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ABSTRACT Sensorless control of permanent magnet motors in full speed range is indispensable for home
appliance applications due to cost, robustness and maintenance requirements. Zero and very low-speed
sensorless control is a challenging area for model-based position observers. The common methodology
for position detection at zero and low speeds is high-frequency signal injection methods due to their
independence from model parameters. The major drawback of such methods is the signal processing burden
for demodulation of resultant high-frequency currents. In this study, a simplified filtering scheme with a
reduced number of filters is proposed for high-performance zero and low speed control of the Permanent
Magnet Assisted Synchronous Motors for washing machine applications with a low-cost microcontroller.
The proposed method employs the rotating voltage vector injection using a single band-pass filter combined
with N-sample averaging. This approach reduces system complexity by reducing the number of filtering
stages to just one while providing robustness to estimations under fast current and speed gradients. The
proposed method leaves 47% CPU overhead (without any optimization) including notch filtering of the
dq-axes current feedbacks for better current control and parallel operation with an SMO based Back-EMF
observer for switchover at higher speeds. Experimental results show that the proposed method is suitable
for a low-cost microcontroller implementation in a washing machine with maximum uncompensated and
compensated errors of 2.28 and 0.708 degree electrical respectively. The position estimation algorithm
is shown to be suitable for unfavorable operating conditions such as zero speed acceleration under full
load, step speed commands, step direction reversals, intermittent loads such as changing drum inertia and
pulsating torque at very low speeds. The proposed system is able to track position with position errors up to
0.708 degree electrical and maintain speed control at very low speeds under 30% pulsating load torque.

INDEX TERMS High-frequency voltage injection, permanent magnet assisted synchronous reluctance
motor, sensorless control, extended EMF.

NOMENCLATURE
uα , uβ α- and β-axis voltage.
ud , uq d- and q-axis voltage.
is Stator current vector magnitude.
iα , iβ α- and β-axis current.
id , iq d- and q-axis current on rotor reference frame.
ihf High/low frequency component current.
uhf High/low frequency component voltage.

The associate editor coordinating the review of this manuscript and

approving it for publication was Jinquan Xu .

Vhf High-frequency voltage amplitude.
Rs Stator winding resistance.
Ld , Lq d- and q-axis inductance.
λPM Permanent magnet flux.
ωe Electrical frequency.
ωh High-frequency angular speed.
Te Electromagnetic torque.
θe Electrical rotor position.
θe,est Estimated electrical rotor position.
fg Bandwidth frequency of band-pass filter.
f0 Center frequency of band-pass filter.
θq+, θq− Estimated ±q-axis angle.
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I. INTRODUCTION
The home appliance market is one of the most competitive
markets in today’s industry. Many companies deliver white
goods with electric motors such as washers, dryers, refriger-
ators, vacuums and small kitchen appliances, both low-end
and high-end products. Most of the time, in a medium to
high end product, when an electric motor is present, it is
either a permanent magnet synchronous motor (PMSM) or
a permanent magnet assisted synchronous reluctance motor
(PMaSynRM), due to their comparable power density, effi-
ciency, cost (ferrites), ease of control and lower maintenance
requirements. Another option is to use induction motors, but
they are being replaced by permanent magnet motors due
to more stringent efficiency requirements in the appliance
market [1].

Most of the time, these types of motors are coupled
with an electric drive unit, which is an inverter hardware
alongside a control software. Rotor position information is
obtained either with a position sensor or with sensorless
methods. Whenever possible, employing sensorless Field
Oriented Control (FOC) methods is always beneficial in
terms of cost and robustness, as well as less maintenance
requirements.

The sensorless control methods are divided into two cat-
egories; zero to low-speeds and medium to high-speeds [2].
These two categories have different needs for rotor position
observer design. For the zero to low-speed region, since
the exciting features of the measured fundamental electrical
variables are low due to the low speed, combined with the
measurement noise, model-based observers do not perform
very well. For this speed region, additional identifying signal
injection is often required. This signal injection is in the
form of superimposed voltages or currents [3]. With proper
demodulation of the measured signals, the rotor position is
obtained, provided that the response to the injected signals is
sufficient in the sense of amplitude and Signal-to-Noise-Ratio
(SNR). Other methods such as the third harmonic observers,
zero crossing detection algorithms, current rate of change
(switching transient) algorithms [4], zero sequence voltage
observers [2], some of which being parameter dependent and
some parameter free, are also available for low speed oper-
ating ranges. Because of aforementioned reasons, back-EMF
and signal injection based methods are commonly combined
to account for sensorless FOC in the whole speed range [5],
[6]. On the other hand, in the medium to high-speed range,
model-based rotor position observers perform well as there is
a good signal-to-noise ratio of the back-EMF and measured
variables are high enough for convergence of the observed
rotor position. The main drawback of these methods is sen-
sitivity to parameter variations or parameter uncertainties.
Parameter independency is also another important aspect
of the position estimation methods as parameters might be
uncertain at extreme operating points for highly nonlinear
machines like synchronous reluctance machines (SynRMs)

or machines with higher slotting effects and concentrated
windings.

Injected signals are either voltages or currents hence
the names high-frequency voltage injection (HFVI) and
high-frequency current injection (HFCI). HFVI is straight-
forward in the sense that no additional hardware or software
modification to a conventional FOC scheme is required. In the
HFVI, HF components of suitable magnitude and frequency
are superimposed on the voltage reference of the inverter. The
system current response to these superimposed components
is then analyzed and position information contained within
them is extracted since the current response of the magneti-
cally salient machines is modulated with the rotor position.
HFVI is also advantageous in terms of low torque ripples.
If the amplitude is not enough to provide a good estimate,
HF voltage magnitude can always be regulated to provide a
converging estimate, a feature not so easy to implement in
the HFCI methods [7]. In the HFCI method, HF current com-
ponents superimposed to the current set points are regulated
with the current controllers. This is often problematic in terms
of bandwidth with the conventional FOC current regulators,
therefore some adjustments, including sensor replacement,
to the controllers might be necessary [3].

