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An efficient estimation of the rotor position has always been a premise of the reliable operation for the interior permanent magnet
synchronous motors (IPMSM), especially for low-speed conditions because of the small back electromotive force (EMF) and low
signal-to-noise ratio (SNR). The commonly used observation method, e.g., sliding mode observer (SMO), is suitable for these
surface mounted motors and has no great adaptability to the saliency. In this paper, a novel rotor position (including the real-time
position and initial position) estimation method was proposed based on the traditional high-frequency signal injection method.
Firstly, high-frequency signals were injected to induce the high-frequency current components which contain the rotor position
information. Then, the sliding discrete Fourier transform (SDFT) algorithm was used to extract the amplitudes of the induced
current components which could be used to get the real-time and initial rotor positions by a proportional integral (PI) regulator
and a polarity identification. Lastly, with the established experiments’ platform, the estimation tests of the rotor position at a low

speed have been completed to make verification of the effectiveness of the approach studied in this paper.

1. Introduction

Permanent magnet synchronous motors (PMSMs) are
widely used in industrial areas, e.g., manufactures, house-
hold appliances, transportation, or even aerospace field for
their sorts of advantages [1-3]. An efficient acquisition of the
rotor position has always being one of the preconditions to
ensure the reliable operation. Normally, rotor position can
be obtained by mechanical sensors, e.g., rotary or photo-
electric encoders; however, these sensors usually need ad-
ditional signal detection and processing, are sensitive to the
environments, and are not suitable for all occasions.
Therefore, it is an important research object of the study to
develop the sensorless control [4-6].

Typically, there are three kinds of sensorless methods
being widely studied for the rotor position estimation. (1)
Methods based on the motor back EMF, e.g., sliding mode
observer (SMO) and extended Kalman filter (EKF); however,
these methods are usually suitable for surface mounted

motors and have no great adaptability to the saliency [7, 8].
(2) For IPMSMs, the common methods to estimate the rotor
position are based on high-frequency signal injection be-
cause the position information would be contained in the
induced signals [9-11]. Usually, signals’ extraction can be
carried out in the frequency domain, during which the
discrete Fourier transform and its extension are preferred
[12]. Considering that the calculation for the common
discrete Fourier transform 1is relatively complicated, a
generalized sliding discrete Fourier transform was proposed
in [13, 14], which could improve the efliciency of signal
extraction and was suitable for digital implementation. (3)
Methods based on intelligent algorithms: for example, a
novel speed observation scheme using artificial neural
network inverse method was proposed in [15] to effectively
reject the influence of speed detection on system stability
and precision for the motor; in [16], an iterative search
strategy based on dichotomy was proposed to provide a
finite number of rotor position angles with good accuracy.
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On the contrary, for IPMSMs, the initial rotor position
information is also important for effectively starting up,
which is different from the sensorless control of the in-
duction motors (IMs). When the motor is stationary, the
back EMF keeps zero which means it could not be used to
get the initial position. Although the rotor initial position
information exists in the induced high-frequency current
components whether the motor is stop or in motion state,
the N/S polarity of the rotor pole cannot be identified
directly. In [17], a second-order Taylor expansion was
adopted to extract the N/S poles, which was not suitable for
the digital realization because of the complicated
computation.

In order to effectively estimate the real-time and initial
rotor positions for the IPMSMs, a novel estimation strategy
was proposed in this paper based on the combination of
high-frequency signal injection and the SDFT algorithm.
Firstly, high-frequency voltages are injected to induce the
high-frequency current components which contain the rotor
position information. Then, the SDFT algorithm is used to
make an effective signal extraction of the induced current
components to ensure the real-time rotor position estima-
tion. Meanwhile, a magnetic polarity identification method
is designed to get the initial position according to the
amplitude variation of the induced high-frequency current
components.

This paper is organized as follows. The estimation
strategy of the real-time rotor position is given in Section 2.
The initial position judgment is presented in Section 3. The
experimental results are shown in Section 4. Finally, some
conclusions are given in Section 5.

2. Real-Time Estimation of Rotor Position

2.1. Estimation Principle. For the IPMSMs, the flux equa-
tions in dg coordinate can be expressed as

S b
Y, 0 L]l 0

where ¥;and ¥, are the stator fluxes in the dg coordinate, iy
and i, are the stator currents in dq coordinate, L, represents
the inductance in direct axis while L, is the inductance in
quadrature axis, and ¥y stands for the permanent magnet
excitation component.

