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ABSTRACT

TUBSAT-1 (Technical University Berlin Satellite) is an experimental low-cost
satellite being financed by the German BMFT.

The dimensions and weight are determined by the NASA Gas-Program and it will
be ejected from the Space Shuttle within the German spacelab mission D2 by December
19, 1991, into a 298 km circular orbit and at a 28.5° inclination.

To enable a large variety of useful experiments to fly with TUBSAT, it was
necessary to develop a rather precise attitude control and stabilization (ACS) system.

The ACS should be low cost, flexible (in view of changing ACS modes and
parameters during the mission time), minimum component number and a low power
consumption.

A sun/star orientation with an additional spin mode was chosen and developed.
The system is based on a microcomputer, fixed momentum wheel (FMW), one magnetic
torquer, one sun and two star sensors. The closed loop pitch control consists of FMW,
sun and star (for the eclipse phase) sensors, achieving a pitch pointing accuracy of
0.26° for any slew maneuver by using momentum transfer from the wheel to the satellite.

Control of the wheel momentum (desaturation) without affecting the pitch axis
orientation can be accomplished by executing a pitch slew maneuver. Positioning the
magnetic torquer (which is mounted perpendicular to the pitch axis) to interact with the
geomagnetic field vector.

The pitch axis reorientation maneuver due to interaction between the magnetic
torquer and the magnetic field vector component can be controlled by the one axis star
sensor (roll/lyaw rotation). A further pitch slew maneuver of 90° is necessary for
positioning the sensor (roll = yaw).

This means achieving the target attitude regardless of the momentum change.
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TUBSAT-1 tTechnizcal Univaersity Berlin Satellitar! Is an expsrimaental low~-cost
satellite being financed by the Jerman BMMFT. The dimensions and waight are
determined by the NAS A Gas-Frogram and it will be ejected from the space shuttle
within the German spacelab m%ssion D2 by February &th. 1992, Into a 298 km
circular orbit and at a 28.8Y inclination. To enable a large variety of useful
experiments to fly with TUBSAT, it was necessary to develop a rather precise
attitude control and stabillsation (ACES) system. The ACS should be low cost,
flexible tinview of changing ACS modes and parameters during the mission time),
should have a minimum comegonsnt number and a low power consumplion. A sun/star
aorigntation with an additional spin mode was chosen and developed. The system is
bassd ¢n a microcomputar, fixed momaeantum whael (FNMWI), ane magnetic torgquer,
one sun- and two starsensors. The clossed loop piteh contrel consits of FhMw,
sun- and star (for the eclipse phase) sensors,achisving a pitch pointing accuracy
af O 289 far any slew maneyver by using momentyum transfer from the wheel to
the satellite. Control of the wheel momentum (desaturation’ without significantly
affacting the pltch axis orientation can ke accompelished by axecuting a gitch slew
maneuw.er, positioning the nﬁagawetlc torguer (which Is mounted perpendicular to
the pitch axis! to Interact with ths gsemagnstic field vector. The pitch axis
recrigntatisn maneuver dus o interaction batwesn the magnetic torguer and the
magnetic field vector ¢omponent can be controlled by the one axis star sensor
frotl/yaw rotation). A further pitch slew mansuver of 90° is necessary for positioning
the sensor lrc!f{____j yaw). This means achieving the target attitude regardliess of

the momentum change.

1. TUBSAT program

TUBSAT-1 can be definad as a first step into the direction of multimission flight vehicle
which is particularily suited for educational purposes and student experiments with the
following aims:

- Demonstration of a modular experimental platform which is adaptable to low cost launch
opportunities for achieving high launch frequencies.

- Test of a "self made” low-cost digital ACS concept within a small space craft to
implement a tairly precise orientation in orbit.

- Execution of a pilot project for observing the migratory routes of white storks from

Eurcope to Africa and.”or back.

