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Abstract: There are usually noise problems when the position sensorless control of a synchronous
reluctance motor (SynRM) is carried out by high-frequency (HF) signal injection method. Due to
the special structure, the cross-saturation effect of the SynRM is particularly serious, resulting in
reduced position observation accuracy. In this paper, a variable-angle random HF voltage injection
strategy with cross-saturation effect compensation is proposed for position sensorless SynRM drives.
Random number generation based on the chaotic mapping method is used to generate random HF
voltage signals with different frequencies for injection; the current power spectral density (PSD)
distribution is extended and the HF noise can be reduced. A control strategy based on variable-angle
square-wave injection is proposed to suppress the cross-saturation effect. By measuring the position
error curves of different loads off-line and polynomial fitting the curves, the position error is achieved
by combining with the corresponding signal demodulation algorithm. The proposed method does
not require additional hardware resources and can maintain high control accuracy and robustness.
Finally, the effectiveness of the proposed sensorless control strategy is verified on a 3 kW SynRM
experimental platform.

Keywords: synchronous reluctance motor; random HF voltage injection; variable-angle square-wave
injection; cross-saturation effect compensation

1. Introduction

The synchronous reluctance motor (SynRM), which has been widely used in indus-
trial applications, has the advantages of high efficiency, simple structure, no need for a
permanent magnet and so on [1,2]. The rotor position detection is of great importance for
vector control because it directly affects motor performance and efficiency. Position sensors
such as encoders are usually used to obtain position information. However, the installation
of such sensors can significantly increase the cost, reduce the reliability and hinder the
application in the industrial fields [3]. There are also some disadvantages such as difficult
installation and high cost [3–8]. Sensorless control technology has become a research focus
in recent years because it reduces drive costs and mechanical complexity while increasing
system reliability and operating environment adaptability.

According to the different speed ranges, sensorless control can be divided into two
categories. At medium and high speed, the rotor position is usually observed by the
method based on the back electromotive force or flux linkage model. However, at zero
and low speed, the estimation accuracy decreases with the speed due to the reduction
in the signal-to-noise ratio, which usually needs to inject additional signals at zero and
low speed to improve it. In addition, because of the special rotor structure of the SynRM,
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the signal injection scheme based on the salient pole characteristics of the rotor makes it
easier to realize sensorless control. Therefore, the high-frequency (HF) signal injection
method has been widely studied [9–15]. The HF injection method is usually divided into
the HF sinusoidal injection method and the HF square-wave injection method according to
the injection signal form. Compared with the HF sinusoidal signal injection method, the
HF square-wave signal injection method has the advantage of higher injection frequency,
which can reach the maximum half of the switching period. In addition, the HF square-
wave signal injection method is more convenient for extracting the position error, which
is convenient to be applied to the actual control system. In [16,17], a hybrid sensorless
control method combining the HF injection method and the active flux linkage method
was proposed to cover the speed range from zero speed to rated speed. In [14], the same
method of HF voltage injection was used to improve low-speed performance.

The HF signal injection method has negative impacts on SynRM drives, such as in-
jection noise. In addition, the serious cross-saturation effect of the SynRM will affect the
operation of sensorless control. To solve the noise problem, there are three main methods:
amplitude adjustment, frequency adjustment and random signal injection [18–21]. Reducing
the injection voltage amplitude is the most direct way to reduce the HF noise. In [22], the
current oversampling method was proposed to improve the signal-to-noise ratio of the
sensorless control system. However, it requires additional calculations using FPGA, which
increases the system cost. The frequency regulation method of injection signal is mainly
divided into two kinds: One is to use a higher injected frequency to make it beyond the
range of human ear hearing. The second is to use a lower injected frequency to reduce the
sharpness of audible noise, which is similar to the amplitude adjustment method. In [18], a
method based on low-frequency pulse voltage injection was proposed. But it increases the
complexity, and the low-frequency injection will interrupt the vector control, affecting the
vector operation process. In addition, it is difficult to select the frequency and amplitude
of the injected signal. If the injected signal frequency is too low, it may increase the rotor
position error [23]. The power spectral density (PSD) analysis is an important method to
verify the effect of noise reduction. The random HF signal injection method can suppress
the discrete component in the current PSD and make it evenly distributed to reduce noise.
The method disperses and widens the high-frequency noise, making the noise from sharp
and harsh to low and hoarse, which can achieve the effect of reducing the noise without
affecting the control accuracy. In [24], the PSD of HF current in three different schemes was
compared and analyzed: fixed-frequency HF signal injection, full-period switched random
frequency injection and half-period switched random frequency injection. The half-period
switched random frequency injection has a better continuous PSD spectrum and better
noise-reduction effect. However, the adjustment amplitude and frequency will affect the
accuracy of the position observer, which generally requires additional algorithms to com-
pensate. For random signal injection, random numbers are generated, corresponding to the
real-time change in injection frequency, amplitude or phase. Then, the effect of two or more
signal injections can be achieved, broadening the current power spectral density. Finally,
the effect of reducing noise can be achieved without affecting the estimation accuracy.

