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Abstract—This paper proposes a pseudorandom sinusoidal 

voltage signal with random winding injection method for acoustic 

noise reduction. Two fixed frequency signals are randomly 

selected as injection signals. Then, one of the two sets of windings 

of the dual three-phase permanent magnet synchronous motor 

(DTP-PMSM) is randomly chosen for injection. Due to this 

unique injection scheme, the injected frequency component in the 

response current can be reduced. Two pseudorandom numbers 

are generated synchronously by the digital signal system. The first 

random number selects two voltage signals with different 

frequencies. Meanwhile, one of the two sets of windings is chosen 

by the second random number. Thus, there is only one winding 

with the injection signal at a certain time. In order to obtain the 

position and speed of the motor, a corresponding high-frequency 

signal processing is presented. The power spectral density of the 

response current caused by the injected signal is also analyzed in 

this paper. Finally, the experimental results verify the proposed 

method. 

Index Terms—Acoustic noises reduction, dual three-phase 

motor, sinusoidal voltage injection, permanent-magnet 

synchronous motor (PMSM), sensorless control. 

 

I. INTRODUCTION 

ULTI-PHASE motor drives have attracted significant 

attention due to the merits of high power, low dc-link 

voltage requirement, high reliability, and excellent 

fault-tolerant capability [1]. The dual three-phase 

permanent-magnet synchronous motor (DTP-PMSM) was 

discussed in some literature [2]-[5], which has two stator 

windings sets spatially shifted by π/6 with isolated neutral 

points. The DTP-PMSM has the intrinsic feature of elimination 

of sixth harmonic torque pulsation, high windings factor, and 

low stator magnetic motive force harmonic components [6]. As 

shown in Fig. 1, the two sets of relatively independent windings 

bring more flexibility to the control of the DTP-PMSM. 

Sensorless control improves the reliability of the motor drive 
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system by eliminating the mechanical sensor and its signal 

processing circuit. Meanwhile, the cost and size of the motor 

drive system can be reduced. According to the operating speed 

range of the motor, the position sensorless technology falls into 

two main categories: one relies on the back electromotive force 

voltage associated with the fundamental excitation of a 

machine (model-based methods for medium-high speed) 

[7]-[9], and other utilizes a second excitation signal 

superimposed on the fundamental excitation (saliency-based 

methods for standstill and low speed) [10]-[12]. 

The high-frequency signal injection method can be used to 

accurately estimate the rotor position at low speed without 

additional hardware [13]. According to the type of injected 

carrier signal, the high-frequency signal injection method 

includes sinusoidal injection, square-wave injection, 

triangular-wave injection, and arbitrary injection. Although the 

high-frequency signal injection method shows good 

performance at low speed, the adverse side effects of acoustic 

noise arising from high-frequency voltage injection are an issue 

that needs to be concerned. 

Many efforts have been made to suppress undesirable 

acoustic noise [14]. Decreasing the injection signal amplitude is 

an intuitive solution to deal with the acoustic noise. However, 

the signal-to-noise ratio of the response signal drops inevitably. 

Thus, the position information obtained from the response 

signal is easily affected. The noise reduction can be achieved by 

adjusting the injection frequency out of the hearing range of the 

human ear. In order to improve dynamic performance and 

reduce the acoustic noise, the injection frequency and the 

switching frequency of pulse width modulation is increased in 

[15]. However, the switching loss caused by high-frequency 

injection cannot be ignored, and it is still challenging to exceed 

the hearing range of human ears. Since the low-frequency noise 

is softer than the high-frequency noise, lowering the injection 

frequency is another feasible way to reduce the acoustic noise 

[16], [24]. A low-frequency voltage injection is proposed in [16] 

by separating the injection and the control periods. An 

enhanced vector-tracking observer was designed to improve the 

accuracy of position estimation. However, the dynamic 

performance of position estimation is relatively poor, 

especially in load step conditions. 

