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Abstract

Magnetic bearing hydrogen recirculation pumps enable high-speed, wear-free operation but
are sensitive to flow-induced disturbances. This study proposes a cascade-structured distur-
bance observer (CDOB) that fuses rotor displacement and bearing current signals to achieve
robust disturbance estimation under model uncertainties, with low-pass filtering to ensure
stability. The proposed method is validated through simulations and repeated experiments
at multiple axial positions. Based on raw displacement signals, the CDOB reduces the av-
erage peak-to-peak axial displacement by approximately 35% compared with a traditional
disturbance observer. Under axial offset conditions of −100 µm and +100 µm, the CDOB
consistently achieves average displacement reductions of approximately 23% and 24%, respec-
tively, demonstrating consistent disturbance suppression and robustness across repeated
tests. These results indicate that the CDOB provides an effective and practical solution for
disturbance suppression in magnetic bearing systems.

Keywords: active magnetic bearing; cascade-structured disturbance observer; disturbance
estimation; hydrogen recirculation pump

1. Introduction
As a key component of hydrogen fuel cell (HFC) systems, high-speed centrifugal

hydrogen recirculation pumps are increasingly employed in fuel cell vehicles owing to
their high efficiency and operational stability [1,2]. However, with the growing demand
for compact system integration in vehicular applications, conventional centrifugal pumps
supported by mechanical bearings face substantial challenges in meeting aerodynamic
requirements characterized by low flow rates and high-pressure rise. These limitations
underscore the urgent need to enhance the performance of high-energy-density impeller
machinery [3]. In recent years, magnetic bearing technology has demonstrated remarkable
advantages in precision applications such as onboard fly wheel energy storage systems
and turbomachinery, benefiting from its frictionless operation, absence of lubrication, and
extended service life [4,5]. Consequently, magnetic bearings present a promising and tech-
nically viable solution to the performance bottlenecks of traditional centrifugal hydrogen
recirculation pumps, offering broad potential for future development and application.

However, in practical operation of hydrogen fuel cell (HFC) systems, complete separa-
tion between gaseous reactants (H2, O2 and H2O) and the generated liquid water within the
flow channels is difficult to achieve [6]. This challenge becomes particularly pronounced
under dynamic load conditions, where the delayed response of gas–liquid separation de-
vices results in liquid water accumulation in the anode flow channels [7]. When dispersed
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liquid droplets within the two-phase flow impinge upon the impeller surface at high speed,
the resulting transient impact forces can excite nonlinear vibrations in the magnetically
suspended rotor system, thereby posing a serious threat to its dynamic stability. These
time-varying external loads, introduced by two-phase flow disturbances, have emerged as
a critical bottleneck limiting the engineering application of magnetically levitated hydrogen
pumps. Consequently, the development of a robust magnetic bearing rotor controller is
of great importance for advancing the adoption of magnetic suspension technology in
HFC systems.

Evidently, the operational disturbances can essentially be regarded as uncertain ex-
ternal perturbations. Common approaches to address such issues include the extended
state observer (ESO) [8] and the disturbance observer (DOB) methods [9]. The ESO esti-
mates disturbances acting on the plant by augmenting them as additional system states,
thereby providing strong disturbance rejection capability with low dependence on accurate
system modeling. Owing to these advantages, it has been widely applied across various
engineering fields [10,11]. Meanwhile, the DOB features a simpler structure and is easier
to implement in practice. In ref. [12], a nonlinear disturbance observer was proposed that
enables disturbance estimation using only output measurements. Ref. [13] introduced a
control strategy that combines a PD controller with an adaptive DOB based on Lyapunov
stability theory, effectively mitigating disturbances in active suspension systems under
road excitation. Furthermore, ref. [14] presented a novel nonlinear friction observer for
motion control, in which two asymptotically convergent friction estimators were derived
without assuming a predefined friction model, offering new insights into motion control
under complex dynamic conditions.

