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NOVEL ROTOR POSITION EXTRACTION BASED ON ROTATING
HIGH-FREQUENCY VOLTAGE INJECTION FOR PERMANENT
MAGNET SYNCHRONOUS MACHINE DRIVES AT
LOW OR ZERO SPEEDS
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A new procedure for rotor position extraction of salient-pole permanent magnet synchronous motors (PMSM) is presented in this
paper. A carrier rotating signal is injected into the machine to measure its displacement using a high-frequency current. This
method reduces computation time, simplifies the extraction model, and improves the displacement assessment error. This method
is effective for surface mounted-permanent magnet synchronous motors (SPMSM) exhibiting small magnetic saliencies with
sinusoidally distributed stator winding supplied by a space vector pulse wide modulation (SVPWM) voltage source inverter. The
experimental results proved that the online phase shift compensation method could assess the rotor displacement, the speed, and
the sensorless PMSM vector control operation with high accuracy. This method has shown its effectiveness for static and dynamic

performance under various operating load conditions.

1. INTRODUCTION

Due to their high torque density and efficiency,
permanent-magnet synchronous motors (PMSM) are widely
used in many speed control applications [1,2]. Explicit
position sensors (e.g. encoders and resolvers) are usually
used to obtain real-time information on the rotor position for
field orientation, closed-loop speed, and position control of
PMSM [1, 3]. However, the major drawback of such sensors
is their large size, high cost, and complexity of the whole
system. Moreover, they impair the reliability of drive
systems [1]. The substitution of the position sensors by
advanced algorithms embedded in the controls hardware and
software has become an important topic of study in recent
decades. The classical sensorless field-orientation controls
used for the PMSM are categorized into two classes: The first
is based on the back-EMF estimation [4,5] using some
estimators such as state observers and Kalman filters [6].
Although the sensorless control in the first class is well
mastered at medium to high velocities, it remains a
challenging task at low velocities. The reason is that
observability degenerates at zero velocity, causing a serious
problem such as an error that may be induced on the rotor
position assessment [7,8] and instability regarding its speed
control [7]. The second class is based on magnetic saliency.
It attempts to solve this problem using frequency
modulation, making the system observable whatever the
fundamental excitation [7,8]. Its major asset comes from its
ability to estimate rotor position at low speeds and standstill.
The accuracies of the position and velocity estimation in any
machine are affected by the non-linearity of pulse-width
modulation, the machine's dynamic behavior, the kind of
carrier signal injected, and the signal processing required for
the estimation.

The classical open loop carrier signal injection is
impacted by the nonlinear inverter properties, such as the
dead time effect, introducing errors on the mean value of the
voltage, which can be compensated by several methods, such
as a matrix converter using the space modulation profiling
technique [9]. Another method involves adopting HF square-
wave voltage injection algorithm without compensation [10].

Regarding sensorless control at vector control mode, the
generated starting torque depends on the accuracy of the

initial rotor position estimation. If the initial position error is
comparatively large, the loading capacity at the starting stage
will be limited and even causes the machine to reverse [11].

The pattern of the high-frequency signal injection is
classified into: the sinusoidal circular vector [8], the
sinusoidal elliptic vector [12], the sinusoidal pulsating vector
[11-13], and the square wave vector [1-14,15]. They can be
used in different references, such as the stationary reference
frame or the estimated synchronous reference frame. The
sinusoidal-wave signal injection strategy is easy and simple
[1]. The pulsating injection method is more accurate and less
sensitive to the power device dead-time effect than the
rotating injection method [16]. However, it may face the
problems of long convergence time and limited system
stability. To overcome these problems, a direct signal
demodulation method is proposed in [16,17]. The use of a
square-wave method reduces the time delay.

Moreover, it remarkably enhances the bandwidth of
position estimation and current regulation [18]. It has two
main drawbacks, one of which is that the carrier injection
voltage needs to increase with the increase of injection
frequency to maintain a reasonable signal-to-noise(S/N)
ratio. The second drawback is the need for complex signal
demodulation, unlike the conventional sinusoidal signal
injection methods. Therefore, some authors have proposed a
novel square-wave carrier signal injection strategy using
zero sequence carrier voltage [1].

