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Abstract: Permanent Magnet Synchronous Motors (PMSMs) are increasingly being used and are
required to satisfy noise and vibration specifications. Thus, it is necessary to develop design guide-
lines for electric motors that consider vibration response as a key output of the design. This work
shows the influence of the main design parameters regarding PMSMs: the number of slots and the
number of poles. First, the influence of the number of slots in the natural frequencies is analysed by
Finite Element calculations, which are experimentally verified. Then, the analytical calculation of
the vibration response is explained. This is applied for several combinations of the number of slots
and the number of poles, and the results are compared. Considering the analytical development, a
procedure to choose the most adequate combination of the number of slots and poles is proposed.
The analytical predictions are validated according to experimental measurements in two machines.

Keywords: electrical machines; design; vibration; electromagnetic forces; slot number; pole number

1. Introduction

Permanent Magnet Synchronous Motors are one of the most widely used electric
motor types [1], with applications in a wide range of sectors including automotive, railway
transportation, and elevators, as they provide great torque capacity. However, one disad-
vantage is that in those applications, comfort of users is a concern, and thus, the noise and
vibration generated should be low. For this reason, it is necessary to optimise the design of
the electric motor, taking into account the vibration response.

The optimisation of the design of an electric machine is a very challenging task due
to the consideration of multiphysics analysis [2]. In recent years, a number of research
studies have been carried out to improve the design of PMSMs, analysing factors such
as magnet eddy current loss, torque characteristics (average torque level, cogging torque,
torque ripple, and total harmonic distortions of back EMF), radial forces, vibration, noise,
and thermal issues.

Several design improvements have been proposed regarding the torque ripple or
cogging torque minimisation: the shape of the magnets was optimised in [3], notches were
introduced on the permanent magnets in [4], the angle of the stator tooth was improved
in [5], the shape of the tip of the tooth was enhanced in [6,7], and auxiliary teeth were
added in [8]. Pole and slot number combinations were also analysed in [9] to minimise the
cogging torque and the Unbalanced Magnetic Force (UMF). In fact, a very low cogging
torque can be obtained if the slot and pole numbers are chosen so that the Least Common
Multiple (LCM) is large, as observed in [10]. The closer the number of slots (Qs) to the
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number of poles (p), the higher their LCM. However, a low cogging torque does not always
guarantee a low torque ripple.

Regarding the reduction of vibrations and noise, the magnetisation direction of the
magnets and the length of the air-gap [11], the width of the slots and the width of the tooth
tip [12,13], and the shape of the magnets [14,15] were analysed. In a further investigation,
the shape of the tooth, including notches [11], was studied. In addition, the influence of the
yoke thickness, the tooth shape, and the radius of the junction tooth/yoke were examined
to determine which of those change the mode shapes and which mode shapes are excited
by electromagnetic forces [16,17].

The number of slots and the number of pole pairs are the key design parameters
for the electromagnetic and vibratory performance of a PMSM [18]. They influence not
only the frequencies of the excitation forces, but also which modes of vibration are excited.
Comprehensive analyses of the forces together with structural and acoustic calculation
procedures [19] showed that the interaction of permanent magnet field and stator slotting
contributes the most to electromagnetic noise. Taking this into account, a noise reduction
strategy was proposed to optimise the slot opening width. In the work of [20], the vibrations
generated according to the spatial distributions of the forces were studied for several pole
and slot combinations. However, concentrated forces were applied on the teeth, hence,
the contributions of a significant number of harmonics were not taken into account due to
spatial aliasing.

More in depth analyses of pole and slot combinations were carried out in [13,21-23]
with significant conclusions. These authors observed that the contribution to noise of the
pressure harmonic of spatial order 0 increases with the number of rotor poles. Configura-
tions resulting in low noise were those in which low-order force harmonics were found to
be weaker [21,22]. In addition, configurations with a Greatest Common Divider (GCD) of
the number of slots and poles equal to 1 were not recommended due to the unbalanced
magnetic force [9,10].

The dominant frequency harmonic is mainly generated by the interaction of the
permanent magnet field and the armature reaction field. In contrast, the highest frequency
harmonics predominantly arise from the interaction of the permanent magnet field and the
permeance fluctuation [23]. It was also established that the level of magnetic vibration of
the machine is mainly determined by this lowest mode of vibration. In PM machines, the
order of the lowest mode of vibration excited is equal to the GCD of the number of slots
and the number of poles [13].