In the field of magnetic bearing control, DOB-based controllers have also been exten-
sively investigated and applied. In ref. [15], multiple parallel full-order state observers were
utilized for fault detection, state estimation, and disturbance observation. A game-theoretic
detection filter was first employed to decouple external disturbances, followed by an
H∞ model-matching method to assign the desired bandwidth to the decoupled distur-
bance observer. Experimental results verified the effectiveness of the proposed control
scheme. Jin et al. [16] proposed a composite hierarchical disturbance rejection strategy,
in which external disturbances were compensated using a disturbance observer, while
internal system uncertainties were suppressed via an H∞ controller. Both simulation and
experimental results demonstrated that the approaches exhibited superior external dis-
turbance rejection performance compared with a standalone H∞ controller. In ref. [17],
a robust nonlinear control strategy was developed for second-order nonlinear uncertain
systems. Based on feedback linearization, the proposed method effectively eliminated
system uncertainties and disturbances through appropriate filtering operations, as vali-
dated by simulation results. In the design of DOB-based magnetic bearing controllers, it is
crucial to account for system uncertainties to ensure robustness, and model identification
techniques have proven to be an effective means of achieving this goal [18]. With the
continuous advancement of system identification methodologies, the accuracy of model
estimation within specific frequency bands has been significantly enhanced [19]. In ref. [20],
the active magnetic bearing (AMB) system was identified separately in both low- and
high-frequency ranges, and distinct robust controllers were subsequently designed for each
range. The performance of these controllers was evaluated under both static and dynamic
operating conditions. Ref. [21] addressed system nonlinearities and parameter uncertain-
ties by developing a multi-parameter identification model. Simulation and experimental
results demonstrated that this method could accurately identify key parameters of the AMB
system, including air gap length, rotor geometric center, static support load, and stiffness.
In ref. [22], a generalized polynomial chaos expansion method was employed to identify
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AMB parameters and unbalanced forces. Based on the stochastic system response, the
robustness and sensitivity of the system were experimentally assessed. Ref. [23] introduced
a closed-loop identification approach for multi-input multi-output systems based on a
decentralized decoupling control structure. The obtained parametric model was validated
through comparison with experimental frequency-response data. Furthermore, ref. [24]
developed a robust identification algorithm using frequency domain least-squares fitting
to estimate multiple internal excitation parameters and system characteristics, providing a
valuable framework for the identification of complex rotor systems. Despite the substantial
progress achieved in DOB-based magnetic bearing control methods that incorporate sys-
tem identification to address parameter uncertainties, several technical challenges remain.
One of the key issues lies in the inherent trade-off between robustness and bandwidth in
DOB-based designs. By appropriately configuring the observer’s filtering structure, the
bandwidth range can be optimized to enhance the overall robustness of the control system.
In this study, both current and displacement signals from the magnetic bearing control
system are utilized while fully accounting for system uncertainties. Unlike existing AMB
disturbance observers that rely on a single sensing channel, the proposed CDOB introduces
a cascaded dual-channel structure that explicitly fuses displacement- and current-based
disturbance information, improving robustness under parameter variations.

The remainder of this paper is organized as follows. Section 2 establishes the dynamic
model of the magnetically levitated rotor subjected to load-induced disturbances. Section 3
provides a detailed analysis of system uncertainties and the corresponding model iden-
tification process. Based on these results, a magnetic bearing controller incorporating a
CDOB is designed, and its stability is theoretically validated. Section 4 presents simulation
and experimental studies to evaluate the effectiveness of the proposed control strategy
in suppressing load disturbances in the magnetic bearing rotor system. Finally, Section 5
concludes the paper and summarizes the main findings.

2. Modeling
The assembly structure of the magnetically levitated hydrogen recirculation pump

is shown in Figure 1. Two radial magnetic bearings and one axial magnetic bearing are
employed to achieve stable suspension of the rotor with five degrees of freedom. The
electromagnetic interaction between the motor stator and rotor drives the impeller to com-
press and recirculate hydrogen gas. Multiple sensors are integrated to monitor the rotor’s
rotational speed and displacement in real time, providing essential feedback signals for
the hydrogen pump’s control system. The rotor displacement is measured using eddy-
current displacement sensors, which provide an analog voltage output ranging from
0.25 V to 2.75 V over an effective measurement range of 0.6 mm. As illustrated in
Figure 1, the axial displacement sensor is mounted on the housing end cover and faces
the axial thrust disk rigidly attached to the rotor shaft. Consequently, the measured dis-
placement corresponds to the axial motion of the rotor relative to the stationary housing.
Considering the spatial constraints imposed by other components within the fuel cell
stack, the overall mechanical structure is dimensioned as 225 mm × 150 mm × 150 mm
(length × width × height). Moreover, several nominal parameters of the hydrogen recircu-
lation pump are listed in Table 1.
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Figure 1. Structure of the magnetically levitated hydrogen recirculation pump.

Table 1. Nominal Parameters of the hydrogen recirculation pump.

