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Abstract
In interior permanent magnet synchronous motor (IPMSM) position‐sensorless drives,
the high‐frequency (HF) square‐wave voltage injection method is often used to estimate
the rotor position and speed in low‐speed range by tracking the salient polarity of the
motor. In order to reduce the torque ripple caused by HF signal injection, a strategy to
update the magnitude of the injected signal online by back propagation neural network is
proposed in this paper. With the proposed method, the neural network can update the
magnitude of the injected signal online according to the d‐axis current and the position
error information. It can not only ensure the accuracy of position extraction but also
effectively reduce the current harmonics caused by the injected signal, and then the
torque ripple can be reduced. In addition, the proposed method is easy to implement,
resulting in low computation burden. Finally, the experiments are implemented on a
1‐kW IPMSM drive. The experimental results show that compared with the conventional
fixed magnitude injection, the peak‐to‐peak value of the torque ripple is reduced by nearly
half along with the decrease of the injected magnitude.
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1 | INTRODUCTION

Interior permanent magnet synchronous motors (IPMSMs)
have attracted much attention due to high efficiency, high
power density and high torque‐to‐inertia ratio. To extract the
rotor position information, the conventional IPMSM control
strategies need to rely on mechanical position sensors, which
not only increase the cost of the system but also reduce the
power density. Besides, mechanical position sensors are
vulnerable to temperature and electromagnetic noise inter-
ference, which will greatly reduce the reliability of the
IPMSM system. To avoid these problems caused by me-
chanical position sensors, many position‐sensorless control
strategies have been developed, which usually extract the

rotor position with the aid of some measurable signals such
as current responses.

Sensorless control schemes can be broadly divided into two
classes [1, 2], that is, the model‐based control schemes and
the saliency‐based control schemes. The first classes rely on the
electromotive force (EMF) or the flux associated to the
fundamental excitation, which are usually applied in the field of
medium‐to high‐speed range [3–5]. Since the EMF of the
IPMSM is proportional to the rotor speed, the application of
the model‐based methods is limited at low‐ and zero‐speed
range [1]. To broaden the sensorless control into low‐ and
zero‐speed range, the saliency‐based method has been devel-
oped, which can be broadly divided into two categories, that is,
the injection‐based methods and the fundamental pulse width
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modulation (PWM) excitation (FPE)‐based methods [1]. The
former usually injects a specific high‐frequency (HF) voltage
signal into control ports to induce the HF current responses
for the position extraction. While the latter extracts the posi-
tion information from the responses induced by the funda-
mental PWM. Compared with the injection‐based methods,
the FPE‐based methods often require additional hardware
support or higher accuracy current sensors. Therefore, the
injection‐based methods could be more attractive.

According to the injection reference frame, the injection‐
based methods can be roughly subdivided into two cate-
gories, that is, the rotating voltage signal injection [6, 7] and the
pulsating voltage signal injection. Moreover, the waveforms of
the injected HF signal can be generally classified as the sine‐
wave signal [6–9], the square‐wave signal [10–13], and the
random‐wave signal [15–17].

At present, many researchers have carried out in‐depth
study on the injection‐based methods. On one hand, re-
searchers pay much attention to the dynamic performance
improvement of sensorless control [3]. To extend the band-
width of speed and current controllers, Sul et al. [10] are the
first to propose the square‐wave voltage injection method. The
low‐pass filters (LPFs), which should be used to get the po-
sition error signal, are removed. To further enhance the posi-
tion estimation performance, Kwon and Sul [11] analyse and
compensate the inverter non‐linearity during the injection by
connecting additional capacitors. Moreover, with the new
inverter topology, the magnitude of the injected signal can also
be reduced by more than half. Some researchers focus on
enhancing the speed loop regulator to get better sensorless
control performance. Ref. [12, 13] propose the active distur-
bance rejection control (ADRC) strategy‐based and the
enhanced linear ADRC strategy‐based sensorless control
schemes, respectively. The total disturbance in the sensorless
drive is estimated by the extended state observer (ESO) and
compensated by a non‐linear error feedback controller.
Furthermore, some researchers try to develop novel injection
strategies to improve the sensorless control dynamic perfor-
mances. For instance, the literature in Ref. [14] injected the HF
signal into the ABC reference frame, which can not only
accurately obtain the rotor position information but also ach-
ieve good steady state and dynamic performances.

