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Abstract: As the rated capacity of the Direct-Drive Permanent Magnet Wind Generator (DDPMWG)
increases, the heat produced from the generator’s inner components also increases and it becomes
difficult to transfer the inner heat to the ambient. The ventilation spacer has a significant influence on
the heat transfer process of DDPMWG. Thus, this paper focuses on the optimization of the ventilation
spacer on the thermal field of DDPMWG. Firstly, the fluid flow and heat transfer coupled numerical
calculation model is established. The physical model, composed of two half-slots and one tooth of
DDPMWG, is established due to the structural symmetries to save the calculations. The sources
and boundary conditions for the thermal calculations are also given. Five new ventilation spacers,
compared with the original one, are proposed to investigate the thermal fields. The pressure drop and
temperature field are compared to find the optimized ventilation spacer for the DDPMWG. The criteria
are also presented for judging the heat transfer capacity. To validate the optimized ventilation spacer,
the temperature rises of the armature winding with original and optimized ventilation spacers are
measured. It proves that the armature winding’s temperature rise of the optimized ventilation spacer
is about 4.7 K lower than that with the original ventilation spacer.

Keywords: direct-drive permanent magnet wind generator; ventilation spacer; numerical calculation;
thermal field

1. Introduction

The low-speed high-torque generator is one of the most important components of a direct-drive
wind turbine [1,2]. It is the core component that converts the mechanical energy of the blades
captured from the wind into electrical energy. The direct-drive turbine improves the transmission
efficiency [3–5], but high loss and the ventilation system have become the key and difficult issues to be
solved in the design process of low-speed and high-torque generators [6]. As market demand increases,
the continuous increase of single-unit capacity makes the high-loss characteristics of low-speed and
high-torque generators more prominent, and gradually becomes one of the main obstacles to the
development trend of single-unit large-capacity [7–9]. Therefore, the cooling system design plays a
prominent role in the construction cost and operational reliability [10–12].

An axial-radial ventilation cooling system has been successfully applied to large-scale
low-speed high-torque direct-drive wind turbines because of its high reliability, easy maintenance,
and pollution-free advantages. The ventilation cooling system determines the operation temperature
rise of the generator, as well as the operating life of the winding insulation and the thermal stress of
the generator body [13–15]. The high temperature of the winding causes the insulation material to
age, even the generator winding will be damaged or broken down [14,16,17]. For large-capacity wind
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turbines, the operating environment is harsh. Once the generator fails, it will lead to high maintenance
and lifting costs—especially for large-scale offshore wind turbines, where maintenance and hoisting are
not only expensive, but it is also difficult to change generator components. Therefore, it is extremely
important to adopt effective cooling methods to control the temperature rise of the generator to achieve
high reliability for large capacity direct-drive wind generators.

For the axial-radial ventilation system, the stator core is usually departed from a certain distance
in the axial direction as shown in Figure 1. The two adjacent stator core segments are connected
and supported using the ventilation spacer (number 7 in Figure 1). The narrow ducts between the
two adjacent core segments are formed into the radial ventilation ducts, and the cooling air goes
into the generator through the air gap from the number 2 (in Figure 1) end of the generator (number
8 and 9 in Figure 1). The existence of the radial ventilation ducts increases the heat dissipation
area. Therefore, the power density of the generator can be improved due to the increase of the heat
dissipation capacity. So, the radial ventilation of the stator has been widely applied in the large-scale
generators [18–20]. The ventilation spacers located in the ventilation ducts is an important component
to form the ventilation ducts. When the cooling air flows through the radial ventilation ducts, the
ventilation spacer structures have great influences on the temperature field because the ventilation
spacer can change the flow distribution, flow loss, flow pressure drop, etc. Due to the complexity of
the generator structure and cooling circuit structure of the radial ventilation system, the traditional
equivalent cooling circuit calculation method cannot meet the demand for the current generator [21,22].
For the large capacity wind turbine, the test method has the disadvantages of high cost, long cycle,
and some other limitations, therefore it is usually adopted to verify the design. With the continuous
development of computer hardware and computational science in recent years, numerical simulation
methods based on computational fluid dynamics (CFD) and computational heat transfer (CHT) are
used for comparison of the ventilation cooling calculations for the large wind turbine due to the
low cost, short cycle, and few limitations [23–25]. As mentioned above, although the ventilation
spacer plays an important role in the radial ventilation cooling system, there are few literatures on the
optimization of the ventilation spacer.
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Figure 1. Schematic drawings of the generator with adjacent stator core. 1—end cover, 2—bearings, 
3—shaft, 4—rotor, 5—stator windings, 6—adjacent stator core, 7—ventilation spacer, 8—left end of 
the generator, 9—right end of the generator. 

In order to explore the influences of ventilation spacer structures on the radial cooling 
performance, the combination of numerical calculations and experiments was utilized to optimize 
the ventilation spacer structure for an MW-class direct-drive permanent magnet wind generator, the 
general specifications are given as shown in Table 1. Aiming at a large number of ventilation spacer 
structure schemes, the numerical simulation analyses were carried out using the finite volume 

Figure 1. Schematic drawings of the generator with adjacent stator core. 1—end cover, 2—bearings,
3—shaft, 4—rotor, 5—stator windings, 6—adjacent stator core, 7—ventilation spacer, 8—left end of the
generator, 9—right end of the generator.