Regarding the position information in the negative
sequence term of the current, some signal processing must
be done, including heterodyne detection. Three techniques
for current demodulation can be found in the literature when
the high-frequency sinusoidal circular voltage is injected into
the motor [19]: the two successive synchronous reference
frame filters, the analog and synchronous reference frame
filters, and the single low-pass synchronous frame filters.

The drawbacks of the first one are its slow response time
due to the first-order filters and the inability to eliminate the
perturbations near the carrier pulsation components.
Moreover, the need to use the synchronous pulsation wg; may
lead to instability [19]. The second method is the
conventional solution to extract the negative sequence
current component by combining three continuous time
filters (a band-pass filter, a high-pass filter, and a low-pass
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one). However, its limitations lie in its complexity, a time
delay of the rotor position or speed, and a limitation of
current bandwidth [19,20].

In this paper, the third structure is developed and studied.
Using solely one continuous-time low-pass filter and one
frequency shift is more appropriate and simpler.
Furthermore, the phase shift of the adopted filter is corrected,
so its estimated bias position will be nullified. This
procedure has proved its efficiency in rotor position
estimation on a wide operating range at low velocity. In this
study, the position estimation arises from a high-frequency
current injection, then the position estimation bias is
eliminated through the phase correction technique.

This new method significantly simplifies signal
demodulation and improves position accuracy. Moreover, it
increases the position estimation robustness. The main
contributions of our work include:

e A new method significantly simplifies the signal
demodulation process for assessing rotor position,
which leads to a lower implementation processing time.

e A new design compensation of the filter phase shift
scheme considers the operating speed.

e Anexperimental test bench is carried out to validate the
proposed method.

The rest of the paper is organized as follows. In section 2,

a simplified PMSM model for high-frequency voltage
injection is developed. The classically used demodulation
process at the high-frequency component of the complex
current signal is analyzed, then a new one is presented and
described in section 3. Section 4 introduces the rotor position
assessor and an advanced filter phase shift correcting
technique. The comparison results between the simulation
and the experimental recordings on a test bench using a
dSPACE rapid prototyping system are highlighted in section
5. Finally, the conclusion is reported in section 6.

2. MATHEMATICAL MODEL OF THE PMSM
UNDER HIGH-FREQUENCY VOLTAGE
EXCITATION

The d-q model for a PM synchronous machine is
appropriate to describe the methodology prescribed. With
the expectation that only a single sinusoidal distributed
saliency is considered in the machine and with sinusoidally
distributed stator winding. The stator voltage model in the
rotor reference frame is as follows:

0 [ P o B
and the magnetic flux is as follows:
iﬂ =[o ][]+ 150 @)

When converted to a stationary reference frame, the
described expression may be reformulated as [9]:
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where: vy, Vg, Iy ig, $gand ¢g are respectively the

voltages, the currents, and the fluxes in the stationary
reference frame. L = (Ly + Lq)/2 and AL = (Ly — Lq)/Z
are the average inductance and the zero-to-peak differential
inductance respectively.

The machine is used to produce an electromagnetic torque
given by:

To=p[dm + (Lg — La)ia]iy- (6)

The generated torque permits to control the provided
speed as the following equation expresses it:

d
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In this regard, the generated electromagnetic torque can be
exploited to correct the load torque with the friction losses and
vary the generated speed.

By supplying the voltages source inverter with the space
vector modulation (SVM), the balanced sinusoidal signals
with high frequency and low amplitude can be superimposed
to the fundamental excitation of the PMSM motor terminals
[20, 21]:

Sln(wct) j(mct+z)
Vep.e= [ 1] = [ oonon sy | = M. ®)
where: v, . and vg .are the high-frequency voltages

components, respectively. The pulsation w, = 27f,. The
need gives the minimum frequency for frequency separation
due to the filtering, and the maximum frequency is given by
the limitations of the switching frequency ( f. around 1 kHz)
and the magnitude V, (in the order of 10 V) of the selected
carrier signal are retained [21].

