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Abstract 

To overcome the limitations of conventional control strategies in simultaneously sup-

pressing external sway disturbances and internal parameter variations—induced by 

strong eddy current effects in marine canned magnetic bearings (MBs)—this paper intro-

duces an improved model reference adaptive control (MRAC) method. First, electromag-

netic force and dynamic models of the marine canned MBs are developed, taking into 

account eddy current effects and oscillatory motion. On this basis, a state observer is de-

signed to estimate the system’s unknown dynamics. A predictive error term is formulated 

to capture the combined influence of model uncertainties and external disturbances. An 

adaptive law is then applied to compensate for these unknown dynamics and external 

disturbances. Moreover, the stability of the marine canned MBs system under the pro-

posed improved MRAC scheme is rigorously analyzed using Lyapunov stability theory. 

Simulation results confirm the effectiveness of the algorithm, showing that, compared 

with conventional PID control, the improved MRAC approach reduces rotor vibration by 

more than 53%, significantly strengthening the disturbance rejection performance of ma-

rine canned MBs. 

Keywords: canned magnetic bearings; improved model reference adaptive control; 

oscillation; eddy current effect 

1. Introduction

High-end, intelligent, and green technologies are key trends in marine equipment

development. As an independent mode of transportation, ships typically incorporate doz-

ens of fluid mechanical systems such as propellers and pumps for energy conversion, as 

well as the storage and transport of liquids and gases [1,2]. To support the strategic goal 

of becoming a maritime power, military and civilian sectors require higher hydraulic ef-

ficiency, lower vibration, better environmental performance, and improved maintainabil-

ity of fluid machinery [3,4]. As a cutting-edge enabling technology, magnetic bearings 

(MBs) offer distinct advantages, including non-contact operation between stator and ro-

tor, absence of lubrication needs, and active controllability, thereby playing an increas-

ingly critical role in marine applications [5,6]. Currently, MBs have been widely adopted 
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in terrestrial applications such as flywheel energy storage and compressors, primarily op-

erating in vacuum or gaseous environments [7–9]. However, in shipboard fluid machin-

ery, working media often contain water, coolants, or other liquids, and operational condi-

tions are severe, posing significant challenges for the deployment of MBs. First, conven-

tional anti-corrosion processes such as glue injection and varnish dipping are ineffective 

for core components like MBs and motors. Corrosion resulting from long-term operation 

not only degrades material properties but also produces particulate impurities, thereby 

directly compromising the safe and stable operation of fluid machinery [10]. Second, dur-

ing ship navigation, fluid machinery experiences mechanical movements such as tilting 

and swaying along with the hull, which increase axial vibration of the MB's rotor and 

reduce system stability, thereby compromising the safe and stable operation of fluid ma-

chinery [11]. To meet the stringent requirements for sealing and corrosion resistance, 

Study [12] proposed a canned MBs configuration that incorporates a metallic sleeve be-

tween the stator and rotor to fully isolate the iron core from the external environment, 

thereby improving corrosion resistance and sealing performance in liquid media. How-

ever, the metallic sleeve intensifies eddy current losses, degrades electromagnetic perfor-

mance, and narrows the control bandwidth of the MBs. Consequently, developing high-

efficiency control algorithms to enhance the control performance and environmental 

adaptability of canned MBs is of significant research value for advancing the application 

of MB technology in marine equipment. 

Currently, global research on the control of canned MBs remains relatively limited. 

Reference [13] proposed a control scheme for MBs with a thin-walled solid rotor (analo-

gous to a shielding sleeve), which achieves system dynamic decoupling via distributed 

drive control, thereby enhancing the control performance of MBs. Reference [14] devel-

oped a fractional-order model identification method for solid rotor-MBs systems, provid-

ing a foundational model for the precise control of MBs. In contrast, studies on MBs' con-

trol algorithms for ship-type motion platforms are more abundant. Reference [15] pro-

posed a sliding mode control method for MBs by accounting for base motion effects, 

which effectively suppresses base motion-induced responses. Reference [16] presented an 

MBs control strategy based on the constitutive relationship of viscoelastic materials for 

periodic base motion, and its effectiveness was validated through swing condition tests. 

Reference [17] introduced a base motion disturbance observation and suppression 

method for MBs using a disturbance observer, enabling high-performance vibration con-

trol of MBs without additional sensors. Reference [18] employed a composite control ap-

proach combining feedforward control and PID control to mitigate base motion-induced 

disturbances, improving rotor suspension accuracy. While the aforementioned studies of-

fer insights into the high-performance control of marine canned MBs, they struggle to 

simultaneously address the dual challenges of the strong eddy current effect of the shield-

ing sleeve and the impact of ship base motion on MBs. Reference [19] proposed a Lya-

punov-Krasovskii functional composed of state decomposition components and a rela-

tively small number of decision variables, and designed an H∞ controller. Reference [20] 

proposed a hybrid control method that combines the Model Reference Adaptive Control 

(MRAC) approach with the ESO disturbance estimation method. 

