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Abstract: For the sensorless position control technology of surface permanent magnet
synchronous motor (SPMSM) under the operation modes of zero and low speed, this paper
introduced several typical control algorithms detecting rotor position of PMSM, and
analyzed the working principle and the rotor position estimation deviation control process
of these types of algorithms, as well as their advantages and disadvantages in detail. Finally,
the applicability of these algorithms in SPMSM at present were further compared and
summarized, so as to achieve better control effect.

1. Introduction

New energy electric vehicle is the new mainstream of current vehicle development. With the rapid
development of motor control theory, power transmission technology and permanent magnet
materials, PMSM has become a research hotspot of air conditioning compressor driven of high-
performance electric vehicle [1-2]. Compared with other motors, PMSM used sensors (canceling
commutator and brush) to generate reversing signal has significant advantages such as light structure,
simple control system, low vibration and noise, high power factor, fast response speed and
transmission efficiency. PMSM is essentially a nonlinear coupled time-varying system [3]. Although
the vector control method can realize high dynamic response, high dynamic and static accuracy and
wide range speed regulation of the mentioned system, and is not sensitive to parameter changes and
disturbances, it is inevitable to obtain the rotor position in real time [4].

The performance and detection accuracy of traditional mechanical sensors are easy to be reduced
due to environmental impact and the installation concentricity problem, as well as the volume and
cost of the installation interface or wiring are easy to be increased. Thus, in order to achieve the
purpose of replacing mechanical sensors with sensorless control algorithm and realizing accurate
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speed regulation of motor, it is particularly necessary to carry out the research on sensorless control
strategy with high precision, reliable performance and low cost. According to the estimation effect of
motor rotor position and speed information in the full speed range, the PMSM sensorless control
strategy can be divided into two categories: medium-high speed range and zero-low speed range [5].
The speed control driven system in medium-high speed range mainly adopts flux-linkage observation
method, model reference adaptive method and back electromotive force (BEMF) to dynamically
capture the rotor position of PMSM, these method is not enough to accurately estimate the rotor
position and speed because the BEMF in zero-low speed range is smaller, the stator voltage is lower
and the observed signal-to-noise ratio is larger. However, the high-frequency signal injection method
can track the salient pole position well, and achieve the purpose of accurate detection for the position
and speed information of sensorless control method in low-speed or even zero speed range [6].

Because the electric vehicle is propelled by high-power electric power, the signal-to-noise ratio
control of useful signals has very high requirements when the motor runs in the zero-low speed range.
In order to achieve the optimal efficiency mode with high signal-to-noise ratio and high torque ripple
under vector control, the current research focus is on the the control algorithm and initial position
estimation for the rotor angle of PMSM under zero-low speed operation mode. At present, the
estimation algorithms for detecting rotor position information based on the high-frequency signal
response of salient pole model have the high-frequency rotating voltage injection method, high-
frequency pulse voltage injection method and high-frequency square wave voltage injection method
[7]. In view of this, in this paper, the control method of surface permanent magnet synchronous motor
(SPMSM) is selected as the object. Each algorithm is described and analyzed, and then, the rotor
position estimation of the motor is analyzed and summarized.

2. Method comparison for zero-low speed range

Due to its simple implementation process, insensitive to the change of motor parameters and good
sensorless tracking effect of motor rotor position, the high frequency voltage injection method based
on salient pole model is widely used in the sensorless control system of zero-low speed operation.

2.1 High-frequency rotating voltage injection method

The basic principle of the high-frequency rotating voltage injection method for estimating the rotor
position and velocity information is shown in Figure 1la. The high-frequency rotating voltage is
injected into the a-f two-phase stationary coordinate system with cosine voltage and sinusoidal
voltage (see Eq. 1). The voltage vector rotates under the action of internal asymmetry of the motor
and generates high-frequency current response (see Eq. 2). The filter is used to extract the rotor angle
information through filtering, demodulation and coordinate transformation of the response current
(see Eqg. 3), and the rotor position estimation error can then be obtained. At the same time, the position
tracking observer is used to adjust the position deviation to zero [9-10] by phase-locked loop (PLL),
and the actual position of the rotor can then be estimated (see Eq. 5).
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Where uj is the voltage vector; V;j is the voltage vector amplitude; wh denotes voltage vector angular

frequency; @—/ represents the stationary coordinate system; d—Q represents the synchronous

rotating coordinate system; & and 6 are the actual and estimated positions of the rotor,
respectively, Gerr denotes the estimated deviation of the above-mentioned positions. By introducing
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Where in is the high-frequency current; L1 denotes the mean inductance; L2 denotes the difference

inductance. It can be seen from equation (2) that the high frequency current transformed by coordinate
| Cne J(20-2w,t+7)
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is composed of DC component lo and rotating current vector containing rotor
position information. After filtering and demodulation by high-pass filter, it can be expressed as
follows:

o iCwtD) i(26-
HPF(Ihe ht+ )= Icne](ze 2wit+7) (3)
The equation (3) is transformed by coordinate, one can obtain:
j(20-2wt+7) A2 (Wit) _ j20
Icne e e "= Icnel (4)

The filtering, demodulation and coordinate transformation processes of equations (2) to (4) are
shown in Figure 1b, and the negative-sequence high-frequency current separated is presented in the

following:
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Figure 1. Schematic diagram of: (a) the high-frequency rotating voltage injection; (b) the signal
processing for the high-pass filter.

