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Abstract: The mass of a direct-drive generator is often defined by the requirements for structural stiffness to
meet the magnetic stiffness between the rotor and stator surfaces. This paper analyses this magnetic stiffness
and estimates the structural stiffness of direct-drive generators for different modes of deflection. The magnetic
stiffness modelling is based on an analytical model of the airgap closing forces. The final models are verified
using Finite Element Analysis and developed for both permanent magnet and wound rotor generators. It
shows that wound rotor machines have higher stiffness requirements than permanent magnet machines. The
structural stiffness of the generator rotor and stator are evaluated for different modes by applying spatially-
varying forces and finding the associated deflections. Structural stiffnesses for the rotor, stator and bearing are
then combined. Finally, the magnetic and structural stiffnesses are combined and a stiffness margin can be
found. This method is applied to a relatively stiff and a relatively compliant set of generator structures in a case
study. The analytical model presented in this paper is useful for structural optimization purposes or as part of
an online structural health monitoring system as it could assess the integrity of the machines in real time.

Keywords: Direct-drive; Radial Flux Permanent Magnet Generator; Structural & Magnetic;
Stiffness; Analytical & FEA; Structural Health Monitoring; Real-time Integrity Assessment

1. Introduction

Direct-drive electrical generators are low speed high torque machines whose robust and stiff
supporting structures are designed to withstand the significant loads present during the assembly
and operation stages. In [1], Polinder et al. presented an overview of the design of different types of
wind turbine powertrains for a 3MW wind turbine, evaluating losses and costs for the wind turbine
generator, power converter and gearbox (if used). Costs for the active material are calculated, but
generator non-active materials were estimated. Grauers [2] was the first to introduce an analytical
cost estimation for these generator structural materials based on dimensional similarity, but it did
not take into account the different magnitude of loads from one design to another. In [3], Versteegh
provides a detailed description of the design of a low-speed direct-drive permanent magnet
generator for the Zephyros Z72 wind turbine where the influence of the loads on the generator design
is analysed. The key load to be considered when designing this type of device is a large force across
the airgap which is because of the normal component of the Maxwell Stress.

Several approaches were described by McDonald and Mueller in [4] for estimating the mass of
machine structures dealing with uniformly distributed force and deflection, also known as Mode 0.
By assuming that the rotor and the stator structures were made up of disc and arm sub structures,

© 2024 by the author(s). Distributed under a Creative Commons CC BY license.
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McDonald linked the electromagnetic and the mechanical design to model radial, tangential and axial
deformations in radial flux machines [5]. A set of simplified rotor and stator structural configurations
that can be used to model the electrical generator are introduced by Stander in [6] and analyzed in
detail by Jaen-Sola [7]. Klinger shows how different wind turbine designers take different approaches
to the design of the structural elements of the direct-drive generator [8]. Making use of an analytical
and finite element analysis optimization method, Zavvos, tried to minimize the structural mass of a
permanent magnet direct-drive generator [9]. Three different iron cored generator configurations
rated at 5 MW were optimized concluding that a specific transverse flux direct-drive topology is the
most suitable as its electromagnetic layout helps the structural design.

In [10], Tavner and Spooner introduced a method which describes the challenge in terms of
stiffness, focusing the attention on Mode 1 deflection of rotor and stator structures. Following that
path, Jaen-Sola and McDonald presented in [11] and [12] an electromagnetic analytical model that
can be utilised to calculate the required airgap stiffness for multiple modes.

In this paper, the authors go a step beyond by coupling this model with a structural model,
which was produced using finite element methods.

The analytical parametric model first assumes a deflection value that is distributed along the
outer surface of the rotor and the inner surface of the stator in order to calculate the ultimate airgap
closing force for deflection modes ranging from 0 to 4. Using the deflection and the resultant force,
the airgap stiffness is estimated. Finite element analysis of a two pole model is used afterwards to
validate the analytical models for airgap closing force and stiffness. With the analytical models
corroborated, a structural finite element model of the electrical machine is generated. Making use of
the airgap closing force computed with the analytical approach, a deflection is obtained and used to
calculate the structural stiffness that will be compared to the already known magnetic stiffness so
that the designer can understand if the airgap of the proposed structure will remain stable and what
the margin of deformation is. See Figure 1.

6 F F 6 Structural
Magnetic Model Structural Model
K < — ks

Figure 1. Coupling of magnetic and structural models.

By knowing the margin of deformation the designer can change the structural design, e.g.
reducing the mass of the sub-structures forming the rotor and stator by modifying their thicknesses.

