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This paper considers the design and performance evaluation of interior permanent magnet synchronous
motors (IPMSMs). The initial design such as the sizing and shape design of the stator and rotor is performed
for a given load condition. In particular, the equivalent magnetic circuit (EMC) is employed both to design the
mechanical parameters of the rotor while considering nonlinear magnetic saturation effect and to analyze the
magnetic characteristics of the air-gap of the motor. The designed motor is manufactured and tested to confirm

the validity of the design processes and simulated results.
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1. Introduction

Recently, public concern regarding environmental issues
such as global climate change has grown and various
alternative technologies have been considered. In particular,
hybrid electric vehicle (HEV) technologies, which contri-
bute to reducing global warming, have attracted increased
attention, and HEV market penetration has increased
rapidly. To further advance of HEV prevalence, electric
traction motors with advantageous properties, such as
small size, high power density, and high efficiency, are
necessary [1]. One suitable motor type is the permanent
magnet (PM) machine. Among PM types, IPMSMs are
being studied as a promising candidate for many high-
power industrial applications operating ranges [2, 3].
IPMSMs produce an additional torque, reluctance torque,
by the difference in inductance in the d-q axis as well as
the magnetic torque by PMs. Moreover, it has an advant-
age in high-speed operation in two respects. First, mech-
anically, they are more solid because of the rotor structure
with the inserted PM; thus, there are no circumstances
that cause scattering of the PMs at high speed. Second,
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because there is no additional magnetic air-gap by the
sleeve to prevent PM scattering, the mechanical and
magnetic air-gap lengths are electrically the same. Thus,
the air-gap of IPM-type motors is smaller than in other
types and can obtain a larger speed range via flux
weakening control (FWC). In this study, a novel design
for an IPMSM is introduced and evaluated based on
power and torque. In particular, the aim of this study is to
improve the initial design process using accurate mag-
netic loading based on EMC that considers the magnetic
saturation of the rotor bridge. The designed model was
analyzed in terms of its main characteristics and com-
pared with FEM. In addition, the simulated results are
verified by experiment with a manufactured machine.

2. Design and Analysis of IPMSMs using
Equivalent Magnetic Circuit

2.1. Design Procedure

Figure 1 shows the block diagram of the design process
for the motor. The design process is primarily composed
of three steps, which are described in detail below. The
first step in the design of the motor is the choice of
suitable load conditions for a given application.

Figure 2 shows the characteristic curves of the IPMSMs.
The maximum input voltage that the inverter can supply
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Fig. 2. (Color online) Characteristic curve of [IPMSMs.

to the machine is limited by the DC link voltage and the
PWM strategy used. Additionally, the base speed is limited
by the maximum voltage and the electro-magnetic charac-
teristics of the machine. Table 1 presents the required
characteristics, namely, base speed, rated power, and
maximum voltage. The second step in the design of the
motor is determining the size of the motor. The sizing is
used to select the proper volume for the motor for the
given requirements. Before sizing, the basic values of the
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Table 1. Required characteristics of IPMSMs.

Specification Value Unit

Base speed 3200 rpm
Power at rated 400 W
Maximum Voltage 12 \Y%

design (such as the air-gap, slot opening, current density,
and wire size) are determined from experience and appli-
cations. Using the loading distribution method and the
basic design values, the magnetic and electric loading
influencing the output of the motor can be separated.
Finally, the third step in the design of the motor is an
experimental test in the no-load and load conditions.
Because the back-EMF increases with increasing motor
speed, FWC (an operating method) is used to obtain the
voltage margin and help the machine to operate at higher
speeds. By reducing the magnetic flux of the PM, the
back-EMF is controlled and the voltage margin can be
kept in the high speed, constant power region, as shown
in Fig. 2.

2.2. Sizing
The equation for specific magnetic loading is expressed
as

__ %

Bg,max ap TpLstk (1)
where o, is the effective pole arc coefficient, ¢ is the
linkage flux of the air-gap, 7, is the pole pitch, and Ly is
the stack length of the motor.

