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Abstract: In order to improve the performance of motor drive systems, this paper introduces a
sensorless control method for interior permanent magnet synchronous motors (IPMSM) based on the
rotating high-frequency voltage injection method. The demodulation method using a synchronous
frequency filter (SFF) instead of a bandpass filter (BPF) and a high pass filter (HPF) is proposed.
The structure and transfer function of SFFs are introduced, and their characteristics are simulated
and analyzed. Therefore, the center frequency of SFFs can be adaptively adjusted according to
the estimated rotational speed, which is convenient for frequency setting. Finally, according to
the proposed rotating high-frequency voltage injection method, the simulation model is built. The
experimental results verify that the control strategy can maintain good position estimation accuracy,
better speed tracking performance and anti-load disturbance performance.

Keywords: interior permanent magnet synchronous motor; position sensorless control; rotating

high-frequency voltage injection method; synchronous frequency filter

1. Introduction

With the crises of energy shortages and environmental pollution becoming increas-
ingly serious, electric vehicles have gradually become the research focus of automobile
manufacturers because of their significant advantages of high efficiency and low emis-
sions [1-3]. As one of the core components of electric vehicles, the performance of motor
drive systems plays a decisive role in the performance of electric vehicles [4-6]. Tradi-
tionally, a rotor position sensor is required to detect the position signal to implement a
motor drive system. The position sensor, such as an optical encoder, increases costs and
reduces the reliability of the whole vehicle system. Hence, sensorless control technology
without a rotor position sensor has become an important research focus in the motor drive
field [7-11]. Two cases of sensorless control methods for PMSMs have been prevalent in
recent years. In the range of medium and high speed, the motor model is utilized to calcu-
late the rotor position and speed [12-15]. Some references present various methods using a
disturbance observer [16], a sliding mode observer [17], a Kalman filter [18,19], and so on
to estimate rotor position and speed. However, the magnitude of the back electromotive
force is directly proportional to the motor speed. When the motor is operating at a low
speed or a static state, the signal-to-noise ratio of the back electromotive force is too low or
even zero. In the low-speed range, an external signal injection scheme is utilized to extract
the rotor position information [20-25].

The high-frequency signal injection method is not dependent on the fundamental
wave model of the motor. This method is based on the correspondence between the salient
pole characteristics and the rotor position. The high-frequency signal is injected into the
motor windings, and the high-frequency response current is detected. Then, the rotor
position and speed information can be obtained by the observer [20,26]. As a popular
control algorithm for zero and low-speed sensorless control, a high-frequency injection
method can be divided into a high-frequency voltage injection method and a high-frequency
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current injection method according to the type of injection signal. According to the different
reference systems and signal forms of high-frequency injections, the existing high-frequency
voltage injection methods mainly include the rotating high-frequency voltage injection
method in the two-phase stationary coordinate system and a pulse high-frequency injection
method in the axis of the estimated two-phase rotating coordinate system. BPFs and
HPFs are utilized in the signal extraction process of the traditional high-frequency signal
injection method. The frequency of the motor system changes with the speed, and the
cut-off frequency or the center frequency of the filters is fixed. Therefore, it is a challenge to
reduce the impact of speed changes on filtering performance. In reference [20], the method
of injecting two bidirectional rotating high-frequency carrier signals is utilized to improve
the rotor position estimation accuracy. Four equations are constructed. In reference [26],
the active disturbance rejection control strategy is used to estimate and compensate for
the total disturbance of the system and improve the dynamic performance of the system.
Reference [27] adopts an enhanced linear active disturbance rejection control method to
compensate for the total disturbance in a feed-forward manner. Reference [28] utilizes
recursive discrete Fourier transform to demodulate and collect signals, and the method can
reduce the influence of a low-pass filter. Reference [29] introduces a high-frequency pulse
voltage injection method, which uses a quasi-resonant controller to replace a low-pass filter
to improve the dynamic performance of the system.

