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Design of Saliency-Based Sensorless Controlled IPMSM with
Concentrated Winding for EV Traction

Myung-Seop Lim*, Seung-Hee Chai', Jung-Pyo Hong", Senior Member, IEEE and Jung-lk Ha®

'Department of Automotive Engineering, Hanyang University, Seoul 133-791, Korea
2School of Electrical and Computer Engineering, Seoul National University, Seoul 151-742, Korea

This paper presents the design process of a sensorless-oriented interior permanent magnet synchronous motor (IPMSM) with
concentrated winding, based on spatial saliency for traction in electric vehicles. The purpose of the design method is to ultimately
achieve both stable rotor position detection and acceptable mechanical performances, under the maximum load conditions. After
describing the evaluating procedure of sensorless control viability, the geometry design parameters are analyzed to figure out which
ones have a positive effect on sensorless drive. Focusing on the parameter analysis, a prototype and improved model are proposed.
Optimization is conducted, using response surface methodology (RSM) with the factors selected by design of experiment (DOE).
Finally, the validity of the design results is verified by comparison with the simulations and the tests. It is founded that the accuracy of
the rotor position estimation and mechanical characteristics can be improved simultaneously by means of the proper geometry design.

Index Terms—Cogging torque, cross-coupling effect, high frequency injection, sensorless control, spatial saliency, torque ripple.

. 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 for
vector control. However, this addition increases the system
cost, volume and complexity, and decreases reliability of the
machine. In addition, using the position sensor could be a
latent critical defect of an IPMSM, especially, for a traction
application. This is because if the sensor is in default, the
driver cannot control the vehicle resulting in danger. For these
reasons, design method of an IPMSM for sensorless drive is
critical.

In an IPMSM, permanent magnets (PM) have an effect on
not only induced back EMF, but spatial saliency distribution.
Non-uniformly positioned PM in the rotor causes a
discrepancy between the d and g-axis impedance. This is
because the d-axis flux path is saturated easily by the magnetic
flux and the high d-axis reluctance due to the low permeability
of the PM. 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 [1].

As shown in Fig. 1, if the voltage injection angle is O degree
when the voltage is injected on the d-axis, the d-axis self-
inductance has a minimum value and the dg-axis mutual-
inductance must be zero because of the impedance. However,
it is not easy to estimate the rotor position under load
conditions, since the inductance is distorted by input current or
cross-coupling effect [2]-[5]. Thus, sensorless drive feasibility
is predicted by evaluating the shifting of zero-crossing point of
the dg-axis inductances with a rotor position [4].

In this paper, some design factors (notch, chamfer,
eccentricity and pole angle) are analyzed with design of
experiment (DOE). Through the design optimization of the
parameters, an improved model is proposed, fulfilling
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sensorless drive viability and low cogging torque/torque ripple.
Lastly, the validity of the simulation results is verified by
comparison with the experimental results of the prototype.

II. COMPUTING OF THE INDUCTANCES FOR EVALUATING
SALIENCY-BASED SENSORLESS DRIVE FEASIBILITY

A. Fixed Permeability Method

The fixed permeability method is used for calculating the
inductances mentioned above. Fig. 2 shows the process of this
method to find a phase inductance. The first step is finite
element analysis (FEA) including permanent magnets. At this
time, nonlinear FEA has to be done, considering the saturation
of the core. The next step is fixing the permeability of each
element. After this, linear FEA is conducted with eliminating
the PM. At this point, by injecting the 1-phase coil with the
unit current, the self and mutual inductance can be obtained.
This process should be iterated by rotating the rotor, because
the waveform (or zero-crossing point) of the dg-axis
inductance is varied with the rotor position.

@ Se—t.'é‘ﬁ'M ® Step Change
Nonlinear Analysis < (Rotate a Rotor Position)
Estimate Permeability at Elements
® Fix an Estimated Permeability ® )
Set 1-Phase Current, PM off > Estimate 1-Phase
p . Self & Mutual Inductance
Linear Analysis

Fig. 2. Flow chart of the fixed permeability method
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Current ripple magnitude (1/mH)
Current ripple magnitude (1/mH)

-200 0 200 -200 0 200
Voltage signal injection angle (° ) Voltage signal injection angle (° )
(a) No-load condition (b) 50A load condition
Fig. 3. Estimated current ripple (lower) and experimental result (upper)

B. Matrix Transformation of the Inductances

With (1), a 3-phase inductance matrix determined by the
fixed permeability method can be transformed to d, g-axis
inductances depending on voltage injection angle.