The combined structure of PLL and position tracking observer is composed of phase discriminator,
loop filter and PC oscillator, as shown in Figure 2.

In Figure 2, the observed rotor position is proposed by the phase discriminator, the high frequency
and noise signals are removed by the loop filter, and the PC oscillator maintains 1/0 phase consistent.
The high frequency currents i«. and ig, are input to the o and g axes, and a trigonometric function
containing position information is multiplied on both sides of the high frequency current. Then the
rotor position error ¢ is represented as:

g=1,sin2(0-0) =1, sin26,. (6)

When Gerr is smaller, the equation (5) can be simplified as:
g ~ 2ICn09H’ (7)
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Figure 2. Combined structure of PLL and observer.

The key to the sensorless control technology of the high-frequency rotating voltage injection
method is to use the phase-locked loop structure to make the estimation error @err closed-loop to 0, so

as to ensure that the actual position angle @ of the rotor is equal to the estimated position angle &
[11]. Figure 3 is the control system framework of high-frequency rotating voltage injection method.
As can be seen from the figure 4, the multiple low-pass filters are used at the current loop and rotor
position, which complicates the signal extraction process and aggravates the instability of the system.
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Figure 3. Control system of high-frequency rotating voltage injection method.

In sum, the implementation process of the high-frequency rotating voltage injection method is
intuitive, the transient response characteristics are good, and it is not sensitive to the change of motor
parameters. Therefore, the whole process shows good robustness. However, its shortcomings are that
the application scope is narrow and it is not suitable for SPMSM, as well as the salient pole effect
must be produced by the salient pole rotor structure inside the motor, which is only suitable for the
interior permanent magnet synchronous motor (IPMSM) with salient pole ratio. In addition, the
manufacturing process is complex, and the introduced filter will make the system phase delay.

2.2 High-frequency pulsating voltage injection method

The high-frequency pulsating voltage injection method is shown in Figure 4a. The high-frequency
pulse voltage (sinusoidal signal) is injected into the d axis of the synchronous rotating coordinate

system (cT —0), and then the corresponding voltage signal is described as:
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Where d-q and d—Q are the actual and estimated synchronous rotating coordinate systems,
respectively.

Under the coupling effect of rotor magnetic field and high-frequency pulsating magnetic field
generated by stator, the saturation state of D-axis excitation magnetic circuit will produce salient pole
saturation effect [12]. At the same time, the estimation error of rotor between the estimated position
and the actual position is obtained by demodulating and filtering the high-frequency current extracted
from the d axis, which is used as the input of PLL and the position tracking observer, and the
position error is adjusted to zero by using the regulator, so the real position of the rotor can be obtained.

A~

Combining equations (2) and (8), the high-frequency response current in the coordinate system d—Q

is presented by equation (9):
iy | [lac0820,, +1,] .
.= ) sinw,t (9)
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It can be seen from equation (9) that when the high-frequency signal is smaller and can be ignored,
the high-frequency current of d axis is the sum of cosine quantity and direct variables, and the high
frequency current of § axis is sinusoidal quantity. When the actual position & is close to the

estimated position @ (%er = 0), the existing relationship is as follows:

iy > 1, +1g,, I, > 0(10)

cp?

In equation (10), it can be seen that the rotor position extraction of SPMSM can be estimated by
the standard that the § axis high-frequency response current converges to zero. The coordinate
transformation SINW.t s introduced to the high-frequency current of @ axis, and the high-

frequency component 2wt s filter out by the low-pass filter (see Figure 4b). Then the equation (9)
is modified as follows:

LPF (i, sinw,t) = % l,,sin 26, (11)
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Figure 4. Schematic diagram of: (a) the high-frequency pulsating voltage injection; (b) the
extraction process for rotor position information.