Hypothesis is that a virtual rotating d'q’ coordinate
whose relationship with the normal dg coordinate is revealed
in Figure 1.

Defining the deviation of the two coordinates, A6 = 6-6’,
then the transform matrix between the normal and virtual
rotating coordinates could be presented as

(2)

cos AG sin A6
—sinA@ cosAf |

Td'q'ﬁdq:[

With the high-frequency voltages being injected into
the stator windings, the stator fluxes generated by the
induced high-frequency current components can be de-
scribed as
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FIGURE 1: Relationship of the virtual and normal rotating coor-
dinates, where 0 is the rotor position angle between axis “d” and
axis “A” (axis “A” is the a-phase winding in the three-phase sta-
tionary coordinates). 6 is the virtual angle between the axis “d””

and the axis “A.”

v, 0 L, ||
where ¥;; and ¥, are the generated flux components from
the induced high-frequency current components in dg co-
ordinates and 7;; and i;; are the corresponding induced high-
frequency current components, respectively.

With the transform matrix, these generated flux com-
ponents also could be written as

\Pld] \Pld,
=Tys 4 [ ] (4)
|:\Piq 1 1 \Ijid'

Similarly, the induced high-frequency current compo-
nents also could be described as

iid- iid’
[l = Td’q’ —)dq[ . ] (5)

iy

Substituting equations (3) and (5) into equation (4), then

T Vi ] [La © T b ©)
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For equation (6), the induced current components in
d'q' coordinate can be obtained as

. -1
Ligt . Ly O Vi
= Td’q, N dq Td’q/ N dq

iy 0 L, ¥,

1 |:Lz + Ly cos(2A0) L, sin(2A0) :I

-2 2
Ly =Ly| L,sin(2A0) Ly — L, cos(2A6)

\Pid'
¥,

(7)
where Ly = (Lg+Lg)/2 and Ly = (Lg—Lg)/2.
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Suppose that the high-frequency voltage injected into the V. U, [—cosw;t
stator windings are as follows: :I =i ] (9)
w; .
Uy sin w;t Yig 'L osinw;t
=U; : (8) I . . .
Uiy cos w;t Substituting equation (9) into equation (7), then
With voltage-flux relationship, the generated flux
components can be written as
iy U [Ly + Ly cos(2A0) L, sin(2A0) ‘| [—cos wit:|
_ i
= 7 ;2
Lig “’i(Lz - LA) | L,sin(2A6) Ly — L, cos(2A6) || sin w;t
(10)
U, [ —Ly cos(w;t) — L, cos(2A0)cos w;t + L, sin (2A6)sin w;t
B w, (L3 - L}) ~ - - '
i\ ~ta) | —L, sin(2A0)cos w;t + Ly sin w;t — L, cos (2A0)sin w;t
The simplification of equation (10) can be derived as where I,y = (U;Ly/w; (L3 — L%))and I = (U;Ly/w; (L3-

iy = —(Ijp +1I;; cos(2A0))cos w;t + I;; sin ((2A0))sin w;t,
iy = —I;; sin(2A0)cos w;t + (I — I;; cos (2A0))sin wit,
(11)

L})).
The amplitudes of the induced high-frequency current
components could be expressed and derived as

lir| = \(Lp + L cos (240))? + (I, sin (246))’

liw|” = I + I + 21,1y cos (2A0) )

=
liiy| = V(s sin (286))* + (Iy — I, cos (26))?

Furthermore,

i ~Jizg | = 41T, cos (26). (13)

It is obvious that there is a cosine component of the
deviation angle A in equation (13), which can be easily
transformed into the sinusoidal component by changing the
rotating transform equation (2) with a (7/4) conversion

such as
cos(AG - 7—[> sin(A@ - E)
4 4

—sin(A@ - E) cos(AG - E)
4 4

In the new d"q" coordinate, equation (13) would be
changed as

Td”q” ( 14)

. d’q’ =

lir|* ~Jisge | = 4L Ty cos (206) = 41, T, cos(2<A6 - g))
= 41,1, sin (2A0).
(15)

For equation (15), if the quantity of the left side is known,
then the 2A0 could be adjusted to 0 by setting an appropriate

. 2 ’
liig| = I + 1T = 21,1,y cos (216)

PI regulator, which means virtual angle 6’ equals the actual
rotor position angle 0, that is, the real-time rotor position
information.

2.2. Amplitudes’ Extraction Based on SDFT. SDFT is an
improved algorithm for traditional discrete Fourier trans-
form (DFT), which can greatly reduce the computational
complexity and easily extract the amplitude of specific
frequency signals.

