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A study on IPMSM Design for Sensorless control with High-Frequency
Voltage Signal I njection
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This paper presents the reasons for error resulting from the position estimation method of sensorless control, and presents the
proper inductance distribution of the Interior Permanent Magnet Synchronous Motor (IPMSM) for sensor-less-oriented design based
on high-frequency voltage signal injection. In order to find a solution to this problem, the cause of the estimating position error is
established, and the concept of IPMSM for sensor-less oriented design is proposed. In this concept, as the Total Harmonic Distortion
(THD) of the phase inductance in specific load conditions is decreased, the rotor position is better estimated. The inductance
distribution based on the high-frequency voltage signal injection is compared with the test results. Both the simulation error patterns

and the experiments are presented to verify the validity of the established method.

Index Terms—AC motor drives, IPM SM, sensorless control, phase inductance, total harmonic distortion.

. INTRODUCTION

TODAY, in an interior permanent magnet synchronous motor
(IPMSM), there are severa methods in sensor-less
position control according to the operating speed. At low
speed or standstill, the rotor position is estimated from the
inductance distribution determined by the saiency of the
magnetic path [1]. In an IPMSM, the permanent magnets (PM)
have an effect on not only the induced back EMF, but the
gpatial saliency distribution. Non-uniformly positioned PM in
the rotor cause the discrepancy between the d- and g-axis
impedance which brings out the spatial saliency. With the
high-frequency signal injection method, the position of the
rotor can be estimated based on this saliency.

However, it is not easy to estimate the rotor position
actually because the inductance profile is distorted by the
means of core saturation with the input current under load
conditions [2-5]. This distortion expresses the sum of many
harmonic components, that is, the Total Harmonic Distortion
(THD) of the phase inductance. Fortunately, the THD of the
phase inductance can be reduced by a design change of the
motor features.

In this paper, the reasons for error caused by the position
estimation method are presented. In addition, how to design an
electric motor for reducing the position error to the sensorless
control is described.

Il1. CAUSE OF THE INDUCTANCE COMPUTATING ERROR IN
IPMSM FOR SENSORLESS CONTROL

A. Basic Principle of the High-frequency Rotating Voltage
Sgnal Injection Method [ 1]
In sensorless control, the voltage equation of IPMSM in the
stationary d-/g-axis reference frame with currents and flux can
be described as (1)

Manuscript received January 1, 2013. Corresponding author: Jung-Pyo
Hong (e-mail: hongjp@hanyang.ac.kr).
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where [Voss, Vg T and [i%s, i%g]" are the vectors of the stator
voltage, and the current in the stationary d-/g-axis reference
frame, the inductance matrix, Ls, is represented in terms of the
d-/g-axis inductances, and R, &, Ar and w, are the resistance,
the rotor position, the permanent-magnet flux-linkage and the
synchronous speed. Assume that the high-frequency voltage
signal is injected into the IPMSM and the rotating speed is
almost zero. In this case, the voltage drop of the resistance and
the back EMF can be ignored. Then, the voltage equation of
IPMSM in the rotor d-/g-axis reference frame is simply
described as

Vgish :|:Lds 0 :|£ 'crish (2)
Va < 0 Lgs|dt i& <
According to the injected voltage signal, the current
response can be derived from (2) as

: -1

igen | [Les O [ d|Vasn ot 3
ir =] 0 L E r

gsh as Vosh

where [Vigsn, Vigen]" and [i'asn, i'qsn]” are the injected high-
frequency voltage vector and the corresponding current vector
in the synchronous rotor reference frame, respectively. The
inductance matrix is represented in terms of the d-/g-axis
inductance, Lgs, Lgs, in the synchronous rotor reference frame.
From the current response, (2), the rotor position information
can be extracted through a type of signal processing.
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B. Cause of the estimating position error for sensorless
control IPMSMVI

In some IPMSMs, such as machines with high power
density and speed range, variation of the inductance according
to the rotor position is not sinusoidal because of the flux

saturation caused by the input current under the load condition.