Given the abovementioned considerations, it would seem clear that guidelines for
an optimum selection of the number of slots and the number of pole pairs are required.
Different authors have each proposed a distinct strategy, which, to a certain extent, are
contradictory. For this reason, a clear guideline or procedure needs to be determined.
In addition, the influence of the change of the number of slots and poles on the structural
behaviour remains unstudied.

Therefore, the present study investigates the effect of the combination of the number
of slots and pole pairs on the vibration response. To this end, the effect of the number of
slots on the structural behaviour of the stator are studied. Taking into account the results
of the analyses, a procedure is defined to choose the optimum combination of slots and
poles. The results obtained are then verified experimentally.

First, in Section 2, the analytical and Finite Element (FE) calculations are detailed and
the procedure for the experimental measurements are explained. Second, in Section 3, the
results of the calculations and the measurements are given. In Section 4, the discussion of
the results is presented and the procedure for the optimum design is established. Finally,
in Section 5, the conclusions of the work are summarised.

2. Materials and Methods

In this section, the theoretical calculations and the procedure for the experimental
analyses are presented.
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First, the calculation of the magnetic pressure is explained and the spatial distribution of
the pressure waves is determined according to the number of slots and poles. The vibration
response calculation is then detailed, which shows the vibration modes that are excited by
each spatial harmonic and, thus, which harmonics of the magnetic pressure are more sensitive
to vibrations. This determines the optimum combinations of slots and poles.

In addition, the Finite Element models developed to analyse the influence of the
number of slots on structural behaviour are explained.

Finally, the experimental measurements to obtain the vibration modes and natural fre-
quencies are explained as well as the measurements of the operational vibration response.

2.1. Analytical Calculation of the Magnetic Pressure

The electromagnetic pressure is calculated from the magnetic flux density by means of
the Maxwell stress tensor. The vibration response is induced by the radial pressure, hence,
the tangential component of the magnetic flux density can be disregarded. The radial
pressure is thus calculated as [19]

_ B(6,1)?
qr(er t) ~ T/ (1)

where B, is the radial magnetic flux with respect to the tangential position 6 and time ¢, g,
the radial pressure, and y( the magnetic permeability of the air. The magnetic flux is then
obtained multiplying the magnetomotive force by the air-gap permeance:

B,(0,t) = A(6,1)F(6,1), )

where A is the air-gap permeance and F is the magnetomotive force. The magnetomotive
force is expressed as

F(,t) = i F cos(wit — kpb), ©)]
k=1

where Fj is the amplitude of the kth magnetomotive force (MMF) wave and wy is its
rotational frequency in rad/s, which is wy = k p Q) for the kth harmonic, where Q) is the
rotational frequency of the rotor in rad/s, and p is the number of pole pairs.

If the slots of the machine are taken into account, the air-gap permeance variation due
to the slots must be considered, which is usually represented by a Fourier series [24-27]:

Agor(®) = Ao+ 3 Ao cos(0Qs6), )

v=1

where v is the harmonic, Qs the number of slots, A the air-gap permeance without slots,
and A, the coefficients of the Fourier series.
The magnetic flux density is obtained by substituting Equation (4) into Equation (2):

Br(6,1)|ecc=e,= F(0,1) | Ao + i Ay cos(vQs0) |. (5)

v=1

When the effect of the slots is included, new spatial harmonics are obtained due to
the combination of the harmonics of the MMF and the slots. Therefore, the harmonics of
spatial orders kp £ v(Q)s are obtained, in addition to the harmonics of the magnetomotive
force of spatial order kp [13,27].

The radial pressure is obtained by Equation (1), which means that the harmonics of
the magnetic flux are added to and subtracted from each other to determine the harmonics
of the pressure. Thus, the harmonics of spatial distributions kp +ip and kp £ ip £ vQ;
are obtained for the harmonics of the magnetic flux density k and 7, with the frequencies
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(k +i)pQ). Simplifying, this can be reduced to spatial harmonics 2kp and 2kp + vQs with
frequencies 2kpQ).

