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Abstract: This study focuses on the maximum torque current ratio control of synchronous
reluctance motors and proposes an optimized control method for the maximum torque
current ratio of synchronous reluctance motors based on virtual signal injection. Firstly, the
research on the maximum torque current ratio control of synchronous reluctance motors
based on the virtual signal injection method is conducted, and the existing virtual unipolar
square wave signal injection method is analyzed and studied. Secondly, a non-parametric
maximum torque current ratio control strategy based on a synchronous reluctance motor
combined with the virtual signal injection method is proposed. This strategy does not involve
complex parameter calculations, and the control accuracy is not limited by the accuracy
of the parameters in the model. The experimental results showed that under the control
of virtual bipolar and unipolar square wave signal injection methods, the load torque was
converted from 2 Nm to 6 Nm at t = 2.5 s, and there was a significant change in the current
amplitude and waveform of the current vector. Under the control of the bipolar injection
method, the current amplitude waveform of the motor was lower than that of the unipolar
waveform, and the current was smaller. After the load suddenly changed, it could enter
a stable state faster. After the load changed at t = 2.5 s, the phase angle of the current vector
was quickly adjusted and stabilized under the control of the bipolar signal. The designed
method has a good optimization effect compared to the traditional virtual signal injection
method, and can achieve high-performance maximum torque current ratio optimization
control on synchronous reluctance motors.

Key words: maximum torque current ratio control, parameter changes, synchronous reluc-
tance motor, virtual signal injection method
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1. Introduction

The synchronous reluctance motors (SynRMs) first emerged in the early 1920s as a type
of motor that employs the salient polarity of the rotor to generate reluctance torque and drive
rotation [1]. As the Industrial Revolution progressed, SynRM structures underwent constant
optimization and improvement, and they have now found widespread usage and promotion in fields
including fans and water pumps [2]. The SynRM has a simple structure, low cost, and is superior
to switched reluctance motors in torque density, noise, vibration, efficiency, and other aspects [3].
The maximum torque per ampere (MTPA) control can effectively reduce motor losses and improve
motor efficiency [4]. Inductance parameters are prominent in the MTPA control model and present
nonlinear variations. As a result, achieving precise control of the MTPA in the SynRM becomes
more challenging [5]. Therefore, this study proposes a SynRM-MTPA optimization control built
on the virtual signal injection method (VSIM) to address the significant non-linear changes in
SynRM parameters caused by factors such as inductance saturation and temperature. The objective
is to improve the operational efficiency of the motor by increasing power density. The content is
mainly divided into five parts. The first part is the introduction, which elaborates on the current
research status of the SynRM and MTPA control, and provides an overview of the organizational
structure of this paper. The second part is a literature review on the application of SynRM and
VSIM algorithms in various fields, as well as the research results of many scholars in this field.
The third part analyzes the nonlinear characteristics of inductance parameters in the SynRM,
proposes and studies the optimization control of the SynRM-MTPA based on the VSIM algorithm.
The first section is about studying the control of the SynRM-MTPA by combining the VSIM. The
second section describes the MTPA strategy in accordance with SynRM-VSIM parameters. The
fourth part demonstrates the accuracy of SynRM-MTPA optimization control under the VSIM
algorithm through comparative experimental analysis, and evaluates its effectiveness. The fifth
part is a summary and outlook on the research methods and results of this study.

