
IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 41, NO. 4, APRIL 2026 5177

Bi-Axis High-Frequency Sinusoidal Injection Based
MTPA Control Method for Sensorless IPMSM Drives

Yunhao Yan , Guoqiang Zhang , Senior Member, IEEE, Qiwei Wang , Member, IEEE,
Binxing Li , Member, IEEE, Kairan Wang , Gaolin Wang , Senior Member, IEEE,

and Dianguo Xu , Fellow, IEEE

Abstract—The cross-saturation effect causes estimated position
inaccuracies, making it difficult to achieve satisfactory maximum
torque per ampere (MTPA) control for sensorless interior perma-
nent magnet synchronous motor (IPMSM) drives. To reduce the
influence of position estimation error on the optimal current vector
angle (OCVA) tracking, a novel bi-axis high-frequency (HF) sinu-
soidal injection based sensorless MTPA control method is proposed.
On the basis of analyzing the influence of position estimation error
and parameter mismatch on the OCVA error, a bi-axis HF signal
injection mechanism in the zero-mutual-inductance and MTPA
frames is established to realize the position estimation and the
OCVA tracking, respectively. The efficiency optimization operation
criterion is constructed by extracting the excited HF current in
the MTPA frame. Then the adaptive compensation mechanism of
the current vector angle tracking error is designed, so that the
MTPA frame finally converges to the desired position. Theoretical
analysis of stability, noise sensitivity and dynamic performance
shows that the proposed method can reduce adverse effects such as
the cross-saturation effect. Finally, the effectiveness of the proposed
method is verified on a 2.2-kW IPMSM drive platform, enhancing
the precision of MTPA control for sensorless IPMSM drives.

Index Terms—Bi-axis injection, cross-saturation effect, high-
frequency signal injection (HFSI), interior permanent magnet
synchronous motor (IPMSM), maximum torque per ampere
(MTPA), position estimation error.

I. INTRODUCTION

THE widespread use of inefficient motors causes waste of
electricity and high carbon emissions. Permanent magnet

synchronous motor (PMSM) has become crucial for enhancing
the energy efficiency of motor drive systems due to its high power
density and efficiency, including interior PMSM (IPMSM) and
surface-mounted PMSM [1], [2], [3]. To reduce system cost
and size, improve reliability in harsh environments, position
sensorless control has received extensive attention. In addition,

Received 25 June 2025; revised 30 August 2025 and 25 October 2025; ac-
cepted 2 November 2025. Date of publication 10 November 2025; date of current
version 19 January 2026. This work was supported by the Research Fund for the
National Natural Science Foundation of China under Grant 52522703, Grant
52577041, and Grant 52125701. Recommended for publication by Associate
Editor Y.-M. Chen. (Corresponding author: Guoqiang Zhang.)

The authors are with the School of Electrical Engineering and
Automation, Harbin Institute of Technology, Harbin 150001, China.
(e-mail: 25b306011@stu.hit.edu.cn; zhgq@hit.edu.cn; wqwhit@hit.edu.cn;
lbx@hit.edu.cn; 24b306010@stu.hit.edu.cn; wgl818@hit.edu.cn; xudi-
ang@hit.edu.cn).

Color versions of one or more figures in this article are available at
https://doi.org/10.1109/TPEL.2025.3630813.

Digital Object Identifier 10.1109/TPEL.2025.3630813

the maximum torque per ampere (MTPA) control has become
an important way to improve motor efficiency by optimizing the
current vector angle [4], [5].

Currently, MTPA control can be broadly categorized into four
types, including the analytic calculation-based method, the look-
up table (LUT)-based method, the extremum seeking-based
method, and the power-perturbation-based method [6]. The an-
alytic calculation-based method calculates the optimal current
vector angle (OCVA) by motor model, which involves complex
math operations, increasing computational burden and is sensi-
tive to motor parameters [7]. The LUT-based method obtains the
OVCA with offline measurements, affecting the generalizability
[8]. The extremum seeking-based method adjusts the current
vector angle in fixed or variable steps to obtain the OVCA, the
stability and dynamic performance under complex conditions
need to be improved [9]. The power-perturbation-based method
injects actual or virtual high-frequency (HF) signals to obtain the
OCVA by constructing the MTPA criterion using the extracted
power perturbation [10], [11], [12], [13], [14], [15]. In [13], the
influence of the inductance nonlinearity on the MTPA control
accuracy was reduced by establishing an offline inductance pa-
rameter table. In [14], the feedforward decoupling compensation
was proposed to correct the error between the nominal and actual
values of the inductance and permanent magnet flux. Both in [13]
and [14], the cross-saturation effect is not considered. In [15], a
virtual signal injection method with offline parameters was pro-
posed to mitigate the cross-saturation effect for accurate MTPA
control. In this method, the dependence of offline parameters
needs to be reduced to enhance the generalizability. Therefore,
further studies on the influence of the inductance nonlinearity
and the cross-saturation effect are needed to improve the MTPA
control accuracy.

On the other hand, the MTPA control is affected by the
position estimation error in sensorless IPMSM drives. In the
medium- and high-speed region, the back electromotive force
or flux linkage observers were designed to estimate position.
In zero- and low-speed region, the HF signal injection (HFSI)
method has been widely used due to its robustness. Despite the
low parameter dependence of HFSI method, the cross-saturation
effect can still cause position estimation error [16]. To fur-
ther enhance the performance of HFSI method, some scholars
have proposed position estimation error suppression methods,
mainly including the offline and online compensation [17], [18],
[19]. The above methods can suppress the position estimation
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error caused by the cross-saturation effect. However, additional
suppression algorithms increase the complexity of the control
system. In addition, MTPA control affected by motor parameters
should be considered.

Position estimation error and inductance nonlinearity reduce
the accuracy of MTPA control in sensorless IPMSM drives,
which have been investigated. In [20], an HF square wave signal
was injected to realize both sensorless and MTPA control by
demodulating and eliminating some components of the excited
current. In this method, the cross-saturation effect is not consid-
ered. In [21], based on the active flux model, the virtual q-axis
inductance was constructed and adjusted to obtain the OCVA.
This method is only available for the medium- and high-speed re-
gion. In [22], the adaptive projection vector was used to estimate
rotor position and the optimal reference current for MTPA condi-
tions was designed considering parameter mismatch to achieve
precise torque control. This method achieves excellent results in
the medium- and high-speed region, and the performance in the
low-speed region needs to be improved. In [23], the current vec-
tor frame was constructed by overlapping the estimated q-axis
with the current vector. The dynamic inductance was estimated
by injecting pulsating voltage signals and a frequency-adaptive
flux observer was designed to obtain the stator flux informa-
tion. Then the MTPA criterion can be calculated to obtain the
OCVA. Due to the use of frequency-adaptive flux observer, this
method is limited to the low-speed region. In [24], an MTPA
control method for low-speed operation was proposed based
on [23]. However, this method requires offline commissioning
parameters. In [25], the transient response current slopes of the
fundamental maximum active-voltage vector were utilized to
splice a specific second harmonic signal containing the OCVA
information. Due to the need of sampling the current slopes
of the active- and zero-voltage vectors during the PWM cycle,
a higher accuracy current sampler is required. For sensorless
IPMSM drives, further research is needed to realize the accurate
tracking of the OCVA in the presence of the position estimation
error and the inductance nonlinearity.

