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ABSTRACT

Within the orientation system, a single-axis stabilizing platform is employed to mitigate the
effects of high-speed aircraft body rotation on the sensors. To analyze its kinematic characteristics,
this paper develops a dynamic model of the stabilizing platform's motion. Misalignment between
the platform's axis and the rotational axis of the spinning-body aircraft introduces disturbance
components that affect stabilization quality. This paper proposes a solution to reduce platform
oscillations by employing a viscous vibration absorber. Simulation results using MATLAB
Simulink clearly demonstrate the effectiveness of this approach.
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1. INTRODUCTION

During the control process of a single-channel spinning-body aircraft, information about the
aircraft's roll angle around its longitudinal axis is required. Typically, a three-degree-of-freedom
gyroscope is used to determine the roll angle [5, 7-9]. However, this device is often large and
costly. Theoretically, angular rate gyroscopes can be used to determine the roll angle. Yet, to
ensure stable flight, spinning-body aircraft often rotate at high speeds, which can exceed the
measurement range of angular rate gyroscopes. As a result, for high-speed spinning-body
aircraft, using an angular rate gyroscope rigidly attached to the body is not a viable solution for
roll angle determination.

To address this issue, some studies have proposed the use of a single-axis stabilizing platform
[1-4]. In this approach, an inertial sensor unit is mounted on a single-axis stabilizing platform
aligned with the spinning-body aircraft’s rotational axis. The platform’s rotational speed is
significantly lower than that of the aircraft. The aircraft’s attitude angles are determined by
measuring the stabilizing platform’s attitude angles and its relative rotation with respect to the
aircraft. The attitude angles of the stabilizing platform are obtained through an integration
algorithm applied to signals from gyroscopes. Consequently, the accuracy of the attitude
determination system depends on the kinematic characteristics of the stabilizing platform. To
ensure high-precision attitude determination, the stabilizing platform must be stabilized to
maintain minimal rotational speed and angular displacement.

When the spinning-body aircraft undergoes spinning motion, friction at the platform’s bearings
induces rotational movement of the platform. Previous studies [1-4] have suggested that
manufacturing the platform with a certain level of eccentricity can help reduce its rotational speed
and angular displacement. However, installation misalignment between the platform’s rotational
axis and the aircraft’s rotational axis inevitably exists. This misalignment generates additional
disturbance torques. This paper investigates the impact of installation errors on the kinematic
characteristics of the single-axis stabilizing platform on a spinning-body aircraft and proposes a
solution to mitigate these effects. Specifically, a viscous damper is proposed to suppress the
oscillatory behavior of the platform base caused by misalignment and dynamic disturbances,
thereby enhancing the platform’s overall stability.
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2. DYNAMICS OF THE SINGLE-AXIS STABILIZING PLATFORM MOTION

In the case where the rotational axis of the stabilizing platform coincides with the spinning-
body aircraft’s rotational axis, the spinning motion of the spinning-body aircraft affects the
stabilizing platform only through friction at the bearings. However, in practical installations, there
is always some degree of misalignment between the platform’s axis and the spinning-body
aircraft’s rotational axis. This misalignment generates a centrifugal force acting on the platform’s
center of mass, induced by the spinning-body aircraft’s rotational motion. For spinning-body
aircraft, the angular velocity and angular acceleration components in directions perpendicular to
the longitudinal axis are significantly smaller than the spinning-body aircraft's spinning angular
velocity. As a result, disturbances caused by these components are much smaller compared to those
induced by the spinning-body aircraft’s spinning motion. Therefore, in this study, we assume that
the spinning-body aircraft's rotational axis is parallel to the stabilizing platform’s axis.

Figure 1 illustrates the model of the single-axis stabilizing platform mounted on a spinning-
body aircraft.

Figure 1. Single-axis stabilizing platform on a spinning-body aircrafft.
In this setup, the spinning-body aircraft (1) rotates around its own axis with an angular velocity
v, and a single-axis stabilizing platform is mounted on it. The platform’s axis is kept parallel to

the spinning-body aircraft’s rotational axis using ball bearings (2). The misalignment between the
platform’s axis and the spinning-body aircraft’s rotational axis is denoted by /..

For the sake of analytical convenience, we assume that the stabilizing platform consists of a
cylindrical mass with mass m and radius 7, along with an additional weight Am rigidly attached to
the cylinder. This weight Am is positioned at a radial distance /: from the platform’s rotational axis.