Parameters Values

Rated power/W 600
Input voltage/V 24

Working point pressure ratio 1.11
Maximum speed/rpm 120,000

Overall quality/kg 4.2 kg

2.1. Fundamental Model of the Axial Magnetic Bearing

The axial dynamic model of the magnetic bearing–rotor system, as illustrated in
Figure 1, can be formulated as follows [25]:

m
..
z = Kxzz + Kiziz (1)

where m denotes the rotor mass, z represents the axial displacement of the rotor, Kxz and
Kiz are the displacement stiffness and current stiffness coefficients of the axial magnetic
bearing, respectively, and iz is the control current applied to the axial magnetic bearing.

By applying the Laplace transform to the axial dynamic equation described in Equation
(1), the corresponding transfer function can be expressed as:

Gd(s) =
z(s)
iz(s)

=
Kiz

ms2 − Kxz
(2)

Meanwhile, in the control loop, the primary role of the power amplifier stage is
to convert the controller output signal into the corresponding current supplied to the
magnetic bearing coil. Accordingly, the power amplifier of the axial magnetic bearing can
be equivalently represented by a first-order low-pass filter [26]:

Gω(s) =
kωzωpz

s + ωpz
(3)

where kωz and ωpz denote the gain coefficient and band width parameter of the axial power
amplifier stage, respectively, and can be expressed as: kωz =

kampz
Rz+kampzkis

ωpz =
Rz+kampzkis

Lz

(4)
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In Equation (4), Rz and Lz represent the resistance and inductance of the axial magnetic
bearing coil, respectively; kampz is the forward amplification gain of the power amplifier
stage, and kis denotes the current feedback gain. Furthermore, an incomplete differential
PID controller is typically employed to stabilize the suspended rotor system, and can be
expressed as:

Gc(s) =
kpki

(
k f + kd

)
s2 + kp

(
k f + ki

)
s + kp

kik f s2 + kis
(5)

The above theoretical model forms the foundation for axial disturbance rejection.

2.2. Basic Principle of the DOB

The disturbance observer (DOB) is a commonly used control method for handling
unknown external disturbances. Its fundamental principle is illustrated in Figure 2, where
u denotes the controller output, d represents the external disturbance acting on the system,

and
∼
d is the estimation of d. Due to parameter uncertainties in the actual plant model Gn(s),

precise modeling is challenging, and its inverse model G−1
o (s) is physically unrealizable.

Therefore, the nominal model Gn(s) is typically used as a substitute for Go(s). Meanwhile,
a low-pass filter GL(s) is incorporated into the disturbance observer to realize the inverse
of the nominal model G−1

n (s). The use of the low-pass filter also effectively attenuates the
influence of high-frequency noise on disturbance estimation. Accordingly, the expression
for the disturbance estimate can be formulated as:

d̃ = Go(s)G−1
n (s)GL(s) · d +

[
Go(s)G−1

n (s)− 1
]

GL(s) · e (6)

 
Figure 2. Basic DOB block diagram.

When the disturbance frequency is below the cutoff frequency of the low-pass filter

GL(s), such that ∥GL(s)∥ ≈ 1 and Gn(s) ≈ Go(s), then
∼
d ≈ d. Therefore, the cutoff frequency

of the low-pass filter directly affects the disturbance observer’s tracking performance for
low-frequency disturbances.

2.3. Disturbance Estimation Principle of CDOB

To enhance the accuracy of disturbance estimation, this study proposes a CDOB
method, whose fundamental structure is illustrated in Figure 3. The internal signals
involved are defined as follows:

(1) x(t): axial displacement of the rotor measured by the eddy-current sensor.
(2) i(t): axial bearing control current.
(3) u(t): control input applied to the axial magnetic bearing.
(4) d(t): lumped disturbance acting on the magnetic bearing-rotor system.
(5) d̂1(t): disturbance estimate obtained from the current-based observer channel.
(6) d̂2(t): disturbance estimate obtained from the displacement-based observer channel.
(7) d̂(t): fused disturbance estimate generated by a weighted combination of d̂1(t) and d̂2(t).
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(8) GLA(s), GLB(s): low-pass filters applied in the displacement and current observer
channels, respectively.

(9) gob: weighting factor determining the contribution of the two disturbance
estimation channels.

Figure 3. Block diagram of the CDOB.

Moreover, Figure 4 presents a modular block-diagram representation of the proposed
method. The implementation of the CDOB follows a structured procedure, which is
summarized as follows:

Output disturbance estimate

Sampled controller output signal

Lowpass filter Lowpass filter

Sampled current feedback 

signal

The product of the low-

pass filter and the inverse 

model

Sampled displacement 

output signal

The product of the low-

pass filter and the inverse 

model

Start

Calculate the difference

Calculate the sum

Multiply by the gain 

coefficient

Calculate the difference

Multiply by the gain 

coefficient

 

Figure 4. Modular block diagram of the CDOB implementation.