Due to the significant cross-saturation effect of the SynRM, the sensorless estimation
accuracy would be reduced. Generally, the cross-saturation effect will be more severe
as the load becomes heavier. Compensating the position estimation error caused by the
cross-saturation effect is especially important. There are many ways to suppress cross-
saturation effects in the SynRM, including feedback control, feedforward control and
model-based control. The feedback control method uses the speed and position measured
by the motor to adjust the current vector to suppress the cross-saturation effect. The
feedforward control method uses a predetermined torque reference value to compensate
for the cross-coupled torque. Model-based control methods use a mathematical model
of the motor to predict and compensate for cross-saturation torques. In addition, it can
also be divided into off-line or on-line methods. Off-line measurement methods mainly
use the finite-element analysis, the q-axis current factor and the lookup table. In [25], a



Energies 2024, 17, 725 3 of 17

program based on finite element analysis was studied to correct the inductance of the
SynRM model under different load conditions. The calculation method of the SynRM
inductance, including cross magnetization and iron loss, was discussed in [26]. Using the
equivalent circuit model representing the inductance variation in the d-axis and q-axis,
the appropriate motor equation was derived. Through calculations and experiments, the
motor parameters suitable for calculation were obtained. In [27], the q-axis current factor
obtained off-line was used to compensate for the estimated position error, simplifying the
implementation process, but it needs to be measured under different working conditions.
In [28], structured neural networks and lookup tables were used to effectively compensate
for the salience caused by saturation and improve the sensorless control performance. Due
to the complexity of operating conditions, the generality of off-line measurement methods
is limited. These methods have some limitations such as large computation and difficult
implementation, so it is of great significance to continue to study how to suppress the
cross-saturation effect.

In order to solve the problem of HF injected noise and inhibit the adverse effects
of the cross-saturation effect to improve the sensorless estimation accuracy, this paper
proposes a variable-angle random HF voltage injection strategy with cross-saturation effect
compensation for sensorless SynRM drives. To reduce the noise generated by the HF
signal injection method, a random injection method based on a chaotic map is proposed.
The generation of random sequences using the chaotic mapping method is more uniform
than the traditional linear congruence method, has better ergodicity and then produces
better noise-reduction performance. By randomly injecting voltage signals of different
frequencies, the distribution of current power spectral density is broadened and the HF
noise is reduced. A cross-saturation effect suppression algorithm based on variable-angle
injection is proposed. The error curves of the estimated position under different load
conditions are measured off-line, and the polynomial fitting is performed. The angle of
the injected signal is changed in real time according to the load conditions so that the
cross-saturation effect can be suppressed. Moreover, the control accuracy and robustness
can be maintained without additional hardware resources and have better realizability.
Finally, the sensorless performance test based on HF voltage injection is carried out on a
3 kW SynRM experimental platform. The experimental results show that the proposed
method can effectively suppress the estimated position error caused by the cross-saturation
effect and has a good noise-reduction effect.

2. Proposed Random High-Frequency Square-Wave Voltage Injection-Based Sensorless
Control Strategy
2.1. Proposed Random Injection Scheme