Among the voltage injection methods, the most popular
two are the sinusoidal rotating HFVI (HFRVI) and pulsating
HFVI (HFPVI) method. HFRVI is usually applied to sensor-
less control of PMSMwith large saliencies like PMaSynRM.
The pulsatingHFI is used for PMSMswith smaller saliencies.
Comparing these two methods, pulsating voltage injection
methods have the advantage of a simpler filtering struc-
ture but suffer from dynamic performance issues. On the
other hand, rotating signal injection is robust to environ-
mental factors such as noise and system nonlinearities, but
has more complicated filtering schemes with good dynamic
performance.

In the HFPVI method, the injection is carried out in the
estimated d-q rotating reference frame. Although the injected
voltage signal is sinusoidal, it is pulsating in the stationary
reference frame. A pulsating voltage vector of a significantly
higher frequency than the fundamental frequency is super-
imposed on the estimated axis of choice, either d or q [5].
With driving the complex part in the current response to
zero with the use of a regulator, the actual rotor position
can be estimated. This method is also susceptible to multiple
saliencies. Both voltages or currents can be injected con-
sidering either the stationary frame or the estimated frame
[2], [6]. The HF signals are generally superimposed with
two-phase stationary voltages and they are sinusoidal with
constant amplitudes. The decomposed HF currents from the
motor phase currents contain the rotor position informa-
tion and it can be obtained with various signal processing
techniques [8].

The injection in the stationary reference frame becomes
more advantageous because the knowledge of the position
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information is needed for injection in the rotating reference
frame. In the injection methods carried out in the d-q axes,
the estimated rotating reference frame is used according
to the estimated position and these methods are directly
related to the estimation success. The peak-to-peak error of
estimated position increases with motor speed [10]. In addi-
tion, both the estimated position and speed ripples increase
with increasing load as well as during speed transients
[11], [12]. Peak-to-peak estimation error also dramatically
increases at higher speeds in [13] where HFRVI is used.
Fluctuations in both speed and position at low speeds are
attributed to the high inertia of the shaft. In the case of
HFRVI technique, the position estimation error and ripple
increase with the shaft load [14], [15]. Nevertheless, the
ripple is almost the same at zero motor speed for stall torque
situation.

Anisotropic nature of PMaSynRM creates strong salien-
cies. Saliencies may be affected by saturating factors such
as magnet flux amount and loading. HF injection meth-
ods track spatial saliencies. These saliencies are created
either by distinct rotor and stator structures or by satu-
rated regions. Saliencies can be sinusoidal with harmonics
or non-uniform. For sinusoidal saliencies, current or volt-
age response will be modulated sinusoidally and requires
proper demodulation and position extraction. HFI methods
are affected from all types of saliencies including single
and harmonic saliencies, rotor slotting, magnetic anisotropy,
magnet flux, loading, saturation and cross saturation [9],
[16]. The complete erroneous detection of d-axis is also
possible. Inverter switching distortions and analog/digital fil-
tering of the carrier signals should also be evaluated [12],
[17], [18].

Due to their highly salient structure of the SynRMs,
PMaSynRMs and PMSMs, voltage injection methods per-
form very well [9]. As the d-axis inductance is much higher
than the q-axis inductance, HF response during rotor rota-
tion is varied considerably, leading to easier demodulation
and position determination of such motors. To account for
offsets and position independent errors, compensation meth-
ods are proposed which are created via off-line tests [9].
Another major advantage for the PMaSynRMs is that the
HF methods are nearly insensitive to parameter variations,
as there is already a better spatial separation of the saliency.
This feature makes it a suitable method for PMaSynRMs as
they suffer from heavy saturation under full and overload
cases.

A few problems are associated with the HF injection in
PMaSynRMs like the selection for correct injected voltage
amplitude and frequency, the magnet polarity detection, filter
computing burden and total processing delay caused by fil-
tering. In order to determine the injected frequency, a clear
spectral analysis is required.

Detection of the modulating effect of the rotor saliency
for position determination is not enough in the case of a
highly salient PM motor. Magnet polarity also needs to be

determined for correct field orientation. The most popular
algorithm for magnet polarity detection is the stationary cur-
rent response for PMSMs. This method has some drawbacks
especially for PMaSynRMs, which have much lower magnet
flux compared to PMSMs. The magnitude of the voltage is
another concern as theHF currentsmay cause acoustic noises.
The HF voltage amplitude should be chosen larger in the
time of speed transients to increase estimation performance
during transients and reduce acoustic noise for the steady
state condition [9], [19], [20].

Efforts for simplifying the conventional HFI methods
are present in the current literature. For the pulsating volt-
age injection for position determination of SynRMs, two
studies omit the band-pass filtering and reduce the whole
system to two low-pass filters, but the operation requires an
injected voltage magnitude as high as 37% of the DC bus
[21]. Another study proposes a similar method for surface-
mounted PMSMs, which pose difficulty due to a lack of
prominent saliency [22]. A simplified HFI method consisting
of only one LPF is proposed, but only for initial position
detection of the rotor and not for closed-loop position feed-
back [23]. In a completely filterless solution including current
feedback, injecting a specific voltage vector in between
normal switching cycles to determine position is proposed
[24]. However, the method suffers from inverter nonlinear-
ities that cause the misalignment of the intended voltage
vector.