The pseudorandom high-frequency signal injection is 

another effective method to reduce acoustic noise, which has 

been verified in some literature. The pseudorandom-frequency 

signal injection scheme can convert the narrowband acoustic 
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noises into broadband noises by spreading the high-frequency 

response current spectrum. A pseudorandom high-frequency 

voltage injection method for the random variations of 

square-wave voltages with two different frequencies is 

proposed in [17]. In [18], a hybrid pseudorandom signal 

injection was implemented by injecting signals with the 

frequency switching between two values, augmented with the 

phase toggling among four values in a random manner. The 

pseudorandom sinusoidal voltage injection also received 

attention for reducing acoustic noise, as presented in [19]. The 

system delays problem can be solved by an enhanced signal 

processing method without the participation of the 

demodulation signal. Meanwhile, the high-frequency current 

injection method was developed for reduces acoustic noise in 

[20] and [21]. In order to achieve better randomization 

performance, the Markov Chain model is discussed in [22] and 

[23]. Different from the innovation of generating random 

signals, [24] proposed a high-frequency signal injection 

scheme with a random switching frequency. The frequency of 

the injected high-frequency voltage and switching frequency 

are adjusted randomly. For the DTP-PMSM, the 

high-frequency injection method is an effective scheme for 

low-speed sensorless control. However, the DTP-PMSM 

sensorless control scheme also suffers from the acoustic noise 

caused by the injected signal. Besides, the power spectrum peak 

at the fixed frequency will be affected due to the mutual 

inductance of the two sets of windings. Although the 

pseudorandom frequency signal injection method mentioned 

above can have a certain effect on noise reduction, it cannot 

make further use of the characteristics of the DTP-PMSM. 

In this paper, a pseudorandom sinusoidal signal with random 

winding injection method for the DTP-PMSM sensorless drive 

is proposed. The pseudorandom sinusoidal voltage signal is 

generated, which is randomly injected into the two sets of 

windings of the DTP-PMSM. Thus, the acoustic noise caused 

by the injected signal can be reduced. Correspondingly, the 

high-frequency signal processing for two sets of winding is 

devised to estimate the rotor position and speed. The rest of this 

paper is organized as follows. Section II briefly describes the 

sinusoidal voltage injection method. The proposed noise 

reduction sensorless control for the DTP-PMSM is presented in 

Section III. The analysis of power spectral density (PSD) is 

presented in Section IV. Section V provides experimental 

results to evaluate the performance of the proposed method. 

Finally, the conclusions are presented in Section VI. 

fS
aS bS

cS
aS bS

cS

A

B
C

dS eS

fSdS eS

D
E

F
1N

2N

A

B

C

D
E

F

30

dcU

 
Fig. 1.  DTP-PMSM drive system. 

II. SINUSOIDAL SIGNAL INJECTION METHOD 

The two stator windings sets of DTP-PMSM can be assumed 

as symmetrical, only different in spatial distribution. Thus, the 

position estimation model for two sets of windings is the same. 

The winding ABC and winding DEF is defined as winding 1 

and winding 2. e1 and e2 are the real position for winding 1 

and winding 2, respectively. The winding 1 and winding 2 have 

the same parameters of inductance and resistance, i.e. Ld1 = Ld2 

= Ld, Lq1 = Lq2 = Lq, and R1 = R2 = R. The coordinate systems of 

DTP-PMSM can be built as shown in Fig. 2. The superscript 

“^” in this paper denotes the estimated axis or components. 

When a dual DQ control scheme is applied, the 

high-frequency model of winding 1 can be expressed as 

 
1 1

1 1

0

0

d h d hdh

qhq h q h

u isL

sLu i

    
=    
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 (1) 

where s is the derivative operator, Ldh and Lqh are the 

high-frequency inductances of dq-axis, ud1h, uq1h, and id1h, iq1h 

are the high-frequency voltages and currents in the rotor frame 

of winding 1, respectively. The high-frequency voltage is 

injected into d1-axis, which can be expressed as 

 1

1

ˆ sin( )

ˆ 00

d h inj h h

q h

u u V t
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 (2) 

The transformation matrix T(Δθe1) from the actual dq-axis to 

the estimated dq-axis can be expressed as 

 1 1

1
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cos( ) sin( )
( )
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e e
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e e

T
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with 

 1 1 1
ˆ

e e e   = −  (4) 

By combining (1), (2), and (3), the high-frequency current in 

the rotor frame can be expressed as 
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 (5) 

meanwhile, the high-frequency current in the stator frame can 

be achieved as 

 
11

1

1 1 1

1 1 1 1

cos cos sin sin

sin cos cos sin

qh e e dh e einj

qh e e dh e edh qh

h

h

i

i

L Lu

L LsL L





   

   

 +  
 

 −  

 



  

= (6) 