Figure 1 shows the reference frames of the SynRM, where α-β, d-q, d̂-q̂, dm-qm, d′-q′

and d-q axes indicate the stationary frame, the rotor frame, the estimated rotor frame, the
measured frame, the inductance anisotropic coordinate system and the variable-angle
injection coordinate system, respectively. θerr represents the position tracking error between
the actual position, θe, and the estimated one, θ̂e, i.e., θerr = θe − θ̂e. When the speed is low
and the injection amplitude is large, the voltage equation in d-q axis can be expressed as[

udh
uqh

]
=

[
Ldh Ldqh
Ldqh Lqh

]
p
[

idh
iqh

]
, (1)

where udh,qh, idh,qh, Ldh,qh are the HF voltages, currents and inductances of the d-axis and
q-axis, respectively. Ldqh is the HF mutual inductance between the d-axis and q-axis. p is the
differential operator.
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Figure 1. Reference frames of sensorless SynRM drives. 
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After the coordinate transformation, (1) is transformed to the d′-q′ axis, which can be
expressed as[

udh
m

uqh
m

]
=

[
L1 − L2

′ sin(2θerr + θmh) −L2
′ cos(2θerr + θmh)

−L2
′ cos(2θerr + θmh) L1 + L2

′ sin(2θerr + θmh)

]
·p
[

idh
m

iqh
m

]
, (2)

where udh
m, qh

m, idh
m and qh

m are the voltages and currents of the d-axis and q-axis under
d′-q′ axis, respectively. L1 = (Ldh + Lqh)/2, L2 = (Ldh − Lqh)/2, θmh = arctan [2Ldqh/(Ldh − Lqh)],

L2
′ =

√
L2

2 + Ldqh
2.

Figure 2 shows the random HF square-wave voltage injection-based sensorless control
block diagram. On the basis of HF square-wave injection, a random HF signal generator
is added to inject random signals. It is used to generate four different square waves
for random injection. The random signal generator is composed of a random number
generator, comparator and signal selection. A series of random numbers are generated by
the random number generator. The range of the generated random numbers is judged by
the comparator to select the corresponding injection signal. Then, the HF voltage signal
with varying frequencies is generated. The random HF signal generator can be expressed as

uk =

 Uk, t ∈
[
nTk,

(
n + 1

2

)
Tk

]
−Uk, t ∈

[(
n + 1

2

)
Tk, (n + 1)Tk

] , k = 1, 2, 3, 4, (3)

where uk is the injected voltage with amplitude Uk and Tk denotes the HF injection period
for the single-axis injection. Tk and Uk choose different values that correspond to four
different frequencies of the signal. In order to ensure that the excitation current signal
amplitudes generated by signals of different frequencies are equal, the value must satisfy

UkTk = C , k= 1, 2, 3, 4, (4)

where C is constant.
The HF signal is injected into d′-q′ axis[

udh
m

uqh
m

]
=

[
uk
uk

]
. (5)

Combining (2) and (5), the HF response current can be expressed as

p
[

idh
m

iqh
m

]
=

uk

L1
2 − L2

′2 ·
[

L1 + L2
′ sin(2θerr + θmh) + L2

′ cos(2θerr + θmh)
L1 − L2

′ sin(2θerr + θmh) + L2
′ cos(2θerr + θmh)

]
. (6)
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The position information is obtained with a position tracking observer forcing θerr to
zero. When θerr is very small, (6) can be simplified to

pidh
m ≈ uk

L1
2 − L2

′2 [Ldh + Ldqh + (Ldh − Lqh − 2Ldqh)·θerr]. (7)

piqh
m ≈ uk

L1
2 − L2

′2 [Ldh − Ldqh + (Lqh − Ldh − 2Ldqh)·θerr]. (8)
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Multiplying (7) by λ =
Ldh − Ldqh
Ldh + Ldqh

and subtracting (8), it can be obtained as

p(iqh
m − λidh

m) =
uk

L1
2 − L2

′2 ·
2LdhLqh − 2Ldh

2 − 4Ldqh
2

Ldh + Ldqh
·θerr. (9)

Then, by adjusting (9) to zero through the PI observer, the rotor position information
can be obtained. The HFSI-based method is well suited for an interior permanent magnet
synchronous motor (IPMSM) and the SynRM due to the large spatial saliency. For a surface
permanent-magnet synchronous motor (SPMSM), the dependence of the spatial inductance
distribution on the rotor position is weak; however, the spatial saliency can be related to the
saturation effect of the stator leakage flux or main flux [29,30]. Therefore, the HFSI-based
method is also suitable for an SPMSM.

2.2. Chaotic Mapping Method-Based Random Number Generation Principle

After four square-wave signals of different frequencies are generated, a random
number needs to be generated, and the type of injected signal is determined according to the
value of the random number. From the random signal generator block diagram in Figure 2,
the random number generator generates a random sequence of numbers. The comparator
judges the range of the generated random numbers and selects the corresponding injection
signal. Then, it generates the HF voltage signal when the frequency changes.

