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Abstract: To solve the problem of tension stress caused by centrifugal force and caused by high-speed
operation of permanent magnet (PM) rotor, a FeCo-based PM rotor structure model is proposed.
Based on the thick-walled cylinder theory, the uniform analytical calculation formulas of strain field,
displacement field, and stress field of high-speed permanent magnet rotor are derived, and the
stresses of FeCo-based PM and sleeve are obtained. The correctness of analytical calculation method
(ACM) is verified by finite element method (FEM). Based on the derived analytical formula, the
influence of static interference, sleeve thickness, rotating shaft, and PM thermal expansion coefficient
on the strength of high-speed permanent magnet rotor is analyzed, and the mechanical design law
of high-speed permanent magnet rotor is summarized. Alloy sleeves are usually fitted outside the
high-speed permanent magnet rotor to protect the PM from damage. In order to ensure safe operation
of PM rotor under hot rotating conditions, strength calculation and check of sleeve and PM must
be carried out. Based on the characteristics of slender structure of high-speed rotor, a high-speed
permanent magnet motor (HSPMM) with a rated power of 100 kW and a rated speed of 18,000 r/min
was produced, and a continuous operation test was carried out to verify the validity of the above
theoretical analysis.

Keywords: FeCo-based; HSPMM,; rotor stress analysis; Temperature; ACM; FEM

1. Introduction

HSPMM has excellent performance of high power density, small volume, and high
efficiency, and its rotor strength has always been an important problem restricting its
development [1,2]. When the high-speed motor is running, all parts of the rotor are
subjected to huge centrifugal force, so the surface mounted permanent magnet rotor
structure with rotor sleeve is often used [3] to ensure the safety of the PM. Common rotor
sleeve materials mainly include high-strength metal materials (such as titanium alloy and
Inconel alloy) and high-strength composite materials (such as carbon fiber, glass fiber, and
aramid fiber) [4,5]. Their physical properties are very different: the metal sleeve has good
conductivity and large eddy current loss in the sleeve, but its thermal conductivity is high,
and the rotor is easy to dissipate heat. The conductivity of the fiber sleeve is very low,
and there is almost no eddy current and loss in the sleeve, but its thermal conductivity is
poor, and it is difficult for the rotor to dissipate heat. Therefore, the sleeve material has a
significant effect on the eddy current loss and temperature rise of the HSPMM rotor.

Scholars at home and abroad have carried out a lot of research work on the strength of
high-speed rotors [6—8]. Based on the finite element analysis model, in [9-12], the author
has studied the influence of sleeve thickness and interference on rotor stress by using the
parametric method, and determined the sleeve parameters accordingly. In view of the
difficulty in selecting the rotor parameters of high-speed motor, in [13] the author uses
the finite element method to comprehensively consider the effects of material anisotropy
and centrifugal force and proposes a set of optimization design methods for HSPMM rotor
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based on multiphysical field coupling. The deficiency of the above methods is that for the
size of the sheath and PM, it is necessary to optimize the sleeve thickness, interference,
and other parameters, and the calculation is mostly based on the finite element model,
so the design method based on the stress analysis model will be used in this paper to
improve the calculation efficiency. In [14] the author also used the finite element method
to calculate the strength of the HSPMM rotor but did not carry out in-depth calculation
of the rotor strength. In [15], they added a glass fiber layer between the sleeve and the
PM to solve the problem of bending stress at the contact of the sleeve. At the same time,
the ACM and the FEM were used for comparative analysis to verify the correctness of
the structure. In [16], the author further studied the rotor strength under the coupling of
multiple physical fields. For an HSPMM with a rated power of 10kW and a rated speed
of 120kr/min, in [17] the author derived the analytical formulas of the stress field, strain
field, and displacement field of the HSPMM rotor under different assembly methods, and
verified the accuracy of the ACM through the FEM. However, the reference ignored the
influence of temperature on the rotor stress. In [18], the analytical formulas of stress field
and displacement field of high-speed solid PM rotor are derived, and the correctness of the
ACM is verified by using the FEM. In [19], the rotor strength variation law of high-speed
surface mounted PM synchronous motor with inter pole filler block was analyzed by ACM
and FEM, respectively. For three-layer and two-layer rotor structures, the stress analytical
model of isotropic material rotor is derived in [20,21]. For the PM solid rotor structure with
alloy sleeve, in [22], the author established a stress analysis model and directly calculated
the sleeve interference with critical contact pressure between the sleeve and the PM on the
premise of knowing the sleeve thickness. In [23], the author established an analytical model
of rotor stress, compared the rotor stress distribution under four kinds of sleeve materials
and two kinds of PM materials, and designed the sleeve size of each rotor.

