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Abstract: To realize low harmonic distortion of the vibration waveform output from electromagnetic vibrators, we propose a 
vibration harmonic suppression technology based on an improved sensorless feedback control method. Without changing the 
original driving circuit, the alternating current (AC) equivalent resistance of the driving coil is used to obtain high-precision 
vibration velocity information, and then a simple and reliable velocity feedback control system is established. Through the study 
of the effect of different values of key parameters on the system, we have achieved an effective expansion of the velocity 
characteristic frequency band of low-frequency vibration, resulting in an enhanced harmonic suppression capability of velocity 
feedback control. We present extensive experiments to prove the effectiveness of the proposed method and make comparisons 
with conventional control methods. In the frequency range of 0.01–1.00 Hz, without using any sensors, the method proposed in 
this study can reduce the harmonic distortion of the vibration waveform by about 40% compared to open-loop control and by 
about 20% compared to a conventional sensorless feedback control method.
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1  Introduction

Demand for low-frequency vibration calibration 
accuracy has grown in various fields such as aerospace 
engineering, precision machining and manufacturing, 
structural dynamic analysis, earthquake forecasting, 
tsunami detection and early warning, and the Internet 

of Things (Crawford and Webb, 2000; Okwudire and 
Lee, 2013; Addari et al., 2017; Shimoda et al., 2021; 
Li L et al., 2023a, 2023b). Vibration calibration by 
electromagnetic vibrators is the most widely used 
method at present (Scott and Dickinson, 2014; Liu 
et al., 2021). However, the total harmonic distortion 
(THD) of the vibration waveform causes uncorrectable 
errors in the calibration, which should be suppressed 
as much as possible (ISO, 1999; Ripper et al., 2009).

However, the acceleration amplitude output from 
an electromagnetic vibrator is proportional to the square 
of the vibration frequency, and thus the electromag‐
netic driving force of low-frequency vibration weakens. 
Many incompletely avoidable micro-interferences, such 
as the uneven distribution of air-gap magnetic induction 
intensity (Okyay et al., 2015; Cui et al., 2017, 2020), 
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nonlinear stiffness and damping of the suspension 
device (He et al., 2014), and nonlinear restoring force 
of the cable (Ohno et al., 2021), all introduce harmonic 
interference to the low-frequency vibration waveform. 
Although various advanced control algorithms have 
been applied to reduce the THD of the vibration wave‐
form (Uchiyama et al., 2009; Rana, 2011; Li C and 
Chen, 2020; Li C et al., 2022), they are difficult to 
apply because of the complexity of the mathematical 
calculations. All the above control methods require 
suitable vibration sensors. High-precision vibration sen‐
sors with a frequency response lower than 0.1 Hz are 
usually seismometer types, which are too bulky to 
use in the vibrators, and the use of sensors will reduce 
system reliability and increase the cost of hardware 
and maintenance (Wang et al., 2020; Xiao DX et al., 
2022; Xiao LF et al., 2022). Hence, a sensorless feed‐
back control method is needed to reduce the THD of 
the low-frequency vibration waveform.

Sensorless control (also known as self-sensing 
control) can detect the state of controlled plant with‐
out sensors and has the advantages of low complexity, 
low cost, and high reliability. The high-frequency sig‐
nal injection method (Shuang et al., 2022), Kalman 
filter (Yildiz et al., 2020), Luenberger observer (Gar‐
rido and Luna, 2021), sliding mode observer (Repecho 
et al., 2022), and other sensorless control methods have 
been studied widely. These algorithms have many adjust‐
able parameters, leading to a complex design pro‐
cess, and require a controller with high computational 
power. For example, in the field of sensorless control of 
electromagnetic vibrators, Li W et al. (2023) adopted 
the Kalman filter and used the measured displacement 
to estimate the vibration velocity of electromagnetic 
vibrators to establish feedback control. The velocity 
estimation accuracy of this method depends on the 
accuracy of parameter adjustment, but the parameter 
adjustment process is complicated. The low-frequency 
vibration of an electromagnetic vibrator has a fre‐
quency band with large velocity values, which prompted 
researchers to realize sensorless velocity estimation 
with induced electric potential. Zhang et al. (2017) 
and Chi and Shang (2018) constructed a real-time 
extraction device for induced electric potential by con‐
necting a resistor in series with the electromagnetic 
vibrator driving circuit to achieve sensorless velocity 
feedback control. However, such methods ignore the 

variation of coil resistance with vibration frequency, 
which leads to low velocity estimation accuracy and 
changes in the original system structure. As a result, 
the interference suppression capability of velocity feed‐
back control may decrease.