In order to explore the influences of ventilation spacer structures on the radial cooling performance,
the combination of numerical calculations and experiments was utilized to optimize the ventilation
spacer structure for an MW-class direct-drive permanent magnet wind generator, the general
specifications are given as shown in Table 1. Aiming at a large number of ventilation spacer
structure schemes, the numerical simulation analyses were carried out using the finite volume method.
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Based on the comprehensive considerations such as cooling effect, processing technology, structural
strength, and huge construction cost, the optimal solution scheme was obtained and then the generator
cooling system test bench was built. The heat dissipation of the ventilation spacer with the final
optimization scheme, compared with the original scheme, was verified by experiments.

Table 1. General specifications of the 2.65 MW direct-drive permanent magnet wind generator.

Items Value Items Value

Rated power 2.65 MW Stator outer diameter 4800 mm
Rated voltage 690 V Stator inner diameter 4440 mm
Rated speed 13.5 rpm Core length with ducts 863 mm
Poles/slots 96/288 Core length without ducts 767 mm

Conductors in slot 24 Length of each core 59 mm
Strands in conductor 2 Length of duct 8 mm

2. Establishment of the Numerical Calculation Model

To determine the influence of the ventilation spacers on thermal distributions and fluid velocity
distributions, generator components except the ventilation spacer were kept consistent with the
original design. Therefore, it is assured that the analysis and evaluation of different ventilation spacer
structures was carried out under the premise of the same electromagnetic scheme. Based on an
MW-class direct-drive permanent-magnet wind generator, the numerical calculation models of the
generator—with a total of 63 ventilation spacers in 13 series including the original one—is solved.

2.1. Control Equations and their Discretization

The ventilation cooling process of a generator is a physical process in which fluid flowing and
heat transfer are coupled. The heat transfer process is divided into a pure heat conduction process
occurring in the solid part; and a convective heat transfer process occurring between the cooling air
and the solid part. The governing equation for the pure heat conduction process in solid parts is shown
in (1) [26,27]:

∂(ρscTs)

∂t
+div(λsgradTs) + ST = 0, (1)

where Ts is solid part temperature, ST is the heat source, ρs is the mass density of solid part, c is the
specific heat capacity, λs is the thermal conductivity of solid parts, and t is the calculation time.

The governing equation for fluid flowing and convective heat transfer processes is as shown
in (2) [26,28]:

∂
(
ρ fϕ

)
∂t

+ div
(
ρ f Uϕ

)
= div

(
Γφgradϕ

)
+ Sϕ, (2)

where ϕ is the universal variable, which can represent u, v, w (cooling air velocity component in
different direction), and T is the cooling air temperature; U is the cooling air velocity vector; ρf is the
mass density of the cooling air; Γϕ is general diffusion coefficient; and Sϕ is the generalized source.

When the universal variable ϕ in (2) is set to 1, the governing equation becomes a continuity
equation; when the general variable ϕ is u, v, w, the governing equation becomes a momentum
conservation equation; when the general variable ϕ is T, the governing equation becomes an energy
conservation equation.

Since the entire calculation process is a steady-state process, (1) and (2) can be simplified into (3)
and (4) [27,29].

div(λsgradTs) + ST = 0, (3)

div
(
ρ f Uϕ

)
= div

(
Γφgradϕ

)
+ Sϕ. (4)
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Based on the internal node method, Equations (3) and (4) are discretized using the Finite Volume
Method (FVM). For convenience of explanation, the discretization forms in the one-dimensional
Cartesian coordinate system corresponding to (3) and (4) are given, as shown in (5) and (6):

λi+1
s

(
Ti+1

s − Ti
s

)
∆xi+1∼i −

λi−1
s

(
Ti

s − Ti−1
s

)
∆xi∼i−1

+ Si
T = 0, (5)

where ∆x is the distance between adjacent nodes and superscript i corresponds to the i-th node in the
solid component node.

ρ
3(uϕ) j

− 4(uϕ) j−1 + (uϕ) j−2

∆x j+1∼ j + ∆x j∼ j−1
= Γϕ

2ϕ j+1
− 4ϕ j + 2ϕ j−1

∆x j+1∼ j + ∆x j∼ j−1
+ S j

ϕ, (6)

where superscript j corresponds to the j-th node in the cooling air basin node.
In the discretizing forms (5) and (6), the convection term uses a second-order upwind difference

format, and the diffusion term uses a central difference format.

2.2. Physical Model for the Numerical Calculation

Due to the large number of simulation calculations, it is necessary to simplify the simulation
model reasonably for the economic considerations. The specific simplified principles are as follows:

(1) The calculation model is established according to the actual dimensions of the generator.
(2) The rotor loss density is very low compared to the stator loss density; the rotor inner surface is

smooth due to the special design; a fan is equipped to evacuate the air to form a negative pressure
area in the yoke of the stator—so the cooling air will go into the air-gap from the generator end area;
the incoming velocity of cooling air going into the air-gap is about 27.8 m/s (measured), however the
peripheral speed of the rotor is about 3.40 m/s according to the generator parameters, this is very small
compared to the incoming velocity of the cooling air; based on the analyses, the rotor rotation effect on
the stator thermal field can be ignored.

(3) According to the periodicity of the generator in the axial and tangential directions, the calculation
model simplified to contain one radial air passage and one ventilation spacer located therein
is established.

