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Abstract

Solar panel is an important structure of the spacecraft, &%I%St)lar rive Assembly
is often used as the drive organ to realize the step- Sklpp d,% Firstly, the dis
turbance mechanism impact, which was produced fr@ ing S e electro-mechan
ism and payload coupling has been taken into accou d the de id and flexible load S
ADA disturbance model was established and va d thrqug@‘nulatlon and experimental
measuring. Secondly, implemented the exper@ I check &Q ation and correction to the
mathematical model. Finally, the definiti ectrigal(rigidity was proposed to analyze the
disturbance mechanism of SADA, and & d its @é&e through simulation and testing.
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1. Introduction

One of the fact § ay im he directional accuracy, imaging quality and other
crucial functions hlgh @ acecraft is the micro-vibration of itself. There are
eS of such.distéirbance , as the momentum wheel, CMG, SADA, satellite

many possibl
antenna, etc.

The SADA drives the@r panel to trace the source of solar radiation corresponding to
spacecraft’s rotation. eatures of highly accurate positioning, non-cumulative error,
excellent stability age speed under long-term operation, simple driver circuit and easy
open-loop contr the stepper motor, SADA was widely implemented. The study of the
SADA ins nts plays an important role in understanding the impact to the spacecraft’s

produced by solar panel rotation and strengthening the directional accuracy
maging quality of spacecrafts by implementing corresponding isolating and
technologies.

cent years, there are a great number of references aiming at illustrating the operational
principle of the two-phase hybrid stepper motor and the micro-step controlling driving
principle [1-5,10-13,16-19], designing the micro-step controlling driver circuit [6], and
studying the stepper motor’s speed control mechanism [7]. Meng Zhang from Beijing
Institute of Control Engineering, for instance, proposes a controlling method of torque
compensation to enhance the stability of SADA’s operation speed [8]. Zhu Si-hua has
designed the self-adaptation current compensation driver to neutralize the impact of friction
torque of driving instrument and driving torque, and then improved the accuracy and stability
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of spacecraft attitude control [9]. However, most of their works is based only on the modeling
and simulation, and there are few researches on the disturbance and load feature of SADA
conducted by experimentation.

In this paper, the disturbing force generated from the stepper motor and the solar panel’s
intrinsic mode is fully considered and the mathematical model of the spacecraft disturbance
brought by flexible load electro-mechanical system is established. Through MATLAB
simulation and the designation of an experiment to verify the simulation result, the model is
validated with substantial proof. While analyzing the SADA disturbing mechanism, the
definition of electromagnetic rigidity is raised, and its existence is verified by the experiment.
Generally speaking, this paper can be implemented to evaluate the imaging quality of the
spacecraft camera, and provide substantial reference to related studies.

2. Analysis of the Principle of Solar Panel Driving Mechanism Y\
stepper

The driving function of a solar panel is provided by the stepper motor.
motor driver receives an electrical pulse, it rotates for a specific steppe towards a
predefined direction. A specific angular displacement thus achle ycontrolling the
number of pulses. The motor rotation speed and accele& me as the pulse
frequency [14].

The teeth number of the motor used in the exper t isZ }v ting beats number p.
The relation between stepper angular 6 and %umber’l\

0= iexoz) \9\ 5&6 ()

Due to the limitation of r% ring te ue, the stepper angular is generally larger
than expected, along with lowerVibratio ency. By implementing a normal driving

mechanism, the amplitudefpraduced b epper angular is also larger. As a result, it
could be quite possible% steps inthisYgrocedure. Current control and subdivision driving
technologies woul this paper to raise the controlling precision, and
achieve the sub steppe ukar through controlling the current of each phase’s
winding coil er the (c sine) current to trapezoidal wave that changes according
to the sine (c functi

The subdivision n of stepper is n, and then the motor shaft angular of each step

should be: @
2E@g of SADA Disturbance

e principles of producing SADA disturbance and electromagnetic rigidity

3\%

)