On the other hand, owing to the HF signal injection, the HF
current response suffers from HF harmonics, which will cause
additional torque ripple and losses. Thus, many researchers also
focus on compensating the negative influences of the injection‐
based methods, especially, the torque ripple. The existing
methods for suppressing the torque ripple mainly focus on the
optimisation of motor design [18–20] and the improvement of
control strategies [21–23]. Different from the conventional
sensorless control strategy with singleHF signal injected into the
d‐axis, Ref. [21] chooses a special voltage vector composed by
both d‐ and q‐axis HF signals. It has been confirmed that theHF
current responses will cause the minimum torque ripple when
the total magnitude of the injected composite signal is definite.
Similar to Ref. [21], the literature in Ref. [22] proposes a bi‐axis
HF signal injection (Bi‐HFSI) scheme, which can broaden the

torque spectrum so as to decrease the HF torque ripple. Both of
these methods mentioned before take full account of the char-
acteristics of the motor whose torque is affected by both d‐ and
q‐axis current responses. However, the magnitude of the injec-
ted signal is supposed to be as low as possible and how to select
an appropriate magnitude of the injected signal is not presented.
The literature in Ref. [23] also proposes a novel HF injection
method, which mainly focusses on reducing the influence of the
inverter non‐linearity by regulating the HF current ripple.
Although the current response performance is improved, suf-
ficient results of the torque ripple reduction are not presented.

It is noted that the torque performance is affected by the
additional signal injection, which can be relieved by reducing
the magnitude of the injected signal [11]. However, the
magnitude of the injected signal cannot be reduced under a
certain value due to the inverter non‐linearity [11, 23]. More-
over, in practical application, the injected magnitude margin
should be further discussed considering the quantisation error
of current sensors and undesirable disturbances. Therefore, the
injected signal with an adaptive magnitude could be a good
choice, and the magnitude is adjusted online according to the
motor operation condition.

This paper proposes a strategy to find the optimal magni-
tude of the injected signal for torque ripple reduction in square‐
wave voltage injection‐based IPMSM sensorless control.
Different from the existing injection methods, this scheme
adopts a signal with variable magnitude and the magnitude is
updated online by a three‐layer back propagation neural net-
works (BPNNs). The inputs of the BPNN are the d‐axis current
and position estimation error related parameters while the
output of the BPNN is treated as the magnitude of the injected
signal. With this kind of BPNN structure, the BPNN could
strive to reduce the magnitude of the signal while keeping
sufficient accuracy of the position estimation. In addition, this
scheme occupies a small amount of controller resources.

This paper is organised as follows. Section 2 introduces
the conventional sensorless control strategy based on the
square‐wave HF signal injection. In Section 3, the construc-
tion of the BPNN‐based optimal injection method is intro-
duced and the stability of the BPNN is analysed. Section 4
compares the experimental results of the conventional and
the proposed methods to illustrate the effectiveness of the
proposed method. Finally, Section 5 makes the conclusion of
this paper.

2 | CONVENTIONAL SQUARE‐WAVE
VOLTAGE INJECTION‐BASED IPMSM
SENSORLESS CONTROL AT LOW‐ AND
ZERO‐SPEED RANGE

2.1 | Control block diagram

Figure 1 shows the conventional HF square‐wave voltage
injection‐based IPMSM sensorless control block diagram. In
this paper, Field‐Oriented Control (FOC) is adopted as the
control strategy for the closed‐loop system. In order to achieve
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optimal torque performance, the maximum torque per ampere
(MTPA) control strategy based on lookup tables is adopted and
it can be obtained from numerical analysis.

