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Abstract: For the sensorless control in a low-speed range of synchronous reluctance motors (SynRMs),
injecting random high-frequency (HF) square-wave-type voltages has become a widely used and
technologically mature method. It can solve the noise problem of traditional injection signal methods.
However, all injection signal methods will cause problems such as torque ripple, which causes speed
fluctuations. This article proposes a self-regulating random model algorithm for the random injection
signal method, which includes a quantity adaptive module for adding additional random processes,
an evaluation module for evaluating torque deviation degree, and an updated model module that is
used to receive signals from the other two modules and complete model changes and output random
model elements. The main function of this algorithm is to create a model that updates to suppress the
evaluation value deviation based on the evaluation situation and outputs an optimal sequence of
random numbers, thereby limiting speed bias always in a small range; this can reduce unnecessary
changes in the output value of the speed regulator. The feasibility and effectiveness of the proposed
algorithm and control method have been demonstrated in experiments based on a 5-kW synchronous
reluctance motor.

Keywords: HF voltage injection; SynRM; sensorless control; random number

1. Introduction

Synchronous reluctance motors (SynRMs) exhibit advantages such as simple structure,
ruggedness, high efficiency, wide speed range, and low cost. The price of rare earth metals
for making permanent magnets is becoming increasingly high. In the future, SynRMs
will receive a wider range of applications. In order to fully utilize these advantages, it is
necessary to achieve sensorless speed control. The main methods to achieve sensorless
control include using high-frequency signal injection, extended back electromotive force
(EMF) or flux observers, Kalman Filter, etc. These methods can estimate the rotor position
and speed, achieving sensorless control of the motor.

In [1-5], back EMF or flux observers are used; these methods have good performance
in high-speed ranges. For SynRMs, because there is no permanent magnet on the rotor,
the back EMF and flux linkages are very small at low-speed or zero-speed ranges, which
means that these methods require additional operations [6] or need to be used in scenarios
with extremely high sampling accuracy, which is impossible to adapt to all application
conditions. And for the methods of using the Kalman filter [7,8], the calculations are
enormous. So, these methods are difficult to achieve in most cases. Based on the above
reasons, when SynRMs run in the low-speed range, the method of using high-frequency
(HF) injection signals is usually chosen. This method has been widely used in speed
sensorless control of various types of motors, with some injecting current signals [9-11]
and others injecting voltage signals [12-20].
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For general speed-control methods, the injection port can be set at the output end
of the current regulator of the methods, which use voltage signals; this means that the
injection voltage value will be more accurate. This is the reason that voltage signals are
used more frequently than current signals. In [12], a square-wave-type voltage injection
incorporated into the associated signal processing method is proposed which has been
widely accepted. But, there is a very serious problem with the control method of injecting
a fixed voltage signal, which is the noise problem. In order to solve this problem, it is no
longer appropriate to inject fixed signals, and many methods of injecting random voltages
have been proposed [13-16]. The method of pseudo-random voltage injection is more
commonly used because it does not require changing the carrier frequency of pulse width
modulation (PWM), making the control period more stable and the regulator coefficients
easier to design. This article will improve the sensorless speed-control method based on the
pseudo-random voltage injection method and prove that this method also has the function
of reducing noise.

Another issue with the injection voltage method is that it introduces current harmonics,
which cause additional torque ripple [21], further causing fluctuations in speed, thereby
affecting sensorless speed control. This is because, unlike permanent magnet synchronous
motors (PMSMs), the electromagnetic torque of SynRMs is the only reluctance torque.
Therefore, the i; = 0 control strategy commonly used in PMSMs is no longer applicable.
During this operation, there is current on the d-q axis of the motor, and any direction
of current fluctuation may cause torque fluctuation. The ripple can be suppressed by
optimizing motor design [22] but cannot be minimized completely. There are also methods
to reduce torque ripple by compensating for current [21,23] or injecting voltages in a special
way [18]. But, from the analysis process of these methods, it can be seen that they heavily
rely on the accuracy of position estimation and the stability of motor parameters. However,
based on the saturation phenomenon of the SynRMs, those sensorless control methods of
SynRMs as [16-18] often require the use of methods such as those proposed in [24] or [25] to
calibrate the motor model in advance and the use of look-up-table methods during control
to ensure the control successfully. In fact, the traditional HF voltage injection method is a
saliency detection method for running in a low-speed range; the saturation phenomenon
does not seriously affect the successful operation of sensorless control [19,20]. Therefore, it
is not necessary to identify the motor parameters when the motor operates in the low-speed
zone, which can ensure the universality and simple structure of the control method used.

In summary, in order to make the sensorless speed control of SynRMs effective, simple,
and with low noise, it is necessary to use random voltage injection and minimize the
impact of torque ripple on speed. At present, there is no suitable method to simultaneously
consider the speed fluctuation caused by torque ripple under the premise of using random
injection voltage. This article will analyze in detail the impact of torque ripple on speed
when using random voltage injection for sensorless speed control of SynRMs. The impact of
torque ripple on speed can be quantified and controlled within a very small range by using
the proposed self-regulating random model algorithm. This algorithm can minimize speed
fluctuations under the premise of using random voltage injection in a low-speed range.

