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Abstract: Different buried permanent magnet arrangements in rotors are compared based
on electrical machines found in literature regarding high-speed capability. An analytical
approach is presented to analytically calculate mechanical stresses in the bilateral and central
bridge of V arrangements in order to determine the achievable circumferential velocity of
a rotor geometry. The mechanical model is coupled to an analytical model which can
determine the flux density in the main air gap under consideration of flux leakage within
the rotor. The multi-domain model enables the analytical design of high-speed rotors with
buried permanent magnets in V-arrangement.

Key words: analytical calculation method, arrangement of buried permanent magnets,
high-speed rotor morphology, multi-domain design process

1. Overview of synchronous machines with buried permanent magnets
with regard to high-speed capability

High-speed operation is desirable especially in mobile applications due to a potentially larger
achievable power density of the electrical machine [1]. The required torque at constant power
output is lowered by increasing the rotational speed. Therefore, the dimensions of the electrical
machine are reduced. There can be noticed a trend for high-speed operation in recent years of
automotive electrification and servo motor drives [2]. A machine with buried permanent magnets
for automotive application with a maximum rotational speed of 20000 rpm and a gravimetric
power density of 15.6 kW/kg is produced in series by LUCID Motors [3].
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However, the term high-speed is not referring to the rotational speed 7, it mainly relates to the
maximum circumferential velocity at the rotor outer diameter ryor. The circumferential velocity
sets the radial dimensions of the rotor in relation to the rotational speed and therefore directly
correlates to the mechanical strength of the rotor. According to [1], the tangential stresses o
within the rotor are proportional to the square of the circumferential velocity vp, Eq. (1).

Vp = 2T rotor ~ VO - (D)

Interior permanent magnet synchronous machines (IPMSMs) are mainly used as traction
machines in current automotive industry [2]. In contrast to surface permanent magnets (SPMSM),
buried permanent magnets can be arranged within the rotor such that rotor saliency is achieved.
IPMSMs enable additional reluctance torque at constant current compared to SPMSMs. The
lamination sheets secure the permanent magnets against centrifugal forces in IPMSMs. A retaining
sleeve and therefore an additional component as well as manufacturing process is required for
rotor integrity in SPMSMs.

An overview of different rotor topologies with buried permanent magnets is given in Fig. 1.
The permanent magnets can either be arranged radially such as spokes, tangentially to the outer
contour or in a V-shape. T-arrangement and V-arrangement can be combined to a A-shape.

(a) (b) (c) (d)

Fig. 1. Overview to arrange permanent magnets within rotors of electrical machines; (a) V-arrangement;
(b) T-arrangement; (c) A-arrangement and (d) Spoke-arrangement

Changing the position of permanent magnets within the rotor affects electromagnetics and
mechanics. The rotor topologies are ranked in Table 1 based on comparisons done in [4—7]. The
Spoke-arrangement performs worst, due to the fact that flux leakage within the rotor has the
tendency to be comparatively large and therefore the efficiency is low. Additionally, the Spoke-
arrangement tend to have a lower rotor strength. The V-, T- and A-arrangement have a much better
rotor saliency and therefore the efficiency is higher. The difference in power density is mainly due
to different rotor strength which affects the achievable circumferential velocity.

Table 1. Comparison of permanent magnet arrangements [4—7]

A\ T A Spoke
Power density ++ + 0 -
Rotor strength + ++ 0 —
Rotor saliency + 0 ++ -
Efficiency + 0 ++ -
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Therefore, only the V-, T- and A-arrangement are analyzed further. These topologies are
compared based on state-of-the-art machine designs published in [2] and [8-22], which are either
used in series production or have been studied in a research context on test benches (Fig. 2).
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Fig. 2. Influence of permanent magnet arrangement on high-speed capability based on machine designs
found in [2] and [8-22]

Only rectangular shaped permanent magnets are used for the compared V- and A-arrange-
ments. The T-arrangement is distinguished between permanent magnets with a rectangular and
a concentric shape. It can be noticed that for [IPMSM designs which are using rectangular shaped
permanent magnets a circumferential velocity higher than 150 m/s cannot be achieved with current
lamination sheets.

