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Acoustic Noise Reduction for Low Speed
Sensorless Drive of Dual Three-Phase PMSM

Xianqun Qiu, Wenxiang Zhao, Senior Member, IEEE, Mingyang Sun, Dao Zhou, Senior Member, IEEE,
and Jinghua Ji

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.

l. 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 w/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



IEEE POWER ELECTRONICS REGULAR PAPER/LETTER/CORRESPONDENCE 2

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 Vvoltages 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 Il briefly describes the
sinusoidal voltage injection method. The proposed noise
reduction sensorless control for the DTP-PMSM is presented in
Section I1l. 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.

iz xs — kil k]
s sl s s s s

Fig. 1. DTP-PMSM drive system.

Il. 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. &1 and 6, 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. La1 = Lg2
= L4, Lgz = Lg2 = Lg, and Ry = 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

udlh — Sth 0 idlh (1)
Ugan 0 sby || T
where s is the derivative operator, Ls» and Lqn are the
high-frequency inductances of dg-axis, Udin, Ugih, and igin, ign
are the high-frequency voltages and currents in the rotor frame

of winding 1, respectively. The high-frequency voltage is
injected into di-axis, which can be expressed as

Ugn | [ Ui | [ Vi sin(@yt)
et o

The transformation matrix T(Aé.1) from the actual dg-axis to
the estimated dg-axis can be expressed as

T(86,) {C?S(Mﬁ) _Sin(wﬂ)} ®
sin(A@,)  cos(Ad,,)
with
NG, =0, -0, Q)

By combining (1), (2), and (3), the high-frequency current in
the rotor frame can be expressed as

idlh _ L, 0 B a Gdlh (5)
s ) el ]

meanwhile, the high-frequency current in the stator frame can
be achieved as

{i 1 u. I:th cos @, cosAG,, + L, sind, sin Aeel}

alh inj

Ipin | SkynLgn | Lgn SING,; COSAG,, — Ly, COSE, SINAG,

When A& is small enough, (6) can be equivalent to

_ialh:| _ uinj |:COS 9e1:| — _Vh COS(a)ht) |:COS 0&1:| (7)

1pn | Sy [ SING, o, Ly, sing,,

then, with the aid of demodulation signal —cos(wnt) and a
low-pass filter, (7) can be rewritten as

i:dh — LPF t ialh _ V, Cos‘gel 8
i;lh - —eostal) pan _m sing,, ®

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.

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

I1l. 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 uin1 and
Uin2. V1, V2, w1, and w, 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 / w1 = V2 [ wa.
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 uin: 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. Uqn represents the complete
pseudorandom signal waveform. Ugin and Ugn 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.

Begin

Generating
- random number Q
1  Among (0,1)
\i
(g;eneratiné; o Higher frequency N
random number i
V, t
Among (0,1) ,sin o ,\I
Y
Lower frequency
Vgt 1\
Y Finish a period? -t Windingl‘\gf
A ABC
Winding2 <
DEF h

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 afi-axis and af%
-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 /6 ahead.
The phase shift adjustment for winding 2 can be realized with
the transformation, which can be described as

iZzh vl T id 2h
L;Jﬂ (@ﬁg)LZJ ©

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 a-axis is synthesized by «f:-axis and
af-axis, and the rotor frame dg-axis is synthesized by dgi-axis
and dqg-axis. 6. denotes the postion of dg-axis, and 6e = Ge1 = ez
+ /6. Meanwhile, the high-frequency current of ¢f-axis can be

given as
igh = ian +i,
-ah -alh th (10)
Ign =lgin*lgon
According to (6), (9) can be expressed as
(11)

iy on Uiy [ Lgn COS(6:) COS AG,, + Ly, SiN(8,)Sin AG,

* sLypLygn | Lgn SiN(6,) cOS AB,, — Ly, COS(6,)Sin AG,
By utilizing (6), (10), and (11), the high-frequency current in

the af-axis can be rewritten as

c0s 8, (CoSAb,, +COSAL,,) N sing, (sinAf,, +sinAb,,)

Pah} Uiy Lan Lgn

152n

oy (12

s | sing,(cosAGy, +COSAG,,) s, (SiNAG, +siNAG,,)

th th

i3
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when Abe1 = 0, and Abe2 = 0, (12) is approximated as

iuh Uiy | COSE,
igh | SLg,|SinG,

In order to extract the position information from the
high-frequency current in the gf-axis, a rotor coordinate
system for signal processing is built, as shown in Fig. 6. The
coordinate frame is defined as dg'-axis, which lags m/4 behind
the synthetic estimated axis. Then, the high-frequency response
current in the dg'-axis can be expressed as

i;llh “1,A T iah
=744, -5
LZJ “ 4){'%}

cos’ A6, sin® Ad, L Lo

Lan Lo Lan Lgn

(13)