The main contribution of this article is to propose the self-regulating random model
algorithm. This algorithm has only three parts, which are one quantity adaptive module,
one evaluation module, and one updated model module. This algorithm has a simple
structure, low computational complexity, and can run independently without changing
the structure of the original random voltages injection control framework. It is worth
mentioning that this algorithm can be applied in a wide range of scenarios. In this article,
the speed deviation degree caused by torque ripple is considered as the evaluation object.
When applied to other scenarios, it is only necessary to change the evaluation object and
evaluation method; the algorithm can update the active elements in the model and select
the optimal random output sequence.

The rest of this article is organized as follows. The basic introduction of the sensorless
control, which uses random square-wave-type voltage, is illustrated in Section 2. The
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analysis of how injecting voltage can cause torque ripples and further cause speed bias, and
the calculated effect of voltage used in the experiment on speed are presented in Section 3.
In Section 4, the self-regulating random model algorithm is introduced in detail, and the
operation mode and principle of each module are explained; the overall control diagram
is shown. The power spectral density (PSD) calculation used to explain how this method
can reduce noise is presented in Section 5. The effectiveness of algorithms, sensorless
control methods, and the results of comparison of experimental effects on reducing speed
fluctuation are shown in Section 6. Finally, Section 7 concludes this article.

2. Random Square-Wave-Type Voltage Injection Sensorless Control Strategy
for SynRMs

2.1. The Mathematical Model of a SynRM

The model of a SynRM in a dg-axis synchronous frame under the steady state can be
expressed as
{Md = Rgig + Ld% — wreLqiq 1)
. di .
ug = Rsig + Lq% + wreLygiy

where ug, ug, Rs, ig, ig, wre, Lg, Lq are d-axis stator voltage, g-axis stator voltage, stator resis-
tance, d-axis stator current, g-axis stator current, motor electrical speed, d-axis inductance,
and g-axis inductance, respectively.

The electromagnetic torque mathematic model and the motor motion equation can be
expressed as

3P ..
dw
J dtr =T, — T, — Bwy 3)

where P is the number of pole pairs; ] is the rotor inertia; T}, is the load torque; w, is motor
speed, which is calculated as w;, = wy,./ P, and B is the damping coefficient.

2.2. Sensorless Control Based on Square-Wave-Type Voltage Injection

It has been proposed in [12] that when the injection voltage is described as

Uy half duty o
Uainj = {—Uh otherwise (U, > 0), Ug,inj =0 (4)

as shown in Figure 1, the high frequency of the corresponding induced current in the
aB-axis can be described as

Uy jni k1 AT

Nigpr = d’”’/Lkdl X COS Oy )
Uy ikt AT .

Nigjr = % X sin By,

where the subscript k represents the k-th data; AT is the interval time between two adjacent
data sampling; 6y, is the electrical angle of the rotor position; Ai, j,x and Aigj x are high-
frequency parts of the aB-axis current variation, which can be obtained by

Aitx,h,k = itx,h,k - iﬂé,h,k*l ( 6)
Aigpje = ik = 1g k-1
According to (5), if a matrix is established as

Aiyp,

e — [ AZ.WJ )
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Figure 1. The schematic diagram of the injection voltage of the d-axis.
It is easy to obtain that
de 0 -1
d—: = wyeRe,;, where R = [1 0 } (8)

The motor’s electrical speed wy, can be estimated by an adaptive speed estimator,
which is used in [3].
dditn = wreRe, + |:(g (‘2] (En - en) (9)
where the values with symbol ~ mean estimated values; g is the feedback gain of the
adaptive estimator. For the convenience of designing the coefficients in the adaptive speed
estimator, the matrix e, can be normalized. Another advantage of normalization is that
there is no need to consider changes in L;, and there is no parameter sensitivity issue in
the entire control process. The configuration of the adaptive speed estimator is shown in
Figure 2; by obtaining the high-frequency current component of the x-f3 axis and combining
it with formulae (6)—(9), the motor speed can be obtained. Further, the electrical angle
of the rotor can be calculated by a phase-locked loop (PLL), which is shown in Figure 3.
Unlike directly integrating the motor speed to obtain the angle, this method can quickly
compensate for the error between the true angle and the estimated angle. Based on this
advantage, this method can avoid estimating the initial angle of the motor, and even if there
is an error in estimating the speed, it can ensure that all coordinate transformations can
be successfully achieved. The sensorless control block diagram composed of an adaptive
speed estimator and PLL is shown in Figure 4. This is the original voltage injection method
(OVIM). The sensorless control method proposed in [16] is also applicable, but the method
proposed in this article uses an adaptive speed estimator, which ensures that the estimated
speed has smaller fluctuations. Due to further analysis of velocity fluctuations in the
following text, it is not suitable to use angle error integration to obtain motor velocity.

Figure 2. Configuration of adaptive speed estimator.
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Figure 4. Using adaptive velocity estimator and PLL to obtain motor speed and electrical angle.

