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Abstract: The disturbance torque of aerostatic bearings is in the
same order of the reaction wheel, which causes difficulty in eva-
luation of the designed attitude control strategy of a nano-satellite
based on the aerostatic bearing. Two approaches are proposed to
model the disturbance torque. Firstly, the gravity induced moment,
the vortex torque, and the damping moment are modeled sepa-
rately. However, the vortex torque and the damping moment are
coupled with each other as both of them are caused by the visco-
sity. In the second approach, the coupling effect is considered. A
nano-satellite is constructed based on aerostatic bearing. The time
history of the free rotation rate from an initial speed is measured
by the gyro, which is further used to calculate the rotation angle
and acceleration. The static vortex torque is measured via the
removable micro-torque measurement system. Based on these
data, the model parameters are identified and modeling errors are
presented. Results show that the second model is more precise.
The root mean squire error is less than 0.5×10−4 N·m and the
relative error of the static vortex torque is 0.16%.
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1. Introduction

Due to noncontact mechanism, aerostatic bearings have
many important advantages over conventional bearings,
such as lower friction, lower noise, lower heat generation,
higher speed capability, less contamination, and higher ac-
curacy. As a result, they are extensively studied via ex-
periment and simulation and increasingly applied to pre-
cision instrument, inertial instrument, and zero-gravity en-
vironment simulation [1 – 7]. Most of the works focus on
calculation methods [8,9], dynamic and static characters
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[10,11], and new aerostatic bearings such as those with
small feed holes [12] and vortex bearings [2].

In most applications, the disturbance torque is small
enough to be ignored. Thus, seldom efforts are carried
out on the modeling and compensation of the disturbance
torque. However, the aerostatic bearings are not friction
free. The disturbance torque of an aerostatic cylindrical
bearing consists of three parts: the gravity induced mo-
ment [13,14], the vortex torque [15 – 18], and the viscosity
induced damping moment [19]. If the aerostatic bearing is
perfectly manufactured, the air flow is symmetric. Unfortu-
nately, this can be hardly achieved. Machining errors, such
as roundness error of the bearing surface, the tilting error
of the orifice restrictors and the surface roughness, cause
asymmetric air flow in the bearing gap. The non-uniform
air flow going through the throttling slit causes tangential
distributary and results in a spin torque even when the ve-
locity of the bearing is zero. This spin torque is usually re-
ferred to as vortex torque [15 – 18], which is an important
factor of aerostatic bearings. Meanwhile, dampingmoment
is induced by the viscosity of the gas when the aerostatic
bearing shaft rotates, which is referred to as viscosity in-
duced damping moment [19]. Actually, the vortex torque
and viscosity induced damping moment are always cou-
pled with each other as they are both caused by the vis-
cosity of the air flow. Due to unbalance of mass, the cen-
troid of the rotatable part, including the bearing shaft and
the equipment on the shaft, is not on the revolving axis
(the axis of the bearing shaft). If the revolving axis is not
vertical, the gravity induces a restoring moment, which is
referred to as gravity induced moment [13,14].

The disturbance torque cannot be ignored for the
hardware-in-loop simulation of the attitude control system
of the nano-satellite. A reaction wheel with small output
moment is selected as it is light in weight and capable of
controling the nano-satellite with small inertia moment.
However, the saturated moment of this kind of reaction
wheel is also small, in the order of 10−3 N·m, and its smal-
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lest output is less than 10−4 N·m. The disturbance torque
of a spacecraft simulator based on an aerostatic bearing is
also in the order of 10−3 – 10−4 N·m [5]. Thus, to evalu-
ate the effectiveness of the designed attitude control strat-
egy, the disturbance torque should be known precisely to
be compensated for exactly.

In this paper, the disturbance torque of the aerostatic
bearings is modeled and identified. Two approaches are
proposed. In the first approach, the three components are
modeled separately. In the second approach, the coupling
effect between the vortex torque and the damping moment
is taken into consideration. Experiments are carried out to
evaluate the effectiveness of the proposed model.

2. Problem statement

As shown in Fig. 1, the nano-satellite simulator is sup-
ported on a “T”-type air-bearing, which consists of a
thrust bearing and a journal bearing. The main compo-
nents supported on the platform are a power supply sys-
tem, a reaction wheel, a PC104 type main computer board,
a rate gyro, and a wireless communication unit. The sa-
turated moment and angular momentum of the wheel are
10−3 N·m and 0.08 N·ms. The minimum output is less
than 10−4 N·m. The 1σ bias stability of the rate gyro is
less than 0.03 ◦/h, and the nonlinearity of the scalar factor
is less than 5×10−5.