At high frequency, the prescribed model PMSM eq. (3)-(4)
may be reduced to

o] = (rslz + 5L () [L]
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where: I, is the two-dimensional identity matrix. Equation (9)
proves that the high-frequency current components in the
stationary reference frame i, . and ig . are generated by this
carrier voltage injection. Hence three components can be
associated with the stator current: a positive sequence component
following the rotation of the injected voltage, a negative sequence
component following the inverse rotation of the injected voltage,
and a low-frequency component (iqg ) produced by the low-
frequency monitoring voltage, the stator flux and the rotor flux:

iqp=Ipe (et )+I e i(Foerr20r43) 4 laps-  (10)
The magnitude of the positive sequence part is:
LV,
Iep =G e (11)
The magnitude of the negative sequence part is:
ALV,
Icn_(Lz—ALZ)(mC—Z )’ (12)

From eq. (10), it can be noticed that the indication
regarding the rotor position is included in the second term
0,.. Therefore, a corresponding signal-processing method
must be applied to extract this component.
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3. STATOR CURRENT SIGNAL PROCESSING

3.1 CLASSICAL METHOD DESCRIPTION

To extract the rotor angle information 6,. in eq. (10) and
eliminate the other undesirable terms, the classical method is the
most used [19, 20]. It uses an analog band-pass filter (BPF)
centered on the carrier frequency f,. The role of this filter is
twofold: 1) keeping both low amplitudes with high-frequency
terms of the measured stator current and ii) eliminating the
excitation of low-frequency current.

The estimated complex current is multiplied by e ®¢t, a
heterodyning process, to realize a frequency shift of —w,.
Consequently, the negative sequence term is translated near the
—2w,. Regarding the positive sequence term, it is converted into
a dc term, which may be eliminated through a high-pass filter.
The resulting signal is multiplied by e*1®ct to shift the negative
sequence term near zero and generate a signal proportional to
/297 The obtained signal is passed through a low-pass filter
followed by a phase extraction to extract the measured rotor
position (Fig. 1).

Demodulation Process
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Fig. 1 — Usual procedure in assessing rotor position.

3.2 SUGGESTED PROCESSING PROCEDURE
As shown in Fig. 2, our new method first consists in
multiplying the assessed stator current i,g by elct to realize
a frequency shift of +w.. As a consequence, the negative
sequence term is translated toward zero. The other terms are
situated at a frequency band greater than the carrier one.

iqgeoct ~ Ime](zer+;)Hcpej(z(nct—;) + I 58D (13)
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Fig. 2 — Simple demodulator suggested for assessing rotor position.

The last two components can be eliminated using a low-
pass filter, rendering a new signal ia dem pdem proportional to
e/29) (Fig. 2) and the rotor position assessment is finally
obtained by phase extraction (Fig. 4).

Bessel filters are needed for the two cases due to their
maximal linear phase output, generating a displacement
assessment error proportional to the rotor speed. The
different coefficients are calculated as it is done in [22]. The
proposed procedure uses A fourth-order low-pass filter to
reduce the low-frequency excitation fraction. This filter is
designed by combining two second-order Bessel low-pass
filters in series.

Figure 3 illustrates the frequency response of both
demodulators. It can be seen that they are exhibiting similar

bandwidth (+40Hz in the vicinity of -1000 Hz). The usual
demodulation process presents an ideal rejection around DC
and +1000 Hz, but the adopted procedure presents more
attenuation everywhere else. Figure 3 illustrates that the
phase declivity near -1000 Hz is greater in the suggested
demodulator than in the usual procedure. Therefore, a phase-
correcting technique is needed.
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Fig. 3 — Frequency responses of the suggested (blue line) and the usual
demodulators (red line).

4. UNBIASED SPEED AND POSITION ASSESSMENT

4.1 SPEED AND POSITION ASSESSOR

The demodulation realized on the negative sequence
component provides the signals I,,cos(26,.) and I ,,sin(26,.).
An inverse tangent function can evaluate The rotor position
from the above signals. Still, more denoised estimation is
realized with a non-linear second-order angle tracking
observer [8], appropriate in this case as illustrated in Fig. 4.
This observer presents an evaluation of the location (8,.) and
speed (®,.) of the rotor. From the maximal electromagnetic
torque of the machine T,,,,,, the maximal angular
acceleration is expressed as:

TE max

a=- (14)
The first-factor K, (see Fig. 4) can be chosen as
Ky =5— (15)