2.3. Random High-Frequency Square-Wave-Type Voltage Injection Method Description
The high-frequency SynRM model of the square-wave-type voltage injection method

is expressed as
- d Ti
)15 Slale
Uq,m]- 0 Lg|dt lgh
where i, and i, , are high-frequency part of the current in dg-axis.
It is obvious that if the injection voltages in the d-axis are of the square-wave-type, the
corresponding induced currents in the d-axis are of the triangular-wave-type. A square-

wave form function uy (t, Ty, ¢) and a triangular-wave form function i £ (t, Ty, ¢) can be
defined as

1,0 < by (t — o2, T,) < 2
uf(t,Tp,go) _{ Tp— mod ( 3604) p) <3
-1, 2 < tmOd(t - W’TP) < TP (11)
if tmod (£ Tp) < 0, tmod (£ Tp) = twmoa(t, Tp) + Ty
if tmod (£ Tp) > Tps tod (£ Tp) = tmoa (£, Tp) — Tp
. 1 gt
lf(t, Tp, q)) = Tp,/() Mf(f, Tp, go)dt (12)

where T is the period of the injecting voltage; ¢ denotes the phase of the voltage, and in
this article, it only has the right values, ¢ = {0°,45°,90°,135°,180°,225°,270°,315° } and
tmod(t, T) = t mod T. The voltage and induced current at these eight phases are shown
correspondingly in Figure 5.

T; is the period of the PWM wave and is also the period of the control, considering
that for eliminating the effect of non-ideal characteristics of the inverter and the third
harmonics in the position estimation error [26] and to ensure fast response of the adaptive
speed estimator, the periods T}, of the injection voltages in this article are set as 8T; and 4T;.
Twelve voltages have been set up. In order to facilitate the calculation of torque deviation
degree. The corresponding numbers for the amplitude, period, and phase of these twelve
voltages are shown in Table 1. Randomly injecting these twelve voltages, combined with
the aforementioned sensorless control strategy, can achieve sensorless control of SynRMs.
This method is called the random voltage injection method (RVIM).
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Figure 5. The schematic diagram of the eight basic injection voltages and corresponding induced
currents in d-axis. (a) ¢ = 0°. (b) ¢ = 45°. (c) ¢ = 90°. (d) ¢ = 135°. (e) ¢ = 180°. (f) ¢ = 225°.
(g) ¢ = 270°. (h) ¢ = 315°.
Table 1. Information of Twelve Voltages.
Number 1 2 3 4 5 6 7 8 9 10 11 12
Amplitude (V) 15 30 15 30 15 30 60 30 60
Period (s) 8T; 4T,
Phase 0° 45° 90° 135° 180° 225° 270° 315° 0° 90° 180° 270°

3. Torque Ripple Analysis
3.1. The Torque Ripple Phenomenon Caused by Injected Voltage

The voltage injection sensorless control method is a method of determining the electri-
cal angle and electrical speed of the rotor by analyzing the characteristics of the induced
current and obtaining the saliency detection of the rotor. Induced current is inevitable, but
it can cause high-frequency torque ripple, which affects the speed control of the motor.
For the sensorless speed control of SynRMs, it is necessary to analyze torque ripple and
minimize its impact on speed.

The torque ripple phenomenon caused by injected voltage has been analyzed in [19,22].
Due to the fact that the frequency of injected voltage is extremely high relative to the speed-
control frequency, according to Equation (2), torque bias within an injection cycle can be

expressed as

3P o
AT, = ? (Ld - Lq)lqud (13)

Neglecting changes in friction torque and load torque, the impact of this torque bias
on motor speed can be calculated using Equation (3)

1

Awy = SAT,AL = K(AigAt) (14)
3p .
K=5; (Lg — Lg)ig (15)

Within an injection cycle, the changes in current and inductance can be ignored, so
K can be considered a constant. It can be seen that the speed change value is directly
proportional to the product of the d-axis current change value and unit time, which means
that the impact of torque ripple caused by the injected voltage on speed is proportional



Electronics 2024, 13, 3327

7 of 22

to the area enclosed by the induced current and the time axis. Taking injection voltages
numbered 1 and 2 in Table 1 as examples to calculate their impact on speed, the reference
figure is shown in Figure 6. S; and S, are the areas enclosed by the induced current and
time axis for these two injection voltages.

1 Uy 2 Uy
S1 = =-8Ts-K—+4T; = 16KT; — 16
1 2 s Ld s s Ld ( )
1 U, 1 U, Uy
Sy = —=2T-K—=-T; 4+ =-6T;-K—=-3T; = 8KT; —= 17
2 2 s Ld s+ 7 s Ld s s Ld ( )
U U
i u, (1.7.0°) ) i u, (1.7.45°)
U, U, t--
L L ey . '
Lyina i, (1.7.0%) Ly in S % s E,,(uA45°)
. ., | . .,
U i (@) U i (b)

Figure 6. Reference diagram for calculating the impact of injected voltage on speed. (a) No.1. (b) No.2.

For coefficients shown in Table 1, U; = Ujy; therefore, S; = 2S;. If the speed bias
value caused by the injection voltage numbered 2 is the unit of 1, the remaining bias values
should be calculated, as shown in Table 2.

Table 2. Speed bias caused by twelve voltages.