The equation for the specific electric loading is ex-
pressed as

2mA2N,,1
m’\[ hta,rms (2)

" 7D

Z=2mN,, 3)

where [, is the phase current, Z is the number of the
conductor, m is the number of the phase, N,, is the
number of turns, and D,; is the inner diameter of the rotor.
Therefore, Z for the three-phase motor is

Z = 06N, @)
The equation for output power from the loading di-
stribution method is expressed as

Paut = (05 ﬂzkwn Bg,max)Diiink (5)

rps

where n,,, is the synchronous speed and k, is the
coefficient of winding. The electromagnetic torque
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Fig. 3. Basic stator structure and parameter definition.

Tout = (Ekag,maxAm) DAZ'iLsik (6)

The equation for the size can be rewritten as

T
o ™

D}Ly =
si-sik C

where C, is the coefficient of power.

From Eq. (7), the size of the motor can be roughly
determined using the power coefficient method.

After obtaining the approximate size of the motor, the
detailed design is carried out considering design para-
meters such as the width and height of the teeth, the width
of the yoke, and the slot area.

Figure 3 shows the stator structure and parameter de-
finition used to design the detailed shape of the machine.
In this figure, R;; is the inner radius of the stator, Ry, is
the radius of the teeth in the middle, R,, is the outer radius
of the stator, 6, is the slot pitch, and d; + d, is the shoe
height. The width of the slot opening (W) is expected to
be approximately two or three times the wire sizes.

The relation between the magnetic flux in the air-gap
and the shape of the stator core is expressed as

— QBtm Wtthtk
2p
where O is the number of the slot and B,, is the
saturated magnetic flux density of the teeth.

The equation for the width of the teeth of the stator core
can be rewritten as

& ®)

2p¢
_ PO
Wth QBtmLstk (9)

Additionally, approximately 10% to 20% of the width
of the teeth is pretty easy for the height of the shoes
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Fig. 4. (Color online) Rotor structure of IPM type.

(d) + dy). In the same context, the width of the yoke is
expressed as

__4
VV)’U 2BymLstk (10)

where B, is the saturated magnetic flux density of the
yoke.

The relation between the slot area and the radius of the
teeth in the middle can be expressed as

As =2a Rsm es(Rsm _Rss) (11)

slot

where ay,, is the ratio of the slot pitch to the width of
the teeth.

The initial design of the stator is complete after cal-
culating the above design parameters for a motor. Figure
4 shows the rotor structure of an IPM-type machine. The
parameters below should be determined in the design of
the rotor shape of bar-type IPMSMs [4].

v )ale)

Wm—Z( > - W,,:|sin a,,,zp (12)

(5wl
Rm _( 2 Wbri Cos amzp Hm (13)
W’=—a—a)(z@24Rf (14)

rib p m 2 m

w

a, = z—éjarctan(ZR’") (15)

where D,, is the diameter of the rotor, W¥,, is the PM
width, R, is the radius of the magnet’s bottom position,
W, is the bridge width, W,;, is the rib width, and «,, is
the pole-arc ratio.

2.3. Equivalent Magnetic Circuit Modeling while con-
sidering Saturated Rotor Bridge
Because the rotor’s inner structure is complex, it is
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Fig. 5. (Color online) Analysis model for a lumped equivalent
magnetic circuit.

difficult to predict the magnetic field distribution based
only on the motor geometry and dimensions. The exten-
sively used lumped equivalent magnetic circuit (EMC)
method is adopted to highlight the influence of rotor
design parameters and provide a simple and useful means
of evaluation at the early stages of design [5]. The
IPMSM rotor structure uses the conventional single-layer
design. To analyze the magnetic characteristics of the
motor using the lumped EMC, several assumptions are
required [6, 7]:

1. The permeability of iron is infinite.

(except in the highly saturated bridge region between
the flux barriers and the rotor’s surface).