2. Introduction to the stiffness concept
2.1. Mechanical stiffness

In general terms, stiffness is a measure of the resistance offered by an elastic body to a force
deforming the body. The stiffness is defined as k = F/6, where F is the force and 6 is the displacement
and it can be used to relate any F and 6, whereas a finite element model of a structure only gives 6 for
one set of F. This concept of stiffness can be expressed in terms of stress (the force per unit area, o =
F/A), strain (the change in length divided by the original length, ¢ = 6/I) and major dimensions of the
body, thus,

F oA

k=g=—. 1)
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Normally, one is interested in the strain response to the application of stress. A positive value of
stiffness means that as a positive force is applied, the change in length is also positive. Occasionally,
the stress itself depends on the strain. This is the case for the magnetic forces in the airgap. Here as
the airgap clearance reduces in size (i.e. 0 is negative) the magnitude of the forces become larger.
Conversely, as the airgap clearance increases in size, the magnitude of the force trying to close the
airgap reduces. In this case the stiffness is negative.

In the steady-state and with no external forces applied, stability is achieved and a system is “stiff
enough” when the sum of all the values of stiffness is equal to 0. More stiffness is needed when other
forces are introduced.

Most systems are made up of multiple bodies each with their own value of stiffness. Two bodies
with stiffness ka and ks can be combined into an equivalent stiffness depending on whether they are
in series (and hence experience the same force but have different displacements),

kakg
keq = m, 2)

or in parallel (and hence experience the same displacement but different applied forces),
keq = ka + kg, (3)

or mixture of these two cases.

A cross section of a generator structure with a simplified structure for a direct-drive wind
turbine is shown in Figure 2(a)-(b). A radial flux generator is formed by four main components that
in terms of stiffness are as follows: the bearing, kv, the structure of the rotor, ks, the magnetic airgap
stiffness, kv, and the structure of the stator, kss. Combining the bearing and the rotor structure in
series gives an equivalent stiffness,

ks,rkb

ksr + ky @

keq,r =

The magnetic attracting force acting on the rotor and stator surface also acts to deform the rotor

and stator structures. These structures have values of stiffness, which are constant for elastic materials

below the elastic limit. Equations (5a) and (5b) express the common force in terms of stiffness and
deflection,

F. = keq,rar ) (5a)

Fe = kg6 (5b)

As they are connected to one another at the generator mounting point, and as they have the same

force applied to them both, one can consider them as two bodies with stiffness in series, and so they

) ) Keqrks,
can be expressed as an equivalent structural stiffness, ks = —*—>=
eqrtKss

structure, the force leads to rotor deflection into the airgap and at the other end the force leads to
stator deflection,

. At one end of this composite

F =ky(6s+ 6;) (6)
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Figure 2. (a) Generator structure; (b) Shown as stiffness; [4] (c) Magnetic stress vs. Theta for different
deflection modes; (d) Rotor and stator disc structure models showing loading conditions and

constraints.
(a) (b)
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Figure 3. Rotor disc structure models highlighting deflection for (a) Mode 0 (uniform deflection) and
(b) Mode 1 (eccentricity).

2.2. Magnetic stiffness

With a force, F, caused by the normal component of the Maxwell stress, acting on the rotor and
stator surfaces, the airgap tends to close. The airgap closing force, ‘F<’, can be expressed in terms of a
magnetic stiffness, ‘km’, assuming a combination of a radial mean deflection, *6’, and a variable
deflection, ‘64", which changes with angle ‘@', that alters the airgap clearance;

F.=ky (S + 8,sin (n9)) @)

where n corresponds to the deflection mode and 0 to the pitch angle.

The area of the rim is apportioned into 36 parts. The force for each span of § = 10 degrees is
applied as shown in Figure 2(d). Table 1 illustrates the characteristics of the machine used in the
analysis. It is based on the direct-drive permanent magnet machine in [4].

Table 1. Case study generator data.

Generator data

Axial length, ‘Is" (m) 1.2

Rotor radius, ‘R’ (m) 25
Design airgap size, ‘g’ (m) 0.005

Rotor yoke height, ‘hry’ (m) 0.05

Aspect ratio 0.6

(proportional relationship between width and height) ’

Magnet height, ‘i’ (m) 0.01

Magnet width, ‘wm’ (m) 0.15

Number of pole pairs, ‘p’ 88

Pole pitch, ‘7" (m) 0.18

The force caused by the normal component of Maxwell stress will be calculated analytically in
Section 3.3. So as to develop this model, it was considered the effective magnetic airgap clearance.
This means that the changes in stiffness are correlated to the alterations in the size of the airgap.
Therefore, expressions describing the airgap behaviour of electrically excited wound rotor machines
and permanent magnet generators needed to be produced. Equation (8) is suitable to compute the
airgap stiffness for electrically excited generators,

kwr = F 8

where g is the airgap size, whereas Equation (9) should be used in the case of having a permanent
magnet machine (with surface mounted magnets),

o = F
PM —
Ur

where Im is the height of the magnet and - is the relative permeability of the magnetic material. By

introducing these two parameters into the equation, the fact of having surface mounted permanent

magnets can be considered. To evaluate the stiffness of both types of machines for different deflection

modes, 6 can be substituted by 8 + 8,sin (n@), which would give us the following,
F

g — 6 — 8xsin (n6)

kWR = (8a)
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F

kpm = n

g +H_m — & — 8,sin (nH)
r

(9a)

2.3. Overall stiffness

As said, in order to keep the integrity of the electrical machine, the airgap must remain open and
stable. For this, it is necessary that the magnetic force, ‘Fm’ and the structural force, ‘Fs/, are equal and
opposite. If Equation (7) is manipulated, in Equation (11), it can be seen that the equivalent structural
stiffness of the system must be equal (and opposite in sign) to the airgap magnetic stiffness:

Fy+F =0-ky(8s+6,) + k(8 +6,) =0, (10)

ky = —ky, . (11)

where the structural stiffness, ‘ks’, will be calculated using finite element techniques.