2. Related work

The VSIM uses mathematical models as the core to calculate the torque value of high-frequency
signal injection, and its calculation method is simple. Therefore, many scholars have conducted
extensive research on it. Antonietti et al. designed a coordinated virtual element method for
numerical approximation of two-dimensional elastodynamic problems, and derived the optimal
error estimate under the energy and L2 norm. The method was assessed on various computational
grids, featuring non-convex elements of up to the fourth order in h-refinement settings. Both
semi-discrete and fully-discrete schemes were subjected to dispersion and dissipation analyses.
Polygonal grids exhibited classic single quadrilateral grids in terms of dispersion and dissipation
characteristics [6]. Zhang et al. proposed a cross domain virtual network embedding (VNE)
algorithm for the space-air-ground integrated network (SAGIN), which models distinctive net-
pieces of the SAGIN and sets net-attributes based on the realistic situation and user needs of the
SAGIN. They constructed a feature matrix from the extracted network attributes and used it as
a training environment. This algorithm had effectiveness. The SAGIN was more flexible with
a wider coverage range and higher seamless connection quality [7].
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The SynRM does not have the same magnet as traditional machines and is not subject to
fluctuations in rare earth material prices. Additionally, there is no risk of demagnetization, which
has prompted numerous scholars to investigate and produce many experimental results. Naseer et
al. proposed an analytical modeling technique based on modified winding functions and common
energy analysis to describe the characteristics of the SynRM. This model successfully provided
the average torque and torque distribution of the SynRM under magnetic linear and nonlinear
conditions, as a function of input current and load angle. This modeling technique only required
a small portion of the simulation run time and accurately calculated the minimum requirements for
resources and simulation time [8]. Qu et al. proposed an improved 2V-MPTC, which establishes
torque and flux deadbeat control and optimizes the duty cycle to calculate the reference voltage
vector. Compared with previous methods, this algorithm had better computational efficiency and
could significantly reduce torque ripple [9]. Pasqualotto and Zigliotto proposed a huge sized
training dataset produced by combining a tuned motion model with some data augmentation
techniques. It is a convolutional neural network (CNN) that underwent training using a secure
and cost-effective simulation dataset. Moreover, it underwent a thorough testing phase, wherein it
was evaluated on both healthy and defective permanent magnet synchronous motors (PMSMs).
The universality of the dataset also paved the way for detecting other faults and applying it
to various motors [10]. Yao et al. studied the selection criteria for design tolerances for laser
cutting machines and selected an appropriate tolerance range to meet thrust performance and
low manufacturing costs. Firstly, they analyzed and determined the relationship between air gap
geometric tolerances and thrust performance, and then introduced extreme learning machines
into high-precision and high-efficiency thrust modeling. This method optimized the effectiveness
of tolerance selection [11]. Liu et al. proposed a hybrid material with a permanent magnet
synchronous linear motor (PMSLM) structure, which was optimized and designed using ferrite
at the edges. It utilized the simulation results of air gap magnetic flux density distribution, back
electromotive force, and cogging force to compare their configurations and their relative advantages
and disadvantages. The hybrid magnet structure PMSLM had better magnetic properties, and
compared to traditional machine structures, the cost of magnet materials had been reduced by
nearly 25% [12].

In summary, the VSIM mainly uses mathematical models to calculate the torque value after
high-frequency signal injection, and automatically introduces harmonics during the control
process, which has good control effects. However, this method has difficulties in controlling
nonlinear changes in motor parameters and relies to some extent on the estimated values of errors.
Therefore, this study proposes SynRM-MTPA optimization control based on the VSIM algorithm
to address the nonlinear characteristics of parameters that the traditional VSIM cannot consider.
This optimization is carried out through error quantification analysis, thereby improving the
efficiency of the motor.

3. Optimization control of SynRM based on VISM algorithm

In the early development of the SynRM, the reluctance torque that causes the motor to rotate
was generated by utilizing the salient polarity of the rotor. After long-term improvement, it is
extensively utilized in water pumps and fans [13]. The parameters of the SynRM exhibit significant
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nonlinear changes under factors such as magnetic saturation and temperature, and the VSIM can
effectively control this change [14]. To improve the operational efficiency of the motor, this study
focuses on MTPA control.

3.1. SynRM-MTPA control based on VSIM
The SynRM does not have permanent magnets inside its rotor, which is different from the

PMSM. Its rotor structure mostly adopts a multi-layer magnetic barrier shape. In the SynRM
rotor structure, there are two symmetrical axes corresponding to the direction of low magnetic
resistance and the direction of high magnetic resistance [15]. Most of the current AC motor MTPA
control methods are primarily grounded on PMSM research. Therefore, to make a difference, this
study sets the direction of the larger magnetic resistance as the d axis and the smaller direction as
the q-axis. Figure 1 shows the rotor structure of the SynRM.