To address the aforementioned challenges, this paper proposes a magnetic bearing 

control algorithm tailored to the characteristics of marine canned MBs based on MRAC. 

By integrating state observation with predictive error feedback, the proposed approach 

concurrently enhances the magnetic bearing’s adaptability to internal and external dis-

turbances, thereby providing a feasible solution for the stable operation of marine canned 

MBs. 
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2. Mathematical Modeling of Canned MBs Considering Ship Rolling 

Motion 

2.1. Modeling of Electromagnetic Forces 

The MBs analyzed in this study are octopolar canned MBs, whose topological con-

figuration is illustrated in Figure 1, with key parameters detailed in Table 1. In contrast to 

conventional MBs, canned MBs incorporate metal sleeves (hereafter referred to as shield-

ing sleeves) installed on the inner surface of the stator and the outer surface of the rotor, 

respectively. This structural modification enhances corrosion resistance and sealing per-

formance when the MBs operate in liquid or gaseous environments. However, the pres-

ence of metal shielding sleeves induces eddy currents under high-frequency magnetic 

fields, leading to significant eddy current losses and a degradation of the system’s dy-

namic response capability. 

Staor

Shielding 

sleeve

Rotor

Single 

magnetic 

circuit

 

Figure 1. Structure of canned MBs. 

Table 1. Key Parameters of canned MBs. 

Parameters Value Grade or Unit 

stator silicon steel sheet 35WW270 

rotor silicon steel sheet 35WW270 

shielding sleeve Hastelloy alloy - 

electromagnetic air gap 1.5 mm 

rotate speed 3000 rpm 

stator outer diameter 312 mm 

bias magnetic flux density 0.8 T 

To analyze the influence of the eddy current effect on the canned MBs, the static mag-

netic flux density operating point is first determined using the nonlinear magnetic circuit 

modeling method proposed in Reference [21]. Subsequently, the effective magnetic reluc-

tance approach is employed to evaluate the dynamic load-carrying capacity of the canned 

MBs under alternating magnetic fields. The magnetic circuit is simplified by considering 

a single representative magnetic path; the resulting simplified model is illustrated in Fig-

ure 2. Based on the pole area and air gap length, the air gap magnetic reluctance Rg of the 

canned MBs is calculated as 

0

0

=g

g

g
R

μ A
, (1) 

where g0 denotes the air gap length, μ0 is the vacuum permeability, and Ag is the area of 

the equivalent magnetic circuit. Both the stator and rotor cores of the MBs are fabricated 
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by laminating silicon steel sheets, and the corresponding magnetic reluctance Rg can be 

expressed as 

= s
s

s s

l
R

μ A
, r

r

r r

=
l

R
μ A

, (2) 

where Rs and Rr denote the magnetic reluctance of the stator core and rotor core, respec-

tively; ls and lr denote the equivalent magnetic circuit lengths of the stator core and rotor 

core, respectively; As and Ar denote the equivalent magnetic circuit areas of the stator core 

and rotor core, respectively; μs and μr denote the magnetic permeability of the stator core 

and rotor core, respectively. 

The magnetic permeability characteristics of silicon steel sheets in alternating mag-

netic fields are characterized using frequency-dependent complex magnetic reluctance, 

and the dynamic relative permeability μf of silicon steel sheet materials can be expressed 

as [22] 

 
 
 

0
0

0
0

tanh 2
2

=

2
2

B

f

B

d
μ j πf σμμ

μ
d

j πf σμμ

, (3) 

where fB denotes the frequency of magnetic field variation; σ and μ denote the electrical 

conductivity and relative static permeability of silicon steel sheets, respectively; and d0 

stands for the thickness of the silicon steel sheet. For the shielding sleeve made of solid 

materials, its equivalent magnetic reluctance Rk can be expressed as 

 
 
 