Speed Bias -2 -1 0 1 2
Number 5 4,6,11 3,7,10,12 2,8,9 1

In order to ensure sensorless speed control and minimize the impact of injected voltage,
it is necessary to ensure that the total speed bias is around 0. This can ensure a stable output
of the speed loop regulator and prevent overall speed fluctuations and oscillations.

3.2. Analysis of the Torque Ripple Phenomenon in SynRMs

According to (15)—(17), the magnitude of the speed bias caused by injected voltage is
related to the inductance values of L; and Lg, and g-axis current i;. And when the operating
state of the motor changes, such as acceleration, deceleration, and changing the load, the
current value changes. Due to the saturation effect of SynRMs, as shown in Figure 7, its
dg-axial inductance value will change with the variation in axial current. This means that
the relative ratio of the influence of each voltage on speed remains unchanged, but the
absolute value always changes.

The above characteristics impose stricter restrictions on control. In order to ensure that
the speed does not fluctuate even when the motor’s operating state changes, it is necessary
to maintain the speed bias around 0 at all times. This is difficult for RVIM to achieve. This
control method only needs to randomly generate one random number and then select
the corresponding voltage for injection. However, random numbers generated by most
programming languages exhibit oscillations and periodicity over a long period of time.
If there is also oscillation in the torque deviation caused by the corresponding injection
voltage, it may cause speed fluctuations. Figure 8 shows the speed bias calculated based
on Table 2 when operating the motor using RVIM. From Figure 8, it can be seen that the
injection voltage has a significant impact on the speed.
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Figure 7. The variation in SynRM dg-axis inductance due to saturation effect.

Evaluation Result Value

Time(s)

Figure 8. The summed-up value of the speed bias of using RVIM according to Table 2.

4. Introduction of the Proposed Self-Regulating Random Model Algorithm

In this section, the proposed self-regulating random model algorithm will be introduced
in detail. The proposed self-regulated random model algorithm is created as a Simulink
model and uploaded to Supplementary Materials. The use of a self-regulating random
model algorithm with multiple random processes can eliminate the fluctuation impact of
the generated random numbers and the injection voltage they represent on speed control.
This algorithm can increase the randomness of injection voltage usage and ensure that the
speed bias is around 0 in every short time duration.

4.1. Operation Mode of the Self-Regulating Random Model Algorithm

The overall diagram of the self-regulating random model algorithm is shown in Figure 9.
The controller needs to generate three random numbers to help the algorithm process.

Random Number I Random Number II Random Number IIT
™

e N ‘

Quantity Adaptive | A4 C':;‘E;‘D"'e‘e Update Model | Random Output
S Value
Module Module >
@ N J
Evaluation Result
Value
; o
Evaluation
Module <

\_ _4

Figure 9. Overall diagram of self-regulating random model algorithm.

The main function of the algorithm is to create a model with 12 elements; some are in
an activated state, while others are in an inactive state. This model continuously updates
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the activated elements in the model based on the combination of evaluation result value
and model-activated element quantity adjustment signals and finally outputs a random
number from these activated elements to ensure that the evaluation result value is always
maintained near the expected value. This can meet our requirement that the speed bias is
always around 0.

At the initial condition, it is necessary to set the model with 3 to 7 activated elements;
elements are the numbers from 1 to 12. Each number corresponds to its assigned voltage.

4.2. Operation Mode of the Quantity Adaptive Module

The principle diagram of the quantity adaptive module is shown in Figure 10, which is
the law on how to update the model. This module is used to randomly generate signals of
the way how to change the model. As can be seen from Figure 10, the module is divided into
three regions; when the Random Number I, ranging from 0 to 1, belongs to three different
regions, the module will output Add signal, Change signal, and Delete signal separately.
The probability of generating various signals varies with the number of activated elements
in the model. For example, if the number of activated elements in the model is five, there is
a 50% probability that the module will generate a Delete signal, and when a probability is
25%, the module will generate an Add signal or a Change signal.

Probability

Random Number I

Change

|

|

|

|

|

|

|

|

|

|

|

|

|

|

|

:

| Number of
| Activated
| Elements
7

Delete

r 5 :
Figure 10. Principle diagram of the quantity adaptive module.

4.3. Operation Mode of the Evaluation Module

The theme structure of the evaluation module is a simple accumulator, which receives
the random output value of the algorithms of the previous cycle, finds it in Table 2, records
the speed bias generated by this output, accumulates the previous results, and outputs
the new evaluation result value (V) to the Update Model Module. For other methods
of suppressing torque fluctuations, complex mixed calculations of motor parameters are
required, and control through the design of regulators is necessary. The computational
complexity of the method proposed in this article only exists in this module, consisting of
simple addition and subtraction of positive integers.

4.4. Operation Mode of the Update Model Module

The operation mode diagram of the Update Model Module is shown in Figure 11.
Firstly, receive the signal from the quantity adaptive module and judge how to change the
model. If an Add Signal is received, run Add Module; if a Delete Signal is received, run
Delete Module; if a Change Signal is received, run both Add Module and Delete Module.

