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Abstract—A hybrid foil-magnetic bearing (HFMB) is 
combination of a gas foil bearing (GFB) and a active 
magnetic bearing (AMB), which takes advantages of both 
bearings while compensating each other’s weaknesses. It is a 
solution of friction and wear of the GFBs at low speeds and 
limited load capacity of the AMBs. Furthermore, load sharing 
and control of dynamics can be achieved in a hybrid foil-
magnetic bearing. However, in order to achieve the ideal 
performances of the HFMBs, an advanced controller must be 
designed based on the static and dynamic performances of the 
HFMBs. Since the AMBs are ‘smart’ devices that the 
working condition can be measured and actively controlled, it 
is quite natural to design an advanced controller for the 
HFMBs to use the AMBs to identify the characteristics of the 
GFBs and with the function of load sharing between the 
GFBs and the AMBs. In this paper, a 4-DOF model of 
bearing-rotor system supported by two HFMBs was 
established firstly, and then an advanced controller with the 
function of identification and load sharing was presented. 
Finally, experiments were done on a test rig whose rotor is 
supported by two journal HFMBs and a thrust AMB. The test 
results show that when change the load shared by the GFBs 
and the AMBs, advanced controller can find the new proper 
working position of the HFMBs rapidly and smoothly. More 
importantly, HFMBs with advanced controller based on the 
identified characteristics of GFBs can work steadily at the 
speed range of 0~2,2000r/min. 

I. INTRODUCTION 

AMBs and GFBs are two typical bearings for the high 
speed rotating machines. Each bearing has its own advantages 
and disadvantages. The AMB generates magnetic force to 
support rotors without contact. There is no need of lubrication 
or sealing, and the wear is completely eliminated. Furthermore 
the working condition of AMBs can also be measured and 
actively controlled. However, because of magnetic saturation 
and thermal effect, the load capacity of AMBs is limited [1-2]. 
The GFB provides another non-contact way to support the 
high speed rotor. GFB is self-acting hydrodynamic bearing 
that uses ambient air or any process gas as the lubricating fluid. 
A hydrodynamic film pressure builds up within the small gap 
between the rotating shaft and the smooth foil. It has simple 
structure and favorable adaptability, and can work in high 
temperature circumstance. Its weakness is the contact and 

friction between the bearing and the journal at low speeds, 
which reduce the life of GFBs greatly. Moreover, it also has 
low load capacity at low speeds [3-7]. A HFMB is a 
combination of a GFB and an AMB and can share the load 
between them. The HFMB has the advantages of both 
bearings. It can improve not only the load carrying capacity 
but also the dynamic performance of the rotor-bearing system 
[8-11]. The HFMB is an ideal manner of the high speed 
rotating machines. 

The control system is very important in operation of a 
HFMB. Using a conventional PID control algorithm, the 
controller would attempt to force the journal to a referred 
position at all times regardless of loads. However, in a loaded 
foil bearing, the journal runs at some eccentricity and attitude 
angle when supporting a load. Heshmat, Chen, and Walton did 
a great job in solving the contradiction, they used a 
supervisory control system to ensure the functionality of the 
hybrid bearings [9,10,12]. However, the supervisory control 
system strongly depends on the characteristics of GFBs 
obtained from numerical calculation or independent bearing 
experiments. If different GFBs are used or the working 
conditions are changed, numerical calculation or independent 
bearing experiments must be done again, and the control 
system should be adjusted as well. It causes repetitive work 
and takes a long time. Since the AMBs are ‘smart’ devices 
that the working condition can be measured and actively 
controlled, it is quite natural to design an advanced controller 
for HFMBs to use AMBs identify the characteristics of 
GFBsand with the function of load sharing between GFBs and 
AMBs[13, 14]. 

In this paper, a 4-DOF model of bearing-rotor system 
supported by two journal HFMBs was established firstly. 
Then an advanced controller with was presented. Dynamic 
loads were applied by two radial AMBs, and a frequency 
domain identification method was presented to identify the 
stiffness and damping coefficients of the GFBs. After that, a 
searching algorithm was presented to determine the static 
working position of the HFMBs with different sharing load. 
The test results show the advanced controller can rapidly find 
the new working position of HFMBs by using a searching 
algorithm when the load shared by GFBs and AMBs are 
changed. Furthermore, HFMBs with advanced controller 
work steadily in the transient operation tests. 
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A. Hybrid Foil-magnetic Bearings 

 
The structure of the HFMB studied in this paper is shown 

in Fig.1. The GFB consists of four top foil each supported by 
a bottom bump foils. All these foils are located in the air gap 
between the AMB poles and the journal of the rotor. The foils 
are made of non-magnetic materials so that they will not 
affect work of the AMB. The applied forces on the shaft 
generated by the AMB can be calculated using the following 
formula [15]: 
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where kth is a constant related to the AMB, i1 and i2 are the 
currents in the opposing coils, G1 and G2 are the upper and 
lower air gaps, and e is a derating factor. A series calibrations 
were conducted by applying deadweight to the AMB in 
multiple orientations beforehand witch makes the mean error 
of static forces within 2%. 