In light of the above issues, in this study we pro‐
pose a vibration waveform harmonic suppression tech‐
nology for electromagnetic vibrators based on an im‐
proved sensorless feedback control method. Through 
the driving current and voltage of the electromagnetic 
vibrator, we have achieved high precision extraction 
of the induced electric potential by using the coil 
alternating current (AC) resistance to establish a sen‐
sorless velocity feedback control. This means that 
there is no need to change the original system struc‐
ture. We present a theoretical analysis of the rationality 
of our proposed method. Our group has conducted 
extensive comparative experiments to verify the supe‐
riority of the proposed method. The technical advance‐
ments are as follows: (1) The velocity estimation accu‐
racy is improved by adopting the AC resistance of the 
driving coil. (2) A method for optimizing key parame‐
ters is proposed to increase the harmonic suppression 
capability of velocity feedback control. (3) The har‐
monic suppression capability of the sensorless velocity 
feedback control method is improved. The main scien‐
tific contribution is the development of an improved 
sensorless velocity feedback control method, which can 
effectively reduce the THD of the vibration waveform, 
improve low-frequency vibration calibration accuracy, 
reduce the number of sensors, and increase system 
reliability.

2  Principle

2.1  Basic principle of electromagnetic vibrators

The operating principle of low-frequency dual 
magnetic circuit horizontal electromagnetic vibrators 
is shown in Fig. S1 in the supplementary materials. 
Permanent magnets (PMs) at each end generate a stable 
magnetic field with an average magnetic induction 
intensity of B in the air gap through the yokes. A driving 
coil is placed along the direction perpendicular to the 
magnetic induction lines, and a driving current i is 
applied. As a result of the influence of Ampere force 
on the coil, the moving parts rigidly connect to the 
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coil and vibrate along an air flotation guide. The vibra‐
tion displacement is x. The equivalent damping and 
stiffness of the suspension device are c and k, respec‐
tively (He et al., 2014). The stiffness provides a return 
force Fr=kx for the moving parts to return to the zero 
position, and the damping produces a damping force 
Fc=cẋ in the opposite direction of motion. The values 
of c and k are determined by the form and material of 
the suspension device. The coil cutting magnetic induc‐
tion lines in the magnetic field generate an induced 
electric potential e=Blẋ. Thus, the model of electro‐
magnetic vibrators can be written as (Lang, 1997; Lang 
and Snyder, 2001)

ì
í
î

mẍ + cẋ + kx = iBl,

Ri + Li̇ + Blẋ = ua,
(1)

where m is the total mass of moving parts, l is the 
coil length, R is the coil resistance, L is the coil induc‐
tance, and ua is the driving voltage at each end of the 
coil. The corresponding transfer function Gxua

(s) is 

shown in Eq. (2), where X(s) is the form of x after 
the Laplace transform, Ua (s) is the form of ua after the 
Laplace transform, and s is the complex frequency 
variable. A block diagram of the open-loop system is 
shown in Fig. 1. The driving voltage ua subtracts the 
induced electric potential e to produce the driving 
current i in the coil, and because of the drive of the 
electromagnetic driving force iBl on the coil, the mov‐
ing parts vibrate with displacement x.

Gxua
( s ) =

X (s)
Ua (s)

=

Bl

mLs3 + (mR + Lc ) s2 + ( B2l2 + Rc + Lk ) s + Rk
.  (2)

Assuming that Eq. (2) has three poles, denoted 
as po1, po2, and po3 (Zhang et al., 2017), and 0<po1⩽ 
po2⩽po3, then we have

Gxua
( s ) =

K0

( s − po1 ) ( s − po2 ) ( s − po3 )
, (3)

po1 ≈ Rk

B2l2
,  po2 ≈ B2l2

mR
,  po3 ≈ R

L
, (4)

where K0=Bl/(mR ) is the transmission coefficient of 

Gxua
( s ). According to the actual values of the param‐

eters, po1≈1 rad/s, po2≈29 rad/s, po3≈290 rad/s, and the 
corresponding corner frequencies are foi=poi /(2π ), 

where i=1, 2, 3. The low-frequency vibration is concen‐
trated mainly in the first two orders of the system, 
and the Bode diagram (Fig. 2) can be obtained from 
Eq. (2).