(14)

sin(2A6,)
_ V2 Uiy e
2 s |cos’Ag, sin®Af, L
Lan th Ln th
where Aée is the position estimation error between the actual
and estimated position for the coordinate system, Lgit = (Lah —
Lqn) / 2. When Aé. = 0, (14) can be rewritten as

[i(‘,’h} _ Q Ui {th + Lyis sin(2A6, )} (15)

ign | 2 Skanlgn | Lgn — Lair Sin(246,)

Obviously, Lqgn > Lgit. The part of (15) can be determined as
(Lgh + s Sin(246,)) >0 (16)

In order to obtain the positive coefficient, the absolute value
of high-frequency current can be achieved as

‘i;h‘ _ﬁ Ui | Lon Lt SIN2AG,) 17)
2 sbgnlyn | Lon — Lair SIN(2AG,)

By utilizing the transformation, the high-frequency current
in the of-axis can be calculated as
c0s g, COSAH,

sin(2A6, )

v
Iqh

v "y + Xy
leh “T@ _1) lan | _ Yinj. Lan (18)
i1 ey igh s | sing, cosAd, X,
h
with
X1 = Lgn SinG, sin A6, + Ly sin 6, sin(2A6,) 19)
X, =Ly, 0S8, sin A, — Ly cosd, Sin(2A6,)
when Af. = 0, X1 = Xz = 0. (18) can be simplified as
v
[ _ Uinj 093 o, (20)
igh | SLon LSIN A

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

iz 1 LPF (izn) {cos&e}
- = (21)
LEJ \/LPF(i;h)2+LPF(i‘[f,h)2 {LPF(%)] sing,

According to (21), the position error ¢ can be obtained as
£ =i, C0s(0,) —iv, sin(6,) =sin(AG,) ~AG,  (22)
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.

Fi

g. 5. Synthesize coordinate systems.

Fig. 6. Rotor coordinate system for signal processing.

| High-pass [T 6, 7
lap| filter 7 + +
[P i
- Ay oh || H
ROy e IR
i,,, 5, filter )L ©T g —»:’-» © 4
a2p Lgha ‘i(\‘/h‘
- Low-pass
-l =
—>’f . filter v,
6 T ouim
- 5 <—®+ 'Zzﬂh
iy v Low- i
it Y ow-pass| . 'pn
—>’£‘ e filter [

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



IEEE POWER ELECTRONICS REGULAR PAPER/LETTER/CORRESPONDENCE 5

iy (£) = K; Jujydt = —ﬁcos(wht) (23)
[N

The PSD of the response current can be expressed as

2
sF(f){';i—a\)/hh] [5(f-fy)+o(f+f)]  (24)

where §(f) is the unit impulse function, K; is a coefficient, and

fn is the frequency of the injection signal. Thus, the PSD result
produces a high peak at the frequency of the injection signal fp.
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

ih(® = ik (t-t)

When E[e?*T] = 1, the PSD of the random frequency signal
can be expressed as

(25)

1 2
S(f)=———1E|| I(f
(f) {E[T]}Z{ [}

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

(26)

E[|I(f)|]=0 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 fi, f2, and null; their periods are Ty, T2, and T3 (T1 or
T,), and probabilities are P1, P2, and Ps, respectively. The
E[el**T] can be calculated as

E|:ej27rfvT:|:[Pl P, Pg].|:ej2;zfvT1 pi2ri T, ejZ;zfvT3:|T(28)

=1
where P, + P, + P3 =1 with P; =0.25, P, = 0.25, and P3; = 0.5.
Assumed that the PSD peaks appear at the frequency f..
Since signal 3 is null, (28) can be equivalent to

ej27z'fvT1 :ejZﬂfsz -1 (29)

where the f,T1 and f, T, should be integers. Assumed that the
simplest integer ratio of f; and f is fi/f, = ki / ko, and then the
common multiple of f, and f, is fm = kof1 = kafy, yielding

f, =kf, (30)
where k are positive integers. According to the Fourier
transform, the following can be obtained as

e _a-i2xflfy
Il(f):JK,val e
2 f2-
KK, f1-gi2mfi
,(f) = (31)
2 f2-f}
13(f) =0

Meanwhile, the component of the discrete spectral peak can
be eliminated by
1 (f,)=15(f,) =15(f,) =0 (32)
When ki > kz and kz > 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 VV 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 i, ia2n, and iq. Fig. 10(b)
presents the high-frequency currents igin, ign, and ig. The
high-frequency currents in the dg'-axis are shown in Fig. 10(c).
It can be seen that the high-frequency currents in the gf'-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.