3. Magnetic airgap stiffness

The concept of magnetic airgap stiffness was introduced in Section 2.2. The need for a versatile
quick model that can accurately predict the required magnetic stiffness in several dimensions for
different types of machines has led the authors to create a 2 dimensional parametric model that can
be used for optimization purposes. Equations will be developed here for the airgap closing force per
unit area as a function of deflection and angle for both wound rotor and surface mounted permanent
magnet machines. Finally, the formulations for the magnetic airgap stiffness will be developed.

Deflection can be different at distinct zones of rotor and stator [3]. Airgap collapse can take place
due to:

Mode 0: Radial expansion of the rotor or radial compression of the stator.

Mode 1: Rotor eccentricity (localized deflection).

Mode 2: Distortion of either or both of the circular surfaces into ellipses.

Mode 3: Distortion with ripples around the circumferences.

The magnetic airgap stiffness expressions for both the wound rotor and the surface mounted
permanent magnet machines will be derived attempting to address all of these scenarios.

3.1. Airgap closing force per unit area

Magnetic airgap stiffness arises because of the influence of the airgap clearance on the airgap
permeance and hence airgap flux density. This, in turn, affects the airgap closing force. In the case of
the airgap closing, the flux density increases and the force per unit area increases. This airgap closing
force can be found from the normal component of Maxwell stress o with equation (12), where B is
the airgap flux density,

BZ
o=5—, 12)
210 (
and o is the permeability of free space.
The flux density distribution, B, in the airgap can be found as follows,
P(6
5oy = ) "2, (13)

where ./(0) is the MMF set up by the rotor field (winding or magnets) and armature windings
current and P(0)/A is the magnetic permeance per unit area. This flux density distribution can be
found for a generic machine. Having a pole number of 2p the main airgap MMF is assumed to be
sinusoidally distributed,

.7 (68) = “cos(pb — ¢). (14)
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Although the airgap flux density distribution for a surface mounted permanent magnet machine
is often more akin to a square or quasi-square wave, equation (14) is normally a good approximation
Brhm i si (11: Wm

™p

R ;—) where hm is the magnet height, wm is the magnet height, 7p is the pole
oOHr

pitch and pr is relative permeability. It should be noted that because the surface-mounted permanent
magnet machine has a larger airgap permeance than conventional salient pole synchronous
machines, the MMF per pole will be higher to produce the same flux density (assuming the same
number of poles, rating and airgap geometry). Indeed Equation (13) suggests that for the same airgap

with 7 py =

flux density, the ratio of MMFs approximates to —£™ ~ PL. This is because the final part of Equation
/ PM

(13) is the magnetic permeance of the airgap. This can be defined in general terms as,

Pt
A~

where A and | are the cross-sectional area and length of the region in question. Assuming that the
iron in the magnetic circuit is infinitely permeable and ignoring slots then the magnetic permeance

reduces to the permeance of the airgap, and I = g. Before any deflection occurs, the ratio of magnetic

permeance of the airgap of the two machines would be em 2
P g+_m

Hr
As the deflection occurs the local airgap changes with the circumferential angle, 0, according to,

(1)

g(0) =g —38(6) =g—3&—8sin(nd — @), (16a)

h h, _
Gettpm(8) = g +—==8(6) = g +—= = & — Spsin(nf — ), (16b)
Hr Hr
where g and gegpm are the nominal airgap clearance. The permeance per unit area can be
approximated as,

P (6)

— P + Pysin(nf — ¢), 17)

where P is the mean value of airgap permeance per unit area and P, is the amplitude of variation

of the airgap permeance per unit area. If 9a? terms are neglected, then P ~ % and P, = (”—%)2 6. For
Z .

a surface mounted permanent magnet machine, the magnetic airgap and airgap clearance are no
longer one and the same; the mean and amplitude permeance per unit area terms become P ~

Ho Ho
—and Py ® ————=0,.

Figure 4 shows a comparison between the outcomes achieved for the magnetic permeance per
unit area calculated using Equations (15) and (17) for a permanent magnet machine.

& 9.80E-05
9.60E-05 .,l"'l..
e 'y
'y
9.40E-05 @ e
e

s P s
9.20E-05 e e

9.00E-05 ’.’,'.,.'

