Feb. 2017

Transactions of Nanjing University of Aeronautics and Astronautics

Vol. 34 No. 1

Satellite Rotation Modulation Measurement System

Based on Ultrasonic Motor

Kang Guohua'" y Zhou Qiongfeng', Liu Yao', Fan Kai's Ma Yun', Liang Ertao®

1. Micro-Satellite Technology Research Center, College of Astronautics, Nanjing University of

Aeronautics and Astronautics, Nanjing 210016, P. R. China;
2. Shanghai Institute of Satellite Engineering, Shanghai 201109, P. R. China

(Received 23 June 2016; revised 2 August 2016; accepted 16 August 2016)

Abstract; Rotation modulation technique is generally used to improve the performance of aviation and marine iner-

tial navigation system. Considering of the performance requirements from current aerospace to MEMS micro-nano

inertial device, this paper proposedrotary inertial device modulation technology application methods on the satel-

lite. Firstly, taking the advantage ofultrasonic motor, like high resolution, fast response, electromagnetic compati-

bility, a lowmagnetic, high-precision and appropriate for use on satellite ultrasonic motor modulation turntable was

developed. Then, through theoretical modeling and simulations, the rotation modulation technology was verified to

improvethe precise of satellite attitude measurementeffectively, equivalent toimprove the accuracy of MEMS gyro

over an order of magnitude. This work helpsachieve the application of rotation modulation technology in aerospace

and acceleratethe promotion of the MEMS gyro in satellite attitude measurement.
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0 Introduction

In the field of aviation and navigation, the in-
ertial components with the bigger errors can be
significantly improved by using rotation modula-
tion technology. The wide spread use of various
types of rotation modulation platforms also veri-
fies the effectiveness of this technology™ .

The use of the inertial technology in aero-
space is quite different from the strap-down and
platform-based inertial technology in aviation and
navigation. At present, there are little reports
about rotation modulated inertial components in
aerospace. Taking the low earth obit (LEO) sat-
ellite as an example, by using the attitude dynam-
ics and kinematics, the satellite current attitude
can be calculated theoretically without devices
used to measure as the moment attitude and ini-

tial state are known "',

However, seen from

the orbital dynamics with no maneuver, the satel-
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lite location is a function of time. Therefore, dif-
ferent from the use on ground., the aerospace gyro
is mainly used for the observation of angular ve-
locity. Besides, in the weightless environment,
the output of the accelerometer is zero. So it can-
not be used for position calculation if there is no
orbit maneuver. Due to different environment, it
can thus be seen that the use of ground rotation
modulation technology in aerospace will be a new
problem.

In view of the ground, rotation modulation
system based on the conventional motor is not
suitable for use in aerospace because of its huge
volume and severe residual magnetism. Firstly,
this paper solved the problem by constructing a
new kind of rotation mechanism based on the low
magnetic and high-precision ultrasonic motor.
Secondly, on that basis, by introducing the rota-

tion modulation technology into satellite attitude
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kinematics equation, it achieved the successful

application of the modulation-gyro in aerospace.

1 Principle of Rotation Modulation
in Aviation and Navigation

Rotation modulation technology introduces a
rotatory mechanism to modulate the inertial com-
ponents. The navigation error can be modulated
into triangle wave signal. During the calculation
process of solving the navigation parametes, the
navigation error generated by the random drift of
the inertial components can be offset automatical-
ly in a rotating cycle through the integration of
the mathematical operation. Consequently, the
accuracy of navigation can be improved. To date,
the rotation modulation technology has been
mostly used in high-precision gyro strapdown in-
ertial navigation system, and maturely developed
in the field of aviation, navigation and modern
weapon.

According to the number of the rotation ax-
es, there exit uniaxial rotation modulation, biaxi-
al rotation modulation and multiple spindle rota-
tion modulation. As to the uniaxial rotation mod-
ulation, an indexing mechanism is joined into the
strapdown inertial navigation system according to
the requirements of the inversion. The inertial

measurement unit (IMU) component is fixed on
the turntable (Fig. 1).

Fig. 1 ]

Uniaxial rotation inertial navigation system'?
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with the carrier coordinate. The drift errors are
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uniaxial rotation modulation, the inertial meas-

urement unit rotates around the z-axis direction

at a constant speed of w. After 1 moment, the
gyro drift error is
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where C* and C" are the conversion matrixes from
the gyro coordinate and the carrier coordinate to
the navigation frame, respectively; and ¢ is the
modulation time. As seen from Eq. (1), the z-
axis and y-axis gyro drift errors are modulated in-
to sine signals, but the z-axis gyro drift error is
still as the original value. During a rotation cycle,
the integrations of x-axis and y-axis errors are ze-
ros, but the z-axis error still spreads as the origi-
nal rule.
The block diagram of the rotation strap down

[ is shown in Fig. 2.
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The navigation algorithm still adopts the strap
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Fig. 2 Block of rotation strapdown inertial navigation

system

The mathematic platform established in the
navigation computer is considered as the reference
navigation frame, and a new IMU coordinate is
introduced, which varies with the change of the
IMU position. Using the angular position and an-
gular velocity of the indexing mechanism, the
measured IMU axial angular velocity and specific
are transformed into the carrier coordinate. In the

strap down loop, the navigation information after
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rotation modulation can be calculated according to
the attitude, velocity and the position error prop-

agation equations.