Every time the Add Module is run, it receives the state of the model, which is shown
in Figure 11b; the red numbers mean elements that are activated, and the others are inactive.
Add Module is used to select one of those inactive elements and change it to an activated
state. Receive evaluation result value (V) from the evaluation module and make judgments.
If V > 0, run Reduce Evaluation Value Module (REVM) with (©); if V < 0, run Increase
Evaluation Value Module (IEVM) with (2); if V = 0, run Random Module (RM) with ().
The numbers 1), @), 3 indicate the collections of inactive elements in the model. But ()
removes 1, 2, 8, 9, which can increase the value of V; 2) removes 4, 5, 6, 11.
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Random Number I — |

Evaluation Result
Value (V)

Add|ChangeDelete
Signal

Add
[
.

A

Reduce Evaluation

Increase Evaluation

Random Module

V=0 _

Value Module Random Number IIT
Evaluation Result

Value (V)
Value Module V=0

Add Medule

Model State

Update 7y V=0

Random

Update
Delete Module 71
’dj.-i—
\J

Output

(a) (b)

Figure 11. Update Model Module. (a) Overall logic diagram. (b) Schematic diagram of model

state changes.

Every time the Delete Module is run, it receives random output from the algorithm of
the previous cycle and changes this element to inactive to complete the update.

From a macro perspective, there are two trends in the changes in the elements within
the model, adding elements that reduce the deviation of evaluation values and the repetition
of the same element. The model is constantly changing toward the optimal model at the
moment of using this algorithm, so combining random numbers to randomly output values
for elements within the model can also be considered the optimal random output.

4.5. Sensorless Control Using Self-Requlating Random Model Algorithm

The overall flowchart of using the output of the self-regulating random model com-
bined with Table 1 for pseudo-random voltage injection is shown in Figure 12. The output
of this algorithm will be used to control which voltage is injected, and the whole sensorless
speed-control system is shown in Figure 13. This method can be called a self-regulating
random model method (SRRMM). Speed and current controls are implemented using
Proportional-Integral (PI) regulators. A Low-Pass Filter (LPF) is used to filter out induced
current to ensure signal stability. A High-Pass Filter (HPF) is used to extract induced current
for sensorless control. The cutoff frequencies of LPF and HPF can both be set to 37—

Generate Injection Starting From the

Voltage, Change Quantity Adaptive

Symbol s=1 Upon S Module, Execute the
Completion Algorithm

Model State Add|Change|Delete Signal

Injection
Voltage A%
Parameters

Determine the
Injection Voltage |_ 14

Update the Model

A

Output a Random
Number » From the

Activated Elements
of the Model

Figure 12. Flowchart of using the self-regulating random model algorithm to output injection voltage.

Update Evaluation
Result Value (V)
Using r In Table 2

Parameters Using r In
Table 1
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@) @ 3 @ ® (6) @) @®) © (10) (1) (12)

—— = L U

1 ‘ ‘ ‘ “ ‘ [ Random Output Value

o ) : —< (Injection Voltage Number) | Self-Regulating
Voltage Injection Block with Self- ] h\« O ——
: i —

Regulating Random Model Switch Signal s Random Model

| |
[ 9 4 _ Uop
R
|
|
S A N M 3 =
Sensorless
Control iH,a
A(Iapt.i\'e i“ﬁ-”- V
___________ e ————
Figure 13. Block diagram of speed sensorless control system for SynRMs using self-regulating random
model algorithm.
5. Analysis of PSD
Using a fixed frequency injection voltage can cause sharp noise, while the SRRMM
proposed in this article uses pseudo-random injection voltage, which can achieve the
function of reducing noise. Usually, the calculation of current PSD is used to demonstrate
that PSD can effectively represent the distribution of energy in the frequency spectrum.
The PSD values can be calculated using the following equation [27,28]:
. discrete component
1 continuous component
S(f) = 2 2 1 2 (18)
Er[To] | Ero|I1A)P) = [Ergll popr|EneIAI] X o(F = Kf)
Tl'p k=—o0

where operator E[] denotes mathematical expectation; () stands for the unit impulse
function; I(f) is the Fourier transform during one cycle.

For the twelve voltages, regardless of whether the period is 4T; or 8T;, they all have a
voltage with the phases of ¢ = 0°, 90°, 180°, 270°. The Fourier transform results of their
induced current are as follows:

e (£,Ty) = e [2(1 = 2 4 (2jf Ty 1) (¢ 2/ — il |
loo: (f,Ty) = 2 [z (e*f%pr _ e*j%”pr) n (efJanTp _ 1)}

hso: (f.Typ) = =pr 2(1— e 2T) + (2jrf T, +1) (e 20T — /0Ty )|
bz (f.Typ) = wpry [2 (e’fngn _ eff%”pr) " (e*onpr B 1)}

where T, = {4T;, 8T}

(19)
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For the voltages with the period of 8T, there are also four phases of ¢ = 45°, 135°,
225°,315°. The amplitudes of the extreme values reached by the induced current are 0.5
and 0.25. The Fourier transform results of their induced current are as follows:

Lis(£,Ty) = 5o [1— e 2T 4 2 (e TESTr — T ) |
hsse (£, Ty) = grapory (1= ¢ 2T 4 (2= R £Ty) (13T — o T8/ ) |
bose (£, Ty) = g [1 = 2T +2(eTE/T — e TET)]

Iz (f, Tp) = ﬁ {1 — e P+ (2 T,) (e_j%ﬂﬁp - g—fB%anﬂ

(20)

where T, = 8T;.