2.2. Analytical Calculation of the Vibration Response

To analyse the effect of the design parameters, analytical calculations need to be
considered. The analytical approach has proven to be a good alternative in terms of
accuracy, as observed in [28,29].

As shown in Section 2.1, the electromagnetic forces are a sum of harmonic pressure
waves [30]. Thus, modal superposition is applied, which involves the summation of the
responses of a significant number of modes of vibration. The amplitude of vibration for
each mode is determined by the excitation frequencies and natural frequencies, and on the
modal participation factor. This, in turn, is subjected to the mode shapes and the pressure
distributions [29,31,32]. Consequently, the mode shapes and natural frequencies of the
system are required, and can be calculated either by FE calculations or analytically.

The vibration response for the radial direction is

[e9)

Mr(x/ 0, t) = Zni(t)uri(xle)/ (6)
i=1

where 7;(t) is the modal participation factor and U,;(x, 0) is the radial mode shape of the
ith mode.

As the excitation force is a sum of harmonic pressure waves (see Section 2.1), the steady-
state response is also a sum of harmonic responses with a phase lag (¢;) with respect to
the force .

7i(t) = Y Agel =9, )
k=1

where the amplitude of the response is
Fyi
\/(wz w?)? + 482w w?

Api = 8

; —

where w; is the natural frequency, wy is the frequency of the kth pressure wave, ¢; is the
modal damping of mode i, and F; is the modal force of the kth pressure wave and ith
mode. To account for axial and radial-tangential mode shapes, the subscripts i are changed
to nm, with n denoting the radial-tangential mode order and m the axial mode order.

Considering the stator as a cylinder [29,31,32], for the radial pressure gi, and the radial
mode shape Uj,,r, the modal force is obtained as

1 I r2m 40d
Fypm = m/o /0 Gy Unmra X, )

I /2
Com = || [ (Ul U2 + U )actodl, (10)

where Uymr, Uyme, and Uyp,y are the mode components of the radial, tangential, and axial vi-
brations, and p, i, and a the equivalent density, thickness, and radius of the stator [29,31,32].
The modal shape functions can be assumed to be the same as for a cylindrical shell:

Uymx = Rcos(nd) cos (nTx) (11)
Um0 = Ssin(nf) sin (mlnx) (12)
Uy = T cos(nB) sin (@) (13)

Entering the mode shapes for the fix ends case in Equation (10) [29]:



Appl. Sci. 2021, 11, 4849 50f17

1 r2r
[ |
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+ [Z/lr cos(n0) sin (@

[Ux cos(n6) cos (@)r + [Ug sin(n6) sin (mlnx)r_'_

(14)
2
)} ]adedx - "7”1(243 FUR+UP),

where Uy, Uy, and U, are the amplitudes of the mode shapes. The equation can be written
in terms of one of them, so that the result depends on that arbitrary amplitude, which
vanishes when substituted into Equations (6) and (9). If the boundary conditions were
those of free ends or any other case different to that of the fixed ends, the constant term of
the equation changes but a similar expression is obtained. The fixed ends condition is taken
into consideration due to the assumption of stiff end-plates on both sides of the stator.

As outlined in Section 2.1, the magnetic flux density in Equation (5) introduced in
Equation (1) gives the pressure as the sum of the pressure waves:

oo o0

q(0,t) = Y Y Py cos(wyt) cos(AyB), (15)
k=1v=1

where Py, is the amplitude of the pressure, wy is the rotational frequency of the pressure,
and A, is the wave number.

For each radial-tangential (1) and axial () mode, and each pressure component kv,
the amplitude Fy,,,, is obtained. This amplitude depends on the shape of the modes and
the spatial distribution of the pressure waves. From Equation (9), it is concluded that
the amplitude of the vibration response equals zero when A, # n. In any other case,
the integral with respect to the tangential direction is 0.

In the case of fixed ends, for n = A, and odd values of m, the value is

2al

Frnm = kavunmr- (16)

This amplitude is introduced in Equation (8), with the corresponding natural fre-
quency (wyun,) and excitation frequency (wy), and the amplitude of the vibration response
is obtained.