In this article, a novel bi-axis HF sinusoidal injection based
sensorless MTPA control method is proposed to improve the
OCVA tracking accuracy under the position estimation error.
First, the influence of position estimation error and parameter
mismatch on the OCVA tracking error is analyzed. To realize
the position estimation and the OCVA tracking, a bi-axis HFSI
mechanism in the zero-mutual-inductance and MTPA frames
is investigated. In the proposed method, the torque equation
and the efficiency optimization operation criterion construction
approach are analyzed in the presence of position estimation
error. And the control criterion in the MTPA frame is estab-
lished with the extracted excited HF current, so as to reduce
the dependence on the motor parameters. To lead the MTPA
frame finally converge to the optimal current vector frame,
the OCVA tracking error adaptive compensation algorithm is
designed by utilizing the reconstructed efficiency optimization
operation criterion. Furthermore, a detailed theoretical analysis
is carried out in terms of stability and dynamic performance.
Finally, the experiments show the effectiveness of the proposed
method on a 2.2-kW IPMSM drive platform.

Fig. 1. Reference frames of sensorless IPMSM drives.

II. ANALYSIS OF OCVA TRACKING ERROR IN SENSORLESS

CONTROLLED IPMSM DRIVES

A. Position Estimation Based on HFSI Method

Fig. 1 illustrates the reference frames used to analyze the
HFSI based position estimation method for sensorless IPMSM
drives. α–β, d–q, de–qe, dzm-qzm, and dM-qM frames denote the
stationary frame, the rotary frame, the estimated frame, the
zero-mutual-inductance frame, and MTPA frame, respectively.
The zero-mutual-inductance frame is newly defined to describe
the frame with a special position related to the cross-saturation
effect. In this frame, the mutual-inductance is zero in the math-
ematical expression, but the cross-saturation effect does not dis-
appear. The MTPA frame coincides with the current vector. ωe

and ω̂e are the actual and estimated speeds, respectively. θe, θ̂e,
and θ̃e denote the actual position, the estimated position and the
position estimation error, respectively, and θ̃e = θe − θ̂e. The
variables in the estimated frame are distinguished by the super-
script “e.” Similarly, the variables in the zero-mutual-inductance
frame and MTPA frame are superscripted with “zm” and “M”,
respectively.

The HF mathematical model of IPMSM in the de-qe axes can
be expressed as

ue
dqh = uh = eθ̃eJLdqe

−θ̃eJ · piedqh (1)

where ue
dqh= [uedh, ueqh]T and iedqh= [iedh, ieqh]T are the

de–qe axis HF voltage and current vectors, respectively.
uh=[Uhcos(ωht), 0]T is the injected HF voltage vector, where
Uh and ωh are voltage amplitude and injection frequency, re-
spectively. Ldq= [Ld, Ldq; Lq, Lqd] is the d–q axis inductance
matrix, where Ldq and Lqd are mutual-inductances, and Ldq =
Lqd. J = [0 −1; 10] is the orthogonal matrix. p is the differential
operator.

From (1), the HF current in the de-qe axes can be obtained as[
iedh
ieqh

]
=
∫
Uh cos(ωht)dt

(LdLq−L2
dq)

⎡
⎣L0−L1 cos

(
2θ̃e

)
+Ldq sin

(
2θ̃e

)
−L1 sin

(
2θ̃e

)
−Ldq cos

(
2θ̃e

)
⎤
⎦

= Uh sin(ωht)

ωh(LdLq−L2
dq)

⎡
⎣L0−L1 cos

(
2θ̃e

)
+Ldq sin

(
2θ̃e

)
−L1 sin

(
2θ̃e

)
−Ldq cos

(
2θ̃e

)
⎤
⎦

(2)

where L0 and L1 are the average and the difference inductances,
respectively, which are defined as L0 = (Ld + Lq)/2 and L1 =
(Ld – Lq)/2.
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The HF current amplitudes can be obtained from the extracted
HF current with a demodulation algorithm as[
Iedh
Ieqh

]
= LPF

([
iedh
ieqh

]
· sin (ωht)

)

= Uh

2ωh(LdLq−L2
dq)

⎡
⎣L0−L1 cos

(
2θ̃e

)
+Ldq sin

(
2θ̃e

)
−L1 sin

(
2θ̃e

)
− Ldq cos

(
2θ̃e

)
⎤
⎦

(3)
where Iedh and Ieqh are the de–qe axis HF current amplitudes,
respectively. LPF represents the low-pass filter.

From (3), the qe-axis HF current amplitude contains position
error information, thus, the position tracking error ε can be
obtained as

ε =
Ie
qh√

Ie
dh

2+Ie
qh

2

=

√
L1

2+Ldq
2·sin(2(θ̃e+θzm))√

Lq
2+Ldq

2+2L0L1(1−cos(2θ̃e))+2L0Ldq sin(2θ̃e)

(4)

θzm =
1

2
arctan (2Ldq/(Ld − Lq)) (5)

where θzm is the position estimation error caused by the cross-
saturation effect.

Conventionally, the rotor position and speed can be obtained
by feeding (4) into a phase-locked loop. However, due to the
cross-saturation effect, the estimated position can deviate from
the actual position by θzm [26]. The severe cross-saturation
effect can even affect the stability of the sensorless control.
For ease of description, this deviated reference frame dzm-qzm,
which incorporates errors caused by the cross-saturation effect,
is called the zero-mutual-inductance frame.

In the zero-mutual-inductance frame, qe-axis HF current am-
plitude can be expressed as

Ieqh =
Uh

2ωh

(
LdLq − L2

dq

) (L1 sin (2θzm)− Ldq cos (2θzm))

= − Uh

2ωh

(
LdLq − L2

dq

)Lzm
dq = 0 (6)

where, Uh

2ωh(LdLq−L2
dq)

�= 0.

Therefore, in the zero-mutual-inductance frame, the mutual
inductance is zero in the mathematical expression.

B. Influence of Position Estimation Error and Parameter
Mismatch on the OCVA Tracking Error

Due to the presence of position estimation error, there are
mismatches between the control parameters and the actual pa-
rameters for MTPA control in sensorless controlled IPMSM
drives, causing the OCVA tracking error. Considering the po-
sition estimation error, the actual inductance matrix and the flux
matrix in the de–qe axes are

Le
dq = eθ̃eJLdqe

−θ̃eJ ,ψe
dqf = eθ̃eJψf (7)

where Le
dq = [Le

d, Le
dq; Le

q , Le
qd] is the de–qe axis inductance

matrix.ψe
dqf = [ψe

df , ψe
qf ]T is the de–qe axis permanent magnet

flux. ψf = [ψf, 0]T is d–q axis permanent magnet flux.

Fig. 2. Inductance parameter and OCVA tracking error when the position
estimation error exists. (a) de–qe axis inductance. (b) OCVA tracking error.