Current simplified methods in the literature are revolving
around pulsating voltage injection. In this paper, a simpli-
fication to a rotating voltage vector injection is carried out,
which has the aforementioned advantages over the pulsating
voltage injection. Combined with the highly salient nature of
the PMaSynRM and proposed approach, a simple and robust
system compared to the conventional method is synthesized.
Proposed method provides the following advantages com-
pared to the conventional HFVI:

• Providing high accuracy up to 0.708 degrees electrical
at low-speed region.

• Reduction in total filtering steps for signal processing
from two to one.

• Reduction in total coordinate transformations by half.
• Estimation with very low (down to 5% of DC link) and

constant injected rms voltage value for both transients
and steady state.

• Band-stop/notch filtering of the phase currents for
smooth current feedback with less delay and better
current control.

• Using full bandwidth of current controllers for faster
current response during FOC due to a decreased dis-
ruption of current feedback.

• Better control over delay compensation because of
reduced number of filters

• Simple structure and less design effort and sim-
ple implementation on low-cost microcontroller units
(MCU) suited for home appliances
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FIGURE 1. Cross sectional view of PMaSynRM with the motor in this
study (before assembly).

II. MATHEMATICAL MODEL AND HFI SENSORLESS
CONTROL OF PMaSynRM
PMaSynRMs generate torque using magnetic reluctance and
permanent magnet flux. Compared to an IPMSM, the con-
tribution of reluctance torque is much greater in the overall
torque. This is possible with distinct geometries that optimize
the generated reluctance torque, such as using highly salient
magnetic structures with flux barriers and flux guides – a
geometry designed to create strong anisotropy. Fig. 1 shows
the cross section of the PMaSynRM with its d-q axes and the
motor used in this study with parameters given in Table 1.
Anisotropy property makes SynRMs & PMaSynRMs good
candidates for HFImethods as there is a significant difference
in the high-frequency current response depending on the rotor
position since the d & q axes inductances are considerably
different.

Fundamental voltage equations of the PMaSynRMs
neglecting the saturation, cross saturation, and iron loss in
the d-q frame are given in (1). This model is the basis for
the HF model and extended-EMF (EEMF) model of the
PMaSynRM.[

ud
uq

]
=

[
Rs + pLd −ωeLq

ωeLd Rs + pLq

] [
id
iq

]
+

[
ωeλPM

0

]
(1)

The resultant d&q-axis equivalent circuits are given in
Fig. 2. Torque equation of the PMaSynRM in the d-q frame
is given in (2).

Te =
3
2
p
[
λPM id +

(
Ld − Lq

)
id iq

]
(2)

Throughout the paper, in all control schemes, current refer-
ences are calculated using the Maximum Torque per Ampere
(MTPA) rule derived from (2). MTPA is also regarded as
a maximum efficiency trajectory for very low-speed and
medium-speed operations where the copper losses are domi-
nant in the lower end of the speed interval.

The motor used in this study is a three-phase four pole
PMaSynRM with 375 W of rated power. This is a motor
designed to be used in awashingmachine consisting of 36 sta-
tor slots, incorporating a full pitched distributed winding with
a stator outer diameter of 118 mm. The rotor has three flux
barriers per pole and magnets are placed at the end of flux
barriers as given in Fig. 1.
The MTPA rule for PMaSynRM is given for the q-axis

current in (4), while the d-axis current is then inferred using

TABLE 1. Parameters of the PMaSynRM.

FIGURE 2. D- and q-axis equivalent circuits of a PMaSynRM.

(3) for the PMaSynRM.

is =

√
i2d + i2q (3)

iqMTPA =
−λPM +

√
λ2PM + 8i2s

(
Ld − Lq

)2
4
(
Ld − Lq

) (4)

ResultingMTPA trajectory for the motor defined in Table 1 in
combination with (3) and (4) is given in Fig. 3 alongside the
current limit circle and voltage limit ellipse at base speed. The
current limit circle and voltage limit ellipse intersection area
defines the possible operating points. To adjust to low-cost
MCUs and save computation time, the MTPA rule is imple-
mented as a look-up table instead of a real-time calculation
during the testing process.

A. HF MODEL OF THE PMaSynRM
In order to deal with the high-frequency currents resulting
from the high-frequency voltage injection, a high-frequency
model of the PMaSynRM is needed. Themathematical model
of PMaSynRM in the rotating reference frame given in (1) is
transformed to the stationary reference frame.

Considering the high-frequency nature of the injected volt-
ages and low-speed operating region, the resistance andmotor
speed-dependent terms may be omitted, leaving only the
high-frequency inductances [13], [14].

As a result, the model in (1) takes the form of (5) in the
α&β reference frame.

uhfαβ = L (θe)
d
dt

(
ihfαβ

)
(5)
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FIGURE 3. MTPA trajectory for the PMaSynRM defined in Table 1.

The high-frequency inductance matrix L(θe) and its com-
ponents are given in (6) and (7).