IEEE POWER ELECTRONICS REGULAR PAPER/LETTER/CORRESPONDENCE 6

SABC

Voltage
Source
Inverter

ﬁf’
It lyo| la2f

b High-frequency ]‘
signal processing J‘

ram of proposed sensorless control for DTP-PMSM.

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.



IEEE POWER ELECTRONICS REGULAR PAPER/LETTER/CORRESPONDENCE 7

(A)

23
L 2 0.418kHz 0.489kHz
g % 0 -19.9d8 = -19.9dB
2 < o [
w <2 . S, e,
T &3 < 2 Q
ey 2 :
—_ &
2 < =2
s T3 = 0 2 3 4 6 1 2 3 4 5 6
= E 2L — Frequency (kHz) Frequency (kHz)
3 70 (@) (b)
é ;::% Fig. 12. PSD results of proposed method. (a) Phase A. (b) Phase D.
o QI
R
- o
5 $3 T T T T E =
EL2F O 58
280
= -15
2 <ot | _ <
T S3F L s 13 8 = e =
428 = A
= 055 22
= 1252 5 3
L w3l i 4 3= < g
E 2 fh O 8 e
S 22k -
5 7
e al
T -2
= 1 1 1 1
Time (0.1s/div) = 60 T T T T
(b) _E% 'W
o =
o —45 | =
- =840 - n 4609 -5
5 2 d52E
E Iz 50 g =
5 ~ {352 3
5 =10+ n An 90 2
s 3 . 3 g [5)_ ; @
2§32 [Tt g
0 =@ v g—l 0 1 | 1 . 1
25 7] Time (0.2s/div)
2 L
3 1 I 1 1 I 1 1 1 1 3T = (b)
Time (0.1s/div) RS . . . .
(© = a4 /
o S 2F
~3 T T T T =N 9/ —
- = z e 16 o =
£ ~— =
g .2 B / H 4 SL; =
Ezo H2 =]
3 3 ~ il 4o .22
= g2 v z g 04r ¢ A6, Az
T =3 Ly ) —43 S E02 MWW 2
8= i E —_ = T 00F
2 P 128 < Z so2f
3 5 Time (0.2s/div)
2 422 &
3 1 1 1 1 3T £ : . N . (C) .
- Time (0.1s/div) A Fig. 13. Position estimation results under a steady-state condition. (a) Currents
q of phase A and phase D. (b) Speed estimation performance. (b) Position
. . ) . . . estimation performance.
Fig. 10. Experimental results for the injected signal and demodulation 100
processing. (a) High-frequency in ax-axis. (b) High-frequency in Bp-axis. (c) £ 50 ' T ' '
High-frequency in dg'-axis. (d) High-frequency in o¥-axis. = -E 58
s = —_
=
% 0.408KHz & B-100 =
-4.8dB 2 =
0 & \=)
= 0.973kHz —_ =
250 57.84B = 1 é
2 =] E 5 o
-100) §_3:, 0
5 -5
150 1 2 3 4 6 7 E-10
Frequency (kHz) Frequency (kHz) © Time (ZS/dIV)
(a) (b) ()
0.589kHz 0.486KHZ -53 6 il !
2308, 1 ggunz -14.9dB = :4 Il
5 -37.508 2 s [2) il
2 -50) E G =)
2 g 153 2
100 o s 2
’ — o G E g
5 - - - = B
0 1 2 3 4 5 6 a2 8 Ao
Feaery (452 N e T B E 02 Puismiwintob, " apiint QL1 i
() (d) g g2t . . a0,
Fig. 11. PSD results of current (phase A). (a) No injection. (b) Fix-frequency 504

Ti 2s/di
0.4 kHz. (c) Fix-frequency 0.6 kHz. (d) Conventional pseudorandom signal lmeb( s/div)
injection method. . . (b) - L
Fig. 14. Experimental results on speed change condition. (a) Speed estimation
performance. (b) Position estimation performance.



IEEE POWER ELECTRONICS REGULAR PAPER/LETTER/CORRESPONDENCE 8

=
I

Real speed
(r/min)
2
ri

ol -10§H

-(5) S .

WWWW = E

0.4 An 1302 &
—_ L 4 -10&x
EEOEWWW 7]

= = 00F

'z 5-02 0, . =
£ Eoaf i, 410 <
5] ds5 =
=
0o 8
5 E
1 1 1 1 _105

@

[=1
[=]

Real speed
(r/min)
3

ot n An 1108 _

P qds 5.

0 o9 E

5 3=

= 04 J 108 =
g € 02 “
2209 AB. i —
2 E04 Al <
5 - 10 =
0 5]
-10 E
1 1 1 1 —20:_}

Time (4s/div)
(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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