In the previous ACM of rotor strength, the influence of rotor working temperature
should be further considered. Because it is very difficult to measure stress and strain
at high-speed, the theoretical prediction of high-speed annular PM rotor strength is an
economical and feasible method to guide the mechanical design of high-speed permanent
magnet rotor. According to the slender structural characteristics of high-speed annular
permanent magnet rotor, based on the thick wall cylinder theory, this paper deduces the
analytical calculation formula of high-speed permanent magnet rotor strength considering
the rotor working temperature. Using the FEM, the rotor strength of a HSPMM with rated
power of 100 kW and rated speed of 18,000 r/min is analyzed under steady, cold, and
hot rotating conditions. The correctness of the ACM is verified by finite element analysis
and experiments. At the same time, combined with the ACM, the influence of different
factors on the mechanical strength of the rotor is analyzed, and the design law of the rotor
of HSPMM is summarized.

2. Analytical Calculation of Rotor Structure and Rotor Strength of HSPMM
2.1. Rotor Structure of HSPMM

The rotor structure of HSPMM is simple, which is mainly composed of rotor shaft iron
core, PM, and titanium alloy sleeve. The PM adopts FeCo-based PM. The structure model
of motor rotor is shown in Figure 1, and the material properties of each part of the rotor are
shown in Table 1.

Table 1. Rotor material performance parameters.

Material Property Rotor Core  FeCo-Based NdFeB Titanium
Alloy Sleeve
Density (kg/ m?) 7850 7770 7400 4500
Elastic modulus (GPa) 210 140 160 108
Poisson’s ratio 0.31 0.24 0.24 0.34

Temperature expansion coefficient

(/o /°C) 11 10 6 10
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FeCo based ring permanent magnet

Titanium alloy sleeve
Carbon steel shaft

Figure 1. Rotor structure of HSPMM.

2.2. Analytical Calculation of Rotor Strength of HSPMM

The rotating shaft, FeCo-based PM, and titanium alloy sleeve of HSPMM are circular.
According to the classical thick wall cylinder theory, the strength of FeCo-based PM rotor
is analyzed and calculated, the outer radius of rotor core is set as R,;, and the inner and
outer radius of PM are R;,, and R,;;. The inner and outer radius of titanium alloy sleeve
are R; and Ry, the rotor dimension is shown in Figure 2a, and the interference between
PM and titanium alloy sleeve is 6. PM is in binding contact with the rotor core, and the
interference is 0.

Rom — Rjt = 6; Ror — Rijy =0 1

Titanium alloy sleeve

Permanent magnet
Rotor core ‘

Rit
Rot

Shaft aﬁ;
(a)

Permanent magnet

Titanium alloy sleeve

(b) (©

Figure 2. Rotor system. (a) Rotor size marking, (b) Force analysis of sleeve, (c) Force analysis of PM.
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The stress of titanium alloy sleeve is shown in Figure 2b. Firstly, it is assumed that
the contact pressure of the contact surface between the rotor core and the PM is P;,, the
contact pressure of the contact surface between FeCo-based PM, and titanium alloy sleeve
is P;. On this basis, the stress differential equations of titanium alloy sleeve and PM are
solved, respectively, and the analytical solutions of stress and displacement of each part of
the rotor are obtained.

According to the theory of elasticity, the equilibrium differential equation of titanium
alloy sleeve considering high-speed centrifugal force can be deduced as follows:

doys | Ors — Ofs 2.
i —i-f—i-pwr—o (2)

where 0y, 045 is the radial stress and tangential stress of titanium alloy sleeve at radius 7, p
is the density of titanium alloy sleeve, w is the angular velocity of titanium alloy sleeve.

Considering the influence of rotor heating on titanium alloy sleeve, the physical
equation is:

0, (o
Ers = - - ﬁﬂs +.BS(T1 - TO)
Es Es
o o 3)
ts rs

& = F TR HS + Bs(T1 — Tp)

where E;, j; is the elastic modulus and Poisson’s ratio of titanium alloy sleeve; B is the
TEC of titanium alloy sleeve; s, & is the radial strain and tangential strain of the sleeve at
the radius r, T, T is the initial temperature of the sleeve at radius r and the temperature
after rotor heating, AT = T — T5. The temperature difference of titanium alloy sleeve AT is
the mathematical function of radius r.

