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ABSTRACT In this article, a position sensorless control strategy for the five-phase interior permanent
magnet synchronous motor (IPMSM) by injecting pseudo-random signal into the third harmonic space
is proposed. The conventional sensorless control of five-phase IPMSM based on third harmonic space
extracts rotor position signal by injecting high-frequency square voltage signals into the third harmonic
space. However, high-frequency square-wave voltage injection (HFSVI) produces a loud audible noise.
Different from the conventional HFSVI strategy, the proposed strategy injects simplified pseudo-random
fixed-frequency phase-switching (SPRFFPS) signal into the third harmonic space of the five-phase IPMSM
to reduce high-frequency audible noise. To verify the effectiveness of the proposed strategy, the power
spectral density (PSD) of phase current is analyzed. Also, since high-frequency signal is not injected into the
fundamental space, the digital filter in the fundamental space current loop will no longer be needed, which
avoids time delay and degradation of control performance. Finally, the correctness of the proposed strategy
is verified by experiments.

INDEX TERMS Five-phase interior permanent magnet synchronous motor, sensorless control, third
harmonic space, pseudo-random signal injection.

I. INTRODUCTION
The interior permanent magnet synchronous motors
(IPMSM) have the advantages of high efficiency, high torque
density, high power density, etc [1], [2]. So it has been
widely used in household appliances, electric vehicles, rail
transportation, and other fields. With the improvement of
power electronics, materials technology, and motor design
[3], [4], multiphase motor control systems have made great
development in recent years. Compared with conventional
three-phase IPMSMs, five-phase motors have a variety of
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advantages: reducing the stator current without increasing
the voltage per phase, increasing the torque per ampere for
the same volume machine, improving the power density,
reliability, and fault-tolerance [3], [5], [6], [7], [8]. In contrast
to conventional three-phase motors, five-phase motors have
the property of multiple harmonic spaces. Among these
multiple harmonic spaces, the third harmonic space is more
often used for fault tolerant control, sensorless control, etc
[9], [10], [11], [12].

The accuracy of motor control systems depends on
the rotor position signal which is usually extracted by a
high-precision resolver or encoder. However, sensors cause
a lot of impact on motor control systems. The presence of
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sensors not only increases the size of the control device and
system cost but also reduces the reliability of the system
[13]. For the above reasons, sensorless control technology has
attracted the research interest of many scholars. Sensorless
control is divided into two categories: First, methods based on
a mathematical model of the motor which are applied in high
speed range. Second, methods based on machine saliency
which are used in low speed range [14]. In general, the posi-
tion signal signal-to-noise ratio (SNR) of the model-based
sensorless methods is dependent on the motor speed, and it
is difficult to extract the motor position signals in low speed
range. Therefore, model-based methods are only applicable
to medium and high speeds [15].

Saliency-based sensorless control methods obtain the rotor
position by tracking the rotor saliency. After injecting a
high-frequency (HF) signal, the induced currents contain
rotor position information on account of the saliency of
the magnetic path [16], [17]. Depending on the form of
injection signal, HF signal injection methods can be divided
into two categories: rotating signal injection and pulsating
signal injection, respectively. Among them, rotating signal
injection requires the machine saliency of the motor and
is mostly used in IPMSM. Pulsating signal injection can
be used in both surface-mounted permanent magnet syn-
chronous motors (SPMSM) and IPMSMbecause of its ability
to excite the saturation saliency of themotor. According to the
different types of injection signal, pulsating signal injection
can be divided into pulsating sinusoidal injection method
[16], [18], [19], [20], [21], and pulse square wave injection
method, respectively [22].
Although the high-frequency injection method has good

performance in low speed range, the audible noise can-
not be ignored [23]. One of the most significant factors
limiting the application of sensorless algorithms based on
high-frequency signal injection is audible noise. To solve
this problem, methods based on varying the amplitude and
frequency of the injected signal have been proposed Low
amplitude high-frequency signals can reduce noise, but the
reduction in signal amplitude makes the SNR of the motor
position signals escalate and thus affects the operating status
of themotor [24], [25]. Another way to reduce audible noise is
to bring the frequency of the injected signal into the inaudible
range [15], [26], [27]. However, this method increases switch-
ing loss.