Permeance per unit area (H/m
»

8.80E-05
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0 (degrees)
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Figure 4. Magnetic permeance per unit area comparison. Magnetic permeance per unit area vs.
Magnetic permeance per unit area approximation assuming infinite permeability for the back iron
and ignoring slots.

So as to evaluate the goodness of fit of the magnetic permeance approximation to the magnetic
permeance, the normalized root-mean-square-error was computed revealing a value of 1.13 % of
residual variance. Thus, the permeance approximation calculated using equation (17) was treated as
valid.

Substituting Equations (14) and (17) into (13) and assuming that ¢ is changed so that peak
deflection is at 6 = 7t/2, then it is found that

B(8) = .7 cos(p8)(P + Pysin(nd)) (18a)
Equation (18b) is the corresponding equation but for the permanent magnet machine,
B(8) = .7 pmcos(pf)(P + Pysin(nh)) (18b)

Here there are two spatial frequencies; a high frequency, p, corresponding to the pole pairs and
a lower frequency, n, corresponding to the mode of deflection. By substituting (18a) into (12) and
rearranging and noting that in the case of many pole pairs, the variation in force distribution due to
poles (i.e. the compared cos(p0)), becomes less significant for structural deflections, then the mean
value of cos*(p0) is V2 and so the stress distribution can be simplified as

7 2cos?(p)uy 1 26A5in(n9)+6A25in2(n9)

a(6,8,6,) = > z
Z(Q_S) g_(s (g—g) (19a)
N T2, 26, sin(nd) N 8%sin?(n@)
4(g - 8)° g-9 (9-8)°
For Mode 0 (1 = 0), Equation (19a) becomes (19b),
7 2cos?(pB)u T
On=0(6,8) = O~ : (19b)

N2 =2

2(9-8)  4(g-9)

For a surface mounted permanent magnet machine, the equivalent of Equation (19a) becomes
(20a), whereas (19b) becomes (20b) for Mode 0,

7PM2cosz(p9)uo - 25, sin(n) N 8%sin%(nd)

O-PM(Hf S,(SA) = > 5
h < h < h _
2orip=8) | 9w (a+ip-9) (20a)
a
T - 28, sin(nh) N 8%sin?(n0)
) hm _ 5 2 +h’_m -5 h, = z
4(g+#—r—6) 97T (g+#—r_5)
— 2 2 — 2 1 2
= ~ pm cos®(pf)u e /oo pMm M
opm(6,8,8,) = — -~ 2= = ——— (20b)

hn _ 5)° hy _ g hy _ 5
2(g+ur 6) 2(g+‘ur 5) 4(g+ﬂr 6)
Figure 2(c) illustrates how the magnetic stress varies with angle for different deflection modes
in a permanent magnet electrical machine.
To find the force on the rotor or stator surface closing the airgap, Equation (19a) can be integrated
over the axial length of the machine, Is, and over any angle, ‘f’. To find the force over for an angle g,

we can integrate half an angle either side of the value of 6. For a wound rotor machine, the radial
force on an arc of span f§ centred at angle 0 for Modes 1, 2, 3 and 4 is as follows,
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7 CWR (21a)
4(g9-9)
with awr equal to

1 - 0

aQwr = [ZSA (g —-0— ZAsin (g ®B- 29))) cos (g B - 29))

— 26, (g -5+ %sin <g B+ 29))) cos <g B+ 29))
52 2

+ﬁn<7A+g—S) l

0+8 - 2
_ 7 IR
Fyg = LR f : (6,8,6, )do = —WR =" to
0

(21b)

While for Mode 0 is

— 2
./ wr LR

_ 7 WR s_ lzlo 210)
4(g - 9)

For a surface mounted PM machine, the radial force on an arc of span  centred at angle 0 for
Modes 1, 2, 3 and 4 is

WR

b
F =R f . a(6,68,6,B)do
[

B T LRuto J““g - 258, sin(nd) N 8%sin?(n@)
== 2
0

do
4(g+’L—T—S) -5 g+f;l—‘:—5 (g+’L_T_S)2 (22a)
TR
4(9+Z—‘:—5)4

with apy being

apy = %[ZSA <g + }L—T -5- %sin <g B - 29)>> cos (g B - 29))

— 28, (g + ]L—m -5+ %sin (g B+ 29))) cos (g B+ 29)) (22b)

+,8n(67§+) <g +Z—m—§)zl.