The largest circumferential velocity with rectangular permanent magnets is achieved by the
traction machine used in the Tesla Model 3 which has a V-arrangement and achieves a circumferen-
tial velocity of 140 m/s at 18 000 rpm [2]. However, a machine designed in scientific context with
a T-arrangement achieves a significantly larger rotational speed of 30000 rpm [19]. Achievable
rotational speeds of T-arrangement have the tendency to be larger than the other two configura-
tions as the maximum mechanically allowable rotor diameter reduces with increasing rotational
speeds and less space within the rotor is needed to arrange the permanent magnets tangentially
rather than in a V- or A-shape. The achievable circumferential velocity of the A-arrangement is
the lowest due to the fact that comparatively more cavities are required and therefore the notch
effect becomes higher.

The largest circumferential velocity of 234 m/s at a rotational speed of 50 000 rpm is achieved
by a motor with a T-arrangement published in [9]. The authors suggest the use of concentric
shaped permanent magnets in order to distribute mechanical stresses in the rotor more evenly.
The rotor strength is increased drastically as a result. The rotor cross-section has some similarity
to an SPMSM rotor however the outer sleeve structure is connected via bridges with the inner part
of the rotor iron. A synchronous machine using concentric permanent magnets for high-speed
spindle applications is discussed in [15]. The rotor achieves a rotational speed of 40000 rpm



www.czasopisma.pan.pl P N www.journals.pan.pl

632 M. Lauerburg, P. Toraktrakul, K. Hameyer Arch. Elect. Eng.

with a comparatively low circumferential velocity of 74 m/s due to the small rotor diameter
electromagnetically required for the application.

The basic motivation for high-speed operation to maximize power density with large rotational
speeds is proven by the trend of the compared machine designs. The maximum of power density
is achieved with the largest rotational speed. In comparison, the V-arrangement performs best in
terms of mechanical and electromagnetic performance. Therefore, an analytical design morphol-
ogy for rotors in synchronous machines with permanent magnets in V-arrangement (V-IPMSM)
will be derived in the following.

2. Analytical model to calculate mechanical stresses in magnet bridges
of rotors with permanent magnets in V-arrangement

Mechanical integrity of the rotor has to be ensured during the design process of high-speed
electrical machines in order to guarantee safe operation. The Equivalent Ring Method (ERM)
was introduced in [23] in order to analytically calculate mechanical stresses in magnet bridges
of tangentially arranged magnet pockets, so the maximum achievable rotational speed of a given
rotor cross-section can be determined without the FEA.

The outer holding band (OHB) of a rotor is the ring structure bordered by the rotor outer
contour and the most adjacent cavity, such as a magnetic pocket [24]. The OHB determines
the dimensions of the equivalent ring, which is used for analytical calculation. The equivalent
arrangement is assigned with an equivalent density according to the materials used in the rotor.
The notch effect due to different radii and bridge thicknesses was assumed to be constant in [23].

Attempts have been published in [7] and [25] to apply this method for V-arrangements under
consideration of the angle between the permanent magnets ® within one pole. However, the
published methods were relatively inaccurate in determining mechanical stresses in the central
magnet bridge compared to FEA. For this reason, a new model is presented.

The respected areas in the rotor cross-section have to be determined at first (Fig. 3). A, is the
area of the lamination sheet which loads the bilateral bridges as well as the central bridge. Apm
is the total area of permanent magnets within one pole. Aeqyiy is the area of the equivalent ring
where the radius of the inner contour of the ring i equiv is given by Eq. (2).

Ti,equiv = T'rotor — hy . 2)

hy is the thickness of the bilateral bridge and 7o, is the rotor radius. The thickness of the OHB is
equal to the thickness of the bilateral bridges. The equivalent ring is assigned with an equivalent
density pPequivs Eq. (3).