The strain geometric equation of the sleeve is:

dvys Urs
€rs = W;Sts = 4)

where vy, is the radial displacement of the sheath at the radius r.
Simultaneous Equations (3) and (4) can obtain the radial stress and tangential stress of
the titanium alloy sleeve at the radius r as:

E dv v
Ors = 182< = + ﬂsﬁ — (1 + ﬂs)ﬁsAT)
—uz \ dr r
E dv v ©)
_ S rs Urs
Ots = 1 7 ]/lg ( S d}’ + r (1 + I/ls),BsAT)
By substituting Equation (5) for Equation (2), one can obtain:
A2vps 1dvss Uy d(AT)  pw?r(1—u?)
dr? +; dr _rT_(1+ys)ﬁs dr E; ©)

By solving differential Equation (6), the radial displacement v, of titanium alloy sleeve
after considering rotating speed and heating can be obtained:

B w?r3(1 — 12
UySZAV‘F;—%ES‘uS)

r
o+ b [ ATrr @)
r Ry
where A and B are the undetermined coefficients of the solution of the differential equation,
which can be obtained according to the stress boundary conditions, and R;; is the inner
radius of the titanium alloy sleeve.
Substituting Equation (7) into (5), the radial stress and tangential stress of the titanium
alloy sleeve are obtained as:
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E E 1 w?r?(1—u2)(3 +
(Trs=—'8;25f£itATrdr+1 Sy2[A(1+y5)+B(y5—1)r—2—p (1= i) VS)]

e ok ®
E E 1 pw?r?(1—p2)(Bus + 1
Ops = —'BizsflgﬁATrdrnL 1 _Sy% [A(1+ us) + B(ps — 1)72 _P ( gls-jz( K )] — BsEsAT

Under the action of the uniform pressure P; on the inner surface of the titanium alloy
sleeve, the force on the outer surface is 0, namely:

‘7’rs|r=R,} = —Py Urs‘r:Rut =0 )

Solving the stress boundary Equation (8) yields the coefficients A and B

A PO p) (B ry y o pwPRE(1 ) () (R K2, 1

E, RZ R 8E, 1-k2
1 (10)
P+ ps) (L= ps)Bs Ry pw?R% (14 ps) (3 + ps) (k2 —1), R
B=]| E. R R, ATrdr + SE. ] 21

where, Ks = Rt/ Ry, the radial stress is obtained by substituting coefficients A and B into
(8), (9) 0+s and tangential stress oy are:

Ors =

k2P, R%.  pw?(3+ ug) R2R? r2 — R2
1— ot RZ RZ it"ot 21 1— it
1fk§[ el 8 (Rip + Rop + = == R% - R?

RZR%  (Bus+1)
2 2 ot Hs 2
[Rji + Roy + — 5 — 3+ 1s 4+ 1+

BsE
) izsflgu ATrdr

(11)
K2P;
1— k2

R%.  pw?(3+pus) 2 +R%  BsE
1 70t _— it sbs pr _
1+ 2 ]+ 3 713& *Ri) ATrdr — BsEsAT

Tt =
ts 72 JRi

According to the theory of material mechanics, the Von-Mises stress of titanium alloy sleeve at
radius r is:

1
oM = \/E [(0vs — 016)* + 02 + o?] (12)

The stress of FeCo-based PM is shown in Figure 2c. Its inner surface is under the action of
uniform pressure pin and its outer surface is under the action of uniform pressure P;. According
to the stress analysis of titanium alloy sleeve solved above, similarly, the equilibrium differential
equation of FeCo-based PM radial displacement can be obtained as follows:

a2 Urm 1 dvyy Urm

— = (1+]4m),5md

(AT)  pw?r(1—p3,)
dr? r dr 2 N

dr En

(13)

where v, the radial displacement of the permanent magnet at radius r. E;, u are the elastic
modulus and Poisson’s ratio of permanent magnet, respectively; B, is the TEC of permanent magnet.

The radial displacement i, of titanium alloy sleeve after considering rotating speed and heating
can be obtained:

2,301 _ .2
oo —Cr s Do)
r 8E,;

1 r
+ (Lt ) B /R ATrdr (14)
where C and D are the undetermined coefficients of the solution of the differential equation, which
can be obtained according to the stress boundary conditions, and the inner radius is R;;,.
Substituting Equation (7) into (5), the radial stress and tangential stress of titanium alloy
sleeve are:
Em

1
Grm = 1 2, (C(1+ pm) + D (pm — 1)72

_pw?r? (1 = ) Bpm + 1)
8Eum

ﬁmEn r
|- p lfRim ATrdr
(15)

E 1 2r2(1 — 2,) (Bpm + 1
Utm:7m[C(1+Hm)+D(Hm—1)Z—pwr( 8;;::")( pm +1)
m

1- V%l
where 0y, 04y, is the radial stress and tangential stress of permanent magnet at radius r.