The real-time and high-precision expression of the 
feedback information to the system state is the deci‐
sive factor enabling the closed-loop feedback control 
system to achieve good results. Therefore, a feedback 
signal with a small phase difference from the input 
and high signal-to-noise ratio must be selected. The 
slope of the magnitude–frequency curve and the phase 
difference between the input and output in different 
frequency bands can be obtained from the Bode dia‐
gram to determine a suitable feedback signal. Fig. 2 
shows that the corner frequencies foi=poi /(2π ) (i=1, 2) 

divide the low-frequency band of the vibrator’s Bode 
diagram into three bands. In the starting frequency 
band, the vibration frequency f<fo1, the vibration dis‐
placement is proportional to the input voltage with a 
slope of 0 dB/dec, and the phase difference changes 
from 0° to −45° . As the frequency increases, the 
slope of the magnitude–frequency curve in each band 
decays at a rate of −20 dB/dec. The phase difference 

Fig. 1  Block diagram of the open-loop system

Fig. 2  Bode diagram of Eq. (2)
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increases at a rate of 90°; i.e., in the complex fre‐
quency domain, each band increases by s, indicating 
that the phase difference between the input and the 
vibration displacement, velocity, and acceleration in 
each band, separately, is less than 45°. Therefore, 
when f<fo1, namely in the displacement characteristic 
band, it is suitable for establishing displacement feed‐
back. The phase difference between velocity and input 
in this band is less than 90°, and the velocity feed‐
back can also play a role in improving the vibration 
waveform. When fo1⩽ f⩽fo2, in the velocity character‐
istic frequency band, it is favorable to establish velocity 
feedback. When fo2<f, in the acceleration characteristic 
frequency band, it is suitable for setting acceleration 
feedback control.

2.2  Sensorless velocity extraction method

Conventional sensorless velocity extraction tech‐
niques require a sampling resistor Rs connected in 
series with the driving coil circuit to obtain the driv‐
ing current. This changes the system characteristics, 
increases energy consumption, and brings difficulties 
to parameter adjustment. In addition, there are defects 
in current shunt measurement complicating the whole 
process of measurement, such as dissipation, parasitic 
inductance, and complicated electronics. Moreover, 
the coil resistance variation at different operating fre‐
quencies is ignored in the conventional method, and 
the velocity information is estimated directly using the 
driving coil direct current (DC) resistance Rdc, which 
gives misleading results. In the method proposed in 
this study, the driving voltage ua and current i are 
obtained through the power amplifier output monitor‐
ing ports without changing the original system struc‐
ture, which is simpler and more effective. Consider‐
ing the change of coil resistance under different fre‐
quencies, the AC coil resistance Rac comes into play 
to improve the velocity information extraction accu‐
racy. Thus, the established velocity feedback control 
can obtain a better harmonic suppression effect in the 
corresponding frequency band.

Assuming that the driving current is obtained by 
Rs, then the structure of the driving coil is as shown 
in Fig. 3, where ui is the voltage value corresponding 
to i.

From Fig. 3, let R′ =R+Rs. The voltage balance 
equation of the coil is

ua − R′i = Blẋ + Li̇. (5)

From the force balance equation of the electro‐
magnetic vibrators in Eq. (1), it can be found that

X (s)s =
BlI (s)s

ms2 + cs + k
, (6)

where I(s) is the form of i after the Laplace transform.
At low-frequency vibration, the coil inductance 

is only at the mH level, and the relationship between 
the induced electric potential e and the inductance 
voltage uL is

e
uL

=
BlX (s)s
LI (s)s

=
B2l2

L ( ms2 + cs + k )
≫ 1. (7)

Therefore, e≫uL, the influence of inductance can 
be ignored, and the velocity information uv can be 
calculated as

uv = Blẋ = ua − Ri. (8)

A sensorless velocity feedback control system 
can be established by uv to suppress the THD of the 
electromagnetic vibrator output waveform.