1
ln= +

2
a

k

k 4

a

k
k

k 3k

l
R

μ A

r σ s

r μπ
, (4) 

where lk denotes the equivalent magnetic circuit length of the shielding sleeve; Ak is the 

equivalent magnetic circuit area of the shielding sleeve; σk and μk denote the electrical 

conductivity and relative static permeability of the shielding sleeve, respectively; ra4 and 

ra3 denote the outer diameter and inner diameter of the shielding sleeve, respectively. Con-

sidering factors such as the saturation effect and eddy current effect comprehensively, the 

equivalent magnetic reluctance Rz of a single magnetic circuit of the canned MBs can be 

calculated as 

, ,= 2 + + + 2 + +z g s r k s d r dR R R R R R R , (5) 

where Rs,d and Rr,d denote the equivalent dynamic magnetic reluctance of the stator and 

rotor, respectively. Based on the magnetomotive force F and the equivalent magnetic re-

luctance Rz, the air-gap magnetic flux density B of the canned MBs can be calculated as 

=
z g

F
B

R A
, 1 2= +F F F , (6) 

where F1 and F2 denote the magnetomotive forces of the two magnetic poles, respectively. 

The canned MBs employ differential control. Based on Maxwell’s stress tensor for-

mula, the electromagnetic force f acting in a single control direction can be calculated as 

( ) ( )−
−

g gB A ψ B A ψ
f

μ μ

2 2
+

0 0

cos cos
= , (7) 

where B+ and B− denote the air-gap magnetic flux densities of the canned MBs along the 

two differential directions, respectively; ψ is the angle between the magnetic pole center-

line and the reference centerline. By performing a Taylor expansion on the above formula, 

the approximate linear expression for the electromagnetic force is derived as 
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, ,= - ( ) + ( )r x r i cf K t x K t i , (8) 

 , ( )r xK t a b ,  , ( )r iK t c d , (9) 

where x denotes the rotor displacement at time t, and ic is the control current. Kr,x(t) is the 

current stiffness, while Kr,i(t) is the displacement stiffness. Owing to the eddy current ef-

fect, the stiffness of the canned MBs exhibits time-varying characteristics, where a and b 

are the upper and lower bounds of the current stiffness, and c and d are the upper and 

lower bounds of the displacement stiffness. 

Rs Rr

Rk

Rk

F1

F2

Rg

Rg
Rs,d Rr,d

 

Figure 2. Equivalent magnetic circuit model. 

2.2. Dynamic Modeling 

As illustrated in Figure 3, the canned MBs are mounted on the equipment via the 

stator and rigidly connected to the ship hull through the base. The swaying motion of the 

ship hull, induced by marine environmental excitations (e.g., waves and ocean currents), 

is transmitted to the canned MBs through the base, exerting a significant impact on the 

dynamic characteristics and stability of the canned MB system. These motions continu-

ously inject dynamic disturbances into the canned MB-rotor system via the rigid connec-

tion of the base. 

 

Figure 3. Motion relationship between marine MBs and their bases. 

To simplify the analysis, considering the sway motion along a single attitude direc-

tion of the hull, the dynamic equation for the canned MB-rotor system under a single de-

gree of freedom can be derived as 

= − + +
, ,( ) ( ) ( )r r x r r i c rmx K t x K t i x , (10) 

where m is the rotor mass, xr is the rotor displacement at time t, and ξ(xr) is the equivalent 

load induced by variations in the ship motion load. By reformulating the dynamic equa-

tion of the canned MBs system into a state—space form, the state equation of the system 

can be derived as follows: 

( )( )
cx Ax B u η x= + + , (11) 
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where x denotes the state variable of the canned MBs, A and B denote the control matrices 

of the system, respectively, and η(x) is the unknown dynamic vector of the system. 

3. Improved Model Reference Adaptive Control for Marine Canned 

MBs (MRAC) 

To simultaneously mitigate the impacts of internal and external disturbances on ma-

rine canned MBs, the conventional model reference adaptive control (MRAC) algorithm 

is modified. Specifically, the reference model and adaptive law are optimized using track-

ing errors, thereby improving the control performance of the canned MBs. 

3.1. Principle of MRAC 

The principle of the typical MRAC is illustrated in Figure 4. Parameter perturbations 

of the controlled plant will lead to a mismatch between the dynamic characteristics of the 

actual system and the reference model, thereby inducing tracking errors. The adaptive 

law processes these errors to adjust the controller parameters in real time, generating con-

trol signals to compensate for variations in the characteristics of the actual controlled plant 

and ensuring that the output of the actual system tracks the reference model [23]. 

Actual model

Reference 

model

Adaptation rate

Adjustable 

controller

-

+

Reference 

signal Error

 

Figure 4. Principles of adaptive control based on typical model references. 

