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[IpenoxeHnple TpaHCTIOPTHBIE POOOTHI MOTYT WCIOJB30BAThCS Kak I TPaH-
CIIOPTHPOBKM OTJIENIbHBIX YacTell paKeTHOW TEXHWKH B TMpe/ieiaX MOHTaXHO-
HCIBITATEILHOTO KOMILUIEKCA MPU COOPKE, TaK U JJIsl JOCTABKU PaKET-HOCUTENEH Ha
CTapTOBBIN CTOJ. DTO MO3BOJUT yACUICBUTh U YCKOPUTH COOPY>KCHHE TPAHCIIOPTHOM
CETH PaKeTHOT0 Ha3€MHOTI'0 KOMILIEKCa.
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ATTITUDE DETERMINATION, CONTROL AND STABILIZATION
OF A NANOSATELLITE USING REACTION WHEELS

JHinponerpoBcbknii HanioHanbHUi yHiBepcuTeT iMeHi Onecsi I'onyapa pasom 3 iH-
MMM YHiBepcuTeTaMHM YKpaiHu po3po0d.sie yHiBepcuTeTcbkuii HaHOocynyTHuk YMC-1,
NpHU3HAYeHUH 1711 OTPUMAHHSA 300pakeHb 3eMHOI noBepxHi. /{71 BUKOHAHHSA HIJILOBOI 3a-
nadi HeoOXiiHO 3a0e3meveHHs KYTOBOI opieHTamii cynyTHuka. Po3risiiaeTrbesi NMUTAHHS
CHHTe3y cHCcTeMH opieHTanii i BUOOpy mapameTpiB NpUBOAY 3 BUKOPUCTAHHAM JABUTYHIB-
MaXOBHKiB, HABOIATHCS Pe3yJbTATH MO/IETIOBAHHS.

Kntouoei cnosa: HaHOCYITyTHUK, YIIPABIIHHS KYTOBUM IOJOKEHHSIM, JIBUT'YH-MaXOBHK.

Dnepropetrovsk National University is developing a nanosatellite with others
institutions of Ukraine, the YMC-1. This satellite will be use for imagery. For accomplishing
this mission it is necessary to provide attitude control of the satellite. The problems of
synthesis of the attitude control system and choice of parameters of actuators with the use
of reaction wheels are considered, the simulation outcomes are shown.

Key words: nanosatellite, attitude control, reaction wheel.

J{HenponeTpoBcKNii HAMOHAIBLHBIN yHUBepcuTeT MeHn Ouecs: I'onuapa coBmecT-
HO ¢ IPYTHUMH YHHUBEPCHTETAMH YKPAaHHbI pa3padaTbiBaeT YHHBEPCUTETCKHII HAHOCIIYT-
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HUK YMC-1, npeaHa3HaueHHbII JIs TOJy4eHUs U300pakeHUil 3eMHOM noBepxHocTH. /{15
BbINIOJIHEHHS 1eJ1eBOii 3a1a4u He00X0AUMO obecnedeHHe YII0BOH OPUEHTAIIUM CIIyTHUKA.
PaccmaTpuBaercs BONPOC CHHTE3a CHCTEMbI OPHEHTAILINU M BbIOOPA MapaMeTPoOB NIPHBO/A
€ MCMOJIb30BAHHEM IBUIaTe eli-MaX0BHUKOB, MPUBOASATCS Pe3yJbTaThl MOAETHPOBAHUS.

Knrwoueevie cnosa: HAHOCIYTHHK, YIPaBICHHE YIJOBBIM TIOJOKECHHUEM, JBHUraTelb-
MaXOBHK.

Problem Description

The YMC-1 nanosatellite is been developed by Dnipropetrovsk National Univer-
sity ({HY), Kyiv Polytechnic Institute (KII), Kharkiv Aviation Institute (XAHW) and
by Kharkiv National University of Radio Electronics (XHYPO). This satellite will be
used for imagery and is intended to be used to train many students of these institutions.

The YMC-1 nanosatellite will have mass about 10kg, dimensions of 150 x 150 x
400 mm and will have 4 solar panels to recharge its batteries. Hence the system may
have a mean power consumption of 7W in one day. Figure 1 shows a 3D modeling of
how it should looks like after built.

Fig. 1. 3D model of the nanosatellite YMC-1

To accomplish the task of taking photos of the Earth’s surface, the satellite must be
3-axis stabilized. This means that it will be able to point to the Earth with null angular rates
in all of its axes. To do this the satellite needs an attitude determination and control systems
(ADCS). This system determines the actual attitude of the satellite and changes it to the
referenced one. This paper presents the design of one ADCS for the nanosatellite YMC-1.

Problem Solution

The YMC-1 will have two ADCS. One of them (Electromagnetic ADCS) com-
prises electromagnetic actuators and magnetometers, sun sensors, GPS and gyrometers
as sensors. In turn, the other system (Mechanical ADCS) comprises reaction wheels as
actuators and a star tracker as sensor. This paper shows the design of the mechanical
ADCS. A block diagram representing the simulated system is depicted in Figure 2.