Whereas for Mode 0 it is
0+5
F =R L 9;§—7P:2“ S —do = —7PM;lsR“ —o| = —7"M215R” =B (22)
Tz 4(g+”—‘:‘—6) 4(g+‘u—r:—5) 0t 4(g+ﬂ—’:—6)

The magnetic stiffness of the same arc for Modes 1, 2, 3 and 4 of a wound rotor machine can be
calculated using the following equation

F
kwr

—— 2

-~/ wr lsRio

P ~ WR - (23a)
0 + 8, sin(nb) 4(g - 6)4(6 + 8, sin(nh)) wE

For Mode 0, the stiffness would be computed using Equation (23b)

— 2
F _WR IsRpop

kwn = — 23b
WR Ky 4(g _ 8)3 ( )
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The magnetic stiffness of the said arc is for Modes 1, 2, 3 and 4 of a PM machine equal to,
- 2
- F _ -~/ pm LsRug a
PM = 3 . = N PM (24a)
8+ 8y sin(nd) 4 (g + i _ 6) (8 + 85 sin(nd))
Ur
whereas for Mode 0 is
—_ 2
Ko = F 7 pm LsRpoP
PM ==
5 M (24b)

3.2. Validation using finite element code

Finite element analysis of a two pole model was used to validate the analytical models for airgap
closing force and stiffness.

This was carried out using the 2D code FEMM [13], meaning that any variations in the third
(axial) dimension are neglected. This matches the analytical model where the axial dimension is also
neglected. Generally speaking, a 3D model would show a reduction in radial airgap flux density at
the ends of the machine as some flux leaks into the axial direction. This is likely to mean that the
airgap closing forces predicted by 2D finite element analysis are likely to be slightly higher than for
the 3D code and a real machine. These differences are likely to be small when the axial length is large
(here Is = 1.2m). The choice of 2D code also means that any variations in the axial deflection are
neglected. This is consistent with all the models presented here in this paper.

To make the model more versatile, the two-pole model has been geometrically linearized so that
radial lines and arcs are mapped onto vertical and horizontal lines respectively. By changing the
airgap clearance by a deflection 6, a number of magnetostatic runs were processed and the results
were interrogated to find the airgap closing force. Using a force via weighted stress tensor approach
the obtained results are shown in Figure 5, where the force is plotted against deflection 6.

Slots, non-linear BH
5.00E+04 Analytical model
# Analytical with 3rd harmonic

0.00E-+00 # Analytical with 3rd harmonic and Carter factor

i 2.50E+05
& b 3
2 2.00E+05 .
: ®
e
1.50E+05 ,
E $ = ¢ L 4
z S ¢ . ¢ o o
&~ 1.00E+05 ; ® @ o = *
o0 ®No slots, linear BH . . ‘
5 © Slots, linear BH ’
3
2
=
50
g
<

0 0.001 0.002 0.003 0.004 0.005
Airgap clearance (mm)

Figure 5. Magnetic airgap stiffness for a pole pair of a PM generator for a direct-drive wind turbine,
based on [3]. Airgap closing force on one pole pair vs. Airgap clearance.

There are 3 FE cases: (i) where the materials are assumed to have linear BH curves and the stator
has no slots (similar to the analytical model); (ii) where slotting is introduced but the materials have
linear BH curves and (iii) where slotting is present and non-linear BH curves are used.

Also, on Figure 5 one can see the analytical solutions for the same dimensions and materials
using Equation (22a) for 6a=0and § = § and one pole pair (i.e. f = 27”).

The analytical model clearly underestimated the force; this can be seen when comparing the
results with those of the idealized FE model (i). This suggested that using only the fundamental MMF
as an input to the analytical solution is incorrect as it leads to the model neglecting higher order
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airgap flux density spatial harmonics and the resulting force contributions. The MMF of a surface
mounted permanent magnet of width wy,can be written as:

_ - Bh 4 (mmwy) .
Fm(6p) = Z ol e sm(TZ)sm(mHh) (25)

m=1,2,3,..

where m is the harmonic order. Including m =1 and m = 3 in Equations (21)-(22) leads to amended
force equation of

Fx (/1 +/3)1RH0
2 apMm- (26)

4(9+u—r 5)

This has been plotted in Figure 5. This shows better agreement with the idealized FE results (i).
When slotting is introduced (FE models (ii) and (iii)) there is a noticeable reduction in force. The
analytical model ignores the reduction in permeance due to slotting. This can be taken into account
by applying the Carter factor k. to the effective magnetic airgap, in other words,

Fx (/1 +/3)1R#0
7 o 27)

4kgr(g+——5)

The results for Equation (27) are plotted in Figure 5 and show good agreement with the FE
models (ii) and (iii). The difference between linear and non-linear materials is relatively modest, if
the magnetic circuit is designed to avoid saturation in the default state.

4. Case study generator

Magnetic stiffness and structural stiffness are brought together in this section in order to study
a 3 MW wind turbine generator. By assuming a deflection, the closing force acting on the airgap can
be estimated making use of the magnetic model and utilized to calculate the structural deflection
through a structural model. The characteristics of the electrical machine used in this analysis are
displayed in Table 1 located in Section 2.2.

As explained, the required stiffness for the generator structure can be computed in different
ways. In this case a structural finite element model of the generator was created in SolidWorks.

