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In this paper, for the first time, the effect of centrifuge table rotation on the dynamic behavior of a two-dimensional
(two degrees of freedom) base in tracking systems is investigated and analyzed. While most previous studies have
primarily focused on the effects of linear acceleration or vibrations, the present research employs a dynamic modeling
approach based on Lagrange’s formulation to demonstrate that the rotation of the centrifuge table can impose significant
additional torques on the gimbal axes (Pitch and Yaw). To this end, the dynamic equations are derived for two key
configurations: alignment and orthogonality of the Yaw axis relative to the centrifuge rotation axis. Additionally, the
influence of the rotating system’s center of mass location is examined. The findings reveal that it is not solely the
centrifugal acceleration, but the centrifuge table’s rotation itself that can independently generate detrimental torques.
This phenomenon may lead to substantial errors in the estimation of the motor torque requirements, which have
previously been overlooked in analytical studies.
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1- Introduction
Stabilization of sensors such as infrared (IR), laser, or radar systems
is of critical importance in various aerospace applications, including
sensor-specific, actuation target tracking, and image processing [1, 2].
This capability is achieved through the implementation of a two-axis
gimbal suspension system. A gyroscope is generally mounted on a
rotating structure or the inner pedestal to measure angular velocities
along two specified directions[3, 4]. These measurements are
employed as feedback signals to control the torque actuators
employed in the gimbals. The goal is to reduce external disturbances
and maintain the inner pedestal aligned with the desired orientation.
When the disturbances within the gimbaled suspension system are
minimized, the antenna is properly guided and its axis remains stable,
without unnecessary oscillations. In principle, stabilization is
essentially a disturbance rejection problem [5, 6]. The main sources
of disturbance include vibrations and angular and axial accelerations
of the moving platform, as well as imbalances in the servo system and
the rotating pedestal itself. Furthermore, geometric imperfections such
as friction and mechanical imbalance exist even in optimally designed
systems[7, 8]. These factors cause disturbance torques in the pedestal
system, which must be adequately compensated [9]. The standard
pedestal configuration consists of two rotational axes, Yaw and Pitch,
and can serve as a reference model for other two-axis gimbal systems.
Proper system balancing leads to a significant increase in antenna
pointing accuracy. One of the main factors that contributes to control
errors and increased power consumption in the motors is the effect of
external acceleration forces acting on the pedestal structure [10]. Two
standard test methods are used for simulated acceleration tests. One
such technique is linear acceleration testing using centrifuge tables,
following the guidelines provided in MIL-STD-810G, Method 513.6
[11, 12]. In contrast, the second technique involves sled rail testing,
which is less commonly employed due to several limitations such as
data transmission constraints (both sent and received signals) within
the pedestal system, restricted testing space, and higher operational
costs [13]. However, one advantage of the sled rail technique is that it
avoids the rotational effects on the pedestal axes that are present in
centrifuge-based testing. Rafat Lewkowicz et al. [14] presented an
inverse kinematics model with three degrees of freedom and evaluated
the effects of linear acceleration on various links of the system. Chen
et al. [15] studied the kinematics, dynamics, and control algorithms of
a centrifuge-based simulator, employing a three-joint model to control
the motion of the centrifuge table. Dancuo et al. [16] presented a
kinematic model for a human centrifuge table and studied the
influence of contact accelerations on the system. Deng et al. [17]
investigated the effects of aerodynamic and vibration forces on the
main structural frame and motor mounting base of the setup. Wang et
al. [18] performed a structural analysis to evalute how manufacturing
and assembly errors affect the rotational accuracy of the centrifuge
table. Numerous works have also focused on studying bearings and
other structural support components in centrifuge test systems[19, 20],
providing valuable insights into design considerations and mechanical
performance [21, 22].
A review of the reviewed literature reveals that no prior work has been
performed on the effects of centrifuge rotation on the dynamics of
rotational axes within a two-degree-of-freedom pedestal or gimbal
system. Accordingly, the focus of this study is dedicated to this
subject. In this regard, the equations of motion are derived using the
Lagrangian formulation. The centrifuge test is one of the key
techniques for estimating the maximum torque of motors and is
particularly effective in identifying imbalance within the system. For
the first time, this test has also been employed on the prototype
examined in this work.
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2- Guidelines for Preparing Figures

The centrifuge system generates the required acceleration as a
function of the rotational arm length, corresponding to the pedestal’s
mounting location, and the angular velocity. A schematic of the
centrifuge test setup is shown in Fig. 1.