2 Rotation Modulation Structure

Based on Ultrasonic Motor

Current research resultsindicate that the per-
formance of rotation modulation turntable is one
of the keys to the rotation modulation system™".
The traditional electromagnetic motor turntable
with huge volume, high power consumption and
serious remanence interference is not suitable for
the aerospace requirements of low power con-
sumption and small volume. So in this paper, we
take the new type of ultrasonic motor into consid-
eration to develop the rotation mechanism. Com-
pared with the traditional electromagnetic motor,
the ultrasonic motor has the following significant
characteristics: (1) Power self-locking; (2) Low
speed and high torque; (3) Simple construction,
large torque/weight ratio, small volume; (4)
Small inertia of rotating parts, quick response,
high positioning accuracy, starting and stopping
time of millisecond level; (5) Shape structure de-
sign tends to diversification, adapted to the use of
different occasions; (6) Good electromagnetic
compatibility; (7) Not easily influenced by vacu-
um environment. The design drawing of the self-
developed turntable is shown in Fig. 3 and the
physical map is shown as Fig. 4. The maximum
size of the ultrasonic motor turntable is
100 mm X100 mm. The motor encoder and the
circuit board are all inside the turntable. There
are four mounting holes arranged on the turntable
top for fixing the IMU.

Through the incremental proportion-integral-
derivative (PID) algorithm, the nonlinear control
problem of the ultrasonic motor turntable has
been solved by adjusting the PID parameters. By
tests, the start and shut off response curves of
the ultrasonic motor are shown in Fig. 5. It can

be seen from Fig. 5 that the rotation angular rate

reversing time is less than 5 ms, the start time

and the corresponding stop time from static to a

certain rate are better than that of 2 s.
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Fig. 3 Design of ultrasonic motor turntable

Fig. 4 Rotation motor turntable
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Fig.5 Start and shut-off response of ultrasonic motor

The performance indicators of the rotation
mechanism system are described as follows:

(1) Reciprocating rotation function: it can
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move back and forth at a constant angular rate be-
tween 0° and 360° with controllable speed and
run-down time. The angular rate range is not less
than +100 ° / s;

(2) The accuracy of angular position measur-
ing: superior to 40" (3¢);

(3) Locking: locking accuracy is better than
2.5 (36), the accuracy after locking is better
than 40" (36) ;

(4) Payload: 0.3—0.6 kg;

(5) Size: 100 mm X100 mm X 37 mm.

The development of the ultrasonic motor
turntable solved the basis application problem of
rotation modulation technology in aerospace,
which laid a foundation for the rotation modula-

tion of the inertial devices.

3 Rotation Modulations in Aero-

space

After a long time integration of the satellite
gyro measuring attitude, the attitude error caused
by the gyro drifts spreads quickly, thereby lead-
ing to the unavailability of the attitude. In prac-
tice, the inertial measurement attitude determina-
tion is usually connected with external reference
vector attitude determination. By the mean of
correcting the inertial measurement attitude and
estimate the gyro drifts through external refer-
ence vector measurement, the precision of inertial
measurement is expected to be improved. How-
ever, this way of measurement is high cost and
its calculation is relatively complex. In this pa-
per, by introducing rotation modulation technolo-
gy, it improves the gyro measurement accuracy
and then simplifies the complexity of the satellite
attitude determination system.

When the gyro measures the satellite attitude
relative to the inertial system, the next time atti-
tude quaternion can be calculated from the atti-
tude quaternion kinematics equation and the cur-
rent moment three-axis angular rate measured by
gyro, and then the attitude angle can also be easi-
ly obtained. But the actual angular rate measured

by MEMS gyro usually contains large drift error,

which includes constant drift and random drift. In
case of no error compensation,the gyro drift error
will result attitude quaternion error when calcu-
lating the attitude by the use of those measured
values, namely generating attitude angle error.
Moreover, the error gradually increases with the
accumulation of time, which reduces the accuracy
of the inertial attitude measuring determination.
As shown in Fig. 6, by introducing the rota-
tion modulation technology, the gyro random
drift error is modulated into sine signal. The qua-
ternion motion equation after integral can elimi-
nate the attitude error periodically caused by the
gyro drift error, which can improve the accuracy
of attitude determination and extend the time of

inertial measurement.
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Fig. 6 Satellite attitude algorithm structure diagram