(4) Since the insulation of the winding is extremely thin and complicated, the actual modeling will
make the subsequent mesh division extremely difficult and hard to calculate. Therefore, the insulation,
including the turn to turn insulation, coils’ insulation, layer to layer insulation, slot insulation,
slot wedge, wedge spacer, windings, etc., should be combined as one component for meshing and
calculating. Then the different thermal conductivity of different components can be replaced by
using the equivalent thermal conductivity. During the convert process, the heat exchange to external
components is kept unchanged. Thus, the equivalent thermal conductivity can be determined by
(7) [30].

lco + lin
λe

=
lco

λco
+

lin
λin

(7)

where lco is the winding dimension, lin is the insulation thickness,λco is the winding thermal conductivity,
λin is the insulation thermal conductivity, and λe is the equivalent thermal conductivity. The copper
coils’ thermal conductivity is 386.4 W/(m/K), and the thermal conductivity of the insulation materials
is 0.29 W/(m/K).

To calculate the equivalent thermal conductivity of the windings, the windings’ basic parameters
are given as shown in Table 2.
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Table 2. Basic parameters of the conductors in the slot.

Items Value Items Value

Conductor 10 mm × 3.65 mm Strands in conductor 2
Turn to turn insulations 0.275 mm End coil contraction band 0.176 mm

Coil insulation 0.56 mm Slot wedge 6 mm
Contraction band 0.176 mm Wedge spacer 1.2 mm

Slot insulation 0.25 mm Layer to layer spacer 4.5 mm
End coil insulation 0.56 mm Slot bottom spacer 1.2 mm

The simplified calculation model is as shown in Figure 2. The cooling air inlet, outlet, and
boundary conditions are as shown in Figure 2, the tangential sides of the model are set as periodic
boundaries and the remaining boundaries are all set as wall boundaries.
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Figure 2. Numerical calculation model for the Direct-Drive Permanent Magnet Wind Generators
(DDPMWG).

2.3. Determination of the Heat Sources and Input Settings

To proceed the thermal and fluid flowing coupled calculations, the stator loss including the core
loss and windings’ loss should first be determined. So, the 2-D electromagnetic field calculation model
of Direct-Drive Permanent Magnet Wind Generators (DDPMWG) was established and solved by using
the finite element method. The stator core loss distributions are obtained as shown in Figure 3. Due to
the special design, the flux density at the teeth is 1.69 T (averaged), which is much larger than the yoke
(1.26 T, averaged), so the core loss density of the teeth is much larger than that of yoke accordingly, as
shown in Figure 3. For this generator, the total core loss of teeth is 14.42 kW, however the total core
loss of yoke is only 8.36 kW. Since 63 different ventilation spacers schemes needed to be calculated
to get the optimized ventilation spacer structure quickly and the calculation results differ with the
actual generator, we took into account the core loss distributions, so we neglected the differences of
the loss distributions in different parts of the stator core, and regarded the loss distributed in the core
evenly to proceed the thermal and fluid flowing coupled calculations, then validated the optimized
ventilation spacer by using the experiments. By this way, we could skip large simulation calculations



Energies 2019, 12, 1430 6 of 18

and obtain the optimized ventilation spacer scheme faster. Table 3 shows the loss of each component
of the generator.Energies 2019, 10, x FOR PEER REVIEW  6 of 18 
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Table 3. Heat sources for the thermal field calculation.

Items Loss/(W) Loss Density/(kW/m3)

Stator Winding 29.31 181
Stator core 5.72 15.4

The calculation input of 63 ventilation spacers including the original one was completely the same.
The boundary conditions of thermal calculations are shown in Table 4.

Table 4. Boundary conditions for the thermal field calculation.

Items Flow Volume/(m3/s) Pressure/Pa Fluid Temperature/◦C

input 1.736 88
output 0 115

Considering the electromagnetic wire outer insulation material, its size is very small, and it
is difficult to get the reasonable mesh grids, so the insulation and windings are combined as one
component as stated above. The iron core adopts laminations, the thermal conductivity in the axial
direction is much smaller than the radial direction and tangential direction. Therefore, the thermal
conductivity of the winding and the core material are anisotropic, the thermal conductivity of the other
components’ materials are isotropic. The thermal conductivity of the windings can be determined by
using Equation (7) and the windings’ basic parameters given in Table 2. Table 5 shows the thermal
conductivity of generator components.
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Table 5. Thermal conductivity of generator components.

Items Material
Thermal Conductivity (W/m/K)

Radial Tangential Axial

Stator Winding Copper + insulation 2.33 2.21 386.4
Stator Core Silicon steel sheet 23.5 23.5 4.3
Slot wedge insulation Isotropic is 0.29

Ventilation spacer iron Isotropic is 44

Due to the large radial dimensions of the generator, the cooling air in the air-gap of the generator
is flowing in a turbulent state. The turbulent area along normal direction of wall can be divided into
two areas—wall area and large turbulent area. The wall functions are adopted to reduce the mesh
elements. The distance of the wall area to the wall is determined by using a semi-empirical formula as
shown in (8) [31].

Y+ =
∆yρuτ

u
, (8)

where ∆y is the distance from calculation particle to the wall, ρ is the mass density of the fluid, uτ is the
friction velocity of the fluid aligned to the wall tangential direction, and u is the time-average velocity
of the fluid.

