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Abstract- Interior permanent magnet synchronous motor
(IPMSM) is usually applied to traction motor in the hybrid
electric vehicle (HEV). All motors including IPMSM have
different parameters and characteristics with  various
combinations of the number of poles and slots. The proper
combination can improve characteristics of traction system
ultimately. This paper deals with analysis of the characteristics of
IPMSM for mild type HEV according to the combinations of
number of poles and slots. The specific models with 16-pole/18-
slot, 16-pole/24-slot and 12-pole/18-slot combinations are
introduced. And the advantages and disadvantages of these three
models are compared. The characteristics of each model are
computed in d-q axis equivalent circuit analysis and finite element
analysis. After then, the proper combination of the number of
poles and slots for HEV traction motor is presented after
comparing these three models.

1. INTRODUCTION

The alternative energy source and high efficiency electric
machine is researched as a part of effort to reduce air pollution
and global warming caused by automobile exhausts. Hybrid
electric vehicle (HEV), Fuel cell electric vehicle (FCEV) and
Electric vehicle (EV) is studied by many researchers especially
in the automotive field. FCEV and EV that is operated with
electric energy are limited by performance of battery and fuel
cell. Therefore HEV is expected alternative solution in the long
term. The main technique of HEV reduces the emission by
using both engine and traction motor [1]. In order to increase
fuel efficiency, optimal control strategy is required according
to operating condition of vehicle. However beyond of optimal
control, performance for traction motor should be maximized.

In the motor, there are different parameters and
characteristics such as winding factor, d- and g-axis inductance,
saliency ratio and force etc, which depend on the combination
of the number of poles and slots. Therefore, the combination of
the number of pole and slot number is determined carefully in
the initial design process to achieve high performance. In this
paper, characteristic analysis of interior permanent magnet
synchronous motor (IPMSM) is used to investigate the
performance of HEV traction motor. Comparison analysis is
performed according to various combination of the number of
poles and slots using d-q axis equivalent circuit analysis and
finite element method (FEM). Based on the comparison result,
the suitable combination for the HEV traction motor is
presented.

II. ANALYSIS MODEL

A. Specification of analysis model

The analysis model is IPMSM which is applied in traction
motor for mild type HEV. The specification of the IPMSM is
shown in Table I. The battery voltage is 155V and R.M.S.
value of current is 200A as constraint condition. The maximum
torque, 105Nm is produced by maximum torque per ampere
(MTPA) control at the low speed, from 0 to 1200rpm. Flux
weakening control is applied to expand speed range and keep
the constant power.
B.  Combination of the number of pole and slot

The combination of the number of pole and slot is important
factor which should be determined in the initial design
processor. First of all, the back-EMF is most important
parameter that affects the output power and performance in the
motor. Assume that same number of conductor and area of
cross section of permanent magnet in the motor, the back-EMF
is varied according to each combination of the number of poles
and slots. The IPMSM which is studied in this paper is limited
with 12 and 16 pole to be easy to select a resolver. The 12-
pole/18-slot, 16-pole/18-slot, and 16-pole/24-slot combinations
are considered. These winding distributions are symmetry and
have large winding factor as shown in Table II.

TABLE 1
SPECIFICATION OF ANALYSIS MODEL
Item Value Unit Remark
Input voltage 155 Ve DC link
Max. torque 105 Nm -
Output power 15 kW Max.
Current limit 200 Ams Max.
Base speed 2000 rpm MTPA
Max. speed 6000 rpm Flux weakening
TABLE II

WINDING FACTOR ACCORDING TO COMBINATION OF THE NUMBER OF POLE
AND SLOT NUMBER

Pole
Slot 4 6 8 10 12 14 16
6 0.866 0.866 | 0.500 0.500 | 0.866
9 0.617 | 0.866 | 0.945 | 0.945 | 0.866 | 0.617 | 0.328
12 0.866 | 0.933 0.933 | 0.866
15 0.711 | 0.866 0.951 | 0.951
18 0.735 | 0.866 | 0.901 | 0.945
21 0.866 | 0.891
24 0.760 | 0.866




C. Configuration of analysis model

The configuration and structure of analysis model which is
shown in Fig. 1 and it shows single electrical period of the full
model. The wining distribution of 16-pole/18-slot model is
different to the others. The winding of one phase is
concentrated spatially. This winding structure creates
inequality magnetic force distribution in the air gap and this
effect will be considered in this paper.