When ∆e1 is small enough, (6) can be equivalent to 
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 (7) 

then, with the aid of demodulation signal –cos(ωht) and a 

low-pass filter, (7) can be rewritten as  

 

*
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 (8) 

According to (8), the estimated position for winding 1 can be 

achieved by utilizing a phase-locked loop observer. Similarly, 

the sinusoidal signal injection method can be applied to 

winding 2. Therefore, the two sets of winding of the 

DTP-PMSM can be controlled separately. It should be noted 

that a harsh acoustic noise is inevitable due to the fixed 

high-frequency response current. Meanwhile, two sets of 
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demodulation programs also add a computational burden to the 

control system. 
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Fig. 2.  Rotor coordinate systems for two sets of windings. 

III. PROPOSED PSEUDORANDOM SIGNAL INJECTION METHOD 

A. Pseudorandom Sinusoidal Injection 

Compared with the fixed frequency sinusoidal injection 

method, the pseudorandom frequency sinusoidal injection can 

reduce the acoustic noise by spreading the high-frequency 

response current spectrum. In general, two sinusoidal signals 

with different frequencies are chosen in the conventional 

pseudorandom frequency sinusoidal injection method. 

Fig. 3 shows the proposed pseudorandom voltage signal 

module for the DTP-PMSM. This process mainly includes two 

steps. The first step is to choose the injection signal. The higher 

and lower frequency injection signals can be defined as uinj1 and 

uinj2. V1, V2, ω1, and ω2 are the amplitudes and angular 

frequencies of the injection signals, respectively. To keep the 

identical signal-to-noise ratio, the ratio of the amplitude and 

frequency of the injected signal is equal, i.e., V1 / ω1 = V2 / ω2. 

The digital signal system generates a pseudorandom number P 

between 0 and 1, which can be used to select the injection 

signal. If P is less than the switching probability K, i.e., P < K, 

the higher frequency signal uinj1 is injected into the system. 

Otherwise, the signal uinj2 is injected. Then, the second step is to 

choose the injected winding. Another pseudorandom number Q 

is generated to decide the injected winding. When Q is larger 

than K, the injection signal will be superimposed in winding 2. 

Otherwise, winding 1 is chosen as the injected winding. It is 

worth noting that the probabilities of the higher frequency 

signal and the winding chosen are both 50%. After a complete 

cycle of the injection signal, the pseudorandom numbers P and 

Q will be updated separately, and the procedures are repeated as 

mentioned above. 

The pseudorandom sinusoidal signal waveform on winding 1 

and winding 2 are shown in Fig. 4. Udh represents the complete 

pseudorandom signal waveform. Ud1h and Ud2h represent the 

pseudorandom signal waveform for winding 1 and winding 2, 

respectively. It can be seen that the two injected signals on 

winding 1 and winding 2 are complementary. Thus, the 

high-frequency component in the winding can be reduced when 

the amplitude of the injected signal remains unchanged. 
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Fig. 3.  Random voltage signal module for DTP-PMSM. 
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Fig. 4.  Random sinusoidal voltage waveform. 

B. High-Frequency Signal Processing 

The high-frequency response current in 1-axis and 2 

-axis can be obtained by the high-pass filter. In order to 

synthesize a complete high-frequency response current signal, 

the injected signal of winding 2 should be adjusted to π/6 ahead. 

The phase shift adjustment for winding 2 can be realized with 

the transformation, which can be described as 

 

*

22 1

2*
22

( + )
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q hh

ii
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ii
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    

 (9) 

When the adjustment is complete, a new coordinate system 

can be synthesized by winding 1 and winding 2, as shown in 

Fig. 5. The stator frame -axis is synthesized by 1-axis and 

2-axis, and the rotor frame dq-axis is synthesized by dq1-axis 

and dq2-axis. θe denotes the postion of dq-axis, and θe = θe1 = θe2 

+ π/6. Meanwhile, the high-frequency current of -axis can be 

given as 

 

*
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According to (6), (9) can be expressed as 
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By utilizing (6), (10), and (11), the high-frequency current in 

the -axis can be rewritten as 
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when Δθe1 ≈ 0, and Δθe2 ≈ 0, (12) is approximated as 
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In order to extract the position information from the 

high-frequency current in the -axis, a rotor coordinate 

system for signal processing is built, as shown in Fig. 6. The 

coordinate frame is defined as dqv-axis, which lags π/4 behind 

the synthetic estimated axis. Then, the high-frequency response 

current in the dqv-axis can be expressed as 
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where Δθe is the position estimation error between the actual 

and estimated position for the coordinate system, Ldif = (Ldh – 

Lqh) / 2. When Δθe ≈ 0, (14) can be rewritten as  
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Obviously, Lqh > Ldif. The part of (15) can be determined as 