Fig. 1. The rotor structure of SynRM

The three-phase AC sine wave current is applied to the stator side of the three-phase SynRM,
generating a circular rotating magnetic field inside the motor. Due to the absence of permanent
magnets in the SynRM, the magnitude of the torque generated is positively correlated with the
distinction in inductance between the d and q axes, so it is recognized as reluctance torque [16].
The expression for the three-phase stator (3PS) reluctance of the SynRM in a stationary three-phase
coordinate system (S3P-CS) is shown in Eq. (1).
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In Eq. (1), La, Lb , and Lc are the self inductance of 3PS windings. Mab , Mac , Mba, Mbc , Mca,
and Mcb are the mutual inductance between 3PS windings. In the actual operation of the motor, due
to the influence of manufacturing error, material non-uniformity, magnetic saturation phenomenon
and other factors, the inductance conductance will change with the rotor angle to a certain extent.
At high currents or frequencies, magnetic saturation and skin effects can cause a significant change
in inductance. Therefore, it is necessary to analyze the design and working state of the motor.
Under the S3P-CS, the stator voltage equation of synchronous reluctance is Eq. (2).
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In Eq. (2), ua, ub, and uc are the 3PS winding phase voltages of the SynRM, respectively.
ia, ib and ic represent the 3PS winding phase currents. ψa, ψb and ψc are three-phase magnetic
links. R is the stator winding resistance. p is a differential operator. According to the principle
of electromechanical energy conversion, the expression of electromagnetic torque and magnetic
co-energy of the motor is shown in Eq. (3).

Te =
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In Eq. (3), Wm represents the total magnetic energy of the entire motor. θm means the
mechanical angular displacement of the rotor. θ is the corresponding electrical angle. P is the
quantity of motor poles. Bn is the strength of the magnetic field, and Vn is the volume of the object.
The expression of the motor motion is Eq. (4).

Te = J
dωm

dt
+ Bmωm + TL . (4)

In Eq. (4), TL is the load torque, ωm represents the mechanical angular velocity of the rotor, J
represents the rotational inertia, and Bm represents the friction coefficient. However, in practical
situations, the inductance parameters are easily affected by factors such as saturation effects in the
motor’s magnetic circuit and changes in temperature, resulting in non-linear changes [17]. This
study uses torque model reconstruction and numerical calculation to extract the MTPA criterion.
In addition, a virtual unipolar square wave signal (VUSWS) with a duty cycle of 50% is used as
the injection signal, as shown in Eq. (5).

∆β =
{
0, kTs ≤ t < (k + 0.5)Ts

δ, (k + 0.5)Ts ≤ t < (k + 1)Ts
. (5)

In Eq. (5), δ and Ts respectively, represent the amplitude and period of the square wave signal
during the k-th virtual signal injection, k = 1, 2, 3, . . . , δ represents a small positive polarity
constant. As a constant, the value ofTs is much smaller than the period of the three-phase sinusoidal
alternating current of the motor. The electromagnetic torque Th

e injected with a VUSWS is Taylor
expanded at β, but due to the small value of δ, derivative terms above the second order can be
ignored. Therefore, the expression of the electromagnetic torque after injecting the VUSWS is
shown in Eq. (6).

Th
e = Te(β + δ) = Te(β) +

∂Te

∂β
δ. (6)

∂Te/∂β in Eq. (6) is obtained through Eq. (7).

∂Te

∂β
=

Th
e − Te

δ
. (7)

In Eq. (7), Tc represents the Dai Nianzi torque before injecting the phase angle offset signal.
Thus, in VUSWS injection, the criterion ∂Te/∂β for controlling the motor to operate at the MTPA
point can be obtained only by knowing the electromagnetic torques Th

e and Te before and after the
injection signal. Figure 2 shows the working process of the MTPA on the basis of the VUSWS
method.
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Fig. 2. Working principle of virtual unipolarity injection method