Following the idea of power conversion, the introduction
of pseudo-random signal injection to reduce the audible
noise method has received attention from scholars in recent
years. There are two main types of pseudo-random signal
injection: phase-switching and frequency-switching. Phase-
switching pseudo-random signal injection reduces audible
noise by randomly injecting HF signal with four differ-
ent phases [28]. Different from phase-switching pseudo-
random signal injection, two different frequencies HF signals
are injected into motor randomly in frequency-switching
pseudo-random signal injection. In [29] and [30], a pseudo-
random frequency-switching high-frequency square-wave

voltage injection method is proposed. Similarly, the random
sinusoidal injection method with two different frequencies
was proposed in [31]. Usually, analysis of the current power
spectral density (PSD) for pseudo-random signal injection
methods has beenmade. Audible noise is reduced by injecting
random signals which can expand the current spectrum.

For five-phase IPMSM, there are some studies about the
combination of the third harmonic space and sensorless con-
trol. However, few existing studies take audible noise into
account [10], [32]. In this paper, a pseudo-random signal
injection sensorless control strategy based on the third har-
monic space is proposed. A simplified pseudo-random fixed-
frequency phase-switching signal is injected into the third
harmonic space of five-phase IPMSM to eliminate DC bias
and reduce the audible noise of the motor. The rotor position
is obtained by normalizing the current of the stationary α3β3
reference frame in third harmonic space, which overcomes
the inadequacy of the traditional sign function to mediate the
rotor position information. The current spectrum and position
estimation results are analyzed in the experimental results.

II. DECOUPLED MATHEMATICAL MODEL OF FIVE-PHASE
IPMSM
To reduce the complexity of the control system and improve
control efficiency, the space of the five-phase motor is decou-
pled into two mutually orthogonal and decoupled subspaces:
the fundamental space and the third harmonic space. The
two-axis systems are shown in Fig. 1, where α1β1 axis and
α3β3 axis are the stationary reference frame in the fundamen-
tal space and third harmonic space, respectively. Obviously,
the angular frequency of the rotating d3q3 reference frame in
the third harmonic space is three times the angular frequency
of the rotating d1q1 reference frame in the fundamental space.

FIGURE 1. Positional relationship between two decoupled subspaces in
five-phase IPMSM (a) fundamental space (b) third harmonic space [10].

According to the principle of constant amplitude before
and after the transformation, the Clarke transformationmatrix
and the Park transformation matrix are written as:

TClarke =


1 cos δ cos δ cos δ cos δ
0 sin δ sin δ sin δ sin δ
1 cos 3δ cos 3δ cos 3δ cos 3δ
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TPark =


cos θe sin θe 0 0 0

− sin θe cos θe 0 0 0
0 0 cos 3θe sin 3θe 0
0 0 − sin 3θe cos 3θe 0
0 0 0 0 1

 (2)

where θe is the electrical angle and δ is the spatial shifting
angle between adjacent phases, being δ=2π /5. In (2), Two
submatrices of the fifth-order Park transformation matrix
are Park transformation matrices of fundamental space and
third harmonic space, respectively. These two submatrices are
located on the diagonal of the fifth-order Park transformation
matrix.