Based on the analyses above, the k-ε realizable turbulence model, the scalable wall function, and
the boundary conditions (shown in Figure 2) were adopted to carry out the numerical calculations.
The governing equations were then solved by the semi-implicit method (SIMPLE) for solving the fluid
flowing and heat transfer coupling equations.

2.4. Meshing of the Physical Numerical Calculation Model

The quality of the grid is the key to affect the calculation results. The grids commonly used in
computational models are hexahedral and tetrahedral elements. Since the windings, the iron core
is made up of heat-generating components and the shape is relatively regular. The hexahedral
mesh element was adopted, but the cooling air flow region was difficult to be meshed using
hexahedral elements due to the complicated geometric structure, so the tetrahedral mesh was used for
meshing division.

In order to improve the accuracy of the calculation results, the simulation calculation of each
ventilation spacer structure was verified by grid independence. Taking the maximum temperature of
the winding and the pressure drop of the cooling air as the reference, under the premise of ensuring
the mesh quality, the calculation of different mesh densities is carried out, and the mesh with the
smallest number of calculations results independent of the mesh density was selected as the final
computing grids.

During the simulation calculation, the Y+ values should be verified by the mesh elements, and the
final mesh solution also needed to be adjusted according to the Y+ value of the cooling expansion layer.
After adjustment, the Y+ values of the cooling air flow in the 63 ventilation spacers were distributed in
the range of 5~300, in accordance with the application range of the scalable wall function. While the
mesh works are done, the mesh elements of the simulation model with 63 ventilation spacers range
from 1 million to 3 million, which is dependent on the complexity of the ventilation spacers. The
maximum distortion factor was 0.89, which can satisfy the calculation requirement (generally less
than 0.95).

2.5. Criteria to Judge the Optimized Ventilation Spacer

The simulation calculations for the 63 ventilation spacer schemes were carried out at the same
loss, and the same air volume and inlet temperature. It is not appropriate to determine the preferred
ventilation spacer structure only by the maximum temperature rise. Due to the fact the radial air
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passages with different ventilation spacer structures have different impedances, when the cooling
air flows into the radial air passages corresponding to different ventilation spacer structures is kept
constant, the resistance overcoming the cooling air flow is different—that is, when the temperature
of the generator winding under a certain ventilation spacer structure is low, the air power required
by the air-cooling fan may also be larger. Therefore, in order to evaluate the final preferred solution
from the 63 ventilation spacer structures, it is necessary to comprehensively compare the generator
winding temperature rise and the cooling air pressure drop. When the power of the generator is the
same (the current is equal), the winding temperature directly affects the resistance of the winding
and ultimately reflects in the copper loss. When the cooling air flow is the same, different pressure
drops mean that the aerodynamic power of the fan is different. The pneumatic power provided by the
cooling fan is the loss during the power conversion and transmission of the wind turbine (as shown
in Figure 4), because the iron loss of the generator relative to the copper loss is small, and it is not
very sensitive to temperature changes. Therefore, it can be considered that the iron loss is constant
at different winding temperatures, and when the copper loss and the consumed pneumatic power
are added together, the corresponding overall efficiency is lower, and vice versa. Therefore, under
the premise of ensuring the same power, from the perspective of the efficiency of the whole machine,
a certain relationship is established between the generator winding temperature and the cooling air
pressure drop, to determine the preferred scheme of the ventilation spacer structure.
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The copper loss can be calculated according to (9):

Pcoil = nKI2R0
235 + Tcoil
235 + T0

, (9)

where Pcoil is the winding copper loss, R0 is the winding standard resistance, T0 is the standard
temperature, Tcoil is the winding temperature, n is the winding phase number, and K is the AC
resistance increase factor.

When the generator power is the same, the copper loss corresponding to the original design
scheme of the ventilation spacer structure can be converted into the loss at the winding temperature
corresponding to the optimization scheme of the other ventilation spacer structure by (9), and the
difference between the two schemes can be obtained by (10):

∆P1 = Pcoil−or
Tcoil−or − Tcoil−op

235 + Tcoil−or
, (10)

where Pcoil-or is the copper loss of the original design scheme which is 29.31 W (as shown in Table 3),
Tcoil-or is the winding temperature of the original design scheme, and Tcoil-op is the winding temperature
of optimization scheme.
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The starting power of the cooling air flow can be calculated by (11):

Pair = ∆pQ, (11)

where ∆p is the cooling air pressure drop and Q is the cooling air flow volume.
When the cooling air flow rate is the same, the aerodynamic power corresponding to the cooling

air flow can be calculated by (11), and the difference between the original design of the ventilation
spacer structure can be obtained by (12):

∆P2 = Q
(
∆por − ∆pop

)
, (12)

where ∆por is the cooling air pressure drop of the original design scheme, ∆pop is the cooling air pressure
drop of the optimization scheme, and Q is the cooling air flow volume set to 1.736 m3/s (as shown in
Table 3).

Summed (10) and (12), the difference between the copper loss and the aerodynamic power within
different ventilation spacer structures including the original design is obtained, as shown in (13).

∆Ptot = ∆P1 + ∆P2 =
2∑

i=1

∆Pi, (13)

when ∆Ptot corresponding to a ventilation spacer structure optimization scheme is small, it indicates that
the overall efficiency of the optimization scheme is higher. Therefore, the final preferred embodiment
of the ventilation spacer structure can be determined by (13).

