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Abstract: 

In sensorless low-speed control of built-in permanent magnet synchronous motor (IPMSM) based on the 

traditional high-frequency injection method, the current regulation process has integral saturation, leading 

to slow desaturation and overcharge acceleration. In order to solve this problem, the mechanism of its 

occurrence is analyzed and studied in detail. An anti-saturation control algorithm is proposed herein to 

integrate the control input saturation error and add it to the integral term of PI through an adaptive 

system. The simulation experiment results show that the method can effectively reduce the overshoot of 

the speed control system, shorten the system stability time, and at the same time increase the system 

robustness to the load disturbance.  

Keywords: Permanent magnet synchronous motor, Pulsed high-frequency voltage injection, Sensorless 

vector control, Anti-integral saturation PID control. 

 

I. INTRODUCTION 

 

Divided by the speed area, sensorless control technology of permanent magnet synchronous motor 

(PMSM) consists of medium and high speed control and low speed control technology [1]. Medium and 

high speed control usually adopts the method based on the fundamental wave model of the motor, which is 

mainly to detect the back electromotive force and then use the motor model to estimate the rotor position 

information, including sliding mode observer, extended Kalman filter, model reference adaptive model 

contro [2, [3]. However, in the case of low speed or even zero speed, the back EMF has too small 

amplitude and too low signal-to-noise ratio to support accurate extraction for the rotor position estimation 

[4]. By contrast, the high-frequency injection method demonstrates great advantages at low speed and zero 

speed [5, [6]. The high-frequency injection method is based on the electrode saliency. Since the inductance 

matrix of the PMSM high-frequency model contains the rotor position information, the rotor position can 

be extracted from the response signal by injecting high-frequency voltage or current signals[7]. 

 

This paper firstly analyzes the mathematical model of IPMSM, and then studies the anti-integral 

saturation IPMSM sensorless vector control system based on pulsed high frequency injection method[8]. 

In view of the inherent integral saturation problem in control, the mechanism of its occurrence is analyzed 

and studied in detail. The control input saturation error is integrated and added to the integral term in the PI 
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control through adaptive coefficient adjustment[9]. The simulation results show that the control strategy 

proposed herein has good dynamic response and steady-state response, achieves accurate position and 

speed estimation, and the system has strong robustness[10]. 

 

II. IPMSM MATHEMATICAL MODEL  

 

The voltage mathematical model of the IPMSM in the two-phase synchronous rotating d - q coordinate 

system is as follows: 
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Where, sR is the stator winding resistance,
 du  ,

 qu  are the corresponding two-phase voltages on the 

axes d , q  .
 di ,

di are the two-phase currents corresponding to the axes d , q .
dL , qL are the direct-axis 

inductance and the quadrature-axis inductance, respectively, e is the rotor electrical angular velocity, and 

f
  is the permanent magnet flux linkage. 

 

The transformation matrix from the d - q  coordinate system to the two-phase stationary  - 

coordinate system is as follows: 
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By transforming equation (1) into a two-phase stationary-coordinate  -   system through a 

transformation matrix, there is: 
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Where, u , u
are the -  axis voltage components; i , i

are the ,   axis current components, 

respectively; 0L is the average inductance,  0 / 2d qL L L  ; r is the actual rotor electrical angle; 1L is 

the differential inductance,  1 / 2d qL L L  . 

 

When injecting a high-frequency voltage signal into the stator group, if the signal frequency is much 

higher than the fundamental frequency, the motor can be regarded as a pure inductive load, and the related 
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two values of equation (3) and e  are very small under low speed, which can be ignored, so the high 

excitation voltage equation under the two stationary coordinates is: 
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Where, 
u

h  , 
u

h  are the high-frequency voltage components of axes  ,  , respectively; 
i

h  , 

i
h  are the high-frequency current components of the axes ,  respectively. 

 

By transforming formula (4), there is: 
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III. PULSED HIGH-FREQUENCY VOLTAGE INJECTION CONTROL STRATEGY BASED 

ON ANTI-INTEGRAL SATURATION 

 

3.1 Pulsed High Frequency Injection 

 

In Figure 1,  -   is a two-phase stationary coordinate system, r


is the estimated rotor position 

angle, and r is the actual rotor position angle. The angle r between the estimated rotor synchronous 

rotating coordinate system d


- q


 and the actual rotor synchronous rotating coordinate system d - q  is the 

estimated error angle for the rotor: 
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Fig 1 The relationship between the estimated rotor and the actual rotor synchronous rotating coordinate 

system 
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The voltage equation of the motor in the synchronous rotating coordinate system d - q is: 
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In the synchronous rotating coordinate system d - q  , the motor stator inductance is: 
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In the stationary coordinate system  -   , equation (7) is transformed into: 
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Then, in the estimated rotor synchronous rotating coordinate system d


- q


 , the relationship between 

high-frequency voltage and current is expressed as: 
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, respectively. If 

the average inductance and the difference inductance are used, Equation (10) is obtained 
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This method only injects high frequency voltage to the axis d , 
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Where, uin is the amplitude of the high-frequency voltage signal, and in is the frequency of the 

high-frequency voltage signal. 