2.3. Finite Element Calculations of the Natural Frequencies

Several models were proposed to obtain the natural frequencies and vibration modes
in electric motors. These machines are composed of many elements; however, to analyse
the influence of the number of slots and poles, only the stator and windings are taken into
account, since the shaft and rotor are considered negligible [33,34].

As the stator is comprised of a pack of several steel sheets, orthotropic equiva-
lent material properties have to be applied to the solid part representing the laminated
stator [21,33,35-39]. The material properties are usually adjusted by an updating proce-
dure in accordance with the experimental natural frequencies [21,35-40].

Windings are even more complex to model. Most researchers define a solid part of
the volume of material representing the windings [18,21,22,37,39-41] to account for the
mass and stiffness that the windings impose. The material properties of that part are
also estimated by an updating procedure in accordance with the experimental natural
frequencies [37,39,40].

A model of the assembly of the stator and windings was used (see Figure 1), where
the stator and windings are two solid parts fixed to each other.
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Figure 1. FEM stator and windings model.

The material properties applied to the model, adjusted by updating, [37,40] are listed
in Table 1.

Table 1. Material properties of the stator and the windings (Elasticity and shear moduli (E;, Ey, Gy,
and Gy) are given in GPa).

E; G, Vr Ey Gy Vyx
Stator 210 50 0.25 6 4.1 0.005
Windings 0.8 0.4 0.005 50 20 0.3

The FE calculations were carried out using ABAQUS software. Quadratic-order
reduced integration elements were used to ensure that accurate results were obtained.

2.4. Experimental Measurements

Two types of experimental measurements were carried out: (i) measurement of the
natural frequencies, in which the structure is excited by an external force and the vibra-
tion response measured; (ii) operational vibration response measurements, to obtain the
vibration response of the motor due to its exciting forces.

2.4.1. Measurement of the Natural Frequencies

The natural frequencies of the stator were experimentally measured, exciting the
system suspended by rubber bands with an impact hammer, as shown in Figure 2.

Figure 2. Experimental setup of the measurement of the natural frequencies of the stator.
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The equipment used for the measurements is as follows:

e  Acquisition system Pulse Briiel & Kjeer Front-end type 3560C and a laptop with Pulse
Labshop software.

e  AnICP impact hammer of Briiel & Kjeer 8206-003 with a plastic tip (with a maximum
frequency of 2000 Hz).

e  5ICP triaxial accelerometers of PCB 356A16 (available frequency range from 0.5 Hz to
5000 Hz).

2.4.2. Measurement of the Vibration Response

The vibration response was measured with the machines fixed, as shown in Figure 3,
with the accelerometers placed on the outer faces.

Figure 3. Experimental setup of the measurement of the vibration response.

The equipment employed for the measurements were as follows:

e  Acquisition system Pulse Briiel & Kjeer Front-end type 3560C and a laptop with Pulse
Labshop software.

o  ICP triaxial accelerometers of PCB 356A16 (available frequency range from 0.5 Hz to
5000 Hz).

2.4.3. Machines Measured

Two machines were measured: one of 18 slots and 8 pole pairs (18p8) and another of
48 slots and 8 pole pairs (48p8). The application of these machines is the elevator sector.
Their characteristics are set out in Table 2.

Table 2. Characteristics of the electric motors 18p8 and 48p8.

18p8 48p8
Pole pairs (p) 8 8
Slots (Qs) 18 48
Air gap 1 mm 1 mm
Length 100 mm 100 mm
Rotor outer diameter 220 mm 220 mm
Rated speed 300 rpm 300 rpm
Maximum speed 400 rpm 400 rpm
Rated torque 180 Nm 160 Nm

Rated power 5.7 kW 5kW
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Figure 4 shows the diagram of the winding of the 18p8 machine. Each coil has 40 turns
and the winding topology is a double-layer concentrated winding.

18 1 2 3 4 5 6 7 8 9
A-| [a+a+] [a-B+] [B-B-| [B+BH Bc+gccgc+c+gc/x A—
3 — — — ==
= S =L
. — 8

A- A+ B+
9 10 1 12 13 14 15 16 17 18

A-B+| B-B-] [B+B+

Bc+gccgc+ c+gc A [ A-

A-| JA+A+

Bf

Figure 4. Diagram of the winding of the 18p8 machine.