2. The magnetic saturation effect is ignored.

(except in the bridge regions, which are given by a
constant saturation flux density B,,, or input B-H data).

3. The effect of irreversible demagnetization of the PMs
is not considered.

A slotless IPMSM with 8 poles is shown in Fig. 5.
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Fig. 6. (Color online) Lumped magnetic circuit.

2

Design and Analysis of Interior Permanent Magnet Synchronous Motor considering Saturated Rotor::- — Kyung-Hun Shiner al.

Table 2. Specifications and initial design parameters for EMC.

Item Symbol Value Unit

Pole Number p 8 -

PM remanent flux B, 1.3 T
Height of PM Hpy 2.8 mm
Width of PM W 15.5 mm
Inner radius of stator Ry 36 mm
Length of air-gap 20 0.5 mm
Thickness of bridge Wi 0.5 mm
Length of axial stack L 18 mm
Outer radius of rotor R, 35.5 mm
Pole-arc 7,(21,0) 27.13 Deg.
Magnet-arc Toad2 Toagn) 25.036 Deg.
Bridge-arc Tori(2 Tpri) 5.12 Deg.

Table 2 lists the initial parameters of this model. Because
the fundamental component of the magnetic flux density
in the air gap is of interest, in this paper, we did not
consider the slotting effect.

Figure 6 shows a lumped magnetic circuit associated
with the flux produced by the single-layer PM segment.
To perform the above-presented lumped EMC, the
following equations are solved in sequence [8]. The flux
from the PMs to the bridge region can be calculated as
follows

¢, =B, - Apy=B,  Wpy - Ly (16)
¢bri = Bsat : Abri = Bsat : Wbri : Lstk (17)
¢ ¢r‘ (¢PM ¢FB )

L= |24 g

2 2 2 2 ¢rtb (18)

where Ap), and A,,; are the area of the PM and bridge,
respectively. @, @y, Pr5, and ¢, are the magnetic flux of
the air-gap, bridge, flux-barrier, and rib, respectively. By,
is the saturated magnetic flux density in the bridge region.

i _¢”"(D § 4R,, § 2R, §4Rg
¢PM ¢FB ¢g
2 2 )
(b)
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The reluctances in each region are expressed as follows
&

Ro= (19)
R _ HPM — HPM (20)
PM Ho* Ky - APM Ho - Ky WPM : Lstk
H
RFB _ FB _ave (21)

Ho - WFBiave : Lstk

where R, (Rpus, Ry) is the reluctance of the air-gap (PM,
barrier) and Hyg ag (Wes ag) is the height (width) of the
barrier. g, and g, are the air-gap length and the space
permeability, respectively.

To obtain the flux density in the air-gap, the area of the
middle of the air-gap is calculated as follows

27T(Rsi _go/z)
Ag = OKPTL

Figure 7 shows the air-gap flux density distribution for
the slotless model and compares it with those of EMC
and FEM. In the above analytical model, the air-gap flux
distribution in the bridge region causes significant
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Fig. 7. (Color online) Air-gap flux density distribution with
slotless model.
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Fig. 8. (Color online) Equivalent circuit of segmented bridge
region.

difference in the flux density waveform (under several
assumptions). If the bridge-arc of the flux barrier is too
wide to be ignored, the predicted air-gap flux density
waveform will produce an obvious error, as shown Fig. 7.
As an expansion of the presented lumped EMC method,
an improved analysis considering the saturation of the
bridge region is proposed; this method exactly predicts
the flux density waveform in the bridge region. The
bridge region is composed of integral circuit units of air-
gap reluctance AR,, and bridge reluctance ARj,;, as shown
Fig. 8.

The segmented reluctances of the bridge region in Fig.
8 are expressed as follows

Eo
AR,, =
£y - (R, -AO- 7/180) - L,
R._-AG, . -7/l
ARrib = ( ro Hbrz ”/ 80)
auo ’ ;ur : Wbri : LSl‘k

where R,, and . are the outer radius of the rotor and
the relative permeability, respectively.