The voltage equation of five-phase PMSM with third har-
monic magnetic under d1q1 frame and d3q3 frame can be
written as:

ud1
uq1
ud3
uq3

 = R


id1
iq1
id3
iq3

 +


Ld1 0 0 0

0 Lq1 0 0

0 0 Ld3 0

0 0 0 Lq3

 p


id1
iq1
id3
iq3



+ ωe


0 −Lq1 0 0

Ld1 0 0 0

0 0 0 −3Lq3
0 0 3Ld3 0



id1
iq1
id3
iq3



+ ωe


0

ψm1

0

3ψm3

 (3)

where ud1, uq1, id1, iq1, Ld1, Lq1, ψm1 are the voltage, cur-
rent, inductance, and flux linkage in the fundamental space,
respectively; ud3, uq3, id3, iq3, Ld3, Lq3, ψm3 are the voltage,
current, inductance and the flux linkage in the third harmonic
space; ωe, R, p are the electrical angular velocity, stator
resistance and the differential operator.

The fundamental space electromagnetic torque Te1 and
the third harmonic space electromagnetic torque Te3 can be
expressed as:

Te1 =
5
2
Pn[ψm1iq1 + (Ld1 − Lq1)id1iq1]

Te3 =
5
2
Pn[3ψm3iq3 + 3(Ld3 − Lq3)id3iq3]

Te = Te1 + Te3 (4)

where Pn is the number of pole pairs.
In five-phase IPMSMs, since the third harmonic permanent

flux is not equal to zero, it is necessary to incorporate the third
harmonic current into the double closed loop for control arti-
ficially. As shown in (4), the third harmonic torque pulsations
can be eliminated by setting the third harmonic space current
to zero, and the phase currents will not contain third harmonic
components.

III. PROPOSED METHOD OF PSEUDO-RANDOM SIGNAL
INJECTION SENSORLESS CONTROL BASED ON THIRD
HARMONIC SPACE
A. PSEUDO-RANDOM SIGNAL INJECTION FOR POSITION
SENSORLESS CONTROL OF FIVE-PHASE IPMSM BASED
ON THIRD HARMONIC SPACE
The positional relationship between the estimated rotating
reference frame and actual rotating reference frame in funda-
mental space and third harmonic space are shown in Fig. 2.
In Fig 2, the superscript ‘‘∼’’ represents the difference

between the estimated value and the actual value, and the
superscript ‘‘∧’’ represents the estimated value, respectively.
d̂1q̂1 and d̂3q̂3 are the estimated rotating reference frame in
the fundamental space and third harmonic space, respectively.
θ̃e = θ̂e − θe and 3θ̃e = 3θ̂e − 3θe are the angular estimation
error in the fundamental space and third harmonic space,
respectively.

FIGURE 2. Positional relationship between estimated rotating reference
frame and actual rotating reference frame in two decoupled subspaces
(a) fundamental space (b) third harmonic space.

Since the frequency of the injection signal is much higher
than the fundamental frequency of the motor, ignoring the
stator resistance voltage and electromotive force, the HF
voltage model of the five-phase IPMSM in the third harmonic
space can be described as:[

ud3h
uq3h

]
=

[
Ld3h 0
0 Lq3h

]
p

[
id3h
iq3h

]
(5)

where ud3h, uq3h, id3h, and iq3h are the HF voltage and current
in the third harmonic space, respectively; Ld3h and Lq3h are
the HF inductance, and pis the differential operator.
The HF signal is injected into the estimated d3 axis:[

ud̂3h
uq̂3h

]
=

[
uinj(t)

0

]
(6)

where ud̂3h, uq̂3h are the HF voltage in the estimated d3q3
rotating frame, and uinj(t) is the HF injection signal. Substi-
tuting (6) into (5), the relationship between the estimated HF
voltage and current in the estimated d3q3 rotating frame can
be expressed as:[

ud̂3h
uq̂3h

]
=

[
uinj(t)

0

]
= R(3θ̃e)

[
Ld3h 0
0 Lq3h

]
R−1(3θ̃e)p

[
id̂3h
iq̂3h

]
(7)

where id̂3h and iq̂3h, are the HF current in the estimated d3q3
rotating frame, R(·) is the transformation matrix.
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The estimated position can be obtained by separating HF
current component in the estimated q3 axis and controlling it
to zero.