Axis of Rotation
Counterweights

Centrifuge

Fig.1. General schematic of the centrifuge platform [8]

As shown in Fig. 1, the device starts rotating with an increasing
angular velocity and eventually reaches and maintains a constant
target speed. As a result, a specific centrifugal acceleration is
produced, governed by Eq. (1).

acentrifuge = lwz (1)

Here, | and w represent the distance from the center of mass to the
axis of rotation and the angular velocity of the table, respectively. In
addition to providing an acceleration of 10g to evaluate imbalance and
dynamic asymmetry (unbalance), angular velocity is also an important
factor affecting the torque experienced by both motors in the pedestal.
This presents a major challenge in centrifuge testing, as the required
rotational speeds are considerably higher than those encountered in
real-world operating conditions. In particular, under actual
environmental and operating conditions of the vehicle, the angular
velocity usually does not exceed 30 rpm. However, in the centrifuge
test setup, given the 10g acceleration requirement and a limited arm
length of less than 2 meters, the angular velocity should be
approximately 50 rpm.

Fig. 2 demonstrates an overall view of the pedestal and its rotational
axes. As shown in Fig. 2, the two axes are orthogonal and arranged in
a Pitch-over-Yaw configuration. This means that, for modeling
purposes, the Pitch axis rotates first, followed by the Yaw axis.
Therefore, the rotation sequence is of critical importance. It should be
noted, however, that this sequence does not imply that the two axes
cannot move simultaneously.

Fig. 3 presents a two-degree-of-freedom (2-DOF) pedestal system
mounted on the centrifuge stand. The figure shows two configurations
of the rotation axis: one parallel to the Yaw axis, and the other
perpendicular to it.

Fig. 4 shows the complete two-degree-of-freedom pedestal system,
including all reference frames and coordinate axes.

The angles 6and 1 demonstrate the rotational angles in the Yaw
direction associated with the larger motor axis, and the Pitch (or
elevation) direction relative to the smaller motor axis, respectively, as
also shown in Fig. 4. The pedestal motors are mounted along the z;
and x, axes. The coordinate systems and notation are described in
Table 1.

Table 1. Body-fixed and rotated coordinate systems

(xyz )0 Centrifuge body frame

(xy2),

( Z) P : Rotation angle of Frame 2 (Pitch channel or
Xz), elevation rotation)

0: Rotation angle of the body frame (Yaw channel or
azimuthal rotation)

(ml 9 }"1) Mass and center of mass coordinates of Frame 1

(m2 ’ 1’2 ) Mass and center of mass coordinates of Frame 2
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The angular velocity of the antenna frames (outer frame, body 2), the
inner frame (body 1), and the centrifuge associated with their
respective reference frames is described as follows:

14 D2 D3 ?)
Woyo = [q , w1 = |92, Wz, = |43
T 2 T3

w;j demonstrates the angular velocity of body i expressed in the
reference frame of body j, where q, p, and r are the components of the
angular velocity along the Roll, Pitch , and Yaw directions,
respectively.
The inertia matrix of the rotating frames is obtained as shown in Eq.
3).

le Ixy Ixz Ix2 ixy ixz (3)

L=|hx Ly Ly|,L =[x Le iy,

sz Izy Izl izx izy IzZ
As can be seen from Eq. (3), no negative signs appear in the inertia
matrix. The off-diagonal elements of the inertia matrix demonstrate
the cross-product terms of the mass inertia matrix.
The output of the system for the antenna or line-of-sight (LOS) is the
angular velocities of body 2. Accordingly, the angular velocity of
body 1 is obtained as follows:

W1y = Wij0y; T Woyy = o o 6"+ R1Tw0)o 4
Similarly, the angular velocity of body 2 is obtained as:
W2y2 = Wz )2 T Wi/0)2 T Woy2 )

= 0 o"+R, o o 6l
+ RZTRlTwO)O
0
0
a
motions about the centrifuge axis, the pitch axis, and the yaw axis,

respectively

In Eq.(5), wgyo = | 0]. The terms 4, 1, and § demonstrate rotational

Fig.2. Overall view of the two-degree-of-freedom pedestal with Pitch and
Yaw axes

Modares Mechanical Engineering

Rotational Axis

b
!
!
!