(1) The axial displacement signal and bearing current signal are sampled synchronously
at the control sampling rate.

(2) Based on frequency-response identification, a nominal axial plant model is constructed
and used for observer design.
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(3) Two parallel disturbance estimation channels are implemented: a displacement-based
channel and a current-based channel, each equipped with a low-pass filter to suppress
high-frequency noise.

(4) The disturbance estimates from the two channels are combined through a weighted
fusion mechanism, where the weighting factor gob balances estimation accuracy and
noise sensitivity.

(5) The fused disturbance estimate is injected into the control loop for real-time distur-
bance compensation.

According to Figure 3, Gc(s) denotes the digital controller, Ga(s) represents the actual
model of the system’s power amplifier stage, Gω(s) is the nominal model of the amplifier,
and G−1

ω (s) denotes its inverse model. Gp(s) is the actual model of the magnetic bearing–
rotor system, such that the overall plant model can be expressed as Go(s) = Ga(s)·Gp(s).

Then,
∼
d1 and

∼
d2 can be formulated as:{

d̃1 = Ga(s)G−1
ω (s)GLA(s) · d +

[
Ga(s)G−1

ω (s)− 1
]
GLA(s) · e

d̃2 = Go(s)G−1
n (s)GLB(s) · d +

[
Go(s)G−1

n (s)− 1
]
GLB(s) · e

. (7)

Accordingly, the estimated disturbance
∼
d can be expressed as:

d̃ = gob1d̃1 + gob2d̃2 (8)

As previously discussed, when the disturbance frequency is lower than the cutoff
frequency of the low-pass filters, both ∥GLA(s)∥ and ∥GLB(s)∥ can be approximated as 1.
Under this condition, it can both provide accurate estimates of the disturbance d. The
filters GLA(s) and GLB(s) should be designed individually based on the results of system
identification. Meanwhile, the estimation gains can also be tuned separately according to
the degree of model uncertainty. Without loss of generality, the estimation gain coefficients
are defined as 1 > gob1 = gob > 0, and gob2 = 1 − gob.

3. CDOB Implementation
3.1. Analysis of Uncertainty in System Parameters

Kxz and Kiz are two critical parameters in the axial dynamic model of the magnetically
levitated rotor. Their nominal values are typically obtained based on a local linear approxi-
mation when the rotor is centered within the stator of the magnetic bearing. However, due to
eddy current losses inherent in magnetic bearing systems, both displacement stiffness and
current stiffness tend to decrease proportionally [27]. Therefore, it is essential to account for
the uncertainty in Kxz and Kiz arising from variations in the rotor’s axial position.

Finite element simulations were employed to characterize the relationships among
magnetic bearing force, displacement stiffness, and rotor position, as illustrated in Figure 4.
In practical engineering applications, protective bearings are typically used to constrain the
rotor within a defined clearance to ensure stable suspension. For the axial magnetic bearing
discussed in this study, the protection clearance range is from −0.3 mm to 0.3 mm. Given the
system’s vibration tolerance requirement—that the peak-to-peak displacement of the rotor
must not exceed 30% of the protective clearance—this work focuses on analyzing the variation
characteristics of displacement and current stiffness within the range of −0.1 mm to 0.1 mm.

As shown in Figure 5a, the relationship between magnetic force and rotor position
is approximately linear within this range. Figure 5b further indicates that when the rotor
deviates ± 0.1 mm from its nominal central position, the displacement stiffness varies from
its nominal value of −65.58 N/mm to −75.48 N/mm and −68.56 N/mm, respectively. This
corresponds to a maximum relative variation of approximately 15.1%.
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Figure 5. Simulation results: (a) rotor position and force; (b) rotor position and displacement stiffness.

Similarly, the relationships among bearing force, current stiffness, and control current
under various rotor positions and operating current conditions are obtained, as shown in
Figure 6. According to Figure 6a, the relationship between bearing force and current is
approximately linear in the vicinity of 0 A; however, as the current increases, a saturation
effect becomes evident. A common approach involves applying saturation limits to the
control input to constrain the control current within an approximately linear operating
range. In this study, particular attention is given to the range of –0.4 A to 0.4 A. Based on the
data in Figure 6a, the current stiffness at different rotor positions is computed and presented
in Figure 6b. It can be observed that at the equilibrium position (0 mm), the current stiffness
varies from 73.46 N/A to 59.00 N/A; at −0.1 mm, it ranges from 80.66 N/A to 44.82 N/A;
and at 0.1 mm, it ranges from 73.46 N/A to 43.39 N/A. It can thus be concluded that the
maximum uncertainty in current stiffness reaches up to 57.12%.