The virtual square wave signal injection method obtains Th
e through torque model reconstruc-

tion and numerical calculation, and follows the data of inductance Ld and Lq on the d and q axes,
as well as obtaining ih

d
and ihq through calculation. In addition, the stator currents (SCs) ih

d
and ihq of

d and q based on the characteristics of the square wave signal is linearized. In the process of signal
injection and electromagnetic torque model reconstruction, the dynamic characteristics of Ldd,
Lqq and Ldq also need to be accurately grasped. The injected virtual signal will produce additional
dynamic magnetic field effects in the motor, which may cause these inductance parameters to
change with the rotor position. In addition, the inductance parameters Ldd , Lqq , Ldq in synchronous
reluctance motors will also change significantly due to the non-linearity of the motor magnetic
circuit, temperature fluctuations, and magnetic saturation effects. Therefore, the identification and
quantification of inductance parameters Ldd, Lqq and Ldq is the key to ensure accurate control
when the MTPA operation point is calculated by the signal injection method. By considering these
dynamic characteristics comprehensively in the design of the motor control algorithm, the corre-
sponding compensation mechanism is introduced to adapt to the change of inductance parameters,
so as to ensure that the motor can operate efficiently according to the principle of the MTPA under
various operating conditions. In the model, the d and q inductance parameters Ld and Lq of the
motor are constant. The calculation formulas for the inductance Ld and Lq of d and q are in Eq. (8).

Ld =
uqref − Riq

Pωmid

Lq = −
udref − Rid

Pωmiq

. (8)

In Eq. (8), in the vector control system, the d-axis and q-axis voltages ud and uq represent the
given voltages udref and uqref . ωm represents the motor speed. id and iq represent the SC of d and
q. The expressions for the SCs ih

d
and ihq of d and q after linearization based on the characteristics

of the square wave signal are shown in Eq. (9).{
ih
d
= −Im sin(β + δ) ≈ id − iqδ

ihq = Im cos(β + δ) ≈ iq + idδ
. (9)

In Eq. (9), ∂Te/∂β > 0 can be extracted, if the phase angle of the motor current vector is less
than the MTPA point, the calculated torque Th

e is greater than the previous torque Te after the
phase angle is shifted forward. Therefore, it is necessary to control the increase in the current
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phase angle and vice versa. The overall framework of the VUSWS injection method motor system
is obtained by adjusting the control logic of the current phase angle according to the ∂Te/∂β

criterion above, as shown in Fig. 3.

Fig. 3. Framework diagram of virtual square wave signal injection method system

The system adopts speed current dual closed-loop control, and the first step is to calculate
the difference between the given speed and the actual motor speed; the second step is to use the
speed loop PI to control the given current vector amplitude Iref ; the third step is to use the VSIM
to determine the given current vector phase angle Bref , and finally, to achieve SVPWM control of
the SynRM. The VUSWS method is used to construct the overall framework of electromagnetic
torque after injecting phase angle offset signals, without the need to truly introduce cheap phase
angle signals into the system, which compensates for the inherent shortcomings of the real signal
injection method [18, 19].

3.2. SynRM-MTPA control strategy based on VSIM parameters

When modeling a SynRM, the magnetic saturation of the motor is an important considera-
tion [20, 21]. Due to magnetic saturation, the motor’s parameters will undergo non-linear changes
before and after virtual signal injection, leading to reduced model accuracy and adversely affecting
the control algorithm’s accuracy [22]. Additionally, the correlation between inductance and flux
must account for current dependence since inductance typically changes with current changes [23].
To solve this problem, the VUSWS injection method is optimized to obtain the virtual bipolar
square wave signal injection method. This optimization process can dynamically quantify the
inductance parameter variables, so as to realize the precise control of the MTPA of the SynRM. In
this way, the accuracy of inductance parameters in the model can be improved, and the control effect
of the algorithm can be enhanced. Among them, the overall framework of virtual bipolar square
wave signal injection (VBSWSI) is roughly the same as that of the VUSWS injection method, and
Fig. 4 shows the Current Vector Phase Angle Control Module (CVPACM) under this method.

By integrating the bipolar characteristics of sine wave signals and the advantages of square
wave signals, this control module offers faster dynamic response speed and higher steady-state
accuracy. The definition of the VBSWS is Eq. (10).

