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Abstract
Multi-speed transmission systems are widely used in the Electrical Vehicle (EV) industries that improves the
adaptability in various kinds of driving situations. Which is possibly be a way to improve the control efficiency for
satellite attitude control systems. In this paper, we studied the VSAC system with a 2-speed transmission to verify it.
The VSAC system is a new attitude control system, that controls the attitude of a satellite using the reaction force,
which generated when it rotates its solar paddles. While different mission requires different level of control accuracy
and rapidity. Therefore, applying a 2-speed transmission system shall improve the control efficiency of VSAC system,
which enables the control mode to change between High resolution & Low Speed mode and Low Resolution & High

Speed mode. To verify and evaluate the transmission system, a satellite simulation model with VSAC system is

developed in the Matlab/Simulink.

1. Introduction

Small sized satellite industry is gradually rising these
years. Compared to larger satellites, nano/micro-
satellites require a shorter development period and
lower cost, which then brings a faster investment return,
that encourages the interests of industries and
universities in small satellite development. These
satellites are designed for various kinds of missions, that
the speed and accuracy requirement various in a large
scale depending on the mission requirements.
Corresponding to that, various types of actuators
including reaction wheels (RWs), control moment
gyroscope (CMGs), magnetic torquers, thrusters and
Nutation dampers, etc. are developed. Apart from these,
the Variable Shape Attitude Control (VSAC) system is
proposed. The VSAC system controls the attitude of the
satellite by rotating its solar array paddles, based on the
law of conservation of angular momentum, which gives
the system a property of fast response and stable attitude
control, and takes up less resources including space,
energy, etc. The procedure of a attitude control using
VSAC system is shown in figure 1. This research
proposed a way to improve the control efficiency of the
VSAC system by applying a multi-speed transmission
to VSAC drive system, solar paddle of the satellite,
which enables the control mode to change between High
resolution & Low Speed mode and Low Resolution &
High Speed mode.

){\»‘

W
B\\ y

1. Receive Position Data 2. High-speed Maneuver

3. Start Observation
(Maintain highly stable
attitude)

Figure 1 Procedure of VSAC system

2.  Verification of a 2-speed transmission for the
VSAC system

As we know, the VSAC system controls the attitude
of the satellite main body by the reaction force that is
generated when the satellite transmission system drives
the solar paddles to rotate. Applying a ratio changeable
transmission for the paddle drive system shall be able to
let the VSAC system to perform a Slow & Accurate
attitude control under high gear ratio and a Quick &
Rough attitude control under low gear ratio. The

performance of the 2-Speed VSAC is shown in figure 2.
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Figure 2 Performance of 2-Speed VSAC
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To verify the feasibility a 2-speed transmission for the
VSAC system, a 30kg class single-armed satellite
system is studied in this section. As shown in figure 3,
the satellite system we considered in this chapter, is a
one-armed satellite, whose rod and paddle rotates on the
X-Y plane around the Z-axis. A motor is mounted
between the rod and the main body. Each parameter of

the simulation model is shown in the table 1V

Figure 3 One-armed satellite model

Table 1 Dynamic parameters of the one-
armed satellite model
Item Main body Rod Paddle
Mass [kg] 30 0.1 1
Sizing [m] 0.3x0.3x0.3 0.3 0.3x0.3

The paddle and the rod are rigidly connected and
rotates together around the hinge h; between the main
body of the satellite and the rod at an angular speed of
¢ . Define the rotation vector of hinge h; as e; =
[0 0 1].

The control process is shown in the figure 4. Assume
01 is the target angle that we need the satellite to rotate
around the Z axis. Define 8,p = 0y — 0 as the
predicted error angle (measured by sensors). The
purpose of this control system is to let the on-board
computer (OBC) control the satellite main body to reach
0. = 0. Based on the 8,;, the PD control block
calculates a control signal for the motor, then the motor
rotates its rotor at a certain speed, which will rotate the
encoding disk on the encoder at the same time. The
encoder will keep on reading the rotation of the encoder
grating and infer a rotating velocity of the motor shaft
@5 . The velocity will then be used to calculate the
predicted rotate angle 8 of main body around Z axis,
and it is calculated in the OBC. The status of hardware
is described by @, @, and 6, 6. Where, ¢, is the

rotation angle of the output shaft of the gear model,
which is also the rotated angle of the satellite paddle.
And 6 is the rotated angle of the main body of the
satellite. Where the gear box in this verification is a
simplified model, and the input and the output of the of
the gear model is defined as ¢, =n¢, n is the
transmission ratio of the gear model.
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Figure 4 System diagram of the one-armed satellite

simulation model

The system will finally be evaluated by the actual
error angle ey = 0; — Oy and encoder error ep =
¢ —neg, where Opinq is the final attitude of the
satellite. To observe the perform differences under large
target angle 6, = 40deg and small target angle 6; =
1deg, two simulations are conducted with intuitional
transmission ratio of 1000 and 100 for an easy
understanding. The results are shown in figure 5, table
2 and table 3.