The linear congruence method is a pseudorandom number generation algorithm that
produces a series of seemingly random numbers. The principle is to give an initial value,
through a series of calculations obtain the next random number, and then use this random
number as the initial value of the next calculation, so reciprocating to generate a random
series of numbers [31]. The expression of the linear congruence method is

Zi+1 = (AZi + B)modM, (10)
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where A is the multiplier, B is the increment and M is the mod.
This gives a random number evenly distributed over the interval (0, 1). The linear

congruence method is still widely used because of its few parameters and simple calculation.
However, due to the limitation of microprocessor data bits, the sequence period generated
by this method cannot be large, so its randomness is limited.

Chaos is a disordered, complex and unpredictable phenomenon in nonlinear dynamic
systems. In such systems, small changes in initial conditions can lead to large changes in
the evolution of the system, making the outcome unpredictable. Chaos has the advantages
of high randomness, nonlinear characteristics, stability, high efficiency, controllability and
easy implementation, which makes it suitable for the generation of random numbers. The
chaotic mapping method is used to generate random numbers. Logistic mapping is one of
the most widely used models in chaotic systems, which can be expressed as

xn+1 = rxn(1 − xn), (11)

where x(n) represents the value on the nth iteration.
The iterative process of logistic mapping is very simple and only needs to be iterated

using (10). Because of its simplicity and controllability, logistic mapping is widely used
in random number generation, data encryption, image encryption, chaotic modulation
and other fields. In (10), only when 0 < xn < 1 and 3.569949 < r < 4, logistic mapping can
produce chaos. When r is not in the above range, (10) does not produce chaos. However,
for other complex chaotic mapping systems, this judgment method is inconvenient to use.
Therefore, the maximum Lyapunov index is used to judge chaos:

λ(x0) = lim
n→∞

1
n

n−1

∑
i=0

ln
∣∣ f ′(xn)

∣∣ = ∫ 1

0
ρ(x) ln

∣∣ f ′(xn)
∣∣dx, (12)

with

ρ(x) =


1

π
√

x(1−x)
, 0 < x < 1

0 , other
. (13)

When the maximum Lyapunov index is greater than zero, (10) will be chaos. Figure 3
is the maximum Lyapunov index value at different values of r. It can be seen that when
r is less than 3.58, the maximum Lyapunov index is less than zero, and it is in a non-
chaotic state. The result is also verified by the bifurcation diagram in Figure 4 when r takes
different values.
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The expression of generating a random sequence of numbers with uniform probability
density by using integer chaotic mapping is

Zi+1 =


m{[NZi − D(j − 1)], µ(Dj − NZi)},
Zi
D ∈

[
j−1
N , j

N

]
D − m{(NZi − Dj), µ[D(i + 1)− NZi]},
Zi
D ∈

[
j

N , j+1
N

] , (14)

where N is the number of segments. µ is the controls parameter. D indicates the maximum
value of the data, which is usually 2P − 1. J is the break sign, j = 1, 3, 5,. . ., N − 3, N − 1.
Ri = Zi/D.

Due to the limited computing power of the microprocessor, a large number of real
number operations affect the algorithm running speed. In order to solve the above problems,
segmental logistic mapping is integer-processed. Since the integer-piecewise logistic map
converts the real value to the integer value, the integer operation is more efficient than the
real number operation, which can significantly improve the calculation speed. Because
of the use of integer operation, integer-piecewise logistic mapping has stronger stability,
which can avoid the problem of random number instability caused by calculation errors. In
this way, random numbers are uniformly distributed in the interval (0, 1). The problem of
precision loss when chaotic systems are represented by floating point numbers is eliminated
by using integers. Taking µ = 4, N = 64, p = 64, the maximum Lyapunov index at this time is
calculated as 0.127, indicating that the system is chaotic. Finally, according to the different
values of Ri, different injection signals are selected as shown in (14).

k =


1, Ri ∈ [0, 0.25]
2, Ri ∈ [0.25, 0.5]
3, Ri ∈ [0.5, 0.75]
4, Ri ∈ [0.75, 1.0]

. (15)

The power density spectrum analysis of the SynRM phase current is an important
method to judge whether the noise-reduction effect is effective. The random HF square-
wave voltage injection method can effectively reduce the discrete components in current
phase PSD and make the spectrum distribution more uniform:

S( f ) =
1
Ti


E
[∣∣∣I( f )2

∣∣∣]− E|[I( f )]|2

+Ti|E[I( f )]|2
+∞
∑

k=−∞
δ( f − k

Ti
)

, (16)

where E [] is the mathematical expectation operator. δ() is the impulse equation. I(f ) is the
Fourier transform of current. Ti is the period of injection signal.

