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Abstract: This study investigates the influence of the stator configuration of low-speed sensorless-controlled interior permanent
magnet synchronous motors (IPMSMs) with concentrated winding on the sensorless drive feasibility and iron loss. To evaluate
the sensorless controllability of the motors, a mathematical and simulation process of estimating the rotor position error is
proposed. In addition, the harmonic iron loss under a load condition is analysed via two-dimensional non-linear finite element
analysis. Considering both the sensorless drive feasibility and iron loss, the four different IPMSMs, which have different
tooth tip configurations in the stator, are examined. It is shown that the machine with a relatively short and thin stator tooth
tip has better sensorless drive controllability and lower harmonic iron loss than the others. Based on the analysis result, a final
model applied with stator chamfer for electric vehicle traction is proposed and manufactured. The validity of the simulations

and the design method are verified by the experiments.

1 Introduction

To save fossil fuel and prevent further global warming, there
is currently a high demand for the development of vehicles
using an electrical propulsion system, such as hybrid
electric vehicles and electric vehicles. Especially, the
interior permanent magnet synchronous motors (IPMSMs)
are generally being employed for traction application [1].
This is because they have higher torque density and
efficiency per unit rotor volume than other types of motors
by utilising the magnetic and reluctance torque, and a wide
operating speed range can be obtained with the help of field
weakening control [2]. Meanwhile, to increase the
reliability of vector-controlled IPMSMs, sensorless drive
can be used. This means that the position sensors, such as
the encoder and resolver, are replaced by an estimator,
avoiding the cost of a position sensor and the increase of
the system volume and complexity. Furthermore, the
sensors are not durable enough to operate normally under
severe environmental conditions in vehicles. This concern is
coming to the fore because if the position sensors are in
default, the driver cannot control the vehicle, which will
result in an accident. Therefore a sensorless driving
technique and a design method for sensorless-controlled
motors are critical goals not only for system cost and
volume reduction but also for fault-tolerant control feasibility.

At a high speed, a good estimation of the rotor position can
be obtained by measuring the speed-dependent back
electromotive force (BEMF) of the machine. This cannot be
used in the zero- and low-speed ranges, however, because
the magnitude of BEMF is extremely small. Thus, based on
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saliency, the rotor position can be estimated by measuring
the current response or variation of the inductance with
high-frequency voltage injection [3-5]. It is not easy to
estimate the rotor position under heavy load conditions,
although, because the responses are distorted by the input
current or the cross-saturation [6—8]. This problem becomes
more apparent when concentrated winding is applied to a
motor [9], but there are only a few design methods using
the g-axis path optimisation of the rotor [10-12]. It is hard
to find prior researches on design methods using the
geometry design parameters in the stator, considering both
sensorless controllability and iron losses. Below are the
advantages of applying the geometry design parameters to a
stator compared with a rotor.

e There is no need to repeatedly conduct rotor stress analysis
when the design parameters are applied to a stator.

e When there is a manufactured reference machine, the cost
of and time needed to obtain and fabricate permanent magnets
can be reduced because the rotor of the reference machine can
be used as it is.

In this paper, the cause of the occurrence of the estimation
error is discussed. As a result, the error can be simply
predicted by evaluating the total harmonic distortion (THD)
of the phase inductances and the contour plot of the d,
g-axis mutual-inductance varied with the rotor position
caused by the harmonics of the phase inductance [12].
Based on the error evaluation process, the influence of the
design parameters in the stator on the sensorless control
feasibility is analysed using finite element analysis (FEA).
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The iron losses under the load conditions are also investigated
using FEA because the performance of the IPMSMs can be
seriously limited by the iron losses at a high speed. Thus,
the goal of this study was to propose the design method for
concentrated winding sensorless-oriented machines that can
achieve excellent sensorless drive performances and
minimise the iron loss.

2 Evaluation of the saliency-based
sensorless drive feasibility

2.1 Basic principle of rotor position estimation

Rotor-saliency-based sensorless control is feasible by means
of the high-frequency signal injection method. If the voltage
injection angle is 0° when the voltage is injected into the
d-axis, the d-axis self-inductance will have the minimum
value, as shown in Fig. 1. Then the middle position of the
permanent magnet (PM), which is the d-axis, can be
estimated by sensing the minimum point of the d-axis
self-inductance L, or the zero-crossing of the d, g-axis
mutual-inductance Ly, [8, 13]. The inductance waveforms,
however, are distorted with the rotor position by the
saturation of the core or by the cross-saturation effect. Thus,
a particular simulation process has to be carried out as
described in Fig. 2 to find the estimated rotor position error.
First, FEA is conducted, including PMs. At this step,
non-linear FEA has to be done to consider the saturation of
the core under the load conditions. The next stage involves
fixing the permeability at each mesh decided in the first
step, converting the residual induction of the PM to 0, and
performing linear FEA by applying the unit current to the
coil of a single phase. Here, as for the magnet permeability,
1.05 was used, based on the PM material data used in the
study. Then the self- and mutual-inductances can be
obtained as linkage flux per unit current. At the fourth step,
the procedure is iterated with the rotor position for one
period in the electrical angle. Then the d, g-axis self- and
mutual-inductances can  be calculated via  axis
transformation. Finally, the contour plot of the d, g-axis
mutual-inductance as an estimated rotor position error is
obtained [9, 12].

