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Abstract—Active magnetic bearings (AMBs) support rotors 
through controllable electromagnetic forces and are widely used 
in high-performance rotating machinery. In practical AMB 
systems, synchronous vibration is a major vibration source, and 
its suppression requires accurate rotational speed and phase 
information without an additional speed sensor. However, 
conventional synchronous-reference-frame (SRF)-based 
observation and compensation methods are sensitive to 
amplitude mismatch, phase nonorthogonality, direct current 
(DC) offsets, and harmonic contamination, while insufficient 
sequence separation further degrades speed observation and 
vibration suppression. To address these issues, this paper 
proposes a sensorless synchronous vibration suppression method 
based on a multiple-complex coefficient-filter-based phase-
locked loop (MCCF-PLL) and positive-negative-sequence SRF-
PI control. The MCCF-PLL extracts the fundamental positive-
sequence current component for robust speed and phase 
observation, while the displacement error is decomposed into 
positive- and negative-sequence components and regulated by 
corresponding SRF-PI compensators. The compensation angles 
are designed using sequence-domain dynamic compliance 
analysis and updated online during variable-speed operation. 
Simulation results verify the effectiveness of the proposed 
method under non-ideal signal conditions. Experimental results 
demonstrate improved speed-observation performance at  
3000 r/min, effective vibration suppression at 1800 and  
3600 r/min, and the ability to maintain effective suppression 
during the run-up from 900 to 3900 r/min and the run-down 
from 3900 to 900 r/min. These results confirm its feasibility for 
practical AMB systems.① 

Index Terms—Active magnetic bearing (AMB), Frequency 
estimation, Multiple-complex coefficient-filter-based phase-
locked loop (MCCF-PLL), Synchronous-reference-frame PI 
(SRF-PI), Vibration suppression. 
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I. INTRODUCTION 

CTIVE magnetic bearings (AMBs) realize contactless 
rotor support by means of controllable electromagnetic 

forces. Owing to their advantages of zero mechanical friction, 
no lubrication requirement, and actively adjustable supporting 
characteristics [1], AMBs have shown broad application 
prospects in high-speed motors, turbomachinery, flywheel 
energy storage systems, and vacuum rotating equipment [2]. 
However, synchronous vibration is a common problem in 
AMB-supported rotating machinery during practical 
operation. The synchronous unbalance force caused by rotor 
mass unbalance is one of the major vibration sources [3]. In 
addition, unbalanced magnetic pull, coupling misalignment, 
and sensor run-out may also become important sources of 
periodic disturbances [4]. 

Synchronous vibration not only deteriorates the rotor orbit 
and reduces rotational accuracy, but may also increase the 
control current [5], and in severe cases even lead to rotor-
stator rub. On the other hand, AMB-suspended rotating 
machinery is often not equipped with an additional speed 
sensor [6]. Therefore, how to achieve accurate observation of 
synchronous rotational speed and phase under sensorless 
conditions, and on this basis design effective vibration 
suppression algorithms, has become an important issue in the 
control of AMB systems. 

With regard to synchronous observation under sensorless 
conditions, existing methods can be broadly classified into the 
following categories. 

Methods based on phase-locked loop (PLL). PLL-based 
frequency estimation is widely used in practical applications, 
particularly the synchronous reference frame PLL (SRF-PLL). 
Yang et al. proposed a quadrature PLL method implemented 
on a field-programmable gate array (FPGA) [7]. Xu et al. 
applied PLL to rotational speed and phase observation and 
derived tuning formulas for the PLL bandwidth and damping 
ratio [6]. To improve the robustness of PLL under 
nonorthogonality of x/y signals, Peng et al. proposed an 
improved dual second-order generalized integrator PLL 
(DSOGI-PLL) [8]. In addition, Xu et al. proposed a 
multiresonance controller-quadrature PLL (MRC-QPLL) to 
mitigate the influence of harmonics on speed estimation [9]. 

Methods based on frequency-locked loop (FLL). FLL 
methods usually require the construction of an error signal for 

A 
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frequency adaptation [10]. Sun et al. applied generalized 
integrator-FLL (GI-FLL) to rotational speed observation [11]. 
Wu et al. proposed a phase-shifted second-order generalized 
integrator frequency-locked loop (SOGI-FLL) to improve 
low-frequency stability [12]. Cui et al. proposed a modified 
double SOGI-FLL method for rotational speed observation 
[13]. Moreover, Zeng et al. employed a complex bandpass 
filter-FLL (CBF-FLL) to extract rotor frequency information 
from displacement signals [14]. 

Another class of methods in the AMB field is frequency 
estimation based on adaptive notch filters (ANFs) [5], [15]. 
ANF-based methods have relatively simple structures, but Xu 
et al. indicate that their dynamic performance and estimation 
accuracy still need further improvement [9]. 

In summary, PLL-based methods feature clear structures, 
provide both frequency and phase information, and can be 
integrated with compensation based on synchronous 
coordinate transformation (CT). However, when input signals 
suffer from nonorthogonality, their estimation performance 
usually degrades, which is common in practical AMB 
displacement or current signals. FLL-based methods exhibit 
good frequency-tracking capability, but they usually lack a 
phase-locking mechanism and suffer from limitations in low-
frequency stability and dynamic performance. 

For synchronous disturbance suppression, existing methods 
can be classified into current vibration suppression, force 
vibration suppression, and displacement vibration suppression 
according to the controlled variable [16]-[17]. This study 
focuses on synchronous displacement vibration suppression, 
which is of more direct engineering significance in high-
precision rotating equipment such as electric spindles and 
magnetically suspended flywheels [18]. 

Sun et al. applied a PSGI to displacement vibration 
suppression [11], while Han et al. adopted repetitive control 
[19]. Subsequently, some studies introduced modern feedback 
control and state observation concepts into synchronous 
displacement suppression [20]. Bi et al. improved iterative 
learning control (ILC) into automatic learning control (ALC) 
for displacement and current vibration suppression through 
switching strategies [21]. Gao et al. further improved ALC to 
accelerate convergence and enhance suppression performance 
[22]. In recent years, increasing attention has been paid to 
SRF-based synchronous vibration suppression methods. 
Zheng et al. proposed an SRF-based synchronous vibration 
suppression method, which represents a typical SRF-based 
synchronous compensation method in the AMB field [23]. On 
this basis, Wu et al. proposed a SOGI-SRF-PI unbalance 
compensation method based on single-phase CT [24]. Xu et 
al. proposed a sensorless unbalance control strategy based on 
CT compensation, which is essentially a synchronous-
reference-frame PI (SRF-PI) type compensation structure [6]. 

