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Abstract: For the traditional methods of rotor position estimation for permanent magnet synchronous motor (PMSM) , the phase shift

caused by the introduction of filter will affect the accuracy of rotor position estimation to some extent. This paper presents an improved rotor

position estimation method for high frequency square wave signal injection without filter. Firstly, the traditional method injects high-

frequency pulse vibration signals into the estimated shafting, and the proposed method injects high-frequency square wave signals into the

estimated shafting to avoid the introduction of filters in the process of extracting rotor position information. Then, the rotor position signal

is decoupled in the stationary shafting, and the rotor position error after demodulation is processed by PLL. The system realized the signal

processing of rotor position without filter, which improved the convergence speed and estimation precision of rotor position and the

dynamic response performance of the system. The simulation results showed that the proposed method had fast convergence speed and

small phase delay, and better improved the precision of rotor position detection.
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0 Introduction

Permanent magnet synchronous motor (PMSM) has
the advantages of small size, large starting torque,
strong anti-overload ability, and low loss. It has been
widely used in high precision control fields such as
electric vehicle drive and military application'. Three-
phase PMSM is a complex nonlinear, strong coupling,
and time-varying system. When the motor is greatly
affected by its own parameters and external disturbances
in the operation process, it often cannot achieve
excellent closed-loop control performance. Among
them, encoder and other speed sensors need to be
installed at the rotating shaft to accurately locate the
position of the rotor when the motor is running, and
these sensors are mostly mechanical structures, which
increases the volume and complexity of the system and is
easily damaged”. Therefore, the sensorless control
technology of PMSM has become a research hotspot in
the field of motor control™™.

The sensorless control of PMSM is generally divided
into two types. One is the mathematical model method

based on the fundamental wave mathematical back

electromotive force for medium and high speed™®, which
estimates the position and speed of the rotor by detecting the
relevant electrical signals in the stator windings of the
motor. The main control algorithms are extended Kalman
filter algorithm, model reference adaptive control
algorithm, and sliding mode observer algorithm, but these
control algorithms can achieve good control performance
only when the motor running speed is at medium/high
speed”'”. When the motor is starting up or running at low-
speed, sensorless detection fails due to difficult signal-to-
noise ratio extraction.

In order to solve the problem that the motor can also
realize the precise positioning of the rotor position under the
condition of low speed operation, scholars have turned their
research focus to another sensorless detection method using
the salient pole effect of the motor" . The control
algorithm is based on the superposition of a high-frequency
signal on the fundamental signal of the motor stator winding
operation, and realizes the tracking of the rotor position by
demodulating the signal. Common high-frequency signal
injection methods include rotating high-frequency signal
injection into stationary coordinate axes and pulsating high
frequency singal injection into estimated synchronous
axes!”" They are both high-frequency sinusoidal signal
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injection. When the two methods decouple the rotor
position signal, the introduction of the band-pass filter and
the band-stop filter leads to a delay in the rotor position
estimation, which limits the bandwidth of the closed-loop
control system and reduces the dynamic performance of the
system®#,

A rotor position identification method was proposed by
injecting a high-frequency square-wave voltage signal into
the estimated stator straight axis. By transferring the high
frequency square wave voltage signal to the estimated direct
axis, the packaging mode of the high frequency response
current under the static axis system was found and
calculated, so as to determine the position of the rotor. The
quadrature phase-locked loop position estimation error was
controlled to zero, and the output of the quadrature phase-
locked loop was the actual location of the rotor, which
realized the observation of the estimated rotor position. The

high frequency current and fundamental current were

extracted by the filter-free signal separation strategy, which
made the error convergence of rotor position estimation
faster and significantly improved the dynamic response
performance of sensorless control system. The proposed
simulation

method was verified and analyzed by

experiments.