 

Figure 6. Simulation results: (a) current and force at different rotor positions; (b) current and current
stiffness at different rotor positions.

Based on the above analysis, the Bode plots of the rotor system are generated to illustrate
the effects of variations in both displacement stiffness and current stiffness, as shown in
Figure 7. The results indicate that such variations have a negligible influence on the system
phase response, while the gain variation at low frequencies exhibits a consistent trend.
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Figure 7. Effects of Kxz and Kiz variations on the magnetic suspension rotor model (simulation).
(a) Bode plots under different Kiz values; (b) Bode plots under different Kxz values. (Orange, nominal
parameter; blue, decreased parameter; yellow, increased parameter.)
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Furthermore, the parameter uncertainty of the power amplifier stage is analyzed. Rotor
position variations change the inductance of the magnetic bearing coils, while resistance
remains largely unaffected. As indicated in Equation (4), such variations can alter the
amplifier bandwidth, introducing model uncertainty. Figure 8a illustrates the inductance
variation at different rotor positions. As the rotor moves from −0.1 mm to 0.1 mm, the
average of three inductance measurements shifts from 49.13 mH to 45.76 mH. Relative to the
central position (47.32 mH), the maximum inductance uncertainty is approximately 3.83%.

  

Figure 8. Impact of rotor position on the power amplifier: (a) rotor position versus coil inductance;
(b) Bode plots of the power amplifier at different rotor positions.

Based on these measurements, the corresponding Bode plot of the power amplifier’s
transfer function is shown in Figure 8b. It can be observed that the inductance variation
leads to a reduction in amplifier bandwidth from 821 Hz to 764 Hz. Within the 500 Hz
range, the gain variation of the amplifier is approximately 0.3 dB, with a phase shift of 1.4◦.
Within the 300 Hz range, both gain and phase remain nearly unchanged.

3.2. Model Identification

Following the methodology described in ref. [26], the power amplifier stage and the
system dynamics are identified using a frequency-response-based experimental approach,
as illustrated in Figure 9. A sinusoidal excitation signal is applied starting from 10 Hz. For
each excitation frequency, the input is maintained until transient responses sufficiently
decay and the system output reaches steady state. Steady-state conditions are judged
by observing the convergence of the displacement amplitude and phase over multiple
consecutive excitation cycles. Once steady state is achieved, response data are recorded
at measurement points (A, B, and C) over several steady-state periods to ensure reliable
frequency-response extraction. To reduce the influence of measurement noise and flow-
induced disturbances, repeated measurements are performed at each frequency point, and
the final frequency-response data are obtained by averaging. Since steady-state sinusoidal
excitation is employed, no additional windowing is applied. The excitation frequency is
then incremented in 5 Hz steps and applied continuously up to 2000 Hz until sufficient data
are obtained to characterize the system dynamics over the frequency range. The nominal
model of the system is then simplified into the following empirical form [19]:

Gn(s) =
Λ4

s3 + Λ1s2 − Λ2s − Λ3
(9)

The parameters kωz, ωpz in Equation (3), as well as the parameters Λ1, Λ2, Λ3, and Λ4

in Equation (9), are system-dependent coefficients to be identified. A comparison between
the identified model based on experimental data and the empirical model is shown in
Figure 10, and the identified parameter values are summarized in Table 2.
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Figure 9. AMB system identification block diagram.

 

Figure 10. Identification results: (a) power amplifier model; (b) plant model.

Table 2. Parameters of the system.

Symbol Value Symbol Value

m 0.086 kg kωz 0.0055
kp 0.0005 ωpz 103
ki 0.05 Λ1 110
kd 0.01 Λ2 1.756 × 104

kf 0.0002 Λ3 1.809 × 106

gob 0.7 Λ4 5.373 × 103

3.3. Stability Analysis of the CDOB and Filter Design

Based on the identification results presented in Figure 10 and the system parameter
uncertainty analysis in Section 3.1, the relationship between the controlled object and its
uncertainties can be assumed as follows:{

Go(s) = Gn(s)[1 + ∆n(s)]
Ga(s) = Gω(s)[1 + ∆ω(s)]

(10)

where ∆ denotes the multiplicative perturbation, while ∆n and ∆ω represent the multiplica-
tive uncertainties associated with Gn(s) and Gω(s), respectively.