The main purpose of this paper is to propose a rotating high-frequency voltage in-
jection method for IPMSM. The demodulation method, using an SFF instead of a BPF
and an HPF, is utilized to extract the signal. The structure and transfer function of SFFs
are introduced, and their characteristics are simulated and analyzed. It can be seen from
the structure and transfer function that the center frequency of SFFs can be adaptively
adjusted. Therefore, the center frequency setting is more convenient. In addition, the
motor drive system can maintain good position estimation accuracy, speed tracking, and
anti-load disturbance performance due to the frequency adaptive function. Finally, the
simulation model of the sensorless control IPMSM system is built, and the correctness and
effectiveness of the control strategy are verified using the simulation results.

2. Rotating High-Frequency Voltage Injection Method

The structure of the IPMSM sensorless control system based on a rotating high-
frequency voltage injection method is shown in Figure 1 [21,22].

HF signal |-V, sin(a,¢) + U~
\ 2
. + u U
D Q> p1 >R : > 1
'y yy sV
- . _ u, | 2728 ¥ gl ot 1
B e’ e ] e s B
ldref A A A
— [
i i
LPF J« £ <
7 i, | 2s/2r 1, 3s/2s
) vYY
S(AO) | Signal [« PMSM
— Observer e extraction |« ‘

Figure 1. IPMSM sensorless control based on rotating high-frequency voltage injection.

It can be seen from the figure that the rotor position estimation system includes three
parts: the high-frequency signal injection module, the signal extraction part and the position
observer. The high-frequency voltage is injected into the a5 coordinate system by the high-
frequency injection module. A high-frequency response current is generated by the motor
winding. The current contains rotor position information. The signal extraction part is
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used to extract the high-frequency response current component and separate the signal
containing the rotor position information. Then, the position observer is used to obtain the
estimated rotor position and speed.

The voltage equation of IPMSM in the af coordinate system is [28,29]

[ Uy ] :RS[ iy ] n [ Lo + Ly cos(26,) L, sin(26,) }P[ iy }4_

ug i L1 sin(26,) Lo — L cos(26,) i "
—L, sin(26,) —Lo + Lq cos(26,) iy —sinf,
e [ Lo + Ly cos(26,) L, sin(26,) ig et o 6,

where u, and u are the voltage components, i, and ig are the current components in the
af coordinate system, Lo = (Lg + Lg)/2, L1 = (Ly — L;)/2, Lg and Lq are the inductance in
the dq coordinate system, p is the differential operator, Rs is the winding resistance and 6.
is the rotor position.

If the injected voltage frequency is much higher than the fundamental frequency, the
resistance and the electric angular velocity in Equation (1) can be ignored. Therefore, the
IPMSM equation can be approximated as a purely inductive model in the coordinate system

as follows:
ugn|  [Lo+ Ly cos(26,) L1 sin(26,) ik o)
uﬁh o L1 Sin(zeg) Lo—Lq COS(ZGe) iﬂh
Equation (2) can be transformed into the current differential form as
ion] _ [Lo+Licos(26)  Lysin(20,) 1" [uan
l"gh N L1 Sil’l(zee) LO — L1 COS(ZQE) uﬁh (3)
. 1 LO — Ll COS(295) —L1 sin(249@) Uph
- Lo*~L* | —Lysin(26,) Lo+ Licos(26,)] |ugy
The high-frequency voltage signal is expressed as
Ugn| _ [=Visin(wpt)| _ o it T)
[u/gh:| o |: Vh cos(wht) - Vhe ’ (4)

where V}, is the amplitude of the high-frequency voltage and wy, is the electrical angular
frequency of the injected high-frequency voltage.

The high-frequency current component containing the rotor position information in
the a8 coordinate system can be expressed as

iuh } _ [ Ly cos(wpt) + Ly cos(—cwyt + 26,)

inpn = { ign Ly sin(wyt) + Ly sin(—wyt + 26,) )

= Iphej(wht) + Inhej(_wht""zge)

where [, and I, are amplitudes of the high-frequency current positive and negative sequence
components, respectively. Ly = Vy Lo /[w j, (Lo* — L2, Ly = =V Ly /[w p(Lo* — Ly?)].

