,
which decrease performance and efficiency. A workaround the metal pipe walls was
proposed in [104] by Schiefer and Doppelbauer. The water slot channel is formed by using
a mold during the casting process of the resin inside the slot winding. The conductors have
a rectangular section and are positioned to form two inner empty regions inside the slot
which will accommodate the water channels. A polyimide thin insulation layer bonds to
the resin and forms the water channels walls. One of the two water channels is placed close
to the slot opening to displace conductors from a region that incurs AC losses.

The hollow-shaft method [105-107] is used for high-speed applications such as turbo-
generators in close proximity to the windings, Figure 18. Wang et al. [107] investigate a
method in which oil is pumped in the rotor shaft. Rotary couplings ensure the connection
between the rotating shaft and stationary oil pump. Although this method is not the most
relevant to direct-drive generators, for wind power, it has potential to be used in a hybrid
configuration with another cooling method that focuses on the stator. In addition, it may
not be suitable for an outer rotor direct drive configuration.
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Figure 17. Various slot water jacket designs [103]. The slot water pipes are marked with turquoise.

Figure 18. Hollow shaft oil-cooling method [107]: (a) hollow-shaft; (b) recirculating hollow-
shaft structure.

The flooded cooling method [108,109] implies sealing the rotor from the stator and
flooding the stator with oil. Compared with the previous liquid cooling methods, the
flooded method performs better as it reaches all the surfaces on the stator. The oil is the
only suitable liquid for this application as it has a high electric resistivity and it does not
corrode or short-circuit anything. The stator laminations can have channels (or, as in [109],
Figure 19, axial flux gaps) which can enhance the cooling performance. Although a bit more
performant than the hollow-shaft method, it is still limited as the coolant does not reach
the PMs on the rotor. Therefore, it is more suitable for high-speed applications where the
heat transfer between the rotor and stator is higher due to increased turbulence. Another
downside of this method is that it adds significant weight to the machine as the stator
needs to be filled with oil.
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Figure 19. Flooded stator concept [109].
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The liquid-based methods perform better compared with the forced-air methods.
However, the multi-phase cooling methods can outperform the liquid-based ones, and they
are presented next.

3.4. Multi-Phase Cooling Methods

The multi-phase methods can be even more performant and compact than the methods
described in the previous sections. The multi-phase aspect refers to coolant fluid being
composed of two states (or phases) of liquid and gas. Two methods of achieving this are
possible, mainly through spraying and evaporation, and are described next.

When spraying liquid coolant through high pressure nozzles, the resulting cooling
fluid touching the hot surfaces will be an air/liquid mist. In Figure 20, oil is used in order
to reach the end-windings in a direct cooling-type method. The nozzles’ position and
orientation are very important and localize the cooling to the surface of interest. Due to
this, the amount of coolant can be much more reduced. However, the spray cover of the
hot surface may be limited due to the spray droplets not reaching all the surfaces.

spray

stator sleeve

Figure 20. Spray configuration [110].

The second multi-phase method involves the evaporation of water due to it coming
in contact with a very hot surface. The coolant is partially or totally transformed from
one phase (liquid) to another one (vapors). In Figure 21, the principle is illustrated for
water and hollow winding conductors [111]. The water is injected into a chamber called
a condenser and then down a tube until it reaches the hollow stator conductors. Due to
high heat, it changes phase into vapors that ascend into the condenser, removing heat from
the windings. In the condenser, the water drops back to liquid, and the cycle begins again.
In [111], the principle is applied to a 2 MW direct-drive wind turbine. The condenser is a
simple external chamber cooled through natural convection. Both the generator and power
electronics are cooled using this system. It is also scalable to a much higher rated power,
being applied in the past to hydro-generators.

Most of the single and double phase-based methods represented so far have short-
comings and may not be enough by themselves for direct-drive generators in wind power
application. However, they can be combined with a secondary cooling method, and this is
explored in the next section.

3.5. Hybrid Cooling Methods

Hybrid methods use two combined methods to cool the generator—for example,
gas-liquid or liquid-liquid. This implies two separate cooling systems working on separate
parts of the generator and complementing each other. Thus, they directly address the
localization issues of the liquid and multiphase cooling methods. The main use for the
hybrid methods is in scenarios in which the rotating and stationary parts of the generator
cannot be sufficiently cooled by one method alone or the cost is prohibitively high for a
single method.
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A first example is given in Figure 22, where a liquid jacket is combined with passive
cooling elements for an axial PM machine. Potting material and copper bars extend from
the water jacket into the machine extracting heat and thus overcoming some of the short-
comings of the jacket-only method. This system retains the low maintenance requirements
of the jacket-only method.

condenser
water inlet
water outlet —
distribution l
tube
gas out /- -
liquid
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bar T ltubc
water in\.1 1
distribution | —
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Figure 21. Evaporative cooling system principle [111].
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Figure 22. Hybrid cooling method for axial PM machine (passive + jacket) [96].