On the other hand, Ld, Lq, and Ldq vary with load due
to the inductance nonlinearity and the cross-saturation effect
[27], [28]. Thus, the actual parameters are inconsistent with the
nominal parameters, and a relationship exists as{

Ldq = L̂dq+L̃dq

ψf = ψ̂f+ψ̃f

(8)

where the superscripts “^” and “∼” indicate the nominal param-
eters and the difference between the actual parameters and the
nominal parameters, respectively. L̂dq = [L̂d, L̂dq; L̂q , L̂qd] is

the d–q axis nominal inductance matrix. L̃dq = [L̃d, L̃dq; L̃q ,

L̃qd] is the d–q axis inductance error matrix. ψ̂f = [0, ψ̂f ]T is

the d–q axis nominal permanent magnet flux. ψ̃f = [0, ψ̃f ]T is
the error in the d–q axis permanent magnet flux.

Taking the position estimation error, the inductance nonlin-
earity and the cross-saturation effect into account, the parameter
error can be expressed as{

L̃
e

dq = L̂dq −Le
dq

ψ̃
e

dqf = ψ̂f −ψe
dqf

(9)

where L̃
e

dq = [L̃e
d, L̃e

dq; L̃e
q , L̃e

qd] is the de–qe axis inductance

error matrix. ψ̃e
dqf = [ψ̃e

df , ψ̃e
qf ]T is the error in the de–qe axis

permanent magnet flux.
Based on (9), the relationship between the nominal and the

de–qe axis parameters is shown in Fig. 2(a). If the nominal
parameters are directly used, the performance of sensorless
MTPA control will be affected.

As shown in (10), MTPA control is realized by constructing
the torque-current partial derivative dTe/dβdq as the MTPA
criterion. βdq is the d–q axis OCVA. Te is the electromagnetic
torque. When dTe/dβdq = 0, the output torque is maximized at
this current vector angle for the same current amplitude, and the
motor operates under MTPA conditions

dTe
dβdq

=
∂Te
∂id

· did
dβdq

+
∂Te
∂iq

· diq
dβdq

=
3np
2

[
(Ld − Lq)

(
id

2 − iq
2
)
+ 4Ldqidiq + ψf id

]
(10)

where np is the number of pole pairs. The id and iq are the d–q
axis stator currents, respectively.
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TABLE I
PARAMETERS OF THE TEST IPMSM

Fig. 3. Block diagram of the proposed bi-axis HF sinusoidal injection based
sensorless MTPA control method.

For (10), since it is difficult to obtain the motor parameters
accurately, the MTPA criterion constructed from the nominal
parameters is not equal to the desired MTPA criterion, affecting
the MTPA control accuracy. Fig. 2(b) shows the error between
the current vector angle calculated with nominal parameters and
the OCVA in the presence of position estimation error. And the
motor parameters used are the nominal parameters of the actual
motor, as given in Table I. The d–q axis OCVA is obtained by
the extremum seeking-based method when the motor operates
with sensor control. The OCVA tracking error βerr is defined as
(11), and as shown in Fig. 2(b), the maximum OCVA tracking
error can reach −22.5°. Consequently, the position estimation
error and parameter mismatch have a large impact on the MTPA
control

βerr = (βdq + θe)−
(
βcal + θ̂e

)
(11)

where βcal is the current vector angle calculated with nominal
parameters.

III. PROPOSED BI-AXIS HF SINUSOIDAL INJECTION-BASED

MTPA CONTROL METHOD

To achieve effective MTPA control under the position esti-
mation error, the bi-axis HF sinusoidal injection-based method
is proposed, as shown in Fig. 3. Two HF sinusoidal signals are
injected in the estimated and MTPA frame to realize position
estimation and the OCVA tracking, respectively. Unlike the
conventional MTPA control method that assigns currents in the

Fig. 4. Relationship of the OCVA under different control frames.

d–q axes, this method performs vector control in the MTPA
frame. The MTPA frame converges to the optimal current vector
frame under the algorithm adjustment to realize the MTPA
control. It is worth noting that the proposed method is mainly
available in the zero- and low-speed ranges. For higher speed
range, a combination of model-based methods and the existing
MTPA control methods are needed to achieve MTPA control for
sensorless IPMSM drives.

A. MTPA Criterion Construction in Estimated Frame

When motor load is constant, the current vector does not
rotate with the rotation of the control frame in steady state.
As shown in Fig. 4, the sum of the de–qe axis OCVA βe

dq and

the position estimation error θ̃e is equal to the d–q axis OCVA
βdq. Considering the relationship between motor parameters and
position estimation error, the expressions of MTPA criterions
under different frames are not the same. If the d–q axis MTPA
criterion is used directly, it is difficult to realize accurate MTPA
control when the position estimation error exists. The de–qe axis
MTPA criterion is constructed in the following.

The de–qe axis steady-state voltage equation and flux equation
are shown as

ue
dq = Rsi

e
dq + ω̂eJL

e
dqi

e
dq+ω̂eJψ

e
dqf (12)

ψe
dq = Le

dqi
e
dq+ψ

e
dqf (13)

whereψe
dq = [ψe

d,ψe
q]T is the de–qe axis flux vector.ue

dq = [ued,
ueq]T is the de–qe axis stator voltage vector. iedq = [ied, ieq]T is the
de–qe axis stator current vector. Rs is the stator resistance.

From (13), the de–qe axis torque can be expressed as

Te =
3np
2
iedq

TJψe
dq

=
3np
2

[(
Le
d−Le

q

)
iedi

e
q−Le

dq

(
ied

2−ieq2
)
+ψe

df i
e
q−ψe

qf i
e
d

]
.

(14)

Therefore, the de–qe axis MTPA criterion when the position
estimation error exists can be obtained as
dTe
dβe

dq

=
∂Te
∂ied

· di
e
d

dβe
dq

+
∂Te
∂ieq

· dieq
dβe

dq

=
3np
2

[(
Le
d−Le

q

) (
ied

2−ieq2
)
+4Le

dqi
e
di

e
q+ψ

e
qf i

e
q+ψ

e
df i

e
d

]
.

(15)
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Fig. 5. Control frame adjustment diagram of the proposed method. (a) Before
adjustment. (b) After adjustment.

The general expression for the MTPA criterion in the presence
of position estimation error is presented in (15). According to
(15), the MTPA criterion in the MTPA frame can be further
derived.

Adjusting the de–qe axis MTPA criterion and when dTe/dβe
dq

= 0, the de–qe axis OCVA can be obtained. Due to the position
estimation error and the inductance nonlinearity, the MTPA
criterion cannot be accurately obtained, and thus the OCVA can-
not be accurately tracked. The conventional position estimation
error suppression algorithms could be used. However, it is also
difficult to completely eliminate the error, and also the MTPA
control is still sensitive to motor parameters.