2.2 | Mathematical model

In d‐q reference frame, the voltage model of IPMSM can be
expressed as

�
ud
uq

�

¼

�
Rs þ pLd −ωeLq

ωeLd Rs þ pLq

��
id
iq

�

þ

�
0

ωeψ f

�

ð1Þ

where ud and uq are the stator voltage components of d‐q axis.
id and iq are the stator current components of d‐q axis. Rs is the
stator resistance. Ld and Lq are the d‐q axis inductances. ωe is
the electrical speed of motor. ψf is the permanent magnet flux
linkage and p is the differential operator.

The electromagnetic torque of IPMSM can be expressed as

Te ¼ np

h
ψ f iq þ

�
Ld − Lq

�
iqid
i

ð2Þ

where Te represents the electromagnetic torque and np is the
number of pole pairs.

Since the frequency of the injected signal is much higher
than the IPMSM fundamental operation frequency at low‐ and
zero‐speed range, the terms associated with the stator resis-
tance and the electrical speed can be neglected. Then, Equa-
tion (1) can be further derived as

�
udh
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¼

�
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iqh
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ð3Þ
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�

p

"
iαh
iβh

#

ð4Þ

where L0 = (Ld + Lq)/2 and L1 = (Ld − Lq)/2. udh and uqh
are the HF stator voltage components of d‐q axis. idh and iqh
are the HF stator current components of d−q axis. uαh and
uβh are the HF stator voltage components of α−β axis. iαh
and iβh are the HF stator current components of α−β axis. θe
is the electrical rotor angle.

The injected HF square wave voltage can be described as

budinj ¼

(
Vh; half duty of PWM

−Vh; otherwise ; ðVh > 0 Þ

buqinj ¼ 0 ð5Þ

where symbol “ˆ” means the components of the estimated
rotor reference frame. budinj and buqinj represent the d‐ and q‐
axis injected signals, respectively. Vh is the magnitude of the
injected signal.

According to Equations (4) and (5), the relationship be-
tween the induced HF currents (iαh; iβh) and the injected
voltage budinj in the stationary reference frame can be described
as

"
iαh
iβh

#

¼

Z

budinj dt

2

6
6
6
4

cosðθeÞcosðΔθÞ
Ld
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Lq
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Ld

−
cosðθeÞsinðΔθÞ

Lq

3

7
7
7
5

ð6Þ

where ∆θe ¼ θe − bθe is the position error.
Supposing ∆θe is small enough, Equation (5) can be

derived as

�
iαh
iβh

�

¼

R
budinjdt
Ld

�
cosðθeÞ

sinðθeÞ

�

ð7Þ

Equation (7) reveals that the rotor position is contained in
the HF current responses in the stationary reference frame. To
extract the rotor position, Equation (7) needs to be demodu-
lated further as shown in Figure 2a. Then, let Kð∆θeÞ repre-
sent the demodulated signal in which the rotor position and
speed can be extracted by the phase‐locked loop (PLL).
Figure 2b shows the typical PID‐type PLL. K1, K2 and K3 are
the coefficients of the PLL. bJ eq represents the equivalent
moment of inertia.

The HF current responses can be further derived in the
estimated rotating reference frame as

�
bidh
biqh

�

¼

R
buinjdt
LdLq

�
L0 − L1 cosð2ΔθeÞ

−L1 sinð2ΔθeÞ

�

ð8Þ

where bidh and biqh are the HF current responses in the esti-
mated rotating reference frame, respectively.