Disturbance model is the mathematical induction model for the disturbing mechanic nature
of disturbing source. The stepper is the most significant feature of the SADA. Stepper motor
is an electro-mechanical apparatus driven by electrical pulses. The resonance amplitude
corresponding to each single step is directly related to the increment of each step. Besides,
normal driving method would generate larger amplitude for bigger step distance. Within the
system’s natural resonance region, it would be quite possible to lose steps. To divide one
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natural step of the motor into micro-subdivisions would significantly enhance the resolution
of the former problem. Due to the smaller step distance, stabler motor operation, smaller
amplitude and lower noise features of the micro stepper motor, there could be fewer lost steps
even when it is still in the resonance region. The SADA with micro subdivision has two
fundamental frequencies:

V' and v
1 0 2 ¢
The magnetic field synthesis direction inside the motor would be modified to drive the
motor rotating by electrifying the 2 phase winding coil in turn. Along with the i co
pulses, the rotor moves relatively to the stator in steps. Theoretically, one pulse u

the rotor to rotate in a certain angular y to get an equilibrium position. Nonethel rthe
sake of electromagnetic rigidity, the rotor is not staying in statipnary whenyit§ust finishes the
. . - . *
last step and waits for the next one. In reality, it is staw% resor@glo with an
amplitude A@ around the equilibrium position. 9 \/
To study the overall disturbance feature of sol’w dri by,SADA by means of
simulation and experimentation, three models would mplemen 1) Dead load SADA

model, to calculate the disturbance feature of itSeltd2) R|g| SADA model, to calculate
its electromagnetic and rigid coupling fea IeX|b SADA model, to illustrate the

exact disturbance feature of SADA drn@@ pan«i.\\
3.2. Dead load SADA modelA

~ rotor core

Figure 1. Model of stepper motor

JO=T,-M, @)

T, and M, respectively are the driving torque and damping torque applied from stator to rotor;

J is the rotary inertia of the stepper rotor; € is the angular acceleration of the stepper rotor.
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3.3. Rigid load SADA model

Small plate
(Tuning the rotary

inertia)

large —1t*>

e | +——SADA

Figure 2. Rigid load SADA model

L 4
The mathematical model of rigid load SADA would also include torque equati ge
equation and disturbance equation. These equations are the bases of stepper m ?ﬁbl.
The disturbance equation of moving rotor consists of driving torque and dainpifiy torque:

& e

*
(3+3,)6=T,-M, & U
In this equation, J, is the rotary inertia of Ioad, w is negligibly small
compared to J, . Q . 6
O L,
N

3.4. Flexible load SADA model @

.\
Si)&&ismrbing force measuring system
'y
9

SADA

Rigid load

Clamping beam

\ Active added mass

ider only the elastic and rigid model inertia coupling, the flexible load SADA model

J, is the rotary inertia (Due to the momentum inertia is quite small, the major rotary
inertia would be produced from rigid load and clamping beam); J,is the flexible load

Figure 3.  Flexible load SADA model
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SADA’s rotary inertia; B is the torsional damping of SADA; C2 is the torsional damping of
flexible load SADA; k, =k, is the electromagnetic rigidity; k, is the torsional rigidity of

flexible load; T, is the output torque of the motor; & is the SADA output rotor angle; ¢

is the flexible load rotor angle.

