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Abstract—This paper discusses a study on Interior
permanent magnet synchronous motor(IPMSM) which has
high power density. The focus is placed on applications
where the centrifugal forces due to high-speed operation are
the major mechanically limiting design factor. In order to
improve efficiency performance of IPMSM, this paper
presents a study by making hole around barrier. The
suitable hole disperses rib stress that is concentrated by the
centrifugal force. And the use of hole can be reduced rib
thickness of IPM rotor and it can help reduction of the
PM|[Permanent Magnet] leakage flux. And saliency ratio
can be also increased. For this study, structure analysis of
rotor is performed by finite element method (FEM). And
electromagnetic parameters of the improved IPMSM are
calculated by using the equivalent circuit method (ECM)
and finite element method (FEM). And characteristic
analysis is performed and we confirm that efficiency is
improved. This example presents that it is possible to
significantly improve the rotor’s structural integrity and
motor efficiency using the techmniques described in this

paper.

Index Terms— Centrifugal force, Hole, IPMSM(Interior
permanent magnet synchronous motor), Rib stress, Stress
dispersion.

I. INTRODUCTION

The interior permanent magnet synchronous motors
(IPMSM) have wide applications to household goods,
industrial use, and electric and hybrid vehicle propulsion.
Because of their superior performance characteristics,
that including high efficiency, high torque density, and
wide constant power operating range, the IPMSM is to be
a good machine for vehicle propulsion.

In IPM motors, the PM are buried insider the rotor core,
which is not only for avoiding the separation of PM
caused by the centrifugal force at high speed, but also for
employing a hybrid torque generation, that including
magnet torque and reluctance torque. The magnet torque
is produced by the permanent magnets, and the reluctance
torque is generated from the unique rotor structure[1]. Fig.
1(a) illustrates a conventional IPM rotor structure, that
the axis directly along the d-axis exhibits high reluctance
due to the low permeability of PM, while along the g-axis
that between the flux-barriers inside the IPM rotor, there
exists no magnetic barrier, that having low reluctivity to
magnetic flux. This variation of the reluctance around
rotor creates rotor saliency effect, which can generate

Financial support should be acknowledged here. Example: This
work was supported by Japanese Ministry of Research.

reluctance torque in addition to the magnet torque[2]. By
utilizing the unique hybrid torque generation, the high
efficiency performance can be achieved[3].

According to the analysis of hybrid torque
characteristics above, the increase of reluctance torque
production due to higher rotor saliency can compensate
the decrease of magnet torque production when
generating specific torque production. In general, the
higher the rotor saliency creates, the lower the
dependency on magnet torque. As a result, the currents
fed to the stator windings can be reduces and the copper
loss caused in armature windings decreases
correspondingly, which is helpful to improve motor
efficiency performance.

First, this paper presented a study by rotor structure
analysis. As previous mention, IPM rotor core was
affected by the centrifugal force at high speed. The force
is generally concentrated in rib. Therefore the rib must be
thick. However the more rib is thick, the more magnetic
flux leakage is increased. If rib is thick, structural safety
is good. But efficiency is bad. Therefore in IPMSM
design, structure analysis of rotor is important because of
avoiding the separation of PM and motor performance at
high speed.

Second, this study presented that concentrated stress of
IPMSM Rotor dispersed by drilling holes around barriers.
Because of this application, concentrated stress of rib was
dispersed and rib thickness was reduced.

Third, the machine parameters and performances are
calculated by using finite element method(FEM) and
equivalent circuit method(ECM).

Finally, the machines characteristics between the
prototype IPMSM model and the IPMSM model applied
hole are compared to investigate the improvement of
motor performance.

II. THEORY

A. Model and The centr fugal force cf Rotation Machine

In rotating machine, stress of rotor can be divided by
tangential stress (1) and radial stress (2) in a homogenous
annulus of uniform thickness with inner radius, Ri, outer
radius, Ro, spinning at angular velocity, @ [5]. And the
£ 1is the density and v is the poisson’s ratio of material.
Fig. 1(b) shows stress direction of element for rotating
machine.

And the mechanical stress of the rib is mainly in the



form of tangential tensile stress. So mainly this tangential
stress formula (1) is used to find analytical method of rib
stress in IPMSM[4]. But the formula is applied for
Homogenous annulus of uniform thickness. Rotor which
we analyzed isn’t annulus of uniform thickness.
Therefore there is all difference between analytical results
and FEM (Finite Element Method) analysis. So this study
used FEM analysis and formula (1), (2) is only used to
decide design direction of improved model.