B. MTPA Control Under Position Estimation Error

From (4), due to the cross-saturation effect, the sensorless
control frame eventually converges to the dzm-qzm axes. If the
conventional MTPA control is adopted, there will be a deviation
between the tracked current vector angle and the OCVA. Thus,
the bi-axis HF sinusoidal injection based sensorless MTPA con-
trol method is proposed to achieve effective MTPA control. To
avoid mutual influence between the two injected HF signals, the
injection frequencies are set to be different, and can be expressed
as

uzm
h =

[
Uzm
h cos (ωzm

h t)
0

]
, uM

h =

[
UM
h cos

(
ωM
h t

)
0

]
(16)

where uzm
h and uM

h are the injected HF voltage vectors for the
position estimation and OCVA tracking, respectively. Uzm

h and
UM
h are the injected amplitudes. ωzm

h and ωM
h are the injected

frequencies.
Fig. 5 shows the control frame adjustment diagram of the

proposed method. The MTPA compensation angle θcmp is intro-
duced based on the estimated position to adjust the control frame.
In Fig. 5(a), the θcmp causes the control frame to approach the

Fig. 6. Adaptive compensation scheme for OCVA tracking error.

Fig. 7. Value of constructed MTPA criterion.

optimal current vector frame more closely, but there is still an off-
set error. As shown in Fig. 5(b), if θcmp continues to be adjusted
to make −θ̃e + θcmp = βdq stands, the control frame coincides
with the optimal current vector frame, realizing the accurate
MTPA control. Therefore, the OCVA tracking error adaptive
compensation scheme is designed to obtain the accurate θcmp,
as shown in Fig. 6. To achieve better tracking for ramp inputs,
the typical PLL structure is used for MTPA tracking [21], [23].
When applying iMd = 0, the qM-axis coincides with the current
vector. Since the optimal current vector is unique, the qM-axis
coincides with the optimal current vector frame only when the
dM-qM axis MTPA criterion is zero. Thus, the dM-qM axis MTPA
criterion can be combined with the proportional-integral (PI)
regulator to realize the adaptive adjustment of θcmp. Finally, if
the qM-axis coincides with the optimal current vector, the MTPA
criterion is equal to zero, and θcmp is no longer adjusted, and
βdq = θzm+θcmp.

When applying iMd = 0 in the sensorless control, according
to (15), the dM–qM axis MTPA criterion can be reconstructed as

dTe
dβM

dq

= −3np
2

[(
LM
d − LM

q

)
iMq − ψM

qf

]
iMq (17)

where iMq is the qM-axis stator current. LM
d and LM

q are the
dM–qM axis inductances. ψM

qf is qM-axis permanent magnet flux.
Fig. 7 shows the value of the constructed dM–qM axis MTPA

criterion (17). As can be seen from the results, in the area around
the calculated MTPA trajectory obtained by the MTPA criterion,
the sign of the MTPA criterion is changed. Therefore, the MTPA
criterion of the proposed method can be used as the MTPA
tracking error signal. Besides, there is a small error between
the calculated and the measured MTPA trajectory, which can
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be caused by the ignored resistor voltage drop and ignored
derivative of machine parameters to current angle [10].

Accurate dM–qM axis MTPA criterion is crucial for the pro-
posed method. However, the accurate motor parameters are diffi-
cult to obtain. Thus, the HF signal is injected into the dM–qM axes
to construct the accurate MTPA criterion. Since the frequency
of the injected HF signal is much higher than the operating
frequency, the resistive voltage drop and the back electromotive
force can be neglected. The dM–qM axis HF currents can be
expressed as[
iMdh

iMqh

]
=

∫
UM

h cos(ωM
h t)dt

(LdLq−L2
dq)

⎡
⎣L0 − L1 cos

(
2θ̃Me

)
+ Ldq sin

(
2θ̃Me

)
−L1 sin

(
2θ̃Me

)
− Ldq cos

(
2θ̃Me

)
⎤
⎦

=
UM

h sin(ωM
h t)

ωM
h (LdLq−L2

dq)

⎡
⎣L0 − L1 cos

(
2θ̃Me

)
+ Ldq sin

(
2θ̃Me

)
−L1 sin

(
2θ̃Me

)
− Ldq cos

(
2θ̃Me

)
⎤
⎦

(18)

where iMdh and iMqh are the dM–qM axis HF currents, respectively.

θ̃Me is the position error between the dM–qM axes and the d–q
axes, which can be defined as θ̃Me = θe − θ̂Me . In addition,
according to Fig. 5, θ̃Me = −(θzm + θcmp).

The relationship between the dM–qM axis and the dzm–qzm axis
inductance matrix can be obtained as[
LM
d LM

dq

LM
qd LM

q

]
= e−θcmpJ

[
Lzm
d Lzm

dq

Lzm
qd Lzm

q

]
eθcmpJ

=

⎡
⎢⎢⎢⎢⎣
Lzm
0 + Lzm

1 cos (2θcmp) + Lzm
dq sin (2θcmp)

− Lzm
1 sin (2θcmp) + Lzm

dq cos (2θcmp)

−Lzm
1 sin (2θcmp) + Lzm

dq cos (2θcmp)

Lzm
0 − Lzm

1 cos (2θcmp)− Lzm
dq sin (2θcmp)

⎤
⎥⎥⎥⎥⎦

(19)

where [LM
d ,LM

dq ;LM
q ,LM

qd] is the dM–qM axis inductance matrix,
and LM

dq = LM
qd . [Lzm

d , Lzm
dq ; Lzm

q , Lzm
qd ] is the dzm–qzm axis

inductance matrix, andLzm
qd = Lzm

dq = 0.Lzm
0 = (Lzm

d +Lzm
q )/2

and Lzm
1 = (Lzm

d − Lzm
q )/2.

The relationship between the dM–qM axis and the d–q axis
inductance matrix can be obtained as[

LM
d LM

dq

LM
qd LM

q

]
= eθ̃

M
e J

[
Ld Ldq

Lqd Lq

]
e−θ̃M

e J

=

⎡
⎢⎢⎢⎢⎢⎢⎣

L0 + L1 cos
(
2θ̃Me

)
− Ldq sin

(
2θ̃Me

)
L1 sin

(
2θ̃Me

)
+ Ldq cos

(
2θ̃Me

)
L1 sin

(
2θ̃Me

)
+ Ldq cos

(
2θ̃Me

)
L0 − L1 cos

(
2θ̃Me

)
+ Ldq sin

(
2θ̃Me

)

⎤
⎥⎥⎥⎥⎥⎥⎦
.

. (20)

Considering the relationship between the inductance matrices
in different frames, as presented in (19) and (20), (18) can be
equated as (21), shown at the bottom of this page.

Therefore, the dM–qM axis HF current amplitudes can be
extracted as[

IMdh

IMqh

]
= LPF

([
iMdh

iMqh

]
· sin (ωM

h t
))

=
UM

h

2ωM
h (Lzm

d Lzm
q −Lzm

dq
2)[

Lzm
0 − Lzm

1 cos (2θcmp)− Lzm
dq sin (2θcmp)

Lzm
1 sin (2θcmp)− Lzm

dq cos (2θcmp)

] (22)

where IMdh and IMqh are the dM–qM axis HF current amplitudes,
respectively.