It is hard to design the rotor with ‘V-shape’ of permanent
magnet (PM) in the 12-pole/18-slot model due to constrain
condition as shown in Fig.1 (c). Therefore the structure of PM
is designed to ‘- shape’ in 12-pole/18-slot model.

III. PARAMETERS OF ANALYSIS MODEL

In order to design the motor, parameter such as back-EMF
and inductance should be calculated exactly. The parameter of
motor is computed by numerical analysis.

A. Noload back-EMF
The back-EMF of the each model is calculated using FEM.

The result of back-EMF and harmonic analysis is shown in Fig.

2 (a) and Fig. 2 (b), (c), (d) respectively. Total harmonic
distortion (THD) of back-EMF with 16-pole/18-slot model is
lowest as shown Table III because of unusual winding
distribution. Fig. 3 shows the principle of back-EMF
generation in the 16-pole/18-slot model. Assume that the rotor
is rotated with counter clock wise with N, S pole as shown in
Fig. 3 (a), back-EMF which is generated each slot winding has
phase difference. Fig. 3 (c) shows vector sum of back-EMF
each parallel. It is same with skew effect. This is why the back-
EMF of 16-pole/18-slot model shows better sinusoidal shape
than the other models.

L 4

(c) 12-pole/18-slot model
Fig. 1. Configuration and structure of analysis models

(b) 16-pole/24-slot model

TABLE IIT
THD OF BACK-EMF

Model 16-pole/18-slot 16-pole/24-slot 12-pole/18-slot
THD [%)] 0.1 5.5 42

However, if stator winding is connected parallel circuit,
there is voltage difference, 20° electrical angle among the three
parallel winding as follow (1). It causes that 16-pole/18-slot
model has circulation current when it is operated no-load
condition. It is the reason why the thermal rising of stator coil
in 16-pole/18-slot model is higher than in the others.

ey 14 = ecos(wt—0)
e, 45 = ecos(wt —20) (1)
€5 46 = €cos(wt —40)

where ey 44 €4245 €43450 back-EMF produced each parallel

circuit.
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B. Inductance profile

Inductance profile is calculated according to current and
current angle. The vector diagram is presented in Fig. 4 in
order to explain calculation of d- and g-axis inductance profile.
The d- and g-axis inductance profile is calculated using the
relation between flux linkage of noload and load condition as
shown in (2) and (3) [2]. Finite element analysis is employed to
compute linkage flux. Fig. 5 shows d- and g-axis inductance
profile according to current and current angle for 16-pole/24-

slot model. The aspects of d- and g-axis inductance profiles of
other combinations are similar.

IV. CHARACTERISTICS ANALYSIS

A. d-q axis equivalent circuit analysis

In order to calculate characteristics of IPMSM, d-q
equivalent circuit analysis is employed. Equivalent circuit
frame including iron loss are presented Fig. 6. The
mathematical model of the equivalent circuits is given as
follow equations. Iron loss is considered by equivalent
resistance R., and the d- and g-axis voltages and effective
torque equations are given by (4), (5) and (6), respectively.
Where id and i, are d- and g-axis component of armature
current, i,; and i, are d-and q-axis component of terminal
voltage, R, is armature winding resistance per phase, R, is iron
loss resistance, ¥, is flux linkage of permanent magnet per

phase (rms value), L, and L, are d-and g-axis armature self
inductance, and P, is pole pair [3].

Va | _ iy R, || Vou L, 0 |liy, 4
o R - o e e
e P o R
Voq ol, 0 iy, oy,

T=P {y/aim] +(L, L, )i }

(6)

loq

B. d- and g-axis inductance and saliency ratio

The three models are analyzed by d-q axis equivalent circuit

cosa — sin &
L, - Yecosey, o ypsina @
i, I
iy=—1,sinf, i =1 ,cosp (3)
-axis
d L, : d-axis inductance
) L,i, L, :q-axis inductance
L "PD . i : phase current
 :linkage flux_noload
p Li y :linkageflux_load
o a1 « :phasedifference
daxis B :currentangle
\Pa
Fig. 4. Vector diagram of IPMSM
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Fig. 5. d- and g-axis inductance profile of 16-pole/24-slot model

analysis. When the three models have same torque with same
speed, variation of d- and g-axis inductance according to speed
is calculated as shown Fig. 7. The variation of d- and g-axis
inductance of three models is raised according to speed
increasing. Although the aspect of d- and g-axis inductance
variation is similar, saliency ratio of 16-pole/18-slot model has
lower than other two models by t 40~50%. This result shows
that 16-pole/18-slot model is weak to generate reluctance
torque.