2.6. Thermal Field and Flowing Field Distribution of the Optimized Ventilation Spacer

In the 63 ventilation spacer optimization schemes, five optimized structures were selected for
detailed analysis according to the criteria described in 1.5. The comparison of the five structures with
the existing structure is shown in Figure 5.

Energies 2019, 10, x FOR PEER REVIEW  9 of 18 

 

Summed (10) and (12), the difference between the copper loss and the aerodynamic power 
within different ventilation spacer structures including the original design is obtained, as shown in 
(13). 

2

1 2
1

tot i
i

P P P P
=

Δ = Δ + Δ = Δ , (13)

when ΔPtot corresponding to a ventilation spacer structure optimization scheme is small, it indicates 
that the overall efficiency of the optimization scheme is higher. Therefore, the final preferred 
embodiment of the ventilation spacer structure can be determined by (13). 

2.6. Thermal Field and Flowing Field Distribution of the Optimized Ventilation Spacer 

In the 63 ventilation spacer optimization schemes, five optimized structures were selected for 
detailed analysis according to the criteria described in 1.5. The comparison of the five structures with 
the existing structure is shown in Figure 5. 

   

(a) Original design (b) Optimization scheme 1 (c) Optimization scheme 2 

     

(d) Optimization scheme 3 (e) Optimization scheme 4 (f) Optimization scheme 5 

Figure 5. Different physical structures of the proposed ventilation spacer. 

The temperature field and flow field distributions obtained from numerical simulation 
calculation of the five ventilation spacer structure schemes are as shown in Figure 6. 

Figure 5. Different physical structures of the proposed ventilation spacer.



Energies 2019, 12, 1430 10 of 18

The temperature field and flow field distributions obtained from numerical simulation calculation
of the five ventilation spacer structure schemes are as shown in Figure 6.Energies 2019, 10, x FOR PEER REVIEW  10 of 18 
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It can be seen from Figure 6 that the temperature field and the flow field contour maps
corresponding to different optimization schemes have significant differences. As mentioned above,
different ventilation spacer structures cause changes in the cooling air flow characteristics, which in
turn affects the convective heat transfer between the cooling air and the stator conductor. Specifically,
when the stator conductor loss and the cooling air volume are the same, the different ventilation spacer
structures make the flow rate of the cooling air in the radial air passage different, and the turbulence of
the cooling air when circulating the different structure ventilation spacers is also incomplete. The same
occurs while the flow rate and turbulence directly affect the convective heat transfer coefficient between
the cooling air and the winding. In addition, different ventilation spacer structures make the heat
exchange area of the stator conductors different. Table 6 shows the convective heat transfer coefficient
between the cooling air and the winding and the heat exchange area of the ventilation spacer in the
different ventilation spacer structure scheme.

Table 6. Heat transfer coefficient and heat exchange area.

Items
Convective Heat Transfer

Coefficient between Winding
and Cooling Air (W/m2/K)

Ventilation Spacer Heat
Exchange Area (mm2)

Original design 48.5 2248.2
Optimization scheme 1 50.3 3760.7
Optimization scheme 2 56.2 4878.6
Optimization scheme 3 49.7 4218.6
Optimization scheme 4 44.2 5268.8
Optimization scheme 5 46.3 7236.4

It can be seen from Table 6 that, compared with the original design scheme, the convective
heat transfer coefficient between the cooling air and the winding and the heat exchange area of the
ventilation spacer are increased, and the cooling air and the winding in optimization scheme 2 are
improved. The increase in convective heat transfer coefficient is most significant. Compared with the
original design, optimization schemes 4 and 5 have a convective heat transfer coefficient between the
cooling air and the windings, but the heat exchange area of the ventilation spacer increases significantly.

Table 7 and Figure 7 show the simulation results of the maximum winding temperature, cooling
air pressure drop, and ∆Ptot for different ventilation spacer schemes.

Table 7. Calculation results of the generator with different ventilation spacers.

Items Winding Maximum
Temperature (◦C) Pressure Drop (Pa) ∆Ptot (W)

Prototype design 140.7 196.63 0
Optimization scheme 1 135.4 300.8 −0.28
Optimization scheme 2 129.2 402.8 −0.64
Optimization scheme 3 130.9 372.8 −0.55
Optimization scheme 4 136.3 232.5 −0.32
Optimization scheme 5 129.5 332.7 −0.74
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It can be seen from Table 7 and Figure 7 that the maximum temperature of the windings of the
five ventilation spacer structures is lower than the original design, and the cooling air pressure drop
is higher than the original design. Judging from ∆Ptot, the overall performance ranking of the five
ventilation spacer structures is as follows: preferred scheme 5 → preferred scheme 2 → preferred
scheme 3→ preferred scheme 4→ preferred scheme 1. However, considering that the ventilation
spacer also bears the axial pressure of the stator core, it needs to have good strength, and the design of
the scheme 5 cannot meet the requirements in terms of strength. In addition, the ventilation spacer is
mostly spot-welded to the iron core stack of the air passage, and the width of the ventilation spacer of
the preferred schemes 2 and 3 is too narrow—which is difficult to weld—and the parallel installation
process of the two ventilation spacer steels is not well controlled. The ventilation spacer structure
of the preferred scheme 4 is too complicated, is not easy to be processed by batch processing, and is
likely to cause blockage of the internal passage of the ventilation spacer when the stator is immersed.
Therefore, the ventilation spacer structure of the preferred embodiment 1 can be used as the final
preferred solution for further optimization and experimental verification.