1 Filterless high-frequency square-wave
injection principle

Fig.11s a block diagram of rotor position signal extraction
based on filterless high-frequency square-wave signal
injection into PMSM. The high-frequency square-wave
voltage signal is injected into the estimated stator direct
axis, and the rotor position error is decoupled by processing
the high-frequency response current signal in the stationary
coordinate system, and then the rotor position is estimated

by the rotor position observer.
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Fig. 1 Block diagram of rotor position signal extraction based on filterless

The stator voltage equation of PMSM under the
rotating shaft system is
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where u,, u, and 7,, i, are expressed as stator voltage

q
and stator current under synchronous rotation of PMSM
shafting; R, is expressed as stator resistance; L,, L, are

the
respectively; w; is the electrical angular velocity of the

direct-axis and quadrature-axis inductances,
motor rotor; p is represented as a differential operator; ¢,
is expressed as rotor permanent magnet flux linkage.
Since the frequency of the high-frequency signal
injected into the stator winding of the motor is generally
much higher than the fundamental frequency of the
motor during operation, when the motor is in the start-
up or low-speed running phase, its motion back EMF is
zero. At the same time, ignoring the influence of the
stator resistance voltage drop, the mathematical model
of PMSM under high-frequency excitation can be

equivalent to pure inductive load, thatis
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where u,, uj, and i, , iy, are expressed as high-frequency

=

voltage and current components under CZ-C} synchronous
shafting; & is expressed as a high-frequency quantity; r is
denoted as rotor shafting.

A high-frequency signal is injected on the estimated -
axis. In the actual d-¢ coordinate axis system, it can be

expressed as

|

The synchronously rotating current term of Eq. (2)
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can be converted to a stationary shaft system.
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By substituting Egs. (3) and (4) into Eq. (2), the
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high frequency current response of stationary shafting

can be expressed as

L, oh i/h
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The finishing formula can be obtained by

1
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where T'(6.) is expressed as the transformation matrix
from the actual shafting to the stationary shafting;
T (6.,) is the transformation matrix from the estimated
shafting to the actual shafting.

The estimation error is
A
Oo=0.—0.. (7
The relationship between the actual rotor synchronous

shafting d-¢g of the motor and the estimated rotor
A A
synchronous shafting ¢-¢ is shown in Fig.2.

Fig. 2 Relationship between estimated rotor and actual rotor

coordinate system

The following high-frequency square-wave voltage

signal is injected into the estimated rotor d-axis.
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where V, is the amplitude of the injected high-frequency
square-wave; uf,,, and u,",h are the estimated shaft injected
high-frequency voltage component; ¢..(z) is a unit

square-wave piecewise function, and it is
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where T is the period of the injected square-wave signal;
A( ) is the remainder of dividing £ by T.

Substituting Eq. (7) into Eq. (6) , the high-frequency
current signal envelope under the stationary coordinate

axis system can be obtained by

L Vid(2)| L. cos 9\9 — L, cos(0.+ 0.,

Iﬂenl CUh LdL

A
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where I, and I,., are the envelope of the high-frequency
response current signal under the stationary shaft
system, respectively; w, is the frequency of the injected
symmetrical high-frequency square-wave voltage signal;
L. is the mean value of the inductance; L, is the
difference in inductance.

When the estimated shaft position of the motor rotor
coincides with the actual shaft position, at this point, the
estimated value of the rotor position converges with the
actual value.

A
I:Iaenl:| Vi (t)(L.— L,)|cos 0.

. 11
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It can be seen from Eq. (10) that after extracting the
envelope of the high-frequency response current of the
stationary shaft system, the position information of the
rotor can be obtained directly by calculating the
arctangent function.

A
A

f. = arctan

aenl

(12)

Benl
Since the arctangent function is sensitive to the high-
frequency response envelope noise when calculating the
rotor position angle, it is prone to deviation and poor
robustness. Therefore, the estimated rotor position
information was processed by a PLLLL quadrature phase-
locked loop under the static shaft system. When the
estimated error of the control rotor position was zero, the
output of the phase-locked loop was the actual rotor
position, which realized the observation and tracking of the
rotor position information. Compared with the traditional
PID-type Luenberger position tracking observer, the
quadrature phase-locked loop position tracking observer
had a simpler structure, and avoided the introduction of a
low-pass filter when filtering out noise for observation,
thereby improving the dynamic response performance of the
system. And the estimated rotor position output was not
affected by high-frequency harmonics, which ensured the
rotor position estimation accuracy.