In Figure 23 [112], a hybrid cooling system employing both forced air and water is
investigated. Compared with the previous method, the maintenance requirements are
increased as two active cooling systems are present. A similar system is employed in [113]
for a four-quadrant transducer (a type of magnetically geared machine) that regulates the
torque and speed transmission to wheels from an internal combustion system. It has a dual
rotor system, which is cooled using forced air throughout, and a stator, which is water
cooled. The rotor has a complicated mechanical structure that involves hard to reach areas
for cooling, and thus there is a need to use the second forced-air method of cooling.
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Figure 23. Hybrid cooling method (forced-air + water jacket) [112].

In Figure 24 [114], a 1992 MVA turbogenerator cooling system is presented. The stator
is cooled using water pumped through hollow conductors, where it is necessary to remove
around 20 MW heat sources. The rotor is cooled using hydrogen gas.

outlet stator water circuit inlet

rotor hydrogen
circuit hydrogen
compresor

Figure 24. Hybrid cooling system for 1992 MVA turbogenerator (water + hydrogen gas) [114].

Due to specific requirements, a second cooling method may be necessary. This however
incurs additional maintenance and also raises issues of reliability since there are more parts
that are prone to failure. Smaller machines may not allow the implementation of a hybrid
cooling method due to size constraints. The next section discusses the maintenance and
reliability issues as well as any effect they may have on performance.

3.6. R&D Cost, Maintenance, Performance and Reliability

In the previous sections, the various cooling methods have been introduced gradually,
in order of their complexity, performance and maintenance requirements. This order can also
reflect the design process required to assess the cooling method effectiveness [79,115-122].
Simpler methods such as forced air and water cooling can be tackled with simple lumped
thermal and parameter circuit networks (LPTN). Computational fluid dynamics models
(CFD) are significantly more complicated, use more computational resources and are used
for complicated geometries.

The type of cooling system chosen has consequences for maintenance and reliability,
amongst other things. In addition, redundancy is necessary, thus increasing the cooling sys-
tem size. The wind power generation industry often prefers less performant conservative
solutions against more performant but riskier ones. The steps that can be taken to increase
reliability and reduce maintenance are as follows:

e Adopt a safe cooling fluid inside the generator like air or an inert gas. The various
sealing systems inside the generator (which prevent leaks) are simpler and require
very little maintenance. In the event of a leak, the generator will not be damaged. Air
has also the advantage that it is not affected by a freezing point, unlike liquids;

e Adopt a closed loop system. The air is circulated inside the generator and through
an external heat exchanger. The generator internals are not exposed to external
contaminants like dust, salt, etc., which can further lead to corrosion.
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An implementation of these rules is given in Figure 25. The aforementioned closed-
loop system is implemented by connecting the generator with the primary cooling circuit
of a heat exchanger external heat exchanger. The heat exchanger also contains a secondary
cooling circuit. The heated air from the generator passes into the primary cooling circuit
where the heat is removed into the secondary circuit and into the surrounding environment.
Based on the coolant present in the secondary circuit, the cooling solutions can be as
follows [87]:

e Air to air (totally enclosed air-to-air cooled—TEAAC or closed air circuit, air cooled—
CACA). The primary circuit coolant is air, and the secondary circuit coolant is also air;
e  Water to air (totally enclosed water to air—TEWAC or closed air circuit, water cooled—
CACW). The primary circuit coolant is air, while the secondary circuit coolant is water.

air pipes water pipes\
1| e L
- - X -

(a) (b)
Figure 25. TEAAC and TEWAC coolers [87,123-125]: (a) TEAAC (CACA) cooler; (b) TEWAC
(CACW) cooler.

For TEWAC option, it can be seen that, compared with a liquid method, for exam-
ple, the liquid pipes are moved outside the generator where they can be easily accessed
for maintenance.

An example of a heat exchanger using liquid pipes (for TEWAC/CACW option) is
given in Figure 26. It consists of a large number of pipes circulated by water. The pipe’s
outer surface is in contact with the hot air coming from the generator and acts like a
heat exchanger.
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Figure 26. External heat exchanger [126].
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To detect water leaks inside the primary cooling circuit, a double tube system can be
installed in the external heat exchanger, as shown in Figure 27. Furthermore, although the
TEWAC/CACW system performs better than the TEEAC/CACA one, it relies on a local
water source. The secondary cooling circuit is an open loop configuration, thus exposing
the heat exchanger to corrosion, mineral deposits, fouling, etc. To address this, the second
cooling circuit can be closed, forming a closed loop, and a third cooling circuit can be added
in an open loop configuration using external air [125]. This new configuration is called
CAWA (closed air circuit, water circuit, air cooled) and in terms of performance is better
than TEEAC/CACA and safer than TEWAC/CACW.

tube wall first tube leakage
collection
liquid channels
liquid

second tube

single tube double tube
configuration configuration

Figure 27. Double tube configuration [87].