If injecting four square-wave signals completely at random, that is p1 = p2 = p3 = p4 = 0.25,
E[I(f )] can be kept constant at 0 and the discrete spectral component is 0. There are only
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continuous spectral components in phase current PSD, which can effectively reduce the HF
noise caused by the presence of discrete spectrum.

Different random number generation methods have almost the same resource usage.
The uniformity of the two algorithms is compared below. The generated 10,000 random
numbers are divided into 200 distribution areas on (0, 1), and the probability density
distribution map is obtained, as shown in Figure 5. The random number uniformity
generated by the linear congruence method is not satisfactory enough: the probability
density fluctuates greatly, ranging from 0.66 to 1.41. The random number generated by the
chaotic mapping method has good uniformity: the probability density fluctuates between
0.85 and 1.23, and the fluctuation is smaller. Therefore, through the performance analysis
of the two random number generators, it is found that the ergodicity of the two methods
is good, and the entire interval can be traversed. However, the uniformity of the chaotic
mapping method is better.
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3. SynRM Cross-Saturation Effect Suppression Algorithm Based on
Variable-Angle Injection
3.1. Analysis of Position Error Caused by Cross-Saturation

When the cross-saturation effect is ignored, (1) can be converted to (17).[
udh
uqh

]
=

[
Ldh 0
0 Lqh

]
p
[

idh
iqh

]
. (17)

The HF signal is injected into d̂-q̂ axis[
ud̂h
uq̂h

]
=

[
u
0

]
, (18)

where ud̂h,q̂h are the voltages in d̂-q̂ axis. u is the injected voltage in (3) with k = 1.
The HF response current in dm-qm axis can be expressed as

p
[

im
dh

im
dh

]
=

u√
2(L1

2 − L2
2)

[
L1 − L2(cos(2θerr) + sin(2θerr))
L1 − L2(cos(2θerr) − sin(2θerr))

]
. (19)

Subtracting im
dh and im

qh to obtain

p(im
dh − im

dh) ≈
2
√

2uL2

(L1
2 − L2

2)
·(θerr

′ − θm), (20)

where θerr
′ is the true position estimation error and θerr = θerr

′ − θm.
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The rotor position observer converges θerr
′ to θm, instead of converging to 0. Therefore,

a position error θm due to the cross-saturation effect is generated, which varies with
inductance parameters. θm can be expressed as

θm =
1
2

arctan
2Ldqh

Lqh − Ldh
. (21)

The self-inductance and mutual inductance of the SynRM will change under different
magnetic field conditions, according to (20). It can be seen that θm will change with the
change in self-inductance and mutual inductance. So, the variational angle error between
the estimated frame and the actual frame will occur, which is the cause of the estimation
position error. Since Equation (20) has three independent variables, it is difficult to analyze
the relationship between the variables. Therefore, simulation software is used to fix one
of the variables and draw a figure in which the position error changes with the other
two variables. It can be seen from Figure 6:

(1) When Ldh is fixed, θm increases with the increase in Ldqh and decreases with the increase
in Lqh. θm changes significantly when Ldqh is small and tends to be stable when Ldqh is
large.

(2) When Lqh is fixed, θm increases with the increase in Ldqh and increases with the increase
in Ldh.

(3) When Ldqh is fixed, the change in θm is less obvious. θm increases with the increase in
Ldh and decreases with the increase in Lqh.
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Figure 6. Position error and inductance relation plot. (a) Fixed Ldh. (b) Fixed Lqh. (c) Fixed Ldqh.

From (20), the comprehensive analysis of the three figures in Figure 6 shows that the
maximum position error value is about 0.8 rad, which has a great impact on the stable
operation. Therefore, the influence of cross-saturation effect cannot be ignored, and it needs
to be compensated. The relation between inductance and current is nonlinear because of



Energies 2024, 17, 725 10 of 17

the cross-saturation effect, so it is difficult to obtain a specific and accurate inductance value
by the parameter identification method.