As the bridge region is divided into a larger number of
reluctances, the more closely the results of the analysis
are agreement. The predicted air-gap flux density shows
good agreement with FEM, as shown in Fig. 9. Figure 9
(a) shows the air-gap flux density with only one bridge

(23)

(24)

L0 Nonlinear
—_ Magnetic
t‘ 08 Saturation ",,.!!.'.'.’.'!.'!!!!!!!!.!!.!!!!.’!!!!!!!!{.!..’!!!!!!!!!!!!!..’!.!!‘
B ol
=
< 06
[
= ——FEA
5 04 O EMC(AR, ,: 1000)
&= ——EMC (AR, :0)
o i
A 02 ——EMC(aR, : 1)
=
4: 0.0 L I ]

60 90 120 150 180
Electrical angle [deg.]
(b)

Fig. 9. (Color online) Air-gap flux density considering AR,,. (a) number of ARy,;: 1 and (b) number of ARy,;: 1000.



- 409 —

Table 3. Design parameters of manufactured machine.

Item Value Item Value
Stator Rotor
Outer/Inner 116/72 mm Outer/Inner 71/48 mm
Diameter Diameter
Bridge Thickness 0.5 mm Air-gap 0.5 mm
Rib 4mm Remanent 13T
Fluxdensity
Number of Slot 12 Number of Pole 8
Core Material ~ 50PN470 Magnet N42SH
Material
Winding concentrated Axial Length 18 mm
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Fig. 10. (Color online) Manufactured IPMSM and test equip-
ment for experiment.

reluctance. Figure 9(b) shows the air-gap flux density
with divided bridge reluctances.

3. Experimental Results and Discussion

A previous paper proposed optimum designs of the
stator and rotor shape for IPMSMs using RSM [9]. As a
result, we can significantly reduce the cogging torque
(which causes vibration and noise) by selecting the optimal
design point. Additionally, the results include a feature
that slightly decreased other performances.

The detailed specifications of the initial [IPMSM are
shown in Table 3. Figure 10 shows the manufactured
IPMSM and the test equipment used in the experiment.
The back-EMF induced in a stator winding due to magnet
flux crossing the air-gap is given by the rate of change in
flux linkage with respect to time [10].

Figure 11 shows a comparison of a prediction with non-
linear FEM and an experimental measurement for the
phase of the back-EMF of the manufactured machine.
Figure 11 shows that the predicted results agree well with
measurements in terms of both waveform and amplitude.
Figure 12 shows the torque versus speed curve. The
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Fig. 12. (Color online) Torque-speed performances according
to phase current.
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Fig. 13. (Color online) Power factor versus reference speed in
constant torque region.

Power Factor

results show the characteristic performance of the model
for the load condition. These results are obtained for a
variety of load-conditions from 18 [A] to 40 [A].
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Fig. 14. (Color online) Efficiency versus reference speed in
constant torque region.

Figure 13 shows the power factor characteristics for
different reference speeds under speed control and the
load torque in the constant torque region. At 2500 rpm
and above, the power factor remains near 1, regardless of
the load torque, as shown in Fig. 13. Figure 14 shows the
efficiency of the motor for different reference speeds and
load torques. High efficiency is shown above 2000 rpm.
The load torque was from 0.5 [N'm] to 1.6 [N-m].

4. Conclusion

In this study, detailed initial design criteria for IPMSMs
were determined. First, the load condition is selected in
accordance with the application. Second, the magnetic
and electric loading (which influence the output of the
motor) are separated. Initial design is performed using the

~410-

loading distribution method. Magnetic loading is defined
by EMC while considering the nonlinear magnetic saturation
effects of the rotor bridge. Finally, the performance of the
designed motor was verified using FEM and experiments.
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