Above is the disturbance model of SADA, which considers the varying pattern of its
amplitude corresponding with time. The disturbance model could be interpreted into a group
of overlapping simple harmonic waves. Except for the frequency of each harmonic wave,
there is frequency multiplication. Therefore the disturbance model of SADA should be:

n

m(t)=> ¢ Tsingt2 friz, (7)

i=1
Where, m(t) is the disturbance, and it could be either force or torque; n is er of
simple harmonic force; C, is the coefficient of number i har nlc force @ it would
be calculated from the experiment; f, is the freque the i harmonic,
corresponding to the f, and f,’s frequency multiph in (3); the phase of the
number i harmonic force; T, is the motor torque isa qh(\\%portant parameter for

4. SADA Simulation and Valldat

the electromagnetic rigidity. Q %
0

The mathematical model of ste tor s of torque, physical and motion
equations. Those equations a enta es of stepper motor control [16]. The
math model of two phase hyb r motor

@pa) ZIAIBchos(Zpe)}
Electrié: +K¢ )q% po)-1 asin( p@) |-Dsin(4po) (8)
S *i)

— K, @sin(pb)
Electromx@'

For th ;eters in the above model: p - Teeth number of the rotor; L, -coefficient of
%a uctance K, -Coefficient of torque; K, -Coefficient of anti-electromotive force; @

dl . (9)
u,=I,R+ Ld_tb+ K.0cos(pob)

r displacement of the rotor; R -Resistance; L - Self-induction coefficient; J,
-Rotary inertia of motor shaft; B -Coefficient of viscous friction; 1, and I, -Current of
two-side winding coil; U, and U, -Voltage of two-phase winding coil; D -Coefficient of

a
positioning torque. Because of the difficulty of direct testing, some of the parameters value
will be cited from outer resources together with estimation test, and some just use the values
provided by motor manufacturer. Nevertheless, all the parameter values would be displayed in
international standard unit system.
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To implement the Simulink simulation based on the stepper math model, the principle of
the simulation is:

Angular
acceleration
Pulse o Torque Torque of motor
signal | Current 1,1, | equationand Te | Kinematic b i
m subdivision p|  physical » cquations of plintegrator Angular displacement
control equation of motor. pf motor g
motor
A t
Integrator j«=
Angular
velocity

of motor 0 V
Integrator [« v

Figure 4. Simulation principle of stegper mot
The input signal of stepper motor is perlodlcal ﬁp and 1, is the

sine-wave current with a phase difference /2 gen t rrefit subdividing device,
then use tuned current as the input of the motor an monlc l&g r math model, and the
result is mechanical angulardlsplacement 0,a turbanc ue T of the antenna. The
simulated motor current |, I, and ste @motor accehcatlon 6=d?6/dt*> could be

calculated from the 5|mulat|on

To simulate the stepper motor del N g the rotation speedv =0.058°/s,
and from (3) we could get tw t quen e motor: f1=0.193Hz and f2=49.5Hz.

The simulated current, angula Ieratlon ular are shown in the below graph:

& \\ -
Q)OO T 1\ /\\/ H

Figure 5.  Simulated current for stepper motor

In Figure 5, the discretization sine-wave of simulated current with the amplitude 0.3A is
subdivided into 256 steps in 1/4 cycles. After the subdivision, the pulse cycle is 0.0202s with
corresponding frequency 49.5Hz.  1/4 sine-waved current cycle is 5.175s with corresponding
frequency 0.193Hz.
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To simulate SADA model under dead load, rigid load and flexible load, only the angular
acceleration frequency domain graph of rigid load is provided, and the rigid load is: 0.2045

kgm?, 0.3237 kgm?, 0.4430 kgim?. The frequency brought by electromagnetic rigidity is

defined as electromagnetic frequency f,, and corresponding acceleration 4.5.?(1 .
The rotation speed isv=0.058°/s, rigid load is 0.3237 ng’n2 , f,=9.9Hz with the

angular acceleration 8¢ =2.4*10%rad /s*. The simulation of rotary torque and angular
acceleration is shown in the following graph:

x10°

Qv\’

Amplitude (s"-2)

X 7833
Y: 0.001973

*
2F m (

Figure 6. Frequeﬂa&omam of SADA angular acceleration

From the above graph uld rec@Q! that the electromagnetic frequency is 7.933Hz,
subdivision of the step or cu *IS 9.5Hz and its 2 frequency multiplication.