L (θe) =

[
L0 + L1cos (2θe) L1 sin (2θe)
L1 sin (2θe) L0 − L1cos (2θe)

]
(6)

where;

L0 =
Ld + Lq

2
;L1 =

Ld − Lq
2

(7)

The differential model in the stationary reference frame,
(8) is obtained when (5) is rearranged with (6) and (7).

d
dt

[
ihfα
ihfβ

]

=
1

LdLq

[
L0 − L1cos (2θe) −L1 sin (2θe)

−L1 sin (2θe) L0 + L1cos (2θe)

][
uhfα
uhfβ

]
(8)

B. HF VOLTAGE INJECTION
A voltage component with a certain amplitude and frequency
is superimposed over the current controller outputs to gener-
ate high-frequency currents that are modulated with double
of the rotor electrical position. The selected amplitude and
frequency of the injected voltage are of crucial value as they
determine the amplitude of the high-frequency current gen-
erated. The amplitude and frequency of the injected voltage
should be as high as possible to generate high-frequency cur-
rents that have high SNRs. At the same time, they should have
as low magnitude as possible so that the HF currents don’t
cause high losses, induce high torque ripple, and generate
acoustic noise. This poses a trade-off, and optimal solution
often depends on the machine at hand. The HF voltages uhfαβ

FIGURE 4. Bode plot of the band-pass filter.

to be injected are given in (9) [25].

uhfαβ =

[
uhfα
uhfβ

]
= Vhf

[
−sin (ωht)
cos (ωht)

]
(9)

When this voltage is applied, HF stator currents ihfαβ are
obtained as in (10). These currents contain the position infor-
mation in the negative sequence component.

ihfαβ =

[
ihfα
ihfβ

]
=

[
Ii0cos (ωht) − Ii1cos (2θe − ωht)
Ii0sin (ωht) − Ii1sin (2θe − ωht)

]
(10)

The positive sequence component Ii0 and the negative
sequence component Ii1 are given in (11).

Ii0 =
Vhf L0

ωhLdLq
; Ii1 =

Vhf L1
ωhLdLq

(11)

HF currents are first isolated and then subjected to several
processes to obtain the position information in the negative
sequence component −Ii1 [14].
The block diagram of the entire system is given in Fig. 5.

Firstly, three-phase currents are transformed to a two-phase
stationary frame with Clarke transformation. After that, Park
transformation (αβ0-dq0) to a positive high-frequency frame
is applied to the currents with the angle (ωht) in order to
band-pass filter the negative sequence component. The result-
ing currents in the positive high-frequency frame are given
in (12) where Is is the torque producing fundamental stator
current’s magnitude.

ihf+dq =

[
iHF+

d

iHF+
q

]
=

[
Iscos (ωet − ωht)
Issin (ωet − ωht)

]
+

[
Ii0 − Ii1cos (2θe − 2ωht)
Ii0 − Ii1sin (2θe − 2ωht)

]
(12)

Constant value Ii0 and torque producing fundamental cur-
rent are then filtered utilizing a band-pass filter at the negative
sequence frequency. The important thing to note here is that
the fundamental torque producing the stator current com-
ponent will not have enough spectral separation from the
negative rotating component when transformed to the positive
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FIGURE 5. Block diagram of the entire system.

high-frequency frame. Instead of using a combination of
high-pass at positive frame and low pass at negative frame
to remove the Is and Ii0 components, the whole spectrum
is band-pass filtered for the negative frequency component.
This reduces the number of transformations required and sim-
plifies the system. For simpler implementation, the band-pass
filter order is kept at a minimum, resulting in a shallow
roll-off at the magnitude response.

Since Is magnitude is very large at full load compared to
the high-frequency components and band-pass filter roll-off
is not too steep, torque producing stator current will leak
into the spectrum of the filter output but with a small gain
at a frequency (ωe−ωh). This leakage causes ripple in the
modulated negative frequency components and will distort
estimation. Mitigation of this spectral leakage is achieved
using an N-sample averaging filter.

The transfer function of the band-pass filter is given in
(13) where fg is the bandwidth frequency, and f0 is the center
frequency.

GBPF (s) =
2π fgs

s2 + 2π fgs+ (2π f0)2
(13)

The center frequency is adjusted so that at both zero and
switchover frequency, near unity gain and zero phase to
the negative sequence components are obtained. Otherwise,
the pass-band and center frequency can be adjusted so that the
effects of the stator fundamental current are minimized. Fig. 4
gives the Bode plot of the band-pass filter. For this study,
the center frequency is chosen as 1000 Hz with a pass-
band of 164 Hz. This is a good trade-off for minimizing the
500-510 Hz band for the leakage, unity gain and phase for
negative sequence components. Resulting discretized filter
has−7 degree phase shift and near unity gain for the negative
sequence component while it allows nearly 4% of the stator
fundamental current to pass through.

The output of the band-pass filter in positive high-frequency
frame is given in (14). These currents are then transformed
to the negatively rotating HF frame, resulting in dq-axes
currents as a function of double the electrical rotor position
as in (15).

iHF+

dq =

[
iHF+

d

iHF+
q

]
=

[
−Ii1cos (2θe − 2ωht)
−Ii1sin (2θe − 2ωht)

]
(14)

iHF−

dq =

[
iHF−

d

iHF−
q

]
=

[
−Ii1cos (2θe)
−Ii1sin (2θe)

]
(15)

Lastly, since only a single band-pass filter is used, one
should expect a very narrow pass-band and high roll-off on
the filter, which corresponds to a region that should include
the negative rotating component of the high-frequency cur-
rents. When a narrow pass band filter is designed without
increasing the filter order, phase and gain response deteri-
orates from the desired values and the roll-off is limited.
Considering (12) under a steady state condition, the positive
rotating component is DC at the positive rotating reference
frame. This does not cause an issue for the band-pass filter.

On the other hand, the fundamental component of the
torque producing current at (ωe-ωh) does not have good
spectral separation from the negative rotating component,
considering the pass-band and steep roll-off. This fact adds
inherent ripple due to the estimation on the output estimated
electrical position. This effect can be suppressed completely
using frequency-based averaging of the resultant signal.