Overall, SRF-based methods have attracted increasing 
attention because of their clear control objectives, systematic 
tuning, and integration with sensorless frequency observation. 
However, insufficient sequence-component separation makes 
conventional SRF processing susceptible to negative-
sequence components and harmonic contamination. 

Therefore, it is necessary to establish a control framework 
capable of stably providing ω(t) and θ(t) under complex 
signal conditions, and further achieving selective suppression 
of synchronous components on this basis. 

A promising direction is to employ sequence-component 
extraction to provide cleaner sequence-domain information 
for synchronous observation and compensation. In power 
electronics, the multiple-complex coefficient-filter-based 
phase-locked loop (MCCF-PLL) employs multiple complex-
coefficient filters (CCFs) to selectively extract positive-
sequence and negative-sequence fundamental components as 
well as harmonic components [25]-[26]. Motivated by this 
idea, this paper proposes a synchronous displacement 
vibration suppression method for AMB systems based on 
MCCF-PLL and positive-negative-sequence SRF-PI control. 
MCCF-PLL is introduced on the current side to obtain more 
stable synchronous information of the fundamental sequence 
component, and the rotational speed and phase are observed 
based on the fundamental positive-sequence current. In the 
displacement error channel, MCCF is introduced to extract the 
fundamental positive-sequence and negative-sequence 
components, which are then combined with the SRF-PI 
synchronous compensation structure to achieve sequence-
selective suppression of synchronous displacement 
components. Finally, both simulations and experiments are 
conducted to verify the effectiveness of the proposed method. 

The remainder of this paper is organized as follows. 
Section II introduces the AMB model and analyzes the 
limitations of the conventional SRF-PLL under non-ideal 
conditions. Section III presents the MCCF-PLL-based phase 
and speed estimation method. Section IV develops the 
positive-negative-sequence SRF-PI synchronous vibration 
suppression method and its stability analysis. Section V and 
Section VI provide the simulation and experimental results, 
respectively. Finally, Section VII concludes the paper. 

II. AMB MODELING AND ANALYSIS OF SRF-PLL 

A. Structure of the Radial AMB System 
In general, a typical AMB-supported rotor system is 

actively controlled in five degrees of freedom. A single radial 
plane of an AMB, which contains two translational degrees of 
freedom in the x- and y-directions, is illustrated in Fig. 1. 

 
Fig. 1. Structure of the radial AMB. 
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During each control period, the displacement sensors 
measure rotor position, while the current sensors acquire 
winding current signals. The outer position controller 
generates the control command according to the displacement 
error. Subsequently, the inner current controller produces the 
duty-cycle command based on this reference and drives the 
power amplifier to regulate the winding currents. The 
electromagnets then generate the required electromagnetic 
forces. When the rotor deviates from its equilibrium position, 
the control system adjusts the currents of relevant poles to 
produce a net restoring force toward the equilibrium position, 
thereby dynamically correcting the rotor position and 
maintaining stable levitation within the air gap. 

The control block diagram of a single-degree-of-freedom 
AMB is shown in Fig. 2. The AMB system can be regarded as 
a dual closed-loop control system, which mainly includes the 
position controller (typically implemented as a proportional-
integral-derivative (PID) controller), the current loop (including 
the current controller and the power amplifier), the AMB 
electromagnetic actuator, and the rotor dynamic plant. Here, 
Δix denotes the compensating current injected into the current-
reference channel, and id denotes the equivalent disturbance 
current converted from the external disturbance force. 

 
Fig. 2. Control block diagram of the single-degree-of-freedom AMB system. 

The PID controller transfer function can be expressed as: 

( ) I D
PID p

d1
k k sC s k
s T s

= + +
+

 (1) 

where kP, kI, and kD are the proportional, integral, and 
derivative gains, respectively, and Td is the time constant of 
the first-order low-pass derivative filter. 

The closed-loop current loop can be modeled as a low-pass 
element, whose transfer function is given by (2): 

( ) cI
I

cI

G s
s
ω
ω

=
+

 (2) 

where ωcI denotes the closed-loop bandwidth of the current 
loop, which reflects the dynamic response of the current 
controller and power amplifier. 

The actuator electromagnetic force is a nonlinear function 
of rotor displacement and coil current. When the displacement 
is much smaller than the air gap, the resultant force produced 
by a pair of opposing actuators along the same degree of 
freedom can be linearized as (3): 

i xk i k x mx+ =   (3) 
where x is the displacement, 𝑥̈  is the acceleration, m is the 
rotor mass, i is the control current, ki is the force-current 
stiffness, and kx is the force-displacement stiffness. Applying 
the Laplace transform gives the AMB plant transfer function: 

( ) ( )
( )p 2

i

x

X s k
G s

I s ms k
= =

−
 (4) 

It should be noted that (3) and (4) are local simplified 
models for a single radial degree of freedom. Gyroscopic 
effects are not explicitly included; within the present 
experimental range of 900–3900 r/min, they are not dominant, 
while higher-speed cases require a more complete multi-
degree of freedom (DOF) model. 

B. Sequence-domain Analysis of Non-ideal Signals 
In this study, the rotational speed is estimated from the x/y 

control current signals in the same radial plane. Let the two 
signals be denoted by ix(t) and iy(t). Under ideal conditions, 
these signals can be regarded as sinusoidal control current 
components superimposed on direct current (DC) 
components. The DC components represent the steady control 
currents required to balance the projection of gravity along  
the corresponding degrees of freedom, while the ac 
components are caused by synchronous vibration induced by 
rotor unbalance. For the ac components, the ideal case 
corresponds to equal amplitudes, no harmonic contamination, 
and a phase difference of 90°. The following expression is 
adopted: 
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Here, θ(t) is the rotor phase, h and H denote the harmonic 
order and maximum harmonic order, respectively, and φx and 
φxh are the phase offsets of the fundamental and h-th harmonic 
components. Amplitude mismatch is characterized by Ax ≠ Ay 
(and Axh ≠ Ayh); phase nonorthogonality is described by Δφ. 
Moreover, cx and cy denote DC offsets or low-frequency 
drifts. Therefore, the subsequent synchronous observation and 
sequence-component analysis focus on the AC components of 
ix(t) and iy(t), since the DC components do not contain 
rotational speed or phase information. 