3. Test Bench to Verify the Optimized Ventilation Spacer

In order to verify the final optimization scheme of the ventilation spacer structure, a simulation
bench for the generator cooling design was designed and built, as shown in Figure 8. The test bench
mainly composed of a small flow wind tunnel, a tested die card composed of core segments, ventilation
spacer, windings, and windings’ insulation as shown in Figure 8. Since only fractions of the generator
are selected to be tested, the resistance of the windings is very small, which leads to a low voltage on
the winding terminals. There was no suitable AC power supply to provide the large current (400 A)
and low voltage (mW-class), thus, during test process, the DC power supply was selected to feed the
windings. The current was set to make the windings—fed on DC power supply—generate the same
loss as was fed on AC power supply. Besides, the AC power supply can get rid of the influences of the
windings’ inductance, so we could also simulate the influences of the windings’ resistance increase,
caused by the increase of the windings’ temperature, on the thermal distribution. Twelve temperature
probes were set in the 4 slots, each slot had 3 temperature probes, one in slot bottom, one in middle
part of the slot, between the two winding layers, and one in the slot opening. The windings were
simplified from distributed windings to concentrated windings. The simplifying process has little
influence on the thermal distributions. The four sets of cores formed three rows of radial ventilation
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ducts, wherein the nine radial ventilation ducts in the dotted line frame in Figure 8a, were used for
placing the ventilation spacer, while the remaining radial ventilation ducts were only used to place the
metal parts to connect the adjacent cores, these ventilation ducts are dependent from the test ventilation
ducts. The innovative design has advantages such as simple structure, repeatable replacement of the
ventilation spacer, and low construction cost. After the peripheral casing was installed, it constituted
the cooling circuit with cooling air going into the module from the two side passages and coming
out from the central passage, which simulated the actual cooling circuit of the real wind generator,
as shown in Figure 8b.
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Figure 8. Test bench to verify the optimized ventilation spacer.

The test principles and built test bench is as shown in Figure 9. The actual heat transfer processing
of the generator is described as follows: Firstly, a fan is used to evacuate the air in the stator yoke back
area, so this area will be a negative pressure area as the fan operates, the cooling air will come into the
generator module by through the wind tube, as shown in Figure 9a. A hole board is set in the wind
tube to get the pressure drop, the pressure difference ∆P is determined by the orifice flowmeter located
on both sides of the hole board, and the flow coefficient of the orifice plate and the wind speed is
measured by using the anemometer. So, the air volume going into the generator can be calculated using
the pressure drop, wind speed, and orifice flow coefficient. The micro-pressure gauge close to the test
model is used to measure the outlet static pressure value. The pressure difference between the static
pressure value and the atmosphere is the ventilation pressure drop of the model. The temperature of
the windings is measured by a temperature measuring element embedded in the interior of the model.
The actual cooling system test bench is built as shown in Figure 9b.
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4. Comparisons of the Numerical Calculation Results and Experimental Results

In order to verify the actual cooling effect of the optimal ventilation duct steel structure, the original
design scheme and optimal scheme of the ventilation spacer structure were tested, as shown in Table 8.
The test principles are set as follows: 1. Keep the input current 400 A and the fan operating frequency
as constants; 2. replace the different ventilation spacers to measure the winding temperature in the
generator module. Based on the test principles above, while the input current and fan operating
frequency are constants, the influences of the ventilation spacer on the windings’ temperature can be
determined by measuring the temperature of the windings and the pressure drop of the ventilation air.
While the input current is kept as constant, the resistance of the windings increases as the winding
temperature increases. As a consequence, the DC voltage also increases, therefore the loss increases
simultaneously. By this way, we can simulate the increase of windings’ temperature resulting loss of
windings’ loss, during the actual generator operation process. In addition, if the operation frequency
of the fan is kept constant, the different ventilation spacer can result in different fluid resistance—a
large fluid resistance can lead to a small air volume. By this way, we can simulate the influences of
ventilation spacers on the air volume, which can also result in the changes of the windings’ temperature.
Based on the analyses above, the criterion to judge the ventilation spacer is simplified, and we can use
the temperature rise of the generator windings to judge the ventilation effect of the ventilation spacer.

Table 8. The actual ventilation spacer used for test.

Items Ventilation Spacer Structure

Original scheme
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During the test process, the winding temperature rises of the generator using original ventilation
spacer and best scheme ventilation spacer are recorded, and when the temperature difference between
adjacent two test points are within 0.1 K, the test is finished. The temperature rises of the generator
using the original scheme and best scheme ventilation spacer are drawn as shown in Figure 10, and the
test data after the winding temperature rise is stable is shown in Table 9.
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Table 9. Test results after temperature rise is stable.

Items Winding
Temperature (◦C)

Ambient
Temperature (◦C)

Pressure
Drop (Pa)

Air Volume
(m3/h)

Original scheme 114.3 21.9 274 106.1
Optimized scheme 109.6 21.3 277 111.6

It can be observed from Figure 10 and Table 9 that the maximum temperature of the tested die
card winding of the optimal ventilation duct structure is 4.7 K lower than the original design. However,
considering that the ambient temperature of the two ventilation spacer schemes is slightly different,
the maximum temperature of the tested mode card winding of the optimal ventilation duct is converted
here, and the conversion is based on Equation (14):
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)2
∆Tt
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235 + Tat + ∆Tt −
(

Ir
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)2
∆Tt

, (14)

where ∆T is the winding temperature rise, Tar is ambient temperature, I is the winding current,
the subscript r represents the converted value, and the subscript t represents the test value.

