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MOMENTUM BIASED SATELLITE ATTITUDE STABLIZATION.
USING PD CONTROLLER WITH FUZZY GAIN ADJUSTMENT

G.M.El-BAYOUMI"
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ABSTRACT

Momentum biased satellites are dual spin satellites in which constant angular
motmentuin is provided by a momentum wheel. The momenuwm bias 1s not sufficient to
stabilize comptetely the momentum axis in space. Active control is used to assure
accurate attitude stabilization. Control of the roll and yaw angles with and without y aw
measurement will be analyzed. Control engineers prefer not to use angular rate sensors
excepl for verv special tasks and for short periods. The rate of Euler angles will be

obtained by differentiation, with the adequate noise filters. Fuzzy gain adjustment is
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used for the case of momentum biased satellites without yaw measurement in order to
minimize error. The gain, output scaling factor, of the controller is adjusted on line

according to the current states of the controlled process.

KEY WORDS: Momentum Biased Satellites, Stabilization, Fuzzy Control, Seff-

Tuning.
1. INTRODUCTION

Momentum biased satellite are three axis stabilized as follow. The bias provides
inertial stability to the wheel axis that is perpendicular to the orbit plane. Torque
capabilities of the wheel about the wheel axis are used to stabilize the attitude of the
satellite in the orbit plane. Most communication satellites especially those operating in
Geo-stationary  attitudes are momentumm  biased [1]. The momentum bias is not
sutficient to adequately attitude stabilize the Xy Zp lateral plane of the satellite. For
any three axis stabilized satellite orbiting a planet. the horizon sensor {earth sensor for
earth orbiting s/c) enables measurement of the roll angle ¢ and the pitch angle 8 but
not the vaw angle . The pitich measurement allows contrel of the pitch attitude. For
roll-vaw attitude control, it is theoretically necessary to measure both roll and yaw
angles, which cannot be done by a horizon sensor. One alternative is 1o measure the
vaw angle with the aid of asun sensor, butitisofnouse during eclipse. Another

approach would use magnetometer. but fluctuation in the earth magnetic field make it

(=}
impossible to estimate the vaw angle with an accuracy better than 0.5 . which
generally not good enough for geo-stationary communication satetlites. A third
possibility is to use star sensors. These sensors allow very accurate attitude
determination but they are quite cowplicated. sometimes unreliabie. For low
inclination orbiting satellites use of star sensors is too easier because the Polaris siar is
a good bright reference aimost inertial with respect to the earth’s north axis dirsction.

Hence simpler stor catalogs of moderate complexity can be used. A star senser with a
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field of view 8-12° allows measuring the yaw angle of the satellite during all stages of
its life including GTO-GEO transfer. Even so star sensors neither simple nor
straightforward to use. These considerations underlie our desire to control the s/c
attitude without measuring the yaw angle. In momentum biased attitude controlled
satellite the roll and vaw angles are related via the constant momentum, and this
property is used to design a complete momentum biased ACS without measuring the
vaw angle. Both possibilities namely control of the roli and yaw angles with and
without yaw measurement will be analyzed. Another problem is the need to use
angular rate sensors. Such instruments are not very reliable when operated
continuously for 8 to 10 vears, the expected lifetime of the modern Geo-stationary
satellites. Control engineers prefer not to use angular rate sensors except for very
special tasks and for short periods. The rate of Euler angles will be obtained by
differentiation, with the adequate noise filters.

Fuzzy logic controllers (FLC™s) have been reported to be successfully used for a
number of complex and nonlinear processes. Sometines FLC's are proved to be more
robust and their performances are less sensitive to parametric variations than
conventional controllers. Different types of adaptive FLC'ssuch as self-tuning and
self-organizing controllers have been developed and implemented for various practical
processes. Even equivalence between FLC’s and conventional controllers has been
established. Recently many researchers are trving achieving enhanced performance
and increased robustness of FLC's using neural networks and genetic algorithms in
designing such controllers. Among the various ivpes proportional integral (PI).
proportional derivative (PD). and proportional integral derivative (PID) of FLC's.

An FLC has a fixed set of control rules. usually derived {rom expert’s knowledge.
The membership functions (MF's) of the associated input and output linguistic
variagbles are generally predefined on a common universe of discourse. For the
successtul desien of FLCs proper selection of input and ouiput scaling factors (SF's)
and or tuning of other coniroiler parameters are crucial jobs. which in many cases are
done through trial and error or based on some training data. Of the various tunable

parameters. SE7s have the highest priority due to their global effect on the control



M. 26 G. M. El-Bayoumi

performance. However. relative importance of the input and cutput SF’s to the
performance of a fuzzy logic control system is yet to be fully established.

Unlike conventicnal control, which is based on mathematical model of a plant, a
FLC usually embeds the intuition and experience of a human operator and sometimes
those of designers and researchers. While controlling a plant, a skilled human operator
manipulates the process input, (i.e. controller output) to minimize the error within the
shortest possible time. Fuzzy logic control is a knowledge-based system. By analogy
with the human operator, the output-scaling factor should be considered a very
important parameter of the FLC since its function is similar to that of the controller
gain. Moreover, it is related to the stability of the control svstem. So the output-scaling
factor should be determined very carefully for the successful implementation of a FLC
{2]. In this paper fuzzy gain adjustment of the conventional PD controller for the case
of momentum biased satellite without vaw measurement is applied.