Figure 5 shows the drawing of the rotor of the 18p8 machine. It is a surface-mounted
permanent magnet rotor, and the shape of the magnets is rectangular.

Figure 5. Design of the rotor of the 18p8 machine.

3. Results

In this section, the calculations and measurements carried out to analyse the influence
of the number of stator slots and rotor poles are given.

First, the influence of the number of stator slots on the natural frequencies is presented.
Several stators of different number of slots are analysed by Finite Element (FE) simulations
and experimental measurements.

Second, the vibration response of several slot and pole combinations are calculated
and rules to predict the predominant harmonics are deduced. From this, design rules for
an optimised vibratory behaviour are obtained.
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(a) Mode 1

Finally, the analytical predictions and the design rules proposed are experimentally val-
idated.

3.1. Analysis of the Influence of the Number of Slots on the Natural Frequencies

The natural frequencies of the assembly of the stator and the windings were calculated
by means of the model defined in Section 2.3 for several numbers of teeth (or slots) of
the stator. The other geometry parameters were not altered, thus, the outer shape, inner
diameter, and teeth height remained unchanged. Furthermore, the number of teeth were
changed but the teeth volume to slot volume ratio was kept constant. The tooth width
was changed in the same proportion but inversely to the proportion at which the number
of teeth is changed. For instance, if the number of teeth was doubled, the tooth width
was halved.

Four cases were analysed: 18, 36, 48, and 72 teeth. The first three modes in Figure 6
were compared for the abovementioned four models.

(b) Mode 2 (c) Mode 3

Figure 6. First three mode shapes of the assembly of the stator and windings.

In Table 3, the results obtained are shown. In each mode, almost the same natural
frequencies were obtained.

Table 3. Comparison of the first three natural frequencies (in Hz) of the stators with different numbers
of teeth.

18 Teeth 36 Teeth 48 Teeth 72 Teeth
Mode 1 477.62 469.04 488.38 463.83
Mode 2 546.04 545.66 541.34 549.67
Mode 3 717.73 714.98 724.63 718.80

The experimental natural frequencies measured for the stators of 18 and 48 teeth are
compared in Table 4.

Table 4. Comparison of the first four natural frequencies (in Hz) of the stators with different numbers
of teeth.

18 Teeth 48 Teeth Difference (%)
Mode 1 395.17 44454 11.11
Mode 2 574.03 561.70 —-2.20
Mode 3 568.96 600.02 5.18
Mode 4 631.83 700.06 9.75

Considering that the number of slots and the windings are not the same, and that the
manufacturing process leads to a certain variability in the behaviour of individual units,
the differences in natural frequencies are negligible.
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3.2. Analysis of the Influence of the Number of Slots and the Number of Poles on the
Vibration Response
Equations (2)—(4) determined that the spatial orders of the pressure waves are kp
and kp £ vQ; (see Section 2.1) and, in accordance with the model shown in Section 2.2,
the mode excited is of the same spatial order (1) as the pressure wave (see Equation (16)).
Figure 7 shows the modes of the lowest radial-tangential orders in the radial-
tangential plane.

.: / )
‘ /

(a) Mode order 0 (b) Mode order 1 (c) Mode order 2 (d) Mode order 3

Figure 7. Lowest four mode orders. The deformed mode shape is indicated in red and the unde-
formed mode shape in blue.

In order to identify the modes that produce a higher vibration, the lowest natural
frequencies obtained by the analytical model proposed in [29] are listed in Table 5.

Table 5. Natural frequencies of the lowest radial mode orders of the assembly of the stator and windings.

Mode (n,m) 2,1 1,1 3,1 4,1) (5,1) (6,1) 0,1)
Frequency (Hz) 6757 7003 11445 1614.1 1881.1 21694 22634

The above table shows that the modes of lower spatial orders have lower natural
frequencies. Nevertheless, the frequencies do not increase with the order when orders 0
and 1 are considered.

Hence, the first aspect to take into account is the lowest spatial order excited 1,
which is obtained by the Greatest Common Divider (GCD) of the number of slots (Qs) and
the number of poles (2p) [13,18,42]. The Bézout's identity gives n,,;;, = gcd(Qs,2p) from
n = ip £ jQs. Therefore, it is suggested that gcd(Qs,2p) should be maximised in order to
reduce vibrations and noise [13,18]. However, not only does the mode order excited has
to be taken into account. The amplitude of the harmonic exciting that mode must also be
considered, which is of lower amplitude for higher harmonics.