Rotational Axis

b)

Fig.3. Two-degree-of-freedom pedestal mounted on the centrifuge
table rotating about the Z and X axes: a) Centrifuge axis parallel to the
Yaw axis, b) Centrifuge axis perpendicular to the Yaw axis

Fig. 4. The two-degree-of-freedom pedestal system with its associated
coordinate systems

2.1-The velocity of the center of mass of each hoop or frame
The present work aims to investigate the effects of the intended
centrifuge rotation. As a result, the effects of imbalance are ignored.
The linear velocity of the center of mass of body 1 is given by:

Vegiyr = R1T(Do)o X Ty 6
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In Eq. (6), 1y represents the position vector from the rotation axis to
the center of rotation of the pedestal. Assuming that body 2 is mounted
on the pitch axis and does not undergo translational motion, the linear
velocity of its center of mass is obtained by:

Tp T
Vegayz = Ra' Ry woyo X 1 O]
To obtain the equations of motion, the Lagrange equation is used as

follows:

Lagrangian =T — U (®)

In Eq. (8), T and U represent the kinetic and potential energy of the
three-degree-of-freedom simulator, respectively, as shown in Eq. (9).

1 1 1 )
T= Ew1)1rl1w1)1 + sz)zrlzwz)z + Em1V1)1TV1)1
1 T
+Em2V2)2 VoyU
=mR,"G.r, + myR,"R,"G. 7,
Consequently, the Lagrange equations proceed as follows:

d oL OJL Odw _ T (10)
dt o’ 96 a6 * ¢
d 0L 0L Odw

T, =T,

Gy "o "oy
The Lagrange equations for each frame are written in the coordinates
of that frame, because the magnitude of a vector or any scalar quantity
remains invariant in different coordinate systems. In general, the
potential energy can be ignored because it is insignificant compared
to the kinetic energy. A simplified form is employed to represent the
rotating bodies as follows.

(xyz) 5 (xyz), 5 (xyz), (b

R; is the transformation matrix that represents a rotated vector from
frame i to frame i—1. Accordingly, R demonstrates a vector in frame
i—1 expressed in the new frame i. The rotation matrices are obtained
as follows

[C@ —Sg 0] (12)
Ri=|sg ¢4 O
0 0 1

1 0 0 (13)
R,=[0 ¢y —sy

0 sy ¢y

C and S denote the abbreviations for cosine and sine, respectively.
The torque equations, in the absence of imbalance and assuming that
the centrifuge axis of rotation is parallel to the Yaw axis, are given by:

T, = ((—Iy2 + Iy)eos(W(D) + I, + 121) @) (14)
+ sinRY D) (I, — L) (0
+d)

= 10— sin(Z‘P(t))z(lyz — 1) (6 + )’ (15)

Here, T, and T, demonstrate the torques about the Pitch and Yaw
axes, respectively. The Egs. (14) and (15) define the behavior of the
pedestal in the absence of imbalance, mounted on a centrifuge rotating
at an angular velocity ¢ aligned with the z-axis, i.e., the azimuth axis.
As seen, in all cases where under normal conditions (i.e., when the
pedestal is not connected to the centrifuge assembly and there is no
imbalance), the term 6 appears, it is replaced by 6 + . In other
words, the angular velocity of the centrifuge is added to the angular
velocity of the pedestal’s azimuth axis. From Egs. (14) and (15), two
key factors emerge. The first is ¢, the angular velocity of the
centrifuge, and the second is the term (Iy2 - Izz), which appears
repeatedly in both the current and subsequent equations. The closer
this term is to zero, the smaller the additional torque becomes.

Modares Mechanical Engineering

In the absence of any unbalance in all axes, and assuming that the
center of mass of both rotating systems coincides with the center of
rotation, no torque equations arise. In this study, an ideal balanced
condition is intentionally assumed to isolate the pure influence of
centrifuge rotation. Frictional and damping effects are not included
because, under the pedestal stabilization mode, their variation with
rotational speed is negligible and remains almost constant.
Introducing unbalanced conditions at this stage would mask the
primary effect of centrifuge-induced torque, which was the focus of
the present analytical investigation. Furthermore, the centrifuge's axis
of rotation is supposed to be perpendicular to the yaw axis.