3 ROR® 143
to ol o o fofy 143 (1)
= RO+R +———
7gI="g P | Ry K, 2 3+v
252
3to a2 0 RyRT @)
Ur(r)—Tpa) R0 +Ri - 2 -r
TABLEI
SPECIFICATION OF ANALSIS MODEL
Value
Voltage [Vdc] 120
Current Limit [Arms] 6
Max.Torque [Nm] 3.35
Max.Power [W] 700
Base speed / Max speed 2000 / 6000

(a) Prototype IPMSM

(b) Stress component of rotating machine
Fig. 1. Motor

9L®,

(b) Rotor applied hole
Fig. 2. Rotor

(a) Prototype Rotor

B. Structure analysis using for FEM

First, Fig2. (a)’s structure analysis was performed. And
then it is analyzed. As we anticipated analysis result,
stress concentration showed around rib. We focused on
dispersion of concentration stress. So we made a hole
around barrier and stress of rib was dispersed. TABLE1
is specification of analysis model. Table II appears Max.
stress of rib. Generally the more rib thickness reduces, the
more increase concentration stress of rib become. But we
could reduce rib thickness from 0.7mm to 0.6mm by
making holes at same Max. stress of rib. And table II

presented that rib 0.6mm Hole’s model acted on the
lowest stress. Fig3 showed distribution of rib stress. This
analysis was performed to model that don’t inserted
permanent magnet. And rib maximum stress is based on
safety factor ‘2’.

TABLEII
RIB STRESS
Rib0.7mm| R0 7MW Ripo, | RibO-6mm
_Hole _Hole
Rib Thickness [mm]| 0.7 0.7 0.6 0.6
Hole no Yes no Yes
Max. Speed [rpm] 18000
Material S18
Y.P [Mpa] 270
Rib Stress [Mpa] | 123.05 [ 107.65 [ 1374 | 1207
Safety Factor 2

i
e iy

o

(b) Rib 0.6mm

(B) Rib0.6mm_Hole

Fig. 3 Stress of rotor

C. Back electromotive force (BEMF) and Total
harmony distortion(THL)

Using the FEM, BEMF and THD of model (Rib0.7mm,
Rib0.6mm and Rib0.6mm Hole) was calculated. Fig5.
showed BEMF and THD. Generally the more rib
thickness reduce, the more increase BEMF become.
Table III appeared influence of rib thickness and holes.

TABLE IIT
. . Rib0.6mm
Rib0.7mm Rib0.6mm
Hole
Phase BEMF [Vrms] 21.18 21.35 21.37
THD[%] 16.38 16.38 16.16
s —+—Rib 0.7mm 105 o T
S Rib 0.6mm 100 [0 Rib 0.6mm
& \‘. —=—Rib 0.6mm_Hole 9s B Rib 0.6mm_Hole
215 o, 90
@ ‘g \-\ rI g 8
g0 3 / 2°
=10 \\ 11 ET
i o
2z LY P d
e N/ s
=3 Vosas
'400 60 120 180 240 300 360 0 12345678 91011121314151617181920
Electrical angle | °| Harmonic order
(a) Bemf (B) THD

Fig. 4. Bemfand THD



D. Equivalent Circuits Method (ECM)

Equivalent circuits for IPMSM based on a synchronous
d-q reference frame including iron losses are presented in
Fig. 3. By using this method, the efficiency performance
of IPMSM can be quickly predicted, while the motor
characteristics can also be investigated at the same time.

The mathematical model of the equivalent circuit is
given as following equations. Iron loss is considered by
equivalent resistance R,[5]. The d- and g-axis voltages
and currents are given by equations (1), (2) and (3), and
hybrid torque, energy loss and motor efficiency are given
by equations (4), (5) and (6) respectively.

i R b H R
d o d +
o 9 3

(a) d-axis equivalent circuit (b) g-axis equivalent circuit
Fig. 5 Equivalent circuit of IPMSM model in d-q reference frame

q-axis 7

d-axis
a

Fig. 6 Calculation of L, and L, by FEM
v i v L, 0|1
B bR b i P
v, I R )| Vo 0 Lq I
Vv 0 -oL, |t 0
"= O @)
Vog oL, 0 log wy,

q° a= id+iq (4)

1 .
Tan{l//ala cosﬁ+5(Lq —Ld)lazsmz/i’}

(6)
:Rl l//aiod +(Ld _Lq)iodioq} :TM +TR
2 2
(vod +V0 ) . .
VV/OSS = I/Viron + WCU[,pEV :Tq + (ld2 + l:)Rzz (4)
P t
=——a __ «100% 6
77 I)out +VVIOSS ’ ( )
cosa — i
L, =Yo7V, , =%ne )
i i,
i,=I,co8f, i,=—Isinf (8)

Where iy and iy are d- and g-axis component of
armature current, i.q and i.q are d- and g-axis component
of iron loss current, v4 and v, are d- and g-axis
component of terminal voltage, R, is armature winding
resistance per phase, R, is iron loss resistance, vy, is flux
linkage of PM per phase(rms), Ly and L are d- and g-axis
inductance, P, is number of pole pairs, B is the lead angle
of phase current (tan'l(-id/iq)), the saliency ratio is
defined as p(Ly/Ly), 1 is the efficiency of IPMSM.