 

At this time, the high frequency current is: 
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3.2 Traditional Current-Regulated PI Controller 

 

The current loop is to enhance the system rapidity, suppress the internal interference of the current loop, 

etc. Compared with the speed loop, the current inner loop generally only relates to the PWM inverter and 

motor parameters, which is not affected by external load changes. Axis d is designed in the same way as 

axis q . Now, we take axis d  as an example. 

 

 
 

Fig 2 Current loop controller 

 

The open-loop transfer function of the current loop is: 
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The rotor position estimator as shown in Figure 2 includes a PI regulator and an integrator, and the 

transfer function from the actual rotor position to the estimated value can be expressed as: 
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Where, 
pK and Ki  are the proportional and integral coefficients of the PI regulator, respectively. 

 

The transfer function in equation (11) has a gain of 1 under steady state, which means the estimator can 

achieve unbiased estimate of the rotor position, so the low-pass filter used to eliminate fluctuations in the 

estimated speed value can be omitted. 

 

3.3 Anti-Integral Saturation-Based Current Regulation PI Controller 

 

The anti-integral saturation control idea described in Figure 3 is as follows: Integrate the control input 

saturation error u un s and add it to the integral term in PI control through adaptive coefficient 

adjustment. 

 

 
 

Fig 3 PI controller structure based on anti-saturation 

 

The PI control algorithm for anti-saturation variable structure is as follows: the coefficient  is used to 

achieve self-adaptive adjustment of the integral term, and the self-adaptive change law is as follows: 
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Where,
 

 = / 2; 0maxmin
u u u 


 ＞ ； min
u

and maxu are the maximum and minimum values of the 

control input signal. 

 

IV. SIMULATION AND ANALYSIS OF EXPERIMENTAL RESULTS 

 

4.1 Simulation 

MATLAB/Simulink is used to establish each functional sub-module, and then each sub-module is 

formed into a system simulation model. IPMSM sensorless control is injected into the pulsed high 
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frequency voltage of the traditional PI controller and IPMSM sensorless control is injected into the pulsed 

high frequency based on anti-integral saturation respectively for verification. The Figure 4 is the IPMSM 

sensorless control block diagram. 

 

current 
loop

speed 
Loop

dq



SVPWM

Three-
phase 

rectifier 
inverter 
circuit

电流环
current 

loop

* 0di 

*

PI Estimator LPF BPF

dq



LPF

LPF

di

qi




 sin ht

r
 abc



PMSM




dcU
 cos

0

dh h h

qh

V U t

V

 




 
 

Fig 4. IPMSM sensorless control block diagram 

 

The parameters for the motor in the simulation model and actual motor are as follows: rated voltage 

380V; rated current 2.7A; rated power 1.5KW; rated speed 3000r/min; rated torque 4.7N·m; d axis 

inductance 17.97Mh; q axis inductance 57.42mH; number of pole pairs 2; stator resistance 2.2; magnetic 

flux 14Wb. The switching frequency in the simulation is 10kHz, and high-frequency sinusoidal voltage 

signal is injected into the d  axis. The injection signal frequency is 1/8 of the switching frequency, that is, 

1.25kHz. The injection signal has an amplitude of 50V, and the given motor speed is 100 1minr  . The 

speed curve of traditional PI controller and anti-integral saturation pulsed high-frequency voltage injection 

is Figure 5. 

 
(a) Speed curve of traditional PI controller(b) Speed curve of anti-integral saturation PI controller 

Fig 5 Comparison between speed curves of two PI controllers 
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The speed simulation curves of the two PI controllers indicate that the IPMSM sensorless control 

strategy based on anti-integral saturation has good dynamic response and steady-state response, and 

accurate estimated position and estimated speed are achieved. 

 

4.1 Experiment 

 

The proposed anti-integral saturation sensorless control strategy is verified on the experimental 

platform. The IPMSM parameters in the experimental platform are the same as the simulation parameters. 