Store and torward communication experimsants between student groups.
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2. ACS system and components

TUBSAT-1 should by definition have a 3-axis stabilisation and control system with the
following requirements: ‘

- Use2 of space environment influence only

- Low-cost

- A minimum number ot components with a relatively low mass, power consumption and

volume
- Fairly precise pointing accuracies

Ditterent possibilities of ACS concept have been discussed. The final decision was made
after quite along period according to the results of the components which were developed
Juring that time. Finall; a momentum based ACS configuration was chosen. A single fixed
momentum wheel and single torguer as actuators, star and sun sensors as sensing devices
and two microcomputers as controilers, see fig.1. All used units are "self-made”, utilizing
conmearcial components for cost reduction. (Unfortunately it is not yet possible to fly our
own developad whesl. because of the GAS safety requirements.)

2.1 Fixed Momentum Wheel {FMW)

The primary tunction ot the Fixed Momentum Wheel is to stabilise the satellite in its roll
and yaw axis by the gyroscopic effect and to control the sateilite in its pitch axis by wheal
acceleration and deceleration (reaction torquel). A fixed momentum whee! type DR 50-2
(Teldix) is being used. It is oversized but it was available for a "special price”.

2.2 Wheel Drive Electronic

As the wheel motor torque is proportional to the motor current, the main ftunction of the
WOE is to control the motor current.For acceleration a positive motor current is fed into
ths motor, derived from the main power supply. For deceleration no current is supplied,
so that a nagative reaction torgue is provided, dus to the triction ot the wheel bearing.
The WDE output current is linear to the input voltage and limited to 0,5 A, for avoiding
damags to the motor coils. The torque control signal Usteil 0-5 V is fed from the MPU to
the WDE. Therefore the motor torque is proportional to the control signal.see fig. 2.

2.3 Microcomputer

The closad loop pitch control and the opan loop roll/yaw control are each based on a
microcomputer unit {CPUJ. It is an 8 bit CMOS singie chip microcomputer of the type
HDG370iVOF (Hitachi) and contains 11 k bytes of PROM, 256 bytes of RAM, serial commu-
nication interface and 53 parallel input/output pins.
Fitch CPU: It is collecting and distributing the following signals:
Input: - corrected FMW, tacho signal

- solar sensor panel signal

- star sensor signal

- pitch mode command from the roll/yaw CFU



Qutput:- wheel torqus control sianal to WDE Ustaen
- reset signal to the star sensor
- status information to the roll/yaw CFU
Roll/yaw CFU: It is actually the onboard data handling computer but alsc responsible for
coordination and contral of the pitch axis reorientation maneuver.

2.4 Sunsensor (S35)

i

Thare are two options tor szsnsing the sun d|r==v,tsc:nn

1. Two small solarcells, mounted on the surface of the outer sheH with an angle of 90° or
1359, Mo pitch error is provided if the satellite surface (in the case of 307) or
the satellite edge tin the case of 125Y) is pointing towards the sun.

Z. The pitch error signal can be senzed by comparing the output voltage of tha relevant

P

solar panel.

2.5 Starsensor {STS)

There are two star sensors used, one for pitch and the other for roll/yaw attitude
sensing. The STS is based on a 288 by 388 pixel CCO chip camera, and an & bit micro-
computer unit and thess provide a single axis measurement. The image of the star

configuration taken at the time to being reduced to a row of 288 pixel. The existence of
at least ona star is presented by logical 1 or else 0. The drift angle is provided by shifting

the raw trom the image taken at the time tn against the first one until correlation is

achievad. The STS can be operated in the foliowing modes:

- Rate integration mode which provides the drift angle (¢ ) betwesn thc time te and tn.

The rezults are ready after 222 ms. Using a 22 mm lens gives a 207fisld of view and

maximum zllowable satellite anqular rate of 45%/5 (7.5 rem }. ‘

- Kates mode, whereby each image is compared with the previous one (tn. tn-1). Dividing

thiz by the time interval provides the angular rate . Thé result is ready after 240 ms and

the ma=imum allowable satellite angular rate is 5007s {53 rpm).

- A mode which provides ¢ and ¢ in every 440 ms

- A modes which provides the position {one axis) and the size of the biggest star.