 ( )( sin 2Δ ) 0qh dif eL L    (16) 

In order to obtain the positive coefficient, the absolute value 

of high-frequency current can be achieved as 
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By utilizing the transformation, the high-frequency current 

in the v-axis can be calculated as 
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with 
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when Δθe ≈ 0, X1 = X2 ≈ 0. (18) can be simplified as 
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When the motor operates at low speed, the electrical 

frequency is much smaller than the frequency of the injected 

signal. In order to ensure the integrator value of the injected 

signal is positive, the high-frequency currents in (20) should be 

processed by the low-pass filter. Moreover, the complexity of 

the parameters design can be reduced by using the 

normalization method. Thus, the final result after normalization 

can be expressed as 
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According to (21), the position error ε can be obtained as 
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The position error can be controlled by utilizing a 

phase-locked loop observer. The rotor speed and position can 

be obtained, as well as the position for winding 1 and winding 2. 

The block diagram of high-frequency signal processing is 

shown in Fig. 7.  

1d
*

2d

1q̂ d̂q̂

*

2q

d

q





e

1

1

*
2

*
2

e

 
Fig. 5.  Synthesize coordinate systems. 
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Fig. 6.  Rotor coordinate system for signal processing. 
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Fig. 7.  Signal processing based on the proposed method. 

IV. ANALYSIS OF PSD  

Since a random signal is an infinite energy signal, its Fourier 

transformation does not exist. In order to analyze the 

relationship between the power and frequency of the random 

signal, the PSD analysis is carried out. The PSD of fixed 

frequency sinusoidal signal injection scheme and the proposed 

pseudorandom sinusoidal signal with random winding injection 

scheme are discussed in this section. 

A. Fixed Frequency Sinusoidal Injection 

The PSD analysis of the motor current reflects the noise 

generated in the actual motor operation. In order to present the 

influence of the injection signal, it is practicable to calculate the 

PSD of the injection signal and the corresponding response 

current signal. For the high-frequency sinusoidal voltage 

injection with fixed frequency scheme, the response current can 

be expressed as 
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The PSD of the response current can be expressed as  
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where δ(f) is the unit impulse function, Ki is a coefficient, and 

fh is the frequency of the injection signal. Thus, the PSD result 

produces a high peak at the frequency of the injection signal fh. 

It can be concluded that the noise value increases with the 

increase of the amplitude-frequency ratio of the injected signal. 

B. Proposed Pseudorandom Sinusoidal Injection  

The PSD of stationary random signals consists of the discrete 

and continuous spectrum. The noise reduction can be achieved 

by eliminating the discrete spectrum of the response signal. The 

random frequency signal can be expressed as 

 ( )0
1

( )r r
h h k

k
i t i t t

=



=  −  (25) 

When E[ej2fT] = 1, the PSD of the random frequency signal 

can be expressed as 

 
 
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{ }
S f E I f

E T
=  (26) 

where E[] represents the mathematical expectation operator, I(f) 

is the Fourier transform of one cycle of the random frequency 

signal, T is the period of the random frequency signal. Thus, the 

discrete spectrum can be eliminated by the following condition 

as 

  | ( ) | 0E I f =  (27) 

According to the previous analysis, the proposed 

pseudorandom sinusoidal signal with random winding injection 

method consists of three signals. Define the higher frequency 

voltage signal, lower frequency voltage signals, and null signal 

as signal 1, signal 2, and signal 3. The frequencies of three 

signals are f1, f2, and null; their periods are T1, T2, and T3 (T1 or 

T2), and probabilities are P1, P2, and P3, respectively. The 

E[ej2fT] can be calculated as 

   1 2 32 2 2 2
1 2 3

1

v v v v
T

j f T j f T j f T j f T
E e P P P e e e
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   

=

(28) 

where P1 + P2 + P3 = 1 with P1 = 0.25, P2 = 0.25, and P3 = 0.5.  

Assumed that the PSD peaks appear at the frequency fv. 