T, (16)
= (b + L)eos(#©) + 1z + Ly ) (5)
+ (L — Ip) sin(2¥ (1)) ¥6
) (L2 — Izz)cos(‘a"(t))2 +>
sm(ZG(t))( ;’ ]

y1 + 122 - le - IxZ

2
— 2sin(6(t)) ((1},2 - Izz)cos(‘;"(t))2

+ IzZ_ Ix2 - 1y2>q-_,d

2
Ty 17
L s sin(26(1)) sin(@z(t))2 (be = 2) .,
(L2 — Izz)cos(‘:!-’(t))2 )
+ 2 sin(6(t)) Lp—ILp — I, ab
2
(e~ L) sin(Z‘I’(t))éz

2

In the torque equations of the pedestal on the centrifuge, under the
condition where the centrifuge's rotation axis is parallel to the axis of
yaw, the term d&? appears in both the azimuth and elevation torque
terms. Given the potentially high angular velocity of the centrifuge,
this term can attain relatively large values and must be regulated
employing appropriate coefficients, the most important of which is
(Iy2 - IZZ), which should ideally be minimized or brought close to
Zero.
Considering real-world conditions in two-degree-of-freedom
pedestals and various payload configurations such as antennas or
cameras, as well as the structural configuration of the pitch axis, it
seems unlikely that a pedestal can be designed in which the center of
rotation of both rotating bodies coincides with the system’s rotation
axis. Therefore, it is necessary to investigate the torque equations in a
scenario where no unbalance exists along any axis, but the centers of
mass of both rotating subsystems do not coincide with the rotation
center. As shown in Fig. 4, the center of mass of the pitch axis lies
along the x-direction. For the yaw axis to be balanced, its center of
mass must lie in the x—y plane. Assuming that the pitch axis is
balanced in the z—y plane and the yaw axis is balanced along the y-
axis, achieving balance in the x-direction for the yaw rotating body
requires that the x-component of the pitch axis center of mass (x,) be
proportional to that of the yaw axis center of mass (x;). Specifically,
the condition m;x; = m,x, must be satisfied. For the sake of
simplifying the equations, it is assumed that m; = m, , and hence
Xx; = x,. Under these assumptions, and considering that the
centrifuge's rotation axis is perpendicular to the yaw axis, the torque
equations for both axes can be described as follows:
sin(26(0)) sin(6())” (I, — ) . (18)
2

T,=1,¥+
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(I = Iy)cos(¥(®)°

+2 sin(6(t)) Lp— Lo — Ip ab
2
(L, = 1x) sin(2¥ (D)) .,
— 2 9
T, = ((—Iy2 + Iy)eos(W () + Ly + Iy (19)
+ mez) (9)

+(Iyz — Ip) sin(2¥ (1)) 96
sin(26(1)) <(1y2 — I,)cos(¥ (D) +>
- 2

Iyl + 122 - ix1 x2
2

- 2sin(6(1)) ((zyz — Iy)cos(¥(®)°

Izz - 1x2 - Iy

+ S ) ¥a — ma?sin(20(0))d?

As seen in Eq. (18), the torque on the pitch axis, Ty, remains
unchanged compared to Eq. (17), indicating that this configuration
does not affect the pitch axis dynamics. However, comparing Eq. (19)
for the yaw axis with Eq. (16), it is seen that the yaw torque, T,, is
modified by an additional term of —mxzsin(ZG(t))dz.

In addition, the coefficient of the angular acceleration 6, which
represents the moment of inertia about the yaw axis, increases by
2mx?. This correction is due to the parallel axis theorem, where the
effective moment of inertia for systems with a center of mass offset
from the rotation axis is given by I,y = Iy + Mx?.