It has been proved many times that if the injection signal frequencies only have odd
times Least common multiple, the PSD will have discrete harmonics [14]. The period
time of the voltages selected in this article are 4Ts and 8Ts, respectively. So, for the system
proposed in this article, there must be no discrete harmonics. Moreover, Iy (f) = —I1g0°(f);
Iooo (f) = —lozoe (f); Lase (f) = —laose(f); hizso (f) = —Is15°(f). And from the operation
mode of the algorithm, it can be seen that the probability of voltage injection with numbers
3,7,10, and 12 is the same, with a probability of about 10.530%, and the probability of the
other eight voltages is about 7.235%. Equation (18) is finally reduced as

1

SN = EpryEre O] @D

The specific result of the PSD of the induced current in the SRRMM can be expressed as

S(f) = 7 (0.1447|100 (f, 4Ts)|* + 0.2106| Igge (f,4TS)|2> +
st (0.1447| Lo (£, 8T) > + 0.1447 | Lso (£, 8T2) [+ (22)
0.2106|Iog- (f, 8Ts)|* + 0.1447| I35 (f, 8T5)|*)

For OVIM which uses fixed frequency voltage, the result is

sm=;wmnw (23)

The control frequency used in this article is 10 kHz, which means Ts = 0.0001 s. The
three PSD results of SRRMM and two OVIM with the period of 4Ts and 8T;, with voltage
numbers 1 and 9 in Table 1, can be plotted. Usually, due to the small amplitude of PSD
results, they take the logarithm based on ten and multiply it by ten. The processed results
are shown in Figure 14. From the figure, it can be seen that the SRRMM smoothly disperses
the induced current energy to various frequencies without any outliers appearing. This
means that there will be no high-decibel noise of a certain frequency.

—OVI 2500Hz,
—OVI 1250Hz
SRRMM

Frequency(kHz)

Figure 14. PSD results of the induced current of three different control methods.



Electronics 2024, 13, 3327

13 of 22

6. Experimental Research

The experimental platform used is shown in Figure 15, where an eddy current dy-
namometer is used to apply load and verify the accuracy of the sensorless control of the
motor speed estimation; the current probe is used to sample the phase current; a signal os-
cilloscope is used to record and display current signals, and the PC is used to communicate
and control with the motor controller. The controller uses the chip RXR5F524T8ADFM. The
parameters of the 5-kw motor are displayed in Table 3. The experimental verification is
mainly divided into four steps. Firstly, it will be verified that the proposed self-regulating
random model algorithm can be operated effectively. Secondly, various experiments are
used to verify that this method can reduce the impact of torque ripple on sensorless speed
control. Finally, it will be verified that the method used in this paper can effectively
reduce noise.

B Eddy Current
= Dynamometer

Dynamometer %
Controller

Signal
Oscilloscop

Figure 15. Experimental platform display diagram.

Table 3. Parameters of the 5-kW SynRM.

Parameter Value
Pole Pairs 2
Resistance 0250
Rated Current 125 A
Rated Voltage 380V
D-Axis Inductance 43.9 mH
Q-Axis Inductance 22.1 mH

6.1. Validation of Self-Regulating Random Model Algorithm Performance

The specific operation mode of the self-regulating random model algorithm proposed
in this article has been introduced in detail in Section 4. In order to prove the successful
operation of this algorithm, running the motor using SRRMM for about 25 s, important
parameters of each module of the algorithm are recorded based on the operating principles
of the three modules included in the algorithm.

The main function of the quantity adaptive module is to output signals on how the
model changes while also ensuring that the number of elements in the model has a certain
degree of randomness. The results between 12 s and 12.1 s of the recorded output signal of
the module and the number of elements in the model are shown in Figure 16. Regarding
the Add | Change | Delete signal shown in Figure 16, if it is 1, it means the output is an Add
signal; if it is 2, it means the output is a Delete signal, and if it is 3, it means the output is a
Change signal. The corresponding data on the number of activated elements in the model
below are also adjusted according to the output signal.
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Time(s)

Figure 16. The output signal from quantity adaptive module and the number of active elements.

For the evaluation module and the update module, the parameters, which are worth
paying attention to are the evaluation result value and the output random sequence. The
model output and evaluation result values between 12 s and 12.1 s are also recorded, which
are shown in Figure 17; the output of the model will be the number of injected voltage.

_

Evaluation Result Value Injection Voltage Number

LR OWON_2,O 2N 2NOWPRUIONOCOO =N

2 12.02 12.04 12.06 12.08 121
Time(s)

Figure 17. The evaluation result value and the injection voltage number.