E. Inductance and Salient ratio

If rib thickness was reduced, rotor core is easily
saturation. And the both d,q-axis inductance is decreased.
But because reduction of d-axis inductance is greater than
reduction of g-axis inductance, rotor saliency ratio is
increased. And the improved rotor saliency changes the
balance of magnet torque and reluctance torque in hybrid
torque generation. And the increased reluctance torque
production compensated the magnet torque production.
Because of this reluctance torque, permanent magnet
usage will be reduced.

The d,q-axis inductance and saliency ratio are
calculated and compared separately in Fig. 7, 8, 9. Table
IV showed parameters in main operating region[(@
4Arms, current angle 40° ]. We knew that saliency ratio
of rib0.7mm model is more good than rib0.6mm model.
Saliency ratio was increased by d-axis saturation when
rib thickness reduces from 0.7mm to 0.6mm. Table IV
also looked like that saliency ratio wasn’t influenced by
the holes in same rib thickness because Rib0.6mm hole
model didn’t perform optimization of holes position. This
paper presented that saliency ratio was improved by rib
thickness reduction through making the holes.

TABLEIV

SALIENT RATIO AND D, Q-AXIS INDUCTANCE
@ 4ARMS, CURRENT ANGLE 40°

. . Rib0.6mm
Rib0.7mm Rib0.6mm
_Hole
d-inductance [mH] 19.1 18.8 18.5
q-inductance [mH] 32.9 33.3 32.4
Salient ratio [Lq/Ld] 1.71 1.76 1.75
40 24
|—o—Ld
2364 1 Arms l l—Lq 22
En 1 g 2.0
Ezs <  — T 3 ‘ 1 Arms ‘
£ e arms | g =~ [T ]
i FriarmsH 2 16 ——1
2 g
520 — g?%gé%f £ 14 6 Arms
Zi6 7%&5/ @
12
2 l l l ‘ 6 Arms ‘ ‘ ‘ ‘
01020 30 4050 e 70 80 s 0 10 20 30 40 50 6 T 80 90
Currentangle [ ° | Currentangle | °|
(a) d, q-axis inductance (b) Salient ratio
Fig. 7. Inductance and Salient ratio @ Rib 0.7mm
40 24
—‘—‘—‘ —o— Ld|
Z36f 1Arms | ‘ ‘ —1Lq ,, ‘ ‘ ‘
Ean — —— g N LT
o 9N\
g2 | 6Arms g8 — )
s | [1ams 2, IR ———
20 z
S 72;555 2 6 Arms
416 =
1 ‘ 6 Arms L 12
T
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¢ 10 20 30 40 S50 60 70 80 9 0
Currentangle [ °| Current angle | °|

(a) d, q-axis inductance (b) Salient ratio
Fig. 8. Inductance and Salient ratio @ Rib 0.6mm
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(a) d, q-axis inductance (b) Salient ratio
Fig. 9. Inductance and Salient ratio @ Rib 0.6mm_Hole

10 20 30 40 50 60 70 80 O9C



F. Characteristic Analysis

The efficiency and characteristic current at all operation
resign is shown in FiglQ. The Rib 0.6mm hole that was
applied to holes had more high performance than Rib
0.7mm model. Because of reduction of rib thickness d-
axis flux path was saturated. And saliency ratio was
improved. Increase of Saliency ratio caused improvement
of reluctance torque. The increase of reluctance torque
production due to higher rotor saliency can compensate
the decrease of magnet torque production when
generating specific torque production. In general, the
higher the rotor saliency creates, the lower the
dependency on magnet torque. As a result, the current fed
to the stator windings was reduced and the copper loss
caused in armature windings decreases correspondingly,

which is helpful to improve motor efficiency performance.

The parameters about torque all operation resign is shown
in Figll. Two models have small difference of torque
ripple but those have some differences of cogging torque.
Therefore IPM rotor design for an electric power steering
system (EPS) application seems to be difficult to use the
model applied the holes because motor for EPS have a
sensibility for cogging torque.

—e—Rib 0.7mm
—=—Rib 0.6mm_Hole

o
8

@
xR

@
K

Efficiency [%]

<
]

=

3
=}

0 1000 2000 3000 4000 S000 6000 1000 2000 3000 4000 5000 6000

Speed [rpm| Speed [rpm]|
(a) Efficiency (b) Current
Fig. 10. Efficiency and Current at Operation resign
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Fig. 11. Efficiency and Current at Operation resign
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Fig. 12 Inductance and Sailancy ratio @1Arms

III. CONCLUSIONS

This paper has presented the rotor design to apply
holes for improving efficiency performance in IPMSM.
From the above analyzing based on characteristic
comparisons between the prototype Rib 0.7mm model
and the Rib 0.6mm Hole model, we showed the
efficiency performance improvement through rotor
design to be applied holes. In conclusion to this study,
rotor design which was applied holes can generate higher
rotor saliency that is helpful to improve machine
performances without increasing PM usage.

For IPM motor design it is important to determine
holes position and rib thickness through structure analysis.
Therefore electromagnetic and mechanical design for
optimization design points have to be considered
correspondingly.
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