For convenience of description, the disturbance observers constructed from the current
and displacement signals in Figure 3 are referred to as DOB A and DOB B, respectively.
And the necessary and sufficient condition for the stability of DOB A is given by [28]:

∥[1 − SA(s)]∆ω(s)∥∞ ≤ 1 (11)

where SA(s) denotes the sensitivity function of the magnetic bearing control system based

on DOB A. It is defined as 1 −
∼
d1/d. Combining Equations (7) and (10), the sensitivity

function of DOB A can be expressed as:

SA(s) = 1 − Ga(s)G−1
ω (s)GLA(s) +

[
Ga(s)G−1

ω (s)− 1
]

GLA(s) ·
e
d

(12)
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In Equation (12), Gω(s) can be equivalently substituted for Ga(s), so that it can be
simplified as SA(s) = 1 − GLA(s). Substituting the result into Equation (11) yields:

∥GLA(s)∆ω(s)∥∞ ≤ 1 (13)

Inequality Equation (13) serves as the prerequisite for ensuring the stability of DOB A
and forms the fundamental basis for the design of the low-pass filter GLA(s). Similarly, for
DOB B, the design constraint for GLB(s) can be derived as follows:

∥GLB(s)∆n(s)∥∞ ≤ 1. (14)

As shown in Figure 3, the output of the CDOB is the linear weighted sum of the outputs
from DOB A and DOB B, structurally constituting a parallel configuration of DOBs. Based
on the superposition principle of linear systems, provided that each individual DOB is
stable, the overall stability of the parallel DOB structure remains unaffected. Therefore, the
key to ensuring stability is designing the low-pass filters, which requires that G−1

ω (s)·GLA(s)
and G−1

n (s)GLB(s) be realizable; the relative degree condition must be satisfied as follows:{
deg{den(GLA)} ≥ deg{num(GLA)}+ rel.deg(Gω)

deg{den(GLB)} ≥ deg{num(GLB)}+ rel.deg(Gn)
(15)

where deg{·} denotes the polynomial degree, and rel.deg(·) represents the relative degree of
a transfer function. Since the nominal plant Gω(s) consists only a first-order power amplifier,
its relative degree is one, i.e., rel.deg(Gω) = 1. In contrast, the Gn(s) consists of a first-order
power amplifier and a second-order mechanical subsystem, giving rel.deg(Gn) = 3. Therefore,
to guarantee realizability and causality of the observer implementation, the denominator
order of each filter must be at least equal to the sum of its numerator order and the relative
degree of the corresponding nominal model.

To facilitate more straightforward tuning of the low-pass filter parameters, the adopted
transfer function expressions for designing GLA(s) and GLB(s) are given as follows: GLA(s) = 2τas+1

τ2
a s+2τas+1

GLB(s) =
4τbs+1

τ4
b s4+4τ3

b s3+6τ2
b s2+4τbs+1

(16)

Here, τa and τb are filter characteristic constants related to the cutoff frequencies of
GLA(s) and GLB(s), respectively. In practice, τa and τb are selected on the order of the inverse
of the desired observer bandwidth, providing a trade-off between disturbance tracking
performance and noise amplification.

4. Simulation and Experimental Verification
Simulations were conducted to validate the effectiveness of the proposed method,

with the simulation parameters detailed comprehensively in Table 2.

4.1. Robustness Analysis

Based on the CDOB structural block diagram shown in Figure 3, the sensitivity function
of the magnetic bearing control system utilizing the CDOB approach is expressed as:

S(s) = 1 − [gob · GLA(s) + (1 − gob) · GLB(s)] (17)

To ensure comparability in robustness analysis, the amplitude-frequency character-
istics of GLA(s) and GLB(s) are deliberately matched in the low-frequency range, while
maximizing the bandwidth of the CDOB by selecting τa = τb = 0.0003. The amplitude-
frequency responses of the sensitivity function for different gain coefficients gob under
varying conditions are illustrated in Figure 11. As shown, the maximum magnitude of
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the sensitivity function across the entire frequency range is approximately 1.62, which
means the proposed CDOB method exhibits sufficient robustness to accommodate model
uncertainties of the controlled object. Furthermore, as gob increases, the peak of the sensitiv-
ity function decreases; however, an excessively low peak may compromise the system’s
dynamic performance. In practical engineering applications, parameter tuning can be
performed based on actual requirements.
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Figure 11. Equivalent sensitivity function of the CDOB.