The coordinate system has its origin O at the aircraft’s center of mass. The x-axis is parallel to
the horizontal plane and perpendicular to the spinning-body aircraft’s longitudinal axis, the y-axis
lies in the vertical plane perpendicular to the spinning-body aircraft’s longitudinal axis, and the z-
axis forms a right-handed coordinate system with x and y. The point O, represents the center of

mass of the cylindrical stabilizing platform. A plane perpendicular to the spinning-body aircraft’s
rotational axis passes through O, and the center of mass of the weight M.

The variablesy,y represent the rotational angle and angular velocity of the aircraft,
respectively, while 7,7, represent the rotational angle and angular velocity of the stabilizing
platform in space. The parameter ¢ denotes the aircraft’s pitch angle.

Now, consider an infinitesimal mass element dm, on the stabilizing platform, located at a radial
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distance /,, from the platform’s axis. This mass element is positioned at an angular displacement
7, from the vertical direction. The coordinates of dm, in the coordinate system Oxyz can be
expressed using the following equations:
X, =hLsiny+1,siny, O
ypi = _ll COS}/ _IZi cosj/pi
Based on equation (1), the velocity of the application point can be determined using the
following expression:

xpi = 7}11 cosy +12i7}pi cos 71”'

i o . . ()
Yy =7rlsiny +y,l,;siny,
From equation (2), the acceleration of the application point can be derived.
X, =7lcosy—y’lisiny+7 1, cosy, —yil,siny,
3)

j}pi = 7/11 81ny+ 7}211 Cosy-'- j/.piZZi Sinypi + }}iilZicosypi

The aircraft rotates around its axis at a high velocity, so in this problem, it can be assumed that
the z-axis remains stationary in space. If the Earth's rotation is neglected, the coordinate system
can be considered an absolute reference frame.

Thus, for each point on the stabilizing platform corresponding to a mass element dm;, there are
two acceleration components perpendicular to the platform’s rotational axis, which are determined
using equation (3). The motion of the mass element dm; in this case is equivalent to external forces
acting along the z-axis, with magnitudes proportional to the product of the mass and the
corresponding acceleration.

From this, the moment acting on the mass dm; about the rotational axis of the stabilizing
platform can be calculated using the following equation.

xpidmij}pi - ypidmijépi = _dmi[j}l1lzi COS(7/ - 7;;,') - 7}211121' Sin(7 - 7pi)]

For each infinitesimal mass element dm;, on the cylindrical stabilizing platform, there exists a
symmetric point around the platform’s rotational axis. Consequently, the mass element dm; at that
point will generate a moment given by: —dm,[y]l, cos(y -y, +7)— 7’11, sin(y — Yt 7).
Therefore, for the cylindrical part of the stabilizing platform, the total moment generated by the
aircraft’s rotational motion acting on the platform along its axis is zero. If the additional mass M

is considered to be small in size with mass Am, then when the aircraft rotates around its
longitudinal axis with angular velocity y and angular acceleration j , it will generate a moment

acting on the platform given by: —Am[ /[, cos(y —y,) - 7L L, sin(y — 7]

Therefore, based on Newton's second law, the rotational motion equation of the stabilizing
platform can be expressed as follows:

Jpj/’p = —,ukk}?p — Amgl, sin 7, €os G—Am[yll, cos(y - 7/p) - 721112 sin(y — ;/p)]+M’”S 4)
Here, J, represents the moment of inertia of the platform about its rotational axis; g, is the
damping coefficient due to air viscosity; the term Amgl, siny, cosd represents the moment acting

on the platform’s rotational axis due to gravitational force; and M ™ denotes the frictional moment
generated at the platform’s bearings. Based on the obtained equation, it can be observed that the
aircraft’s angular acceleration and angular velocity influence the rotational motion of the platform.
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The component dependent on the aircraft body rotational acceleration AmylZ, cos(y —y,) and the

component dependent on the square of the aircraft's rotational velocity Amy 1L, sin(y — 7,) canbe

considered as a disturbance factor in the rotational motion of the platform. The magnitudes of these
components are proportional to the misalignment between the stabilizing platform’s rotational axis
and the aircraft’s rotational axis /.

If the platform’s rotational angle is assumed to have a small amplitude, then y >>y , meaning

that the aforementioned disturbance components will act at a frequency equal to the aircraft’s
rotational frequency.