One advantage is that the stator fundamental current
frequency is very well known because of the speed con-
trol and this frequency can be separated from the negative
high-frequency current with a simple frequency averaged fil-
ter. This causes an additional delay to the position modulated
negative rotating frameHF currents, but this delay is precisely
known as a result of the knowledge of stator fundamental and
can be compensated.
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FIGURE 6. Built-in phase-locked loop control for position and speed
estimation.

To this end, a simple variable length N-sample average
filter as in (16) is used which consists of a simple sum and
a division. N depends on the fundamental frequency of the
stator currents and can be changed depending on the stator
current frequency.

IHF−

dq,AVG =
1
N

N∑
1

IHF−

dq (16)

N can be varied to make torque producing stator currents
have exactly zero influence on the position estimation. When
the implementation simplicity and speed are considered,
another approach is to use a bit shift divider corresponding
to a fixed N. This speeds up the division with an acceptable
error, depending on the injected frequency and operating
speed. The injected frequency can be fine-tuned for simple
division or increased further for better spectral separation.
In the current case, N corresponds to 20 at the switchover
frequency (300 rpm at 10 Hz with 10000 kHz sampling),
which is the worst case.

The position information might be obtained directly from
the remaining currents using an arctangent. However, the
phase-locked loop (PLL)method provides a smoother estima-
tion [13]. The PLL structure is a closed-loop estimator with a
PI regulator for the position estimation as depicted in Fig. 6.
The currents obtained in (16) and the estimated position
from the output of the PLL is used to generate the position
estimation error as shown in (17), which is essentially a vector
cross product with a unity vector with angle 2θe,est . This error
is fed to a PI regulator, then the output of the PI regulator
is integrated once more to get the estimated position. This
allows the intermediate variable between output of integrator
and PI regulator to track the electrical frequency, which can
be used for the speed estimation. The magnitude of (17) is
irrelevant as regulating it to zero gives θe,est = θe.

e =

√(
iHF−

dAVG

)2
+

(
iHF−

qAVG

)2
sin
(
2
(
θe − θ̂e,est

))
(17)

The complete system is given in Fig. 5. Since this is a speed
control application, there is a PI regulator to regulate the
speed, followed by the MTPA block described in (3) and (4).
The current controllers used in the system are conventional
PI regulators. The outer speed loop sampling frequency is
1 kHz while the inner current control loop sampling fre-
quency is 10 kHz. The Inverter and SVPWM modulators are
conventional two-level voltage source inverter and SVPWM
modulator. Red blocks of Fig 5. show the proposed position
and speed estimation system and the blue portions are the
conventional PI based FOC. Another difference from the con-
ventional control is the inclusion of current feedback filtering

FIGURE 7. Bode plot of the current feedback notch filter.

which is implemented as a notch filter instead of a low-pass
filter.

C. CURRENT FEEDBACK FILTERING
Another aspect of the conventional method that prevents high
dynamic response of the current controllers is the feedback
of the dq-axes currents. Whenever HF voltage is injected,
induced HF currents are also picked up by the current con-
troller feedback loops. This causes distortion on the current
controller outputs. To mitigate this effect, filters are applied
to the feedback loop of the current controllers to remove
the high-frequency current components from the feedback
loop.

For the proposed method, instead of low-pass filters, notch
filters are used for improving the dynamic response in terms
of the step response of current controllers. Since the current
controllers have a large bandwidth, band-limited response
of the low-pass filter causes current control degradation and
overshoots, especially in the case of step changes in reference
setpoints. Notch filter center frequency is the same with the
injected high-frequency voltage. Fig. 7 gives the Bode plot
of the used notch filter for a 10 kHz sample time. A fast step
response is important in current feedback so as not to distort
the controller current during step loads, hence the importance
of very low phase lag outside of the band-stop region.

D. MAGNET POLARITY DETECTION
If the permanent magnet polarity is not determined correctly,
the electrical position of the rotor is estimated with a 180◦

error resulting in an incorrect field orientation. To prevent
this estimation error, permanent magnet polarity should be
determined before closing the control loop [26]. The pilot
voltage injection method is applied to predict the initial
position of the rotor accurately. The logic of this method
is based on comparing the q-axis current peak values by
injecting two pilot voltages of different signs with the same
amplitude and time intervals into the motor stator wind-
ings along the estimated q-axis as illustrated in Fig. 8 [27].
The applied pilot voltage vectors must be high and long
enough to cause magnetic saturation [28]. The advantages
of this technique are its simplicity, ease of application, and
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FIGURE 8. Pilot voltages in the three-phase inverter space vector plane.

shorter polarity detection time. During this step, the HFI
process should be stopped and the current control should be
disabled.

The current profile in two different directions will have
different values as well as different rise times because of
the magnetic saturation. The estimated initial position value
is confirmed by checking the current magnitude after a few
sampling times (or checking the amount of time in which
direction the current rises above a pre-defined threshold).
Slower rise time gives q-axis and if needed, estimated d-axis
is adjusted accordingly. No significant torque is produced and
the rotor does not move since the voltage is applied to the
motor only in the q-axis direction.

E. POSITION ESTIMATION ERROR COMPENSATION
The total position estimation error is affected by numerous
factors including but not limited to the current measurement
shunts, their filter delays, sensor propagation delay, signal
measuring, and processing delay. For the proposed method,
the delay is mainly composed of N-sampled averaging and
band-pass filtering. The band-pass estimation error given in
(18) is obtained by calculating the phase shift created by the
band-pass filter at the frequency difference between the rotor
frequency and injected frequency.