Defining the x- and y-axis signals in complex-vector form, 
the standard positive- and negative-sequence decomposition 
can be obtained through analytical derivation as (6): 

( ) ( )( ) ( ) ( ) j t j
y

t
xt I e Ii t ji et θ θ

+ −
−= + = +i  (6) 

where the complex amplitudes of the positive- and negative-
sequence components I+ and I− are respectively given by: 

( )

( )

1 cos Δ sin Δ
2 2
1 cos Δ sin Δ
2 2

x y y

x y y

jI A A A

jI A A A

ϕ ϕ

ϕ ϕ

+

−

= + −

= − −
 (7) 

It can be seen from (7) that amplitude mismatch and 
nonorthogonality decompose the originally ideal single 
positive-sequence fundamental component into the 
superposition of a positive-sequence term ejθ and a negative-
sequence term e−jθ. Moreover, the magnitude of the negative-
sequence component is directly related to the degree of 
asymmetry between the x- and y-axis signals. 
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C. SRF-PLL Principle and Limitations 
The structure of the SRF-PLL is shown in Fig. 3. It 

operates by applying a Park transformation to the input vector 
with respect to the estimated angle θ(t) and using the q-axis 
component as the phase error. In Fig. 3, HPF denotes a high-
pass filter introduced to remove DC offsets and low-frequency 
drift components from the current signals before phase 
detection. The PI regulator updates the estimated angular 
frequency ω(t), while the phase integrator updates θ(t), such 
that the q-axis component converges to zero in steady state. 

 
Fig. 3. Structure of the SRF-PLL. 

When the observed signals contain amplitude mismatch or 
phase nonorthogonality, the fundamental component becomes 
a superposition of positive- and negative-sequence 
components, as shown in (6). In the vicinity of the locked 
state, the corresponding error signal can be written as (8): 
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where vq(t) is the q-axis phase-detection error in the 
synchronous reference frame; θa and ωa denote the actual 
phase angle and actual angular frequency, respectively. In this 
expression, the first term is the desired phase-locking error 
signal, whereas the second term is a periodic component at 
2ωa. Thus, the negative-sequence component does not become 
a DC term in the SRF, but appears as an oscillatory term 
whose amplitude is proportional to I−. 

In addition to the negative-sequence component, the actual 
current signals may also contain higher-order harmonics. To 
analyze the influence of these harmonics on the PLL, the 
input complex vector is uniformly expressed as (9): 

( ) ( ) ( ) ( )( )a a a
1

2

H
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The fundamental negative-sequence component is 
temporarily neglected. After CT and taking the imaginary 
part, the phase-detection error is obtained as (10): 
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It can be seen from this expression that the synchronous 
rotating transformation does not eliminate the harmonic 
components; it shifts their frequencies to (h−1)ωa and 
(h+1)ωa, which correspond to the positive- and negative-
sequence components of the h-th harmonic, respectively. 

In summary, both negative-sequence components and 
higher-order harmonics disturb the SRF-based 
synchronization process. In the SRF-PLL, they introduce 

ripple into the phase-detection error, which leads to speed 
ripple and phase error. Because the SRF-PI compensator has 
the same synchronous rotating-frame structure, it suffers from 
similar interference. Without sequence separation before SRF 
processing, these components generate oscillatory terms in the 
synchronous frame, distort the control error, and weaken the 
vibration-suppression performance. Although low-pass 
filtering or bandwidth reduction can partially mitigate these 
effects, they usually degrade dynamic performance. 

III. MCCF-PLL-BASED SYNCHRONOUS ESTIMATION 

To suppress the interference of negative-sequence 
components and harmonics on synchronous observation at the 
source, a CCF is introduced at the front end of the PLL in this 
section, thereby constructing the MCCF-PLL. The idea is to 
combine the two-channel signals in the same radial plane into 
a complex vector, and then exploit the rotational selectivity of 
the CCF in the complex plane to perform narrowband 
extraction and conditioning of the target synchronous 
component, such that the signal fed into the PLL is made as 
close as possible to a pure positive-sequence fundamental 
component. Fig. 4 illustrates the positive- and negative-
sequence CCF structures for the n-th synchronous component. 

 
Fig. 4. Structure of the CCF. 

By expressing the sequence output in complex form as 
ixyn±(t) = ixn±(t) + jiyn±(t), the corresponding first-order transfer 
function in the complex domain can be derived as: 

( ) ( )
( ) ( ) ( )

( )
c c

0 c 0 c

,n n
n n

i s i s
H s H s

i s s jn i s s jn
ω ω
ω ω ω ω

+ −
+ −= = = =

− + + +
 (11) 

where ω0 denotes the fundamental angular frequency, and ωc 
denotes the CCF bandwidth. Its frequency response is shown 
in Fig. 5, where n = 1, ω0 = 2 × π × 100 rad/s, and ωc = 0.2ω0. 

As can be seen from Fig. 5, Hn+ attains its maximum 
response (0 dB) at Ω = nω0. In contrast, Hn− exhibits a 
passband around −nω0. Therefore, the positive-sequence and 
negative-sequence CCFs constitute two band-pass extractors 
with the same center frequency but opposite rotational 
selectivity. In the vicinity of the locked frequency, they are 
able to direct the positive-sequence and negative-sequence 
components of the complex vector formed from the x- and y- 
axis signals into their respective channels. 
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Fig. 5. Bode diagram of CCFs. 

The frequency observation structure based on the MCCF-
PLL is shown in Fig. 6. The x- and y-axis currents in the 
radial plane are selected as input signals, and the cases n = 1 
and n = 2 are considered. If additional harmonic components 
are present, the corresponding CCF branches can be 
incorporated. 

 
Fig. 6. Structure of the MCCF-PLL. 