The attitude quaternion motion equation is

i =1 0wq=
2
0 - —w, w.| ¢
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1 T (2)
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—w, —w, —w. 0 q.

where w,» w, and w. are three axis angular rate
components measured by gyro, ¢ the attitude
quaternion vector, ¢, ,q;»q; and g, the quaternion
vector components. The actual inertial gyro rate
measurement model is @, =@+ v,, here @, is the
actual gyro measuring angular rate, @ the real at-
titude angular rate, and v, the drift error, com-
menly including the constant drift and random
drift error. Then the real quaternion motion
equation can be expressed as
71 :%Q(wg)q :%Q(w +v)q=

%ﬂ<m>q+%mvg>q=q+a¢j (3)

From Eq. (3), the gyro drift error results at-
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titude quaternion error and then generates atti-
tude angle error, which increases over time accu-
mulation and consequently reduces the accuracy
of the inertial attitude measuring determination.
By introducing the rotation modulation technolo-
gy, the gyro random drift error is modulated into
sine signal.

In the case of the uniaxial rotation modula-
tion, in the T rotation cycle, the integral quater-

nionerror is

q4
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where w is the rotation modulation angular rate,

and Tzzl the rotation cycle. It can be deduced
w

that the influence from x-axis and y-axis gyro
drifts errors to quaternions is eliminated by uni-
axial rotation modulation, but z-axis drifts error
still causes quaternions error.

From the analysis above, it can be proved
that when introducing a rotatory mechanism into
gyro measuring attitude system, the effect from
gyro drifts error to attitude determination can be
eliminated by rotation modulation. Thus, the ac-
curacy of attitude determination will be improved
and the time of inertial measurement will be ex-

tended.

4 Attitude Measurement System
Using Rotation Modulation-
Gyro

4.1 Attitude measurement system

The attitude measurement system of the ro-

tation modulation-gyro, as shown in Fig. 7,

mainly includes four parts: (1) Ultrasonic motor
rotation modulation turntable; (2) IMU compo-
nent (includes the sensitive element ADI(Analog
Device Inc), data acquisition board and power
supply module); (3) The core board for naviga-
tion calculation; (4) Display computer. The IMU
module is installed on the turntable. During the
rotation modulation, the real-time data through
the wireless serial will be transferred to the navi-
gation calculating core board. Finally, the calcu-
lated navigation information will be shown by the
display computer.

ADI data collecting borad
Power board

Pod
<
.
erell;eslrisissgztrf Core-board
\ avigation computer)

Ultrasonic motor
turntable

Fig. 7 Attitude measurement system of rotation modu-

lation-gyro

4.2 Simulation results

According to the application principle men-
tioned in the third segment, the effect of the rota-
tion modulation technology was simulated in this
section. The initial simulation conditions; the
three-axis gyro constant drift error was 5°/ h; the
random drift error was 100°/ h; the simulation
step size was 1 s; the simulation time was 1 h;
the initial values of the yaw angle, the pitch angle
and the roll angle were 10°, 5° and 15°, respec-
tively; the three-axis attitude angle rates were all
0°/ s. According to the results of the third sec-
tion, the navigation error caused by the rotation
speed error can be ignored because of the high
precision ultrasonic motor turntable. Thus, in
the process of simulation, the rotation speed does
not include the error and can be regarded as con-
stant.

Simulated in the conditions of no rotation
modulation and uniaxial rotation modulation,
curves of the three-axis attitude angle error were

obtained, as shown in Figs. 8, 9.
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According to the analysis from Figs. 8,9 for
the uniaxial rotation modulation, the yaw angle
and the roll angle error reduced by one-order of
magnitude, which verifies the conclusion that the
rotation modulation technology can obviously im-
prove the accuracy of the attitude measurement,

especially by a high precision turntable.
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Fig. 8 Three-axis attitude angle error without rota-

tion modulation
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Fig. 9 Three-axis attitude angle error with uniaxial

rotation modulation

5 Conclusions

Introducing the rotating modulation technol-
ogy into the satellite attitude determination sys-
tem can improve the precision of satellite attitude
measurement and satisfy the high precision, low
cost requirements of the satellite to the inertial
devices. Moreover, it simplifies the system com-
plexity and reduces the system development diffi-

culty compared with the commonly way of combi-

ning the inertial measurement with external
measurement.

The developed ultrasonic motor rotation
modulation system in this paper can be used in
the occasions like modulation-gyro, and can also
be popularized in aerospace where demands high
precision in rotation, such as the pointing plat-
form of the remote sensing camera, which can be
a key device for satellite performance improve-

ment.
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