Through Equation (14), the maximum temperature of the winding in the test card test process of the
optimal ventilation duct steel is converted to the maximum temperature of the winding corresponding
to the original design scheme test environment temperature, which is 110.4 ◦C. The maximum
temperature of the tested die card winding of the optimal ventilation duct steel structure is 3.9 K lower
than the original design.

5. Conclusions

Radial ventilation cooling is one of the important cooling methods for air-cooled generators,
and ventilation duct steel is an important component of radial ventilation type generators. Different
ventilation spacer structures have a great influence on the flow of cooling gas in the air passage
of the generator, which in turn determines the cooling performance of the generator. Based on an
MW permanent magnet wind generator, this paper combines numerical simulation and experimental
methods to optimize the ventilation spacer structure. A total of 63 ventilation spacer structures
including the original design scheme were simulated. By comparing the winding temperature rise
and cooling air pressure drop corresponding to different ventilation spacers, five ventilation spacer
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optimization schemes were selected as alternatives. Based on the consideration of the processability
and mechanical strength of the ventilation spacer manufacturing and assembly, the preferred scheme
1 pagoda-type ventilation spacer is finally selected as the final preferred solution. In order to verify
the actual effect of optimizing the spacer steel, the generator cooling experiment platform was built,
and the original design scheme and the final cooling scheme of the generator ventilation test under
the ventilation system design were realized on the experimental platform. The test results show that
in the final optimization scheme, the ventilation spacer can effectively reduce the temperature rise
of the generator die by 3.9 K. The motor die design and ventilation spacer design in the test bench
are highly innovative and have great engineering practical significance for optimization of generator
cooling systems.

Author Contributions: X.Z. has done the fluid flowing and heat transfer analyses, and wrote the paper; Y.F.
provides the design method of the ventilation spacer; W.L. provides the fluid flowing and heat transfer calculation
method; D.L. supervises entire process of the paper, proposes the criterion to judge the optimization schemes and
provides the experimental method; J.C. has done the experiments; Y.Z. helps to develop the test bench.

Funding: This research was funded by the Fundamental Research Funds for the Central Universities under
granted No. 2019RC022.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Asef, P.; Zou, T.; Fang, H. Optimal Design of a Direct-Driven Permanent Magnet Synchronous Wind Generator.
In Proceedings of the 2015 IEEE International Conference on Industrial Technology (ICIT), Seville, Spain,
17–19 March 2015; pp. 806–812.

2. Wu, W.; Ramsden, V.S.; Crawford, T.; Hill, G. A Low Speed, High-Torque, Direct-Drive Permanent Magnet
Generator for Wind Turbines. In Proceedings of the Conference Record of the 2000 IEEE Industry Applications
Conference, Thirty-Fifth IAS Annual Meeting and World Conference on Industrial Applications of Electrical
Energy (Cat. No.00CH37129), Rome, Italy, 8–12 October 2000; Volume 1, pp. 147–154.

3. Li, H.; Chen, Z. Optimal Direct-Drive Permanent Magnet Wind Generator Systems for Different Rated Wind
Speeds. In Proceedings of the 2007 European Conference on Power Electronics and Applications, Aalborg,
Denmark, 2–5 September 2007; pp. 1–10.

4. Xu, M.; Gu, T.; Xu, J.; Wang, K.; Li, G.; Guo, F. Electromechanical Modeling of the Direct-Driven Wind
Turbine Generator Considering the Stochastic Component of Wind Speed. In Proceedings of the 2018 2nd
IEEE Conference on Energy Internet and Energy System Integration (EI2), Beijing, China, 20–22 October
2018; pp. 1–4.

5. Zhang, Z.; Zhao, Y.; Qiao, W.; Qu, L. A Space-Vector-Modulated Sensorless Direct-Torque Control for
Direct-Drive Pmsg Wind Turbines. IEEE Trans. Ind. Appl. 2014, 50, 2331–2341. [CrossRef]

6. Tong, W.; Wu, S.; Tang, R. Totally Enclosed Self-Circulation Axial Ventilation System Design and Thermal
Analysis of a 1.65-Mw Direct-Drive Pmsm. IEEE Trans. Ind. Electron. 2018, 65, 9388–9398. [CrossRef]

7. Li, F.; Hua, W.; Tong, M.; Zhao, G.; Cheng, M. Nine-Phase Flux-Switching Permanent Magnet Brushless
Machine for Low-Speed and High-Torque Applications. IEEE Trans. Magn. 2015, 51, 1–4.

8. Ohsaki, H.; Terao, Y.; Quddes, R.M.; Sekino, M. Electromagnetic Characteristics of 10 Mw Class
Superconducting Wind Turbine Generators. In Proceedings of the 2010 International Conference on
Electrical Machines and Systems, Incheon, Korea, 10–13 October 2010; pp. 1303–1306.