3.2. Variable-Angle Square-Wave Injection with Cross-Saturation Effect Compensation

The variable-angle injection control method is based on random HF square-wave
injection control; adding a variable-angle inverse park transform, the inverse park transform
angle is γ. Angle-variable control is realized by adjusting the angle in real time. First, the
square-wave signal is injected into the d-q axis, which differs from d̂-q̂ by γ.[

udh
uqh

]
=

[
u
0

]
. (22)

Combining (1) and (21), the current can be simplified to

p(idmh − idmh) ≈
2
√

2uL2
′

(L1
′2 − L2

′2)
·(θerr

′ − θm − γ), (23)

where L1
′ =

LDh + LQh
2 , L2

′ =
LDh − LQh

2 .
If the injection angle is set to γ = −θm, (22) can be expressed as

p(idmh − idmh) ≈
2
√

2uL2

(L1
′2 − L2

′2)
·(θerr

′). (24)

The amplitude of the HF current information can be obtained by LPF.
Idmh = 2

√[
LPF

(
1
2 cos ωt·idmh

)]2
+

[
LPF

(
1
2 sin ωt·idmh

)]2

Iqmh = 2

√[
LPF

(
1
2 cos ωt·iqmh

)]2
+

[
LPF

(
1
2 sin ωt·iqmh

)]2
. (25)

Then, the θerr
′ can be obtained by LPF and standard processing.

I∗dmh − I∗qmh =
Idmh − Iqmh√

I2
qmh + I2

dmh

≈ θerr
′. (26)

By adjusting the θerr
′ to zero through the PI observer, the rotor position information can

be obtained as shown in Figure 2, so that the position error caused by the cross-saturation
effect can be eliminated and the high-performance control of the system can be achieved.

The variable angle is measured off-line, obtained by experimental measurement and
curve fitting, and approximated by the position error angle in (23). The method does not
need to accurately measure the inductance value, but only needs the estimated position
error under different load conditions to compensate for the cross-saturation effect. Figure 7
is the position error diagram under different load conditions. As can be seen, the position
error and load torque are non-linear, and the position error gradually increases with the
increase in the load.

Figure 8 uses the polynomial fitting method to fit the position error. As can be seen,
the fitting results of cubic polynomial are more accurate than that of quadratic polynomial
and can fit data points better. Therefore, the cubic polynomial fitting results are used
in the experiment. The quadratic polynomial fitting formula is shown in (24) and cubic
polynomial fitting formula is shown in (25):

y = 2.27 × 10−5x2 + 3.10 × 10−4x + 4.32 × 10−2, (27)

y = 5.36 × 10−7x3 − 5.77 × 10−5x2 + 3.38 × 10−3x + 2.39 × 10−2, (28)

where y is the position error and x is the load torque.
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4. Experimental Results 
The proposed control strategy was verified on a 3 kW SynRM drive as shown in Fig-

ure 9 and the parameters are shown in Table 1. The hardware structure of the drive system 
is mainly composed of rectifier, inverter, current detection, auxiliary power supply, posi-
tion sensor acquisition module, digital-to-analog conversion module and so on. The sam-
pling frequency and PWM switching frequency was 10 kHz. Absolute encoders were used 
to obtain real rotational speed and rotor position information to verify the accuracy of the 
sensorless control method. The control algorithm of variable-angle random HF voltage 
injection strategy with cross-saturation effect compensation for sensorless SynRM drives 
was implemented in the STM32F103VCT6. The flow chart of the whole control system is 
shown in Figure 10. 
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Figure 9. 3 kW SynRM experimental platform. 

Table 1. The parameters of SynRM. 

Electric Machine Parameter Value 
Rated power (kW) 3 
Rated current (A) 7.6 
Rated voltage (V) 360 

Rated speed (r/min) 3000 
Phase resistance (Ω) 0.524 

d-axis inductance (mH) 51 
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Figure 8. Polynomial fitting result plot. (a) Quadratic polynomial fitting. (b) Cubic polynomial fitting.

4. Experimental Results

The proposed control strategy was verified on a 3 kW SynRM drive as shown in
Figure 9 and the parameters are shown in Table 1. The hardware structure of the drive
system is mainly composed of rectifier, inverter, current detection, auxiliary power supply,
position sensor acquisition module, digital-to-analog conversion module and so on. The
sampling frequency and PWM switching frequency was 10 kHz. Absolute encoders were
used to obtain real rotational speed and rotor position information to verify the accuracy of
the sensorless control method. The control algorithm of variable-angle random HF voltage
injection strategy with cross-saturation effect compensation for sensorless SynRM drives
was implemented in the STM32F103VCT6. The flow chart of the whole control system is
shown in Figure 10.
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Table 1. The parameters of SynRM.