|- ﬁ”f”’ Iz, ATrdr — BuEnAT
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The inner surface of FeCo-based PM is affected by the uniform pressure -P;,, and the uniform
pressure on the outer surface is —P;, that is:

Urm|r:R,m = _Pz'n/'arm|r:R0m =D (16)
Solving the stress boundary Equation (8) yields the coefficients C and D

pw?R3, (3 + pm) (K2, — k)
]
8E,;

1w —P;
Cc= i % SR ATrdr +
it

1—ky” Em
2R3 ) (kj, — 1) o7
Y4 P — P _& Rot PWRGy, (3 + pm) (ki — 1
P=g il E, RifR” Ardrs 8Em ]

where, Ky, = R;;;, / Rom-
The radial stress of PM is obtained by substituting the coefficients C and D into (8), (9) oy, and
tangential stress oy, are:

Py o Ry paP(3+ RE.RS 7"~ Riy ) BuE

o= K81 By oGty Sy o Ky Bl gy
) om — Ny 18)
BPin (g4 Ron )y et G po gz g RinRon _ m 4100 (g, P4 Ry B fr Trdr — BT (

Oy — pw(3+4m) [R2 - ¥ i rdr —

R T L TS Ron = RG,~ 12 o

According to the theory of material mechanics, the Von-Mises stress of FeCo-based PM at
radius r is:

1
OmM = \/E[(Urm - Utm)z + O +‘Tt2m} (19)
3. Comparisons between ACM and FEM

3.1. Rotor Size Parameters of HSPMM

The rotor size parameters of the HSPMM are shown in Table 2. In order to verify the accuracy of
the previous ACM, the FEM and the analytical method are used to analyze a high-speed permanent
magnet with a rated power of 100 kW and a rated speed of 18,000 r/min. The motor rotor is subjected
to stress analysis and calculation. The 2D model used by the FEM is shown in Figure 1. FeCo-based
PM and NdFeB PM are brittle materials. According to the first strength theory, the Von-Mises stress
of the PM is less than its maximum tensile strength, then PM is safe.

Table 2. Rotor size of HSPMM.

Material Property Rotor Core = FeCo-Based NdFeB Titanium Alloy Sleeve

Outside diameter (mm) 94 108 108 118
Inside diameter (mm) 0 94 94 108

Both FeCo-based PM and NdFeB PM can withstand large compressive stress, but their tensile
stress is relatively weak. PM needs to adopt an interference fit. If the interference is too large, the
assembly difficulty of the titanium alloy sleeve and the PM will be greatly increased, and the sleeve
will be easily damaged during the assembly process. When loosened, there is no pressure between
the sleeve and the PM, and the function of protecting the PM is lost. In this paper, the interference
between FeCo-based PM, NdFeB PM, and the sleeve is analyzed by 0.06 mm. Considering the
experimental requirement of 20% overspeed of the high-speed motor, the stress analysis under
high-speed rotation is carried out at 120% of the rated speed of the motor, that is, 21,600 r/min.

3.2. Stress Analysis of Steady Condition

Under the steady condition (22 °C, 0 rpm/min), Figures 3 and 4 are the Von-Mises stress
nephograms of the sheath and the PM calculated based on the 3D finite element simulation method.
The magnitude of the stress on the PM is shown in Figures 5 and 6. The results of the finite element
and analytical calculation are compared and analyzed, and it can be seen that the analytical method is
consistent with the finite element simulation calculation results. The Von-Mises stress of the titanium
alloy sleeve calculated by the analytical method is 118.8~137.5 MPa, and the Von-Mises stress of
the titanium alloy sleeve calculated based on the finite element simulation is 117.2~135.3 MPa. The
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corresponding NdFeB permanent magnet sleeve is 108.6~127.8 MPa by finite element analysis and
107.4~125.5 MPa by analytical calculation. The Von-Mises stress on the inner surface of the titanium
alloy sleeve is the largest, that is, the inner surface of the titanium alloy sleeve is easily damaged.
As the radius of the titanium alloy sleeve increases, the equivalent Von-Mises stress of the titanium
alloy sleeve decreases. In FeCo-based PM, both radial stress and tangential stress are expressed as
compressive stress. FeCo-based PM can withstand high compressive stress.

Stress/MPa Stress/MPa
8.6

8.0
7.5
6.9
6.4
5.8
53
4.7
4.2
3.6

(a) FeCo based permanent magnet (b) Titanium alloy sleeve

Figure 3. Von-Mises stress distribution of FeCo-based PM and sleeve under steady condition.