F I GURE 1 Conventional high frequency (HF) square‐wave voltage
injection‐based interior permanent magnet synchronous motor (IPMSM)
sensorless control block diagram
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Supposing ∆θe is small enough, biqh tends to zero. There-
fore, the electromagnetic torque accounting for the influence
of the HF signal injection can be further expressed as

Te ¼ np

h
ψ f

�
iq þbiqh

�
þ
�
Ld − Lq

��
iq þbiqh

��
id þbidh

�i

≈ np

h
ψ f iq þ

�
Ld − Lq

�
iqid
i
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1

þ np
�
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�
iqbidh

|fflfflfflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflfflfflffl}
2

ð9Þ

It can be found from Equation (9) that the part 2,
especially the bidh is the primary factor for introducing the
additional torque ripple. It is noted that a large injection
magnitude could introduce more torque ripple. While a small
magnitude of the injected signal is unfavourable to the pre-
cision of position observation due to the accuracy of current
sensors. Therefore, it is important to balance the perfor-
mance between the torque ripple reduction and the position
observation.

Different from the conventional control strategy with a
fixed injection magnitude, a BPNN‐based control strategy is
developed in this paper to obtain the optimal magnitude of the
injected signal according to the motor operation condition.
The proposed control method can not only guarantee the
accuracy of position extraction but also reduce the torque
ripple caused by the HF current responses as much as possible.

3 | PROPOSED BPNN‐BASED IPMSM
SENSORLESS CONTROL FOR TORQUE
RIPPLE REDUCTION

This section introduces the proposed method, which calculates
the optimal magnitude of the injected signal based on the
BPNN. Figure 3 shows the control block diagram of the pro-
posed method. Different from the conventional schemes, the
proposed method adopts a variable injection magnitude Vh,

which is calculated by the proposed BPNN, as highlighted in
Figure 3. The parameters of the BPNN are updated by the
online learning algorithm based on the back propagation. To
guarantee the accuracy of position estimation, the demodulated
signal Kð∆θeÞ is adopted as one of the inputs of the BPNN.
The other inputs are related to the d‐axis HF current response
bidh. The k th and (k‐1)th sample instants of bidh are adopted to
reduce the torque ripple and the difference between k th and (k‐
1)th sample instants ∆bidh, that is, ∆bidh ¼bidhðkÞ −bidhðk − 1Þ is
considered to enhance the disturbance‐rejection capability un-
der load change. Moreover, the injection‐based sensorless
control is applicable to the low‐ and zero‐speed range. There-
fore, the applicability of the proposed method for medium‐ and
high‐speed range is not considered in this paper.

The details of the proposed method are introduced as
follows.

3.1 | STRUCTURE OF THE BPNN

The structure of the BPNN is shown in Figure 4.
The basic function and the signal propagation in each layer

are introduced as follows:

(1) Layer 1: The Input Layer. In this layer, the input and
output of each node can be described as follows:

F I GURE 2 High frequency signal process. (a) Signal demodulation.
(b) PID‐type phase‐locked loop (PLL)

F I GURE 3 Control block diagram of the proposed method
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node1i ðkÞ ¼ x1i ðkÞ; i¼ 1; 2; 3; 4 ð10Þ

y1i ðkÞ ¼ f 1i
�
node1i ðkÞ

�
¼ node1i ðkÞ ð11Þ

where x1i is the input of the ith node in this layer. y1i represents
the output of the ith node. f 1i ð⋅Þ represents a unity function of
the ith node. K represents the kth sample time.

Define the inputs of the BPNN as

α1ðkÞ ¼ KðΔθe Þ

α2ðkÞ ¼ Δbidh ¼bidhðkÞ −bidhðk − 1Þ
α3ðkÞ ¼bidhðk − 1Þ
α4ðkÞ ¼bidhðkÞ

ð12Þ

where Kð∆θeÞ represents the demodulated signal shown
in Figure 2. bidh is the d‐axis HF current response shown in
Equation (8).