Considering only the centrifuge rotation condition, i.e., § = ¥ = § =
¥ = 0, the equations become:

sin(26()) sin(6(0))” (I, — Lz) 2 (20)
2

T, =L, ¥+

o3

@n

((-ba + La)eos(¥ ) + 1z + 1,) (B)
sin(26(1)) <(1y2 - Izz)cos(lp(t))z +>
L 2

y1 Izz T dx1 T Ix2
2
— mxZsin(26(¢))a?
As shown in Eq. (21), under the actual centrifuge test conditions with
the aforementioned assumptions, the mass and the x-direction position
of the center of mass of both subsystems contribute to the torque
around the yaw axis. This effect is non-negligible and must be taken

into account. Therefore, during centrifuge tests, the term

—mx?sin(26(t) )@? must be included in the evaluation.

3-Results and discussion

To evaluate and simulate the equations, a pedestal with +60 degrees
of rotational freedom in both axes is considered. The system assumes
a diagonal inertia matrix with specified moments of inertia and a
rotational speed of 100 RPM. The resulting torques applied to the
pedestal motors are presented as a 3D plot concerning the angular
positions ¥ and 8 (Theta—Psi).

The inertia matrices , related to the elevation and azimuth axes used
in the simulations are explicitly defined as :

0.0009 0 0
I, :l 0 0.0025 0 ] (kg.m?) and L =
0 0 .0024
0.000054 0 0
[ 0 0.00032 0 ](kg.mz).
0 0 .0003

Modares Mechanical Engineering

.The approximate physical dimensions of the pedestal are
18 x 18 x 15 cm. The products of inertia are of the order of 107° kg-m?
and therefore negligible due to symmetry. The numerical parameters
correspond to the characteristics of an actual centrifuge pedestal used
in testing. A sensitivity analysis showed that proportional variations
in the mass moments of inertia caused only marginal changes in torque
results, confirming that the centrifugal effect is dominant. Moreover,
if the geometric dimensions scale linearly, the induced centrifugal
torque increases quadratically with the scale factor.

It is important to note that in the inertia matrix of subsystem 1, only
components that rotate about the yaw axis are intended. As stated, the
analysis focuses on the effect of the centrifuge. Consequently, to
isolate the torque generated solely by this effect, all angular velocities
and angular accelerations of the frames have been assumed to be zero,
ie,f =% =60=¥=0.In the presented results, only the frame
positions defined by the angles 6 and 1 are considered as input
variables.

Based on Fig. 3(a), under the condition where the yaw axis is parallel
to the centrifuge rotation axis, and considering Egs. (20) and (21), the
resulting output torques as functions of the angles 6 and Y are
presented in Figs. 5 and 6.

0.004

0.0024

T x(Nm) H

Fig. 5: Output torque of the pitch axis as a function of 8 and v, for
the case where the yaw rotation axis is parallel to the centrifuge
rotation axis.

T z{Nm)

Fig. 6: Output torque of the yaw axis as a function of 6 and v, for
the case where the yaw rotation axis is parallel to the centrifuge
rotation axis.
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As shown in Fig. 5, no variation in torque concerning the angle 6 is
observed. This result is expected considering Eq. (20), as there is no
term involving the variable 6 in the equations.

In Fig. 6, the torque resulting from centrifuge rotation is zero at all
angles, as the setting § = ¥ = 0in Eq. (21) leads to zero output torque
along this axis. Figure 6 demonstrates that, under the condition of
parallel alignment between the two specified axes, no centrifuge-
induced torque is exerted on this axis. Even in the presence of fand ¥
terms, the resulting torque is directly proportional to the first order of
a, whereas for the pitch axis, the torque is directly proportional to the
second order of d.

As observed in Fig. 5, the maximum torque value is 0.005 Nm.
According to Fig. 3(a), under the condition of orthogonality between
the two axes (the yaw axis and the rotation axis of the centrifuge) and
based on Egs. (16) and (17), the output torque results as a function of
the angles 6 and 1 are presented in Figs. 7 and 8.

16

o 16

Lh

-
6 g

>

Fig. 7: Output torque of the pitch axis as a function of the angles
6 and v for the case of orthogonality between the yaw rotation
axis and the centrifuge rotation axis.

=
?

=
Ch
paa ey

T z{Nm)

T

i
=
=)
prd
[N A

Sn

Fig. 8: Output torque on the yaw axis as a function of the angles 6
and 1 for the case of orthogonality between the yaw rotation axis
and the centrifuge rotation axis, under balanced conditions where
the rotation axis aligns with the center of mass of each device.