; Stress/MPa
Stressé '\,/,I 1l"a 106
l i .
7.75 104

102
100

| 98
!97

95

I - - g I 91
3.26 : 89

(a) NdFeB permanent magnet (b) Titanium alloy sleeve

Figure 4. Von-Mises stress distribution of NdFeB PM and sleeve under steady condition.

20 140 Von Mises stress (FEM) : i
§ Von Misgs stress (ACM) i Von Mises stress (ACM)
< H ;
= a 120 .
% 100 boutbn >
A 10+ Von Mises stress (I':M) S
8 Lo ‘ Tangential strgss (ACM) § 100.; Taﬁgentia[étress (FEM) i L
= T ; = T : : L \ ]
Q Tangential styess (FEM) 3 ) i Tangential stress (ACM)
o] :
S =30t D0 ; |
@) @ Radial stress (FEM)
O 175 : i i
Lt) : Radial stress (ACM) 20+ ; . ; ;
40 F Radial stress (FEM) Radial stress (ACM)
L L L 1 1 1 1

49 50 .51 52 53 54 54 SIS 56 57 5I8 59
Permanent magnet radius(mm) Sleeve radius(mm)

(@) (b)

Figure 5. Stress distribution of (a) FeCo-based PM and (b) sleeve under steady condition.
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(a) (b)

Figure 6. Stress distribution of (a) NdFeB-PM and (b) sleeve under steady condition.

Permanent magnet radius(mm)

Under steady conditions, the titanium alloy sleeve and FeCo-based PM will not be damaged
due to interference fit. For NdFeB PV, in other words, compared with FeCo-based PM, the Von-Mises
stress of NdFeB PM is smaller than FeCo-based PM under steady condition.

3.3. Stress Analysis of Cold Rotating Condition

Under cold rotating condition (22 °C, 18,000 rpm/min), Figures 7 and 8 are Von-Mises stress
nephograms of titanium alloy sleeve and PM based on 3D FEM simulation calculation. The Von-Mises
stress at the inner surface of titanium alloy sleeve is the highest, which is 112.29 MPa. With the
increase of radius of titanium alloy sleeve, the Von-Mises stress of titanium alloy sleeve decreases. The
stress values of titanium alloy sleeve and PM calculated by finite element simulation and analysis are
shown in Figures 9 and 10. By comparing and analyzing the finite element and analytical calculation
results, it can be seen that the analytical calculation basically agrees with the calculated stress values
by FEM. The radial stress of titanium alloy sleeve is still compressive stress, and the sleeve and PM
are still interference fit. The Von-Mises stress of sleeve calculated by finite element simulation is
118.45~137.86 MPa. The Von-Mises stress calculated by analytical method is 119.67~139.52 MPa. The
corresponding NdFeB permanent magnet sleeve is 112.63~132.75 MPa by finite element analysis
and 113.96~134.24 MPa by analytical calculation. Compared with the Von-Mises stress under steady
condition, the maximum Von-Mises of the titanium alloy sleeve increases slightly under cold rotating
condition. The increase of Von-Mises stress of the titanium alloy sleeve is mainly caused by centrifugal
force caused by high-speed rotation.

Stress/MPa Stress/MPa
112

111
109
108
106
104
103
101
100
98

(a) FeCo based permanent magnet (b) Titanium alloy sleeve

Figure 7. Von-Mises stress distribution of FeCo-based PM and sleeve under cold rotating condition.
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Stress/MPa Stress/MPa

. 13.1 . 112
12.6 111
12.1 109
11.6 108
11.1 , 106
10.6 . 104
10.1 g 103
9.6 101
9.1 100
8.5 98

(a) NdFeB permanent magnet (b) Titanium alloy sleeve

Figure 8. Von-Mises stress distribution of NdFeB PM and sleeve under cold rotating condition.
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Figure 9. Stress distribution of (a) FeCo-based PM and (b) sleeve under cold rotating condition.
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Figure 10. Stress distribution of (a) NdFeB-PM and (b) sleeve under cold rotating condition.

Under the cold rotating condition, the radial stress of the FeCo-based PM presented as the
compressive stress and the tangential stress as the tensile stress, and compared with that under
the steady condition. The radial stress and the tangential stress of the FeCo-based PM all showed
an increasing trend, that is, the compressive stress of the FeCo-based PM decreased, and after the
rotation of the high-speed permanent magnetic rotor, the overfilling between the sleeve of titanium
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alloy and the FeCo-based PM decreased, which caused the contact pressure to decrease, leading to
the reduction of the compressive stress of the FeCo-based PM. Corresponding to it, the NdFeB PM
radial stress was similarly presented as compressive stress and the tangential stress as tensile stress.