Fig. 1 Nano-satellite simulator based on the “T”-type
aerostatic bearing

The simulator is also equipped with a removable micro-
torque measurement system which consists of a spring
piece and a force sensor. The spring piece rotates with the
shaft and the sensor is fixed on the sleeve. The torque acted
on the shaft balances with the force acted on the sensor.

Usually, the disturbance torque of the air-bearing is in
the range of 10−3 – 10−4 N·m, which is in the same or-
der of the output moment of the reaction wheel. Thus, it
can hardly evaluate the designed attitude control system of
the nano-satellite via the simulator based on the aerostatic
bearing. To overcome this difficulty, the disturbance torque
is required to be known precisely and compensated for ex-
actly. In the following sections, the disturbance torque is
modeled by two approaches.

3. Modeling of the disturbance torque

This section presents two approaches to model the distur-
bance torque.

3.1 Approach 1

(i) Gravity induced moment
As shown in Fig. 2, y-axis is the revolving axis. Denote

the centroid of the shaft and the equipment on it as C. The
reference plane is constructed through the pointC and per-
pendicular to y-axis and denoted as R-plane. The R-plane
intersects y-axis at the point O. The base plane is the ho-
rizontal plane though the point O and denoted as B-plane.
The angle from b-axis to R-plane is the horizontal angle
and denoted as γ. The gravity induced moment can be ex-
pressed [13] as

Mg = −mgr sinγ sinψ (1)

ψ = φ+ θ (2)

where m, r are the mass and eccentricity, g is accelera-
tion of gravity, θ is the rotation angle of the bearing, and φ
represents the direction of the eccentricity.

Fig. 2 Illustration of the gravity induced moment
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(ii) Viscosity induced damping moment
The shear stress caused by the viscosity of air can be

approached by

σ = −μdV
dn

(3)

where μ is the coefficient of the viscosity and
dV
dn

repre-

sents the velocity gradient. As shown in Fig. 1, the “T”-
type aerostatic bearing consists of a thrust aerostatic bear-
ing and a journal aerostatic bearing. Then, the viscosity
induced damping moment can be calculated [19] as

Md = −πμθ̇r
4
1

2n

[
3

(
r2
r1

)4

+ 4
h

r1
− 3

]
(4)

where n is the thickness of the air gap between the shaft
and the sleeve.

(iii) Vortex torque
As stated in Section 1, the vortex torque is mainly

caused by the machining errors. The relationship between
the vortex torque and the machining errors is quite compli-
cated. It is hard to find an analytic expression to model the
vortex torque. Fortunately, the machining errors are fixed
once the bearing is machined. Thus, the vortex torque is
assumed to be constant and denoted byMv.

The total disturbance torque is given by the summation
of the above three moments

M1 = −mgr sin γ sin(φ + θ)−
πμθ̇r41

2n

[
3

(
r2
r1

)4

+ 4
h

r1
− 3

]
+Mv. (5)

3.2 Approach 2

As stated above, the vortex torque and the viscosity in-
duced damping moment are coupled with each other. The
air flow in the gap between the shaft and the sleeve is quite
complicated. However, the asymmetric air flow caused by
machining errors and the rotation of the shaft can be equi-
valent as tangential distributary shown in Fig. 3.

As shown in Fig. 3(a), if the shaft does not rotate, the
tangential distributary is caused by machining error only
and distributed almost symmetrically about the center line
of the gap. In this case, the torque caused by the tangen-
tial air flow is a pure vortex torque and referred to as static
vortex torque. If the shaft rotates in the same direction of
the effective tangential flow, the speed of the tangential
flow increases due to the viscosity. As shown in Fig. 3(b) –
Fig. 3(d), the speed of the air flow in the side of the shaft
increases more rapidly with the rotation rate. In this case,
the torque acted on the shaft is caused by both the vortex
and the damping moment. The torque is assumed to be a
function of the maximum speed of the effective tangential
flow, which is affected both by the intensity of the vortex
and the rotation of the shaft.