Combining the extracted dM–qM axis HF current amplitudes
with the inductance transformation matrix (19) yields[
IMdh
IMqh

]
=

UM
h

2ωM
h

(
Lzm
d Lzm

q −Lzm
dq

2
) [

LM
q

−LM
dq

]
=k

[
LM
q

−LM
dq

]
(23)

where

Lzm
d Lzm

q −Lzm
dq

2=LM
d L

M
q −LM

dq
2
,

k =
UM
h

2ωM
h

(
Lzm
d Lzm

q −Lzm
dq

2
) . (24)

From (23), kLM
q and kLM

dq can be obtained from the extracted
HF current amplitudes, but k cannot be obtained directly, so it is
not possible to directly obtain LM

d − LM
q . Combined with (19),

the relationship between θcmp and dM-qM axis inductance is

θcmp = −1

2
arctan

(
2LM

dq

LM
d − LM

q

)
. (25)

Thus, according to (25), LM
d can be derived as

LM
d =

2LM
dq

− tan (2θcmp)
+ LM

q =
2IMqh

k tan (2θcmp)
+
IMdh
k
. (26)

According to (24) and (26), k can be derived as

k =
UM
h

2ωM
h

(
Lzm
d Lzm

q − Lzm
dq

2
) =

UM
h

2ωM
h

(
LM
d L

M
q − LM

dq
2
)

=
UM
h

2ωM
h

((
2IM

qh

k tan(2θcmp)
+

IM
dh

k

)
IM
dh

k −
(−IM

qh

k

)2
)

=
k2UM

h

2ωM
h

((
2IM

qh

tan(2θcmp)
+ IMdh

)
IMdh − IMqh

2
) . (27)

For expression simplification, define h as

h =
2IMqh

tan (2θcmp)
+ IMdh. (28)

[
iMdh
iMqh

]
=
∫
UM

h cos(ωM
h t)dt

(Lzm
d Lzm

q −Lzm
dq

2)

[
Lzm
0 − Lzm

1 cos (2θcmp)− Lzm
dq sin (2θcmp)

Lzm
1 sin (2θcmp)− Lzm

dq cos (2θcmp)

]

=
UM

h sin(ωM
h t)

ωM
h (Lzm

d Lzm
q −Lzm

dq
2)

[
Lzm
0 − Lzm

1 cos (2θcmp)− Lzm
dq sin (2θcmp)

Lzm
1 sin (2θcmp)− Lzm

dq cos (2θcmp)

]
.

(21)
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Therefore, according to (27) and (28), combine the extracted
HF current amplitudes and θcmp, k can be calculated as

k =
2ωM

h

(
hIMdh − IMqh

2
)

UM
h

. (29)

On the other hand, since the inductance value correlates with
the extracted HF current amplitudes, LM

d − LM
q can be derived

as

LM
d − LM

q =
2LM

dq

− tan (2θcmp)
=

2IMqh
k tan (2θcmp)

=
IMqhU

M
h

tan (2θcmp)ωM
h

(
hIMdh − IMqh

2
) . (30)

For the dM–qM axis voltage equation, when applying iMd = 0,
qM-axis permanent magnet flux ψM

qf can be derived as

ψM
qf = −

(
uMd
ω̂e

+ LM
q i

M
q

)
= −u

M
d

ω̂e
− UM

h IMdhi
M
q

2ωM
h

(
hIMdh − IMqh

2
) .

(31)
According to (17), (30), and (31), the dM–qM axis MTPA

criterion can be constructed as (32). It can be seen that the
MTPA criterion utilizes only the extracted excited HF current
amplitudes, reducing the dependence on motor parameters. θcmp

can be adaptively adjusted by combining the reconstructed
dM–qM axis MTPA criterion with the PI regulator. When the
qM-axis coincides with the optimal current vector frame, the
MTPA criterion is equal to zero, and θcmp no longer changes

dTe
dβM

dq

= −3np
2

⎛
⎝ hUM

h iMq

2ωM
h

(
hIMdh − IMqh

2
) +

uMd
ω̂e

⎞
⎠ iMq . (32)

It is noted that the information of ψM
qf cannot be obtained by

(31) when the speed is zero. However, ψM
qf can be calculated by

(7) and (23).
The dM–qM axis inductance matrix can be expressed as

LM
dq = eθ̃

M
e JLdqe

−θ̃M
e J . (33)

According to (33), LM
d can be obtained as

LM
d =

2
(
LM
q cos

(
2θ̃Me

)
− LM

dqsin
(
2θ̃Me

)
+ Ld

)
1+ cos

(
2θ̃Me

) − LM
q .

(34)
Since the value of LM

d , LM
q , and LM

dq can be calculated by
the extracted HF current amplitudes, when Ld is considered as
a constant value, sin(2(θ̃Me )) and ψM

qf can be calculated as⎧⎪⎪⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎪⎪⎩

sin
(
2
(
θ̃Me

))
=

−sin2(2θcmp)

(
kLd−IM

dh−
IM
qh

tan(2θcmp)

)

IM
qh

+

sin(4θcmp)

√√√√kLd

(
2IM

qh

tan(2θcmp)
+2IM

dh−kLd

)

2IM
qh

ψM
qf = ψf sin

(
θ̃Me

)
. (35)

Although at zero speed, ψM
qf is affected by ψf and Ld using

(35), the d-axis inductance and the permanent magnet flux vary

Fig. 8. Zero-pole distribution of the proposed method.

slightly with load, and thus have less effect on the MTPA control
[29].

C. Stability Analysis and Parameter Selection

To further prove the stability of the adaptive compensation
system for the OCVA tracking error, a small-signal model
of dTe/dβM

dq is constructed. Firstly, by linearizing dTe/dβ
M
dq

around θcmp, (27) can be rewritten as
dTe
dβM

dq

= mβ̃ + n (36)

where

m=6npIs0

(
Is0(L1 sin(2βdq)−Ldq cos(2βdq))−

ψf cosβdq
4

)

n = − 3npIs0
2
(
L1 cos

(
2βdq

)
+ Ldq sin

(
2βdq

))
− 3np

2
Is0ψf sinβdq = 0. (37)

In (37), β̃ is the small deviation around θcmp. Is0 is the current
vector magnitude, which corresponds to the speed loop output
value.

For the MTPA control method in Fig. 6, the closed-loop
transfer function of the estimated θcmp and the de–qe axis OCVA
βe
dq can be obtained as

θcmp

βe
dq

=
θcmp

βdq − θzm
=

−m (skp_M + ki_M )

s2 −m (skp_M + ki_M )
(38)

where kp˙M and ki˙M are the proportional gain and integral gain
of the controller, respectively.

To ensure stable convergence of θcmp, the poles in (38) should
be located in the left half of the s-plane. From (37), m is negative,
so to ensure the stability of the proposed method, the controller
parameters are positive, and for a second-order system, the
controller parameters can be designed as{

kp_M = 2ζωm

ki_M = ωm
2 (39)

where ωm is the desired bandwidth and ζ is the damping factor.
Fig. 8 shows the zero-pole distribution of (38), and the param-

eters are designed according to (39). For the zero-pole plot, it can
be seen that there are no zeros and poles located in the right half
plane during motor current variation. Therefore, the proposed
method is stable when using the parameter design approach in
the article.
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Fig. 9. Effect of ωm on the noise sensitivity and dynamic performance.