3.4. Stress Analysis of Hot Rotating Condition

Under the hot rotating condition (120 °C), Figures 11 and 12 are the Von-Mises stress nephograms
of titanium alloy sleeve and PM calculated based on 3D FEM. The stress magnitude of titanium alloy
sleeve and PM calculated by FEM and ACM is shown in Figures 13 and 14. Through comparative
analysis of finite element and analytical calculation results, it can be seen that the calculated stress
magnitude of the two is basically consistent. The Von-Mises stress of titanium alloy sleeve calculated
by FEM is 139.58~159.32 MPa, and the Von-Mises stress of titanium alloy sleeve calculated by ACM
is 140.07~160.06 MPa. The corresponding NdFeB permanent magnet sleeve is 138.74~158.65 MPa
by FEM analysis and 139.28~159.47 MPa by ACM. Compared with the calculation of cold rotating
condition, the Von-Mises stress of titanium alloy sleeve under hot rotating condition increases.

Stress/MPa Stress/MPa

140
138
136
134
132
130
128
126
124
122

(a) FeCo based permanent magnet (b) Titanium alloy sleeve

Figure 11. Von-Mises stress distribution of FeCo-based PM and sleeve under hot rotating condition.

Stress/MPa Stress/MPa

145
140
134
129
123
118
| 112
106
101
95

138
134
131
128
124
121
| 117
114
111
107

(a) NdFeB permanent magnet (b) Titanium alloy sleeve

Figure 12. Von-Mises stress distribution of NdFeB PM and sleeve under hot rotating condition.
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Figure 14. Stress distribution of (a) NdFeB-PM and (b) sleeve under hot rotating condition.

Under hot rotating condition, because the TEC of carbon steel rotating shaft is greater than
that of titanium alloy sleeve and PM TEC, the displacement of the outer surface of carbon steel
rotating shaft caused by temperature is greater than that of PM inner surface. At the same time, the
displacement of the inner surface of titanium alloy sleeve caused by temperature is less than that of
FeCo-based PM outer surface. It is precisely because of the different surface displacement caused by
temperature that the contact pressure between the surface of titanium alloy sleeve and PM surface
increases. This leads to an increase in Von-Mises stress in the sleeve.

Under hot rotating condition, the tangential stress at the inner surface of FeCo-based PM is
tensile stress. FeCo-based PM is compressive but not tensile, and the ability of tensile stress is
limited. Tensile stress is easy to cause damage to FeCo-based PM. The tangential stress of FeCo-based
PM calculated by finite element simulation is 19.81~32.47 MPa. The tangential stress calculated
by analytical method is 20.09~33.62 MPa. Due to the expansion of rotor shaft and PM caused by
temperature, the contact force between the inner diameter of PM and the outer surface of rotor shaft
increases, resulting in tensile stress on the inner surface of FeCo-based PM. Since TEC of FeCo-based
PM is much larger than NdFeB PM, the influence of rotor system operating temperature on NdFeB
PM stress is much larger than that on FeCo-based PM stress.

4. Analysis of Influencing Factors of Rotor Stress
4.1. Influence of External Condition Parameters of Rotor

The stress distribution of high-speed permanent magnet motor rotor is very important. The
stress distribution of motor rotor is affected by external conditions, motor temperature rise, rotor
speed, and other factors. Figure 15 shows the 3D diagram of FeCo-based PM radial stress and
tangential stress varying with temperature and speed, and Figure 16 shows the 3D diagram of NdFeB
PM tangential stress and radial stress varying with temperature and speed.
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Figure 15. Influence of temperature and speed on FeCo-based PM stress. (a)FeCo based radial stress;
(b) FeCo based tangential stress.
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Figure 16. Influence of temperature and speed on NdFeB-PM stress. (a) NdFeB based radial stress;
(b) NdFeB based tangential stress.

As can be seen from Figures 15 and 16, the rotating speed will cause the titanium alloy sleeve
and PM to produce corresponding centrifugal force, and the temperature will cause the titanium
alloy sleeve and PM to produce corresponding expansion displacement. This will reduce the pre-
pressure of the titanium alloy sleeve on PM, and the PM tangential stress gradually increases with
the increase of temperature and rotating speed. The minimum tangential stress of PM appears when
the temperature and rotating speed are the lowest, which is manifested as compressive stress. When
the motor rotating speed and temperature reach the highest, PM tangential stress also reaches the
maximum value, which is manifested as tensile stress. Due to the pre-pressure of titanium alloy
sleeve on PM, the radial stress of PM is shown as compressive stress (negative number) at steady
condition. With the increase of rotor speed, the force of titanium alloy sleeve on PM due to centrifugal

force begins to decrease, resulting in the radial stress of FeCo-based PM gradually approaching from
negative value to positive value.