. 3 u L L
qu = ETQ, qu Las (Tg, qu ) = |:qu qu 1)

where Lag is the 3-phase inductances including space
harmonics. Tyq and Ty are the d, g axis transform and the
rotational transform coefficient. Ly, Lg Lgq and Lgq are the d-
and g-axis self- and mutual-inductances. Fig. 3 illustrates the
variation of the d-axis current ripple (inverse values of Lg)
with the rotor position under no-load and load conditions.

1. ANALYSIS OF THE DESIGN PARAMETERS FOR A
SENSORLESS-ORIENTED IPMSM

A. Magnetic Load and Electric Load

If possible, sensorless-oriented motors should have the
same d, g-axis inductance waveforms as the rotor position
under load conditions. Thus, it requires sinusoidal flux
distribution and minimum flux distortion by armature reaction
at the air gap. This means that a machine has to be designed to
have a higher magnetic load than electric load as much as
possible for in order to take advantage of sensorless drive. In
(2) and (3), the magnitude of magnetic load and electric load
are described. B, Lg, Npy and D, are the flux density, stack
length, number of turn phase and rotor diameter respectively.
The pole-pair number and the number of phase are p and m.

p=Bx T ) @
2mN |
A= (Alm) @3)

r

B. Design Parameters in the Rotor and Stator

In this paper, some design parameters are analyzed to find
out their effects on a sensorless-oriented machine. For
quantification of sensorless control feasibility, phase
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inductance total harmonic distortion (THD) is used. This is
because phase inductance space harmonics cause variation of
the Ly, Ly Lyq and Lyg waveforms with the rotor position. The
results of FEA under the maximum load conditions are
described in Fig. 4. Eccentricity has a negative effect on the
sensorless drive. Pole angle is not considerably related to it.
The point is that chamfer and notch have a positive effect on
the sensorless control. Given this analysis, it can be inferred
that the shape of the tooth-tip in the stator is closely related to
the performance of the saliency-based sensorless drive.
Furthermore, it shows that saturating the tooth-tip is one of the
key factors for concentrated winding sensorless drive machine.

C. Prototype (16pole-24slot, 115Nm-14kW)

A prototype, motor with chamfer only, is shown in Fig. 5(a).
Fig. 5(b) illustrates variation of Ly, waveform with the rotor
position under the maximum load conditions. It is expected
that the sensorless control for the prototype is viable since the
variation level of Ly, is not high. However, saturation of the
tooth-tip causes its high cogging torque and torque ripple
(cogging torque; peak to peak: 14.96Nm, torque ripple:
12.92%). Therefore, an additional design process is required.

dg inductance

Rotor

position -
changed 11.5 deg
O O | HE S S N
——— -200 0 200

\oltage Injection Angle
Fig. 5. Sensorless-oriented prototype (left), and the variation Lqq waveforms
with the rotor position (electrical angle: 0~180 degree) (right)
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IV. DESIGN OF THE IMPROVED MODEL

A. Response Surface Methodology

Statistical experimental methods such as design of
experiment (DOE) and response surface methodology (RSM)
were applied to optimize the media. RSM is a collection of
statistical techniques for designing experiments, building
models, evaluating the effects of various parameters and
searching for the optimum condition [6], [7]. A quadratic
approximation function of the models is commonly used to
constrict the fitted response surface. In general, the response
model can be written as follows [8].

Y:ﬁo+zk:ﬂixi+zk:ﬂiixi2+zk:ﬂiixixj+‘9 )

i#]

where f are the regression coefficients for the design variables,
and e is the random error treated statistical error.