Fig. 9 shows the effect of ωm on the noise sensitivity and
dynamic performance. As the bandwidth increases, the dynamic
performance increases, but the noise sensitivity also increases.
When choosing the parameters, the noise sensitivity and dy-
namic performance should be considered comprehensively.

In practical applications, the designed parameters for the
proposed method include the injection frequency, the injection
magnitude, and the PI control parameters for the adaptive com-
pensation scheme.

Combining (38) and (39), the parameters of the controller can
be expressed as {

kp_M = 2ζωm = 2ζωb

−m

ki_M = ωm
2 = ωb

2

−m

(40)

where ωb is the desired closed-loop estimation bandwidth.
The PI control parameters and the coefficient m determine the

closed-loop estimation bandwidth. To avoid the influence of not
eliminating HF signals for position estimation, the closed-loop
estimation bandwidth can be chosen to be 1/20-1/10 of the injec-
tion frequency (HF signal for position estimation). In addition,
the value of m can be calculated approximately at the rated
load. And then, according to the designed closed-loop estimation
bandwidth, the PI control parameters can be determined.

The proposed sensorless MTPA control requires reducing the
impact of injected signals on motor operation while ensuring
accurate signal extraction. Thus, the amplitude and frequency
of the two injected signals need to be selected [30], [31], [32].
For HF sinusoidal injection schemes, the injection frequency
should generally not exceed 1/8 of the carrier frequency. To
ensure dynamic performance, since uzm

h is used to estimate
position, the injection frequency of uzm

h is set higher than
uM
h . Meanwhile, to prevent mutual interference between the

two injected signals during signal demodulation, as well as to
consider the LPF bandwidth in the signal processing process, it
is necessary to satisfy

min
{
2fMh , fzmh − fMh

}
> 10fLPF (41)

where fzmh is the injection frequency for position estimation,
fMh is the injection frequency for MTPA criterion construction,
and fLPF is the cutoff frequency of the LPF.

Therefore, the selection of the injection frequency for the two
signals needs to satisfy⎧⎪⎨

⎪⎩
fzmh ≤ 1

8fs

fzmh > fMh

min
{
2fMh , fzmh − fMh

}
> 10fLPF

(42)

where fs is the sampling frequency.
The injection amplitude needs to consider both the signal-

to-noise ratio (SNR) and the torque ripples. The higher the
injection amplitude, the higher the SNR, but also the higher
the torque ripples and the lower the available voltage margin.
Therefore, the injection amplitude is chosen to be as small as
possible while ensuring the SNR. Moreover, for the two HF
signals with different frequencies, the injected signal amplitude
is generally chosen to be proportional to the injected frequency
to maintain a constant amplitude-frequency ratio. According
to (3), the amplitude of the HF current is determined by the
injected voltage, injection frequency, and inductance. Therefore,
the amplitude of the injected voltages can be expressed as{

Uzm
h = 2ωzm

h Lzm
d ·A%Irated

UM
h

ωM
h

=
Uzm

h

ωzm
h

(43)

where the value of A% typically ranges from 5% to 20% Irated
is the rated current of the motor.

When the injected signal frequencies are relatively close,
the HF currents at ωzm

h is not completely filtered out for the
MTPA criterion construction, and the residual components can
be expressed as[

iedh_res

ieqh_res

]
=

⎡
⎣fedh_res

(
θ̃e

)
feqh_res

(
θ̃e

)
⎤
⎦ sin (ωzm

h t+ ϕdzm) (44)

where iedh_res and ieqh_res are the residual HF currents atωzm
h that

are not completely filtered out.ϕdzm is the phase shift introduced
from the BPF. fedh_res(θ̃e) and feqh_res(θ̃e) are the magnitudes of
the HF components after attenuation.

Therefore, the extracted HF currents can be expressed as[
iMdh_BPF

iMqh_BPF

]
=

⎡
⎣fMdh

(
θ̃Me

)
fMqh

(
θ̃Me

)
⎤
⎦

sin
(
ωM
h t

)
+

⎡
⎣fedh_res

(
θ̃e

)
feqh_res

(
θ̃e

)
⎤
⎦ sin (ωzm

h t+ ϕdzm) (45)

⎡
⎣fMdh

(
θ̃Me

)
fMqh

(
θ̃Me

)
⎤
⎦ =

UM
h

ωM
h

(
LdLq − L2

dq

)
⎡
⎣L0 − L1 cos

(
2θ̃Me

)
+ Ldq sin

(
2θ̃Me

)
−L1 sin

(
2θ̃Me

)
− Ldq cos

(
2θ̃Me

)
⎤
⎦ (46)

where iMdh_BPF and iMqh_BPF denote the HF currents obtained

through BPF. fMdh(θ̃
M
e ) and fMqh (θ̃

M
e ) are the magnitude of the

HF components for MTPA criterion construction.
And then, through demodulation of the extracted HF signal,

the amplitude of the HF currents can be determined and repre-
sented as (47), shown at the bottom of the next page. As can
be seen from (47), the extracted HF currents after demodulation
contain: a dc component; a component at 2ωM

h ; a component at
ωM
h + ωzm

h ; and a component at ωzm
h − ωM

h .
Additionally, the LPF is typically employed to extract the

amplitude of the HF currents for MTPA criterion construction.
In designing the LPF, its cutoff frequency is selected to be 1/10



YAN et al.: BI-AXIS HIGH-FREQUENCY SINUSOIDAL INJECTION-BASED MTPA CONTROL METHOD FOR SENSORLESS IPMSM DRIVES 5185

Fig. 10. Current distribution diagram.

of the ωzm
h − ωM

h . Consequently, all components except the dc
component are filtered out. Therefore, HF current amplitudes
can be expressed as[
IMdh

IMqh

]
= LPF

([
iMdh_BPF

iMqh_BPF

]
sin

(
ωM
h t

))
=

1

2

⎡
⎣fMdh

(
θ̃Me

)
fMqh

(
θ̃Me

)
⎤
⎦ .

(48)

Likewise, the influence of the residual component at ωM
h

on position estimation follows a similar analytical approach as
its effect on the MTPA criterion construction. Therefore, the
residual HF components remain after signal extraction, which
are effectively filtered out during demodulation. Consequently,
these residual components have little impact on both position
estimation and MTPA criterion construction.

The proposed method improves MTPA control accuracy in the
presence of the position estimation error. However, the injection
of two HF signals may introduce additional torque ripple. Fig. 10
shows the current distribution, and the HF torque ripple of the
proposed method can be expressed as (49), shown at the bottom
of this page. Δidh1 represents the HF current induced by the HF
voltage for the position estimation. Δidh2 and Δiqh2 denote the
HF currents induced by the HF voltage for the OCVA tracking.
Is represents the current amplitude.

Fig. 11 presents a comparative analysis of torque ripple
between the proposed method and the conventional pulsating
injection method. As shown in Fig. 11, the torque ripple of
the proposed method is slightly higher than that of the conven-
tional method. Although the proposed method leads to a certain

Fig. 11. Analysis of the HF torque ripple.