Since signal 3 is null, (28) can be equivalent to 

 1 22 2
= 1v vj f T j f T

e e
 

=  (29) 

where the fvT1 and fvT2 should be integers. Assumed that the 

simplest integer ratio of f1 and f2 is f1/f2 = k1 / k2, and then the 

common multiple of f1 and f2 is fm = k2f1 = k1f2, yielding 

 v mf kf=  (30) 

where k are positive integers. According to the Fourier 

transform, the following can be obtained as 
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Meanwhile, the component of the discrete spectral peak can 

be eliminated by 

 1 2 3( ) ( ) ( ) 0v v vI f I f I f= = =  (32) 

When k1 > k2 and k2 > 1, (32) is completely valid. Thus, there 

is no discrete spectrum in the PSD of the current signal, which 

can effectively reduce the acoustic noise caused by the response 

current. Meanwhile, the injected-frequency component in the 

winding can be reduced due to the change in mathematical 

expectation. 

V. EXPERIMENTAL VERIFICATION 

The block diagram of the proposed sensorless control for the 

DTP-PMSM is shown in Fig. 8. In order to verify the 

correctness and effectiveness of pseudorandom voltage signal 

injection method for sensorless control, a surface-mounted 

DTP-PMSM control platform is established, as shown in Fig. 9. 

The rated speed, rated torque, and rated current of the 

DTP-PMSM are 200 r/min, 320 Nm, and 11 A, respectively. 

The control algorithm is implemented through TMS320F28377. 

A magnetic powder brake is mechanically coupled with the 

DTP-PMSM as the load. The mechanical speed and rotor 

position are measured by using a reluctance resolver. It should 

be noted that the real speed and position obtained from the 

encoder are only used for comparison. The sampling frequency 

and pulse width modulation switching frequency are set to 10 

kHz, and the dc-bus voltage is 400 V. The bandwidth of the 

low-pass filter for the high-frequency signal processing is set as 

500 Hz. In order to guarantee the signal-to-noise ratio, the ratio 

of voltage and frequency of the injection signal is set at 120 

V/kHz. 

A. PSD results of Phase Currents 

The basic injected signal is 48 V 0.4 kHz and 72 V 0.6 kHz. 

The probability of the higher frequency signal and winding 

chosen are both 50%. The following experiments are carried 

out under these conditions. The experimental results for the 

injected signal and demodulation processing are shown in Fig. 

10. The motor is running at 50 r/min with no load. Fig. 10(a) 

shows the high-frequency currents iα1h, iα2h, and iαh. Fig. 10(b) 

presents the high-frequency currents iβ1h, iβ2h, and iβh. The 

high-frequency currents in the dqv-axis are shown in Fig. 10(c). 

It can be seen that the high-frequency currents in the v-axis 

are the position-dependent sine and cosine waves, as shown in 

Fig. 10(d). Thus, it can be verified that the proposed signal 

injection method is effective. 
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Fig. 8.  Block diagram of proposed sensorless control for DTP-PMSM. 
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Fig. 9.  Experimental platform. 

Fig. 11 shows the PSD results of current (phase A) at 50 

r/min with rated load. In order to highlight the impact of 

high-frequency injection signals on the system, Fig. 11(a) 

presents the PSD result without an injection signal. It can be 

noticed that there is no obvious peak in the waveform. Figs. 

11(b) and 11(c) show the PSD results about fixed frequency 

injected signal with 48V 0.4 kHz and 72V 0.6 kHz, respectively. 

The obvious power spectrum peak appears near the frequency 

of the injected signal. As shown in Fig. 11(b), the maximum 

amplitude is -4.8 dB, which is located at the frequency of 0.408 

kHz. Similarly, the power spectrum peaks appear at 0.589 kHz 

with an amplitude of -4.23 dB, as shown in Fig. 11(c). The 

conventional pseudorandom signal injection method performs 

better in acoustic noise reduction, as shown in Fig. 11(d). 

Selecting 48 V 0.4 kHz and 72 V 0.6 kHz as the basic 

high-frequency signals, the probability of high-frequency 

signal is 50%. It can be seen that the power spectrum peaks at 

0.4 kHz and 0.6 kHz are significantly reduced. 

In the proposed method, the probabilities of the 

high-frequency signal and winding chosen are 50%. Fig. 12 

shows the PSD results of current (phase A and phase D) at 50 

r/min with rated load. The basic injected signal is 48 V 0.4 kHz 

and 72 V 0.6 kHz. The power spectrum peak appears at 0.418 

kHz with an amplitude of -19.9 dB, as shown in Fig. 12(a). 