Mexe

Reaction

Subtraction Controller
Wheels

Qest

Star q
Sensor

Fig. 2. Block diagram of the mechanical ADCS for simulation
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In Figure 2 g, is the reference quaternion, g, is the quaternion error, u is the control
signal, M, is the sum of all external torque which disturb the system, M, is the real
torque applied to the system, ¢ is the real attitude of the satellite, w is the angular rate of
the satellite, g, is the attitude estimated by the star tracker and w,, is the angular rate
estimated by the gyrometers of the electromagnetic ADCS.

The attitude representation is made by quaternions, which are hyper-complexes
numbers of rank 4 represented by the sum of a scalar with a three-dimension vector, as
illustrated by equation (1). Reference [1] presents a wide explanation about quaternion

algebra.
q=qi+q)+qk+4qy, 6]
where i, j and k stand for the standard orthonormal base of R, ¢,, ¢, and g, are the pro-
jections of the vector in this base and g, is the scalar.
The Subtraction block calculates the quaternion error based on the estimated atti-
tude quaternion and on the attitude reference. References [2,3] show that the quaternion
error can be obtained by equation (2).

dra  9r3 —9R2 4RI —4EST1
~4r3 49r4 4Rl 9R2 | | ~9EST2 ) )
dr2  —49r1  9Rr4 4Rr3 | | “9EST3
4Rl —9R2 —9R3 94R4 dEST4

-1
9g =4EsT "4R =

With the error calculated, the Controller block calculates the control torque M,
and sends it as a control signal u to the internal controller of the reaction wheels. Refer-
ence [2] shows the equation of the proportional-derivative controller (3).

Mc =kp®p +kp®'g, (3)

where M. is the control torque, &, is the gain proportional to the error @, &, is the gain
proportional to the angular rate error @’,. These gains can be adjusted by simulations.
Using quaternion representation, equation (3) turns into equations (4):

Mcy =2kpxqpidps + kpy@gx » (4a)
Mcy =2kpyqpqps + kpyogy » (4b)
Mcz =2kpzqp39E4 + kpzopz - (4¢)

The Reaction Wheels block receives the control signal u, which is the reference
torque for the internal controller, and controls the wheels to achieve this torque. It also
saturates the output torque, considering the maximum torque and maximum angular
momentum. The result is the real torque applied to the satellite.

For this block commercial reaction wheels were compared so the parameters need-
ed for simulation could be obtained. Table 1 shows the most relevant commercial reac-
tion wheels considered.

Table 1

Commercial reaction wheels for nanosatellites

MAI-101 Sinclair RW-0.03 AstroFein RW35
Size 76.2 x 76.2 x 69.85 mm 50 x 50 x 40 mm 95 x 95 x 40 mm
Mass 620 g 185¢g 500 g
Torque <0.635 mNm 2 mNm 5 mNm
Momentum 1.1 mNms 30 mNms 100 mNms
Power Consumption <10 W <1l5W <5W
Number of Wheels 3 1 1

Considering size, MAI-101 is the best choice. However it is not very powerful,
consumes much power and, for YMC-1, it can only control initial angular rates up to
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0,4°/s. So the chosen reaction wheel is Sinclair RW-0.03. It is enough powerful, not
very big and consumes less power than MAI-101.

The System block uses two models to determine how the attitude and the angular
rate evolve with time. According to [4], the kinematical model describes the time evo-
lution of the attitude, while the dynamical model describes the time evolution of the
angular rate. Equations (5), (6), (7) and (8) show these models:

dq(t) 1

a2 ©)

—Wz 0 Dy Wy

Q- , (6)
oy —oy 0 oy
-0y -wy -0z 0
Ja"a’—it) £ S(al0)J o) = M, (7
0 -wy oy
S(o))=| 07 0 -owy|. ®)
-y oy 0

In equation (7), M is the sum of the real torque applied by the reaction wheels M,
and the external torques M, and J is the inertia tensor given by equation (9):

I(y2 + z2)dm —I(xy)dm —I(xz)dm
J = —I(xy)dm I(x2 i Zz)dm —j(yz)dm . 9)
f'[(xz)dm fJ-(yz)dm ‘[(xz + yz)dm

For the simulations made in this paper, the inertia tensor was calculated for a ho-
mogenous block with dimensions 150 x 150 x 400 mm and mass of 10 kg. The resulting
matrix is shown in equation (10):

EAL

0.1521 0 0
J=| 0 01521 0 | (10)
0 0  0.00375

As J is a diagonal matrix, the equations (7) and (8) are simplified to equations (11):

JX%+waZ(JZ_JY):MX’ (lla)

Jya%+waz(Jx—Jz)=My, (llb)
0

Jz%-FC()Xa))/(Jy—JX):Mz. (110)

The Gyros block represents the gyrometers from the electromagnetic ADCS. For
the simulations of this work, the gyrometers are considered ideal in some cases and are
considered not available in other cases. In the first configuration, the estimated angular
rate is identical to the real one. In the second case, the angular rate may be obtained by
differentiation of the attitude. As quaternions are used in this work, this can be done by
equation (12), according to [2]:

w=20"2") (12)
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where
4 93 9 —4q
O=\-43 44 @ -a| (13)
D 9 94 43

The Star Sensor block applies noise to the real attitude according to the selected
sensor. Table 2 shows the most relevant commercial star trackers considered for this
work.