Or_ max

The term étm ax Tepresents the acceptable upper limit on the
position assessment error arising from that angular acceleration.
The other factor K,is formulated as

K, = 2mJK,. (16)

where: m is a damping ratio chosen by the user. This
parameter can be chosen to obtain a desired peak overshoot
when the actual rotor position abruptly changes. For example,
choosing an overshoot of 5% leads to m = 1.945 [23].
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Fig. 4 — Overview drawing of the nonlinear second-order angle tracking
observer.
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4.2 CORRECTION OF THE POSITION ESTIMATION
ERROR

This procedure proved that the biased rotor assessment is
attained (Fig. 4) when the angle tracking observer verifies
the negative sequence terms extractor (Fig. 1 or Fig. 2). This
bias is due to the phase shift @(w) of the filters adopted in
the demodulation step. The expressions of these phase shifts
are known, and the angle-tracking observer also estimates
the rotor speed. This correcting technique is detailed by the
overview drawing of Fig. 5, where @, p,(w) is the argument

of the fourth-order low-pass filter adopted in the
demodulation process and is given by the eq. 17.
&, N — o B cor
Py (200r) —»@’—»
)
Fig. 5 — Adopted estimation error correction procedure.
@rpa(®) = atan2(—2my 0y, &, 05, — B?) (17)

+ atan2(—2m,w,,® , i, — B?)
where: m;, m,, wy;, and w,, are the Bessel low pass-filter
coefficients given in [22].

5. SIMULATION AND EXPERIMENTAL RESULTS

To evaluate the effectiveness of the proposed method for
sensorless low and zero-speed operation of PMSM, a set of

simulations was performed on MATLAB/Simulink and atest

bench was used for experimental tests. The parameters of the
simulated machine are based on the identification of an
industrial 4.4 kW SPMSM (Yaskawa SGMGH-44DCAG6F)
shown in Table I. The motor is supplied by a power converter
controlled by the space vector modulation technique (SVM).
The output voltage reference is calculated like in [24],
receiving three monitor signals delivered by a classical
vector monitor arising from three PI controllers and tuned by
the symmetrical optimum method [25]. The speed and
position estimation uses an extractor and demodulator
operating in the negative sequence part, an angle tracking
observer, and a phase shift corrector, as depicted in Fig. 6.

The experiments are implemented on a dSPACE dS1103
control system (100 ps sampling period), which is composed
of the computer, the dSPACE boards, the inverter, the
PMSM, the load machine used to generate a mechanical load
torque, the current sensor, the voltage sensor, and the
incremental position encoder sensor. Figure 7 shows the
photograph of the test bench used in the experimental tests.
Figure 8 shows the comparison between the simulated and
the experimental rotor position estimation error, obtained
with the proposed method under no load, when the two
references of the speed controller are a step-change,
changing from standstill to 10 rad/s and 20 rad/s. It can be
seen that the simulation results tally closely with the
experimental ones without correction. The estimation error
is augmented with the rotor speed. This can generate
instability in the speed regulation since the estimated
position is appeared in the abc/dq and dg/af relation in the
vector control, as illustrated in Fig. 6.

The corresponding phase shift introduced by the filter used
in the demodulation process is illustrated in Fig. 9. As one can
notice, it increases proportionally with the reference speed
because, at low speeds, eq. 17 can be approximated by a

straight. Figure 10 presents the real speed attained when the
speed-reference command varies drastically from standstill to
10 rad/s and -10 rad/s. This figure proves that the PI regulator
of the speed has been fixed at the current speed to fit the set
speed. Figure 11 illustrates the speed assessment error, and
Fig. 12 shows a zoom of the rotor position assessment.
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Fig. 6 — Block diagram of the sensorless vector control of a salient PMSM
using high-frequency signal injection.
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Fig.7 — Experimental test bench.

As shown in Fig. 13, before the phase shift compensation,
the electrical position error estimation averaged 15°.
Whereas, after compensation, the estimation error remains
below +5° when the speed reference is 10 rad/s and +5°
when the speed reference is —10 rad/s. It implies that with
the suggested procedure, a very stable speed regulation is
achieved at the expense of a simpler demodulator.