2.2 Inductance harmonics and estimation error

The three-phase inductance matrix including harmonics
obtained via FEA can be transformed into the d, g-axis
inductance matrix using (1) [14]. The d, g-axis inductances
varied with the rotor position contain the information about
the estimated rotor position error. Thus, the mathematical
process of figuring out the cause of the error is described as
follows

3 T
qu = 5 T@,. quLabc (TO,. qu) (1)

where L. is the three-phase inductance matrix including
harmonics; T4, and Ty, are the d, g-axis transform and
rotational transform coefficients, respectively; and L, L
Ly, and L, are the d-
mutual-inductances.

Whereas various harmonic wave components are mixed
with the fundamental wave in actual inductance, to
determine how the individual harmonic wave components
in the phase inductance affect sensorless position estimation
errors, it is necessary to mathematically model each
harmonic wave model. Each harmonic term of the phase
inductances, L, 1S expressed mathematically as (2) to
analytically determine the effect of the nth phase inductance
harmonics on the d, g-axis inductances [13, 14]. n is the
harmonic order of the phase inductances, and L is an
unknown value, as the magnitude of the nth harmonic.
Lapen can be transformed into d, g-axis inductances.
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Fig. 1 d-Axis inductance waveform with high-frequency voltage injection
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Fig. 2 Flowchart of the simulation process of rotor position error estimation
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Table 1 Relation between the harmonic orders of the phase
inductances and the d,g-axis mutual-inductances

n 2 4 5 7 8 10 N 13 14
m 1 1 2 2 3 3 4 4 5

Lgn 6 6 12 12 18 18 24 24 30 6kth

phase inductance can be obtained using (1) and (2)

oo 3 cos60m  —sin66,m at m—3m—1
dgh = >™h| _sin66.m — cos66.m -
- 3 cos66,m  sin66.m .
Lagn =5 h|:sin60,m —cos60,m:| 8t n=3m
Ly =0 at  n=3m
3)

where m is a natural number. As described in (3), the
harmonics of the phase inductances, except the 3kth
harmonic terms, cause the 6kth periodic ripple of the d,
g-axis inductances varied with the rotor position during one
period in the electrical angle (k=1, 2, 3,...). The relation
between the harmonics of the phase inductances and the d,
g-axis inductances can be organised simply as shown in
Table 1. Therefore the magnitude of the estimation error is
represented as well by examining the THD of the phase
inductances, except the 3kth harmonic terms. Thus, in this
paper, the THD excluding the 3kth harmonic waves of
self-inductance among the phase inductance components, is
proposed as a simple method of evaluating the accuracy of
rotor position estimation, and is presented as THD_L.

3 Influence of the geometry design
parameters in the stator

3.1 Sensorless drive feasibility

In this paper, the configuration of the stator tooth tip is
analysed to  determine their effects on the
sensorless-oriented motors using non-linear
two-dimensional (2D) FEA as the process, as shown in
Fig. 2. Below are the assumptions and considerations for
conducting FEA.

The input current is a sinusoidal wave.

The diameters of the conductors should be small enough to
neglect the skin effect [15].

 Stator Core

Tooth tip

Rotor Core ey

Fig. 3 Different tooth tip configurations in the four IPMSMs
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The eddy current loss in the PM is neglected.

The magnetic resistance and lamination effect are considered
in the material data (flux density against magnetomotive force
and iron loss against frequency data).

The full load condition of the machines in the paper is 115
Nm-14 kW at a rated speed of 1160 rpm.