In addition, the radial forces of the Oth spatial order are often significant, as is the
vibration response that they may also induce [42]. Therefore, the main vibration peaks arise
when the lowest vibration mode order (1,,;,) and the Oth mode order (breathing mode) are
excited. Thus, by taking into account the harmonics which excite those mode orders, it is
possible to determine the harmonics which induce the highest vibrations.

The harmonics of the magnetic pressure k and the slots v that induce the highest
vibration peaks can be calculated by the equation n = |kp &+ vQs]:

e  The harmonics that excite the lowest order n = gcd(Qs, 2p) are obtained finding the
integers k that fulfil the equation ged(Qs, 2p) = |kp £ vQ;|, where k the harmonic of
the pressure due to the magnetomotive force can only be even.

e  The harmonics that induce Oth order force, where n = 0, are those that fulfill kp = vQ;,
which is calculated with the value of the LCM. Therefore, k and v can be obtained
from lem(Qs, 2p) = kp and lem(Qs, 2p) = vQs.

To determine the design guidelines, a number of motors of the same dimensions but
different numbers of poles and slots were compared. The width of the teeth and the slots,
and the angle of the poles were changed in accordance with the number of slots and poles,
to maintain the same proportions. The machines were named by the number of slots and
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the number of pole pairs separated by p. In Table 6 the GCD and LCM of each machine are
set out, as well as the smallest harmonics of the pressure due to the magnetomotive force
and slotting.

Table 6. Characteristics of the machines of 8 pole pairs.

Machine 12p8 18p8 24p8 30p8 42p8 48p8
ged(Qs, 2p) 4 2 8 2 2 16
lem(Qs, 2p) 48 144 48 240 336 48

Kmin|n=gcd 2 2 2 4 16 4
Z7min|n:gcd 1 1 1 1 3 1
Kumin|n=0 6 18 6 30 42 6

Vmin|n=0 4 8 2 8 8 1

Table 6 shows that the zero-order harmonic may dominate in the machines 24p8
and 48p8. The lowest mode orders excited by those machines are 8 and 16, respectively,
whose natural frequencies are significantly higher than that of the mode of 0 spatial order.
The amplitude of the pressure of 0 spatial order is linked to the LCM value, which in
this case is also the same. It is also linked to the slotting harmonic, which is the second
harmonic in 24p8 whereas it is the first in 48p8, the latter being of higher amplitude. For
this reason, the amplitude of vibration plotted in Figure 8 is lower for the 24p8 machine
than for the 48p8 in the 6th harmonic and its multiples. Furthermore, other harmonics
present larger amplitudes for 24p8, since the second main mode excited is the 8th instead
of the 16th. Similar results are observed for 12p8; however, in this machine, the mode of
order 4 may also be significant, excited by the second pressure harmonic and its multiples.

T
x
1021 .
x
x x x
< * x
Y 4 fod ¥ * x x |
§;1O ol x x *
c x X *
o * % 22 * * ¥ *
© x x ¥ X
I x x % X z 3 x ¥ x
©
Q
2 106k x x 48p8| |
X 42p8
x 30p8
*  24p8
18p8
12p8
8l B
10 | | | | | | | | | | | |

1 1
0 2 4 6 8 10 12 14 16 18 20 22 24 26 28 30
Magnetomotive force harmonic

Figure 8. Comparison of the vibration response of machines of several numbers of slots and
8 pole pairs.

The 18p8, 30p8, and 42p8 machines have high LCM values, hence, vibrations of
spatial order 0 may not be significant. However, their GCD values are low (2), and thus,
the pressure harmonics that excite that mode have to be taken into account. These are the
2nd, 4th, and 16th harmonics, and give the largest vibration amplitudes.