Fig. 12. 2.2-kW IPMSM experimental platform.

increase in torque ripple, it not only enables the sensorless con-
trol system to operate stably under significant cross-saturation
effect but also allows the system to maintain MTPA operation.

IV. EXPERIMENTAL RESULTS

The validity and feasibility of the proposed method are ver-
ified on a 2.2-kW IPMSM experimental platform, as shown in
Fig. 12. The motor parameters are given in Table I, and the
PWM carrier frequency is 8 kHz. The test commercial IPMSM
and the load induction motor (IM) are coaxially connected, and

[
iMdh_BPF

iMqh_BPF

]
sin

(
ωM
h t

)
=

⎡
⎣fMdh

(
θ̃Me

)
fMqh

(
θ̃Me

)
⎤
⎦ sin2

(
ωM
h t

)
+

⎡
⎣fedh_res

(
θ̃e

)
feqh_res

(
θ̃e

)
⎤
⎦ sin (ωzm

h t+ ϕdzm) sin
(
ωM
h t

)

=

⎡
⎣fMdh

(
θ̃e

)
fMqh

(
θ̃e

)
⎤
⎦ 1−cos(2ωM

h t)
2 +

⎡
⎣fedh_res

(
θ̃Me

)
feqh_res

(
θ̃Me

)
⎤
⎦ cos((ωzm

h −ωM
h )t+ϕdzm)−cos((ωzm

h +ωM
h )t+ϕdzm)

2

. (47)

ΔTeh =
3np

2

((
Lzm
d − Lzm

q

)
izmd izmq + ψzm

df izmd − ψzm
qf i

zm
d

)
− Te

=
3np

2

⎧⎪⎨
⎪⎩
(
Lzm
d −Lzm

q

) [
Δidh2Δiqh2 cos 2θcmp+0.5

(
Δidh2

2−Δiqh2
2
)
sin 2θcmp+Δidh1 (Δidh2 sin θcmp+Δiqh2 cos θcmp)

]
+Δidh2

[(
Lzm
d − Lzm

q

)
Is cos 2θcmp + ψf sinβdq

]
+Δiqh2

[
ψf cosβdq −

(
Lzm
d − Lzm

q

)
Is sin 2θcmp

]
+Δidh1

[(
Lzm
d − Lzm

q

)
Is cos θcmp + ψf sin θzm

]
⎫⎪⎬
⎪⎭
.

(49)
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Fig. 13. Experimental results at 100 r/min under continuous load variation
conditions with HFSI based method. (a) Position estimation results. (b) Speed
estimation results.

the load torque is provided by the IM. An incremental encoder
with 2000 p/r is applied to detect the actual rotor position
only for comparison. The experimental results are provided
under different load and speed conditions. The MTPA angle
error is defined as shown in (11), and βcal is equal to θcmp

for the proposed method. For the uncompensated method, βcal

is calculated with the nominal parameters. Since fpwm = 8
kHz and the current loop bandwidth is 200 Hz, fzmh is 1 kHz
and fMh is 400 Hz for the injected signals, and the injection
amplitude Uzm

h and UM
h are 0.15 and 0.06 p.u., respectively.

The MTPA control parameters kp˙M is 28, and ki˙M is 400.
To systematically evaluate the performance of the proposed
method, the experimental results are organized into three parts:
the signal extraction and compensation results, the comparisons
under different conditions, and the comprehensive evaluation.

A. Signal Extraction and Compensation Results

First, Fig. 13 shows the experimental results at 100 r/min with
continuous load variation conditions with HFSI-based method.
In the experiments, only the HFSI-based method is used to
estimate the position and speed to realize sensorless control.
The position estimation error is the difference between the actual
position and the estimated position. From Fig. 13(a), the position
errors are−2.2°,−3.3°, and−4.9° at 33%, 66%, and 100% rated
load, respectively, which are caused by the cross-saturation ef-
fect. From Fig. 13(b), the speed errors are−28 r/min,−23 r/min,
and −18 r/min during the transient process when applying 33%,
66%, and 100% rated load, respectively.

Fig. 14. Extracted excited HF currents. (a) Current waveforms. (b) FFT result
of dzm-axis HF current. (c) FFT result of dM-axis HF current.

Fig. 14 shows the dzm-axis and dM-axis HF current extracted
from the sampled currents using the band-pass filters, and the
HF current frequencies are 1 and 400 Hz, respectively. From
the FFT result in Fig. 14(b), for the extracted dzm-axis current,
the 1 kHz current component is 0.38 A, and the 400 Hz current
component is only 0.03 A. Similarly, from the FFT result in
Fig. 14(c), for the extracted dM-axis current, the 400 Hz current
component is 0.41 A, while the 1 kHz current component is only
0.02 A. Thus, the two HF signals can be extracted separately
to realize position estimation and the OCVA tracking. It is
noted that the output of the experimental results is through
the DAC channel of the controller. The output waveform from
the DAC channel is displayed on the oscilloscope, with the
oscilloscope’s interpolation set to “Sine” mode. What’s more,
since the injection frequencies of the two signals are not the
same, their injection amplitudes are set according to the principle
of ensuring that the amplitudes of the excited HF currents are
essentially the same. As a result, the extracted current amplitudes
are essentially the same. The frequency-to-amplitude ratio and
the q-axis inductance determine the amplitude of the response
current. Despite the injection frequencies of the two signals not
being the same, their frequency-to-amplitude ratios are set to
be the same. What’s more, since the misalignment angle of the
dM–qM axes is larger than that of the dzm–qzm axes,LM

q is smaller
than Lzm

q . Thus, the amplitude of the 400 Hz signal is smaller
than that of the 1 kHz signal. However, limited by the DAC
bandwidth, the amplitude attenuation of the 1 kHz output signal
is larger. As a result, the extracted current amplitude at 1 kHz is
slightly smaller than that at 400 Hz.

Fig. 15 shows the experimental comparison before and after
enabling the proposed method under rated load at 100 r/min.
When the algorithm is not enabled, βcal is set to zero. From
the results, it can be seen that the MTPA angle error is initially
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Fig. 15. Experimental results before and after enabling the proposed method.

Fig. 16. Experimental results at 100 r/min under continuous load variation
conditions. (a) Uncompensated method. (b) Proposed method.

11.5°, including the current vector angle error and the position
estimation error due to the cross-saturation effect. After the algo-
rithm is enabled, the MTPA angle error converges to near 0.9°,
indicating that the proposed method can accurately track the
OCVA in the presence of position estimation error. In addition,
the peak phase current is reduced by 0.55 A after the algorithm
is enabled, indicating that the proposed method can effectively
reduce the current amplitude under the same load condition.

B. Comparisons at Different Loads and Speeds

Fig. 16 shows the experimental results at 100 r/min with
continuous load variation conditions. From Fig. 16(a), when
the proposed method is not used, the MTPA angle errors are
−2.8°, −4.3°, and −6.8° at 33%, 66%, and 100% rated load,
respectively. After applying the proposed method, as shown in
Fig. 16(b), the MTPA angle error converges to near 1.4° during
the load variation, and the MTPA compensation angles are 4.3°,
7.7°, and 10.8°, respectively. From the experimental results, it
can be seen that for different loads, the accurate OCVA can
be obtained under the position estimation error by using the
proposed method.