Fig. 3 Illustration of the coupling effects between the viscosity in-
duced damping moment and the vortex torque

The maximum speed is assumed to have a linear relation
with respect to the rotation rate

v = v0 + k1θ̇. (6)

Thus, the torque is approximated by

Mvd = a1|v|α+k2θ̇sign(v). (7)

This expression is obtained experimentally. As demon-
strated in the next section, this model is effective to de-
scribe the coupling effects of the vortex torque and the vis-
cosity induced damping moment. From (7), one can note
that the disturbance torque caused by relative movement is
not exactly proportional with the relative speed. In other
words, it does not obey Newtonian fluid. The total distur-
bance torque is

M2 = −mgr sin γ sin(φ+ θ)+

a1|v0 + k1θ̇|α+k2θ̇sign(v0 + k1θ̇). (8)

4. Experiment investigation

4.1 Data acquisition and preprocessing

The nano-satellite simulator is constructed based on the
configuration given in Section 2. Excite the simulator with
an initial rotation speed and leave it to rotate freely (with-
out any external force except the disturbance torque). The
rotation speed is measured by the gyro. The angular posi-
tion and acceleration are calculated via numerical integra-
tion and tracking filter [20]:⎧⎪⎪⎨⎪⎪⎩

θ̂k+1= θ̂k + ĥ̇θk̂̇
θk+1=

̂̇
θk + h

̂̈
θk̂̈

θk+1=
̂̈
θk + hfh(̂̇θk+1 − θ̇k+1,

̂̈
θ, s, h0)

(9)
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where h is the sampling step, s and h0 are the designed
speed and filter factor, respectively, ô represents the esti-
mated value of o, and the function fh(x1, x2, r, h0) is de-
fined as⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

d = rh0

d0 = h0d

y = x1 + h0x2

a0 =
√
d2 + 8r|y|

a =

⎧⎪⎨⎪⎩
x2 +

a0 − d

2
sign(y), |y| > d0

x2 +
y

h0
, |y| � d0

fh = −
{
rsign(a), |a| > d

r
a

d
, |a| � d

. (10)

The measured and estimated data are shown in Fig. 4.
The estimated angular velocity follows the measured one
closely, which demonstrates the effectiveness of the track-
ing filter.

Fig. 4 Illustration of the coupling effects between the viscosity
induced damping moment and the vortex torque

The angular speed decreases generally with varying-
period fluctuates. These fluctuates in the angular speed are
mainly caused by the gravity induced moment. The de-
crease trend is due to that the vortex torque and the damp-
ing moment act as resistance. The varying-period fluctu-
ates are obvious in the estimated angular acceleration. One

can also observe that the mean value of the angular accel-
eration slightly decreases in magnitude. The reason is that
the damping moment decreases with the angular speed.

The estimated disturbance torque is calculated by

M̂ = J
̂̈
θ (11)

where J = 0.089 6 kg · m2 is the moment of inertia of the
simulator.

4.2 Evaluation of Approach 1

Seen from (4), the coefficient of the viscosity induced
damping moment is determined by the structural para-
meters and is calculated as c = −8.14 × 10−5 kg · m2/s.
Then the disturbance torque is expressed as

M1 = a sin(φ+ θ) + cθ̇ +Mv (12)

where
a = −mgr sinγ (13)

c = −πμr
4
1

2n

[
3

(
r2
r1

)4

+ 4
h

r1
− 3

]
. (14)

The parameters to be identified are a, φ, and Mv. They
are optimized by solving

min
a,φ,Mv

‖M̂ −M1‖. (15)

There are plenty of algorithms that can be used to solve the
above problem. In this paper the Matlab function fmincon
is employed to search for the optimal parameters.

The identified parameters are a = −5.48× 10−4 N ·m,
Mv,1 = −2.88 × 10−4 N · m, and φ = −0.775 rad. The
identified results are shown in Fig. 5. The identified model
is also evaluated by using another set of data. The mea-
sured angular speed and its estimated value, as well as the
estimated angular position and acceleration are shown in
Fig. 6 and the results are shown in Fig. 7. The mean value
of the estimated disturbance torque increases slightly with
time. Noting from that the angular velocity decreases with
time, the increase of the mean value is mainly caused by
the viscosity induced damping moment. Unfortunately, the
model does not capture this feature well. The reason is ex-
plained as following. Equation (4) is based on assumption
of laminar flow. However, the flow in the gap is much com-
plicated and the gradient of the velocity is not constant.
Then the coefficient in (14) is smaller than the real one. To
overcome this problem, this damping coefficient is added
to the parameter set to be optimized

min
a,φ,c,Mv

‖M̂ −M1/1‖. (16)
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Fig. 5 Identified results of Approach 1

Fig. 6 Data used to evaluate the identified approach 1

Fig. 7 Performance of the identified approach 1

The identified damping coefficient is c = −2.49 ×
10−4 kg ·m2/s, much greater than the one calculated from
(14). Other parameters are identified as a = −5.59 ×
10−4 N · m, φ = −0.786 rad, and Mv,1/1 = −1.82 ×
10−4 N · m. The identified results and evaluation are also
shown in Figs. 5 – 7. The performance is improved signifi-
cantly.