It can be seen from the above equations that the rotor position information is contained
in the current negative sequence component. To extract the rotor position information, the
signal is processed according to the flow shown in Figure 2.
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Figure 2. Block diagram of the signal demodulation process.

where PLL is a phase-locked loop, and N/S is the identification unit of magnetic poles
N andS.

It can be seen from Figure 2 that the three-phase current of the motor is measured first.
Then the three-phase current iy, is transformed to the current component i,z in the af
coordinate system. The high-frequency current response component 7,4, can be obtained
by a BPF. The synchronous coordinate transformation is used to transform i, into the
coordinate system with a synchronous rotating frequency of wj,. The positive sequence
component of the high-frequency current becomes the direct current (DC) component
in this synchronous rotating coordinate system, while the negative sequence component
becomes the high-frequency component rotating in —2wy,.

idqh = ej(iwht)l‘algh = Iph + Inhej2(7w11t+99) (6)

A synchronous rotating high-pass filter can be used to filter out the DC component
and extract the negative sequence component iz, containing rotor position information.

igghn = HPF [idqh} = pr{[ph + Inhejz(_Wsz+92):| = el (-wnttbe) )

Using the synchronous coordinate transformation again, iy, is transformed to a
coordinate system rotating synchronously in —2wj,. The high-frequency negative sequence
component containing the rotor position information then becomes a synchronously rotat-
ing DC component.

(2wpt)

idth =e idqhn = nhej(zee) 8)

As a feedback control system for adjusting phase error, the phase-locked loop includes
three parts: a phase discriminator, a voltage-controlled oscillator and a loop filter. The PLL
adjusts the output phase of the system by comparing the phase error between the input
signal and the output signal of the voltage-controlled oscillator so that the output phase
can accurately track the input phase.

For the high-frequency injection-based PMSM sensorless control system, the equiva-
lent phase-locked loop structure for position and speed estimation is shown in Figure 3.
Here, i1 is used to extract the estimated rotor position and speed information.
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Figure 3. Block diagram of the phase-locked loop.
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The comparison unit between the actual and estimated rotor position is equivalent to
the phase discriminator in the PLL. The proportional integration unit is similar to the loop
filter. The primary integration unit is equivalent to the voltage-controlled oscillator part in
the phase-locked loop system.

The phase discriminator module of the position and speed estimation phase-locked
loop uses igy1, ign1 and the estimated rotor position 0, to construct a trigonometric function.
The rotor position error is obtained as follows:

e = [idhl sin(20e) — igm cos(Zée)}
= [L, cos(26,) sin(20,) — I, sin(26,) cos (20,)] )
= Ly sin2(6, —6,)

If the error between the estimated rotor position and the actual rotor position is small,
the above equation can be further approximated as

e~ 2L (0. — 6,) (10)

The position error € output by the phase discriminator is processed by a proportional
integration unit to obtain the estimated rotor speed @, as

@ = e-Gpr(s) = ¢ (kp + ]:) (11)

where Gpj (s) is the expression for the proportional integral unit, s is the Laplace operator,
ky is the proportionality coefficient, and k; is the integration coefficient.
The rotor position is obtained through an integral unit:
1

b = e (12)

3. Proposed Signal Demodulation Method

In order to facilitate frequency parameter settings, this paper proposes a new signal
demodulation method, which is shown in Figure 4. The main advantage of using an SFF to
replace a BPF and an HPF in the traditional signal demodulation process is that the center
frequency of an SFF can be adaptively adjusted according to the estimated rotational speed.
Therefore, the frequency parameter setting is convenient while maintaining accurate rotor
position estimation and good dynamic performance.
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Figure 4. Flow chart of the signal demodulation.