Four IPMSMs with different tooth tip configurations are
illustrated in Fig. 3: model 1 (short and thin), model 2 (long
and thin), model 3 (short and thick) and model 4 (long and
thick). The tooth tip dimensions of slot open Ly, and the
thickness of the tooth tip end T, of the models are
organised in Table 2. The self-inductance L, varied with the
rotor position and THD_L, and the estimation errors under
the full load conditions are shown in Fig. 4 to evaluate the
sensorless drive feasibility. As for finding the estimation
error in Fig. 4, the phase inductance waveforms found
using FEA were converted using (1), and a contour plot for
d, g-axis mutual-inductance L;, was plotted. An
examination of the results shows that the THD_L and angle
estimation error are proportional. It was found that model 1
is the most suitable design for the sensorless drive because
of its minimum error. In conclusion, the shape of the tooth
tip is one of the critical design factors for sensorless drive
machines. Furthermore, it can be expected that geometry
parameters that have an influence on the saturation of the
tooth tip, such as the chamfer and notch in the stator, can
be used to design sensorless-oriented, concentrated-winding
IPMSMs.

3.2 Losses

In particular, IPMSMs are appreciated for their good
efficiency and large speed ranges because of their flux
weakening capability, provided that the motor is suitably
designed for such aim. At a high speed, however, the
performance of the IPMSMs can be seriously limited by the

Table 2 Dimension of the tooth tip and BEMF of the four
models
Slot open, Thickness of the Phase BEMF at
Lso, mm tooth tip end, Tie, mm 1000 rpm, Vims
model 1 6 1.53 41.17
model 2 3 1.31 40.77
model 3 6 2.51 41.69
model 4 3 2.28 41.41
31 mm

Al

23 mm

Model 1 Model 2

yr'S a1 AN

Model 3 Model 4

i B AN
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Fig. 4 One-phase self-inductances L, varied with the rotor position, and the estimation error

a Model 1
b Model 2
¢ Model 3
d Model 4

iron losses [16]. Thus, the iron losses under the load
conditions should be analysed to evaluate the feasibility of
the proposed design method because the method is related
to the saturation of the stator tooth tip, which means that
the proposed method is closely related to the iron loss.
Fig. 5 shows the process of determining the iron losses [17,
18].

Step 1: Using non-linear FEA, the flux density at each mesh
for one electrical angle period is calculated, as the rotor is
rotated under a load condition. Here, the flux density is
calculated as the normal and tangential components.

Step 2: Using the flux density from step 1, Fourier transform
is performed to find the magnitude of the fundamental and
harmonic components.

Step 3: From the iron loss data for the material, the iron loss
corresponding to the frequency and flux density of each
harmonic is calculated. The material information is based
on the empirical data.

Step 4. The sum of the iron loss because of the harmonic
components at each mesh is calculated.

Step 5: The iron losses of all the meshes are added to
determine the total iron loss of the machine.

Transient analysis

Harmonic analysis

Given the results of the analysis, as shown in Figs. 6a and
b, the iron loss of the machine is generally affected by the size
of the tooth tip rather than by the saturation levels in the tooth
tips of the models. It can be noted that as the speed rises, a
higher operating frequency magnifies the difference in iron
loss among the models. The copper losses of the models
determined by the magnitude and phase of the input current
are shown in Fig. 6¢. The total losses shown in Fig. 6d
were determined considering the mechanical, copper and
iron losses. The mechanical losses of the models were
analytically calculated using the equation in [19]. The
mechanical losses were the same because the motors had
the same rotor diameters. In a low-speed region, model 1
had a lower total loss than the others. In a high-speed
region, model 1 had a larger copper loss but a smaller iron
loss than the others. In conclusion, whereas the iron loss for
model 1, which had the smallest tooth tip, was significantly
smaller, because of copper loss, the total loss reduction was
negligible. The efficiencies at the maximum speed (6560
rpm) were found to be as follows: model 1, 89.10%; model
2, 89.05%; model 3, 89.04%; and model 4, 88.96%.
Therefore, for the final improved model proposed in this
paper, chamfers were applied to the stator as a design

Iron loss data

W
\t

Flux density (T)
Spectrum

Harmonic order

s
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| | =
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Fig. 5 Process of calculating the iron losses
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element to minimise the estimation error, and reduce not only
the iron loss but also the total loss.

4 Improved model

4.1 Design results of the improved model

To reduce the cross-sectional area of the tooth tip and to
facilitate saturation, the improved model was added
chamfers on the tooth tip. Its cross-section is presented in
Fig. 7, and the parameters of the improved model are listed
in Table 3. The d, g-axis inductances and the estimated
rotor position error under the full load condition are shown
in Fig. 8. Given the simulation result, the maximum
estimation error of the improved model is about 11.5° in the
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g
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electrical angle under the full load condition. The error of
the improved model is smaller than the errors of the four
models proposed above. Besides, it is expected that the
error will not be over 11.5° under any load condition
because it is possible that the steady-state angle error can be
reduced by means of the compensation algorithm.