The block diagram of the proposed method is shown in
Fig. 3. The control strategy consists of two main parts: the
injection of pseudo-random signals and the extraction of posi-
tion signals. The pseudo-random signal is injected into the
estimated d3 axis of the third harmonic space. Since the third
harmonic space and fundamental space are mathematically
orthogonal to each other, the injection operation in the third
harmonic space can reduce the impact of the injected signal
on fundamental frequency space, theoretically, which will
help to improve the stability of the operation of the five-phase
IPMSM. In addition, low-pass filters (LPFs) used to separate
the HF currents in the fundamental space current control loop
are no longer needed because the signal is not injected in the
fundamental space. Also, the benefits of injecting HF signal
into third harmonic space for the positional signal processing
process are not to be ignored. As mentioned before, the third
harmonic current is generally controlled to zero to reduce
the third torque pulsation, which means that the fundamental
frequency value of the third harmonic current is negligible,
and the band-pass filters (BPFs) used to separate HF signal
in position signal processing will no longer be needed.

FIGURE 3. Control block diagram of the proposed pseudo-random signal
injection for position sensorless control of five-phase IPMSM based on
third harmonic space.

B. SIMPLIFIED PSEUDO-RANDOM FIXED-FREQUENCY
PHASE-SWITCHING SIGNAL INJECTION SENSORLESS
ALGORITHM
From (7), due to the existence of differential operators, the
HF current response is related to the time integral value of
the injection voltage. Suppose the time integral of the HF
voltage is not zero for several consecutive cycles. In that case,
it will produce DC bias in the estimated d3 axis and lead to
a discrepancy between the actual current value and the given
value current in the estimated rotating reference frame current
loop, which will have a negative effect on the operating

FIGURE 4. The HF current response of the injection voltage.

status of the motor. As shown in Fig. 4, s1 represents the
positive component of the current response and s2 represents
the negative component of the current response. s1 must be
equal to s2 in a single injection cycle.
The conventional pseudo-random fixed-frequency phase-

switching (PRFFPS) signal injection law is shown in (8):

PR(t,Tinj, ϕ) = ℜ{PR(t,Tinj, 0
◦

),PR(t,Tinj, 90
◦

),

PR(t,Tinj, 180
◦

),PR(t,Tinj, 270
◦

)} (8)

where ℜ{}, ϕ and Tinj are the random selection at every
injection period, the phase of injection signal and the injection
period, respectively. The variants of PRFFPS signal function
are injection signal frequency, phase, and stochastic operator.

PR(t,Tinj, 0
◦

) =


Vinj, 0 ≤ t ≤

Tinj
2

−Vinj,
Tinj
2
< t ≤ Tinj

PR(t,Tinj, 90
◦

) =


2Vinj,

Tinj
4

≤ t ≤
3Tinj
4

−2Vinj, 0 ≤ t <
Tinj
4
,
3Tinj
4

< t ≤ Tinj

PR(t,Tinj, 180
◦

) = −PR(t,Tinj, 0
◦

)

PR(t,Tinj, 270
◦

) = −PR(t,Tinj, 90
◦

) (9)

where Vinj is the amplitude of injection voltage.
In Fig. 5, the random signal function in (9) and its HF

current response are displayed. It can be observed that the
sum of the current response of the signals with 0◦ and 180◦

phase is not zero in a single injection cycle. As mentioned
in Fig. 4, it leads to DC bias in the estimated rotating frame.
There are two solutions to this problem. The first method is
setting the probability of being selected of the 0◦ and 180◦

phase signals to be equal. Although it can theoretically make
the total current response zero for several consecutive cycles,
this method is unstable since it randomly adjusts the injection
signal. In other words, there is no guarantee that the opposite
phase signal will be injected after the 0◦ and 180◦ phase
signals injection. The 0◦ phase and 180◦ phase signals are
combined into one injection signal in the second method.
However, this injection method reduces the frequency of the
injection.