From the figure, it can be seen that the evaluation value has remained stable around 0,
even for an extremely long duration; there are no large or small values. The existence of such
a phenomenon can ensure the rationality of the analysis of torque ripple in Section 3. The
motor does not always operate under fixed operating conditions, and the parameters may
also change. Maintaining an estimation result at 0 can ensure that the speed control is not
subject to oscillations caused by random numbers generated by programming languages,



Electronics 2024, 13, 3327

15 of 22

Speed(rpm)
X

which can cause oscillations in the output of the speed regulator. Therefore, using this
method can ignore the inductance variation in the SynRM.

6.2. Reduction in Torque Ripple and Speed Fluctuation

To illustrate, the random voltage injection sensorless control method using a self-
regulating random model algorithm has a smaller amplitude on torque ripple and a smaller
impact on speed control. Many comparative experiments between RVIM and SRRMM
are conducted, mainly including steady state under different load conditions, start-up in
stationary and reverse rotation states, and acceleration and deceleration experiments.

We used these two methods to run the motor at 100 rpm with no-load, 50% rated-load,
and rated-load conditions, respectively, and record the phase current, torque, and speed.
The sampling results are shown in Figure 18. In order to better display the details of each
quantity, the phase current is displayed using 100 ms/div, and there is a Zoom that displays
the details of the induced current caused by the injection voltages. The corresponding
amplitudes for the three load conditions are 2 A/div, 3.5 A/div 5 A/div. The speed displays
the duration of 5 s, while the torque displays the duration of 20 s. It can be seen that when
using SRRMM, the phase current is relatively stable, while when using RVIM, there is
a noticeable jitter marked by the green circle in the figure, especially when the current
amplitude is large. The speed fluctuation is also relatively small when using SRRMM,
only within 1.5 rpm; while using RVIM, the speed fluctuation can reach 6 rpm. The torque
fluctuation is also greater for RVIM, which is about three times that of using SRRMM. It
can also be seen that there is a more macroscopic fluctuation in torque when using RVIM.
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Figure 18. Sampling results of current, speed, and torque during motor running at 100 rpm. (a) SR-
RMM with no load. (b) RVIM with no load. (¢) SRRMM with 50% rated load. (d) RVIM with 50%
rated load. (e) SRRMM with rated load. (f) RVIM with rated load.

The sensorless control method proposed in this article does not require the use of
methods such as I-f or V-f to start up from a stationary or negative speed state. Two control
experiments are conducted, starting from a stationary state to 100 rpm and from —100 rpm
to 100 rpm, respectively. The sampling images of phase current and motor speed are shown
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in Figures 19 and 20. The phase current is displayed as 10 s/div in time and 2 A/div
in amplitude with no load, 5 s/div in time, and 5 A/div in amplitude with rated load.
The current is limited at 3.5 A with no load and 12 A with rated load. For experiments
starting from the stationary state, Zoom1 displays the current at the highest speed, while
Zoom?2 displays the current at the steady speed. The current using SRRMM is still relatively
stable, while using RVIM not only causes current jitter in a small range, but also current
oscillations in a large range. Large-range current oscillations can cause significant speed
oscillations, all of which are marked by green circles. Small-range current oscillations are
significant with a rated load, while large-range current oscillations are significant with no
load. This is because the braking force brought by the eddy current dynamometer has some
filtering effect, so the speed overshoot is not significant under rated-load conditions. For
experiments starting from the reverse rotation state, Zoom1 displays the current at the zero
speed position, while Zoom?2 displays the current at the steady speed. As before, current
jitter and oscillations, as well as speed oscillations, are all marked. The speed fluctuation,
which we are most concerned about, is still below 1.5 rpm when using SRRMM, while
using RVIM, it even reaches 7.3 rpm in Figure 19b, and the rest is also above 5 rpm.
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Figure 19. Sampling results of current and speed during motor start-up to 100 rpm. (a) SRRMM with
no load. (b) RVIM with no load. (¢) SRRMM with rated load. (d) RVIM with rated load.

Two different methods are used to conduct experiments on acceleration and decel-
eration between speeds of 100 rpm and 150 rpm. The experimental results are shown in
Figure 21. The phase current is displayed as 10 s/div in time and 2 A/div in amplitude
with no load, 5 s/div in time, and 5 A/div in amplitude with rated load. Zoom1 displays
the current at 150 rpm, while Zoom?2 displays the current at 100 rpm. The oscillations of
speed and current are marked with green circles. For the same load situation using the
same method, it can be seen that at higher speeds and currents, speed fluctuations are also
greater. This confirms the analysis results of Equations (14) and (15). For using SRRMM,
the speed fluctuation is about 2 rpm at the speed of 150 rpm, while for RVIM, it reaches
around 7 rpm.
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Figure 20. Sampling results of current and speed of the motor from —100 rpm to 100 rpm. (a) SRRMM
with no load. (b) RVIM with no load. (c¢) SRRMM with rated load. (d) RVIM with rated load.
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Figure 21. Sampling results of current and speed during acceleration and deceleration of the motor
between 100 rpm and 150 rpm. (a) SRRMM with no-load. (b) RVIM with no-load. (¢) SRRMM with

rated load. (d) RVIM with rated load.
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The above multiple experiments have shown that regardless of any operating state,
the use of SRRMM can always maintain torque fluctuations caused by injected voltage
near zero, which resists the influence of non-random or even periodic voltage selection.
Therefore, the speed bias is always maintained near zero, which is beneficial for sensorless
speed control.