In the case where the angle 7, is small, then Amgl, siny, cos § ~ (Amgl, cos 3)y ,, the system's

. ’A L g . . : .
natural frequency is given by ngZ—COS. Since the damping coefficient g, , due to air
h

viscosity, is small, the stabilizing platform exhibits significant resonance characteristics.
Additionally, based on equation (4), it can be observed that the external moment acting on the
stabilizing platform includes a component dependent on the axis misalignment /;. In the external
moment components, there are terms associated with the aircraft's angular acceleration and
rotational velocity, which vary at a frequency equal to the aircraft’s rotational frequency.
Therefore, if the platform's natural frequency is close to the aircraft’s rotational frequency, the
effects of resonance will be significant.

Figure 2. Model of a single-axis stabilizing platform with an integrated vibration absorber.

A simple solution to mitigate resonance effects is to increase the damping of the system. The
following section examines a method to enhance the damping coefficient of the stabilizing
platform’s rotational motion. In mechanical systems, viscous dampers are commonly used to
eliminate resonance effects [6].

The model of the stabilizing platform incorporating a viscous damper is shown in Figure 2. The
damping device consists of a casing (5), a damping mass (7), which is mounted on bearings (6).
To introduce viscosity, the damping mass (7) is immersed in a liquid (8) and can rotate around the
bearings (6). The axis of rotation of the damping mass (7) coincides with the axis of rotation of the
stabilizing platform.

The equations describing the motion of the single-axis stabilizing platform with the damper are
given as follows:

Pod, + (7, —7,)+Amgl, siny  cos 9 =—Am[ 7L, cos(y —y,)—y’L L, sin(y —y )]+ M"™

5
T =,y =72) )
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where y, is the absolute angular velocity of the damping element, J, is the moment of inertia of
the damping element and 4, is the viscous damping coefficient of the damping element.

From the second equation in system (5), 7, can be expressed in terms of 7, . Substituting this

expression into the first equation of system (5) results in the following differential equation
describing the motion of the stabilizing platform:

. H Js . . . .2 . ms
J, 7, + —J,,;+h,u;, 7, +Amgl,siny, cos§=—Am[ L, cos(y —y,)— 7L, sin(y —y )]+ M (6)

where s is the Laplace operator.

From the obtained equation, it can be observed that the system exhibits a damping component
My S
Jis +
affects the stability quality of the single-axis stabilizing platform. In the case where the viscous
friction coefficient g, is large, the equation of motion for the stabilizing platform takes the

following form:

with a coefficient . The selection of parameters for the viscous damper significantly

7,(J, +J,)+Amgl,siny, cos3=—-Am[yl 1, cos(y —y,)— 7'/21112 sin(y —y )]+ M™ (7)

At this point, the damper acts as if an additional mass with a moment of inertia J, is coaxially
attached to the stabilizing platform. In this case, the damper does not effectively suppress oscillations.

For a viscosity coefficient satisfying |Jhs| >> ., the system of equations (7) can be
approximated as follows:

J, ¥, + 7, +Amglysiny  cos 3 =—-Am[yll, cos(y —y,) - 7711, sin(y — r)+M™ (8)
In this case, the damper introduces damping into the single-axis stabilizing platform system,
with the damping coefficient being equal to its own damping coefficient. This characteristic helps
suppress oscillations of the stabilizing platform when the aircraft undergoes body rotation.
Assuming the stabilizing platform is well stabilized, resulting in a small platform rotation angle,
the above equation can be rewritten in the following form:

J j/.p + /uh?}p + Amglz7p cos 3 =—Am[ 11, cos(y) - 7}21112 sin(y)]+ M™ )

P
The first two terms on the right-hand side of the above differential equation depend on the
rotational motion characteristics of the aircraft. For a spinning-body aircraft, the squared angular
velocity term is significantly larger than the angular acceleration term, allowing the first term to be
neglected. Thus, the installation error of the stabilizing platform generates a harmonic disturbance
moment with a frequency equal to the aircraft’s rotational frequency, while its magnitude is
proportional to the product of the squared angular velocity and the installation misalignment.

3. SIMULATION ANALYSIS

To simulate and analyze the dynamic characteristics of the stabilizing platform with a viscous
vibration absorber as described in equation (5), a simulation model is developed. The simulation
diagram is shown in figure 3.