For the FE model, the rotor and the stator structures were loaded with radial stresses which were
calculated as explained in the previous sub section using the data presented in Table 1 and a mean
deflection, ‘6’, of 1 mm and variable deflection, ‘8,’, of 0.5 mm. The cylindrical sub structures of both
the rotor and the stator were apportioned into 36 parts so that the appropriate forces corresponding
to Modes 0, 1, 2, 3 and 4 could be applied. With this, the deflection experienced by the structure was
found allowing the structural stiffness of the generator to be evaluated.

The structural radial deflection of each 10 degrees part was measured making use of deflection
sensors located on the outer face of each part in the case of the rotor and on the inner face in the case
of the stator.

So as to know if the structure will be able to resist the load, the absolute value of the magnetic
stiffness estimated using the analytical model must be equal or smaller than the structural stiffness
calculated with the finite element study. This means that ks(8) = |ky(0)|. Combining the stiffnesses
of the bearing, the rotor and the stator in series, the total stiffness of the generator structure is
assessed. The bearing stiffness is assumed constant with a value of 3x10° N/m. In order to calculate
the equivalent stiffness for each 10 degrees part, the bearing has been modelled as a finite number of
radial stiffnesses set in parallel as shown in Figure 6(a), where k: corresponds to the radial stiffness,
v is the angle between stiffnesses and N is the total number of radial stiffnesses, in our case 36.
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()

Figure 6. (a) Bearing model showed as stiffness; Bearing structure split into top and bottom parts (b)

top part; (c) bottom part.

Paying special attention to Mode 1, where a force, F, is applied to the top of the structure
generating a deflection 6, which gives a stiffness kv = F/ 6, the bearing has been split into a top structure
and a bottom structure as depicted in Figure 6(b)-(c). The total stiffness of the top structure, kr, can
be calculated using Equation (28a), where the vertical components of all the radial stiffnesses in the
top structure, in this case 18, are added up. Similarly, the stiffness of the bottom structure, ks, can be
estimated making used of equation (28b). It is assumed that under Mode 1 deflection, the top bearing
structure is under tension, whereas the bottom part works under compression.

i=N/,
ky = k.sin (iy) (28a)
2
i=N
kp= ) Josin(y—m (28b)
i=N/y+1

Thus, the total stiffness, ‘kv’, can be computed as follows,
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i=N/2 i=N
ky = kg — kg = Z k.sin (iy) — Z ksin (iy — ) (29)
i=1 i=N/y+1
If we know that,
sin(iy — w) = —sin(—iy + ©) = —sin(—iy) = —sin (iy) (30)
then
=z i=N i=N
ky = ky — (=kg) == z ky sin(iy) + Z kysin(iy — ) = = k, Z sin (iy) (31)
=1 =N/, 41 i=1
Finally, considering the identity
- Y 1 >
i=N cos|5)—cos|(N+5)y
eos(f)eos((v+3) -
sin(iy) —7y
= 2sin (7)
and rearranging Equation (31), it can be obtained that the stiffness for each 10 degrees section is
" kysin (%)
" (33)

cos (§) - cos(X54)
In this case, with N equal to 36, kr shows the value of 1.31 x 108 N/m. Figure 7(a)-(d) presents the

results acquired for the rotor and the stator structures utilizing the FE model, the results of combining
the structures in series and the magnetic stiffness on each beta degree section.
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Figure 7. (a) Rotor structural stiffness for deflection modes ranging from 0 to 4 vs. Theta; (b) Stator
structural stiffness vs. Theta; (c) Generator structural stiffness vs. Theta; (d) Magnetic stiffness on beta
degree section.
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Figure 7(c) gives the results of combining the structures in series as mentioned. As seen, Mode
4 shows the worst performance with a minimum stiffness of 8.27x107 N/m. Mode 4 also presented the
worst results for the compliant structure with a minimum generator stiffness of 6.94x107 N/m. If these
data are compared to those achieved for the necessary magnetic stiffness introduced in Figure 7(d),
it can be seen that the structural stiffness is higher than the magnetic stiffness, with the results
achieved for the stiff generator structural stiffness varying about 8.7x107 N/m, and about 7.4x10” N/m
for the compliant structure, and the stiffness for each 10 degrees 8 section around -2x107 N/m.

In Figure 8(a) the combination of magnetic stiffness and structural stiffness is plotted against the
angle for each deflection mode. Four distinct scenarios have been analysed in order to identify the
mode giving the lowest value. With § going from 1 mm up to 4 mm in steps of 1 mm and &, taking
0.5 mm, 0.75 mm and 1 mm values, all the options have been addressed. See Table 2. Since the
structure geometry and material are the same, it was assumed that the generator structural stiffness
should be invariant with angle, ‘0", and mode, ‘»’, for all scenarios. Mode 4 showed the most unstable
behaviour with the lowest stiffness at 4.73x108 N/m, as it can be observed in Table 2, where the lowest
stiffnesses acquired for each mode and case are illustrated.

Table 2. Minimum structural stiffness per case and mode.