3  Establishment of a sensorless feedback 

control system

According to Fig. 2, the performance of electro‐
magnetic vibrators is similar to that of a low-pass filter. 
The low-frequency interference signal is the element 
that passes through the system, causing zero drift of 
the vibration. A high-pass filter is needed to filter out 

Fig. 3  Schematic of coil structure
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the low-frequency interference in the extraction of the 

velocity signal. The feedback signal processing circuit 

inevitably has high-frequency noise, and thus a low-

pass filter should be adopted. The cut-off frequency 

of the filter should be away from the vibration fre‐

quency to avoid affecting the vibration waveform.

Suppose that the driving current i is obtained by 

Rs, and that uv is calculated by Rdc of the coil, com‐

pared with the reference input signal u through the 

comparator, and amplified by Kv times. The control 

deviation E is obtained to realize negative feedback. 

E is amplified by KA times by the power amplifier and 

then inputted to the coil to drive the vibrator. After 

neglecting the inductance, the system transfer func‐

tion is

Gxua
=

X (s)
Ua (s)

=
Bl

mR′s2 + ( B2l2 + R′c ) s + R′k
.   (9)

A block diagram of the sensorless velocity feed‐

back control system is illustrated in Fig. 4, where 

Gẋua
=sGxua

, dv is the total harmonic component of ẋ 

caused by the nonlinear factors and other impacts on 

the vibrator, and dR is the interference induced by the 

velocity estimation error when the Rdc of the coil is 

used to calculate uv.

From Fig. 4, we have

ẋ =
KAGẋua

1 + Kv BlKAGẋua

u +
1

1 + Kv BlKAGẋua

dv

− 1

Bl +
1

Kv KAGẋua

dR. (10)

The velocity feedback can effectively suppress 
dv, reduce the influence of interference, and improve 
the harmonic distortion of the vibration waveform. 
The larger the Kv, the stronger the ability to suppress 
interference. However, as shown in Eq. (10), increas‐
ing Kv will further increase the interference of dR on 
the vibration velocity ẋ. As a result, negative velocity 
feedback control cannot suppress dR. The Rac should 
be used to improve the vibration velocity informa‐
tion extraction accuracy and reduce dR.

Neglecting the disturbances, the system transfer 
function can be expressed as

Gẋu =
ẋ
u

=
KAGẋua

1 + Kv KA BlGẋua

=
KA Bls

mR′s2 + ( B2l2 + R′c + Kv KA B2l2 )s + R′k
.  (11)

The velocity characteristic frequency band’s band‐
width Wv can be calculated as

Wv =
α2 − 4β

2π
, (12)

where α= (B2l2+R′c+Kv KA B2l2)/mR′ and β=k/m. Wv is 

dependent on Rs and Kv, as shown in Fig. 5. The Bode 
diagram of Gẋu can more clearly illustrate the change 
of the velocity characteristic frequency band with the 
changes of Rs and Kv. The Bode diagrams of different 
Kv when Rs is a constant value and of different Rs 
when Kv is a constant value are shown in Figs. S2 
and S3 in the supplementary materials, respectively.

Wv is negatively correlated with Rs and positively 
and more strongly correlated with Kv (Fig. 5 and 

Fig. 4  Block diagram of the system with sensorless velocity feedback control
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Figs. S2 and S3). With the widening of the velocity 
characteristic frequency band, it can be easier to real‐
ize the velocity negative feedback in this frequency 
band and develop the ability to reduce the waveform 
distortion. Therefore, the value of Kv should be large 
enough and the value of Rs should be as small as pos‐
sible, even zero. However, when the feedback coeffi‐
cient is too large, it may lead to an unstable sys‐
tem. According to Eq. (11), the system root locus of 
Kv=0→∞ can be obtained as shown in Fig. S4 in the 
supplementary materials, and the root trajectory of the 

system does not intersect with the imaginary axis. There‐
fore, the value of Kv will not affect the system stability.