21θ̂ecomp = atan

(
ω2

− ω2
0

ωgω

)
(18)

where;

ω = 2(ωh − ωe) (19)

The resultant delay is added to the estimated position,
alongside N-sample averaging and current shunt filter phase
delays. Signal propagation delay and sampling latency are
omitted. Fig. 9 gives the gain and phase response to the
negative sequence component of the resultant high-frequency
currents. A first-order polynomial is fitted to the phase delay
of the filter in different operating points of the motor for delay
compensation in real time as a function of rotor speed. The
gain correction is neglected.

FIGURE 9. Band-pass filter gain and phase to negative rotating
component.

F. SWITCHOVER AT LOW TO MEDIUM SPEED REGION
At the boundary of the HFSI and EEMF-sliding mode
observer (SMO), a smooth switchover to medium – high-
speed sensorless control is required. Simplified processing
of the HFSI allows parallel operation of EEMF position
estimation alongside HFSI position estimation, allowing a
smooth switchover.

For the medium to high-speed region, the EEMF model
of the PMaSynRM is used for position determination. The
EEMF model and its components are given in (20) and (21)
[29]. An SMO is used for driving the observer outputs which
is based on (20) to (21). With the assumption of the d-axis
steady state current, position information is extracted with a
four-quadrant arctangent from alpha-beta components of the
EEMF observer as in (22).

p
[
iα
iβ

]
=

 −Rs
Lq

ωe(Ld−Lq)
Lq

−ωe(Ld−Lq)
Lq

−Rs
Lq

[ iα
iβ

]

+
1
Lq

[
uα

uβ

]
−

1
Lq

[
eα
eβ

]
(20)[

eα
eβ

]
=
((
Ld − Lq

) (
pid + ωeiq

)
+ ωeλPM

) [ cos (θe)
sin (θe)

]
(21)

θe,EEMF = atan2
(
eβ
eα

)
(22)

Additionally for the output filtering stage of the SMO,
a variable band-pass frequency is used to account for oper-
ating speed change, enhancing position determination [29].
Finally, the speed is estimated with a filtered derivative from
the estimated position information.

III. SIMULATION AND EXPERIMENTAL RESULTS
The PMaSynRM with ferrite magnets is used for the
simulation and tests. The motor parameters are foremen-
tioned in Table 1. The sensorless control algorithm employs
the HFI technique from zero speed up to 300 rpm and
the EEMF-based position observer above 300 rpm which
has good performance from medium to high speeds [29].
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Thus, the system has ultimate estimation capability for
full-range speed control. Since motor speed-dependent terms
are neglected in the HFI technique, the method is prone to
error as motor speed dependent terms become dominant with
respect to injected frequency. Therefore, the HFI technique
is utilized below the minimum speed at which the EEMF
observer operation is not viable for this particular machine.

The sensorless speed control of the PMaSynRM with the
HFI method is simulated in the MATLAB/Simulink envi-
ronment using a 10 kHz, two-level SVPWM inverter with
conventional PI controllers. The speed control is performed
with estimated speed and position values as feedback. Speed
control is verified with extensive simulations under full load
with the HFI method down to a minimum speed of 15 rpm,
corresponding to 0.5% of the base frequency, i.e., 0.5 Hz
electrical cycle for the PMaSynRM. Position detection is
accurate from zero speed, however the speed control under
the full-load is dominated by the dynamics of the speed con-
troller and the coupled load dynamics. Step direction reversal
and on-load step response are also investigated, alongside
switchover to the EEMF observer for FOC in the testing
phase.

In the experimental process, the controller and driver
algorithms are implemented on a Texas Instruments MCU
(TMS320F28035). The power stage consists of a two-level
inverter with a switching frequency of 10 kHz and a DC link
voltage of 350 V. The input power, voltages and currents of
the system are measured with a power meter (HIOKI 3337P).
Kistler 4503A is used as the torque sensor and a MAGTROL
AHB5 hysteresis brake is used as the load.

A. SIMULATION RESULTS
Closed-loop speed control simulations of the system with
estimated position and speed are carried out for 15 and
300 rpms under rated load. Lower speed limit originates from
the lowest speed achievable with the test system under full
load due to the ripple characteristics of the load. Upper limit
is the switchover speed between the sensorless techniques.
All the speed values in between are not given for the sake
of brevity. The injected voltage magnitude and frequency
are 28 Vpeak and 500 Hz, respectively.
The error in the estimation position used for reference

frame transformations causes a reduction in the motor
efficiency due to mismatched MTPA trajectory. In the sim-
ulations carried out, it is observed that a 2 degrees electrical
error corresponds to 0.04% reduction for 15 rpm and 0.56%
reduction for 300 rpm in the motor efficiency solely on this
case.

A successful closed-loop speed control in the simulation
environment is achieved with acceptable ripples of rotor
speed compared to the speed reference and load torque with
utilizing estimated motor speed. The position estimation
for the starting and ramp speed response for 15 rpm are
given in Fig. 10 and 11, respectively. The electrical position
estimation error is around 1 degree and is approximately
the same during the acceleration and steady-state conditions

FIGURE 10. Simulated position estimation during starting transient under
rated load 15 rpm.

FIGURE 11. Simulated ramp speed reference tracking from zero speed to
15 rpm under 100% load.

FIGURE 12. Simulated position estimation during steady-state under
rated load 300 rpm.

under full load. The maximum ripple of the rotor speed at
15 rpm is about 23%. Further decrease in the ripple percent-
age is possible by tuning or changing the speed controller
structure.