Thus, to satisfy the injection frequency requirement
and effectively avoid the DC bias problem, simplified
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pseudo-random fixed-frequency phase-switching signal
(SPRFFPS) injection is proposed. The SPRFFPS signal can
be written as:

PRSPRFFPS (t,Tinj, ϕ)=ℜ{PR(t,Tinj, 90
◦

),PR(t,Tinj, 270
◦

)}

(10)

The HF current response of the SPRFFPS signal idh can be
expressed as:

idh =

∞∑
k=1

[iPRSPRFFPS (t − kTinj,Tinj, ϕ)]

(11)

iPRSPRFFPS (t,Tinj, ϕ) = ℜ{iPR(t,Tinj, 90
◦

),

iPR(t,Tinj, 270
◦

)} (12)

where iPRSPRFFPS (t,Tinj, ϕ) is equivalent current response.
SPRFFPS injection scheme and corresponding current

response in (10) and (11) are shown in Fig. 6.

FIGURE 5. PRFFPS injection scheme and corresponding current response.

C. POSITION DEMODULATION ALGORITHM IN THIRD
HARMONIC SPACE
The injection signal in the third harmonic space can be
expressed as:[

ud̂3h
uq̂3h

]
=

[
uinj(t)

0

]
=

[
PRSPRFFPS (t,Tinj, ϕ)

0

]
(13)

Based on (7) and (13), the HF current response in the
stationary α3β3 reference frame can be expressed as:[

iα3h
iβ3h

]
=

∫
PRSPRFFPS (t,Tinj, ϕ)dt

L2 −1L2
·[

Lq3h cos 3θe cos 3θ̃e + Ld3h sin 3θe sin 3θ̃e
Lq3h sin 3θe cos 3θ̃e − Ld3h cos 3θe sin 3θ̃e

]
(14)

FIGURE 6. SPRFFPS injection scheme and corresponding current
response.

where ∫ PRSPRFFPS (t,Tinj, ϕ)dt is the time integral of the
SPRFFPS signal which can be considered as a constant, L =

(Ld3h + Lq3h)/2 and 1L = (Ld3h-Lq3h)/2. The HF current
response in the estimated d3q3 rotating reference frame can
be written as:[

id̂3h
iq̂3h

]
= R−1(3θ̂e)

[
iα3h
iβ3h

]
=

∫
PRSPRFFPS (t,Tinj, ϕ)dt

L2 −1L2
·[

Lq3h cos2 3θ̃e + Ld3h sin2 3θ̃e +1L sin 6θ̃e
Lq3h cos2 3θ̃e + Ld3h sin2 3θ̃e −1L sin 6θ̃e

]
(15)

When θ̃e is small enough, (15) can be simplified as:[
id̂3h
iq̂3h

]
=

∫
PRSPRFFPS (t,Tinj, ϕ)dt

L2 −1L2

[
Lq3h +1L sin 6θ̃e
Lq3h −1L sin 6θ̃e

]
(16)

Due to the presence of negative values in the amplitude
of the injected signal, to accurately obtain the rotor angular
information, the absolute value of (16) can be written as:[ ∣∣id̂3h∣∣∣∣iq̂3h∣∣

]

=

∣∣∫ PRSPRFFPS (t,Tinj, ϕ)dt∣∣
L2 −1L2

 ∣∣∣Lq3h +1L sin 6θ̃e
∣∣∣∣∣∣Lq3h −1L sin 6θ̃e
∣∣∣

(17)

where Lq3h > 1L, and 6θ̃e ≈ 0, (17) can be written as:[ ∣∣id̂3h∣∣∣∣iq̂3h∣∣
]