The reconstructed sum of all extracted synchronous 
components can be written as (12): 

( )
1

ˆ ˆ ˆ( )( ) ( )
N

xy xyn xyn
n

t t t+ −
=

= +∑i i i  (12) 

where N denotes the number of extracted harmonic orders. 
The outer loop constructs the residual signal r(t) through the 
summing node and feeds it into each extraction branch. 
Moreover, each CCF branch contains an internal summing 
node that feeds the output back to the input: 

( ) ( )
( ) ( ) ( )c

01
n

xyn
n

H s
s r s r s

H s s jn
ω

ω
+

+
+

= =
− −
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This structure transforms the leaky first-order filter into a 
synchronous internal-model integrator with high gain, thereby 
providing stronger capability for capturing synchronous 
components and reducing the steady-state error. 

Fig. 7 shows the overall frequency responses of the MCCF 
network, including the Bode diagrams from the input complex 

vector ixy to the reconstructed output and to the fundamental 
positive-sequence output. It can be seen that the overall 
network selectively preserves and reconstructs the target 
synchronous components while significantly attenuating 
undesired sequence components and harmonics. 

 
Fig. 7. Bode diagram of the MCCF. 

Moreover, the MCCF effectively extracts the fundamental 
positive-sequence component and provides a cleaner 
synchronized input for the PLL. The PLL output ω(t) is fed 
back to the MCCF to update the center frequency and 
bandwidth ωc of each branch, forming an adaptive closed-
loop synchronous observation framework. In the original 
reference, the bandwidth is typically chosen as ωc(t) = 
0.707ω0(t). However, simulation and experimental results in 
this study indicate that, for AMB applications, ωc(t) = 
0.1ω0(t) or ωc(t) = 0.2ω0(t) is more appropriate. Compared 
with grid-synchronization scenarios, AMB current signals 
generally contain stronger nonidealities, heavier harmonic and 
noise contamination, and more pronounced speed fluctuations. 
Hence, a smaller bandwidth is preferred to enhance 
robustness, at the expense of some dynamic response speed. 

IV. POSITIVE-NEGATIVE-SEQUENCE SRF-PI-BASED 

SYNCHRONOUS VIBRATION SUPPRESSION 

A. The Principle of Synchronous Vibration Suppression 
To suppress synchronous displacement vibration, the 

structure shown in Fig. 8 combines MCCF-based sequence 
component extraction with positive-negative-sequence SRF-
PI compensation. The outer position loop generates the radial 
displacement errors Δx and Δy, from which the MCCF 
extracts the positive- and negative-sequence synchronous 
components. With the synchronous angle θ(t) provided by the 
MCCF-PLL as the rotating reference, SRF-PI controllers are 
constructed in the corresponding SRFs. The controller 
outputs are then transformed back to the stationary reference 
frame using the compensation angles θc

+, θc
−, and injected 

into the current-reference channel to suppress synchronous 
displacement vibration. 
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Fig. 8. Structure of the synchronous vibration suppression system. 

The principle of vibration suppression is illustrated below 
by taking the fundamental positive-sequence component as an 
example. Assume that the displacement error is dominated by 
the synchronous component. After processing by the MCCF, 
the positive-sequence and negative-sequence components can 
be obtained and expressed in complex-vector form as (14): 

( ) ( ) ( )t x t j y t+ + +∆ = ∆ + ∆z  (14) 
The separated Δx+ and Δy+ components are then fed into the 

positive-sequence SRF-PI structure shown in Fig. 9. 

 
Fig. 9. Structure of the positive-sequence SRF-PI. 

In the positive-sequence SRF-PI controller, the extracted 
positive-sequence error components are transformed into the 
positive-sequence synchronous rotating reference frame with 
respect to the angle θ(t): 

cos sind
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x
y

θ θ
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+ +
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In the vicinity of the locked operating point, if the input is 
dominated by the target positive-sequence synchronous 
component, Δd+ and Δq+ become approximately constant in 
steady state. Therefore, a PI regulator can be directly 
employed to achieve zero steady-state error: 
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Afterward, the controller output is mapped back to the 
stationary reference frame through the inverse transformation 
with a compensation angle θc

+, thereby yielding the positive-
sequence compensating current: 
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 (17) 

Here, θc
+ is introduced to compensate for the phase lag 

caused by the controlled plant and the current loop at the 
synchronous frequency. By rotating the controller output 
current vector, the compensation current can be aligned with a 
more favorable phase direction for vibration suppression, 
thereby improving the compensation effectiveness and closed-
loop stability margin. The compensation angle is placed in the 
inverse transformation rather than in the forward 
transformation because it acts on the controller output current 
vector instead of redefining the synchronous error. In this 
way, synchronous error regulation in (15)-(16) and output 
phase compensation in (17) remain clearly separated, 
facilitating subsequent stability analysis and parameter tuning. 

The negative-sequence branch is constructed similarly, 
except that the SRF is based on −θ(t), because the negative-
sequence component rotates in the opposite direction. Its 
compensation angle θc

− is tuned independently. For the n-th 
harmonic component, the structure can be extended in parallel 
using nθ(t) and −nθ(t), with θcn

+ and θcn
− tuned according to 

the frequency-response results. 
Finally, the compensating currents generated by the 

positive-negative-sequence SRF-PI controllers are summed to 
obtain the final compensating current injected into the system: 

x x x

y y y

i i i

i i i

+ −

+ −

∆ = ∆ + ∆

∆ = ∆ + ∆
 (18) 

B. Stability Analysis 
To analyze the local closed-loop stability of the SRF-PI 

synchronous compensation, the positive-sequence channel is 
considered. In the stability analysis, the MCCF is 
approximated as a unity-gain element, and the equivalent 
closed-loop plant from the positive-sequence compensating 
current Δi+ to the positive-sequence displacement error Δz+ is 
defined as R+(s): 

( ) ( ) ( )
( ) ( ) ( )

I p

PID I p1
G s G s

R s
C s G s G s+ =

+
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The transfer function of the positive-sequence SRF-PI 
branch in the stationary frame can be written as (20): 
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where kp
+ and ki

+ are the proportional and integral gains of the 
positive-sequence compensation, respectively. Accordingly, 
the closed-loop characteristic equation of the positive-
sequence channel is given by (21): 

( ) ( )1 0R s H s+ ++ =  (21) 
Substituting (19) and (20) into the above equation yields: 