The same speed reference profile is applied up to 300 rpm
which is the switchover speed. The position estimation and
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FIGURE 13. Simulated ramp speed reference tracking from zero speed to
300 rpm under 100% load.

FIGURE 14. Simulated rotor electrical position estimation errors at
15 and 300 rpm.

speed reference tracking are given in Fig. 12 and 13 for
respectively. At steady-state, the maximum speed ripple is
1.67% according to the reference speed. Besides, there is an
increase in the position estimation error with higher motor
speed as expected.

The total position estimation error over time is given in
Fig. 14 for 15 and 300 rpms. Degradation in the position
estimation during speed transient is evident. This is due to the
dynamic response of the whole system, including the filter
transients (mainly the aforementioned deviation from filter
center frequency) and averaging delays. In steady state, the
average position estimation error is less than 2 degrees elec-
trical at 300 rpm and around 1 degree electrical at 15 rpm. The
steady-state errors are in between 1 and 2 degrees electrical
in these speed range.

B. TEST RESULTS
The tests are carried out from zero speed to 300 rpm under
no-load, rated load and rated current. Correct position and
field orientation are achieved in the given speed range. The
injected voltage is as low as 11.4 Vrms at 500 Hz for the

TABLE 2. HF injection test values and filter parameters.

FIGURE 15. Phase currents with HF currents impressed at 100% load
150 rpm – test data.

accurate position determination. The voltage value is gradu-
ally decreased during the tests starting from 35 Vrms to reach
the lowest value that allows unhindered operation. 11.4 Vrms
injected voltage results in currents as high as 105 mApeak,
depending on the rotor position. The average value of this
current is 85 mApeak for each phase around the whole rev-
olution. Band-pass filter band width is 330 Hz. Stopband
of notch filter used for current feedback is 400 Hz. Table 2
gives an overview of the HF injection test values and filter
parameters.

Resultant three-phase currents with fundamental and
high-frequency components at 100% load and 150 rpm are
presented in Fig. 15. The currents are transformed into posi-
tive high-frequency frame and band-pass filtered. The filter
outputs are then transformed into negative high-frequency
frame and moving averaged to remove the effects of sta-
tor current component explained in the preceding chapters.
Fig. 17 gives the negative rotating d-q components of the
high-frequency currents and their N-sample averaged ver-
sions. The frequency of these signals is modulated with the
double frequency of rotor electrical position, as it is evident
from the graph. The rotating speed is 300 rpm, with closed-
loop control. The test bed is shown in Fig. 16.

N-sample averaging provides smoothing of the position
information carrying currents by filtering out stator funda-
mental current frequency. As shown in Fig. 17, a fair amount
of fundamental stator current is passing through the band-
pass filter. A huge amount of current distortion is present
combined with the transformed negative high-frequency
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FIGURE 16. Experimental setup.

FIGURE 17. N-sample averaged filtered high-frequency negative frame d&q current components with unfiltered
counterparts.

FIGURE 18. Estimation values of rotor position at 10 (0.33 Hz), 30 (1 Hz), 50 (1.6 Hz) and 100 (3.66 Hz) rpm.

current (amplitude around 40 mA). It is evident from (12)
that this current is localized at the frequency (ωhf + ωe).

A frequency-based N-sample averaging at this specific fre-
quency nearly removes this frequency component with a
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FIGURE 19. HFSI closed loop under 1 Nm average torque with 30% disturbance torque ripple at load at 30 rpm.

lower delay and system complexity compared to an additional
synchronous frame filtering. Averaged currents of Fig. 17 are
used for the position determination in PLL.

Initially, no-load conditions are analyzed experimentally.
To give a comparison estimated position without any com-
pensation is given alongside compensated one in the figures.
The speed loop is closed with HFSI position estimation with
the no-load. No load conditions correspond to the hysteresis
brake inertia and combined Coulomb and viscous friction
torque of the load and motor. Fig. 18 presents the position
estimation performance compared to the actual position with
and without compensation for the speeds of 15, 50, 100 and
300 rpm. The proposed method provides a very high accu-
racy in position estimation with errors up to 0.708 degree
electrical. Compared to the literature this is an improvement.
Reference [13] shows a maximum position error of 0.606 at
75 rpmwith a 1.6 kWPMSMwhile [14] shows a 0.573 degree
error under no-load at 300 rpm and 11.459 degree under
0.14 pu load at 200 rpm. Also under 200% overload, [15]
shows 1.318 degree error at 400 rpm for a 1 kW PMSM. For
the HFPVI injection on the other hand, different studies with
different motors show 4.011, 5.73 and 7.779 degree position
errors for 15, 300 and 600 rpm respectively under no-load
[10]. Other studies also show the position errors of HFPVI for
the loaded cases as 5.157, 5 and 7 degrees for 300, 100 and
200 rpm, respectively [11], [12].
The load is usually highly inertial for washing machine

applications and it is influenced by the contents of the washer

FIGURE 20. Torque and speed profile over time under 85% load at 30 rpm.

drum. Additional periodic torque distortions are present dur-
ing the washing cycle because of the rolling clothes inside
the drum. This load case is realized in the test bench with
a hysteresis brake. The slotting effect of the hysteresis
brake creates an effective torque ripple as a disturbance
over an average load torque value. For this operating con-
dition, speed regulation and position estimation are given
in Fig 19.

Position error is fixed as 1 degree electrical that is the same
as in the simulations. Fig. 19 also shows the phase currents.
The distortion caused by the speed fluctuation is obvious
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FIGURE 21. Step response to 100 rpm reference under full load without stall torque.