OQ 69‘0 — ==

Amplitude (N
N w

Q ) |
0 L
0 20 40 60 80 100 120 140
Frequency(Hz)

Figure 7.  Output torque of SADA
Figure 7 is the simulated frequency domain graph of rotary torque, and its disturbance

frequency is the same as the electromagnetic frequency, current incentive frequency and the
double frequency multiplication.
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It is demonstrated in Figure 8 that the simulated SADA revolves 0.01 radiant in 10s and the
angular speed is steadily 0.058° /s, so that the validation of the simulation model was proved.
(see the simulation graph for detailed information below):

0.035

D03 | ......... ......... R G ..........
0025 fssidd ......... ......... R (Egnd ..........
002k s ......... ........ oS s ..........

0015k oeee ........ et ......... TR ..........
(1711 H CEPee ......... S CRRTR T T .......... V
0005k ,,,,,,,,, ......... ......... TR .......... 0;

1] 5 10 \ @

Figure 8.  Simulation angle curve und@ tlon@v{ 0.058°/s

The simulation result of angular acceleration torque of coupling load SADA is
shown in the following table:

J(

Table 1. Simulation results of a@a |on and torque of flexible
coupling Ioad SA d nt rotary speed

Rotary
speed | F y(Hz) M %gllw?:ad/s) Torque(Nem)

(rad/s) s@

QQQ) 25 XN\ o081 23
NToeos \ | 37.8 20.7

AN

oy 7.9 452

25" 0.86 2.55

0.063 h,\J6.06 63.8 34.9

| )b 538 9.1 5.15

25 0.64 1.98

5 6.06 337 18.4

61 9.1 5.22

O\& 2 482 42

O 0.6 25 462 43
@ 6.6 211 115

5. SADA Disturbance Measuring Experiment

5.1. Dead load SADA experiment

Test the current and angular acceleration of dead load SADA using rigid six-axis testing
table. The frequency of the testing table is above 700Hz. The motor is installed inside the
testing table. Measure the tangential acceleration of the hybrid stepper motor with the
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acceleration sensors, and calculate the working motor angular acceleration with the equation
o =al r. The testing current is shown in the following graphs:

Amplitude (34)

Figure 9. Dead load t@g cur&V

0.015

sAmplitude (A)

775 78 785 79
Time(s)
@'e 10. Magnification of partial current curve
We co t

that the current measured in the experiment was not the same as simulation,

Which@ med to a sort of oscillation at every phase. But it would not affect the angular

on feature of the stepper motor. Due to the accuracy of the current subdivision

devie€, the stepper could be approximately 3 times bigger than usual when crossing the zero

point. In the meantime, the angular acceleration could attenuate when the electromagnetic

torque was weakening. All these would exert impact on the disturbance feature of SADA.

Meanwhile, the changes of current amplitude would result in a relatively big angular

acceleration oscillation, which means that each step of the working motor would make a
significant oscillation of itself.

The dead load experiment of the SADA could calculate the number of current subdivisions
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and validate the mathematical model of SADA (Torsional torque equation, physical equation
and motional equations). The base frequencies of both experimental and simulation include
49.5Hz and 0.193Hz, consistent with the theoretical value.

5.2. Rigid load SADA experiment

The experiment method is driving three loads SADA directly with different rotary inertia
and analyzing the SADA disturbance feature by measuring the testing current, angular
acceleration and disturbance. The rotary inertia could be tuned by eight square metal plates.

Figure 1]&%DA\@P\IK

When the rotary speed of was 0«@ / sand rotary inertia was 0.3237 kgim?,
the frequency domain (within 140 ngular acceleration and torque had three
frequencies: electroma frequencyNsCurrent excitation frequency and the double
frequency. \\ &

OQ

i I s : — v=0.058 |

?’@

Og‘l* | N
%) - | |

0 2 40 80 80 100 120
Frequency(Hz)

Amplitude (s
@

Figure 12. SADA angular acceleration frequency domain graph
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Though the noises of bending m @ mea%n the experiment were larger than
expected, it still could be consid& n5|stent he simulated SADA torque frequency
domain.