Table 2

Commercial star trackers for nanosatellites

Sinclair S3S Comtech MST
Size 59 x 56 x 32.5 mm 60 x 76.2 X 76.2 mm
Mass 90g 375¢g

Accuracy 36 arcsec attitude with 85% X,Y<70 arcsec,
confidence 7<150 arcsec
Power Comsumption <1.0W <2.0W

In the case of the star tracker, size should not be a big problem because it is going to
be placed outside the satellite. Sinclair S3S has better characteristics than the Comtech
MST. Hence Sinclair S3S was chosen.

Described all the blocks of Figure 2, the simulations were made. The first three
simulations considered the gyrometers ideal. Hence the steady-state signal will oscillate
into the interval given by the error of the star tracker, in this case = 0,01°. The first one
considers the case where the satellite presents an initial angular position error of 90° in
one of the angles. Table 3 shows the setting times for the controllers with k,= 1 and k, =
0,5, k,=1,k,=4,k,=5,k,=6and k,=7.

Table 3
Setting times for the first simulation
K

d

Setting Time (s) 246.44 123.65 54.05 44.12 61.71 70.29

In this first simulation it is possible to see that for k= 5 the system was faster than
for the other cases. For this gain, the response was close to the critically-dumped one,
hence the small setting time.

In the second simulation the satellite is already in the desired position, but with an
initial angular rate of 2°/s. Table 4 shows the setting times.

Table 4
Setting times for the second simulation

Setting Time (s) 10.69 7.07 25.27 30.65 36.30 41.87

In this case, the fastest response was with gain k= 1. This simulation showed that

this ADCS could control angular rate errors. However, the final controller could not be
found, because different values of k, were found. Hence a third simulation is needed.

In the third simulation both initial angle position error and initial angular rate error
were considered. Table 5 shows the setting times for this case.

Table 5

Setting times for the third simulation

K

d

Setting Time (s) 256.14 129.94 48.43 31.30 50.74 57.24
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In this simulation, the response for k= 5 was the closest to the critically-dumped
one, as in the first simulation. Hence this is considered to be the final controller.

A fourth simulation was made with the same conditions of the third one, but the
gyrometers are considered not available and the angular rates were calculated by equa-
tion (12). Figures 3, 4 and 5 show the time responses of the controllers.
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Fig. 3. Simulation of Angular Position x Time for initial position of 90°, initial angular
rate of 2°/s and without gyrometers
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Fig. 4. Steady-state responses of the signals depicted in Figure 3
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Fig. 5. Simulation of Angular Rate x Time for initial position of 90°, initial angular rate
of 2°/s and without gyrometers

In Figure 3, it is possible to see that the calculation of the angular rates by the
derivative of the position turned response for k= 5 into an under-damped one. It also
can be seen that until about 10s all the signals have the same response, which may be
caused by the saturation of the actuators. Comparing both graphs, it can be seen that, for
a small derivative gain &, the system has a very under-damped response, which leads to
a large setting time.

Figure 4 depicts the steady-state response for all six gains. In this Figure it is pos-
sible to see that, the smaller the derivative gain, the smaller are the steady-state oscil-
lations.
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In Figure 5, it is possible to see by the straight lines that indeed actuators saturated.
This is because the actuation signal is the torque, which is proportional to the derivative
of the angular rates. This shows that the system might be consuming more power than
the power available. Hence this system should not be turned on all the time.

Unlike the results for the third simulation, Table 6 shows that the fastest response
was for k, = 6. Hence the controller with k= 5 can be used when gyrometers are avail-
able. However the derivative gain should be changed to k= 6 if there is a failure in
these sensors or if they are not available.

Table 6 shows time instants when the response was confined into the interval of
+ 0,3° because the signal oscillated into it, as shown in Figure 4.

Table 6
Setting times for the fourth simulation

K

d

Setting Time (s) 256.02 133.39 36.96 35.86 27.37 35.75

Conclusions and Future Works

This paper proposes an ADCS for the YMC-1 nanosatellite. This system has three
reaction wheels as actuators and a star tracker as sensor. The hardware was already
been chosen and some simulations were made. In the first simulation, it was studied the
case where the ADCS must control an initial position error. In the second, there is only
an initial angular rate error. In the third, there are both initial errors. At last, the fourth
simulation was made without measurements of angular rates.

The designed ADCS could satisfactory control the satellite, but it might consume
much power and should not be turned on all the time. This system may be used to
reach the target attitude and then the electromagnetic one may maintain the attitude
while pictures are not made, since it consumes less power. Also, both systems must
work together when the reaction wheels reach a very high rotation speed and need to
be unloaded.

This paper presents only the preliminary ADCS. For future works, estimation filters
should be tested and compared to improve the attitude determination. Moreover some
other controllers should also be implemented and compared.
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