=

∣∣∫ PRSPRFFPS (t,Tinj, ϕ)dt∣∣
L2 −1L2

[
Lq3h +1L sin 6θ̃e
Lq3h −1L sin 6θ̃e

]
(18)
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The current of stationary reference frame in third harmonic
space after demodulation can be expressed as:[

iα3hl
iβ3hl

]
= R(3θ̂e)

[ ∣∣id̂3h∣∣∣∣iq̂3h∣∣
]

=

∣∣∫ PRSPRFFPS (t,Tinj, ϕ)dt∣∣
L2 −1L2

·[
Lq3h cos 3θe cos 3θ̃e + Ld3h sin 3θe sin 3θ̃e
Lq3h sin 3θe cos 3θ̃e − Ld3h cos 3θe sin 3θ̃e

]
(19)

when θ̃e ≈ 0, (19) can be simplified as:[
iα3hl
iβ3hl

]
=

∣∣∫ PRSPRFFPS (t,Tinj, ϕ)dt∣∣
L2 −1L2

[
Lq3h cos 3θe
Lq3h sin 3θe

]
=

∣∣∫ PRSPRFFPS (t,Tinj, ϕ)dt∣∣
Ld3h

[
cos 3θe
sin 3θe

]
(20)

However, the HF injection voltage in an injection period
is not constant during motor operation. The HF voltage will
be distorted due to the hysteresis of the control system, the
nonlinearity of the inverter, etc. Thus, the current signal needs
to be normalized.

The normalized HF current response is given in (21).[
iα3h_n
iβ3h_n

]
=

1√
(iα3hl)2 +

(
iβ3hl

)2
[
iα3hl
iβ3hl

]

=

[
cos 3θe
sin 3θe

]
(21)

The position error ε can be calculated as:

ε = iβ3h_n cos 3θ̂e − iα3h_n sin 3θ̂e = sin 3θ̃e (22)

If the position error is small enough, (22) can be rewritten
as:

ε = sin 3θ̃e ≈ 3θ̃e (23)

Position signal can be obtained by controlling the error ε
to zero through the phase phase-locked loop (PLL). Because
this position demodulation algorithm is based on the third har-
monic space, the estimated rotor angular velocity and position
values are both three times fundamental space values. The
control block diagram of the position demodulation algorithm
in the third harmonic space is shown in Fig. 7.

D. CURRENT PSD ANALYSIS OF SPRFFPS SCHEME
Power Spectral Density (PSD) is a signal analysis method
that can be used to convert a time domain signal to the
frequency domain when analyzing a time series to visualize
the variation/variance (energy) as a function of frequency.

The PSD shows at which frequencies the data variation is
large, which is useful to further analyze the current frequency
energy distribution. In the field of motor control, PSD is an
effective tool for analyzing the phase current spectrum [28].
The current PSD spectrum can be written as:

S(f ) = fi
{
Eϕ

[
|I (f ) |

2
]

−
∣∣Eϕ [I (f ) ]∣∣2

+ fi
∣∣Eϕ [I (f ) ]∣∣2 ∞∑

k=−∞

δ(f − kfi)

}
(24)

FIGURE 7. Control block diagram of position demodulation algorithms in
third harmonic space.

where the operator E[] denotes the mathematical expectation
operation, I (f ) represents the Fourier expansion of HF cur-
rents, fi is the injected signal frequency and δ(f ) is the unit
impulse function.

Assuming that the induced current consists of currents
with different frequencies at phase 90◦ and 270◦, the Fourier
transform of the HF current can be written as:

I90◦ (f )

= −
2 − 2 cos(f πTRES ) − f πTRES sin(f πTRES )

f 2π2TRES
e−jπ fTRES

(25)

I270◦ (f )

=
2 − 2 cos(f πTRES ) − f πTRES sin(f πTRES )

f 2π2TRES
e−jπ fTRES

(26)

Since the frequencies of the individual harmonics in the
Fourier analysis are multiples of the fundamental frequency,
bringing f = nfRES into (25) and (26):