In summary, a larger Kv and a smaller Rs are ben‐
eficial to improve the output waveform in the velocity 
characteristic frequency band of electromagnetic vibra‐
tors, and the system can remain stable. As shown in 
Eq. (10) and Figs. S2 and S3, when Rs and Kv in‐
crease, the closed-loop gain of the system decreases; 
thus, the maximum output voltage amplitude of the 
signal generator may not satisfy the requirement for 
the decreased closed-loop gain of the system. More‐
over, as Kv increases to a certain level, the interfer‐
ence is suppressed sufficiently, and thus the ability of 
velocity feedback control to improve the vibration 
waveform tends to be unchanged. Therefore, a value 
of Kv should be selected such that its increase no lon‐
ger significantly increases the velocity feedback con‐
trol effect, and Rs should be avoided.

4  Experiment

4.1  Experimental setup

The main configuration of the experimental system 
established according to Fig. 4 is shown in Fig. 6a, 
and the experimental device is shown in Fig. 6b. The 

Fig. 6  Low-frequency horizontal electromagnetic vibrator system: (a) main configuration; (b) experimental device 
(PC: personal computer; PM: permanent magnet)

Fig. 5  Relationship among Wv, Rs, and Kv
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experimental system consisted of a signal generator 
with standard sinusoidal voltage output (output range 
of ±10 V), a power amplifier with an output signal 
observation function to amplify the control signal, an 
electromagnetic vibrator (rated travel of 30 mm) to gen‐
erate standard vibrations, several power resistors with 
different resistance values as sampling resistors Rs, an 
optical encoder (resolution of 5 nm) to measure the 
vibration displacement, and a multifunction controller 
with an analog-to-digital converter/digital-to-analog 
converter (ADC/DAC) module (both with 16-bit res‐
olution) and serial encoder, to calculate and output the 
feedback signal. The experimental ambient tempera‐
ture was maintained at (26±1) ℃ to prevent the physi‐
cal characteristics of the coil from being varied by 
temperature. The signal-to-noise ratio of the acceler‐
ometer was insufficient for measuring low-frequency 
vibrations, and the vibration waveform was evaluated 
by the displacement signal (Liu et al., 2021). The low-
frequency vibration displacement measurement accu‐
racy of an optical encoder is comparable to that of a 
laser vibrometer (Garg and Schiefer, 2017), and an 
optical encoder is easier to integrate into the vibrator 
and has a lower cost. Therefore, the vibration displace‐
ment was measured by an optical encoder and trans‐
ferred to a personal computer (PC) through the con‐
troller to complete data processing.

4.2  Experimental vibration level setting

To determine the velocity characteristic frequency 
band of the electromagnetic vibrator, it is necessary 
to obtain the magnitude–frequency response charac‐
teristics of the system experimentally. The system 
magnitude–frequency characteristics were tested in 
the frequency range of 0.003–10.000 Hz. At each ex‐
perimental frequency, the output voltage amplitude 
of the signal generator was adjusted to make the elec‐
tromagnetic vibrator run with full travel, collect the 
displacement of at least three vibration cycles, and cal‐
culate the vibration displacement amplitude. The out‐
put voltage amplitude up of the signal generator and the 
vibration displacement amplitude xp at every test vibra‐
tion frequency were recorded. Then, the displace‐
ment magnitude was 20lg(xp/up) and the correspond‐
ing velocity magnitude was 20lg(2πfxp/up). Thus, the 
magnitude–frequency characteristic curves of displace‐
ment and velocity were plotted (Fig. 7). From the 

analysis in Section 2.1, it is clear that in the velocity 
characteristic frequency band, the slope of the displace‐
ment magnitude–frequency characteristic curve was 
−20 dB/dec, and the slope of the corresponding velocity 
magnitude–frequency characteristic curve was 0 dB/dec. 
As a result, the velocity characteristic frequency band 
of the experimental device was 0.05–1.00 Hz. There‐
fore, the lower limit of the experimental frequency 
was 0.01 Hz and the upper limit was 1.00 Hz. The rated 
travel of the vibration vibrator was 30 mm, and thus 
the amplitude of the vibration waveform set in the 
experiment was 15 mm.

4.3  Analysis of experimental results

The distortion of the vibration waveform was con‐
centrated mainly in the first five harmonics. The har‐
monic amplitude was obtained from the Fourier trans‐
form, and the THD γ of the vibration waveform was 
calculated by Eq. (13), where A1 is the fundamental 
frequency amplitude and Ai (i=2, 3, 4, 5) is the ith har‐
monic amplitude (Li C et al., 2022). To highlight the 
harmonic suppression effect of different control meth‐
ods, the relative difference γe of THD between differ‐
ent methods and open-loop control was calculated by 
Eq. (14), where γo denotes the THD of the open-loop 
system.