As shown in Fig. 7, the maximum torque on this axis under the
orthogonality condition between the two specified axes is
approximately 0.004 Nm. The torque on the pitch axis is directly
proportional to the second order of &. In Fig. 8, the maximum torque

Modares Mechanical Engineering

on the yaw axis is approximately 0.1 Nm. As indicated, the torque in
this case is significantly higher for the yaw axis compared to the pitch
axis. This high torque is due to its proportionality to the second order-
of & as well as the large difference in the moments of inertia in the
yaw axis or rotating frame. It is important to note that the moment of
inertia for the yaw axis is variable since changing the angle y\psiy in
the pitch axis alters the moments of inertia of the other two axes
(excluding the primary rotation axis). In Eq. (17), the term

2
(Lz — Lp)cos(P(®) + Ly + Iy — Ly — Iy
difference in the inertia matrix concerning the angle 1 in the yaw axis

represents the

frame. As a result, one of the ways to reduce the effect of the
centrifuge is to analyze and minimize the difference between the other
two moments of inertia.

To better understand this concept, it is important to note that in rigid
body dynamics, rotation about the principal axes is of critical
importance. Principal axes are the axes that diagonalize the inertia
matrix. If the body does not rotate about its principal axes, the angular
velocity terms can have a significant impact on the resulting torque
along the output axis.

Le 0 0 (22)
L=10 1, 0
0 0 I,

If the body does not rotate about a principal axis, a greater torque will
be exerted on the motor axis (or the torque axis of interest). For one
of the arbitrary axes, the following equation derived from rigid body
dynamics applies [9]:

Tx = led)x - wywz(lyy - Izz) (23)
As shown in Eq. (23), if the structure does not rotate solely about the
principal axis (x), the term w,w, will be nonzero. In cases where
(Iyy — 1,7) is not zero—i.e., there is a significant difference in the
moments of inertia along the other two axes (y and z)—the torque
component T, becomes larger. Consequently, the term wyw, (1, —
1,,), which arises from the centrifuge rotation, becomes dominant. As
a result, the motor torque values, as reflected in the current draw, are
inflated and do not represent the actual torque demand (i.e., they are
misleading or "apparent" values). Based on the analysis of the
equations and the resulting behavior, there are two feasible approaches
to minimize the effect of the centrifuge. The first is to perform an
acceleration test using a rail sled system, in which case the centrifuge
effect is eliminated. The second is to add a counter-rotating system to
the centrifuge arm that applies a rotational velocity opposite to that of
the centrifuge, allowing only the effect of linear acceleration to be
observed. Aside from these two approaches, the only option is to
account for this effect analytically and subtract it from the measured
output torque.

Based on the results shown in Fig. 8, it can be concluded that the effect
of centrifuge rotation on the yaw axis is highly significant. To
investigate the effects of rotational acceleration of the centrifuge
device on the yaw axis, the torque analysis and the influence of
realistic balancing conditions for the yaw axis are examined. For these
conditions, it can be assumed that the entire rotating pitch system has
a mass of m, = 0.75 kg, and the yaw rotating system (exclusively)
has a mass of m; = 0.25 kg. By examining the effects of balancing
on the yaw axis, it is observed that with an increase in mass in both
axes, as well as an increase in x, andx;, the torque on the yaw axis
varies considerably. This occurs despite the yaw axis being fully
balanced, where it would be expected that, under the condition of
maintaining balance on the yaw axis (i.e., proportional mass
distribution along the x-direction), there would be no change in torque.
Figs. 9 through 11 illustrate the yaw axis torque values under various
positions of the centers of mass of the two rotating frames along the
x-axis, while maintaining balance on the yaw axis.

The three cases examined are as follows:
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®  Mass m, = 0.75 Kg with the center of mass located at
X, = 5mm in the pitch frame.

®  Mass m, = 0.75 Kg with the center of mass located at
X, = 10mm in the pitch frame.

®  Mass m, = 0.75 Kg with the center of mass located at
X, = 15mm in the pitch frame.

T z(Nm)

Fig. 9: Output torque on the yaw axis as a function of the angles 6
and 1 for the case of orthogonality between the yaw rotation axis
and the centrifuge rotation axis, under balanced conditions but
with misalignment between the rotation axis and the center of mass
of each device (x, = 5mm).