Case 1 Case 2 Case 3 Case 4
Mode é=Imm 6,=0.5mm &=Imm §=Imm J=Ilmm §,=1.5mm J&=4mm §,=Imm
1 5.92x108 N/m 5.65x108 N/m 5.43x108 N/m 5.52x108 N/m
2 5.82x108 N/m 5.49x108 N/m 5.21x108 N/m 5.32x108 N/m
3 5.7x108 N/m 5.28x108 N/m 4.95x108 N/m 5.09x108 N/m
4 5.58x108 N/m 5.1x108 N/m 4.73x108 N/m 4.87x108 N/m

If cases 1 and 3 are compared, it can be seen that an increment of 1 mm in variable deflection
0 corresponds to a drop in the minimum stiffness of about 16%. If cases 2 and 4 are contrasted, it can
be observed that an increase of 3 mm in mean deflection represents a decrease in the minimum
stiffness of about 5%. This demonstrates that both deflections exert an influence of different weight
over the stiffness of the generator structure.

By looking at Figure 8(a), one can appreciate that for the worst case scenario, which corresponds
to the collapse of the airgap with the stator structure physically touching the magnets, the mode
presenting the worst performance is Mode 4, having the lowest stiffness value at 5.79x107 N/m.
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Figure 8. Overall stiffnesses comparison; (a) Stiff structure; (b) Compliant structure.

It was observed that the structure selected for the study was very stiff and it is rather difficult to
appreciate the overall impact of the magnetic stiffness even in the worst case scenario. By carrying
out a considerable reduction in the thickness of both disc and rim sub structures of the rotor and the
stator a more compliant structure was generated for its study. With higher magnetic stiffnesses, lower
overall stiffnesses are achieved and it is expected to see that at some point the total stiffness reaches
zero values. The thicknesses used for both analyses are given in mm in Table 3.

Table 3. Thicknesses for stiff and compliant structures.

Stiff structure Compliant structure
Rotor Stator Rotor Stator
Cylinder Disc Cylinder Disc Cylinder Disc Cylinder Disc
thickness thickness thickness thickness thickness thickness thickness thickness
(mm) (mm) (mm) (mm) (mm) (mm) (mm) (mm)
40 56 25 56 30 40 15 40

A drop in the rotor and the stator masses of 27% and 31% respectively was obtained. This
corresponds to a total mass loss of 30%, which corresponds in this case to an overall stiffness
reduction of 21%. The equivalent rotor stiffness average for this structure was about 4.6x108 N/m,
whereas the stator stiffness was around 2.6x108 N/m.

In Figure 8(a)-(b), a comparison between the stiffnesses for each mode and for each structure is
displayed. As observed, a drop in the minimum value of the overall stiffness of more than 1x10” N/m
is achieved. The reduction in thickness of each sub structure forming the machine, revealed a
substantial drop of stiffness for this permanent magnet generator. This shows the effect of compliant
(lighter) structures and how the approach can be used in the design process.

With both structures fully described and analysed for the PM machine, the stiff structure was
studied under the demanding loading conditions of a wound rotor machine. Since the effective airgap
size of a wound rotor machine is smaller than that of a PM generator due to the lack of magnets
attached to the rotor surface, the forces are one order of magnitude larger in all cases and for all the
modes. As predicted, the effect of the large increase in magnetic stiffness produced a very significant
drop in the overall stiffness, as seen in Figure 9(b).

The negative values for the minimum stiffness means that the structure is not stiff enough to
resist the loads and the airgap would close.
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Figure 9. Magnetic stiffness + Structural stiffness vs. Theta; (a) Permanent magnet generator; (b)
Wound rotor generator.

5. Discussion

Various approaches exist in order to design a supporting structure for a wind turbine electrical
generator capable of withstanding the loads. A stiffness model joining the magnetic and the
mechanical designs has been developed. The 2D magnetic model assumes a uniform radial deflection,
‘§’, and a variable deflection, ‘§,’, that changes with angle, to estimate the resulting airgap closing
force under different modes of deflection. The assumed deflection and the obtained force is then
utilized to calculate the airgap stiffness. At this point, a structural model was created and making use
of the computed loads a set of finite element analyses was run for a 3 MW machine with a simplified
steel structure made with discs. With the deflection, the structural stiffness of the machine could be
approximated. A comparison between the airgap stiffness from the magnetic model, the structural
stiffness and what the stiffness margin was undertaken.

The magnetic model for the airgap closing force and stiffness of a PM machine was validated
using a 2D finite element code. A two-pole model with periodic boundaries, neglecting axial effects
and geometrically linearized so that radial lines and arcs are mapped onto vertical and horizontal
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lines, was produced to carry out the task. Three finite element cases were generated: (i) the stator has
no slots and the materials have a linear BH behaviour; (ii) the stator has slots and the materials have
linear BH curves and (iii) the stator has slots and the materials have no linear BH curves. Comparing
the analytical model with the idealised FE model (i), it could be observed how the analytical model
underestimated the force. It was proven that the use of the fundamental MMF only leads to neglecting
higher order airgap flux density spatial harmonics and the resulting force contributions. With that,
the analytical model was amended to incorporate the 3rd harmonic achieving better results.
Nevertheless, the model did not take into consideration the slotting that according to the FE models
(ii) and (iii) significantly reduced the forces. So as to replicate this behaviour, the Carter factor was
introduced into the analytical model. A good agreement was achieved, hence the magnetic model
was considered valid.