Fig. 17. Experimental results of the intermediate variables at 100 r/min under
continuous load variation conditions.

Fig. 18. Experimental results at 100 r/min under sudden load variation con-
ditions. (a) Uncompensated method. (b) Proposed method.

To illustrate the results of Fig. 16(b) more clearly, Fig. 17
shows the waveforms of some intermediate variables in the
implementation of the proposed method. As shown in Fig. 17,
the iMd = 0 control is applied in the whole control process, thus
the qM-axis coincides with the current vector. The estimated
MTPA compensation angle can be adaptively adjusted as the
load varies, thus realizing the tracking of the OCVA under the
position estimation error.

To verify the dynamic performance of the proposed method,
the experiments of sudden addition and reduction of 100% rated
load are carried out at 100 r/min, and the experimental results
are shown in Fig. 18. From Fig. 18(a), it can be seen that when
the proposed method is not used, the maximum MTPA angle
error reaches −17.2° at the moment of sudden load addition,
and the steady state MTPA angle error is −6.8°. As shown in
Fig. 18(b), the maximum MTPA angle error is −10.2° during
sudden load addition after using the proposed method. And then,
it takes 0.9 s for the MTPA angle error to converge to near 1.3°.
Therefore, the proposed method can still accurately obtain the
OCVA during sudden addition and reduction of loads.
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Fig. 19. Experimental results at 40 r/min under sudden load variation condi-
tions. (a) Uncompensated method. (b) Proposed method.

To further validate the dynamic performance of the proposed
method at different speeds, Fig. 19 shows the experiment results
of the sudden addition and reduction of 100% rated load at
40 r/min. From Fig. 19(a), when the proposed method is not
adopted, the maximum MTPA angle error reaches −15.8°, and
the steady-state MTPA angle error is −6.4°. After applying the
proposed method, as shown in Fig. 19(b), the maximum MTPA
angle error is 9.8°, and it finally converges to near −0.9° after
0.8 s.

To verify the performance of the proposed method at very low
speeds, the experimental results with load variation conditions
at 0 and 2 r/min are given in Fig. 20. From Fig. 20(a), it can be
seen that when the proposed method is applied, the MTPA angle
error converges to near−2.3° during the load variation at 0 r/min,
and the MTPA compensation angles are 5.6°, 9.1°, and 12.9°, re-
spectively. The maximum speed errors are−25, 22, and 22 r/min
during the transient process when applying 33%, 66%, and 100%
rated load, respectively. What’s more, the experimental results
with sudden applied loads at 0 r/min are given in Fig. 20(b).
From Fig. 20(b), it can be seen that the maximum MTPA angle
error is −11.5° and the maximum speed error is 31 r/min during
the moment of sudden load addition, and the steady state MTPA
angle error is −2.2°. From Fig. 20(c), during the load variation
process, the MTPA compensation angles are 3.1°, 7.3°, and
12.3°, respectively. During the transient process, the maximum
speed errors are −26, −27, and 24 r/min, respectively. What’s
more, the experimental results with sudden applied loads at
2 r/min are given in Fig. 20(d). From Fig. 20(d), it can be seen
that the maximum MTPA angle error is−9.8° and the maximum
speed error is 35 r/min during the moment of sudden load addi-
tion, and the steady state MTPA angle error is −1.6°. Therefore,
the proposed method can obtain the OCVA at very low speed.

Fig. 20. Experimental results under load variation conditions. (a) Continuous
load variation conditions at 0 r/min. (b) Sudden load variation conditions at
0 r/min. (c) Continuous load variation conditions at 2 r/min. (d) Sudden load
variation conditions at 2 r/min.

C. Comprehensive Performance Evaluation

To verify the performance of the proposed method, com-
parative experiments were conducted with the different meth-
ods under continuous load variation conditions at 100 r/min.
Fig. 21(a) shows the experimental results for the actual sig-
nal injection based MTPA control method in [33], revealing a
maximum OCVA tracking error of −3.6° under varying loads.
What’s more, Fig. 21(b) shows the experimental results of the
virtual signal injection based MTPA control method considering
mutual-induction, with a maximum OCVA tracking error of
−3.2°. In contrast, as demonstrated in Fig. 16(b), the proposed
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Fig. 21. Experimental results under continuous load variation conditions for
different methods. (a) Method in [33]. (b) Method in [15].

Fig. 22. Experimental results with continuous speed variation conditions.

Fig. 23. Comprehensive experimental results of the MTPA angle error under
different load and speed conditions. (a) Uncompensated method. (b) Proposed
method.

method exhibits a maximum OCVA tracking error of only 1.4°
across the same varying load conditions. Therefore, it is evident
that the proposed method can improve the OCVA tracking
accuracy under the position estimation error.

Fig. 22 shows the experimental results under 100% rated load
with continuous speed variation conditions. The motor speed is
first stabilized at 0 r/min with 100% rated load, and then the

Fig. 24. Copper loss before and after enabling the proposed method.

speed changes from 0 r/min-200 r/min-0 r/min with rated load.
From the experimental results in Fig. 22, it can be seen that the
steady-state MTPA angle error can be kept within ±3° during the
whole acceleration and deceleration process. It can be seen that
the proposed method can still obtain the accurate OCVA under
continuous speed variation conditions.

Fig. 23 shows the comprehensive experimental results of the
MTPA angle error under different load and speed conditions for
the proposed method. As can be seen from the results, when the
compensation method is not used, the maximum MTPA angle
error reaches 7.1° at 0 r/min and 100% rated load. When the
proposed method is adopted, the MTPA angle error is effectively
suppressed, and the maximum MTPA angle error is 2.3° at
0 r/min and 100% rated load. The MTPA angle error average
suppression rate reaches more than 60%.

Fig. 24 shows the copper loss before and after enabling the
proposed method at different loads. It can be seen that there is a
significant reduction in copper loss at higher loads and a smaller
reduction in copper loss at lower loads. Although the proposed
method increases the complexity of control, the copper loss is
also reduced.

V. CONCLUSION

In this article, a bi-axis HF sinusoidal injection based sen-
sorless MTPA control method was proposed to improve the
MTPA control accuracy. The proposed method established a
bi-axis HFSI mechanism in the zero-mutual-inductance and
MTPA frames, which achieves the position estimation and
OCVA tracking under the position estimation error. The aux-
iliary HF signal was injected to obtain the accurate estimated
frame MTPA criterion, reducing the dependence on the motor
parameters. The proposed OCVA tracking error adaptive com-
pensation algorithm realizes the accurate convergence of the
MTPA frame under different operating conditions. The stability
and parameter selection were analyzed in detail theoretically,
which improves the adaptability of the algorithm in complex
conditions without a complicated parameter tuning process. The
experimental results are consistent with the theoretical analysis,
verifying the feasibility and effectiveness of the method, and the
average MTPA angle error suppression rate can reach more than
60%. However, the injection of two HF signals may introduce
additional torque ripple and HF noise, which will be explored
in future work.
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