4.2. Influence of Rotor Structural Parameters

The stress distribution of the rotor is also affected by the structural parameters of the rotor, such
as interference, polar arc coefficient, and sleeve thickness. Figure 17 shows the influence of static
interference on the Von-Mises stress of titanium alloy sleeve under three working conditions. The
Von-Mises stress of titanium alloy sleeve is the largest under hot operation.
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Figure 17. Influence of static interference on sleeve stress.

The PM rotor of high-speed motor generally adopts ring PM (pole arc coefficient is equal to 1)
and block PM (pole arc coefficient is less than 1). The disadvantage of ring PM is that the cost is
relatively high, and there is a gap between block permanent magnets, which is easy to increase the
Von-Mises stress of titanium alloy sleeve. In order to avoid this situation, the gap is usually filled
with non-magnetic materials. The Von-Mises stress of titanium alloy sleeve under hot high-speed
condition calculated based on finite element simulation method is shown in Table 3. Compared with
the ring PM structure, the Von-Mises stress of titanium alloy sleeve has little change.

Table 3. Von-Mises stress of sleeve under different polar arc coefficient.

Polar Arc Coefficient Sleeve Von-Mises Stress (MPa)
0.7 103.86~135.82
0.8 104.67~136.35
0.9 105.53~137.18
1 106.78~139.62

Under hot rotating conditions, the thermal expansion coefficient (TEC) of PM and rotor core
have a great impact on the rotor stress. Figure 18a shows the impact of the TEC of PM on the
rotor stress, and Figure 18b shows the impact of the TEC of rotor core on the rotor stress. With the
increase of the TEC of rotor core, the stress of PM and sheath increases significantly. Obviously,
when using PM materials with large TEC, PM will produce large temperature displacement at a
high temperature. However, due to the interference fit between the sleeve and PM, PM stress can
be effectively reduced. On the other hand, when TEC large rotor core is adopted, the rotor core will
produce large temperature displacement at high temperature. Due to the bonding of PM and rotor
core, PM will produce large tangential deformation, resulting in large PM stress. Therefore, a large
PM TEC or a small rotor core TEC can greatly improve the reliability of the rotor at high temperature.
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Figure 18. Influence of TEC on sleeve stress. (a) TEC of PM; (b) TEC of rotor core.

Figure 19 shows the magnitude of Von-Mises stress in the sleeve under different thickness
of titanium alloy sleeve. The premise is to keep the compressive stress between the sleeve and
FeCo-based PM unchanged. With the increase of sleeve thickness, the Von-Mises stress in the sleeve
decreases, and the decreasing trend of Von-Mises stress in the sleeve gradually decreases with the
increase of sleeve thickness.
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Figure 19. Influence of sleeve thickness on sleeve Von-Mises stress.

5. Motor Testing and Analysis

According to the above analysis, a 100 kW and 18,000 rpm /min FeCo-based PM high-speed
motor was manufactured. The experimental platform is shown in Figure 20. The motor is 2 poles
and 24 slots. The stator winding is three-phase, star connected, double-layer, distributed short pitch
winding (pitch y = 10 slots), the outer diameter of the stator is 286 mm, the surface speed of the rotor
is 111.2 m/s, and a FeCo-based PM material with a thickness of 7 mm is used. The structure of the
PM is a ring. The titanium alloy sleeve with a thickness of 5 mm is wrapped on the surface of the
PM material to ensure the high-speed and reliable operation of the rotor. Its main parameters are
shown in Table 4. In order to test the performance of the prototype, in the experimental test, four
PT100 resistance temperature sensors are placed in the stator winding, and two PT100 resistance
temperature sensors are placed near the air gap of the stator to record the temperature of the stator
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winding and air gap. We used the power analyzer to measure the power and voltage parameters
such as current and torque.

System Power supply Cooling water
controller  system system

Toque “

Temperature
Prototype Dynamometer
Sensor SCNnsor
Figure 20. Prototype experimental platform.
Table 4. Main parameters of HSPMM.
Parameter Value Parameter Value
Output power/kW smallskip 100 Rotor out diameter/mm 94
Rated speed /rpm 18,000 PM thickness/mm 7
Rated voltage/V 380 Sleeve thickness/mm 5
Mechanical air gap/mm 2 Stator slot 24
Pole number 2 pole arc coefficient 1

5.1. Electromagnetic and Temperature Characteristic Test

In the rated load experiment, the electromagnetic and thermal characteristics of the prototype
were tested. The voltage curve measured and simulated under rated load operation is shown in
Figure 21a. The measured value of root mean square (RMS) of the line voltage under rated load is
518.2 V, which is smaller than the simulated value of 529.3 V. The main reason is that the temperature
of the PM during measurement and simulation calculation is different. The current curve measured
and simulated under rated load operation is shown in Figure 21b. The temperature distribution in
the stator winding is measured by PT100 resistance temperature sensor. In the test, the temperature
rises rapidly at the beginning, and becomes very stable after 2.5 h of test.
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Figure 21. Simulation calculation and measured results under rated load operation, (a) Line voltage,
(b) Current.