B. Dynamic Model of 4-DOF Bearing-rotor System 

 
When the ratio of the rotor length to the diameter of the 

thrust disc is relatively large, influences of the thrust bearing 
to radial motion of the rotor can be neglected [2]. Therefore, 
the axial motion of the rotor could be studied separately. A 
rigid rotor supported by two radial bearings is shown in Fig.2. 
The distant between bearing locations is l and O is the mass 
center of the rotor. Define the journal displacements at the 
left journal bearing as xa and ya, and the displacements at the 
right journal bearing as xb and yb. The distant between mass 
center to the left and right HFMBs are la and lb respectively. 
The rotation angle in the XZ plane is =(xb -xa )/l and the 
rotation angle in the Y-Z plane is =(yb -ya )/l. Both the GFB 
and the AMB at the left side are the same as the right ones; 
hence the stiffness and damping coefficients at left side and 
right side use the same expressions.  

The generalized displacements are defined as  T,y, ,x  mq , 

where x and y are the displacements of its center of mass O 
The radial displacements of the journal at bearing positions 
are defined as:  T, , ,a b a bx x y yq . The equations of motion of 

the rotor are: 
(1 )

(1 )

(1 )

a m x F F fx a x b x
a m y F F fy a y b y

J J a l F a l Fy z x a x b

J J a l F a l Fx z y a y b

  

  

      


    
      
      





  

 

         (2) 

where, m is the mass of the rotor,   is the rotational speed, fx 

and fy are the external forces, Jx, Jy and Jz are moment of 
inertia of rotor at rotary point O. , ,xa xb yaF F F    and ybF  

are bearing forces in the X and Y directions. 
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where ixa, ixb, iya and iya are the control currents. ,m m
x yk k  are the 

force/displacement stiffness and ,i i
x yk k  are force/current 

stiffness of the AMB. , , ,f f f f
xx xy yx yyk k k k  are the stiffness 

coefficients and , , ,f f f f
xx xy yx yyc c c c  are the damping coefficients 

of GFB. The equations of motion can also be written as: 
f f m iMq + C q + (K - K )q = K I                    (4)  
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M is the mass matrix, Km and Ki are the force/displacement 
matrix and force/current matrix of the AMB, Kf and Cf are 
the stiffness and the damping matrices of the GFB, I is the 
control currents vector. The elements of matrix Km and Ki 
can be obtained by linearizing Eq. (1) for small rotor 
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Figure 2.  Schematic of the dynamic model 
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displacements around the operating point. Take X direction 
for instance, linearized AMB force around operating point (x0, 
ix0) can be written as 

0 0
| |

x

m m ix x
x x x i i x x x x

f f
f x i k x k i

x i 
 

   
 

           (6) 

The matrices Km and Ki of the GFB are unknown which need 
to be identified.  

C. Advanced Control System 

 
The control system is designed as shown in Fig.3. It 

consists of a transient feedback control loop of the AMBs and 
an advanced controller which has the function of 
identification and load sharing. In the transient control loop, 
decoupling control is employed. At each DOF, a PID 
controller is used to ensure the shaft working at the reference 
position determined by the advanced controller. For 
identification of the characteristics of GFBs, the advanced 
controller output harmonic signals which lead to harmonic 
excitation of magnetic forces. With the function of sharing 
load between the GFBs and the AMBs, the advanced 
controller output constant signals based on the load sharing 
ratio λ, rotating speed ω, control current I and shaft position q.  

Identify the dynamic characteristics of GFBs 
For the harmonic excitation with an arbitrary excitation 
frequency ω, Eq. (4) can be rewritten as  
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where 
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The dynamic coefficients of the GFB can be obtained 
experimentally by separating the real and imaginary part from 
the measured dynamic stiffness Dmn (m, n =1, 2, 3, 4). See ref. 
[14] for more details of identification of the GFBs parameters 
by using the AMBs as exciters. 

Load sharing between the GFB and the AMB 
The total bearing force FB

 of the HFMB includes two parts, 
the force of the GFB Ff and the force of the AMB Fm. Define 
the load sharing ratio of Ff to FB

 as λ. The total bearing force 
FB equals to the rotor gravity. 