∆β =
{
−δ, kTs ≤ t < (k + 0.5)Ts

δ, (k + 0.5)Ts ≤ t < (k + 1)Ts
. (10)
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Fig. 4. VBSWSI method’s CVPACM

In Eq. (10), k = 1, 2, 3, . . . δ and Ts represent the amplitude and period of the bipolar square
wave signal at the k-th VSIM. The extraction formula of ∂Te/∂β in VBSWSI is Eq. (11).

∂Te

∂β
=

Tpos
e − Tneg

e

2δ
. (11)

In Eq. (11), Tpos
e represents the electromagnetic torque of the virtual positive square wave

signal, and Tneg
e represents the electromagnetic torque of the virtual negative square wave signal.

The electromagnetic torquesTpos
e andTneg

e are expanded by Taylor expansion at β, respectively. Due
to the small size of δ, derivative terms above the second order are ignored, and their expressions
are obtained as Eq. (12). 

Tpos
e = Te +

∂Te

∂β
δ

Tneg
e = Te −

∂Te

∂β
δ
. (12)

By adjusting the control logic of the current phase angle based on the criterion ∂Te/∂β above,
the extracted MTPA criterion ∂Te/∂β is integrated to optimize the current vector phase angle.
When calculating ∂Te/∂β = 0 again, the motor stabilizes at the MTPA point. Figure 5 shows the
working principle of the VBSWS.

Fig. 5. Working principle of VBSWS method
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In Fig. 5, at point a, when the motor current phase angle is less than the MTPA, if the torque
value calculated after the positive polarity offset of the phase angle is greater than the negative
polarity offset, then ∂Te/∂β > 0. Similarly, at point b, if the calculated value is small, then the
phase angle of ∂Te/∂β < 0 and the current vector decreases. Therefore, the VBSWS method
can stabilize the motor at the MTPA point. However, in the algorithm, it is also necessary to
consider the nonlinear variation of SynRM inductance parameters, and the expression of the
electromagnetic torque Tpos

e of its virtual positive polarity square wave signal is Eq. (13).

Tpos
e =

3
2

P
[
(Lpos

d
− Lpos

q )i
pos
d

ipos
q

]
. (13)

In Eq. (13), ipos
d

represents the SC of the d-axis in the virtual positive electrode, and ipos
q

represents the SC of the q-axis in the virtual positive electrode. Due to the vector control adopted
by VBSWSI, the torque calculation formula for the corrected injected virtual positive polarity
square wave signal is Eq. (14).

Tpos
e =

3
2ωm

P
[
udref − Rid

iq
ipos
d

ipos
q + (uqref − Riq − PωmLdiqδ)i

pos
q

]
. (14)

In Eq. (14), udref and uqref represent the voltage of the given d and q axes, respectively. ωm

represents the motor speed. id and iq are the SCs of the d and q axes, respectively, which can be
obtained through measurement. Similarly, the torque calculation formula for the modified injection
method virtual negative polarity square wave signal is Eq. (15).

Tneg
e =

3
2ωm

P
[
udref − Rid

iq
ineg
d

ineg
q + (uqref − Riq + PωmLdiqδ)i

neg
q

]
. (15)

In different application scenarios of motors and working conditions, the steady-state control
accuracy and the discrimination of working condition changes depend on the threshold [24,25].
Therefore, this study designed a bidirectional incremental inductance detection mechanism
(BIIDM) to adaptively adjust the direction and step size of inductance parameters for application
scenarios. Therefore, based on the design of VBSWSI, the working principle of the BIIDM is Fig. 6.

Fig. 6. Principle of BIIDM
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The red star shaped icon in Fig. 6 shows the MTPA operating point of the motor. When Ld

in the current torque model is less than the optimal inductance parameter, i.e. I− − I+ > 0, Ld

increases and moves towards the MTPA point direction. On the contrary, when Ld of the current
torque model is greater than the optimal inductance parameter, i.e. I− − I+ < 0, Ld decreases and
moves towards the MTPA point. When the motor runs to the MTPA point, the current amplitudes
on both sides of the working point remain basically the same, that is, when I− = I+ is reached, Ld

is no longer updated, and the optimization of the optimal inductance parameters is completed [26].
The BIIDM is adjusted based on the difference in current amplitude on both sides of the working
point. Therefore, this control strategy is capable of making adaptive adjustments in response to
changes in working conditions, enabling easy transportability across different motors, and hence
exhibits high flexibility [27, 28].