9. Quddes, M.R.; Sekino, M.; Ohsaki, H.; Kashima, N.; Nagaya, S. Electromagnetic Design Study of Transverse
Flux Enhanced Type Superconducting Wind Turbine Generators. IEEE Trans. Appl. Supercond. 2011, 21,
1101–1104. [CrossRef]

10. Chunwei, G.; Weili, L.; Ping, Z. Coupled Analysis on Multi-Physics of Turbo-Generator Used in IGCC Power
Station. In Proceedings of the 2010 International Conference on Power System Technology, Hangzhou, China,
24–28 October 2010; pp. 1–6.

11. Dawei, M.; Yufeng, L.; Yongming, X. Analysis of Fluid Field and Temperature Field of Mw Wind Turbine
Based on Fluent. In Proceedings of the 2011 Fourth International Conference on Intelligent Computation
Technology and Automation, Shenzhen, China, 28–29 March 2011; pp. 59–62.

http://dx.doi.org/10.1109/TIA.2013.2296618
http://dx.doi.org/10.1109/TIE.2018.2823698
http://dx.doi.org/10.1109/TASC.2010.2099091


Energies 2019, 12, 1430 17 of 18

12. Fan, X.; Qu, R.; Li, J.; Li, D.; Zhang, B.; Wang, C. Ventilation and Thermal Improvement of Radial Forced
Air-Cooled Fscw Permanent Magnet Synchronous Wind Generators. IEEE Trans. Ind. Appl. 2017, 53,
3447–3456. [CrossRef]

13. Franc, J.; Pechánek, R.; Kindl, V. Optimisation of Ventilation System of the Air-Cooled Turbo Generator.
In Proceedings of the 2016 17th International Conference on Mechatronics—Mechatronika (ME), Prague,
Czech Republic, 7–9 December 2016; pp. 1–5.

14. Weili, L.; Feng, Z.; Liming, C. Calculation of Rotor Ventilation and Heat for Turbo-Generator Radial and
Tangential Air-Cooling System. In Proceedings of the POWERCON’98. 1998 International Conference on
Power System Technology. Proceedings (Cat. No.98EX151), Beijing, China, 18–21 August 1998; Volume 2,
pp. 1030–1033.

15. Liang, Y.P.; Bian, X. Influence of Stator Ventilation Channel Cutting Length on the Multi-Physics in Air-Cooled
Hydro-Generator. In Proceedings of the 2012 Sixth International Conference on Electromagnetic Field
Problems and Applications, Dalian, China, 19–21 June 2012; pp. 1–4.

16. Guan, C.; Li, W.; Huo, F.; Zheng, P. Thermal Analysis of 1000-Mw Supercritical Turbo-Generator Under
Hollow Strands Blocking. Heat Transf. Eng. 2013, 34, 642–652. [CrossRef]

17. Han, J.; Li, W.; Wang, L.; Zhou, X.; Zhang, X.; Li, Y. Calculation and Analysis of the Surface Heat-Transfer
Coefficient and Temperature Fields on the Three-Dimensional Complex End Windings of a Large
Turbogenerator. IEEE Trans. Ind. Electron. 2014, 61, 5222–5231.

18. Li, W.; Li, D.; Li, J.; Zhang, X. Influence of Rotor Radial Ventilation Ducts Number on Temperature Distribution
of Rotor Excitation Winding and Fluid Flow State between Two Poles of a Fully Air-Cooled Hydro-Generator.
IEEE Trans. Ind. Electron. 2017, 64, 3767–3775. [CrossRef]

19. Bin, X.; GuoBiao, G.; Lin, R.; ZhenGuo, L.; DePing, F.; Rui, C.; ShuQin, G.; JinShui, G. Studies on the
Structure of Radial Ventilation Channel to Improve the Cooling Capacity of Large Turbo Generator Stator.
In Proceedings of the 2014 17th International Conference on Electrical Machines and Systems (ICEMS),
Hangzhou, China, 22–25 October 2014; pp. 354–357.

20. Zhang, X.; Gerada, C.; Li, J.; Li, W.; Cao, J.; Cao, Z.; Zhang, H.; Gerada, D. The Fluid Flowing and Heat Transfer
in a Lspmsm with Rotor Axial-Radial Ventilation System. In Proceedings of the 2018 21st International
Conference on Electrical Machines and Systems (ICEMS), Jeju, Korea, 7–10 October 2018; pp. 185–190.

21. Marignetti, F.; Colli, V.D.; Coia, Y. Design of Axial Flux Pm Synchronous Machines through 3-D Coupled
Electromagnetic Thermal and Fluid-Dynamical Finite-Element Analysis. IEEE Trans. Ind. Electron. 2008, 55,
3591–3601. [CrossRef]

22. Traxler-Samek, G.; Zickermann, R.; Schwery, A. Cooling Airflow, Losses, and Temperatures in Large
Air-Cooled Synchronous Machines. IEEE Trans. Ind. Electron. 2010, 57, 172–180. [CrossRef]

23. Armor, A.F. Transient, Three-Dimensional, Finite-Element Analysis of Heat Flow in Turbine-Generator
Rotors. IEEE Trans. Power Appar. Syst. 1980, 934–946. [CrossRef]

24. Chauveau, E.; Zaim, E.H.; Trichet, D.; Fouladgar, J. A Statistical Approach of Temperature Calculation in
Electrical Machines. IEEE Trans. Magn. 2000, 36, 1826–1829. [CrossRef]
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