Finally, the number of poles was changed to observe their influence on vibration
response. The machines compared are listed in Table 7.
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Table 7. Parameters of the machines of 8 and 10 pole pairs.
Machine 12p8 12p10 15p10 18p8 24p8 24p10
ged(Qs, 2p) 4 4 5 2 8 4
lem(Qs, 2p) 48 60 60 144 48 120
Kinin |n:gcd 2 2 2 2 2 2
Umin |n:gcd 1 2 1 2 2 1
Kmin|n=0 6 6 6 18 6 12
Vmin|n=0 4 5 4 8 2 5

The vibrations obtained are compared in Figure 9. The rotational speed is the same
for all the machines; hence, the frequencies of the harmonics are different for 8 and 10
pole pairs. The main harmonics of the machines of 10 pole pairs are, for the most part,
accurately predicted. The difference is significant between the 12p10 and 15p10 machines
due to the lowest mode order excited, which are the 4th and 5th, respectively. Therefore,
exciting a mode of higher order makes the vibration amplitudes much lower.

Magnetomotive force harmonic (p=10)

0 2 4 6 8 10 12 14 16 18 20 22 24
10-2, TT T T T T T T T T T T T T T T T T3
prooiX 12p8 :
12p10
3 * 15p10
107¢ b x 18p8 E
* ¥ x 24p8
< b ox % * 24p10
E -4 x * § o X ¥
E107F PR & b3 o}
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3 ol I * %
8 10 E R =
Q E * < 4 x
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x ]
107 ! ! ! ! ! ! ! ! ! ! | J

| | | |
0 2 4 6 8 10 12 14 16 18 20 22 24 26 28 30
Magnetomotive force harmonic (p=8)

Figure 9. Comparison of the vibration response of machines of several numbers of poles and slots.

Regarding the comparison of the 8 and 10 pole pair machines, the amplitudes in the
machines with the greater number of poles were generally found to be bigger, as were
their frequencies. However, as expected, in the same frequency range, a lower number of
harmonics was obtained.

3.3. Experimental Verification of the Analytical Results

In order to verify the design rules proposed, experimental measurements of two
machines were carried out. The motors measured were a 48 slot and 8 pole pair machine
and an 18 slot and 8 pole pair machine (see Table 2). Figure 10 shows the comparison of
the analytical calculation of the 48 slot and 8 pole pair machines with the experimental
measurements. The results are in good agreement, thus, it is concluded that the main
harmonics mentioned in Section 3.2 are clearly determined.
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Figure 10. Comparison of the vibration response of the machine with 48 slots and 8 pole pairs.

In addition, the machines of 48 slots and 8 pole pairs, and of 18 slots and 8 pole pairs

are compared in Figure 11. The predominant harmonics can be clearly observed in each
case: the 6th harmonic for the 48p8, which corresponds to the mode order 0 due to a low
LCM value, and the 2nd harmonic for the 18p8 due to the low GCD value (see Table 6).

0. T T T E|
10 Experimental 18p8
*  Analytical 18p8
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E | Lo ,
c [ ‘\ | |
S 152 A AN | f}»
g ° ’ T N N/* J“ ““ " I 'Y4 i " " A,‘ [ “ ‘ |
g | A L A TR R ’1'\\ ",\‘
210'3; WV | i I \// / V ! f
C | ‘ * A
-4 | | | | | | | + | ! ! ! % * T
10 0 2 4 6 8 10 12 14 16 18 20 22 24 26 28 30

Electric order

Figure 11. Comparison of the vibration response of the machines of 18 slots and 8 pole pairs,
and 48 slots and 8 pole pairs.

4. Discussion

Using the calculations and the measurement of the natural frequencies in Section 3.1,
it can be concluded that the natural frequencies of the stator are roughly the same for
significantly different numbers of teeth. Nevertheless, it should be noted that the diameters
of the stators and the volume of teeth and windings are almost the same. It is therefore
possible to change the number of slots without altering the structural behaviour, if the
dimensions of the stator core and the volume of teeth and windings remain the same.

The equations given in Section 3.2 are proven to be a reliable tool to determine the
harmonics of the vibration response with highest amplitudes (see Figure 11).

In order to reduce vibrations, in addition to the maximisation of ged(Qs, 2p), it may
also be advantageous to maximise the LCM of the number of slots and the number of poles
(lem(Qs, 2p)). This is because a higher LCM means that a higher harmonic of the pressure is
generating that harmonic, thus, the amplitude of that harmonic will be lower. Nonetheless,
maximising ged(Qs, 2p) and lem(Qs, 2p) is not possible, because their product equals the
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product of Qs and 2p. For this reason, a simple design rule to choose the best numbers of
slots and poles to minimise vibrations could not be determined.