Two distinct types of generators were analysed: a permanent magnet machine and a wound
rotor machine. It was found that a stiffer and more robust structure is necessary for a wound rotor
machine which in turn leads us to have a heavier generator. It is also necessary to highlight the fact
that the magnetic design of a PM machine can be designed to avoid saturation in the default state,
while when a wound rotor machine airgap closes the iron parts of the magnetic circuit go deep into
saturation bringing about significant reluctance.

As mentioned, the magnetic study of both machines was completed first assuming a uniform
radial deflection and variable deflection which changes with angle, ‘0". Looking at the results
obtained for both cases, their effects on the magnetic, structural and overall stiffnesses can be
understood. The increase of § supposes a noticeable decrease in the absolute values of the maximum
and minimum magnetic stiffness, whereas the increment in force as the airgap closes causes a
substantial reduction of the structural stiffness that puts down the overall stiffness. If §, is
augmented, the absolute value of the maximum magnetic stiffness increases while the minimum
stays at the same level. The structural stiffness diminishes and the overall stiffness affected by the
increase in the magnetic stiffness and the drop in the structural stiffness goes down although it never
reaches a zero value, which means that the structure is eventually very stiff and it would easily
support the imposed loading conditions. A more compliant structure was also looked at. A total
reduction in mass of 30% was accomplished. That meant a decrease of 27% in rotor mass and 31% in
stator mass. After the analysis, it could be observed that the drop in mass corresponded to a decrease
in the overall stiffness of 21%. This gives a clear picture of the trade-off process that should be made
during an optimization study.

Mode number was another factor that had a significant impact on the distinct stiffnesses. In case
of the magnetic stiffness, it could be seen that despite having different spatial frequencies, all the
modes but Mode 0 shared the same maximum value. Mode 0 appeared as a straight line (due to its
constant uniform load applied) coinciding with the inflexion points of the curves corresponding to
the rest of the modes. Similar behaviour was noticed for the structural and overall stiffnesses,
although in the case of the structural stiffness, Mode 4 stood out showing the worst performance with
the minimum stiffness at 8.27x107 N/m for the stiff structure and 6.94x10” N/m for the compliant
structure. It is not clear whether this is a general result, or rather an artefact of the discretisation of
the structures into 36 regions. It is also worth noting that in real machines the initial airgap deflections
are usually of lower orders, e.g. Mode 0, 1 and 2 [11].

In terms of use, this model can be utilised during the design stage but also after manufacturing
and during operation as part of an online airgap condition monitoring system. Post-manufacturing
measurements can be used to determine which modes of airgap deformation will be problematic. The
model would be able to predict the airgap behaviour and its suitability for operation. As part of a
condition monitoring system, the model would be capable of evaluating the time-varying output data
and assessing the structural integrity of the machine.

6. Conclusion

A stiffness model coupling the electromagnetic and mechanical designs of electrical machines
has been developed. The results of the validation with the FE model showed the usefulness and


https://doi.org/10.20944/preprints202402.0278.v1

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 5 February 2024 doi:10.20944/preprints202402.0278.v1

19

accuracy of the magnetic analytical tool. In addition, the parametric nature of this analytical model
makes it easy to use helping the designer to carry out quick estimations for any deformation mode
and magnitudes, in the early stages of the design or after the manufacturing process. It could also be
useful for optimization purposes, leading to more sustainable designs or as part of an online
condition monitoring system as it could assess the structural integrity of the machine at any time.

The major insight from the magnetic stiffness model is that the inherent reluctance of the
permanent magnet reduces the magnitude of the stiffness that the structure must fulfil. In terms of
airgap closing, wound rotor machines need to be stiffer than permanent magnet machines — and
subject to the same mechanical design approach and materials — therefore heavier. The analysis
shows that the modes of deflection higher than Mode 0 (uniform deflection) lead to more severe
stiffness requirements for the structure. This implies that these modes should be used in any
structural analysis, in addition to or instead of Mode 0.

Regarding the mechanical model, the results show that higher modes of deflection can lead to
stiffness varying circumferentially. It is the coincidence of the extremes in the magnetic and structural
stiffness profiles that can lead to a small or negative stiffness margin, as opposed to the average
magnetic and structural stiffness values.

Further steps to develop this approach include extending the magnetic analytical modelling into
the third, i.e. axial direction, thereby allowing axis tilt and bowing/sagging modes of deflection to be
considered. The discretised structural approach here introduces some uncertainty into the modelling
of structural stiffness profiles, particularly for higher modes. This could be addressed through
analytical approaches or by using a larger number of discrete zones in the finite element model.
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