(1 )B m fF F F G G G                 (9) 

Since both the forces of the GFB and the AMB are functions 
of the working place q [2,6], sharing the load between the 
GFB and the AMB can be achieved by finding a proper 
working position where the forces satisfy the following 
condition, where e0 is the coefficient of precision. 
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Use equilateral triangles to divide the working plane of the 
HFMB. And the working position can be obtained through 
continuous searching and dividing of the journal working 
area. Fig.4 (a) shows the initial working areas of the GFB, the 
AMB and the HFMB. Fig.4 (b) shows the initial area Δ123. 
The vertexes of Δ123 are the midpoints of the sides of the 
inscribed triangle of the bearing boundary circle.  

 
Define the vectors of AMB forces at vertices as 
( ) [ ( ), ( )]m m m T

x yF k F k F k , k=1,2,3. The predetermined sharing 

load of the AMB are ( ) [ ( ), ( )]m m m T
s xs ysF k F k F k , the difference 

vectors are ( ) [ ( ), ( )]m m m m m T
e s xe yeF k F F F k F k   . So the total 

differences of forces are Fe(k)=| ( )m
eF k |, k=1,2,3. The steps of 

searching the working position are as follows 
Step1. Move the journal center to the vertices of the initial 

triangle area calculate the forces of AMB and store. 
Step2. Decide the next triangle area to be moved in based 

on the stored data. If the next area is in the present area, go to 
step 4, else go to step 3. 

Step3. Move the journal center to the vertices of the next 
triangle area calculate the forces of AMB and store. 

Step4. Divide the present area; the vertexes of the next 
triangle area are the midpoints of the sides of the present one. 
End searching if Eq. (10) is satisfied, else go to step 3. 

The next triangle area can be decided as follows. 
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Define the vector of symbol coefficients 
T( ) [ ( ), ( )]x ycoe k coe k coe k  for every side of Δ123 
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Thus the four possible conditions of coe(k) at each side of 
Δ123 are shown in Fig.5. (Permutation of vertices 1,2,3 do 
not affect the determination, and “01” equals to “10”). 

 
Case (a): Plus Fe(k) of every side of Δ123 and find the 

minimum: min(Fe(1)+Fe(2), Fe(2)+Fe(3), Fe(3)+Fe(1)).The 
side with the minimum value is the common side of the next 
triangle area and the present triangle area. 

Case (b): Plus Fe(k) of the side of Δ123 where the symbol 
coefficient is 01 and find the minimum. Take Fig.10 (b) for 
example, find min(Fe(1)+Fe(2), Fe(2)+Fe(3)). The side with 
the minimum value is the common side of the next triangle 
area and the present triangle area. 

Case (c) or (d): The vertexes of the next triangle area are 
the midpoints of the sides of the present one. 

 

D. Experiments 

 
Figure 6 displays the schematic diagram of the test rig and 

the photograph of the journal HFMB. There are ten eddy 
current displacement sensors, eight of them fixed beside the 
journal bearings measuring the displacements in X and Y 
direction in differential manner and the rest two fixed beside 
the thrust bearing measuring the axial displacements. A 
photoelectric sensor is used to measure the rotating speed, 
and the currents of the AMB coils are measured by current 
sensors which are not shown in Fig. 6. All these sensor 
signals are saved into a PC equipped with a commercial I/O 
boards. Parameters of the HFMB, the rotor and the control 
system are shown in Table 1. The parameters of PID 

controller are determined using a LQG method mentioned in 
reference [16]. 