(2) Layer 2: The Hidden Layer. In this layer, the Leaky recti-
fied linear unit (ReLU) function is adopted as the activa-
tion function so as to accelerate convergence. Then, the
input and output can be described as follows:

node2j ðkÞ ¼
X

i

�
ω2

ijðkÞx
2
j ðkÞ

�
þ b2j ðkÞ; j ¼ 1; 2; 3; 4 ð13Þ

y2j ¼ f 2j
�
node2j ðkÞ

�
¼

8
<

:

node2j ðkÞ if node2j ðkÞ > 0

a2node2j ðkÞ if node2j ðkÞ ≤ 0
ð14Þ

where x2j ¼ y1i ðkÞ is the input of this layer. ω2
ij and b2j are the

weights and bias of the jth node associated with the ith input
variable, respectively. y2j represents the output of the jth node.

f 2j ð⋅Þ represents a unity function of the jth node, and a2 rep-

resents a constant value. f 2j
�
node2j ðkÞ

�
represents the L‐ReLU

function output.

(3) Layer 3: The Output Layer. The output of this layer is
adopted as the magnitude of the injected HF signal, which
should always be positive. Therefore, the non‐negative
ReLU function is adopted as the activation function. Then,
the input and output can be described as follows:

node3oðkÞ ¼
X

j

�
ω3

joðkÞx
3
oðkÞ

�
þ b3oðkÞ; o¼ 1 ð15Þ

y3o ¼ f 3o
�
node3oðkÞ

�
¼

8
<

:

node3oðkÞ if node3oðkÞ > 0
0 if node3oðkÞ ≤ 0

ð16Þ

where x3o ¼ y2j ðkÞ is the input of this layer. ω3
jo and b3o are the

weights and bias of the oth node associated with the jth input
variable, respectively. y3oðkÞ represents the output of the oth

node. f 3oð⋅Þ represents a unity function of the oth node.

f 3o
�
node3o

�
represents the non‐negative ReLU function output.

3.2 | Online learning algorithm

The gradient decent method is adopted to describe the online
learning algorithm. Then, the energy function can be defined
as follows [24]:

V ðkÞ ¼
1
2

h
ðα1ðkÞÞ

2
þ ðα2ðkÞÞ

2
þ ðα3ðkÞÞ

2
þ ðα4ðkÞÞ

2
i
ð17Þ

The learning algorithm can be described as follows:
Layer 3: The error term to be propagated is given by:

δ3o ¼
∂V ðkÞ

∂node3oðkÞ
¼
∂V ðkÞ
∂y3oðkÞ

∂y3oðkÞ
∂node3oðkÞ

ð18Þ

The connective weights ω3
jo and bias b3o are updated as

follows:

ω3
joðkÞ ¼ ω3

joðk − 1Þ þ η3δ
3
o _y3oðkÞ

b3oðkÞ ¼ b3oðk − 1Þ þ η3δ
3
o

ð19Þ

where η3 is the learning rate of layer 3.
Layer 2: The error term to be propagated is calculated as

follows:

δ2j ¼
�

ω3
joðkÞ

�T
δ3o

∂V ðkÞ
∂node2j ðkÞ

¼
�

ω3
joðkÞ

�T
δ3o

∂V ðkÞ
∂node3oðkÞ

∂node3oðkÞ
∂node2j ðkÞ

ð20Þ

Then the connective weights ω2
ij and bias b2j are updated as

follows:

ω2
ijðkÞ ¼ ω2

ijðk − 1Þ þ η2δ
2
j _y2j ðkÞ

b2j ðkÞ ¼ b2j ðk − 1Þ þ η2δ2j
ð21Þ

where η2 is the learning rate of layer 2.
Due to the uncertainty of the IPMSM drive, the exact value

of the terms contained in ∂V= ∂ node3o cannot be calculated
directly. According to Ref. [24], this problem can be relieved by

F I GURE 4 Proposed network structure
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adopting the delta adaptation law [25], which can be repre-
sented as follows:

δ3o ¼ α1ðkÞ þ α2ðkÞ þ α3ðkÞ þ α4ðkÞ ð22Þ

Then, the introduction of the learning algorithm is
complete.