4.2. Performance Analysis of Disturbance Estimation

In the simulation study, a low-frequency sinusoidal disturbance is adopted as a repre-
sentative input to qualitatively evaluate the disturbance estimation and rejection capability
of the proposed CDOB. It is not associated with a specific physical flow rate. When
gob = 0, the CDOB reduces to a conventional DOB. As illustrated in Figure 12, under a
disturbance frequency of 5 Hz, the CDOB output closely tracks the original disturbance
signal with negligible deviation. However, as the disturbance frequency increases to
80 Hz, the estimated signal exhibits an amplitude attenuation of approximately 41.8%
and a phase lag of about 36◦, resulting in a significant deviation between the observer
output and the actual disturbance. This discrepancy severely compromises the accuracy
of disturbance compensation. To enhance the system’s disturbance estimation capability,
the low-pass filter parameters and observer output gain within the CDOB structure were
further tuned in a targeted manner. After optimization, under the 80 Hz disturbance
condition, the amplitude attenuation of the estimated signal was nearly eliminated, and the
phase lag was reduced to approximately 14◦, enabling high-precision disturbance tracking.
These results demonstrate that the parameter-tuned CDOB achieves excellent disturbance
estimation performance.

 
Figure 12. CDOB tracking performance under sinusoidal disturbance.

The simulation results of disturbance suppression are presented in Figure 13. At the
initial time (0 s), a 50 Hz disturbance signal is introduced into the magnetic bearing rotor
system, causing the rotor’s maximum vibration displacement to reach approximately 200
µm peak-to-peak. After implementing the proposed CDOB method at 1.5 s, the vibration
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peak-to-peak amplitude decreases to about 25 µm, effectively mitigating the impact of
low-frequency external disturbances on the rotor’s suspension position. These results
validate the effectiveness of the method proposed in this study.

 

Figure 13. Sinusoidal disturbance rejection performance of the CDOB.

4.3. Experiments

To experimentally validate the practical effectiveness of the proposed method, a ded-
icated test platform was constructed, as illustrated in Figure 14. The setup consists of a
peristaltic pump, water circulation piping, a helium cylinder, a pressure regulation valve,
helium circulation piping, a power supply, the test prototype, and a monitoring computer
used to supervise pump operation and acquire rotor displacement signals in real time. In
the experiments, helium gas was used as the working fluid to approximate the hydrogen
recirculation environment while ensuring operational safety. The peristaltic pump used in
the experiments is a BT100-2J model equipped with a YZ1515 pump head, with a volumetric
displacement of 3.8 mL/rev and a speed control resolution of 0.1 r/min, resulting in a
flow-rate uncertainty of ±0.38 mL/min. All experimental results presented in this study
are obtained from raw displacement measurements, without applying any digital filtering
or post-processing. The proposed CDOB algorithm was implemented on a TMS320F28335
digital signal processor, with a sampling frequency of 10 kHz and a PWM power amplifier
switching frequency of 20 kHz. Signal acquisition was performed using the on-chip ADC of
the DSP, which provides a 12-bit resolution with a reference voltage of 3 V.
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Figure 14. Experimental test system.

To ensure the consistency of hydraulic impact disturbances as much as possible,
the peristaltic pump was adjusted to deliver a constant and appropriate flow rate. The
effectiveness of different control algorithms in suppressing water-flow-induced impact
disturbances was then evaluated, with the experimental results presented in Figure 15. At
a rotor speed of 20,000 r/min, the axial displacement of the rotor exhibited a maximum
peak-to-peak value of 238 µm under conventional PID control, under which the rotor
system was highly susceptible to instability. With the introduction of a traditional DOB, the
peak-to-peak axial displacement was reduced to 180 µm, showing significant improvement.
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Under the proposed CDOB method, the maximum peak-to-peak axial displacement further
decreased to 110 µm. This represents a reduction of approximately 53.8% compared to
PID control and about 38.9% compared to the traditional DOB approach, demonstrating a
markedly improved capability in disturbance suppression.
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Figure 15. Disturbance suppression at the centered position by different methods.