4. Optimal control simulation of maximum torque current ratio of SynRM
based on VSIM algorithm

To validate the traditional VUSWS injection method, simulation experiments were conducted
with improved VBSWSI and inductance parameter scanning. In the experiment, the parameters
of the controlled motor and the experimental motor remain consistent. Furthermore, setting the
inductance parameters of the motor model as constants is the only viable option. The corresponding
parameters for the d and q inductance parameter data in the model can be searched for and output
to achieve a complete simulation of the nonlinear variation characteristics of SynRM inductance
parameters. The information for the d-axis and q-axis parameters is obtained from Table 1 through
finite element simulation of the experimental motor.

Table 1. Synchronous reluctance motor parameters

Symbol Parameter Numerical value

Im Rated current (effective value) (A) 18.6

Tn Rated torque (Nm) 12

nn Rated speed (r/min) 2 200

P Number of motor poles 5

Rs Stator phase resistance (Ω) 0.5

Ld d-axis inductance (H) 0.00467–0.01076

Lq q-axis inductance (H) 0.01118–0.02274

Other Winding connection method Star join

Combining the parameters in Table 1 with the theory of the SynRM model, VBSWSI produces
a given vector phase angle value. Due to the fact that the VSIM does not truly cause current
vector phase angle drift, the MTPA control criterion ∂Te/∂β can be obtained through numerical
calculation. After further calculation, the given value of the current vector phase angle can be
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obtained. When the system is stable, the phase angle of the output current vector remains stable,
meeting ∂Te/∂β = 0, and the motor is also operating at the MTPA operating point. Since the
VSIM does not actually inject phase angle offset signals into the system, it will not cause any extra
losses or noise. Therefore, at a speed of 600 r/min, the steady-state sinusoidal three-phase current
results of the motor under strategic control under 2 Nm light load and 8 Nm heavy load conditions
are shown in Fig. 7.

(a) (b)

Fig. 7. Simulation waveform of three-phase current with age controlled by VBSWSI method for (a) 2 Nm
and (b) 8 Nm

(a) (b)

Fig. 8. Three phase current simulation waveform of motor controlled by inductance parameter scanning
method for (a) 2 Nm and (b) 8 Nm

In Fig. 8, there is a small difference between the steady-state current fluctuation amplitude of
the motor under the control of this method and the control effect of VBSWSI. From Fig. 8(a),
under a light load condition of 2 Nm, the relationship curve between the A-MCV and the PA-CV
is in a flat state, and the effect of observing current changes is not significant, with slightly lower
accuracy. According to Fig. 8(b), under the heavy load condition of 8 Nm, the curve is steep,
and its control accuracy judgment speed is faster than VBSWSI. In the steady-state performance
simulation experiment, the motor is set to a given speed of 600 r/min, while the load torque is set
to 2 Nm, 4 Nm, 6 Nm, and 8 Nm. To observe its performance more intuitively, the simulation
results of the motor under the control strategy were compared, and Table 2 shows the results.
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Table 2. Simulation results of SynRM steady-state current value at a speed of 600 r/min

Load
torque/Nm VUSWSI method/A VBSWSI method/A

Inductance
parameter scanning

method/A

VSIM/A based on
isomorphic

inductance torque
model

2.0 9.24 9.18 9.15 9.15

4.0 13.03 12.01 11.94 11.94

6.0 14.69 14.52 14.29 14.32

8.0 17.58 17.09 16.49 16.51

From Table 2, under the same load torque, the steady-state current of the motor under VBSWSI
control is smaller than that under traditional VUSWSI control. As the load increases, the difference
in the steady-state operating current of the motor under the control of the two methods also
increases. From this, the VBSWS can optimize traditional VUSWSI to eliminate the inherent
steady-state errors of traditional methods and improve the steady-state accuracy of MTPA control.
To verify the transient performance of the proposed algorithm, the motor operates at a given speed
of 600 r/min and the load torque is converted from 2 Nm to 6 Nm. The waveform changes of
the motor’s current amplitude and current vector phase angle are observed. Figure 9 shows the
comparison results with VUSWSI.