Electric Machine Parameter Value

Rated power (kW) 3
Rated current (A) 7.6
Rated voltage (V) 360

Rated speed (r/min) 3000
Phase resistance (Ω) 0.524

d-axis inductance (mH) 51
q-axis inductance (mH) 19

Pairs of poles 2
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êθ

eθ

0

0.1− π

0.1π

Time (100ms/div)

Es
tim

at
ed

 p
os

iti
on

 e
rr

or
(ra

d)

a-
ph

as
e 

cu
rr

en
t

(A
) 

Es
tim

at
ed

 p
os

iti
on

(ra
d)

 
(a) (b) 

0

ia 

0

2π

−10

10

êθ
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Figure 10. The flow chart of the proposed method.

Firstly, the steady-state performance of sensorless control for the SynRM drive based
on random HF voltage injection was tested. The experimental waveform from top to
bottom is estimated position, estimated position error and a-phase current. As can be
seen from Figure 11, the motor can run stably from 0 r/min to 750 r/min. The estimated
position waveform was smooth and stable without obvious mutation. The estimated
position error pulsation was small, and the phase current waveform was smooth and stable.
The maximum error of the estimated position was 0.13 rad. Therefore, the experimental
results show that the proposed method can make the SynRM run stably and restrain the
cross-saturation effect well.

Different signal injection methods are comparatively evaluated in Figure 12 with the
tested SynRM running at 300 r/min with 100% rated load torque. As can be seen, when the
motor ran at 300 r/min with 100% rated load torque, the SynRM ran stably under different
signal injection methods, and the rotor position was estimated accurately. In addition, the
zoomed-in phase current and torque ripple are also comparatively illustrated in Figure 12.
Also, the HF current component can be observed from the zoomed-in phase current. The
experimental results show that the random signal was injected into the system and had
no effect on the stable operation of the system. The proposed method does not increase
the torque ripple and can run stably. In addition, it is worth noting that the proposed
variable-angle random injection could effectively compensate the cross-saturation effect
induced estimated position error compared with the conventional cross-saturation factor
method [32].
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Figure 11. Steady-state operation experimental results with 100% rated load. (a) At 0 r/min. (b) At
300 r/min. (c) At 750 r/min.
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Figure 12. Different injection methods experimental results with 100% rated load. (a) Fixed fre-
quency. (b) Random injection using linear congruence method. (c) Random injection using chaotic 
mapping method. 
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kHz). The validity of random injection algorithm based on chaotic mapping was verified. 
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Figure 12. Different injection methods experimental results with 100% rated load. (a) Fixed fre-
quency. (b) Random injection using linear congruence method. (c) Random injection using chaotic
mapping method.

Figure 13 shows the PSD analysis diagram of fixed-frequency signal injection and
random injection phase current with 100% rated load torque. It can be seen that the power
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density spectrum of random injection was flat without obvious spikes at 2.5 kHz, 5 kHz
and 7.5 kHz. Compared with the fixed-frequency injection, the maximum reduction was
37 dB at double injected frequency (2.5 kHz) and 32 dB at triple injected frequency (7.5 kHz).
The validity of random injection algorithm based on chaotic mapping was verified.
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Figure 14. Experimental results of sudden increase and decrease of 100% rated load torque. (a) At 0 
r/min. (b) At 300 r/min. 

Figure 15 is the experimental results of acceleration and deceleration with 100% rated 
load. The experimental waveform from top to bottom is actual speed, estimated position error 
and a-phase current. It can be seen that the motor ran stably under 100% rated load condition 
with smooth current and no obvious mutation. The estimated position error fluctuated around 
0 rad with a maximum of 0.30 rad. According to Figure 15a, the actual speed changed stably 
with speed fluctuation within 60 r/min. According to Figure 15b, the actual speed changed 
stably with speed fluctuation within 70 r/min. The estimated position error ripple increased 
when accelerating or decelerating, but it still fluctuated around 0 rad and soon restored the 
same as the steady state operation. Experimental results show that the proposed method can 
run stably under acceleration and deceleration conditions and has good dynamic perfor-
mance. 