3.2. Design of Improved MRAC 

To simultaneously address the periodic load variations imposed on the canned MB-

rotor system by ship rocking motion and the time-varying stiffness characteristics induced 

by strong eddy current effects, this paper proposes an improved Model Reference Adap-

tive Control (MRAC) algorithm. The algorithm’s workflow and principle are illustrated 

in Figure 5. To tackle both internal and external disturbances, the improved MRAC algo-

rithm is improved from two perspectives: strengthening the robustness of the reference 

model and optimizing the adaptive law. On one hand, the improved MRAC algorithm 

directly feeds back the tracking error of the canned MBs system to the reference model. 

By fully leveraging error information, the control performance of the canned MBs is opti-

mized. On the other hand, in the design of the adaptive law, not only is the output error 

utilized, but also the estimated internal state values of the canned MBs system are intro-

duced to form a feedback loop, thereby enhancing the robustness of the canned MBs sys-

tem. A model-based prediction error is incorporated into the adaptive update law as an 

additional feedback signal, constructing a more robust control parameter optimization 

mechanism. This mechanism can distinguish the impacts of internal and external param-

eter uncertainties of the canned MBs, compensate for uncertain disturbances, and achieve 

high-performance stable control of the canned MBs in complex environments. 
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Figure 5. Improved MRAC algorithm process for canned MBs. 

Therefore, this paper adopts an indirect method to address these factors by uniformly 

representing the resulting modeling errors as unknown state variables, which are subse-

quently estimated using an observer. The unknown state quantity η(x) of the dynamic 

model for the actual canned MBs system can be characterized as follows: 

( ) ( )Tη x θ x= , (12) 

where θ is an unknown constant parameter, and ϕ(x) is a bounded regression vector. 

By integrating the dynamic model of the canned MBs, the reference model for the 

canned MBs under the improved MRAC algorithm is designed as follows: 

= + +
r r rx A x B i αe , (13) 

= − re x x , (14) 

where xr is the state variable of the reference model for the canned MBs, i is the specified 

control current, Ar is a Hurwitz matrix, Br is the input matrix, e is for the system tracking 

error between the actual model and the reference model of the canned MBs, and α is the 

feedback gain. 

In light of the algorithmic principle, the controller input for the improved MRAC 

algorithm applied to the canned MBs is designed as follows: 

= + +rK rx ai K x u , (15) 

where r is the reference signal, Kx is the feedback gain, and Kr is for the feedforward gain; 

the two gains satisfy the following relationships, respectively: 

= +r xA A BK , (16) 

= rKrB B , (17) 

The adaptive feedback term ua for the improved MRAC algorithm applied to the 

canned MBs is designed as follows: 

ˆ= − ( )au xTθ , (18) 

where θ̂  is the estimated value of the unknown system parameter θ; further, the adap-

tive law for the improved MRAC algorithm applied to the canned MBs is designed as 

follows: 

ˆ ( ) T=


x e PB  , (19) 
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ˆ= −θ θ θ , (20) 

where 
θ  is the estimation error of the unknown parameter θ, γ is the adaptive law gain, 

and P is a positive real symmetric matrix that satisfies the Lyapunov equation: 

T

r + = −
r

A P PA Q , (21) 

where Q is a positive real symmetric matrix. 

Based on the aforementioned equations, the derivative of the system tracking error 

for the canned MBs under the improved MRAC algorithm is derived as 

( ) ( )T= − + 
re A I e xBθ , (22) 

where I is the identity matrix. 

3.3. Analysis of System Stability 

To analyze the stability of the canned MBs system under the improved MRAC algo-

rithm, a Lyapunov function V is first constructed as follows: 

( )1T TV tr −= + e Pe    , (23) 

By differentiating the Lyapunov function, its derivative V


 can be obtained as 

( )12 TV tr −= + +
 T T

e Pe e Pe    , (24) 

Synthesizing the aforementioned functions, the derivative of the Lyapunov function 

can be further simplified as 

( ) ( )2 2 2T T

rV tr= + + − −e A P PA e e PB e PB e Pe  θ θT T T T T , (25) 

By virtue of the properties of the matrix trace, the following relationship can be de-

rived. 

( ) ( )T T T T T Ttr tr= =e PB e PB e PB      , (26) 

Further simplifying (25), the following result can be derived: 

2 0T TV = − −  e Qe e Pe , (27) 

Thus, synthesizing the aforementioned derivations, it can be concluded that V ≥ 0 

and V


 ≤ 0. In accordance with Lyapunov stability theory, the canned MBs system under 

the improved MRAC algorithm satisfies Lyapunov stability. 