( )i( ) 0s j k H sω +
+− + =  (22) 

where H+(s) is given by: 
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H+(s) denotes the complex-domain transfer function 
obtained by absorbing the proportional compensation action 
into the equivalent open-loop system. It can thus be seen that 
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θc
+, kp

+, and ki
+ all affect the distribution of the closed-loop 

poles in the complex plane. To investigate the local stability 
after the introduction of the synchronous compensation 
branch, let ki

+ = 0 first. In this case, (22) reduces to s − jω = 0. 
That is, when ki

+ = 0, the closed-loop characteristic 
equation has a pole at s = jω. As ki

+ increases gradually from 
zero, this pole starts from the vicinity of jω and moves along 
the root locus. For the system to become stable in this local 
neighborhood, the initial direction of motion of this pole 
should point toward the left half of the complex plane. By 
treating the left-hand side of (22) as an implicit function and 
differentiating it with respect to ki

+, one obtains: 

( )+
i+ , 0

i

d
d s j k

s H j
k ω

ω+= =
= −  (24) 

This indicates that the initial trajectory of the pole departing 
from jω is determined by the complex quantity −H+(jω). For 
this pole to move toward the left half-plane, the real part of its 
initial velocity must be negative. Therefore, the following 
local stability condition must be satisfied: 

( )Re 0H jω+− <    (25) 

This condition can also be equivalently expressed in terms 
of the departure-angle condition: 

+
c

+
c+
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( )90 arg 90
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e R j
k e R j

θ

θ

ω
ω

+

+

 
 − ° < < °
 + 

 (26) 

This is the local stability criterion for the positive-sequence 
synchronous compensation branch. It can be seen that kp

+ 
affects both the magnitude and phase of the equivalent plant 
through the denominator term of H+(jω). If kp

+ is chosen 
improperly, the denominator may approach zero near the 
target synchronous frequency, making the above local 
stability condition more difficult to satisfy. Therefore, in 
engineering practice, kp

+ = 0 is adopted in this study from the 
viewpoint of engineering implementation and stability. This is 
also because, in the synchronous rotating reference frame, the 
target synchronous error becomes approximately a DC 
quantity near the locked condition, and the integral term alone 
is sufficient to achieve zero steady-state error compensation. 

Letting ( ) ( ) RjR j R j e φω ω+ += , where ϕR denotes the phase of 
R+(jω), the stability criterion in (26) can then be rewritten as: 

+
c90 90Rθ φ− ° < + < °  (27) 

To make the pole move as far as possible toward the left 
from the vicinity of jω, and obtain the maximum local 
damping, one may set θc

+ + ϕR = 0. Therefore, the theoretically 
optimal value of the positive-sequence compensation angle is 
given by: 

+ +
c c,th Rθ θ φ= = −  (28) 

where θc,th
+ denotes the theoretical optimal positive-sequence 

compensation angle. This result indicates that the positive-
sequence compensation angle θc

+ should be chosen as the 
negative of the phase of the positive-sequence dynamic 
compliance function R+(s) at the target synchronous 
frequency. 

For the AMB model considered in this study, the equivalent 
positive-sequence R+(s) can be expressed as: 

( )
5

4 3 6 2 8 10

1.019 10
7854 4.651 10 8.072 10 8.15 10

sR s
s s s s+

×
=

+ + × + × + ×
 (29) 

The Bode diagram of R+(s) is shown in Fig. 10. At 100 Hz, 
ϕR is −132.03°, and thus the theoretical optimal compensation 
angle is obtained as θc,th

+ = 132.03°. 

 
Fig. 10. Bode diagram of R+(s). 

On this basis, by fixing ki
+ = 1×106 and sweeping the 

compensation angle θc
+, the effect on the real part of the 

dominant closed-loop pole is obtained, as shown in Fig. 11. 

 
Fig. 11. Real part of the dominant pole versus θc

+ (ki
+ = 1×106). 

It can be seen that the real part of the dominant pole 
reaches its minimum near θc,opt

+ = 142°, which exhibits a 
slight deviation from the theoretically optimal angle. This is 
because, when ki

+ takes a relatively large value within the 
practical operating range, the influence of the synchronous 
compensation branch on the closed-loop pole distribution 
becomes more pronounced. Considering that, in experiments, 
the phase characteristic of R+(s) can be readily obtained 
through frequency-sweep testing, and that the deviation 
between θc,opt

+ and θc,th
+ is small, the system still maintains a 

satisfactory stability margin when the theoretically optimal 
angle is adopted. Therefore, for the analytical model 
considered in this study, θc,th

+ is adopted as the reference 
compensation-angle θc

+ setting. 
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After the compensation angle θc
+ = 132.03° is fixed, the 

influence of the integral gain ki
+ on the closed-loop pole 

distribution is investigated. Fig. 12 shows the trajectories of 
all closed-loop poles as ki

+ varies. 

 
Fig. 12. Closed-loop pole trajectories with respect to ki

+. 

It can be seen that, as ki
+ increases, both the pole branches 

introduced by the synchronous compensation and the original 
closed-loop poles shift in the complex plane. When ki

+ is too 
small, the compensation effect is limited and cannot provide 
sufficient vibration suppression. As ki

+ continues to increase, 
the poles on Branches 3 and 5 gradually move toward the 
right side of the imaginary axis, indicating a reduction in 
stability margin. Therefore, an excessively large integral gain 
may lead to instability. 

Fig. 13 further shows the variation of the maximum real 
part of the closed-loop poles with ki

+. When ki
+ is small, the 

maximum real part remains close to zero but still lies in the 
left half-plane, indicating that the system is stable but the 
compensation capability is limited. As ki

+ increases, the 
closed-loop poles first move further to the left. After ki

+ 
exceeds a certain range, the maximum-real-part curve turns 
upward, indicating that the dominant pole shifts from the 
synchronous compensation pole to other original closed-loop 
poles of the system. Near ki,crit

+ = 3.0×106, the maximum real 
part becomes positive, indicating that a closed-loop pole 
crosses the imaginary axis into the right half-plane and the 
system tends to become unstable. 

 
Fig. 13. Maximum real part of the closed-loop poles vs. ki

+. 