2 Rotor position estimation strategy for
PMSM

2.1 Rotor position error signal decoupling
under stationary shafting

The amplitude of the high-frequency response current
signal envelope under the static shaft system can be
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obtained by
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Through the calculation, it can be known that the

estimated error information of the rotor can be expressed as
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In order to improve the accuracy of rotor position error
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and reduce the influence of dead-time effect of inverter,

it is usually treated by normalization. Thus, the
estimation error can be exprebsed as
A
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When the estimated value of the rotor position
converges to the actual value, the error is zero, then the
estimated error including only the rotor is

L,— L,

=0 16
€ 3 (16)

q
The processing flow of rotor position information on

stationary shafting is shown in Fig.3.

Vector multiplication cross

Fig. 3 Static shaft system error signal decoupling box diagram

2.2 Filterless rotor position signal separation
strategy

Usually, the high-frequency response current vector
needs to be separated from the signal carrier. When
extracting the fundamental current required by the
current controller and extracting the high-frequency
current component, a low-pass filter and a band-pass
filter are used, respectively, resulting in the system
being filtered. The rotor error estimation accuracy
which

reduces the dynamic performance of the system in the

decreases due to the phase lag of the rotor,

process of rotor position detection.

A filterless signal separation strategy was proposed, and
the frequency of the injected square-wave signal was
selected to be consistent with the switching frequency of the
inverter. At two adjacent sampling moments, the
amplitudes of the high-frequency current responses were
equal and opposite in sign. At the same time, the frequency
of the high-frequency square-wave injected by the
estimated shaft was much higher than the fundamental wave
frequency when the motor was running. Therefore, the
magnitude of the fundamental wave current signal at two
adjacent sampling moments was a constant value. Fig.4 is
the vector sequence diagram of carrier PWM,, injected high-
frequency square-wave voltage signal, and high-frequency

response current signal.
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Fig. 4 Timing diagram of high-frequency voltage signal and
response current signal

Therefore, under the stationary shaft system, the
fundamental current, the high-frequency current
component, and the high-frequency current vector

between two adjacent sampling moments satisfy
ia,’:’( k— 1) - ia,?f + ia,j‘hv

(17)
o(,?( k ) a,?f 1a,?h7
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where 7.4, 1,4, and i, are expressed as high-frequency

current vector, fundamental current, and high-
{requency current components, respectively.

Using the filterless carrier signal separation strategy, the
fundamental feedback current and the high-frequency
response current are obtained through simple algebraic

operations.

iaph( k) -

ik — 1;iaﬁ(/e), 18)

() = 12> Tiolk) (19)

We can know that the fundamental current and high-

frequency current components in the synchronous

coordinate system can be obtained by simple

mathematical calculation of the adjacent current
sampling, without band-pass and band-stop filter for
carrier separation of the signal, so as to improve the
bandwidth of the system and the convergence speed and

accuracy of the rotor position tracking observer.
3 Magnetic pole polarity identification

The initial value of the rotor position can be obtained.
However, since the estimated value of the rotor position
is a multi-solution value with a period of p, the position
of the magnetic pole axis may be the real rotor position.
It may also differ by 180° mechanical angle. If the initial
position estimation of the rotor is inaccurate, the starting
torque of the motor will be small, causing the motor to
lose steps or even reverse. Therefore, it is necessary to
determine the magnetic pole polarity for the rotor
position. At present, there are mainly positive and
negative pulse voltage injection method™ and applied
current bias method”" for rotor magnetic pole polarity
discrimination. Its application principle is based on the
nonlinear saturation magnetization characteristics of the
stator core. Fig.5 is the schematic diagram of judging the
polarity of rotor magnetic poles based on the saturation
characteristics of the stator core.
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Fig. 5 Schematic diagram of judging rotor magnetic poles
polarity based on nonlinear saturation characteristics of