(a)
(b)

Fig. 9. Simulation results of VBSWSI method under 600 r/min variable load: (a) current amplitude Im
waveform, (b) current vector phase angle β waveform

From Fig. 9, under the control of VBSWSI and VUSWSI, the load torque is converted from
2 Nm to 6 Nm at t = 2.5 s, and there is a significant change in the current amplitude and waveform
of the current vector. From Fig. 9(a), the current amplitude waveform of the motor under VBSWSI
control is lower than that of the unipolar square wave injection method, and the current is smaller.
After a sudden load change, it can enter a stable state faster. From Fig. 9(b), after the load changes
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at t = 2.5 s, the current vector phase angle is quickly adjusted and stabilized under VBSWSI
control, verifying the good dynamic response performance of the algorithm. At the same given
speed, the load torque is converted from 2 Nm to 6 Nm at t = 2.5 s. The waveform changes of the
current amplitude and current vector under the scanning method of motor inductance parameters
and VUSWSI control were observed. The results are shown in Fig. 10.

(a) (b)

Fig. 10. Simulation results of inductance parameter scanning method under 600 r/min variable load: (a)
current amplitude Im waveform, (b) current vector phase angle β waveform

From Fig. 10, under the inductance parameter scanning method and VUSWSI control, the
load torque is converted from 2 Nm to 6 Nm at t = 2.5 s, and there is a significant change in the
current amplitude and waveform of the current vector. From Fig. 10(a), compared to VUSWSI,
the current amplitude is smaller under the control of the inductance parameter scanning method.
As the load transitions, the optimization effect of the algorithm becomes more apparent as the
inductance scanning method optimizes the inductance parameters of the torque model for the
optimal inductance value. Based on Fig. 10(b), the PA-CV under control of the inductance
parameter scanning method requires an adjustment period following sudden load changes in order
to achieve stability, accompanied by minor oscillation amplitude. This is because the BIIDM
causes a relatively small oscillation of the phase angle near the MTPA point. So, the inductance
parameter scanning method has good dynamic response performance.

5. Conclusion

In recent years, the VSIM has become one of the focuses of attention in implementing MTPA
control, but due to the algorithm treating motor parameters as constants, the nonlinear changes in
motor parameters are very significant. Therefore, precise MTPA control cannot be achieved on the
SynRM. This study aimed to address this issue by optimizing the traditional VSIM algorithm and
implementing MTPA strategy control based on non-parametric dependencies. The results indicated
that when the system was stable, the phase angle of the output current vector remained stable, and
∂Te/∂β = 0 was met, and the motor operated at the MTPA operating point. Due to the fact that
the VSIM did not truly inject phase angle offset signals into the system, it would not generate
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additional losses and noise. Under the control of this method, the steady-state current of the
motor was almost stable. Under a light load condition of 2 Nm, the relationship curve between the
A-MCV and the PA-CV was flat. Therefore, the effect of using scanning method to observe current
changes nearby was not significant, and the accuracy was slightly lower. Under 8 Nm heavy-duty
working conditions, the relationship curve between the A-MCV and the PA-CV was relatively
steep. Therefore, the scanning method could fully utilize its advantages and improve its control
accuracy. Under the same load torque, the steady-state current of the motor under VBSWSI control
was smaller than that under traditional VUSWSI control. As the load increased, the difference in
steady-state operating current of the motor under the control of the two methods also increased.
Thus, the VBSWS can optimize traditional VUSWSI to eliminate inherent steady-state errors
in traditional methods and improve the steady-state accuracy of MTPA control. However, the
MTPA control strategy that is independent of parameters belongs to a search method category.
Nonetheless, it still necessitates a considerable time frame to enhance the amplitude of the square
wave signal as well as the intermediate variables upon encountering sudden variations in the
operating conditions. Hence, additional research and exploration of dynamic optimization speed
are necessary in the future.
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