Assume that the induced high-frequency current is a
finite data sequence, which can be expressed as i(m) and its
length is M, and its DFT is

M-1
I(k) = DFT[i(m)] = ) i(mW};, (0<k<M-1),
n=0
(16)

where W, = e(=727/M),
For equation (16), its expansion can be mathematically
expressed as
1(k) =i(0) +i(1)e/F™™M 4 j(2)e ] 2mk=2M)

1
+ oo (M = 1) Gk (M= 1IM), 4



Suppose that the first sampling M data are i(0) ~ i(M-1),
and the first sequence is represented as ip; the second
sampling M data are i(1)~i(M), and the corresponding se-
quence is i;. The data processing is shown in Figure 2.

Defining Io(k) and I, (k) are the DFT of the sequences i
and iy, respectively,
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FIGURE 2: Schematic diagram of discrete data processing.
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Combining the above two equations, it could be derived
as

1, (k) = [I, (k) — i (0)]e! @™ 4 (M) Bk M-DIM)

=[I, (k) -i(0) + i(M)]ej(Zﬂk/M).
(20)

Obviously, equation (20) shows that I;(k) can be cal-
culated only by using Iy(k), i(0), and i(M), along with a
simple phase-shift computation, which can greatly improve
the operation efficiency and is very suitable for the digital
implementation. The signal amplitude of a specific frequency
can be read by setting a specific k value.

Through the transformation of the induced high-fre-
quency current components, [i;;7| and |i,-q” lin equation (15)
could be extracted by SDFT algorithm with k being set as
zero.

3. Initial Rotor Position Estimation

For synchronous motors, initial rotor position is a necessary
information to ensure the effective starting. Traditional
sensorless control technology based on back EMF could not
obtain the initial position effectively for the back EMF which
is zero when the motor is at rest. For the IPMSMs, because of
their salient effect, the rotor position information is always
contained in the induced high-frequency current compo-
nents, with which the initial position might be obtained.

According to above analysis, the position information
existing in the high-frequency current components has the
form of 2A0, and the N/S pole could not be directly judged.
In this paper, a magnetic polarity identification method is
based on the amplitude variation of the same induced high-
frequency current components.

According to the flux saturation effect, when the di-
rection of induced high-frequency current vector is con-
sistent with the N pole, the induced current’s amplitude
would be the largest; on the contrary, the amplitude will
become the smallest when the direction is consistent with
the S pole. Therefore, the N/S polarity of the rotor pole can
be identified by judging the amplitude of the induced high-
frequency current components, which also can be realized by
SDFT algorithm.

Supposing the position of N pole is 0y when the am-
plitude of the high-frequency current reaches the maximum,

this angle can be used to identify the magnetic polarity
although it is quite different from the actual rotor position.
In detail, if the difference between 0y and 6’ is less than 90°,
6'is the actual rotor position angle; if the difference is larger
than 90°, the estimated rotor position angle 6’ is at the S-pole
position, and the estimated rotor position would be revised
to 8' + 180°. The whole diagram of the studied rotor position
estimation strategy is illuminated in Figure 3.

4. Experimental Results

An experimental platform for the IPMSMs was established,
as shown in Figure 4, in which the control processor is
TMS320F28335. The detailed parameters of the studied
IPMSM are shown in Table 1. The frequency of the injected
high-frequency voltage is 1250 Hz and the amplitude is 6 V.

4.1. Signal Extraction Based on SDFT. With the injected
high-frequency signal (1250 Hz, 6V), when n=20rpm, the
induced stator current in a-phase stator current is shown in
Figure 5(a), the induced high-frequency current compo-
nents obtained from band-pass filters in a-phase and b-phase
are displayed in Figure 5(b).

From Figure 5, it is obvious that the induced current
components are superimposed on the stator currents. With
SDFT algorithm, the extracted signals are exhibited in
Figure 6.

It can be seen from the experimental results in Figure 6
that this SDFT algorithm can effectively extract the ampli-
tudes idh and igh of the induced high-frequency current
components, and then, the corresponding square values | iqy,
|2 and | igy |2 can be calculated to perform the position
estimation.

4.2. Comparisons on the New Method and the SMO Method.
To make better verification of the estimation method studied
in this paper, experimental comparisons are carried out
between the improved SMO method mentioned in [8] and
this new estimation method.