PFe + PPM  AFe + ApMm
Pequiv = ) ' .

Aequiv ©)
Pre 1s the density of the lamination sheet material and ppy the density of the material used for
the permanent magnets. The nominal mechanical stress oequiv in the magnet bridges at a defined
rotational speed n can be determined with (4).

The V-arrangement moves towards the inside of the rotor with increasing thickness of the
bilateral magnet bridges and thus the thickness of the OHB increases, which leads to a reduction
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Fig. 3. Dimensions and respected areas for ERM of V-arrangement

in the mechanical stress.

T'a + Fiequiv 2 2

T) : (27”1) * Pequiv- “4)
The maximum mechanical stress omax due to the notch effect of the magnet pocket can be

evaluated with the stress concentration factor K, Eq. (5). The presented stress concentration

factors are a modification of factors shown in [26].

Oequiv = (

Omax = Kt * Tequiv - &)

The stress concentration factor K pijateral fOr the bilateral bridges is given by Eq. (6). r is the
radius of the magnet pocket facing the OHB.

2 [l ssfhe oy (@H). [
V7 b Te he \rp Ty 1 2n
- cos | — lO-—=1]. (6)
(hb ) _1( hb) iy V3.95
— +1]|-tan —|+./—=
b b b

The stress concentration factor Ki central for the central bridge is given by Eq. (7). A is equal
to the thickness of the central bridge and r. is the adjacent radius of the magnet pocket contour.
2
73 ( 3 he )2.\/97.3 3 (3~hc+rc)@)

12 \3 e +re "B\ 3k
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K t,bilateral =

K t,central = (
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The achievable circumferential velocity under consideration of a safety factor S can be
determined with Eq. (8).

Ry

S
vp = . . )
Ty + Fi equiv '

t 2", Pequiv
The safety factor determines how close the local mechanical stress oy, within the rotor is
to the yield strength R, of the electrical sheet at maximum rotor speed, Eq. (9). Thus, the safety

factor represents the mechanical utilization of the rotor materials.

R

S=—L. 9)

Oxyz

The maximum achievable circumferential velocity vp max is reached when the mechanical
stress in one of the magnet bridges reaches the yield strength R, of the lamination sheet. In this
case, the safety factor is equal to 1.

Equation (8) has to be evaluated for the bilateral bridge with K pijatera and for the central
bridge with K cenra- The technically usable circumferential velocity vp max is the minimum of
the bridge related terms, Eq. (10).

Figure 4 displays the determination of the technically usable circumferential velocity vy max,
being the minimum of both surfaces vp pitateral and Vp central. The achievable circumferential ve-
locity increases with larger bridge thicknesses in general. However, the bilateral bridge tend to be
the bottleneck at equal bridge thickness and radii.

Vp,max = min (Vp,bilaterala Vp,central) . (10)
240 - Up,max
220 = VUp,central
Up bilateral
200+
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Fig. 4. Bridge related achievable circumferential velocity and technical usable circumferential velocity in
relation to bridge thicknesses. The safety factor is equal to 1 so the mechanical stresses reach the materials
yield strength

The model is validated based on mechanical simulations in ANSYS. The contact definition
between rotor components and material parameters are taken from [27], where mechanical sim-
ulations show good agreement with rotor deformation measurements performed under rotational
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speed as well as burst test for a high-speed PMSM rotor. The contact modeling between rotor
components and material parameters presented in [27] is adopted for the own simulations.