Considering both synchronous vibration suppression 
capability and stability margin, the analytical study suggests 

θc
+ = θc,th

+ = 132.03˚ and ki
+ = 1×106 as a feasible parameter 

pair for the simplified transfer-function model. In engineering 
tuning, the compensation angle θc

+ can first be determined 
from frequency-sweep identification, and then ki

+ can be 
gradually increased from a small value to enhance the 
suppression capability. Since the influence of the synchronous 
compensation branch on the closed-loop pole distribution 
becomes more pronounced as ki

+ increases, θc
+ may also be 

fine-tuned around the theoretical value θc,th
+. 

For the negative-sequence channel, the dynamic 
compliance function R−(s) can be defined analogously, and 
the compensation angle can be chosen as θc

− = θc,th
− = 

−arg[R−(jω)]. The harmonic channels can be extended in the 
same manner. 

V. SIMULATION RESULTS 

A simulation model is established in MATLAB/Simulink, 
and the parameters are listed in Table I. It should be noted that 
these parameters are not required to be identical to those in 
the preceding stability analysis. The stability analysis uses a 
simplified continuous-time transfer-function model to derive 
the compensation-angle selection rule and the local influence 
of the integral gain on pole migration, whereas the simulation 
is performed on a more detailed system model. Therefore, the 
controller parameters in Table I are re-tuned for the 
simulation model following the same design principle in 
Section IV. 

TABLE Ⅰ 
SIMULATION PARAMETERS 

Parameters Magnitude 
Mass of rotor, m/kg 10 
Stiffness, kx/(N·m−1) 2.40×106 
Stiffness, ki/(N·A−1) 129.7 
Eccentricity, e/(μm) 50 

Bandwidth of current loop, ωcI/(rad·s−1) 4000π 
Bandwidth of MCCF, ωc 0.1×ω0 

Gain of SOGI, k0 0.6 
Gain of SOGI-FLL, τ −60 

Gain of PLL, kp
pll 1329.7 

Gain of PLL, ki
pll 12279 

Gain of SRF-PI, kp
pi 0 

Gain of SRF-PI, ki
pi 2 

Compensation angles, θc
+, θc

− 36° 
Compensation angles, θc2

+, θc2
− 77° 

 
The first part evaluates the frequency estimation 

performance of the MCCF-PLL in comparison with the PLL 
and SOGI-FLL methods. The second part presents the 
synchronous vibration suppression results based on positive-
negative-sequence SRF-PI control. 

A. Frequency Estimation Results based on MCCF-PLL 
First, comparisons are conducted under standard 

orthogonality, where the rotational speed is set to 100 Hz, the 
injected signals in the x- and y-directions are mutually 
orthogonal, and Ax = Ay = 2.0×10−4. At t = 0.02 s, the three 
frequency estimation methods are activated. The initial value 
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of the SOGI-FLL method is set to 60 Hz, while those of PLL 
and MCCF-PLL are set to 0. As shown in Fig. 14, after a 
transient process, all three methods achieve convergence. In 
terms of convergence speed, the PLL is the fastest, followed 
by the MCCF-PLL, and the SOGI-FLL is the slowest. 

 
Fig. 14. Frequency estimation under ideal orthogonal conditions. 

Verification is conducted under non-ideal operating 
conditions. Disturbances are injected with amplitudes Ax = 
2.0×10−4, Ay = 1.0×10−4, Ax2 = 4×10−5, and Ay2 = 2.0×10−5, 
with the phase difference deviating from the ideal orthogonal 
condition by π/8, where Ax2 and Ay2 represent the amplitudes 
of the second harmonic components. Under such conditions, 
the x- and y-direction control currents exhibit severe distortion 
and contain harmonic components, corresponding to the non-
ideal operating conditions of AMB systems, as shown in Fig. 15. 

 
Fig. 15. x- and y-axis control currents under nonideal conditions. 
 

 
Fig. 16. Non-ideal conditions frequency estimation comparison. 

In Fig. 16, the first subfigure presents the overall frequency 
estimation results of the different methods, while the second 
subfigure shows a local enlargement for a clearer comparison 
of the steady-state fluctuations. It can be seen that the 
traditional PLL method exhibits evident harmonic-related 
fluctuations, whereas the SOGI-FLL method still shows a 
fluctuation range of about ±2.5 Hz. By contrast, the MCCF-
PLL method maintains the estimation fluctuation within 
approximately ±0.1 Hz, demonstrating better steady-state 
stability and higher frequency estimation accuracy under non-
ideal operating conditions. 

B. Synchronous Vibration Suppression Results based on 
Positive-negative-sequence SRF-PI 

Following the compensation-angle selection principle in 
Section IV, the transfer functions R+(s) and R−(s) of the 
positive- and negative-sequence channels were identified for 
the simulation model. Since a second-harmonic suppression 
loop is included, identification was performed at 100 and 200 
Hz, respectively: 

( ) ( )
( ) ( )

2π×100 2 100

2 200 2 200

10.3 36

6.5 77

R Rj j

R Rj j
ω ω

ω ω

ω ω

ω ω
+ = − = π×

+ = π× − = π×

= = ∠− °

= = ∠− °
 (30) 

The compensation angles were then selected accordingly: 

c c

c2 c2

36

77

θ θ

θ θ

+ −

+ −

= = °

= = °
 (31) 

Simulations of displacement vibration were conducted 
under the same non-ideal operating conditions as in Part A. In 
the simulation, the positive-negative-sequence SRF-PI 
suppression was activated at t = 0.2 s, and the second-
harmonic positive- and negative-sequence suppression 
channels were activated at t = 0.5 s. The x- and y-direction 
displacement waveforms are shown in Fig. 17, and the 
sequence components of displacement are shown in Fig. 18. 

 
Fig. 17. x- and y-axis displacement responses. 
 

 
Fig. 18. Positive- and negative-sequence displacement components under 
fundamental and second-harmonic suppression. 

After the fundamental positive- and negative-sequence 
suppression channels were activated at t = 0.2 s, the 
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corresponding fundamental components were significantly 
reduced. After the second-harmonic suppression channels 
were further activated at t = 0.5 s, the corresponding harmonic 
components were suppressed to near zero. These results 
confirm the effectiveness of the proposed method for selective 
suppression of synchronous vibration components under non-
ideal operating conditions. 