These methods are safe but limited in performance due to the low effectiveness of the
air as a cooling fluid. Furthermore, using liquid-based methods, for example, can lead to a
significant performance increase but is also riskier due to potential liquid leaks, which can
damage the generator. Various compromises between safety and performance with liquid
are also possible.

4. Conclusions

Choosing a suitable cooling method for direct-drive generators in wind power genera-
tion cannot be done based on performance alone. A compromise with the reliability and
maintenance requirements is required. Therefore, the lowest performing but safest cooling
methods are usually adopted in the industry, especially for large power wind turbines. The
direct-drive configuration itself restricts the cooling methods that can be used on it. Table 4
provides a side-by-side comparison of the performance, maintenance requirements, weight,
cooling capacity, energy consumed by the cooling hardware and noise. This summary
can help to choose the cooling method suitable for any application. The following were
considered when attributing value points to each method:

e  The highest performing method is the hybrid one, while the lowest performing is
the passive cooling (or no cooling). Closed-loop systems incur a penalty as they add
extra heat exchangers, which limit heat extraction (i.e., no heat exchanger is perfect).
Flooded stator and oil spray can perform better since they are direct cooling types;

e Interms of maintenance, the passive cooling system requires no maintenance (since no
active cooling system is present) while the hybrid method needs the most maintenance
as it employs two different methods. In addition, the open-loop systems also have
increased maintenance since they are exposed to contaminants from the outside
environment. For large and offshore generators, expensive filters are required to
prevent the contaminants getting inside (the maintenance shift focus on the filter
lifetime). Flooded stator and oil spray methods are regarded as higher maintenance
than forced-water types (water is contained in the jacket—oil is not);

e Itis considered that the total weight of the generator and cooling system combined
should be less than a design with no cooling present; otherwise, the cooling system
brings no benefits. From this point of view, a generator with passive cooling has
the largest weight. Adding any active cooling method will bring an overall weight
reduction. Closed loop systems will be heavier than their open-loop counterparts as
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they need additional heat exchangers. The flooded stator method is also penalized
here due to the weight of the liquid inside the stator;

e  The cooling capacity (also a measure of scalability) is the lowest for the passive cooling
systems. In this case, increasing the rated power of the generator means necessarily
increasing the generator size and weight. Adding an active cooling method ensures
that the generator size can be kept small, up to a certain point, depending on the
coolant used. The hybrid method is the best as it combines advantages from both
methods. Closed loops incur a penalty in cooling capacity compared to open-loop
methods of the same coolant type;

e In terms of energy, the worst method is the forced-air closed loop method. For this
case, fans are required to circulate the coolant in both the primary and secondary
cooling circuits. The low effectiveness of air as a coolant fluid is reflected in larger and
faster fans needed to increase both the mass flow and air velocity. This is reflected
in the cooling hardware as well—a water pump, for example, will be much more
compact and less energy intensive;

e  The noise is important only for forced air methods due to the large fan size usually
employed. For other methods, the pumps are usually smaller and isolated from the
outside environment.

Table 4. Summary of cooling methods.

Method Performance = Maintenance Weight Capacity Energy Noise
Passive cooling OO0000 Q0000 scooe Q0000 00000 Q0000
Forced air open loop [Yelele) 00000 [ XYlele 'Yleolele 'Yy e 'YYlele)

Forced air closed loop ['YIolele) Yool [YYyle Yelolele YY) [YYyle
Forced water open loop eee00O eeeO0O 00000 eee OO 00000 eOO000O
Forced water closed loop eeeO0O 0000 ' YYele) ' Telele ' YYele) elelel®
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The safest option currently available to designers for high power direct-drive genera-
tors is the forced air-based method, in a closed-loop configuration, with an external heat
exchanger. This option, although widely adopted, is not future-proof as with the current
trend increase of generated power, this method will not suffice. The most performant
and flexible method is the hybrid one as it can combine two cooling systems that can
complement each other. This method is usually adopted in larger generators (hundreds of
MVA), which are usually onshore and easily accessible for maintenance. For wind power
generation, which has an important offshore trend, the maintenance can be a drawback as
two separate cooling systems need to be serviced.

Selecting a potential new cooling technology is the first step in the product develop-
ment process. It takes a few years to develop and bring the new cooling solution to the
market. As with any new technology (or new application of an existing technology), there
are potential risks with the outcome that the development process can reach a dead end.
In order to tackle the risks, a design failure mode and effect analysis (DFMEA) can be
conducted during the first step. This will identify, avoid or propose solutions to potential
risks down the line.

This study provides a qualitative way to select a cooling method for direct-drive
generators. Future work should focus on developing a quantitative approach, which
could provide even better insight into selecting a cooling method. Such approach could
use flexible modeling tools such as LPTN (for generator) and flow networks (for cooling
hardware). The quantitative study could cover a range of parameters of interest and also
identify clear answers to comparisons between various cooling technologies.
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