An exemplary von Mises stress distribution in the lamination sheet at a rotational speed
is shown in Fig. 5(b). The stresses in the bilateral and central magnet bridges are limiting the
high-speed operation. Mechanical stresses due to the press-fit between lamination and shaft are
prominent in the central part of the rotor. The comparison between the analytical model and the
FEA is shown in Fig. 5(a). The new model displays minor deviations from the simulation.
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“w
e
£ 150
100
8
4
x10°3 2 2 %
0 1 x10

C: Static structural analysis

Stress in rotor lamination at 14,000 rpm
Type: Equivalent (von-Mises) Stress
Unit: MPa

Time: 2

04.03.2023 14:03

. 283,49 Max
252
220,52
189,03

. 157,55
126,06

B 94577

63,092
I 31,607
0,12184 Min

[,

0,00 45,00 90,00 (mm)
—
22,50 67.50
(b

Fig. 5. (a) Comparison between analytical model and FE Simulation in ANSYS with respect to maximum
achievable circumferential velocity (S = 1); (b) exemplary von Mises stress distribution in lamination sheet

The presented analytical model shows that large bridge thicknesses are favorable in order
to maximize rotor strength. However, large bridge thicknesses lead to increased flux leakage
which reduces the machine performance. The optimum bridge thickness is a tradeoff between
mechanical and electromagnetic boundary conditions [28]. Therefore, the presented mechanical
model is now coupled with electromagnetics.
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3. Coupling of mechanical model with electromagnetic and
thermal constraints

At first, the mechanical model is extended by electromagnetic boundary conditions. For
a given bridge dimension, the stray flux and thus the utilization of the buried permanent magnets
can be determined. Here, an approach is presented to take temperature dependencies into account.

3.1. Analytical model to calculate air gap flux density for V-arrangement

Buried permanent magnets are secured against centrifugal forces by the lamination sheets, in
particular the magnet bridges. The magnetic flux imposed by the permanent magnets prefers the
path with the lowest magnetic resistance.

Due to the proximity of the magnet bridges to the permanent magnet, the magnetic flux has
the opportunity to close already in the rotor and thus not contribute to the flux linkage to the stator
(Fig. 6). As aresult, more input current is required for torque generation and efficiency decreases.

Fig. 6. Flux leakage within rotor with buried permanent magnets (dashed lines); only the magnetic flux
going from the rotor into the stator contributes to the electromagnetic energy conversion (continuous lines)

With increasing bridge thickness, the saturation of the electrical steel in this area decreases and
thus the magnetic resistance decreases. Coupling the mechanical model with an electromagnetic
model which considers the flux leakage for defined magnet bridge dimensions would allow
a multi-domain analytical design.

The presented model is an extension of the analytical model presented in [29] for the use of an
SPMSM. In the new model, the angle between the permanent magnets as well as the dimensions
of the magnetic bridges are considered.

The magnetic resistance of the main air gap Rs in the machine is considered with Eq. (11).
¢ is equal to the height of the air gap, rs the average air gap radius, g, the axial length of the
lamination stack, po the vacuum permeability and p the pole pair number.

0

2nrslge
HOo———
p

Rs = (1)
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The magnetic resistance of the permanent magnet Rpyr can be calculated with Eq. (12). hpy
is the height of the permanent magnet, wpy its width and the axial length of the permanent
mangnets is assumed to be equal to the axial length of the lamination sheet /g,

h
Rpyp = —M (12)

Howpmlre

Itis assumed that the magnetization within the magnetic bridge is homogeneous so the bridges
can be seen as a bar structure within the rotor with an equivalent magnetic resistance.

The magnetic resistance of the bilateral bridge Ry, can be determined with Eq. (13). [, is equal
to the length of the bilateral bridge with constant magnetization and y, the relative permeability of
the bilateral bridge. The relative permeablity of the magnet bridge is dependent on the operation
of the electrical machine.

Ro= — D
Hrfohylre

The magnetic resistance of the central bridge can be calculated with e.g. (14). Also here, [ is

the length of the central bridge at constant flux density and w, its relative permeability.

13)

le
R.=———. 14
¢ Hriohelre (14)

The flux density in the air gap Bs can be determined with Eq. (15). Bg is the remanence flux
density and Hc is the coercive field strength of the permanent magnets used.