3.3 | Stability analysis

The main point of selecting the learning rate is to guarantee
the convergence of the BPNN. Therefore, the analysis of
the aforementioned discrete‐type Lyapunov function should
be considered. Then, the learning rate can be derived as
follows:

η3 ¼
V ðkÞ=2
Q3 þ ε

η2 ¼
V ðkÞ=2
Q2 þ ε

ð23Þ

Q3 ¼

 
∂V ðkÞ

∂node3oðkÞ
∂node3oðkÞ
∂ω3

joðkÞ

!2

Q2 ¼
X4

j¼1

 
∂V ðkÞ

∂node2j ðkÞ
∂node2j ðkÞ
∂ω2

ijðkÞ

!2
ð24Þ

where ε is a small positive integer.
Transferring the energy function in Equation (16) as a

discrete‐type Lyapunov function, it can be written as
follows:

ΔV ðkÞ ¼ V ðkþ 1Þ − V ðkÞ ð25Þ

Then, the energy function can be derived as

V ðkþ 1Þ ¼ V ðkÞ þ ΔV ðkÞ

≈ V ðkÞ þ

"
∂V ðkÞ
∂ω3

joðkÞ
Δω3

joðkÞ

#

þ
X4

j¼1

"
∂V ðkÞ
∂ω2

ijðkÞ
Δω2

ijðkÞ

#

¼
V ðkÞ
2

− η3

"
∂V ðkÞ

∂node3oðkÞ
∂node3oðkÞ
∂ω3

joðkÞ

#2

þ
V ðkÞ
2

− η2
X4

j¼1

"
∂V ðkÞ

∂node2j ðkÞ
∂node2j ðkÞ
∂ω2

ijðkÞ

#2

ð26Þ

Substituting the learning rate shown in Equation (23) into
Equation (26), the following result can be obtained:

V ðkþ 1Þ < V ðkÞ ð27Þ

Then the proof of convergence of system is complete.

4 | EXPERIMENTAL RESULTS

To perform a fair comparison, the experiments of the con-
ventional and the proposed methods are all based on the
same test rig and under the same conditions. The only dif-
ference is that the conventional method adopts a fixed in-
jection magnitude while the proposed method employs an
optimal injection magnitude based on the BPNN structure.
The details of the experimental setup and results are intro-
duced as follows.

All the experiments have been verified on a 3 kW IPMSM
drive using a DSP/FPGA‐based control board as shown in
Figure 5 and the basic parameters of the tested IPMSM are
listed in Table 1.

A Texas Instruments TMS320F28335 DSP and an Altera
EP3C25Q240C8n FPGA are adopted in this experiment. The
DSP is adopted to execute the proposed algorithm and the
FPGA is in charge of outputting the control waveform. The
frequency of the IGBT switching is set as 10 kHz, and the
FOC is adopted as the control strategy during the IGBT
switching periods. In order to obtain better operation per-
formance, the bandwidth of the speed regulator will not be set
too large [1]. In addition, the rotor position will be extracted
by the PLL whose inputs should be normalised since the poles
of the PLL may change at different speeds without normal-
isation. The normalisation process can be expressed in
Figure 6.

In the following experiments, the frequency of the injected
HF signal is set as 5 kHz, that is, half of the PWM frequency.
For comparison, the conventional method adopts a fixed
magnitude of injected signal, while in the proposed method, the
magnitude is calculated by the BPNN. Moreover, when the
motor runs in low‐speed range, the fundamental frequency of
motor is much lower than the switching frequency. In other
words, the injected signal does not need to be updated
frequently. In this paper, the update frequency of the injected
signal is set as 1 kHz. Accounting for the computation burden
and the controller resources, the total BPNN algorithm can be
divided into 10 steps, that is, S1‐10 shown in Figure 7. In every
control period, only one executed step is contained. The
computing time of each step is also shown in Figure 7.
Therefore, the proposed method will not result in a lot of
computation burden. Furthermore, the output of the BPNN
needs to be limited within a certain range for avoiding the
extreme disturbance such as the locked rotor, which will worsen
control performance. In this paper, the output of the BPNN is
limited within 0–20 V.
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4.1 | Motor start‐up with step load change