The 16-pole/18-slot model, however, 16-pole/18-slot which
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Fig. 6. Equivalent circuit of IPMSM



0.55

jan}
E 045 4}/ﬁﬁ
g Nl )
g 040 ool || —A—l6pl8sLd
g 035 i —e— 16p24s Ld
£ o = I e
S 025 ‘_‘__(_./-)ﬁ _ —o—16p24sLq
] —0—12pl8sLq
0.20
g 0—0——0—/./
<5 0.15
0.10
0 1000 2000 3000 4000 5000 6000
Speed [ rpm ]
(a) d- and g-axis inductance
1.9 :
—A— 16P18S
1.8 o —e— 16P24S |
—m—12P18S
o L7
A it ]
3
515
=
v 14 4 " s
A A—b——A—p 4

1.2
0 1000 2000 3000 4000 5000 6000
Speed (rpm )
(b) Saliency ratio
Fig. 7. d- and g-axis inductance and saliency ratio according to speed

TABLE IV
COMPARISON OF SALIENCY RATIO

; 400
— 300} —a— [6P18S
B —e— 16P24S
3, 200 —=—12P18S
E 100
o OW
"
2 -100}
M
.GE) =200 +
T 300}
=
':]' -400 1 1 1 1 1
0 60 120 180 240 300 360
Electrical angle (° )
(a) 1200rpm
; 400
9 —e— [6P24S
S 200 . —=—12PI8S
El 100 £
23} Or
"
S -100F
m 0]
.QS) -200F
T -300f
=
'j _400 1 1 1 1 1
0 60 120 180 240 300 360
Electrical angle (° )
(a) 6000rpm
Fig. 8. Load back-EMF
TABLE V

COMPARISON OF THD OF LOAD BACK-EMF

Model 16-pole/18-slot 16-pole/24-slot 12-pole/18-slot Model 16-pole/18-slot 16-pole/24-slot 12-pole/18-slot
Saliency ratio THD of
@2000rpm 1.35 1.69 1.67 1200epm [%)] 9.1 15.7 11.7
Saliency ratio THD of
@6000rpm 1.37 1.57 1.55 6000rpm [%] 18.9 106.4 81.4

has high winding factor. It can produce higher back-EMF,
about 9% batter than the others. Therefore, line current for the
rated torque is same with 16-pole/24-slot and 12-pole/18-slot
model.
C. Load back-EMF

The flux weakening control is necessary to ensure wide
speed range in the IPMSM [4]. In the low speed range
controlled by MTPA, load back EMF has relatively sinusoidal
shape. However the distortion of load back-EMF is increased
at high speed due to d-axis magnetic force. High THD of back-
EMF at load condition causes current harmonics and increases
iron loss and eddy current loss in PM [5]. Fig. 8 (a) and (b)
shows the back-EMF at load condition, 2000rpm and 6000rpm,
respectively. The load back-EMF is calculated by FEA. The
linkage flux at the load condition is computed for calculates
load back-EMF and load back EMF is calculated using follow
(7). Table IV shows THD of each waveform. The 16-pole/18-
slot model is great advantage to drive high speed.

dA (7)

Cload =~
dt
where e,,,41s load back-EMF and 4 is linkage flux at load

D. Cogging torque and torque ripple

Cogging torque and torque ripple is important factor in the
traction motor for HEV because most drivers are sensitive for
vibration of vehicle. The cogging torque and torque ripple is
related with vibration directly during EV mode. The EV mode
is that HEV is driven by only traction motor. When the
IPMSM is controlled by flux weakening control, generally it
has apt to increase torque ripple. On the other hand, there is
high cogging torque in IPMSM due to saturation partly. Fig. 9
shows cogging torque and torque profile at 6000rpm. The
cogging torque is decreased as high as its frequency.

Frequency of cogging torque is determined by the least
common multiple of pole and slot. The least common multiple
of pole and slot for the 16-pole/18-slot model is 144 which is 8
times bigger than 16-pole/24-slot model. It is also 4 times
bigger than 12-pole/18-slot model. Table VI shows the value of
cogging toque and torque ripple about three models. This result
shows the 16-pole/18-slot model has an advantage for vibration
[6]. However, 16-pole/18-slot model is not guarantee vibration
because there is the other vibration source exists which is
normal direction force.



