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This paper investigates the influence of the geometry design parameters of saliency-based sensorless-controlled interior permanent
magnet synchronous motors (IPMSMs) with concentrated winding on the sensorless drive feasibility. To evaluate the sensorless
controllability of the motors, two different methods to estimate rotor position error are proposed. By using the methods, the geometry
design parameters in the stator are analyzed to figure out which ones have a positive effect on sensorless drive. Based on the analysis
result, in the full paper, a final model applied with a selected design parameter is going to be proposed for electric vehicle (EV) traction

application. The validity of the proposed estimation methods and the design results will be verified by the experiments.
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I. INTRODUCTION

TODAY, an interior permanent magnet synchronous motor
(IPMSM) is usually employed as electric vehicle (EV)
traction because of its high torque density. To achieve the best
performance of the machine, a position sensor is essential.
However, this increases system cost, volume and complexity,
and decreases reliability of the machine. In addition, the
sensors are not durable enough to operate normally under
severe environment conditions in vehicles. This concern is
coming to the fore because if the sensors are in default, the
driver cannot control the vehicle which will result in an
accident. For these reasons, a design method of a sensorless-
controlled motor is critical goal not only for system cost and
volume reduction but also for fault-tolerant control feasibility.

Speed-dependent back electromotive force (BEMF) based
sensorless control cannot be used in the zero- and low-speed
ranges, because the magnitude of BEMF is extremely small.
Therefore, based on saliency, the rotor position can be
estimated by measuring the current inductance responses with
high-frequency voltage injection [1]. It is not easy to estimate
the rotor position under heavy load conditions, though,
because the responses are distorted by the input current or the
saturations [2], [3]. However, there are only a few design

methods using the g-axis path optimization of the rotor [4], [5].

It is hard to find prior researches on the stator design methods.
The advantages of applying the design parameters to a stator
compared with a rotor are presented in [6].

In this study, basic principle of the saliency-based
sensorless control and the cause of the occurrence of the
estimation error are discussed. As a result, the two methods
are proposed to estimate rotor position. First method is
contour plotting of the d, g-axis inductance varied with rotor
position, and second method is evaluating the total harmonic
distortion (THD) of the phase inductances. By using the
proposed methods, the influence of the design parameters in
the stator such as closed slot, chamfer, and notch on the
sensorless control feasibility is analyzed. Thus, the goal of this
study is to propose the design method of the stator for
concentrated winding sensorless-oriented machines that can be
achieve excellent sensorless drive performances.

Il. SALIENCY-BASED SENSORLESS DRIVE FEASIBILITY

A. Basic principle of saliency-based sensorless control

In an IPMSM, permanent magnets (PMs) have an effect on
not only induced BEMF, but spatial saliency distribution.
Non-uniformly positioned PM in the rotor causes a
discrepancy between the d and g-axis reluctance. This result
brings about the spatial saliency. Therefore, with a high-
frequency signal injection method, the position of the rotor
can be estimated based on the saliency. As shown in Fig. 1, if
the voltage injection angle is 0 degree when the voltage is
injected on the d-axis, the d-axis self-inductance has a
minimum value and the d, g-axis mutual-inductance must be
zero-crossing. Thus, the rotor position can be estimated by
measuring variation of the inductance or the current response.
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Fig. 1. d-axis inductance waveform with high-frequency voltage injection

B. Method1: Contour of inductance and estimation error

However, the inductance waveforms or current responses
are distorted with the rotor position by saturation of the core or
the cross-saturation effect. Thus, a certain simulation process
has to be carried out to estimate rotor position.

1) Nonlinear finite element analysis (FEA) is conducted
including PMs to consider the saturation of the core under the
load conditions.

2) The next step 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.

3) The self- and 3-phase mutual- inductances can be
obtained as linkage flux per unit current.

4) The procedure is iterated with the rotor position for one



period in the electrical angle.

5) The d, g-axis self- and mutual-inductances can be
calculated via axis transformation.

6) The contour plot of the d, g-axis mutual-inductances to
estimate rotor position is obtained [5].

Consequently, sensorless drive feasibility is predicted by
contour plotting zero-crossing of the d, g-axis mutual-
inductances varied with rotor position [3].

C. Method2: Inductance harmonics and estimation error

The effect of the inductance harmonics on the estimation
error can be examined mathematically. Each harmonic term of
the 3-phase inductance can be transformed into the d, g-axis
inductance using transfer matrix [6]. As a result, the d, g-axis
inductance caused by the n-th harmonic of the phase
inductance, L'qqn, can be obtained.
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RELATION BETWEEN THE HARMONIC ORDERS OF THE PHASE INDUCTANCES
AND THE D,Q-AXIS MUTUAL-INDUCTANCES

n 2 4 5 7 8 10 11 13
m 1 1 2 2 3 3 4 4
Lagh 6 6 12 12 18 18 24 24

6k-th

where m is natural number. n is the harmonic order of the
phase inductances, and Ly, is the magnitude of the n-th
harmonic. As described in (1), the harmonics of the phase
inductances, except the 3k-th harmonic terms, cause the 6k-th
periodic ripple of the d, g-axis inductances varied with the
rotor position during one period in electrical angle (k=1, 2,
3...). The relation between the harmonics of the phase
inductances and the d, g-axis inductances can be organized
simply as Table I. Therefore, the magnitude of the estimation
error is represented by examining the THD of the phase
inductances excluding the 3k-th harmonic terms (THD_L).

1. ANALYSIS OF DESIGN PARAMETERS AND FUTURE WORK

The configurations of the IPMSMs applied with the design
parameters are shown in Fig. 2, and the analysis result of an

initial model by using the proposed methods is shown in Fig. 3.

In the full paper, one of the optimal design parameters will
be selected based on the analysis results of all the models, and
it will be applied to the initial model to reduce the estimation
error. Lastly, validity of the estimation methods and the design
result will be verified by experiments of the designed IPMSM.
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(a) Initial model (b) Closed slot

(c) Chamfer (d) Notch

Fig. 2. Configuration of the 115Nm-14kW analysis models
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Fig. 3. One-phase self-inductance varied with the rotor position, and the
estimated rotor position of the initial model
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