The dynamic position estimation performance with the
proposed method is also tested with a load of about 1 Nm;
the speed-reference command is steadily fixed at 15 rad/s.
The estimated speed and position are depicted respectively
in Fig. 14 and Fig. 15. The controlled speed and position
follow the current ones of the machine along with the
estimated speed and position. Figure 15 shows that the
electrical estimation position error is reduced from 32 °
without phase compensation to 3° by using the compensation
scheme.
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Fig. 8 — Position estimation error using the suggested procedure without
phase shift correction with the step speed references (blue and red lines:
experimental curve with step speed equal to 10 rad/s and 20 rad/s, green and
black lines: a simulated curve with step speed equal to 10 rad/s and 20 rad/s).
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Fig. 9 —Phase shifts (blue and red lines: experimental curve with step
speed equal to 10 rad/s and 20 rad/s, green and black lines: simulated
curve with step speed equal to 10 rad/s and 20 rad/s).
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Fig. 11 — Speed estimation error.
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Fig. 12 —A zoom of electrical position estimation (blue line: with
compensation, red line: without compensation, black line: measured).
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Fig. 13 — Position estimation error using the suggested procedure without
and with considering the phase correction (blue line: with compensation,
red line: without compensation).
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40

soﬂ/\vA vf’\m nmn
S 1 P O T
st A JLERIL
) g o, P ) gy o o AR e P 0 Y
1 O I R
RN AR B (R

Time (s)

Fig. 15 — Position estimation error using the suggested procedure when a
load torque fixed at 1 Nm is applied (blue line: with compensation, red
line: without compensation).

6. CONCLUSION

A new rotor position assessor of the surface-mounted
permanent magnet synchronous machine (SPMSM) using
rotational sinusoidal signal injection is presented. To identify
the negative sequence of the current containing the position
indication, the commonly used procedure usually includes of
three analog filters. The adopted procedure is more appealing
regarding signal processing since it utilizes solely one analog
filter. It is cost-effective and imparts short processing time. It
has been proved that the filter phase shift is closely linked to
the working speed. The filter phase shift decreases
considerably when the working speed is considered in the
correction technique, hence imparting a precise rotor
displacement assessment. Experimental results presented in
the paper corroborated with the simulation approach and
proved the effectiveness of the suggested procedure for low
speed, including reversal speed, in the load condition. Despite
the reversal saliency of the machine and its reduced
dimensions (Lq /Ly=0.5) compared to the IPMSM, it is still
sufficient to assess the rotor speed and position. The injected
signal frequency causes electromagnetic and acoustic noises.
The results achieved here are with low load; further work will
include implementations at various heavy loads.
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Table 1
Motor model parameters
Parameter Value
Rated flux | 0.32 Wb
Rated output power | 4.4 kW
Rated torque | 28.4 Nm
Inertia | 0.0151 kg.m?
Rated speed | 1500 r/min
Rated voltage | 400 V
Rated current | 16.5 A
s | 0.25Q
Ls | 4.8mH
Ly | 4.1mH
p |4

SYMBOLS and ABBREVIATIONS

Ly, Lq : d-axis and g-axis stator inductance (H).

15 : stator resistance (€2).

Vo, VB, 14, 1p: VoOltages and currents in the stationary reference frame.
Va, Vb, Ve, 1a, Ib, 1c: VOltages and currents in the abe reference frame.
V4, Vg, 14, 1 Voltages and currents in the dq reference frame.

s: differential operator d/dt (Laplace variable).

0, and ér : actual and estimated electrical angles between the stator

g-axis and the rotor g-axis (rad).

or and ®,: actual and estimated velocity of the fundamental
electrical excitation (rad/s).

Ve, o and f:: magnitude (V), angular frequency (rad/s), and
frequency (Hz) of injected high-frequency voltage, respectively.
om : mechanical rotor speed (rad/s).

W;, : desired mechanical rotor speed (rad/s).

Om : constant flux linkage due to the permanent magnets (V.s)

(qq : fluxes in the d-q reference frame

p : number of pole pairs.

J : overall inertia (kg m?).

f: viscous friction coefficient (Nm s)

T; : load torque (Nm).

T, : electromagnetic torque (Nm).

Received on 16 November 2022
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