- A mode which uses the STS as a camera for attitude determination {by transmitting
the star image to the ground station)

The next generation of STS with two axis information is being developed. The use of a
16 bit MCU will reduce the computation time to about 1/5 . A drastic reduction in power

consump tion can be achieved by not using the TV norm.

2.6 Summary of Components

components mass [kgl power [watt]

- FMW (Teldix) 5.7 2.0  (1000rpm)
Fraw (T.U. Berlind 2.5 2 2.0 {1000rpm)

- Torquer 1.0 2.0

) 0.1 0.05

- STS 0.5 2.0

- WCLE 0.3 01

- CFU +electronics 0.3 & 0.2




3. System Design

The preliminary design of the nominal whezl momentum was basad on its effect on pointing

_error dus to a steady roli disturbance torqus, assuming a worst case of dispiacement

betezan the center of pressure (CF) and the center of mass (CM) and a high atmospheric
density 1]
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Maer‘ = Maer

with masr = Cd F d sina

5

givss disturbance torque of 2.6110 ~ Nm, The design pitch pointing error is 0.26 , so:

Ha = Maer/wo ¢
gives the bias momentum requirement of 5 Nms and via:
wa = Hg/lg

we get the nominal wheel spead of 460 rpm and the sxpectad nutation frequancy of:

Yy £
.5 "

wn = Hg /{ Ixly) = 5,1rad/s = 48,7 rpm

vwWhesl momentum saturationsdesaturation and reorientation of the momentum vektor is
parformad by magnatic torquer. The maximum precession rata
] o~ o~ -~ f\_4 s -~ i ’ *
w=B0D/Hg =2,22.10 rad. s = 0,76 deg/min

- : -5
with torquar magnetic dipole moment of 7.7 Am® in a field of 4.10 T and wheel angular
momeantum of 5 Mms.

the expected satellite spin/despin rate with the torquer in a field of 2.10 T-5~is:

-4
ED /ly-lg = 5,2.10 rad s° = 0,29 rem/min

]

¢s

I

and with 1s/lg = 11 follows the wheel acceleration/deceleration rate of 3.2 rpm/min.

4. Pitch Control
4.1 Requirements and Design Philosophy

According to the already mentioned general requirements here high flexibility means that
the control system should be capabie of performing different kinds of slew mansuvers,

i.€.

- tor positioning the roll/yaw one axis STS in any desirad direction
for pitch axis reorientation

- for positioning the torquer for wheel momentun desaturation

- for earth observation purposes.



To achisve this high degres of flexibility a microcomputer- based realisation is preferred
ovar analog solutions. Further on, the sysfem should contain as few components as
poisibles with preference for simple ones over highly sophisticated but less reliable ones.
The control strategies should be robust and simple and should not ceontain any highly
gensitive parametars. _

ased on these consgiderations, nonlinear switching control laws have bezn adopted for
tha current design of TUBSAT, that proved to be robust and simple. Minimum power
consumption is guarantsed because the drivef of the FMW is switched with minimum
losses. This is clearly an advantages over linear solutions. As can be seen in the funct}ionai
block diagram tfig. 3) the pitch control is organised in a cascade configuration.

The inner loop realises the control of the angular velocity of the FMW (RPM control) while
the outer loop controls the pitch angle. This scheme stabilises the momentum of the
satellite even in cases of failure in the outer control loop. In these situations the outer
loop is disactivated and the momentum stabilised by controlling the angular velocity of
the FIOW 0 the inner Joop {mode 0). Modes 1 and 2 Indicate the activation of the sun- and
starssnsor respactively.

In the foilowing a mathematical model of the sateliite - FMW system, the functional
princigies of the RPM=- and pitch control and some aspects of the actual implementation
are dascribed. The section concludes with the presentation of some results that have
tesn recorded from our experiments with a laboratory prototype of TUBSAT.