stator core

The positive and negative pulse voltage method is
used to identify the polarity. Based on the initial value of
the rotor magnetic pole position obtained by the high-
frequency square-wave injection method, the pulse
voltage vectors with opposite directions and equal
magnitudes are injected into the stator windings of the
motor, respectively. When the magnetic field generated
by the permanent magnet is in the same direction as the
magnetic field generated by the stator winding current,
the strength of the air gap magnetic field increases, the
saturation degree of the stator core increases, and the
magnetic permeability decreases. The slope of any point
of the saturation characteristic curve represents the -
axis stator inductance, so that the stator inductance is
reduced. The judgment of the magnetic pole polarity of
the rotor 1s achieved by detecting the length of time that
the response current of the two excitations decays to zero.

When the motor is stationary, the d-axis circuit can be
equivalent to a first-order R-L series circuit, as shown in
Fig.6.

U,

Fig. 6 First-order R-L series circuit

~ The time constant of the straight-axis equivalent circuit
1s

T= . (20)
A
When the injection direction of the pulse voltage is 0.,

the magnetic circuit is saturated. According to the
inductor saturation effect, it can be known that L,= L.
The time constant of the circuit is zy. If the injection

direction is /6 ~+ =, the magnetic circuit of the stator core
will not be saturated. At this time L,=L,, the time
constant of the circuit is zs. Due to L, <C L, the time for
the response current to decay from the steady state value
to zero for the two pulse excitations is ¢ and ¢, the
injection direction with a shorter time is the actual motor
direct axis direction. Then the angle compensation is
performed according to the initial judgment value of the
rotor magnetic pole axis. If "<t , then the estimated
direct axis direction is the actual direct axis direction. At

A A

this time § = 0., no angle compensation is required. As
shown in Fig.7(a) , il " > ¢, then the estimated direct

axis direction is opposite to the actual direct axis
A A
direction. At this time ¢ = 0.+ =, the compensation

angle is 7, as shown in Fig.7 (b) .
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Fig. 7 Schematic diagram of positive direction judgment of
actual straight axis

Based on the initial judgment value <$C of the rotor
position obtained by the high-frequency square-wave
voltage signal injection method, a voltage pulse vector of
equal magnitude and reverse is injected into the stator
winding of the motor. Fig. 8 is the implementation
process of judging the polarity of the magnetic pole by
the voltage pulse vector injection method. The flow
chart of the whole system processing is shown in Fig.9.

|_|U.k
; 1
U;=U, "I\B

> >
SVPWMpP> 4
- >
dq

U=0 >

6,016 +1 T
- TC . N 1,
0 et Duration of excitation
¢ + current decaying to zero
~ |0
0

Step 1 Step 2

Inject two voltage pulse vectors of]
same magnitude and opposite
directions into direction of initial
judgment value of stator winding
in turn

)

Measure time for A-phase current
of two excitations to decay to zero

Current closed loop
control

High-frquency square-
wave voltage injection

Obtain initial judgment
value of rotor position

End of Step 17

i
| é
=

Fig. 9 Rotor position estimation process flowchart

4 Simulation results

As an energy-saving and environmentally friendly
vehicle, electric vehicle has been favored by industry in
recent years. As the core of electric vehicles, motor drive
system has a profound impact on the performance of the
vehicle. This experiment used simulation analysis*”.

In order to verify the accuracy of the high-frequency
square-wave injection strategy without filter signal
separation proposed in this paper, the sensorless control
system of PMSM with pulsating high-frequency signal
injection and high-frequency square-wave injection under
zero/low speed operation was simulated and compared.
The simulation model of PMSM was built in Matlab/
simulink environment. Fig. 10 is simulation model of
pulsating high-frequency singal injection method. Fig.11 is
the simulation model of the rotor position observer when the
pulsating high-frequency signal is injected. Fig. 12 1s
simulation model of filterless high-frequency square-wave
signal injection method. Fig. 13 is the rotor position
decoupling simulation model when high-frequency square-
wave 1s injected. The parameters used in the motor
simulation are shown in Table 1.