Parameters of the elements in the simulation model:

The cylindrical body of the platform has a mass of m = 0,3 kg and a radius of » = 0,010 m. The
added mass is Am =0,01 kg , with an offset of from the platform’s rotational axis /, =0,02 m;

The installation misalignment between the stabilizing platform axis and the aircraft’s rotational
axis is /, =0,003m ;
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The frictional moment at the platform's bearings is M"™ =6.10" N.m, and the air damping
coefficient is £, =0;

The pitch angle of the aircraftis $=30";

The aircraft’s angular acceleration follows the equation: j = 60@ with ¢ <ls and y = Og
s s
with ¢ >1s;
The moment of inertia of the vibration absorber is J, = 107 kg.m2 R

In the simulation model, the damping coefficient of the absorber y, is varied to evaluate the
dynamic characteristics of the stabilizing platform motion.
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Figure 3. Simulation diagram of the stabilizing platform motion.

Figures 4 and 5 illustrate the variations in the angular velocity and rotation angle of the
stabilizing platform for different damping coefficients of the vibration absorber.
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Figure 4. Angular velocity of the stabilizing platform for different viscous coefficients
of the vibration absorber.

In figure 4, curve 1 represents the angular velocity characteristics of the stabilizing platform
with g, =5.107° N.s.m . When the viscosity increases to z, =5.10"* N.s.m , the velocity variation

is shown in curve 2. Curve 3 illustrates the velocity variation characteristics of the platform with
, =5.10>N.s.m .
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Figure 5. Rotation angle of the stabilizing platform for different viscous coefficients
of the vibration absorber.

In figure 5, curve 1 represents the variation of the angular of the stabilizing platform with
4, =5.10° N.s.m . When the viscosity of the absorber increases to g, =5.10" N.s.m , the transient
process of the platform’s rotation angle is shown in curve 2. With g, =5.107 N.s.m , the variation
of the platform’s rotation angle is illustrated in curve 3.

Simulation results indicate that when the damping coefficient of the absorber is small, the
aircraft’s rotational motion induces high-frequency, large-amplitude forced oscillations in the
stabilizing platform. However, when a high-viscosity absorber is used, the oscillatory effects
caused by the aircraft's rotation are significantly reduced. Additionally, it is evident that for
different viscosity coefficients, the stabilizing platform oscillates around a specific angular
position. This characteristic arises from the system consistently experiencing a frictional force in
the same direction as the aircraft’s rotation with a constant magnitude. Thus, installation
misalignment is the primary cause of forced disturbance torque, leading to oscillations in the
stabilizing platform. The magnitude of this torque is proportional to the installation misalignment
between the stabilizing platform’s axis and the aircraft’s rotational axis. To mitigate oscillatory
motion in the stabilizing platform, a dynamic vibration absorber is employed.

4. CONCLUSIONS

The paper develops a dynamic model for the motion of a stabilizing platform mounted on a
spinning-body aircraft. The obtained model reveals that installation misalignment generates a
disturbance torque component that varies approximately sinusoidally with a frequency equal to the
aircraft’s rotational frequency and an amplitude proportional to the square of the rotational speed
and the misalignment magnitude. This effect significantly increases both the angular velocity and
the rotation angle of the stabilizing platform. To enhance the dynamic performance of the
stabilizing platform, the paper proposes the application of a viscous damping absorber. The
absorber increases damping and suppresses oscillations in the stabilizing platform. Simulation
results obtained using MATLAB Simulink demonstrate the impact of installation misalignment on
the platform's motion dynamics and validate the effectiveness of the proposed damping absorber
in improving the platform's stability.
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TOM TAT

Nang cao chit lwong dong hoc ciia dé 6n dinh mdt truc
trén thiét bi bay xoay than toc do cao

Trong hé thé'ng xdc dinh tw thé, dé on dinh mét truc dwoc sir dung ae giam thiéu danh
hieong ciia chuyén dong quay toc do cao cia than thiét bi bay lén cdc cam bién. Dé phan
tich cac ddc tinh dong hoc cua no, bai bao nay xdy dung mot mé hinh dong luc hoc cho
chuyén dong cua dé én dinh. Bé léch gitka truc cua dé én dinh va truc quay cua thiét bi bay
gdy ra cdc thanh phan nhiéu, anh hwong dén chdt lwong én dinh. Bai bdo dé xudt mét gidi
phdp nham giam dao dong ciia dé o6n dinh bang cdach sir dung bg giam chan dao déng nhot.
Két qua mé phong bang MATLAB Simulink cho thdy ré hiéu qua ciia phwong phdp nay.

Tir khéa: Dé 6n dinh; Xac dinh tu thé; Thiét bi bay xoay than; Hip thu rung.
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