4.2 Mathematical Model of the FMW - Satellite System
In the following it is assumed, that only the momentum in the direction of the pitch axis
is different from zero. In this case Euler’s rotational law for rigid bodies can be formulated
(11
dsdtH = Mdist , H = lyws + Iguwg N
where H : momentum in direction of the pfts:h axis
ldist  : torque that is induced by the disturbances (atmospheric forces etc.)
by, Ig c moments of inertia of the satellite and the FMW in the direction of
the pitch axis respectively
ws, wg : angular velocities of the satellite and FIMW resp.
From (1) it tollows that
Iy ws = - lg wa + Mdist (2)
The dynamics of the FMW can be described [1] as

lalws + wa) = Mdrive - Mrfr

Mdrive : torque of the drive unit of the FMW
e : torque that is induced due to the wheel bearing

L
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Compining with {21, it follows
ltwg = Mdrive = Mrr - K1 Mdist (3)
where Ki =lg/sly <1 and 11 = (1-K1)lg

In conclusion. with ¢s denoting the pitch angle and keeping in mind that Ig = 11/(1-K1) we
have the mathematical model i

Ps = ws ' ‘ (4a)
ly(;,\s = -1/(1-K1 (;)g + Maist {4b)
twa = Mdrive - Mrr - K1Mdist (4¢)

The structure of the system model is illustrated in the functional block diagram
see fig. 3 {1.'s denotes integration with respect to timej.
4.3 RPM Control

In principle, the angular velocity of the FMW can be controlled using a simple on - off
switching law for the WDE. Define the error

war being a desired value that is assumed to be nearly constant (slowly varying). Then it
follows :

éw = - Wg ) (6)

The disturbance Mdist and the friction Mrr are assumed to be nearly constant in time
with

Mrr> O and - Mrr - K1Mdist < O {(7)

Defining the control Ma

- Mrsr when ew <« O (drive off)
(Mdrive - Mir) > O when ew > O (drive on)
then it follows from (3) and (6)
éw = {(KiMdist = Mal)/ 1 | (8)
The phase trajectories of éw and ew can be s22nin fig. 4, the arrows indicate the direction

of movement. Stabiity for ew = O is guaranteed for all possible initial errors ew(t0},
provided that (7) holds, which is true for the expected disturbances.



4.4 Pitch Control Loop

Ag in the case of RPM control a nonlinear switching control law has been selected for the
pitch control. Feglecting the disturbance Mdist and substituting (4¢) into (4b) gives

Gs = 1/ 0=-KDly (Mfr = Marive) ’ (9)

Setting Ma = (Mrr - Mdrive) and dividing (4aJTb’/ () it follows

d(ps/.dws - U"l\‘l)l_vws/,Ma '
FMadyps = (I-F1)lvws dws {10)

Since the switched torgue Mdrive is constant batweaen two switching time points and the
fricticn klre is nearly constant, integration of {10} gives

, R L C1=-K1)ly. L2, 2., ..
bMai (s (t) - es{ti)) = 72 {ws{t) - wsiti)) (1

where ti denotes the ith switching point and Mai denotes the constant torgue betwsen
the ith and (i+1) th switching point.

Mow define the error ot the pitch control to be
epolt) = ps(t) - psr . @sr = const. , &plt) = ws(t)

where ¢sr denotes the desired pitch angle. Substituting this into (11) gives

b (1-K1)ly . - 2. .. A
eplt) - e@ltil = S2Mai (éelt) - &@itil] {12)

Thiz is a tamils of parabolas depeanding on e (ti). ep (ti) and Mai and describes the phase
trajzctories of the pitch error eg and its time darivative 2¢. The possible values for Mai
are e and (Mrr - Mdrive) corresponding to an on - off switching of the FMW, i.e. there
ar2 two types of parabolas according to the two possible values ot Mai, this is illustrated
in the phasze-plane, see fig.5. To specify the switching points for Mai, we adoptad a
simple and familiar control law, sez e.g. [2), namely switching along the straight lins

ép = -mee , M>0

see fig. 5. that means

[ Mrr when ép(tl<—-meeplt) ,
Mat =
(Mrr-Mdrive) when étp(t))-metp‘(t) (13)