Fig. 1 illustrates the pattern of the phase inductances and THD
according to the change in the rotor position under no-load
and load conditions. This shows that the harmonics appear in
the inductance due to the flux saturation. If the phase
inductance has n-th harmonic inductance, the harmonic
inductance matriX, Lancn IS expressed as

Labeh =

cos26,n Cos2n(0r —%j cosZn(Hr +%J

—
>

cosZn(Hr —%j cosZn(er +%J cos26:n

cosZn(Hr +%J cos26:n cosZn(&, —%)

@

where Ly is the amplitude of the harmonic inductance, and 6;
is the rotor position. Then, a 3-phase inductance matrix can be
transformed to the d-, g-axis space harmonic profiles
depending on the voltage injection angle as follows

(L] =L.5[T T [ L] [ Te [T, 1" ©)

where, [Lsy] and [Lawen] are the inductance matrix of the d-q
axis and the abc axis, [Taql and [Ty] are the transformation
matrix of the d-q transform and the rotational transform. The
harmonic inductance matrix, Ls, iS represented in the
synchronous rotor reference frame as

Lsh:§ {cosG@rm —sin69rm} @n—am-1
2 ™| _sin6f,m —cos6d,m .

Lsh:§|- {cosGG,m sin69,m} @n=3m+1()
2 ™ sin6g,m —cos66,m

where L, is the amplitude of the n-th harmonic inductance.
The harmonic orders of the inductance are shown in Table I.
The 6n-th harmonics of the inductance, Lg,, in the synchronous
rotor reference frameis calculated by any n-th phase harmonic
inductance according to the rotor position. If the phase
inductance has the n-th space harmonic inductance, the
corresponding current response can be deduced as

TABLEI
HARMONIC ORDER OF Lanch AND Lsn
n 2 4 5 7 8 10 11 13 14
1 1 2 2 3 3 4 4 5
L 6 6 12 12 18 18 24 24 30

6n-th

o
<3

=]
]

o
o

100
Il OA:THD 43%
0 W72 50A : THD 11.2%
80

o
3l

20

Magnitude [%)]

o
S

10

Phase Inductance [mH]

o
w

0

0 30 60 9 120 150 180 0 2 4 6 8 10 12 1a
Electrical angle[ ] Harmonic order

Fig. 1. Phase inductance profile as the rotor position changes under no-load

and load conditions.
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Fig. 2. Variation of the current ripple according to the rotor position
(mechanical angle) and Voltage injection angle.

s gooser +£sim9r
a7 ’ sinayt
is a. . B "
gsh —sing, —*cos6,
r r (7
e e
cos( 6, —
=y| . (0 =) sinwpyt p:tan_lﬁ
sin(6; - p) a
Vinj Vinj
a=A— + =A—L
o (quf quh) B P
A= : ®

(Ldsf + Lgsh )( Lgst + Lgsh ) — LtgsnLgdsh

where Viy is the amplitude of the signal injection voltage, L,
Lqs are the d-/g-axis inductance of the fundamental, and Lgsn,
Lgn are the d-/g-axis inductance of the harmonic. The
estimating rotor position errors, p, estimate the 6-th harmonic,
and they can be determined by

_ _1-LpnySIN6E. M
=tan 1ﬁztan 17=mh=7r @n=3m-1

©)

p

@n=3m+1

This error is displayed in the form of 6n-th order harmonics,
as shown in Fig. 2. However, there are ways to reduce the
distortion of the phase inductance phase of the motor design,
and thisis discussed in the next section.
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I11. CONCEPT OF IPMSM FOR SENSORLESS-ORIENTED DESIGN

A. Main motor parameter for sensorless control in IPMSMV

The rotor position can be estimated more easily if the phase
inductance distribution is sinusoidal. There are severa
methods in the design of IPMSM for reducing the THD of the
phase inductance.

1 Electric loading/ magnetic loading

2. Winding conbinations

B. Electric-/magnetic-loading for sensorless control

In a hybrid electric vehicle traction motor, the motors use
more flux weakening current in armature windings. However,
the motor for sensorless control, the flux made by the PM
must be greater than that made by the armature reation, since
the rotor position is estimated by the fact that the low
permeability of the PM which islocated on d-axis. This means
that the way to design IPMSM for sensorless control is to
increase the magnetic loading while reducing the electric
loading. In (10) and (11), the magnitude of the magnetic load
and the electric load are described. B, L, Npn and D, are the
flux density, stack length, number of turn phase and rotor
diameter, respectively, while p and m are the pole-pair number
and the number of phases.

p=Bx T (10)
2N |
A= [A/m] (12)

r

C. Windings combination of motor for sensorless control

The motor for sensorless control requires sinusoidal phase
inductance distribution and a minimum flux distortion by
armature reaction at the air gap. This means that the machine
has to be designed to distribute the armature reaction as evenly
as possible to take advantage of the sensorless drive. The
Distortion of the phase inductance is reduced from the
distributed winding type: the spatial core saturation is relieved
by the structural magnetic path of the distributed winding type
compared with those of the concentrated winding type.