In addition, in Figs. 9a and b, the losses for the improved
model and for model 1 which had the lowest iron and total
losses among the four previous models, are compared. It is
shown that the total loss of the improved model is smaller
than those of the previous models shown in Fig. 6 because
of the low iron loss in the high-speed region. It can be seen
that improved model has lower iron loss and total loss and
the difference in the losses also increases as the speed
increases. Figs. 9¢ and d separately show the results of the
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Fig. 6 Losses under the 115 Nm—14 kW load conditions of the models (0-1160 rpm: maximum torque per ampere control; 1160—6560 rpm:

flux weakening control)

a Iron loss

b Iron loss in the tooth tip of the models
¢ Copper loss

d Total loss

Stator Core

Rotor Core -
a

Fig. 7 Configuration of the improved model

a Cross-section of the improved model
b Comparison of the tooth tip of the improved model with that of model 1
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Table 3 Parameters of the improved model

Improved model, unit

analysis of the iron losses and the loss per unit volume of each
part in the improved model. The iron loss in the tooth tip
rapidly increases at higher speed as shown in Fig. 9c. The
iron loss per unit volume in the tooth tip was found to have

maximum power 14 kW N C .
maximum forque 115 Nm been the greatest as shqwt} in Fig. 9d. Thus3 minimising the
base/maximum speed 1160/6560 rpm iron loss in the tooth tip is important to minimise the total
pole/slot 16/24 iron loss of the machine, as the proposed design method in
‘S"I’g;d(;ngn Concenter;artﬁngmdmg the paper. In conclusion, the improved model with better
thiCkn‘t)ESS of tooth tip end 1 mm sensorless drive characte':ristics 'and lgwer iron loss than the
phase back EMF 40.65 Vs four models was achieved in this study through the
DC-link voltage 320V proposed design procedure using the stator chamfer with
phase resistance 15.97 mQ the short and thin tooth tip.
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Table 4 Position error at the steady state of the improved
model

Speed, rpm g-axis current

140 A 98 A 0A -98A -140 A
0 -1.3° 1.3° 0.9° 0.7° 0.9°
200 -1.3° 0.4° 1.9° 1.0° -1.1°

4.2 Validation of FEA and the design process

The improved model was tested to verify the validity of the
simulations. A load machine, a torque sensor and the test

= Sensored @ Sensorless

H
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z
g 100,00 9 i
: § |
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2 i
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85.00 E il 1
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Fig. 12 Torque accuracy test results
a 100 rpm
b 200 rpm
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motor were connected mechanically in series in the
experiment setup. The machine was operated using a
pulse-width  modulation inverter, whose switching
frequency was 16.5 kHz in the load test. The line-to-line
BEMEF at 1000 rpm under the no-load condition obtained
via non-linear 2D FEA and through an experiment are
compared in Fig. 10. The error of the BEMF between FEA
and the experiment results was only 1.6%. The THD of the
line-to-line BEMF was 6.36%. It affected the electrical
characteristics of the machine, but it can be considered a
minor factor for the traction application in this paper. This
is because the traction motor is directly connected to the
high mechanical inertias in a traction system. Fig. 11 shows

= Sensored @ Sensorless
110.00

105,004

120 128

SU
Torque (Nm)
b
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the fast Fourier transform (FFT) result of L, and the current
response obtained in the experiment under the full load
condition. The 6-periodic ripple was mainly caused by the
second and fourth harmonics of L,, as described in Section
2.2. Table 4 shows that the rotor position estimation errors
were experimentally determined about 0.9°-1.9° at 0 and
200 rpm. To verify the validation of the design process
presented in this paper, Fig. 12 shows the torque test results
of a sensored and a sensorless drive at 100 and 200 rpm,
respectively. The discrepancies between the torque
accuracies are not over 2.5%, and the torque accuracy is
almost 100% in all the desired torque operations. In
conclusion, the improved model achieved excellent
sensorless drive performance through the proposed design
method.

5 Conclusion

The design method of the concentrated-winding IPMSM for
sensorless control at a low speed including standstill was
investigated in this study. The estimation method of the
rotor position error was determined through the analytic and
simulation process. Using the estimation methods, the
geometry design parameters in a stator were analysed. As a
result, it was found that the configuration of the stator tooth
tip is a critical factor. In particular, small cross-sectional
area of the stator tooth tip generally has a positive effect on
both the sensorless drive characteristics and the iron loss
under the load conditions. Based on the analysis results, the
improved model was proposed and tested. The validity of
the simulations and design method was verified through an
experiment. Therefore it can be concluded that the proposed
design method is useful for achieving great sensorless
controllability and for minimising the iron loss for
designing a saliency-based sensorless-controlled IPMSM
with concentrated winding.
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