FIGURE 22. Step response to 100 rpm reference under full load with stall torque (hold condition).

in the phase currents. Thus, extra fine-tuning of the speed
controller is often needed at very low speeds or switching

to position control instead of speed control would be more
beneficial.
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FIGURE 23. Speed reversal from -100 rpm to 100 rpm in step manner.

FIGURE 24. Speed and current transients of switchover from HFSI to EEMF position observer at no load – experimental results.

This is apparent at the load torque and speed profile given
in Fig. 20 for 30 rpm where the FOC speed control loop

is closed with the HFSI position and speed feedback. Load
torque ripple is approximately 30% peak-to-peak, with 1 Nm
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average. Speed is 30 rpm, 1 Hz electrical (1% of base) under
85% load.

In addition to the load tests, step speed command tests
under full load from zero speed are carried out to further
demonstrate the robustness of the proposed method. The step
speed response under load is crucial because of the represen-
tation of the worst case in terms of both speed and current
transients. Under step transients, it is vital for the PLL not to
lose sync with the rotor position. If the rotor position is not
trackedwell enough, either PLL is slow to respond to the error
coming from positionmodulated negative frame components,
or band-pass filtering and N-sample averaging is allowing too
much spectral component of the stator fundamental current to
pass.

Full load step response tests are carried out in two different
cases; under zero stall torque and under 0.83 p.u. stall torque.
A speed reference of 100 rpm from zero speed is commanded
under full load and 1.2 Nm and step response are analyzed.
Fig. 21 shows the speed step response with the phase currents
and position estimation under zero stall torque and Fig. 22
gives the step response under 1 Nm stall torque, up to 1.2 Nm
full load. The rotor speed reaches to commanded reference
speed in about a second including the delay of the speed
controller. Fig. 21 and 22 also present the position tracking
under speed and current transients.

Maximum position estimation error is approximately
2 degrees electrical under load including the filter compen-
sation. The injected voltage value is not changed during
transients and steady state. The position error increases dur-
ing speed transients and reference tracking because of the
compensation which is a function of the estimated speed
from the PLL. The estimated speed from the PLL is fil-
tered by a 5 Hz low-pass filter, hence there is a delay to
speed response. Since the filter delay compensation value
is tied to the estimated speed, compensation delay is also
present.

The HFSI position estimation performance is also tested
for speed reversals. The speed reversal in a step manner is
investigated for the unloaded case. A good step speed reversal
is achieved with the proposed method without any significant
position determination error increase. The speed response,
position estimation error and phase currents from −100 rpm
to +100 rpm are given in Fig. 23. Other speed values are left
out as the only difference is the amount of overshoot, settling
time and transient current magnitude.

The standstill starting operation with step reference under
closed loop HFSI control and rated load is scarce in the
literature as it is an extreme case. The proposed method
includes the applicability of step commands for the HFSI sen-
sorless control technique. Conventional methods of HFRVI
and HFPVI use between 16.8% to 55.6% of the rated volt-
age as the injected voltage magnitude [16], [24], [30]. With
the proposed method, the injection of 8.7% of the rated
phase voltage (down to 5% of DC-link) is a promising value
even though, most of the voltage is already available at low
speeds.

Lastly, the switch from low-speed estimation to medium-
to-high speeds estimation transients are presented in Fig. 24
under no load. The method used for medium speeds is the
EEMF model combined with an SMO. After the switchover
is done, the injected voltage is removed and the position
feedback switches to the SMO output. There is no noticeable
transient in the rotor speed. Both algorithms are able to work
from zero speed up to the switchover speed, where theHFSI is
cancelled after the switch. This shows the pertinence of two
different methods simultaneously to cover the whole speed
range using a low-cost MCU.

IV. CONCLUSION
This paper presents a lean approach to sensorless position
determination of PMaSynRMs with conventional rotating
high-frequency voltage injection. The following points sum-
marize the proposed method’s advantages:

■ Correct position estimation with injected voltage magni-
tudes of 5% of the DC-link voltage with maximum error
of 0.708 degree electrical.

■ Reduction in the total number of filtering stages from
two to one and total coordinate transformations by half,
meaning less need for filter fine-tuning and delay and
gain compensation, simplifying the overall design stage.

■ Reduced complexity of the whole system for easier
implementation

■ Reducing development time by removing the current
controller bandwidth constraints, allowing the same cur-
rent controller to be used in zero-low and medium-high
speed regions.

■ Operation with current feedback filtering and parallel
operation of an SMO based Back-EMF observer result
in 47%CPU overhead (without optimizations), allowing
additional functionality.

In addition, the proposed approach is very robust against
high transient operation, full load at very low speeds down
to 1% of base frequency, where performance can be further
enhanced with other controllers than PI. The step speed
response is also demonstrated, without any deterioration to
the estimated position due to the influence of current and
speed gradients.

A good speed reversal at very low speeds (from -1% of the
rated to +1%) is also achieved, proving proposed methods
ability to handle high transient currents and speeds. Applica-
bility is also shown to be run on a low-cost MCU alongside
another sensorless position estimation algorithm such as an
SMO owing to the proposed method’s lightweight computa-
tional burden. These features make the proposed solution a
good candidate for home appliance applications where the
cost is a major factor and system complexity reduction in
both software and hardware is crucial. The proposed method
can be further improved in future work by considering its
applicability to other motor types, especially those with lower
saliency ratios compared to PMaSynRM. The robustness,
response time, accuracy and settling time of the position and
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velocity estimator and the position error compensator can be
further investigated under high disturbance load torques.
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