It can be seen from the above flow chart that the response current 7., in the ABC
coordinate system can be detected. Then, the stator sampling current i, is transformed by
Clark to obtain the current iyg in the af coordinate system. The current i, contains signal
components with different frequencies and mainly includes the fundamental frequency
feedback current 7,47, the high-frequency response current i,5,, and the high harmonic
current i, due to the switching device. The other sub-harmonic components are not
considered because of their small content. The current 7,5 can be expressed as follows:

iﬂéﬁ = izxﬁf + ilxﬁh + itxﬂz (13)
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To extract rotor position information from high-frequency signals, the different fre-
quency components of the signal should be separated. Transforming i, using synchronous
coordinate transformation to a coordinate system rotated synchronously by wy,, the three
components i,py, iypy and iyg; in the above equation become:

iy = & MWiygr = Iyppell ()] (14)
o2 = ej(—th)iaﬁh =Ly + I, e2(@e—wn)t] (15)
idge = ei(*wht)ilxﬁz = aﬁze]'[(wp*wh)ﬂ (16)

where w), is the frequency of the harmonic components generated by the switching device,
which is much higher than the frequency of the injection voltage.

According to Equations (14)—(16), the frequency of Lye 2we=wn)t] jg obviously different
from that of the other items I, fej [(we—cn)t] I, and I,X/;Zej[(“’i”""h)t]. Therefore, a traditional

method uses a BPF to extract the I,,;,el2(«@e—wn)!] component. The upper and lower cut-
off frequencies of the bandpass filter are fixed, but the frequency of the I,,ei2(we=wn)!]
component will alter with the change in rotor speed. If the passband of the BPF is set
too wide, the filtering effect will be poor. Otherwise, the useful signal will be filtered
out. In order to achieve an ideal filtering effect, a BPF can be designed to change the
center frequency adaptively with the speed Information. An SFF can adaptively change its
center frequency with the motor speed, which can be used as a real-time variable center
frequency BPFE.

The SFF transfer function used in this paper is shown in Equation (17). In addition,
the block diagram of its structure is given in Figure 5. It can be seen from the transfer
function expression and the structure diagram that the cut-off frequency of the filter changes
adaptively with the given frequency:

(17)

where x(s) and x'(s) are the input and output signals, respectively, ' is the center frequency
of this filter, and k is the damping factor. According to the Routh criterion, it can be seen
from the transfer function that the stable condition of the system is kw > 0. Therefore, as
long as k is greater than 0, the system is stable.

Figure 5. Block diagram of SFF.

Rewriting Equation (17) into the form with the quality factor Q is

/ Q°
D'(s)=A En %S o (18)
where A is the gain coefficient, Q = 1/k.

From Equation (18), it can be seen that only parameter k needs to be adjusted to
achieve the performance adjustment of the SFF. It has obvious advantages compared
with the traditional BPF. Figure 6 shows the amplitude-frequency and phase-frequency
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characteristic curves when the center frequency is 10 Hz, and k is taken as 0.1, 0.5 and
1, respectively. It can be seen from the figure that there are obvious attenuations at all
frequencies except 10 Hz. The more the frequency is away from the center frequency,
the better the filtering performance of the filter. This just meets the frequency selection
requirements of the rotor position estimation system.

0 r

—20}

Magnitude(dB)

Phase(deg)
(]

K=0.1—>
107! 100 10! 102 108
Frequency (Hz)

Figure 6. Amplitude-frequency and phase-frequency characteristic curves of the SFF.

The estimated rotor speed @, can be used to adaptively adjust the center frequency of
the SFE. The calculating formula is:

W' =2(We — wy) (19)

The relationship between @, and the estimated mechanical speed 7 can be further

expressed as follows:
o 0Py APy
We =27 0 — 30 (20)

From Equations (19) and (20), it can be seen that the center frequency of the SFF is
influenced by the number of pole pairs, and the range of @, will be larger for multi-pole
motors. From the phase-frequency characteristic curve, the phase margin is greater than
90 degrees. This also shows that the system is stable.

4. Verification by Simulations

In order to verify the correctness and effectiveness of the proposed method, the
simulation models were built according to the IPMSM sensorless control system based
on the traditional high-frequency voltage injection method and the proposed rotating
high-frequency voltage injection method in the MATLAB 2014a software. It is assumed
that both the motor and the operating environment are ideal. (1) The motor core is not
saturated. This assumption means that there is a linear relationship between the magnetic
field and winding currents. (2) The motor has a completely symmetrical magnetic circuit
and winding. This assumption includes the following aspects: the three-phase windings of
the stator are identical, the space positions are separated by 2/3m arc, and the excitation
windings of each pole of the rotor are identical. (3) The self-inductance magnetic field of the
three-phase stator winding and the mutual inductance magnetic field between the stator
and the rotor winding are distributed in a sinusoidal manner along the air gap. The back
EMF of the motor is a sine wave.