Figures 8, 9 and 10 show the comparison between the con-
ventional sensorless control method and the proposed method
at motor start‐up with step load change. In these three ex-
periments, the motor starts up from 0 to 150 rpm with a light
load of 2 nm and the load changes to 11 nm after the motor
runs at steady‐state. The results in each group contains five
aspects, which are the rotor speed, the rotor position, the
position error, the magnitude of the injected signal and the
electromagnetic torque performance, and the phase currents
(phase A and B) responses, respectively. The only different
among the three conditions is the magnitude of injected signal,
that is, Figures 8 and 9 adopt 10 and 15 V, respectively, while
Figure 10 adopts the magnitude calculated by the proposed
BPNN.

First, it can be seen from Figures 8 and 9 that in terms of
the performance of position tracking, both of them can track
the rotor position precisely at steady‐state and both of the

position error can be limited within 0.05 π. However, when the
motor starts up or under step load changing, the position
tracking almost fails when the magnitude of injected signal is
set as 10 V. The motor even reverses when the load changes to

F I GURE 5 Experimental setup

TABLE 1 Basic parameters of interior permanent magnet
synchronous motor (IPMSM)

Parameters IPMSM

Rated power 3.0 kW

Rated speed 2000 rpm

Rated current 14.6 A

Rated torque 12.7 Nm

Phase resistance 0.23 Ω

d‐axis inductance 1.96 mH

q‐axis inductance 2.38 mH

Pole pairs 5

DC‐link voltage 220 V

Abbreviation: IPMSM, interior permanent magnet synchronous motor

F I GURE 6 Normalisation of currents

F I GURE 7 Algorithm flow

F I GURE 8 Motor start‐up with step load change under conventional
method with 10 V high‐frequency (HF) signal injection
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11 nm. It can be concluded that the excessive low injected
voltage will cause the failure of position tracking, and the same
conclusion is also confirmed in Ref. [11]. However, because of
the lower voltage injection, the performance of the electro-
magnetic torque and phase current responses become better.
The torque ripple under 10 V voltage injection is limited within
1.3 nm while that of the 15 V voltage injection is limited within
2.1 nm. The total harmonic distortion (THD) reduces from
16.616%, with 15 V voltage injection, to 13.462%, with 10 V
injection. These improvements of torque performance and
THD are mainly caused by the decrease of current ripple due
to the lower voltage injection. It seems that 10 V is near the
critical voltage of the test motor. For the better position
tracking performance, the following conventional method‐
based experiments both adopt 15 V as the magnitude of
injection.

Second, compared with Figures 8 and 9, Figure 10 shows the
motor runs at better performance in both position error and
torque ripple under load changing. In the one hand, at the
steady‐state performance, the position error is limited within
0.05π, which is the same as the conventional method. The
magnitude of the injected signal is almost 11 V with slightly
fluctuating within 1.2 V. When the load changes from 2 to
11 nm, themagnitude increases and back to stable soon. In other
words, the magnitude could adjust the position error, which is
influenced by the sudden load changing and guarantee large
enough current responses for position tracking. On the other
hand, the performances of the electromagnetic torque and
phase current responses are almost the same as the conventional
method with 10 V voltage injection, which is better than that of
the conventional method with 15 V voltage injection.

It is also worthy noticing that the magnitude of injection in
Figure 10 is fluctuating around 11 V and is limited within 1.2 V

at steady‐state. It will bring some unfavourable impacts on the
current responses, especially on Kð∆ θeÞ, but still under the
adjustment capabilities of the PLL. In fact, Kð∆θeÞ could be
influenced by some factors such as the varying of the in-
ductances of the motor (Ld, Lq) and inverter non‐linearity
mentioned above [11]. However, normalisation and some
robust PLL [2] could partly reduce these unfavourable impacts.