6.3. Verification of Noise Reduction Effect Using SRRMM

In order to verify that the proposed SRRMM method can effectively suppress the
noise caused by injected voltage, the following comparative experiment is designed, and
all injection voltages used in the experiment are described in Table 1. The injection voltages
have the frequencies of 2.5 kHz or 1.25 kHz, respectively, and to verify that the method
used in this article can reduce noise, it is necessary to conduct OVIM experiments using
these two different frequencies of voltages; the voltage numbers used in the two methods
are 1 and 9, respectively. This method has high noise and is convenient for comparison.
RVIM has been proven many times to have the function of reducing noise, and, as a
commonly used method for comparison in this article, this method is conducted using all
the injection voltages in Table 1. The above three methods, along with the SRRMM method
proposed in this article, are all implemented under no-load and rated-load conditions. The
use of two different load conditions can better demonstrate the effectiveness of the noise
reduction function. When the motor runs stably at 100 rpm, acoustic noise is recorded by a
sound meter Smart Sensor AS804B placed approximately 50 cm above the motor shaft; the
experimental setup is shown in Figure 22, and the results are presented in Table 4. From
the results, it can be seen that SRRMM, like RVIM, also has the function of reducing noise,
while the noise generated by using OVIM is relatively large.

N W Gy
“,",“_ - “!&

L8 5-kw SynRM |

= ¥V g

\

Figure 22. Collecting the noise level generated by the motor using Smart Sensor AS804B.
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Table 4. The results of collecting acoustic noise levels using different methods.

Load State No Load Rated Load
OVIM (2.5 kHz) 76.3 dB 76.7 dB
OVIM(1.25 kHz) 76.5 dB 77.1dB

RVIM 71.2dB 71.4dB
SRRMM 70.9 dB 70.9 dB

Similarly, when the motor runs stably at 100 rpm, the phase current is recorded, and
the PSD and Fourier transform are calculated. As mentioned in Section 5, the calculated
value of PSD is very small, and the results have been processed, they are taken the logarithm
based on ten and multiplied by ten. The times of each numbered voltage are injected within
25 s and are shown in Figure 23.

4070

3979

3994 3928

4000

2782 2768 2770 2753 2744 2736 2695

2000

Counting Value

1 2 3 4 5 6 7 8 9 10 11 12
Injection Voltage Number

Figure 23. Record of voltage injection times for each number.

The sampled current image and the calculated PSD and Fourier transform results are
shown in Figure 24. The time axis is 50 ms/div; the current axis for the no-load experiment
is 2 A/div, and the rated-load experiment is 5 A/div. All current images have a Zoom to
more clearly display the induced current caused by the injected voltage reflected in the
phase current. The current amplitude is about 3.3 A under no-load conditions and about
9.3 A under rated-load conditions.

It can be seen from the figure that the PSD results of RVIM and SRRMM are below
—60 dB in the frequency between 2 kHz and 8 kHz, which is the area where human hearing
is more sensitive. From the results of the Fourier transform, it can also be seen that the
current spectrum is spread out in the low-frequency range. As for the larger values at
10 kHz, they occur because the switching frequency of PWM is 10 kHz, and switching the
inverter at this frequency will bring some current spikes.

The experimental results of two OVIMs show that there are significant peaks at the
injection frequency and its harmonics, many of which are within the range of 2 kHz to
8 kHz. This will cause sharp noise, which is also what all random voltage methods want
to eliminate.
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Figure 24. During steady state of the motor, phase current image, corresponding PSD calculation
results, and Fourier transform results display diagram. (a) OVIM with 2.5 kHz injection voltage with
no load. (b) OVIM with 1.25 kHz injection voltage with no load. (c) RVIM with no load. (d) SRRMM
with no load. (e) OVIM with 2.5 kHz injection voltage with rated load. (f) OVIM with 1.25 kHz
injection voltage with rated load. (g) RVIM with rated load. (h) SRRMM with rated load.

7. Conclusions

To solve the sensorless speed-control problem of synchronous reluctance motors
(SynRMs) and weaken the speed bias and noise caused by injected voltage. The self-
regulating random model algorithm is proposed in this paper, which can be used for
sensorless control by injecting high-frequency square-wave-type voltages. This algorithm
creates a model and continuously updates the activated elements within the model based
on evaluation results, making the trend of the random number sequence output from the
model decrease the bias of the evaluation value. Taking the torque deviation caused by
induced current as the evaluation object and its impact on speed as the evaluation method,
it is used to output twelve voltage numbers reasonably. This experiment has proven the
feasibility of the algorithm, and the entire sensorless control method has good performance;
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like other methods using random voltage, this method also has the function of reducing
the noise caused by injection voltages.

Supplementary Materials: The following supporting information can be downloaded at:
https:/ /www.mdpi.com/article/10.3390/electronics13163327/s1, File S1: The Self-Regulating Ran-
dom Model Algorithm proposed in this article is made into a Simulink model and compressed into
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