VI. EXPERIMENTAL RESULTS 

To verify the effectiveness of the proposed synchronous 
estimation and vibration suppression strategy, experiments 
were carried out on an AMB test rig as shown in Fig. 19. The 
shaft is driven by a high-speed motor, and two touchdown 
bearings are employed to protect the AMBs. The control 
board acquires the displacement and current signals, executes 
the control algorithm, and generates pulse width modulation 
(PWM) commands for the power amplifier. The DC bus 
voltage is 70 V, and the AMB bias current is 5 A. The 
switching device is an insulated gate bipolar transistor (IGBT) 
module. The sampling and control frequencies are both 20 
kHz, and the proposed synchronous estimation and vibration 
suppression algorithms can be executed within one control 
period. 

 
Fig. 19. Structure of AMB motor test rig. 

The experimental parameters are listed in Table II. In 
practical experiments, the controller parameters were further 
tuned on the test rig to account for sampling and actuation 
delays, sensor noise, amplifier nonlinearity, and unmodeled 
dynamics, while preserving the same control structure and 
parameter-selection principle as those used in the simulation. 

A. Constant-speed Experiments 
Under the 3000 r/min operating condition, the dynamic 

synchronous-estimation results of the PLL, SOGI-FLL, 
MCCF-PLL, and MCCF-PLL-LPF methods are shown in Fig. 
20. Fig. 20(a) presents the frequency-estimation responses, 
while Fig. 20(b) shows the corresponding synchronous phase 
outputs. Here, MCCF-PLL-LPF denotes the MCCF-PLL 
frequency estimate further processed by a 10 Hz low-pass 
filter. The enabling instant of each method is marked in the 
figure.  It  can  be  seen  that  the PLL exhibits the most severe  

TABLE Ⅱ 
EXPERIMENTAL PARAMETERS 

Parameter Magnitude 
Mass of rotor, m/kg 46 
Stiffness, kx/(N·m−1) 2.60×106 
Stiffness, ki/(N·A−1) 260 

Rated motor power/kW 200 
Rated motor speed/(r·min−1) 18,000 

Touchdown bearing air gap/μm 250 
AMB air gap/μm 500 

Bandwidth of MCCF, ωc 0.1×ω0 
Gain of SOGI, k0 2 

Gain of SOGI-FLL, τ 2000 
Gain of PLL, kp

pll 200.0 
Gain of PLL, ki

pll 4000.0 
Gain of SRF-PI, kp

pi 0 
Gain of SRF-PI, ki

pi 0.004 
 
oscillation and fails to settle within the ±2 Hz band, with a 
steady-state fluctuation standard deviation of 13.103 Hz. The 
SOGI-FLL achieves a relatively smooth steady-state estimate, 
but its settling time reaches 0.447 s. In contrast, the MCCF-
PLL shows a significantly faster dynamic response, with a 
settling time of 0.272 s, although some steady-state 
fluctuation remains (0.327 Hz). After low-pass filtering, the 
MCCF-PLL-LPF further reduces the steady-state fluctuation 
to 0.071 Hz while preserving a fast settling time of 0.244 s. 
The phase results in Fig. 20(b) further indicate that the 
MCCF-PLL can provide continuous synchronous phase 
information for the subsequent SRF-PI compensation. These 
results show that the proposed MCCF-based speed 
observation scheme achieves a better trade-off between 
dynamic response and steady-state accuracy under non-ideal 
operating conditions. 

 
Fig. 20. Synchronous-estimation results of different speed-observation 
methods at 3000 r/min. (a) Frequency estimation. (b) Synchronous phase. 

Based on the above speed-observation results, the 
sequence-domain dynamic characteristics are further 
identified to design the compensation angles for vibration 
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suppression. First, sequence-domain frequency-sweep 
identification is performed by injecting forward- and 
backward-rotating sequence excitations, through which the 
dynamic compliance functions of the positive-sequence and 
negative-sequence channels, R+(s) and R−(s), are obtained. 
The resulting phase-frequency responses are shown in Fig. 21. 

 
Fig. 21. Phase-frequency responses of the sequence-domain dynamic 
compliance functions. 

The compensation angles are selected following θc
+ = 

−arg[R+(jω)], θc
− = −arg[R−(jω)]. In the experiments, the 

dynamic compliance functions are obtained from sequence-
domain frequency-sweep identification on the test rig. The 
corresponding values for 1800 r/min (30 Hz) and 3600 r/min 
(60 Hz) are listed in Table III. 

TABLE Ⅲ 
COMPENSATION ANGLES USED IN THE EXPERIMENTS 

Motor speed/(r·min−1) θc
+ θc

− 
1800 93.7° 101.2° 
3600  −145.9° −156.6° 

 
Figs. 22 and 23 show the x- and y-direction displacement 

waveforms and the corresponding current waveforms under 
the 1800 and 3600 r/min operating conditions, respectively. In 
each figure, the left panel presents the x- and y-direction 
displacement responses, while the right panel shows the 
corresponding x- and y-direction current responses. The 
instant at which the synchronous vibration suppression 
algorithm is activated is also marked in the figures. After the 
suppression algorithm is enabled, the displacement amplitudes 
in both directions decrease significantly and converge to much 
lower levels. Meanwhile, the current oscillation amplitudes 
are also reduced. Under the 1800 r/min condition, the residual 
vibration in the suppressed displacement waveform is mainly 
attributed to the second-harmonic component rather than the 
target fundamental synchronous component. 

To further quantify the suppression performance, Fig. 24 
presents the spectral comparison of the x- and y-direction 
displacement signals within the initial 1 s and the final 1 s 
under the 1800 and 3600 r/min operating conditions, where 
the dashed, dash-dotted, and dotted lines indicate the 1×, 2×, 
and 3× frequency locations, respectively. At 1800 r/min, the 
1× synchronous displacement amplitude is reduced from 
29.206  to 0.015 μm in the x direction and from 74.327 to 
0.151 μm in the y direction, corresponding to reductions of 
99.95% and 99.80%, respectively. At 3600 r/min, the 1× 
synchronous displacement amplitude is reduced from 67.419 
to 3.748 μm in the x direction and from 22.494 to 0.694 μm in 

the y direction, corresponding to reductions of 94.44% and 
96.92%, respectively. These results demonstrate that the 
proposed method can effectively suppress the dominant 
synchronous displacement components under different 
rotational-speed conditions, thereby verifying its feasibility in 
practical AMB systems. 