[ —a—16PI8S —e—16P24S —=—12PI8S |

2.0
~ 1.5 - .
= 1.0 /\ i /\ i /\ bid
30.0 ] y' Y ] Y f
Y RYRTRYETRY
£ ot N Y
&0 . V ol V 1% V
S -5 : :
_2'00 60 120 180 240 300 360
Electrical angle ( °)
(a) Cogging torque
\ —a—16P18S —e— 16P24S —=— [2P18S |
32
30 Y i . i . It
L S N N O O A
E 26 I f ,t f I f
T AAAQ*'A “ AA#A 5 Au}“ “A#‘*‘Aﬂj‘“ “A#A‘
AU ETASRT AN RN,
I Vi VL VA
AL A A
160 60 120 180 240 300 360
Electrical angle ( °)
(b) Torque profile @6000rpm
Fig. 9. Cogging torque and torque profile
TABLE VI
COMPARISON OF THD OF NO-LOAD BACK-EMF
Model ! 6_2(1)(1;/1 8- 16-pole/24-slot | 12-pole/18-slot
Cogging t
°gg[1§§n ]"rque 0.02 2.99 128
T ippl
@gg‘(‘)‘(‘)‘;ﬁ;} 40 54.4 422

E.  Normal direction force

There is two kinds of force exist in the motor. One is
tangential direction force which generates torque. The other is
normal direction force. The normal direction force makes noise
and vibration during motor driving. The aspect of normal
direction force generation is different according to the number
of Combination of the number of pole and slot.

Fig. 10 shows the mechanism of normal direction force
generation for 16-pole/18-slot model which is computed by
analytic method. It shows flux density and force for
mechanical angle 0° to 180°. The flux distribution in air-gap of
16-pole/18-slot model is not symmetric each of the electrical
periods as shown in Fig. 10 (a). Moreover, flux distribution in
air-gap is completely different according to variation of wt,
where o is angular velocity and t is time of input current which
is flowed in armature winding. Fig. 10 (b) shows the flux
density in the air-gap which are produced by both d-axis
current and PM. It also shows composited flux density.

There is no tangential direction force which produces torque
when the current is flowed in the motor only d-axis direction.
Therefore, the composited flux density in air-gap which is
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shown in Fig. 10 (b) is produces only normal direction force.
According to the fact that the force is propositional to squire of
flux density, normal direction force is calculated as shown in
Fig. 10 (c). The normal direction force distribution of 16-
pole/18-slot model is not symmetric each of the electrical
periods. There is two or three maximum spot of normal
direction force for the 0° to 180° mechanical angle. The
maximum spot of normal direction force is moved according to
ot variation of input current.



The normal direction force distribution of 16-pole/18-slot
model is different with the other models. Fig. 11 shows the
normal direction force distribution of three models which is
analyzed by FEM. The value of normal direction force is
similar but its distribution is quite different. The normal
direction force distribution of 16-pole/24-slot and 12-pole/18-
slot model is symmetric each 45° and 60° which is single
electrical period, respectively. However, normal direction force
of 16-pole/18-slot model is concentrated two regions and it is
rotated as moving the rotor. It causes the noise and vibration in
the 16-pole/18-slot model larger than the others.
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Fig. 11. Normal direction force distribution

TABLE VII
COMPARISON OF GENERAL CHARACTERISTICS
16-pole/18-slot | 16-pole/24-slot | 12-pole/18-slot
THD of Noload
back-EMF © O O
Winding factor © O O
Saliency ratio X O O
THD of Load
back-EMF © X X
Cogging torque © A A
Torque ripple © A A
Normal
direction force X O O
Noise and
vibration X O O
©: Excellent O: Good  A:Notbad X: Bad

V. CONCLUSION

This paper deals with analysis and comparison of IPMSM
which is applied to traction motor for HEV. Table VII shows
the comparison of performance for 16-pole/18-slot, 16-
pole/24-slot and 12-pole/18-slot model. It is determined by
author. The 16-pole/18-slot model has low THD of back-EMF,
cogging torque, torque ripple and high winding factor. This
result shows that 16-pole/18-slot model is good agreement to
apply traction motor in HEV. However, the normal direction
force of 16-pole/18-slot model is not symmetric each of single
electric periods. It causes noise and vibration during the motor
driving. On the other hand, general characteristics of 16-
pole/24-slot and 12-pole/18-slot model are lower than 16-
pole/18-slot model but characteristics of noise and vibration is
better than 16-pole/18-slot model. Therefore, 16-pole/24-slot
and 12-pole/18-slot model is suitable combination of number
of pole and slot to apply traction motor in HEV. If normal
force of 16-pole/18-slot model is improved, it can be utilized to
traction motor effectively.
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