Br

Bs = (15)
R 14 3 R
140 EM 2 cosh (2@ — 1| + 278 -2
Rpm po w8 2 RcRy

The remanence flux density is reduced by the dimensions within the magnetic circuit. Hence,
the air gap flux density can never be as large as the remanence flux density. Figure 7(a) is
showing good agreement between the analytical model and the FE Simulation. An exemplary
flux density distribution in the respected machine is given in Fig. 7(b). Changing the angle

Bl Analytical Model Flux Density [T]
0.6 B FE Simulation 00 1 22
.04
jaa)
0.2
140 i
120 " 45
& 100 3 3.5 1073
[l hy, he [m] s
(2) (b)

Fig. 7. (a) Comparison between analytical model and FE Simulation with respect to air gap flux density;
(b) exemplary flux density distribution in respected machine
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between the permanent magnets at constant bridge thicknesses influences the burial depth of the
permanent magnets. Thus, the angle affects the air gap flux density. The coupling of mechanical
and electromagnetic model enables the simultaneous assessment of rotor strength and flux linkage
to the stator for given bridge thicknesses (Fig. 8).

Il Peripheral speed in m/s (S = 1)
Peripheral speed in m/s (S = 1.4)

@B Air gap flux density in T

SO

15 ' x10°
he [m] hy, [m]

Fig. 8. Influence of safety factor on achievable circumferential velocity and allocation to air gap
flux density in relation to bridge thicknesses

3.2. Consideration of temparatures in presented model

The yield strength R, of steels usually decreases with increasing temperatures. This temper-
ature dependence can be considered by the analytical model presented in [30]. The demagnetiza-
tion behavior of permanent magnets is also temperature-dependent. Accordingly, the temperature
changes Br and Hc. Information on demagnetization behavior can be obtained from the data
sheets provided by the manufacturers. A semi-physical model to determine the demagnetiza-
tion curve for a specific temperature based on measurements performed at other temperatures is
presented in [31].

3.3. Discussion of multi-domain model in the context of machine design

The design of a rotor can be driven by different requirements. This can be, for example,
a required maximum rotational speed in the case of a direct drive, as in compressors. Available
installation space and weight constraints can motivate high-speed operation in the case of indirect
drives.

The mechanical design of the rotor is based on a desired safety factor. The safety factor influ-
ences not only the extent to which the material is mechanically utilized, but also the accumulation
of material damage over the number of operating cycles. Material fatigue generally decreases as
the safety factor increases which would favor large bridge thicknesses [32].

The extent to which large bridge thicknesses lead to electromagnetic drawbacks at constant
permanent magnet dimensions depends on the operating strategy in the machine map (Fig. 9).
For operating points in the base speed range, it is advantageous to have the lowest possible
leakage flux in order to minimize the current requirement for torque generation. For operating
points in the field weakening range, however, higher leakage fluxes are acceptable due to the fact
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that less additional current is required for field weakening. However, if an electrical machine is
frequently operated in field weakening range, it is preferable to reduce the permanent magnet
volume rather than to reduce the utilization of the permanent magnets by increasing the bridge
thickness. The interaction between required permanent magnet volumes and bridge thicknesses
must be evaluated and adjusted in the context of an operating cycle.
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Fig. 9. Exemplary relative frequency distribution in % of operating points in the torque-speed map
of an full electric vehicle during WLTP; the map limit is shown in white

4. Conclusions

Different arrangements of buried permanent magnets in rotors of synchronous machines are
compared to each other in terms of high-speed capability. The T-arrangement exhibits the largest
rotor strength. The V-arrangement represents a good compromise between electromagnetic and
mechanical requirements.

A multi-domain model for the analytical design of magnet bridges for rotors with buried
permanent magnets in a V-arrangement is shown. It is possible to consider mechanics, electro-
magnetics as well as thermal constraints. Burst tests to further validate the mechanical model for
rotors with buried permanent magnets in V-arrangement are reasonable.
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