Compared with the conventional pseudorandom signal 

injection method, the power spectrum peak of the proposed 

method is reduced by 5 dB. It can be concluded that the 

acoustic noises could be suppressed by the proposed 

pseudorandom sinusoidal voltage injection with the random 

winding method. 

B. Performance of Sensorless Control 

Fig. 13 shows the experimental results under a steady state at 

50 r/min with rated load. The currents of phase A and phase D 

are shown in Fig. 13(a). The maximum amplitude of phase 

current maintains in the rated value of 11 A. As shown in Fig. 

13(b), the real speed and estimated speed maintain at 50 r/min 

with stable speed error fluctuation. In Fig. 13(c), the estimated 

position and the real position overlap well. It can be observed 

that the position error is less than 0.2 rad. 

Figs. 14 and 15 show the experimental results of the dynamic 

performance. In the speed change condition, the motor operates 

from 50 to -50 r/min under no load condition, as shown in Fig. 

14. In Fig. 14(a), the estimated speed traces well with the real 

speed. The speed error only fluctuates briefly during speed 

switching. It can be seen that the estimated position match well 

with the real position. The maximum position estimation error 

is within 0.35 rad during the speed change. 

Fig. 15 shows the experimental results on torque change 

conditions. The motor operates at 50 r/min, and the magnitude 

of load torque can be reflected by the amplitude of phase 

current. In Fig. 15(a), the load torque changes from no load 

condition to half load condition, then to the no load condition. It 

can be seen that the real speed decreases while the amplitude 

increases. The speed error fluctuates a little with a relatively 

stable value. The maximum fluctuation of position error is 

about 0.2 rad. Fig. 15(b) presents the performance of position 

estimation and speed estimation with the torque changes from 

rated condition to half rated condition. The maximum value of 

speed error is 6 r/min, which means that the estimated speed 

matches well with the real speed. Due to the change in motor 

speed, the position error fluctuates, but it is still less than 0.4 

rad. In summary, the proposed pseudorandom sinusoidal 

voltage with random winding injection method for the 

DTP-PMSM sensorless drive has a good performance during 

the steady state and the dynamic process. 
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(c) 

 
(d) 

Fig. 10.  Experimental results for the injected signal and demodulation 

processing. (a) High-frequency in h-axis. (b) High-frequency in h-axis. (c) 

High-frequency in dqv-axis. (d) High-frequency in v-axis. 
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(c) (d) 

Fig. 11.  PSD results of current (phase A). (a) No injection. (b) Fix-frequency 

0.4 kHz. (c) Fix-frequency 0.6 kHz. (d) Conventional pseudorandom signal 

injection method. 
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Fig. 12.  PSD results of proposed method. (a) Phase A. (b) Phase D.  

 
(a) 

 
(b) 

 
(c) 

Fig. 13.  Position estimation results under a steady-state condition. (a) Currents 

of phase A and phase D. (b) Speed estimation performance. (b) Position 

estimation performance. 

 
(a) 

 
(b) 

Fig. 14.  Experimental results on speed change condition. (a) Speed estimation 

performance. (b) Position estimation performance.  
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(a) 

 
(b) 

Fig. 15.  Experimental results on torque change condition. (a) No load to half 

rated load, then to no load condition. (b) Rated load to half load condition. 

VI. CONCLUSION 

This paper has proposed a pseudorandom sinusoidal signal 

with random winding injection method for the DTP-PMSM 

sensorless drive. In order to reduce the acoustic noise caused by 

the injected signal, pseudorandom sinusoidal voltage is 

generated and randomly injected into the two sets of windings. 

The corresponding high-frequency signal processing is 

designed to demodulate the high-frequency response current. 

Without the participation of demodulation signal, the position 

and speed of the DTP-PMSM can be obtained by a phase-lock 

loop observer. The PSD of response current caused by the 

injected signal was analyzed. The theoretical analysis shows 

that the proposed injection method could spread the power 

spectrum for the injected signal compared to the conventional 

fixed-frequency sinusoidal voltage injection method. Finally, 

the correctness and the effectiveness of the proposed method 

were verified via experiment on a DTP-PMSM drive platform. 

The experimental results proved that the audible noise could be 

significantly reduced while ensuring the performance of 

sensorless drives for the DTP-PMSM. 
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