The result tells that the 2-speed transmission
effectively improved the control ability of the satellite
attitude control system by allowing satellites to change
its motion between 2 control modes. Low gear-ratio
satellite performs higher speed and relatively inaccurate
control comparing to higher gear-ratio satellite. These
results verified the capability of the application of the 2-

speed transmission.
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Figure 5 Error Angle and encoder error with different

target angle and different transmission ratio

Table 2 Simulation result with target angle 6, =

40deg

Target Angle 40°

Gear Ratio 1000 100

Final Angle

-0.182 0.002

Error 9Final [deg]
Average Encoder

Angle Error 2.617x10* 0.0264

ég[deg]

Table 3 Simulation result with target angle 6; =

ldeg

Target Angle 1°

Gear Ratio 1000 100

Final Angle

1.6x103 0.0574

Error gFinal [deg]
Average Encoder

Angle Error 3.115%x10* 0.0652

ég[deg]

3. Principle of 2-Speed transmission

To further develop the 2-speed VSAC system, a 2-
speed planetary gear transmission is proposed in this
paper. The gear sketch is shown in figure 6.
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Figure 6 Gear sketch of the 2-speed planetary gear

transmission

Components of a planetary gear set: sun gear, ring
gear, planet gear and carrier are simplified into figure 7
(Carrier is neglected). The center of the carrier
concentric with the center of the sun gear and rotates
following the center of planet gears.
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Sun
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Figure 7 Planetary gear set sizes

Where, Ry is the radius of the ring gear, Rp is the
radius of the planet gear, R is the radius of the sun
gear.

This 2-speed transmission applied 2 sets of planetary
gear sets. Gear change mechanism between two sets of
gear sets is realized by fixing and releasing the

This document is provited by JAXA.



rotational degree of freedom (DOF) of each ring gear on
the two sets of planetary gear sets. Which is completed
by applying and withdrawing frictional force onto the
ring gear. Piezoelectric actuator is utilized to generate
pressure for the friction, considering properties as small
displacement range and large applicable force rang.

When the

piezoelectric actuator on the low (or high) ratio

The procedure of ratio change is:

planetary gear set side extends (or compressed), it will
apply (or release) normal force to the friction disc.
During this period, the other piezoelectric actuator on
the high (or low) ratio planetary gear set side be
compressed (or extended), which releases (or applies)
the normal force from (or to) the friction disc. Following
the variation of the normal forces, the ring gear of the
low (or high) ratio planetary gear set will be fixed and
the other one released. Then the 2-speed planetary gear
transmission will perform a low (or high) transmission
ratio.

To develop the dynamic model for the 2-speed
planetary gear transmission, forces between each

component in one set of planetary gear set is shown in

figure 8.
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Figure 8 Forces between each components of a set of

planetary gear set

Where subscripts S, P, R, C stands for sun gear, planet
gear, ring gear and carrier. F,5 (A, B=S, P, R, C) means

force applied from gear A to gear B. 6, (A=

S,P,R,C) are the rotated angles of each gear. I,(A =
S,P,R,C) are the moment of inertia of each gear.

Each rigid body dynamic equations based on the
forces shown in the figure 8, will be:

O5ls = Ts — nFpsRs (€Y)
bplp = FrpRp — nFspRp (2)
Orlr = F; — nFpgRy 3)
bc(Uc + Ipoaa) = NFpcRc (4

Where, n is the number of the planet gear, Ts is the
torque that applied onto the sun gear. I;,,4 is the load
inertia.

Against the revolution of the planetary gear around

the sun gear, we can set up a dynamic equation as

follows:
mii(R%G'c) = Fpp + Fsp — Fep
R dt
= mRcO; = Frp + Fop — Fep (5)

Where, m is the mass of the planetary gears.
Additionally, the kinematic relationship between 6,
0p, Oz, B, canbe solved based on the diagram shown

in figure 9.

Figure 9 Kinematic relationship diagram

The diagram is developed based on the kinematic
relationship between the planetary gear, sun gear and
Ring gear. In the figure, point O is the instant center
formed from the revolution and rotation of the planetary
gear. a and b are the distances from the instant center to
the dividing circle of the planetary gear. Vg and Vg is
the linear velocity between the dividing circle of
planetary gear and the sun gear, and planetary gear and
the ring gear, respectively.

From the diagram, the kinematic relationship is

established as:

. éRRR - GSRS
Oc = T (6)
. OrRg + O5R;
Op=——p—— Rq (7

So far, Eq (1) ~ Eq (7) makes the dynamic model of
a planetary gear set. Considering the force relationships
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in the 2-speed planetary gear transmission as shown in
the figure 10, the dynamic model can be established by
combining the dynamic models of 2 sets of planetary
gear sets. The dynamic model is shown in the following

equations:

A

'7_’ T\:nad

Figure 10 The diagram of 2-speed planetary gear

transmission

O5ls = Ts — NFps;Rsy + NFpsyRsy ®)
Op1lp1 = Frp1Rp1 — Fsp1Rpq C)]
Or1lr1 = Fr1Rgqy — nFpgiRpq (10)
Oclc = nFpciRey — nFpcaRez — Troaa 11
Op2lpy = FrpaRpy — FopaRpo (12)
Orzolrz = FraRpy — nFppoRp, (13)
My Rc10¢ = Fppy + Fspr — Fepy (14)
MyRc20¢c = Fepy — Frpz — Fspy (15)

- O51Rs; — Op1 Ry

= — 1

2 T (16)

- O5;Rs; — OpaRpo
f,=—=--=>-__ -~ ~°° 17
¢ T (a7

Or1Re1 + O51Rs1
=—>"- " 18
1 R (1)

. OraRry + Os2Rs,
Opy =———— 19
2 T (19)

4. Conclusion

This research discussed about the feasibility of an
application of a 2-speed transmission onto a satellite
with VSAC system. The simulation result of the one-
armed satellite with 2-Speed VSAC system shows that
the transmission will effectively improve the
performance of the attitude control. And as an important
component of the 2-speed VSAC system, the 2-speed

planetary gear transmission model is developed, that

can be further utilized onto the observation of a ratio
change performance during an attitude controlling

procedure using the VSAC system.
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