Figure 13. Steady-state operation experimental results of phase current PSD test with 100% rated
load at 600 r/min. (a) Fixed-frequency injection. (b) Random injection.

Figure 14 is the experimental results of sudden increase and decrease of 100% rated
load torque at 0 r/min and 300 r/min. The experimental waveform from top to bottom is
actual speed, estimated position error and a-phase current. The motor ranstably when it
is running without load, and the estimated position error was maximum 0.30 rad. When
the load torque suddenly increases to 100% rated torque, the speed dropped transitorily,
but the speed recovered after 200 ms. So, when the proposed method is used, the system
has a good dynamic response. The estimated position error increased slightly, but it still
fluctuated around 0 rad. After removing the load, the speed increased slightly and quickly
recovered to the given speed. The estimated position error was still around 0 rad. There
is no bias of the estimated position error on the whole, which proves that the proposed
sensorless control algorithm can better suppress the estimated rotor position error caused
by the cross-saturation effect of the SynRM.
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2πêθ

 
(a) (b) 

Figure 14. Experimental results of sudden increase and decrease of 100% rated load torque. (a) At 0 
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Figure 14. Experimental results of sudden increase and decrease of 100% rated load torque. (a) At
0 r/min. (b) At 300 r/min.

Figure 15 is the experimental results of acceleration and deceleration with 100% rated
load. The experimental waveform from top to bottom is actual speed, estimated position
error and a-phase current. It can be seen that the motor ran stably under 100% rated load
condition with smooth current and no obvious mutation. The estimated position error
fluctuated around 0 rad with a maximum of 0.30 rad. According to Figure 15a, the actual
speed changed stably with speed fluctuation within 60 r/min. According to Figure 15b,
the actual speed changed stably with speed fluctuation within 70 r/min. The estimated
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position error ripple increased when accelerating or decelerating, but it still fluctuated
around 0 rad and soon restored the same as the steady state operation. Experimental
results show that the proposed method can run stably under acceleration and deceleration
conditions and has good dynamic performance.
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d)êθ

 
(a) (b) 

Figure 15. Experimental results of acceleration and deceleration with 100% rated load. (a) Accelera-
tion (150–300–450–600 r/min). (b) Deceleration (600–450–300–150 r/min). 

5. Conclusions 
This paper proposes a variable-angle random HF voltage injection strategy with 

cross-saturation effect compensation for sensorless SynRM drives. Firstly, the position ob-
servation error of sensorless control algorithm based on HF injection is analyzed due to 
the cross-saturation effect. By randomly injecting voltage signals of different frequencies 
generated by chaotic mapping, the method reduces the HF noises. To suppress the esti-
mated position error caused by the cross-saturation effect, the variable-angle injection 
strategy, which can change the injection angle in real time according to the load condi-
tions, was proposed. In addition, the control accuracy and robustness can be maintained 
without additional hardware resources and has better realizability and practicability. Fi-
nally, the sensorless performance test based on variable-angle random HF voltage injec-
tion was carried out on a 3 kW SynRM experimental platform. The experimental results 
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5. Conclusions

This paper proposes a variable-angle random HF voltage injection strategy with
cross-saturation effect compensation for sensorless SynRM drives. Firstly, the position
observation error of sensorless control algorithm based on HF injection is analyzed due
to the cross-saturation effect. By randomly injecting voltage signals of different frequen-
cies generated by chaotic mapping, the method reduces the HF noises. To suppress the
estimated position error caused by the cross-saturation effect, the variable-angle injection
strategy, which can change the injection angle in real time according to the load conditions,
was proposed. In addition, the control accuracy and robustness can be maintained without
additional hardware resources and has better realizability and practicability. Finally, the
sensorless performance test based on variable-angle random HF voltage injection was
carried out on a 3 kW SynRM experimental platform. The experimental results show that,
compared with the traditional method, the proposed method can operate stably, effectively
suppress the estimated position error caused by the cross-saturation effect and significantly
reduce the noises. Although, the control strategy based on variable-angle square-wave
injection can effectively suppress the estimated position error caused by the cross-saturation
effect of the SynRM. This method requires the off-line measurement to obtain the fitted
curve of the injection angle in advance, which increases the complexity. Therefore, to
improve the generality, the fitted curve of injection angle and other on-line cross-saturation
compensation algorithms could be further studied.
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