 
Fig. 22. x- and y-direction displacement and current waveforms at 1800 r/min. 
 

 
Fig. 23. x- and y-direction displacement and current waveforms at 3600 r/min. 
 

 
Fig. 24. Spectral comparison of x- and y-direction displacement signals in the 
initial 1 s and final 1 s at 1800 and 3600 r/min. 
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B. Variable-speed Experiments 
To further verify the effectiveness of the proposed method 

under continuously varying rotational-speed conditions, 
variable-speed experiments were conducted during the run-up 

from 900 to 3900 r/min (15–65 Hz) and the run-down from 
3900 to 900 r/min (65–15 Hz), as shown in Figs. 25 and 26, 
respectively. In these experiments, the suppression branch 
was enabled before the run-up or run-down interval. 

 
Fig. 25. Variable-speed vibration suppression results during the run-up from 900 to 3900 r/min (15–65 Hz). (a) Without suppression. (b) With suppression. 
 

 
Fig. 26. Variable-speed vibration suppression results during the run-down from 3900 to 900 r/min (65–15 Hz). (a) Without suppression. (b) With suppression. 
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During variable-speed operation, the synchronous 
rotational speed was first estimated online by the proposed 
MCCF-PLL. Considering that the raw observed speed may 
contain instantaneous fluctuations, the MCCF-PLL-LPF 
defined above was used to obtain a smoother rotational-speed 
signal. Based on the compensation-angle design results shown 
in Fig. 21, the compensation angle was then updated online 
through table lookup and interpolation according to the low-
pass-filtered observed speed. In this way, the compensation 
angle could vary continuously with the operating frequency, 
thereby maintaining proper phase compensation during the 
variable-speed process. 

The experimental results in Figs. 25 and 26 present the x- 
and y-direction displacement waveforms, the corresponding 
current waveforms, and the observed rotational speed under 
the run-up and run-down conditions. Compared with the cases 
without suppression, the displacement amplitudes in both 
directions are effectively reduced when the suppression 
branch is enabled throughout the speed-varying process. 
Meanwhile, the observed speed and its low-pass-filtered result 
vary smoothly, indicating that the online compensation-angle 
updating strategy based on lookup-table interpolation remains 
effective during both acceleration and deceleration processes. 

These results demonstrate that the proposed method is 
applicable not only under constant-speed conditions but also 
under continuous variable-speed conditions within the tested 
range. By combining low-pass-filtered speed observation with 
online compensation-angle interpolation, the proposed method 
maintains effective synchronous vibration suppression during 
both the run-up from 900 to 3900 r/min and the run-down 
from 3900 to 900 r/min. 

In addition to the vibration-suppression performance, the 
real-time computational feasibility of the proposed method 
was also evaluated. The execution time was measured on the 
TMS320F28377D controller by using the internal CPU timer 
as a free-running counter. During the test, the synchronous 
estimation and vibration suppression branches were enabled, 
and 100 consecutive ADC interrupt periods were recorded. 
The measured execution time covers the main computational 
procedures in one control period, including 
current/displacement sampling, synchronous estimation, 
synchronous vibration suppression, PID/PI calculation, and 
PWM duty-cycle update. The average execution time of each 
module is summarized in Table Ⅳ. 

TABLE Ⅳ 
EXECUTION TIME OF THE MAIN PROGRAM MODULES 

Program module Average execution 
time/μs 

Percentage of 50 μs 
control period 

Current/displacement sampling 0.96 1.92% 
Synchronous estimation 6.02 12.04% 

Synchronous vibration suppression 3.55 7.10% 
Control loop calculation and PWM 

duty cycle update 6.56 13.12% 
Other auxiliary procedures 0.79 1.58% 

Total execution time 17.88 35.76% 
 

As shown in Table Ⅳ, the total average execution time of 
the ADC interrupt program is 17.88 μs, which accounts for 

only 35.76% of the 50 μs control period. Therefore, the 
proposed MCCF-PLL-based synchronous estimation and 
positive-negative-sequence SRF-PI vibration suppression 
algorithm can be completed within one control period with 
sufficient real-time margin. This result further verifies the 
feasibility of implementing the proposed method on the 
adopted DSP-based AMB control platform. 

Both the constant-speed and variable-speed experiments 
show that the proposed method can achieve effective 
synchronous vibration suppression without necessarily 
increasing the total control current. This is because the total 
control current is the vector sum of the PID feedback current 
and the injected compensating current. Once the vibration is 
suppressed, the required feedback current is reduced. In 
addition, since the two current components are not always in 
phase, their superposition does not necessarily increase the 
total current amplitude. Therefore, with a properly selected 
compensation phase, better vibration suppression can be 
achieved with a reasonable current response. 

VII. CONCLUSIONS 

This paper proposes a sensorless synchronous vibration 
suppression method for AMB systems based on MCCF-PLL 
and positive-negative-sequence SRF-PI control. The main 
conclusions are as follows. 

1) The proposed MCCF-PLL can extract the fundamental 
positive-sequence current component under non-ideal signal 
conditions, thereby improving synchronous speed and phase 
observation. Compared with conventional PLL and SOGI-
FLL methods, it achieves a better balance between dynamic 
response and steady-state accuracy. 

2) By combining MCCF-based sequence decomposition 
with positive-negative-sequence SRF-PI compensation, the 
proposed method realizes sequence-selective suppression of 
synchronous displacement vibration. The compensation 
angles are designed according to sequence-domain dynamic 
compliance analysis and can be updated online during 
variable-speed operation. 

3) Simulation results verify the effectiveness of the 
proposed method under amplitude mismatch, phase 
nonorthogonality, and harmonic contamination. Experimental 
results further show that effective synchronous vibration 
suppression is achieved at 1800 and 3600 r/min, and the 
method remains effective during the run-up from 900 to  
3900 r/min and the run-down from 3900 to 900 r/min. 

Overall, these results verify the feasibility and engineering 
effectiveness of the proposed method for practical AMB 
systems. Future work will focus on experimentally extending 
the method to higher-order harmonic vibration suppression 
and validating its performance under higher-speed operating 
conditions. 
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