4. Validation of the Algorithm 

To validate the effectiveness of the improved MRAC algorithm, the electromagnetic 

forces of the canned MBs at different frequencies were first calculated by incorporating 

the canned MB parameters in Table 1 and accounting for eddy current and saturation ef-

fects. To further validate the accuracy of the electromagnetic force analysis model, the 

finite element model of the canned MBs is constructed using ANSYS 2022R1. Electromag-

netic forces at different frequencies are calculated using both the analytical model and the 

finite element method (FEM); the scaled amplitude values and lag angles of the electro-

magnetic forces are illustrated in Figure 6. It can be observed that within the analyzed 

frequency range, the maximum error in electromagnetic force magnitude does not exceed 

7%, and the maximum angular error does not exceed 4°. 
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Figure 6. Electromagnetic forces in canned MBs at different frequencies. 

From the results illustrated in Figure 6, it can be observed that as the frequency in-

creases, the eddy current effect is exacerbated, leading to a corresponding increase in the 

amplitude attenuation and phase lag of the canned MBs. Within the investigated fre-

quency response range, the dynamic maximum load capacity of the MBs decays to 86%, 

with the maximum phase lag reaching up to 13 degrees. A simulation model of the canned 

MBs system under ship motion was constructed using Simulink, and its control block di-

agram is illustrated in Figure 7. The key control parameters of the improved MRAC algo-

rithm for the canned MBs system were configured, where 1rK =

100 0 0

0 100 0

0 0 100

 
 

=
 
  



 , 

250 0

0 100

 
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 



. The PID control parameters are tuned using the method described in Ref-

erence [3], with kp = 8 A/mm, ki = 100 A/(mm·s), kd = 0.15 A·s/mm. kp, ki and kd represent the 

proportional coefficient, integral coefficient, and derivative coefficient of the PID control-

ler, respectively. 
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Figure 7. The block diagram for the improved MRAC algorithm of canned MBs. 

4.1. Ship Sway Motion Condition 

Considering ship sway motion and in compliance with national standard require-

ments, extreme assessment conditions were established: the maximum sway angle was 

set to 45 degrees, the sway period to 3 s, and the sway angle curve is illustrated in Figure 

8. Using the simulation model, the rotor displacement curve of the canned MBs under 

ship sway motion conditions was calculated and compared with that of the traditional 

PID control algorithm; the results are presented in Figure 9, and the fundamental fre-

quency displacement obtained through Fourier decomposition is shown in Table 2. The 

findings indicate that, relative to PID control, the rotor vibration of the canned MBs under 

the improved MRAC algorithm was reduced by 73.8%. However, due to the absence of 
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an integral component, a static error exists in rotor vibration under the improved MRAC 

algorithm. 
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Figure 8. Curve of swing angle. 
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Figure 9. Curve of rotor displacement under ship sway motion condition. 

Table 2. Fundamental frequency displacement of rotors under ship sway motion condition with 

different control methods. 

Control Methods Rotor Displacement (Fundamental Frequency) Unit 

Improved MRAC 0.0123 mm 

PID 0.0375 mm 

MRAC 0.0199 mm 

4.2. Variable Stiffness Condition 

Considering the stiffness variation induced by strong eddy current effects, and ac-

counting for the maximum amplitude attenuation and phase lag, with the stiffness varia-

tion range set from 0.86 to 1 times the static stiffness (352 N/A), a sinusoidal reference 

displacement signal was configured with a frequency of 100 Hz and an amplitude of 0.01 

mm. Using the simulation model, the rotor displacement curve and control current of the 

canned MBs were calculated and compared with those obtained via the traditional PID 

control algorithm; the results are presented in Figure 10, the fundamental frequency dis-

placement obtained through Fourier decomposition is shown in Table 3. It can be ob-

served that, relative to PID control, the rotor vibration of the canned MBs under the im-

proved MRAC algorithm is reduced by 53.7% under the variable stiffness condition. 
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Figure 10. Curve of rotor displacement under variable stiffness conditions. 

Table 3. Fundamental frequency displacement of rotors under variable stiffness conditions with 

different control methods. 

Control Methods Rotor Displacement (Fundamental Frequency) Unit 

Improved MRAC 0.001543 mm 

PID 0.003807 mm 

MRAC 0.001562 mm 

5. Conclusions 

To simultaneously tackle external sway disturbances and internal parameter pertur-

bations induced by strong eddy current effects, this paper proposes an improved MRAC 

method for canned MBs. By enhancing the adaptability of MBs to both internal and exter-

nal disturbances via state observation and predictive error feedback, the effectiveness of 

the algorithm is validated through simulations. The results indicate that, compared with 

PID control, the rotor vibration under ship sway motion conditions is reduced by 73.8% 

and by 53.7% under variable stiffness conditions with the improved MRAC algorithm. 

Future work will focus on conducting research on the improved MRAC for multi-degree-

of-freedom MBs and verifying the algorithm experimentally using a prototype. 
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