ITRES (f ) =

 0 when n is even
−4

π2n2fRES
when n is odd

(27)

From (27), although there is a discrete component in the
current response of the SPRFFPS, it can be canceled out by
the phase difference of the signal. Since the two phase signals
have the same probability of injection, the total mathematical
expectation of the current is zero, and the discrete part of
the (24) can be written as:

Eϕ [I (f ) ] =

+∞∑
k=1

P(k)Ik (f ) = 0 (28)

Bringing (28) into (24), it can be concluded that the current
PSD under SPRFFPS signal injection does not contain dis-
crete components, which are the source of the audible noise.
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FIGURE 8. Experimental platform of Five-Phase IPMSM drive.

IV. EXPERIMENTAL RESULTS VERIFICATION
To verify the suitability of the proposed five-phase IPMSM
method, a test platform has been set up as shown in Fig. 8.
The experiment set is composed of a five-phase permanent
magnet machine, a five-phase half-bridge inverter, and a
servo motor as the load. The dSPACE1005 controller is uti-
lized for the implementation of the overall control algorithm.
The parameters of the machine are presented in Table 1.
The machine torque is measured by a high-precision torque
ransducer (HBM T20WN/20NM). The frequency of PWM
is fixed at 10 kHz, and the DC-link voltage is 50 V. The
injection frequency is set to 1250 Hz and the magnitude of the
injected HF voltages is 20 V for 90◦ and 270◦ phase injection
signals.

TABLE 1. Practical parameter of five-phase IPMSM.

TABLE 2. Comparison of current psd with different injection strategies.

Firstly, in order to verify the correctness of signal injection,
SPRFFPS signal is injected into the fundamental space as
well as third harmonic space to compare the waveforms of

FIGURE 9. Experimental results of phase A current under different
injection signals (a) no signal injection (b) SPRFFPS signal injection into
fundamental space (c) SPRFFPS signal injection into third harmonic space.

FIGURE 10. Comparison of phase A currents before and after SPRFFPS
signal injection in the third harmonic space; Te is scaled to 2.5 Nm/div,
phase A current is scaled to 2 A/div.

the phase currents. Phase A current with no injection, with
the SPRFFPS injection in fundamental space, and with the
SPRFFPS injection in third harmonic space are shown in
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FIGURE 11. Experimental results of position demodulation algorithms in
the third harmonic space.

FIGURE 12. Phase current FFT analysis (a) no signal injection
(b) fixed-frequency signal injection into third harmonic space (c) SPRFFPS
signal injection into third harmonic space.

Fig. 9 (a), (b), (c), respectively. The focus is on comparing
A phase current response after the SPRFFPS signal injection
into fundamental space and third harmonic space. As shown
in Fig. 9 (b), response current of injection signal fluctuates
once during one-half of the electrical cycle of phase A current
(crest to adjacent trough of current waveforms). However,
in Fig. 9 (c), fluctuation of the response current of injection
signal during one-half of the electrical cycle of phase A cur-
rent are three times. Fig. 10 results phase A current before and

FIGURE 13. Phase current PSD analysis (a) no signal injection
(b) fixed-frequency signal injection into third harmonic space (c) SPRFFPS
signal injection into third harmonic space.

after SPRFFPS signal injection into third harmonic space at
speed of 50 rpm and load torque of 2.5 Nm. The difference in
the amplitude of A phase current before and after the injection
is due to the superposition of the response current of injection
signal on the phase current. Compared with no injection, the
A phase current after the SPRFFPS signal injection obviously
contains harmonic currents with three fundamental frequency
fluctuations. Thus, this is in accordance with the description
of triple frequency relationship between fundamental space
and third harmonic space in part A of section II. It can be
determined that HF voltages are indeed injected into third har-
monic space of the motor. In addition, there is no significant
change in the torque waveform before and after the injection,
which can verify that the injection signal in third harmonic
space has less effect on the torque. The waveforms of the
motor phase currents after the injection of the SPRFFPS
signal also need to be verified, as shown in Fig. 11. The
response current of 90◦ phase and 270◦ phase signals appear
randomly in A phase currents, and have the same form as
analysed in Fig. 6. Therefore, the SPRFFPS signal is correctly
injected into third harmonic space of the motor.