T_z[Nm})

Figure 10: Output torque on the yaw axis as a function of the
angles 6 and i for the case of orthogonality between the yaw
rotation axis and the centrifuge rotation axis, under balanced
conditions but with misalignment between the rotation axis and the
center of mass of each device (x, = 10mm).

As shown in Fig. 9, the variation in maximum torque compared to
the conditions in Fig. 8 is approximately 0.005 Nm, indicating that
the offset of the pitch system’s center of mass has had a minimal
effect. This is due to the small value of x, = 5mm. However, in
Fig. 10, the variation in maximum torque compared to Fig. § is
approximately 0.02 Nm, and in Fig. 11, the variation reaches
approximately 0.045 Nm. According to Eq. (17), which includes
the term mx2sin(26(t))d?, it can be observed that the torque
increases proportionally with the square of x, = x. Therefore, the
increase in torque from 0.005 Nm to 0.045 Nm is consistent with
the quadratic relationship and is entirely valid.
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T z(Nm)

Fig. 11: Output torque on the yaw axis as a function of the angles
6 and 9 for the case of orthogonality between the yaw rotation
axis and the centrifuge rotation axis, under balanced conditions but
with misalignment between the rotation axis and the center of mass
of each device (x, = 15mm).

All figures were plotted using raw simulation outputs without any
normalization. Therefore, they mainly demonstrate the qualitative
trend of the torque variations with the centrifuge rotation parameters
rather than absolute magnitudes. Future work will include a
quantitative comparison between the simulated torque values and
typical actuator and motor torque limits using the same experimental
prototype.

The results of this section demonstrate, for the first time, that the
rotational motion of the centrifuge table has a significant impact on
the rotating axes in tracking pedestals (or similar systems), and in
some cases, can lead to a substantial increase in the motor torque
requirements. This effect can be mitigated by increasing the arm
length of the centrifuge table during installation. As shown in the
equations, the torque consumption is directly proportional to the
square of the centrifuge table’s rotational rate, and therefore, its effects
must be carefully considered in system design and analysis.
4-Conclusion

In this study, the effect of centrifuge table rotation on the dynamics of
two-degree-of-freedom bases used in tracking mechanisms was
analytically and numerically investigated for the first time. Contrary
to conventional approaches that primarily consider only the linear
acceleration induced by the centrifuge, this paper demonstrates that
the rotation of the centrifuge table itself can introduce unexpected and
disturbing torques on the gimbal axes (Pitch and Yaw). These torques
arise not only under specific conditions but also in configurations
where the system is fully balanced, and they are strongly dependent
on the angular velocity of the table and the location of the
components’ center of mass.

To accurately analyze this phenomenon, Lagrangian modeling was
employed, and the effect of centrifuge rotation was evaluated in two
distinct scenarios—when the centrifuge rotation axis is either parallel
or perpendicular to the Yaw axis. Simulation results indicated that the
apparent torques generated can lead to significant misestimations of
the motor power requirements and dynamic behavior of the system
unless properly modeled and compensated for. Based on the
conducted analyses, design modifications—such as increasing the
length of the centrifuge’s rotating arm or implementing compensatory
systems—alongside the use of precise analytical assessments prior to
physical testing, can effectively prevent critical errors in the design
and evaluation of mechanical systems.
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In summary, the results of this study elucidate several key innovations
in the field of dynamic testing of two-degree-of-freedom bases using
centrifuges:

For the first time, the effect of centrifuge table rotation on
the dynamic torques applied to the gimbal axes was
investigated.

Precise Lagrangian equations were developed for two
distinct configurations: with the Yaw axis parallel and
perpendicular to the rotation axis.

It was demonstrated that misalignment of the center of
mass in rotating systems can generate non-negligible
torques even under fully balanced mass conditions.

The analysis revealed how differences in moments of
inertia about non-principal axes amplify the rotational
effects.

As mitigation strategies, methods such as increasing the
centrifuge arm length, employing counter-rotation
systems, and analytically modeling and subtracting
apparent torques were proposed.

It was conclusively shown that torques resulting from
centrifuge rotation can lead to significant errors in
estimating the actual torque requirements of the system
during testing.
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