Table 2. Companso@f the e X ntal and simulated electromagnetic

RR uency

Torsional ?nagne %v Electromagnetic Frequency Frequency error
inertia (Slmulat (Experimental) (%)
0.2045 ) 9.59 3.23
0.3237 \/ 67 7.63 3.07
0.4430 @:’6.733 6.51 3.37

The current ei@ent frequency is relevant to the rotary speed instead of the load. The
amplitude gular acceleration and torque at the electromagnetic frequency would decrease
along wit increasing rotary inertia, but rise with the increasing rotary speed.

O _ 1ok 10
@ fd_27r J (0

According to the angular acceleration and torque frequency domain graph produced from
the simulation and experiment, the electromagnetic frequency f, could be identified to
calculate the SADA electromagnetic rigidity. From Table 2, it could be concluded that the
simulation were consistent with experimental results. The electromagnetic rigidity would
exert certain impact to the natural frequency of the payload, just like a torsional spring
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mounted between the motor and payload. When the natural frequency of the payload became
close to the natural frequency of the entire structure, which was consisted of the engine
bedplate, motor and payload, great structural vibration generated from the resonance would
lower the controlling precision of the whole system.

5.3. Flexible load SADA experiment

Figure 14. Flexible load !A expem

In the flexible load SADA experiment, m %e rigia ing plate vertically until its
distance towards the aluminum plate w, oxima Ocm, and then the overall state
would be the best (see above picture f%%e det{"-\(}@imure frequency of the load was:
first order bending frequency 2.3 4@ first ordertorsional frequency 2.563Hz.

The disturbance frequencyﬁ@& ed in’@periment was 49.5Hz with the amplitude
0.03264 N[Cm  (see the bel raph). rotary speed was 0.058° / s, the disturbance

testing result could bg SQ the& 6 below.
A

5 T

O ;

Ampli

N~
®
> i

Figure 15. Flexible SADA angular acceleration frequency domains

0 10 . 2 0 40 50 60
Frequency(Hz)
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Figure 16. SADA output torque Q )

With the SADA working at the speed of 0.058%s, the accelefgtian sen ounting on
the flexible plate. From Figure 15, we could tell that only fwe uencies\€oufd be measured
within 60Hz, 2.5Hz and 9.25Hz, while, the current exeifement fr quWQ.SHz is missing.
Around the 9.25Hz, there was a disturbance gncy m%&b;buld be verified as

t working. Due to the large

environmental noises through measuring when

damping generated from the sensor posi}io weakeﬁs%vplitude of electromagnetic
ould e measured from this experiment.

Therefore, only the frequency of coup Xible d be measured. The measurement

of flexible load SADA torque un:eréent rotargbted was provided in Table 3.

frequency produced by electromagnetic ri
*
otary ance under different rotary speed

Table 3. Flexible load SA

oary Torque
\frequency(Hz) amplitude(Nem)
N 495 0.03264
&

V7 5375 0.03063
61.06 0.01928

2 0.001018

From the abov Ywe could conclude that the frequency calculated in the experiment is

consistent to thé\theoretical value, whereas the amplitude would be smaller due to the
significant %&ing of flexible plate.

e have successfully built the disturbance model for loaded operating stepper motor

and'pfecisely illustrate the active features of SADA driven load in this research.

(2) Through theoretical analysis, simulation, and experimental comparison, the existence of
electromagnetic rigidity could be proved and accurately measured.

(3) We built the mathematic model of disturbance force exerted from flexible load stepper
motor mechanism to the spacecraft and verified the simulation through the experiment result.
Thus a substantial reference to other motion parts mounted on the spacecraft was provided.
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