Fig. 12 and Fig. 13 show experimental phase current
FFT analysis with the PSD in different injection modes
(no signal injection, fixed-frequency signal injection into
third harmonic space and the SPRFFPS signal injection into
third harmonic space). In Fig. 12 (b), The spectral peaks
are mainly concentrated at odd multiples of the injected
signal frequency and decrease with increasing frequency.
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FIGURE 14. Sensorless performance experiment results at 50 rpm with
2.5 Nm load (a) speed error (b) estimated and real position (c) position
error (d) phase A current and torque; Te is scaled to 5 Nm/div, phase A
current is scaled to 2 A/div.

In Fig. 12 (c), The spectral peaks at odd multiples of the
injected signal frequency are largely spread over neighboring
frequencies, which directly contributes to the dispersion of
the signal energy.

FIGURE 15. Sensorless performance experiment results at 50 rpm
with 5 Nm load (a) speed error (b) estimated and real position
(c) position error (d) phase A current and torque; Te is scaled to 5 Nm/div,
phase A current is scaled to 2 A/div.

In Fig. 13 (a), since no injection signal, the PSD of the
motor phase currents has a large amplitude only at the PWM
frequency. However, In Fig. 13 (b), with the injection of
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FIGURE 16. Experiment result of the normalized α3β3-axis current.

fixed-frequency signals, discrete spectra appear in the phase
current PSD, and these harmonic discrete spectra are themain
source of audible noise. In addition, the PSD continuous
spectrum amplitude of Fig. 13 (b) is higher than the PSD
continuous spectrum amplitude of Fig. 13 (a) due to the
extra energy brought by the signal injection. In Fig. 13 (c),
compared with fixed-frequency injection, the SPRFFPS sig-
nal have a broad continuous spectrum and lower audible
noise. That is, the energy of the discrete harmonic spectrum
is dispersed in the adjacent continuous harmonic spectrum.
This demonstrates the effectiveness of the SPRFFPS injection
strategy in reducing current audible noise.

Table 2 compares the noise of the two injection methods at
specific current frequencies. Compared with fixed-frequency
injection, the discrete spectrum of SPRFFPS injection
decreases by approximately 14.5 dB for 1.25 kHz and 19.3 dB
for 3.75 kHz injection.

Fig. 14 shows sensorless performance experiment results
at 50 rpm with 2.5 Nm load. The floating value of the speed
estimation error is around 6 rpm and maximum value of the
position estimation error is around 0.16 rad, and the mean
value of the error product remains around 0.1 rad. Fig. 15
shows sensorless performance experiment results at 50 rpm
with 5 Nm load. The speed error fluctuates around 6 rpm,
while the maximum and average position errors are around
0.24 rad and 0.15 rad. The experiment result of the demodu-
lated normalized α3β3-axis current is shown in Fig. 16.

V. CONCLUSION
In this paper, SPRFFPS signal injection for position sensor-
less control of five-phase IPMSM based on third harmonic
space is proposed. The proposed method reduces audible
noise by broadening the current spectrum and also removes
filters from the fundamental space current loop and third
harmonic space loop, which reduces the delay of the control
system. Compared to fixed-frequency signal injection, the
SPRFFPS signal injection causes a less discrete spectrum
of phase current PSD. Also, the SPRFFPS signal injection
method avoids DC bias by selecting the 90◦ and 270◦ phase
voltage signals randomly.With the proposed position demod-
ulation algorithm, the rotor position can be extracted from the
third harmonic space. Current PSD and sensorless position
estimation performance are demonstrated on a 2kw five-
phase IPMSM platform.
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