As one can s=e from fig. 5. the stability of the point (e =0, ep = 0} is guaranteed for all
possible initial disturbances ep {toj, € (to) (fig. 5 shows one example]. It remains to
show how the pitch control law interacts with the RFM control. The pitch controller must
generate a siagnal r(t) that causes the RFPM controller to switch to the desired Mai of
(13}, Since the input of the RPM control loop is wgr {the desired value of the angular
velocity of the FIAWV), r{t) must take on the form :

]
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rit) = wgriti) + mat dt b« to¢ tiet {14)

Mai, L s
where mai = /1, see fig. 3.

Therefore. in addition to the algorithm (13) an integrator that performs the integration in

(141 i3 necessary.

4.5 Implementation

Tha RFEt and pitch control laws that ware given above in time-continous form have been
reformulated in discrete time and implemented with little changes on the MCU. The angular
velocity of the FI'Y is sensed using a standard tacho signal by measuring the time between
two succesive edges of the whesel comutation (8 pulses /rev.). So actually the equivalent
time -period Tist (k] of the FMW was controlled instead of the anguiar velfocity, but this is
only a slight difference. The disturbances due to finite time resolution and commutator
noise of the tacho are raduced using a moving -average filter (MA) the effect of which is
apparent from fig.6 . With a filter order of eight a reduction of the standard deviation of
the disturbance v(t) on the order of Y8 is achieved (upper curve filtered, lower curve
unfiltered).

The on - off RFM control is slightly changad by including additional levels of ths torque
Mdrive for small values of the RPM error ew, this gives a better performance of the
overall control.

Tha intzgration in (14) is approximated by a discrate summation of the output of the
switching algorithm, the time derivative of 2y that is needed in {13) is approximated by
appropriate differences.

The sampling rats of the RFM control loop depends on the angular valocity of the FMW
and ranges from 7.5ms (= 1000 RPM] to 18.7 ms (= 200 REM). ‘

Ths sampling rate of the pitch control loop is constantly 200ms .

The circuit -plan ot the pitch control loop is depicted in tig. 7.

A3 can be sesn, the starsensor is connected directiy to one port of the MCU, while the
signal of the sunszsnsor Is preprocessed by 1CS5, IC6 and A/D (IC2) converted with 8 bit
accuracy.

The WDE and tacho are connected to the MCU via a Schmitt trigger (1C1).

The MCU delivers a signal to the watch dog timer every 250 ms; in case of absence of
this signal resst of the MCU follows. In this case the MCU immediately measures the
tacho velocity and takes this value for the new reference.

m

4.6 Results

The pitch control unit was tested in a laboratory environment, suspending the TUBSAT
prototype satellite using a thin rope. The rope induced a disturbance-torque Mdist on the
satzllite dus to its elastic forces. This disturbance is much higher in absolute value than
the expected disturbances during an outer space application of the satellitz, so that our
experiments can ke seen as "worst case examples . Fig.8 shows how the sateliite follows
the sun in diffzrent positions during a sun-locked operation. As can ke se2n, a pointing
aczuracy of 0.15%s azhieved. In fig.9 the effect of an impulse -disturbance during star -
locked operation is presented. Here the pointing accuracy is about 0.13°. Finally, an STS
pitch slew maneuver of about & that is composed of two steps corresponding to two
successive images of the starsensor is shown in fig.10.
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Nomenclature

Principal moments of inertia plus mamentum whezl (0.9632,1.1??,0.9632L;g.m2}

Pady dz

la Momeantum wheael spin axis moment of inertia (0.1039 kg.m#)
Cd Coefficient of drag (2.2)

O Torguer magnetic dipoie moment (27.7 Amm)
B Geomagnetic induction

d Displacement between CM and CP (50mm)

F Satellite characteristic area ( 0.25 m?)

\% Satellite velocity (7.7km/s)

Ha Momentum wheel anguiar momentum

"t Angle between aerodynamic and pitch vector
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