The experiment was performed on a 1.5KW IPMSM. The load torque was provided by a 25 / 2N m A  

magnetic powder brake, and the load torque was adjusted by modulating the tension controller. The control 

algorithm was implemented by TMS320F28335 DSP, the actual rotor position was determined by the 

incremental encoder PENON-K3808G and compared with the estimated position. 

 

 
 

(a) Before optimization            (b) After optimization 

 

Fig 6 Speed experiment 

 

(a) and (b) in Figure 6 display the experimental waveforms of the speed before and after the 

optimization of the PI controller, respectively. The blue curve in Figure 6 indicates estimated speed, the red 

curve indicates the actual speed. From top to bottom, there are actual speed, estimated speed, partial 

enlarged drawing of the speed, and the speed error. It can be observed in the experimental graph that the 

error between the estimated speed and the actual speed is significantly smaller after optimization. By 

further careful study of the partially enlarged waveform of the speed, we can clearly see the reduction in 

the error and the waveform approximation rule. Finally, the optimization scheme feasibility is determined 

by observing the waveform of the speed error. The validity of the research on the improvement of the 

position estimation error signal is also proved. The error of the rotor speed before the improvement 

fluctuates within the range of 6 / minr  , and the speed error range after the improvement is reduced to 1.8

/ minr  . Through analysis of the above experimental results, it can be proved that the optimized scheme 

can better estimate the rotational speed accuracy. 
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(a) Before optimization       (b) After optimization 

 

Fig 7 Rotor position experiment 

 

Figure 7 is the experimental waveform of the rotor position, and the abscissa in the figure adopts the 

per unit value. Figures (a) and (b) are the experimental waveforms of the rotor position before and after the 

PI controller optimization, respectively. From top to bottom, there are actual rotor position, estimated rotor 

position, partial enlarged drawing of the position waveform and experimental diagram of the position error. 

According to the experimental diagram, after analyzing the experimental results of the rotor operating 

position and estimated position, it is concluded that after optimization, the estimated rotor position and the 

actual rotor position have better consistency. By carefully study of the partial enlarged waveform of the 

rotor position, we can clearly see that the improved rotor estimated position waveform converges more to 

the actual rotor position waveform after the optimization. By observing the rotor position error diagram, 

great position error can also be seen before optimization, with a maximum error of about 0.095 rad , 

while the maximum position error after optimization is only about 0.07 rad , so the position error has 

been reduced by 26%  approximately. 

 

In conclusion, the experimental results demonstrate practical engineering value of the sensorless 

control scheme based on anti-integral saturation. This scheme can make the estimated speed closer to the 

actual speed and result in higher estimated rotor position accuracy, which indicates that the sensorless 

control system has greater accuracy, which helps achieve the purpose of good motor control. 

 

In order to further illustrate that the anti-integral saturation sensorless control scheme is applicable to 

the low-speed sensorless control operation, the pulsed high-frequency voltage injection method based on 

anti-integral saturation scheme was tested at different speeds, as shown in Figure 8. 
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 (a) Speed               (b) Speed error 

 

Fig 8 Experiments at different speeds 

 

When the rotor speed is set to 30 /r min , 50 /r min , 100 /r min , the observed waveforms of the 

estimated speed and the actual speed are shown in Figure 8(a). The observed waveform of the rotor speed 

error when the rotor speed is set to 30 /r min , 50 /r min , and 100 /r min  is shown in Figure 8(b). By 

analysis of Figure (a), it can be concluded that the estimated speed curve fits the actual speed curve in the 

control of different speeds in the low-speed section of the motor, showing a good control effect. By 

analysis of the rotor error diagram in Figure (b), we can clearly see that the speed error does not fluctuate 

much under the three speeds, which further proves that the anti-integral saturation sensorless control 

scheme can optimize theoretical and practical application of sensorless control technology for pulsed high 

frequency electric injection method. 

  

V. CONCLUSION 

 

This paper studies sensorless control strategy for IPMSM based on high frequency injection method. In 

view of the integral saturation problem of PI controller, an anti-integral saturation control algorithm is 

proposed here, which integrates the control input saturation error and adds it to the PI integral term through 

an adaptive system. It effectively prevents integral saturation phenomenon, greatly lowers the overshoot 

during the acceleration process, thus greatly reducing steady-state error and accelerating the response. The 

experimental results prove that the method can effectively reduce the overshoot time and speed up the 

system response time. Moreover, the rotor position information and speed estimation effect is better, and 

the system also has strong robustness. 
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