It can be seen from equation (11) that when the estimated deviation @ of between & and 6

approaches 0, e sin26,. s also close to 0, the rotor position tracking can be realized through the
estimation deviation of the two positions mentioned above. Figure 5 is the frame of the sensorless
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control system adopted the high-frequency pulsating voltage injection. It can be seen that the PLL
structure introduces PI regulator control, and the corresponding rotor position estimation deviation ¢

is approximately equal to !cnGer .
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Figure 5. Control system of high-frequency pulsating voltage injection method.
2.3 High-frequency square wave voltage injection method

The high-frequency square wave voltage injection method is the same as the high-frequency
pulsating voltage injection method, and the difference is that the injection voltage of the former is a
square wave signal [14], as shown in figure 6a. It increases the injection frequency to PWM frequency
which is higher than that of the pulsating voltage injection method. The low-pass filter is not used in
the separation process of high frequency current and fundamental frequency current, which improves
the closed-loop bandwidth and dynamic response performance of the system current, and is more
suitable for SPMSM. The mentioned injection method is to inject high-frequency square wave voltage

signalonthe d axis of synchronous rotating coordinate system (d —@) (see Eq. 12), and the injected
voltage amplitude is consistent with the change of PWM period, as shown in figure 6b.
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Figure 6. Schematic diagram of: (a) the high-frequency pulsating voltage injection; (b) the
extraction process for rotor position information.

Combined with PMSM high-frequency mathematical model [15-16], the high-frequency response

A

currentin d—Q coordinate system can be rewritten as follows:

l:AiQ} < {Ld cos” 6, +L,sin’ 4,

Aig (Ly —L,)/2sin26,, (13)
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Where K equals to (_1)anAT/ LyLy : Ai" denotes the high-frequency response current; AT
denotes the injection voltage variation period. It can be seen from equation (13) that the high-

frequency current of d axis is the sum of cosine and sinusoidal quantities, and the high-frequency
current of § axis is the sinusoidal quantity. The rotor position estimation error is only included in
the high-frequency current of 4 axis. When the estimated position @ is close to the actual position
0 (O 0), the position estimation error of § axis is extracted, and there is:
0 - L, L Aig
(=D)VAT (L - L)

(14)

The high-frequency square-wave voltage signal based on the PWM period is the positive and
negative symmetry, and the sampling current response only in the adjacent period is used, the
magnitude of response current above-mentioned is equal but its amplitude is opposite. Thus, the size
and direction of the separated fundamental frequency and high frequency currents do not change
which avoid the use of low-pass and band-pass filters, and then the current closed-loop bandwidth is
improved, so the purpose of improving the dynamic response and steady-state performance of the
sensorless control system is ultimately achieved. The schematic diagram of the rotor position
extraction of the sensor control system with the high-frequency square-wave voltage injection method
without filters is presented in Figure 7.
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Figure 7. Control system of high-frequency square wave voltage injection method.
3. Summary of methods applicable to zero-low speed range

High-frequency signal injection is one of the most widely used zero-low speed sensorless control
methods. From the above analysis, it can be concluded that the lowest frequency of high-frequency
voltage signal injection is closely related to the fundamental frequency. When the injection frequency
is too low, the positioning error will be caused by the minimal rotation of the motor rotor. And when
the injection frequency is close to the fundamental frequency, the detection accuracy will be affected
by the difficulty of separating the two kinds of frequencies mentioned above. Taking the injected
square-wave signal as an example, when the maximum frequency of the injected signal reaches the
PWM carrier frequency, the continuous injection will increase the equivalent inductances L4 and Lq
of the synchronous rotating coordinate system, which will further reduce the high-frequency current
under the same voltage signal injection and make it difficult to extract the rotor position information.

Therefore, to ensure the signal-to-noise ratio and accuracy of the rotor position sensorless control
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system at zero-low speed range, the injection frequency of motor needs to select the appropriate range.
4. Conclusion

In this paper, three algorithms of PMSM sensorless control system in zero-low speed range are
introduced, and the working principle of each method, the control process of estimation deviation for
rotor position, the corresponding advantages and disadvantages are analyzed and summarized. The
conclusions are as follows:

(1) The high-frequency rotating voltage injection method needs to inject high-frequency cosine
and sinusoidal signals at the same time. The injection of the latter will form a high-frequency rotating
magnetomotive force in space, resulting in being constant 0 for the rotor position estimation deviation,
which is not suitable for SPMSM. It is only suitable for IPMSM with significant salient pole effect,
and the excessive use of filters will also cause phase delays in systems. However, the implementation
process of this method is intuitive, insensitive to changes in motor parameters, and has good system
robustness.

(2) The advantages of high-frequency pulsating voltage injection method are that only high-
frequency sinusoidal voltage signal is injected and the process is greatly simplified, which is suitable
for SPMSM and IPMSM. Although the number of low-pass filters in the system is significantly less
than that of high-frequency rotating injection method, it still causes problems such as phase delay,
current loop bandwidth reduction and initial position non-convergence.

(3) The injection frequency of the high-frequency square-wave voltage injection method can fully
approximate or even reach the PWM frequency. The high-frequency current and the fundamental
current can be separated without the filter, so as to ensure the steady-state performance and the
dynamic response performance of the sensorless control system.

In a word, the high-frequency square-wave voltage injection method has better application effect
than the other two kinds of injection methods in SPMSM.
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