4.2 | Static performance

Figures 11, 12 and 13 show the comparison between the
conventional method and the proposed method at steady‐state
with different loads. The load conditions in each figure are 5, 8
and 11 nm, respectively, while the speeds of the motor are all
150 rpm. The results in each group contains five aspects, which
are the rotor position, the position error, the magnitude of the
injected signal, the electromagnetic torque performance, and
the phase current (phase A and B) responses, respectively.

It can be seen from the results that under the three load
conditions, the position tracking performance of proposed
method is almost the same as the conventional method. The
position error is limited within 0.05 π whether under fixed
15 V signal injection or under varying ones. However, with
regard to the three different load conditions, the torque per-
formance and phase current responses have been improved
under the proposed method. The torque ripples are limited
within 0.7, 0.9 and 1.3 nm compared with that of the con-
ventional method, limited within 0.9, 1.5 and 2.1 nm. It can
also be seen that the performances of phase current responses
are also be improved, in which the THD reduces from
16.833%, 16.683% and 16.732% to 13.726%, 13.738% and
13.658%, respectively.

F I GURE 9 Motor start‐up with step load change under conventional
method with 15 V high‐frequency (HF) signal injection

F I GURE 1 0 Motor start‐up with step load change under proposed
method with variable high‐frequency (HF) signal injection
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Furthermore, the magnitude of the injected signal fluctu-
ates around 11 V. The main reason is that the Vh calculated by
the BPNN is influenced by the high‐frequency current
response bidh. According to Equations (8) (16) and (22), they
both fluctuate due to the injected signal, but they are still under
adjustment capabilities of the PLL. Therefore, the motor could
still run steadily under the proposed method.

4.3 | Step speed change

Figure 14 shows the comparison between the conventional
method and the proposed method at 11 nm load condition
under three speeds, that is, 100, 150 and 200 rpm. The results
in each group contain five aspects, which are the rotor speed,
the position error, the magnitude of the injected signal, the
electromagnetic torque performance, and the phase currents
(phase A and B) responses respectively.

It can be seen that the position extraction accuracy of the
proposed method is basically the same as the conventional
method over the whole speed region. The position error is
limited within 0.05π in both methods. The magnitude of in-
jection is around 11 V and fluctuated within 1 V. Kð∆θeÞ may
be influenced by this unfavourable factor but still under the
adjustment capabilities of the PLL, as mentioned above. The
torque ripple can be reduced significantly and the performance
of the current responses could be improved.

Therefore, it can be concluded that the proposed method
can not only achieve high accuracy of position estimation but
also significantly reduce the torque ripple to improve the tor-
que performance of the motor.

5 | CONCLUSION

This paper proposed a BPNN‐based torque ripple reduction
strategy for the HF square‐wave voltage‐injection‐based
IPMSM sensorless control. First, the conventional HF
square‐wave voltage‐injection‐based IPMSM sensorless control
strategy was introduced and the additional torque ripple
introduced by the HF voltage signal was analysed. Second, the

F I GURE 1 3 Static performance at 150 rpm with 11 nm load.
(a) Conventional method. (b) Proposed method

F I GURE 1 1 Static performance at 150 rpm with 5 nm load.
(a) Conventional method. (b) Proposed method

F I GURE 1 2 Static performance at 150 rpm with 8 nm load.
(a) Conventional method. (b) Proposed method
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details of the proposed BPNN‐based IPMSM sensorless con-
trol scheme were presented. The d‐axis current and position
estimation error related parameters were considered as the in-
puts of the BPNN, and the output of the BPNN was treated as
the signal injection magnitude. Finally, the experimental results
were presented to illustrate the effectiveness of the proposed
scheme. With the aid of the BPNN, the optimal injection
magnitude can be obtained and updated online to reduce the
torque ripple as much as possible while guaranteeing the ac-
curacy of position estimation. Compared with the conventional
fixed injection magnitude, the peak‐to‐peak value of the torque
ripple can be reduced by nearly half while the accuracy of po-
sition estimation is unchanged in the proposed scheme.
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