Actually, the static vortex torque can be measured via
the removable micro-torque measurement system. The
measured value isMvm = 9× 10−6 N ·m, which is much
smaller than the identified one. To satisfy the constrain of
the vortex torque, the object function is modified as

min
a,φ,c,Mv

‖M̂ −M1/2‖ + λ|Mv −Mvm| (17)

where λ is the weight coefficient. Let λ = 100, the iden-
tified parameters are φ = −0.796 rad, a = −5.74 ×
10−4 N · m, Mv,1/2 = −8.99 × 10−6 N · m, and c =
−6.66 × 10−4 kg · m2/s. The results are also shown in
Figs. 5 – 7. The performance becomes worse due to the vor-
tex torque constrain. Meanwhile, one can observe that the
identified gravity induced moment is similar. However, the
vortex torque and the damping moment are significantly
different. This result implies that this model can hardly
capture simultaneously the static vortex torque and the to-
tal disturbance torque in the case that the simulator rotates.
The reason is that the coupling effect between the vortex
torque and the damping moment is ignored.

4.3 Evaluation of Approach 2

Similarly, Approach 2 can be written in a standard form

M2 = a sin(φ+ θ) + a1|v0 + k1θ̇|α+k2θ̇·
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sgin(v0 + k1θ̇). (18)

The parameters to be identified are a, φ, a1, v0, k1, α, and
k2. They are optimized by solving

min
a,φ,a1,v0,k1,α,k2

‖M̂−M2‖+λ
∣∣M2|a=0,θ̇=0−Mvm

∣∣ (19)

where the second term in the right side is the constrain
of the static vortex torque. Let λ = 100. The identi-
fied parameters are a = −5.72 × 10−4 N · m, a1 =
−5.02 × 10−4 N · m, φ = −0.785, v0 = −5.02 × 10−8,
α = 0.220, k1 = 0.639 s, and k2 = −0.147 s.

The identified results and evaluation are given in Fig. 8
and Fig. 9. Generally, the errors are much smaller than that
of Approach 1. Approach 2 also can capture the static vor-
tex torque and the total disturbance torque simultaneously.
The root mean square error (RMSE) is defined as

erms,i =

√∑
(M̂ −Mi)2

N
, i ∈ {1, 1/1, 1/2, 2} (20)

where N is the length of the data. The relative error of the
static vortex torque is defined by

ev,i =
|Mv,i −Mvm|

Mvm
, i ∈ {1, 1/1, 1/2, 2} (21)

where

Mv,2 = M2

∣∣
a=0,θ̇=0

. (22)

Fig. 8 Identified results of Approach 2

Fig. 9 Evaluation of the identified Approach 2

These results are summarized in Table 1.
Table 1 Errors of both approaches

Error M1 M1/1 M1/2 M2

RMSE for data set 1/(10−4 N·m) 0.720 0.429 0.943 0.382
RMSE for data set 2/(10−4 N·m) 1.418 0.427 1.200 0.479

Relative error of static vortex torque/% 3 019 1 922 0 0.16

4.4 Discussion

The experiment results indicate that the disturbance torque
of the aerostatic bearing is mainly caused by gravity in-
duced moment and the viscosity of the gas. Due to machin-
ing errors, there exists tangential distributary which results
in a spin torque even the angular velocity is zero. This dis-
turbance torque is usually called as vortex torque. How-
ever, if the shaft rotates, the vortex torque is coupled with
the damping moment induced by the viscosity. Consider-
ing the coupling effect, Approach 2 gives a more precise
result. The proposed model can be used to calculate the
disturbance torque and compensated for it in the control
system. This approach can be carried out in the follow-
ing steps: firstly, the model parameters are identified off-
line; secondly, the angular position and speed are measured
or calculated online; and thirdly, the disturbance torque is
calculated and compensated for in the forward loop of the
nano-satellite’s attitude control system. On the other hand,
identified results can also provide a direction on the adjust-
ment of the levelness and eccentricity.

5. Conclusions

Two approaches are proposed to model the disturbance
torque in the “T” type aerostatic spring. The first approach
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modeles the gravity induced moment, the vortex torque,
and the damping moment separately. Due to the coupling
effect of the vortex torque and the damping moment, this
approach can hardly capture simultaneously the static vor-
tex torque and dynamic damping moment. Considering the
coupling effect, the second approach models the vortex
torque and the damping moment as one term. Experiment
results show the effectiveness of this approach. The RMSE
is less than 0.5 × 10−4 N · m and the relative error of the
static vortex torque is 0.16%.
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