Table 5 summarizes the key performance of the prototype and the winding temperature after
stabilization. The average temperature measured by the four temperature sensors of the stator
winding is 102.8 °C, and the temperature measured by the temperature sensor near the air gap on the
stator side is 98.3 °C. The output power of the prototype is obtained by the platform power analyzer.
The measured total power loss is 5.4 kW and the efficiency is 94.87%, indicating the rationality of the
electromagnetic design of FeCo-based PM high-speed motor.

Table 5. Comparison between numerical calculation and experimental measurements.

Parameter Calculation Measurement
Running time (h) N/A 2.5
Speed (rpm/min) 18,000 18,000
Input power (kW) 107.2 107.8

Induced line voltage (V) 386 384
Phase current (A) 167.1 178.6
Power factor 0.952 0.95
Winding temperature (°C) 96 102.8

5.2. Times Rated Speed Test

In the thermal high-speed rotor stress analysis in the previous Section 3.4, because it is estimated
that the rotor temperature is constant, there will be a large error 1 compared with the actual operation
of the rotor. Therefore, the rotor stress should be recalculated through the temperature stress coupling
model at 1.2 times the rated speed to obtain accurate calculation results. In this analysis, the rotor
temperature is determined by experimental test, and the actual temperature of the air gap near
the stator side is 98.3 °C. Figures 22 and 23 show the rotor stress distribution obtained through
coupling analysis. The maximum FeCo-based PM stress is 20.1 MPa, the maximum NdFeB PM stress
is 120 MPa, and the maximum sleeve stress is 130 MPa. It is very obvious that the stress of NdFeB PM
has greatly exceeded its maximum tensile strength of 80 MPa, while FeCo-based PM and titanium
alloy sleeve meet the tensile strength of the material and retain a certain safety margin.

Before measuring the no-load back electromotive force, first test the mechanical strength of the
rotor at 1.2 times the rated speed. The rotor can run safely at 1.2 times the rated speed for several
hours, and then carefully check the rotor surface and permanent magnet without any damage. At the
same time, in order to verify the rotor stress, continuous test is also very important. In order to test
the continuous working stability in practice, HSPMM has operated continuously at the rated speed
for one week, and the rotor runs well without any abnormality, indicating that the rotor is safe and
reliable at high-speed.
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Figure 22. Rotor stress by coupled temperature-stress model. (a) FeCo-based PM stress, (b) Sleeve.
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Figure 23. Rotor stress by coupled temperature-stress model. (a) NdFeB PM stress, (b) Sleeve.

6. Conclusions

In this paper, the rotor strength of HSPMM is studied in detail. Because the tensile strength of

FeCo-based PM is 70 MPa (the tensile strength of NdFeB PM is 80 MPa), it is still difficult to resist
the huge centrifugal force caused by high-speed rotation. Therefore, the interference fit between
titanium alloy sleeve and PM is required to generate pre-pressure to offset the centrifugal force caused
by high-speed rotation and reduce the tensile stress of permanent magnet during hot high-speed
operation. Finally, the prototype is tested, and the correctness of the theoretical analysis is verified
and summarized as follows:

@

@
©)

In this paper, the structural model of FeCo-based ring PM rotor is proposed. Based on the thick
wall cylinder theory, the analytical expression of the stress between the sleeve and the PM is
deduced. The influence of speed and temperature on the strength of the high-speed PM rotor is
considered in the analytical calculation, and the accuracy of the analytical calculation is verified
by the finite element method. The calculation comparison results show that it is necessary to
consider the influence of temperature in the strength calculation.

Due to the large coefficient of thermal expansion of FeCo-based PM, the effect of rotor tempera-
ture on FeCo-based PM stress is much less than that on NdFeB PM stress.

The TEC of the rotating shaft affects the stress distribution when the rotor rotates at high-speed
in hot state. The TEC of the rotating shaft is large. When the rotor rotates at high-speed in hot
state, the stress on the sleeve and PM is the largest, and the tangential stress of the PM increases
significantly, even showing tensile stress.



Machines 2022, 10, 462 18 of 19

(4) Using PM materials with large TEC or rotor core with small TEC can greatly reduce the
stress of PM.
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