Furthermore, to evaluate the effectiveness of the proposed method in suppressing
water-flow-induced impact disturbances under parameter perturbations, the reference
position of the rotor center was intentionally offset by −0.1 mm and 0.1 mm, respectively.
The axial levitation position of the rotor is detected and controlled in closed loop using an
eddy-current displacement sensor. In the closed-loop control system, directional shifts of
the rotor position can be achieved by adjusting the reference signal for the axial levitation
position. The disturbance suppression performance under different control strategies was
compared, with the corresponding results shown in Figures 16 and 17. As illustrated in
Figure 16, when the rotor center was offset by 0.1 mm, the rotor-impeller system became
unstable under water-flow impact with only PID control, posing a significant risk under
practical operating conditions. When the traditional DOB was employed, the peak-to-
peak axial displacement decreased to 264 µm. In contrast, under the CDOB method, the
maximum peak-to-peak axial displacement was further reduced to 162 µm, corresponding
to a reduction of approximately 38.6% compared to the traditional DOB approach.
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Figure 16. Disturbance suppression with a 0.1 mm rotor offset by different methods.

As shown in Figure 17, when the rotor center was offset by −0.1 mm, the impeller-
rotor system also exhibited instability under water-flow impact when only PID control
was applied. With the traditional DOB method, the peak-to-peak axial displacement was
reduced to 256 µm. Under the proposed CDOB method, the maximum peak-to-peak axial
displacement further decreased to 174 µm, representing a reduction of approximately 32.0%
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compared to the DOB approach. Based on the experimental results, it is evident that under
conditions of system parameter variation, the CDOB method outperforms the traditional
DOB strategy and significantly exceeds the performance of standalone PID control.
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Figure 17. Disturbance suppression with a −0.1 mm rotor offset by different methods.

To further evaluate the effectiveness and repeatability of the proposed approach, three
independent experiments were conducted at each levitation position considered in the
previous tests, and the peak-to-peak axial displacement was adopted as the quantitative
performance index. The corresponding results are shown in Figures 18–20, representing
the centered position, −100 µm offset, and +100 µm offset conditions, respectively.

Figure 18. Repeated experimental comparison of axial displacement responses at the centered
position (0 µm).

Figure 19. Repeated experimental comparison of axial displacement responses at an axial offset
of −100 µm.
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As shown in Figure 18, when the rotor operates at the centered position, the proposed
CDOB consistently yields significantly smaller peak-to-peak axial displacements than
the traditional DOB across all repeated tests. On average, the CDOB achieves an axial
displacement reduction of approximately 35%, indicating a substantial improvement in
disturbance suppression capability under nominal operating conditions.
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Figure 20. Repeated experimental comparison of axial displacement responses at an axial offset
of +100 µm.

Under the −100 µm offset condition (Figure 19), the axial load disturbance becomes
more pronounced due to the deviation from the nominal suspension position. Neverthe-
less, the proposed CDOB maintains stable performance and reduces the average axial
displacement by approximately 23% compared with the traditional DOB, demonstrating
its robustness against position-dependent parameter variations.

Similarly, for the +100 µm offset case (Figure 20), the CDOB continues to outperform
the conventional DOB, achieving an average displacement reduction of approximately 24%.
In addition, the relatively smaller standard deviation observed for the CDOB indicates
improved consistency and robustness under asymmetric operating conditions.

It should be noted that some variability among repeated tests is inevitable due to
the non-repeatable and stochastic nature of flow-induced disturbances. Despite this, the
proposed CDOB consistently exhibits superior disturbance rejection performance over the
traditional DOB at all tested axial positions. A statistical comparison of the peak-to-peak
axial displacements, including mean values and standard deviations calculated directly
from raw displacement signals without digital filtering, is summarized in Table 3.

Table 3. Comparison of repeated experimental results.

Axial Position CDOB Mean ± Std (µm) DOB Mean ± Std (µm)

0 µm 126.7 ± 14.5 196.0 ± 10.7
−100 µm 189.3 ± 7.5 246.3 ± 14.1
+100 µm 190.3 ± 4.0 250.0 ± 5.3

5. Conclusions
This study proposes a cascade-structured disturbance observer (CDOB) for axial

disturbance suppression in magnetically suspended rotors. To address the phase lag
and amplitude attenuation issues inherent in conventional single-channel disturbance
observers, the proposed approach fuses rotor displacement and bearing current information,
and incorporates complementary disturbance observation channels. Experimental results
indicate that the proposed CDOB consistently delivers superior disturbance suppression
performance compared to conventional DOBs across different levitation positions and
multiple repeated tests, with the average peak-to-peak axial displacement reduced by
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23% to 35%. This significantly improves the accuracy of disturbance estimation and
suppression, ensuring stable operation of magnetic bearing control systems under complex
operating conditions.

The proposed cascade-structured architecture provides new design guidance for
enhancing the disturbance rejection capabilities of conventional disturbance observers.
Moreover, it is applicable to other precision mechatronic platforms that require reliable
disturbance estimation and suppression under uncertain disturbances and time-varying
operating conditions.
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