Self- and mutual-inductances (L. and M,) are generaly
expressed in terms of permeance and the magneto-motive
force shown in (12), (13) and (14). Both vaues can be derived
by the magnetic energy and flux linkage as shown in [6]. In
distributed windings, harmonic terms in the magneto-motive
force (MMF) are contain fewer than those of the concentrated
windings, as shown in Fig. 3.

l 27 2
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Ma = ZIO Aar FaFyd (13)
» 4Ni nr
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a2, cos{ 77 oostrg) (14)

E

(a) concentrated model (b) distributed model
Fig. 3. MMF distribution of each models
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Fig. 5. Estimated current ripple(lower) and experimental result(upper)
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Fig. 6. Experimental result and graph of the position error

IV. EXPERIMENTAL VERIFICATIONS AND DESIGN OF THE
MOTOR FOR SENSORLESS CONTROL

A. Experimental verifications

The following shows the experimental verifications of the
models. Fig. 4 is the Photographs of the test set. From the
waveform of the phase inductance according to the load state
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~ Y
(a) Concentrated winding (b) distributed winding
Fig. 7. Design models with winding combination

TABLEII
DESIGN PROPERTIES AND PARAMETER FOR SENSORLESS CONTROL

Concentrated model Distributed model

Pole/Slot 12/18 12/36
Rated torque [Nm] 50 50
Remanent flux density [T] 1.126 1.237
i 0
THD of inductance [%)] 452 91

(@ rated load 50A)
Magnetic loading [KA/m] 1.0 13

Electric loading [mWh] 107.2 69.0
100 g ) )
ool ||| I Concentrated : THD 45.2% Current ripple profile
80 P72 Distributed : THD 9.1% ||| concentrated :
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Fig. 8. Distortion of the phase inductance and the estimated current ripple
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Fig. 9. Comparison of the rotor position error with winding combination

in Fig. 1, the current ripple waveform (inverse values of the
inductances) changed by the rotor position under no-load and
load conditions is shown in Fig. 5. As many n-th order
harmonics are contained in the phase inductance matrix, the
estimation error is increased. Fig. 6 compares the estimated
position error under no-load and load consitions with the
experimental results. The error is displayed in the form of 6th-
order harmonics.

B. Design results for sensorless control in IPMSM

Fig. 7 shows an electric motor for comparing the sensorless
control properties. These are the models that have been
optimally designed moderately with concentrated winding of
12-poles 18-dots and distributed winding of 12-poles 36-slots
[7-9]. From the Section 3, the design conditions for the rotor
position computation is shown in Table 2. From the change of
the winding and the increase in magnetic |oading, the cause of
the two conditions is clear. In Fig. 8, the distorted waveforms
through the phase inductance of the motor were compared

between, and the current ripple that have been converted from
the waveform of the phase inductance is shown under load
50A. In the figure, it is shown that both the magnetic loading
and the winding type can cause a reduction of the position
estimating errors. Fig. 9 shows the result of estimating the
position of the rotor as awinding type in the sensorless control
method. The motor designed the distributed winding can be
seen that the position errors of the rotor is smaller. Further, it
was verified that it is possible to determine the design concept
of the electric motor for sensorless control.

V. CONCLUSION

In this paper, the cause of the estimating position error was
examined to clarify the sensorless control method. The design
of an electric motor for reducing the position error is described.
The THD of the phase inductance is one of the key factors for
designing motors for sensorless control. In order to reduce the
distortion of the phase inductance profile, an electric-
/magnetic-loading and the winding combination is considered.
The high level of the magnetic loading and the distributed
winding are optimized making the design concept of a motor
with stable sensorless controlled capability possible.
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