The experiments are carried out according to the fol-
lowing procedures to make verifications and comparisons:

(1) At t=0s, the IPMSM has a full load starting from
Orpm to 10rpm
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FIGURE 3: Block diagram of rotor position estimation strategy.
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FIGURE 4: Experimental platform: (a) main circuit and driving circuit and (b) IPMSM and the load.

TaBLE 1: Detailed parameters.

Parameters Values
PN 1.36 kW
nN 2000r/min
TN 6.5N.m
Rs 0.78Q

Ld 2.5mH
Lq 8.5mH

P 3

Of 0.303 Wb

J 0.00107 kg-m?

(2) At t=0.2s, the speed abruptly changes from 10 rpm
to 50 rpm

The estimation results with the SMO method and new
method are shown in Figures 7 and 8.

According to Figures 7 and 8, for the SMO method, the
estimation errors are about +6rpm and +4rpm when the
rotor speed is 50 rpm and 10rpm, and the corresponding
error rates are about 12% and 40%. While for this new
estimation method, the estimation errors are about +3 rpm

and +1.5rpm and the error rates are about 6% and 15%,
which fully verifies the effectiveness of the method studied in
this paper.

On the contrary, the load mutation experiments are also
carried out when the motor runs at 10 rpm (at t=0.2s, the
load abruptly changes from 0N-m to the rated value); the
corresponding comparisons are shown in Figures 9 and 10.

According to Figures 9 and 10, when the load abruptly
changes from 0N-m to the rated value, the dynamic response
times are 6.5ms and 41ms for the SMO method and new
methods, respectively; for the estimation error, this new method
has better performance than the conventional one, and the speed
drop is about 2 rpm and 1.2 rpm, respectively. It can also be seen
from Figure 10 that the estimated value differs greatly from the
actual value for the SMO method has no great adaptability to the
salient PMSM, and the inherent chattering characteristic of
SMO also have influence on the estimation performance.

4.3. Initial Rotor Position Estimation. Taking five actual initial
rotor positions, 0°, 45°, 90°, 135°, and 180", as the tests, the
trajectories of the induced high-frequency current components
are presented in Figure 11, each of which is an ellipse. With the
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FiGure 5: Induced high-frequency current components: (a) induced current in a-phase; (b) induced high-frequency current components.
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FiGure 6: Continued.
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FIGURE 6: Amplitudes’ extraction with SDFT: (a) high-frequency current in d-axis, (b) enlarged waveforms of (a), (c) high-frequency current
in g-axis, and (d) enlarged waveforms of (c).
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FIGURE 7: Estimation results of the SMO method: (a) speed estimation; (b) rotor position estimation.
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FIGURE 8: Estimation results of the new method: (a) speed estimation; (b) rotor position estimation.
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FIGURE 9: Estimation results of the SMO method: (a) speed estimation; (b) rotor position estimation.
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FIGURE 10: Estimation results of the new method: (a) speed estimation; (b) rotor position estimation.
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FiGure 11: Initial rotor position estimation: (a) 0% (b) 45% (c) 90% (d) 135%; (e) 180°.
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FIGURE 12: Results of the initial rotor position estimation.

proposed magnetic polarity identification method, the ob-
tained initial rotor position could be presented as the angles
between the long axis of the ellipse and the horizontal line.
Taking the actual initial rotor position as the horizontal
coordinate and the estimated position and error as vertical
ones, the experimental results are displayed in Figure 12, from
which, it can be seen that the estimation error is within +1°.

5. Conclusions

To effectively estimate the initial and real-time rotor posi-
tions of the IPMSMs, even a low speed situation, this paper
proposed a novel estimation method with the combination
of traditional high-frequency signal injection method and
the SDFT algorithm. High-frequency voltage signal was
injected to induce the high-frequency current components;
SDFT algorithm was used to extract the amplitudes of the
induced current components, with which the rotor position
could be obtained in real time by a PI regulator. On the
contrary, a magnetic polarity identification method was
designed to get the initial position according to the am-
plitude variation of the induced high-frequency current
components.

With this novel rotor estimation strategy, the rotor es-
timation accuracy can be ensured within + 3rpm and +
3rpm, even the speed is 50 rpm and 10 rpm, respectively;
with the SDFT algorithm, the position extraction time re-
duces to about 4.1 ms which improves the dynamic per-
formance. Besides, the initial rotor positions are well
identified when the actual rotor is at different angles, which
can ensure the motor having a nice starting performance.

Data Availability

The processed data required to reproduce these findings
cannot be shared at this time as the data also forms part of an
ongoing study.
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