Considering the results obtained (see Figure 8), it can be concluded that low GCD
values and high LCM values concentrate vibrations in the harmonics that excite the lowest
modes. The amplitudes of these peaks are generally higher as they correspond to a mode
with a low natural frequency. In the contrary case, if GCD is high, LCM is low, and
mode 0 becomes significant. Thus, the lowest mode obtained with the GCD should not
be excessively high. In 24p8, the amplitudes of the harmonics were quite similar, with
8 being the order of the lowest mode excited. In the case of 48p8, mode 0 dominated,
because the lowest mode was too big (16) and became insignificant. With nonexcessively
big GCD values, the amplitudes are similar, therefore, the maximum amplitude obtained
is minimised. Taking this into account, it is concluded that 24p8 is the best among the
machines compared.

Nevertheless, depending on the application, a certain frequency range must be
avoided, thus, the machine should be designed to have a few dominant peaks out of
that frequency range. In this case, the GCD or the LCM should be maximised. Depending
on the harmonic amplified in each of those cases and the frequency range where low
vibrations are desired, the most appropriate combination can be chosen. For instance, 18p8
with a low GCD (2), which means a high amplitude of the second harmonic, can be an
optimum design. If the predominant harmonic is out of the frequency range where the
vibration should be low, the vibratory behaviour of that machine would be good due to
the low amplitudes of most harmonics. Machine 48p8 with a low LCM also presents high
amplitudes in a small number of harmonics. In this case, the sixth is the predominant
harmonic, but a good performance may be possible by keeping that harmonic out of the
frequency range to be avoided. In some cases, the problem is noise and, in general, low
frequencies are not the main contributors. Thus, 18p8 may be a good design as the second
harmonic is the predominant one. In other applications, the problem is the transmission
of the vibrations to the surrounding elements and low-frequency vibrations are the most
difficult to attenuate; in that case, 48p8 may be a good alternative. 18p8 and 48p8 have been
measured (see Figure 11), hence, the design rules proposed are experimentally validated.
These rules could prove crucial for the early design stage in which the number of slots and
pole pairs are defined.

It was also observed (see Figure 9) that the increasing number of poles increased
vibration amplitudes, but for the same rotational speed, presented less peaks in the same
frequency range.

Finally, this study highlights the influence of the shape of the magnets or the ge-
ometry in which they are placed in the rotor on the amplitudes of the harmonics of the
magnetomotive force of the magnets.

5. Conclusions

The present study analysed the main design parameters in PMSMSs, the number of
slots and poles, to determine their effect on vibrations. Using simple and fast calculations
such as the LCM and the GCD of the number of slots and the number of poles, a significant
amount of information was obtained. The harmonics to take into account in terms of
vibration were determined, as was the likelihood of their amplitudes being significant.

Based on these findings, design guidelines were presented for an optimum vibra-
tory behaviour. These propose that the highest or lowest possible GCD should be set if
the vibration is required to be concentrated in one or a few harmonics. In these cases,
the frequency range to be avoided should be taken into account. In the contrary case, if it
is desired that the vibration is equally distributed over many harmonics, it is proposed
that nonexcessively low Least Common Multiple and Greatest Common Divider values
are chosen.

The results were validated with experimental measurements of the natural frequencies
and the vibration response carried out in several machines.
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The main limitation of the procedure proposed in this study is that the amplitudes are
unknown. In some cases, it is not possible to know which of the predominant harmonics
of two machines will be larger. Another limitation is that changing the number of slots
may require a different winding, therefore, some characteristics of the motor may change
significantly.

A more in-depth optimisation of the design is possible when the worst harmonic is
identified. In changing the shape of the magnets, the amplitudes of the harmonics of the
magnetomotive force may change, thus, the amplitude of the harmonics with the highest
amplitudes could be reduced. In addition, the design rules proposed consider only the
vibratory behaviour, and changes in electromagnetic performance should be analysed. It
is therefore a subject of future work to establish design guidelines to optimise vibrations
together with the electromagnetic performance such as the torque.
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