γ =
1
A1
∑
i = 2

5

A2
i × 100%, (13)

γe =
γ − γo

γo

× 100%. (14)

Fig. 7  Magnitude–frequency characteristic curves of dis‐
placement and velocity
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The power resistor Rs was connected in series 
on one side of the driving circuit. The uv was calcu‐
lated by Eq. (8) and amplified by Kv times in the con‐
troller to output the feedback signal via DAC. The 
driving voltage ua was obtained from the output volt‐
age observation port of the power amplifier; the driv‐
ing current i was obtained by measuring the voltage 
across Rs, and when Rs=0, i was measured by the out‐
put current observation port of the power amplifier 
(depending on the actual conditions, a non-contact 
current sensor can also measure i without a sampling 
resistor). With Kv set at 0.3, the power resistor Rs 
with different resistance values was used to analyze 
its effect on γ, and the open-loop system was adopted 
for comparison. The experimental results are shown 
in Fig. 8: (1) With increasing vibration frequency, the 
same vibration amplitude required greater driving force, 
the signal-to-noise ratio was high, the insensitivity to 
interference was strengthened, and the THD gradually 
decreased. (2) When the experimental frequency point 

approached both ends of the velocity characteristic 
frequency band, the ability of velocity feedback to 
improve the waveform was weakened. (3) In the veloc‐
ity characteristic frequency band, the use of the sam‐
pling resistor changed the original driving circuit struc‐
ture. As Rs increased, the capability of the sensorless 
velocity feedback control to improve the THD of the 
vibration waveform decreased. Therefore, Rs=0 was 
selected; that is, the driving current was recommended 
to be obtained through the output current observation 
port of the power amplifier.

When Rs=0, Kv was set to different values to ana‐
lyze its effect on γ. The experimental results are shown 
in Fig. 9. The trend of THD of the vibration wave‐
form for different values of Kv was similar to that for 
different values of Rs (Fig. 8), but with increasing 
Kv, the suppression ability of velocity feedback was 
enhanced. The improvement of γ and γe was no longer 
significant once Kv increased from 0.3 to 0.4, and thus 
Kv=0.3 was selected.

Fig. 9  Influence of different Kv’s on velocity feedback control: 
(a) γ; (b) γe

Fig. 8  Influence of different Rs’s on velocity feedback control: 
(a) γ; (b) γe
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Finally, based on the results of the above experi‐
ments, Rs=0 and Kv=0.3 were selected as the parame‐
ter values for velocity feedback control in this study, 
and R′=Rac was set to ensure high accuracy of velocity 
extraction. The Rac was calculated before the experi‐
ment. At the experimental frequency, the vibration 
velocity ẋ, driving voltage ua, and current i were mea‐
sured, and the corresponding Rac was calculated accu‐
rately by Eq. (8), where ẋ was obtained by differen‐
tial calculation of the vibration displacement. Accord‐
ing to the analysis in Section 3, the phase difference 
between the feedback signal and the reference input 
determines the ability of feedback control to suppress 
THD. Therefore, the effectiveness of the proposed 
method should be evaluated by the phase accuracy of 
the extracted velocity. The phase of the measured dis‐
placement signal was φx, the phase of the extracted 
velocity signal was φEx, and their phase difference was 
∆φ=φEx−φx. As shown in Fig. 10, ∆φ was less than 
90° due to neglecting the inductance L. The value of L 
became smaller as the frequency increased (Chen and 
Liaw, 1999; Della Flora and Gründling, 2008). ∆ φ 
approached 90°, while the curve of R′=Rac was closer to 
90°. The proposed method improved the velocity extrac‐
tion accuracy of the conventional method.