In the simulation models, the estimated rotor position and speed obtained by the
position sensorless control system are used to replace the measured rotor position and speed,
respectively. To compare the detection accuracy and dynamic performance of the sensorless
algorithm, the simulation results of the two methods are shown in the following figures.

Figure 7 shows the experimental results of the traditional method from forward
50 r/min to reverse 50 r/min. Figure 7a is the given speed, which changes from forward
50 r/min to reverse 50 r/min. Figure 7b,c show the actual position 6, and estimated
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position f,, respectively. In addition, Figure 7d presents the rotor position error. From
the figure, it can be seen that the steady-state error is about 0.002 rad at 50 r/min. In the
process of the speed change, the rotor position error becomes larger, and the maximum
rotor position error is 0.055 rad at the moment of speed change.
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Figure 7. Experimental results of traditional method from forward 50 r/min to reverse 50 r/min:
(a) Rotor speed; (b) Actual rotor position; (c) Estimated rotor position; (d) Rotor position error.

Figure 8 shows the experimental results of the proposed method from forward
50 r/min to reverse 50 r/min. Figure 8a—c show the actual position 6., estimated posi-
tion 6. and the rotor position error, respectively. The experimental results show that the
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steady-state error is about 0.001 rad at 50 r/min, and the maximum rotor position error is
0.04 rad at the moment of speed change.
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Figure 8. Experimental results of proposed method from forward 50 r/min to reverse 50 r/min:
(a) Actual rotor position; (b) Estimated rotor position; (c) Rotor position error.

The rotor position error comparison curves of the traditional method and the proposed
method during the speed change are shown in Figure 9. It can be seen that the error of
the proposed method is smaller than that of the traditional method. Especially when
the speed changed, the error of the proposed method is 0.15 rad smaller than that of the
traditional method.

The error comparison curves of the two methods during the load change are shown in
Figure 10. Figure 10a is the given load, and Figure 10b is the rotor position error comparison
curves. It can be seen that the error of the proposed method is about 0.02 rad smaller than
that of the traditional method when the load changed.

In addition, to analyze the system’s robustness, Figure 11 shows the error comparison
curves of different resistance values. Take the winding resistance value R1 as 0.566 ohms
and R2 as twice that of R1. The simulation results show that the errors of different resistance
values are almost equal, no matter whether in a steady state or a dynamic state. The
same results could be obtained when the motor pole pairs or inductance parameters
changed. Therefore, the changes in parameters do not affect the steady-state and transient
performance of the system.
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Figure 9. Rotor position error comparison during speed change from forward 50 r/min to reverse
50 r/min.
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Figure 10. Error comparison during load change: (a) Given load; (b) Rotor position error.
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Figure 11. The error comparison of the proposed method in different resistance parameters.

From the above simulation results, it can be seen that the rotor position error obtained
by the two methods has little difference when the motor is operating in a steady state. How-
ever, the rotor position error obtained by the proposed method is obviously smaller than
that obtained by the traditional method when the motor speed changes or the load changes.
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Therefore, the speed-tracking performance and the anti-load disturbance performance of
the proposed sensorless control algorithm are better than those of the traditional method.

5. Conclusions

Based on the analysis of the traditional rotating high-frequency voltage injection
method, a new signal demodulation method is proposed to realize the adaptive adjustment
of frequency parameters in this paper. According to the component frequency charac-
teristics of the stator current, an SFF is utilized to replace a BPF and an HPF, and the
center frequency of the SFF is adaptively adjusted with the estimated rotation speed. The
structure and transfer function of SFFs are introduced, whose characteristics are simulated
and analyzed. Finally, the simulation model of a sensorless control system based on the
proposed method is built, and the performance of the proposed strategy is tested. The
obtained experimental results show that the control system constructed by the proposed
method can maintain good position estimation accuracy, better speed tracking performance
and anti-load disturbance performance.
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