The fitted coefficients and the fitted response model by
using the least square method which is used to estimate
unknown coefficients can be written as

=(X'Y)X'Y (5)
=Xj (6)

=<5 m)

where X is the matrix notation of the levels of the independent
variables, X' is the transpose of the matrix X, ,B is the matrix

of the fitted coefficient, and Y is the vector of the observations.
There are many experimental designs for the creation of the
response surfaces. Design of experiment for fitting the second-
order response surface must involve at least three levels of
each variable. Therefore, to build the second-order fitted
model, the central composite design (CCD) is used. CCD is
frequently used for fitting a second-order response model [6].
Before conducting RSM, the full factorial design (FFD) has
to be done [8]. Given the result in Fig. 6, notch size causes a
trade-off relation between phase inductance THD and torque
ripple. However, pole angle is not considerably related to
sensorless control, but significantly affects cogging torque and
torque ripple [9]. Thus, the optimized combination of notch
width and depth, and pole angle is essentially required for
achieving both the least error of the rotor position estimation

=— Notch width

‘ otch depth
| 4 T }—%lg
| Stator

[~Pole angle
= ™

Rotor

Fig. 7. Design parameters for DOE

and low cogging torque/torque ripple. These are the reasons
that notch width and depth, and pole angle were selected as
optimal design parameters for RSM as shown in Fig. 7. In
addition, the objective functions are back electromotive force
(BEMF), phase inductance THD, cogging torque and torque
ripple. Fig. 8 describes the results of RSM. The white area in
the figure is the optimal design region. The values of the
parameters meet the requirements (optimal design point) that
should be decided in that area.

B. Improved Model (16pole-24slot, 115Nm-14kW)

The improved model and the dg-axis inductances under the
maximum load conditions are shown in Fig. 9. The values of
the optimal parameters are as follows. Pole angle: 12degree,
Notch width: 1.90degree, Notch depth: 0.56mm. The rotor
position could be estimated more precisely than the prototype
thanks to hardly shifting zero-crossing points of Lgg.
Furthermore, the improved model has much lower cogging
torque and torque ripple (cogging torque; peak to peak:
5.85Nm, torque ripple: 5.78%).
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Fig. 9. Improved model (left), and the variation Lqq waveforms with the rotor
position (electrical angle: 0~180 degree) (right)
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Fig. 10. Photographs of the prototype and test set

V. EXPERIMENTAL VERIFICATIONS AND DESIGN RESULTS

The prototype is fabricated as shown in Fig. 10. It was
tested to verify the validity of the result acquired by FEA and
the proposed design method in this paper. Table |
demonstrates the reliability of the FEA results. In addition, the
errors between the estimated and actual rotor position are quite
small as shown in Table Il. Given the torque test result in Fig.
11, thanks to the small position errors, the torques are only
slightly different when the machine is operated with a sensor
and sensorless drive. Finally, characteristics of the improved
model and the prototype are compared in Fig. 12.

VI. CONCLUSION

In this paper, design parameters were examined to clarify
the design procedure of sensorless drive concentrated winding
IPMSM. As a result, saturating the tooth-tip is one of the key
factors for designing a sensorless-oriented motor. However,
the saturation of the tooth-tip gives rise to high cogging torque
and torque ripple. Hence, with the parameters selected by FFD
such as notch size and pole angle, RSM is conducted.
Consequently, not only are cogging torque and torque ripple
decreased about 61% and 55%, but the shifting of the dg-axis
inductances’ zero-crossing or phase inductance THD,
representing sensorless drive feasibility, is reduced by 56%.

TABLE |
FEA AND EXPERIMENTAL RESULTS OF THE PROTOTYPE (25°C)
BEMF [V] Cogging torque [Nm]
FEA 44.60 21.38
Experiment 45.33 20~22
TABLE 11

POSITION ERROR AT THE STEADY STATE OF THE PROTOTYPE

Speed g-axis current
[rpm] 140A 98A 0A -98A -140A
0 -1.3deg. 1.3deg. 0.9deg. 0.7deg. 0.9deg.
200 -1.3deg. 0.4deg. 1.9deg. 1.0deg. -1.1deg.

= Sensored ® Sensorless

0 10 20 30 40 50 60 70 8 90 100 110 120 128
Torque (Nm)

Fig. 11. Torque accuracy test at 200rpm of the prototype (y-axis: torque

accuracy (%))

-4.36% Prototype
40 [ Improved Model
30+

-56.24%
20+
\ -56.52% -60.90% -55.26%
10
BEMF Phase Shifting of Ldqg ~ Cogging Torque
(%) Inductance  zero-crossing Torque Ripple
THD (%) (elec. deg.) (Nm) (%)

Fig. 12. Comparison of FEA between two models as design results (100°C)
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