TABLE I.  PARAMETERS OF THE HFMB, THE ROTOR AND THE CONTROL 
SYSTEM 

Parameters and dimensions Values 

Bearing housing inner diameter, Dh 61.4 mm 

Axial bearing length, L 60 mm 

Rotor diameter, d 59.8 mm 

Arc length of the top foil, Lt 90 mm 

Arc length of the bump foil, Lb 46.5 mm 

Number of the bumps per bump foil, num 16 

Top foil thickness, tt 0.18 mm 

Bump foil thickness, tb 0.1 mm 

Nominal clearance, C 0.14mm 

Bump pitch, s0 3.1 mm 

Bump length, l0 1.8 mm 

Bump height, hb 0.3 mm 

Poisson’s ratio, v 0.29 

Modulus of elasticity, E 213.73 MPa

Ambient pressure, Pa 103.4 kPa 

Lubricant viscosity, μ 2.896×10-5 Pa·s

Rotor mass, m 15.5 kg 

Bias current of AMB, I0 4 A 

Number of turns of the coil windings, N 97 

 Air permeability, μ0 4π×10-7N/A2

Projection area of the magnetic pole, A 4.54×10-4m2

Gain of the power amplifier, Aa  50 A/V 

Decay time of the power amplifier, Ta 3×10-5 s 

Gain of the displacement sensor, As  10V/m 

Decay time of the displacement sensor, Ts 3×10-5 s 

Proportional coefficient of the PID controller, Kpr 15 

Integral coefficient of the the PID controller,  Kir  300 s-1 

Differential coefficient of the PID controller, Kdr 0.03 

Differential time constant of PID controller, Tdr 0.009 s 

Position precision coefficient, e0 0.01 

Load sharing tests 
Load sharing tests were conducted under conditions of no 

shaft rotation. Set the value of load sharing ratio λ to 0, 0.5, 
and 1. The track of the journal canter and the difference 
value m

exF , m
eyF are shown in Fig.7, Fig.8 and Fig.9 

respectively. Results shown here are correspond to the right 
journal HFMB. Similar results are found for the left ones. 

 
In the case of λ=0 in Fig. 7, the GFBs take all the rotor 

gravity. The final position of the journal is (0.10mm, 

 
Figure 7.  Schematic control system 
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0.09mm)T. The difference value between AMB forces and 
sharing load m

exF =-1.5N, m
eyF =0.5N. 

 
In the case of λ=0.5 in Fig. 8, the AMBs take half of the 

rotor gravity. It shows that the final position of the journal is 
(0.08mm, 0.07mm)T. The difference value between AMB 
forces and sharing load are m

exF =0.8N, m
eyF =-0.2N.  

 
In the case of λ=1 in Fig. 9, the AMBs take all of the rotor 

gravity. It shows that the final position of the journal is 
(0.01mm,-0.01mm)T and the difference value between AMB 
forces and sharing load m

exF =-0.3N, m
eyF =2.2N.  

The results of load sharing tests show that the searching 
algorithm is able to locate the working position of the HFMB 
within a short time in different situations. Please note that the 
searching process only needs to be operated once before the 
uses of the HFMB and the position data are stored for future 
use. 

Transient operation tests 

Tests are conducted on the test rig to demonstrate the 
ability of the HFMB to support the rotor during transient 
events.  The rotor was levitated by AMBs at zero speed and 
started to run up in the HFMB mode in order to evaluate the 
operation at increasing speeds, when the speed was above the 
GFB lift-off speed, the AMBs were tuned off to let rotor drop 
down on the GFBs in the GFB mode alone and the operation 
was evaluated. Finally the shaft was drove to slow down by 
the motor. Tests were successfully conducted at speeds up to 
22,000rpm where AMB failures were simulated.  Fig. 10 
shows results of the shaft speed and the torque of the motor. 
The forces of the AMB and the rotor orbit are shown in Fig. 
11 and Fig. 12 respectively. 

 
As shown in Fig. 10 there are peak signals of the motor 

torque caused by the friction between the shaft and GFBs 
during run-up and coast-down (Note that the negative value 
of the torque stands for the negative work generated by the 
motor when decelerate the shaft). When the speed was above 
the GFB lift-off speed, the torque quickly turns to a low value, 
a peak signal was caused by switching off the AMBs. 

 
As shown in Fig. 11, since the rotor was levitated by 

AMBs at the center of the bearing housing at the beginning, 
the vertical force of AMBs equals to the gravity of rotor, the 
horizontal force of AMBs is almost zero. At the time when 
the AMBs were switched off, both the vertical and the 
horizontal forces of AMBs turn to zero. 

 
As shown in Fig. 12, the rotor orbit is stable at 22, 000rpm 

when the rotor is supported solely by the GFBs. Moreover, 
the final position of the journal is (-0.1mm, -0.1mm)T, which 
is similar as the results shown in Fig. 7 with no shaft rotation. 
That means the working position of GFB is determined by 
structure deformation more than the gas films. Therefore, the 
results of load sharing tests of HFMBs under conditions of no 
shaft rotation can be used in a rotating bearing-rotor system. 

E. Conclutions 

An advanced controller of the HFMB is designed based on 
the 4-DOF bearing-rotor system in this paper. The 
characteristics of the GFB are identified using the AMBs as 
exciters and a frequency domain identification method was 

  
Figure 12.  Shaft orbit at 22, 000rpm (supported by GFBs) 
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presented to identify the stiffness and damping coefficients. A 
searching algorithm is proposed to locate the working 
position of the HFMB. The test results show that when 
change the load shared by the GFBs and the AMBs, advanced 
controller can find the new proper working position of 
HFMBs rapidly and smoothly. More importantly, HFMBs 
with advanced controller can work steadily at the speed range 
of 0~2,2000r/min. 
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