To fully illustrate the superiority of our proposed 
method, it was compared with open-loop control, the 
conventional displacement feedback control method 
based on expensive displacement sensors (displacement 
feedback coefficient Kx=1), and the conventional sen‐
sorless feedback control method based on sampling 
resistance and obtaining vibration information through 

the DC equivalent resistance of the coil (setting Rs=1 Ω, 
R′=Rdc+Rs, and velocity feedback coefficient Kvdc=0.3), 
where Rdc was measured in advance by a multimeter. 
To emphasize the innovation of the method proposed in 
this study, we also compared it with the sensorless 
velocity feedback control method based on Kalman fil‐
ter estimation proposed by Li W et al. (2023). Table S1 
in the supplementary materials presents the first five 
harmonic amplitudes and γ of the vibration wave‐
forms obtained by the different methods. Fig. 11 shows 
the time-domain vibration waveforms at 0.05 and 
0.50 Hz. As the vibration frequency decreased, the elec‐
tromagnetic driving force and the anti-interference 
capability decreased, and the γ of the vibration wave‐
form became larger and was disturbed mainly by the 
first two harmonics. Fig. 12 compares the THD suppres‐
sion capabilities of the different feedback methods to 
show the changing trends.

Fig. 11  Time-domain vibration waveforms of different control methods: (a) 0.05 Hz; (b) 0.50 Hz

Fig. 10  ∆∆φ of different vibration velocity extraction methods
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Fig. 12 shows the following: (1) In the velocity 
characteristic frequency band, high-precision sensorless 
feedback control has a strong THD suppression ability, 
reducing the vibration waveform THD by about 40% 
relative to open-loop control. (2) The displacement 
feedback control method has a limited ability to sup‐
press THD in the experimental frequency band. Never‐
theless, the waveform improvement effect is gradually 
strengthened at the lower frequency points close to the 
displacement characteristic frequency band. (3) Con‐
ventional sensorless feedback control methods have lim‐
ited ability to extend the velocity characteristic fre‐
quency band due to the need for sampling resistors, 
and can reduce vibration waveform THD only in a 
smaller frequency range (from 0.02 to 0.20 Hz) com‐
pared with conventional displacement feedback con‐
trol. (4) The conventional sensorless feedback control 
method estimates the vibration velocity with lower ac‐
curacy compared with the open-loop control method. 
The THD of the vibration waveform can be reduced 
by only about 20%. Therefore, our proposed method 

has a better THD suppression effect. (5) The method 
proposed by Li W et al. (2023) has a THD suppres‐
sion capability comparable to or even slightly stron‐
ger than that of our proposed method. However, it 
has the following drawbacks: First, the estimation of 
velocity based on the Kalman filter requires a high 
computational power of the controller. Second, the 
velocity estimation accuracy of the Kalman filter de‐
pends on accurate selection of process noise cova‐
riance and measurement noise covariance, and the 
selection process can often be accomplished only by 
a trial-and-error method, which is a complex process. 
Third, the Kalman filter estimates the velocity with 
measured displacement as a known quantity and there‐
fore is not a valid sensorless control method.

5  Conclusions

The sensorless velocity feedback control method 
is crucial in reducing the THD of low-frequency vibra‐
tion waveforms and improving vibration calibration 
accuracy. This study presents an improved sensorless 
velocity feedback control method for electromagnetic 
vibrators to improve the sensorless velocity extraction 
accuracy and interference suppression capability of 
the conventional method. The main conclusions are 
as follows:

1. The use of AC resistors improves the accuracy 
of vibration velocity estimation. The harmonic inter‐
ference introduced by the velocity estimation error, 
which is difficult to suppress with feedback control, 
is reduced.

2. The ability of sensorless velocity feedback con‐
trol to suppress interference declines as sampling resis‐
tance increases. Therefore, sampling resistors should 
not be used to obtain the driving current.

3. The proposed method reduces the THD of the 
vibration waveform by about 20% compared to the con‐
ventional sensorless velocity feedback control method.

4. The proposed method has a THD suppression 
capability comparable to that of a recent advanced 
method. However, the proposed method has a simpler 
parameter adjustment process that does not use sensors 
and is more reliable, less costly, and easier to maintain.

The main contribution of this study is the pro‐
posed improved method of sensorless velocity feedback 

Fig. 12  Comparison of the THD suppression abilities of 
different control methods: (a) γ; (b) γe
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control, which can be implemented with analog cir‐
cuits. According to the experimental results, the pro‐
posed method is simple and reliable, and has a low 
cost and high value in engineering applications for 
improving low-frequency vibration calibration accu‐
racy. Subsequent work will focus on applying the sen‐
sorless velocity extraction method combined with other 
advanced control algorithms to further improve the 
performance of electromagnetic vibrators.
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