Table 1 PMSM parameters for simulation

Parameter Numerical value
Rated power/kW 15
Rated voltage/V 380
Rotor flux/ Wb 0.094 1
Damping coefficient/(Nem+s) 0.008
Moment of inertia/(kgsm?) 0.008
Number of pole pairs 3
Direct axis inductance/mH 0.3
Quadrature inductance/mH 0.8
Stator resistance/Q 0.551
Rated speed/(r'min ') 3000

Set the motor load torque to 1 N+-m (30% rated
torque). The inverter switching frequency is 20 kHz,
and the amplitudes of the injected pulsating high-
frequency signal and high-frequency square-wave signal
are both 25 V. The frequency of the injected pulsating
high-frequency signal is 1 000 Hz and the frequency of
the injected high-frequency square-wave signal i1s
10 kHz. Set the parameter values of the PI controller in
Fig.3, £,=0.012, £=0.073 7.

Fig. 14 show the simulation comparison of the actual
position and estimated position of the rotor. Fig. 14 (a)
shows that the estimated position of the rotor lags 4.2°
mechanical angle of the actual position of the rotor when the
high-frequency square-wave injection is improved.
Fig.14 (b) shows that the maximum estimated position of
the rotor lags 5.4 mechanical angle of the actual position.
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Fig. 14 Simulation results of high - frequency square - wave
signal injection method at 200 r/min

Fig. 15 shows the simulation comparison of the rotor
position error by using the filterless high-frequency square-
wave signal injection method and the pulsating high-
frequency signal injection method when the motor speed is
set to 200 r/min. When the pulsating high-frequency singal
injection is used, it can be seen from Fig.15(a) that the
estimated position of the rotor obviously lags behind the
actual position of the rotor at 13.4” mechanical angle. From
Fig.15(b), it can be seen that the average value of the
position estimation error is 11.5° mechanical angle.

Figs.16 and 17 show the actual position and estimated
position of the rotor obtained by the pulsating high-

frequency signal injection method and the high-frequency
square-wave signal injection method proposed in this paper
when the reference speed of the simulated motor changes
abruptly under actual operating conditions.
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Fig. 15 Simulation results of pulsating high-frequency signal
injection method at 200 r/min

As can be seen from Fig.16, when injecting pulsating
high-frequency signals, the given initial reference speed is
150 r/min. The motor starts from zero speed and reaches a
stable state at about 0.62 s. The speed error is &= 19 r/min.
The rotor angle error is 16° within 0.38 s. The steady state
is reached when the reference speed is suddenly increased
to 350 r/min. The speed error was =20 r/min, and the
angle error was between —7° and 10 mechanical angle. Tt
can be seen from Fig. 17 that when the high-frequency
square-wave signal is injected, the initial given reference
speed is 150 r/min. The motor starts from zero speed and
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reaches a stable state at about 0.13 s. The speed error is
about +5 r/min, and the rotor angle error is +3.4°
mechanical angle. After 1 s, the reference speed suddenly
increases to 350 r/min, the rotor angle error is controlled

within = 2° mechanical angle.
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injection method under acceleration
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Fig. 17 Simulation results of high - frequency square - wave
injection method under acceleration

It can be seen that the proposed method has better
steady-state tracking performance and faster response
speed than the pulsating high-frequency signal injection
method, and the rotor phase error is smaller and the
accuracy 1is higher. It can better meet the needs of rotor

position detection.

5 Conclusions

A rotor position estimation method was proposed based
on the injection of a filterless high-frequency square-wave
signal. The proposed method used the non-filter signal
separation strategy in the decoupling process of the rotor
position error signal, and effectively overcame the problem
that the traditional pulsed high-frequency signal injection
method reduced the identification accuracy of the rotor
estimated position due to the phase shift of the low-pass
filter and the bandpass filter. The simulation results showed
that the proposed method had good steady-state tracking
performance, and improved the convergence speed and
accuracy of the rotor position observer so that it had a
smaller phase error.
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