The paper proceeds as follow. In section 2 stabilization with and without active
control is considered. Stabilization with active control is discussed both with and
without vaw measurement. Discussion of noise effects is found in section 3. The
proposed fuzzv logic gain adjusunent is presented in section 4. System simulations are

found in section 5. The main results and conclusions are found in section 6.
2. STABILIZATION WITH AND WITHOUT ACTIVE CONTROL
2. 1 STABILIZATION WITHOUT ACTIVE CONTROL

The axis of the momentum swheel (MW)is nominallv in the direction of the

normal to the orbit plane. The dynamic equations of the syvslem include asingle

momentum wheel. aligned on the Yy axis. This means that the contrel variables /.,

and Iy - will remain in the equations as tollows 1]

Tay +Tey =fyv@+ia— ooy WP~ (b= iy (I
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Tay +Tey =1, 0+d0+ 2)

Tar +Toy =L+ (-b +hwy)¢)+ (€= @ohyy Ny (3)

Where a=403(1y~1;) | b=—wp(lx+1;-1,),and ¢ = wZ(1, ~1Ix). It canbe

noted that the second Eq.(2), which is the pitch dynamics, is separated from Eqs.(1,3).
The pitch attitude is controlled with torque capabilities of the momentum wheel

namely hyy . Stabilization in the XZ plane (orbital plane) is more difficuir.
Neglecting the terms a, b, and ¢ with respect to Ny which in practical systems is

large enough. The characteristic equation of the motion in the XZ plane can be

determined as

2 2,2

. hy wHh
54+(a)0hwy(—1 +—!)+ WY s 22 g (4)

Iy 1z yly ixl;

Eq.(4) can be approximated and rewritten as

2
.
(52+m§)(32+l}’—)=0 (3)
I
hgvv 2
The above approximation is based upon the fact that 1 >=>> @ , so the addition of
¥z

7 .. .2 . . .
@y to the coefticient of s~ of Eq.(4), is possible. Also hwy oy +1: 1,50

. . . - . w2 . - 2
taking by~ as a comnmon factor from the coefticient of s=. the coefficient of s~ will

?
hi
?
be (w; + = 2. It is easily shown that Eq.(3) have second order poles. the first
X T

located at the orbilal frequency and the second at the nutation frequency of the

satellite. [t can be shown that

wft)=Tg [ Acostwgt )+ Beost w1 ) +C]J {6)
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h 1 ! @
Where A =| — {iqu wy :|,B:__2—2_|:]—+h_0_:|'
w,g;,.;—mg Iy 1xlzwo ws o —wy |L1x Twy
2
I Y R
wohyy ' Il

C=-

It is clear that ¢ft) comsists of two harmonic cosines with frequencies @, and w5

of different amplitudes A and B, and a constant, which is the average value of time

response. The amplitude A of the harmonic motion with orbital frequency @, is much
larger than the amplitude B of the harmonic motion with nutation frequency @, . The

average error in both @ft) and w(t)is given by

~-T
Pav = —de (D
@ohyyy
-Ta,
Vay = dz (8)
thW}

Exampte 1: Choose a geo-stationary satellite with w, =7.236e-3, I = 800kg.m2,

1z = 1000kg.m? , and hyyye— 10N m. sec. TRUS @pyy =0.0112 radisec, A=-1358, B

=-10, C = 1381, and

@(t)=Tge [-1358 cos(0.0000829t )~ 10 cos( 0.0/ {2t )+ [381]
The nutation harmonic amplitude is smaller by a factor of 133 than of the orbital
harmonic amplitude. In order to show the difference between the amplitudes of the
orbital and nutation harmonic motions, this time response is telescoped for the first

10.000 seconds only. Even if the disturbance amplitude is as small as 10° N-m.  The
maximwn error in roll will be 1.5 . For geostationary satellite an acceptable rolt error

. -2 . . . . . . .
is only 0.037. This situation could be remedied by drastically increasing the value of
the momentum biased. but such an approach would require large increases in the
dimensions. weight and power consumption of the momentum wheel assembly, which

for practical reasons are usually not feasible. Moreover because the open loop poles of
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the transfer function are not damped, harmonic disturbances having frequencies of
Wp0r @pyy will destabilize the system and hence the amplitude of the harmonic

motion will increase linearly with time. We should keep in mind that various external
disturbances acting on the satellite such as solar pressure disturbing torques might

have harmonic components matching the basic orbital frequency @, . All these factors

lead to the conclusion that attitude stabilization is mandatory.
2.2 STABILIZATION WITH ACTIVE CONTROL
2.2.1 Active Control Using Yaw Measurement
Eq.(5) shows that the two second order poles of the momentum-biased

dvnamics are undamped. Active control must damp these poles and also decrease the

steady slate errors. The simplest forms of eontrol torque, which can achieve these

tasks, are
Tex =~(hkxp+kyq @) (9
Tez =~(k-y+k-g ) {10)

Substitution fron Egs.(9-10). in Eqs.(1-3), and neglecting 2, b, and ¢, the characteristic
equation of motion will be

54+a[53+0252+a33+n4:0 (1n
where aj =(kygl- +kzdlv )11z,
a3 = [hyghog + iy +120kyeghyy 4 1o (hz ¥ @iy 1] (1l ).

az =[hkzg(ky —wohyy ) +kxg (k- = ooy J] 0T,

ag = (ke +(0phy)? = 0phyy (ky + ks JJH1I-)

A necessary but not sufficient condition for Eq.(11) to have stable roots, is that the

coefficients of the polvnemial must be positive. This condition can be achieved by
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choosing hwy =-h, with h>0. To stabilize the system addition conditions on the
control parameters ky, ky4, k;, and k,qare necessary. The parameter k. and
kyare primarily responsible for the steady state errors in @and i caused by
disturbances Tgrand Tp,. Their values can be calculated from the steady state error

requirements. Using the finial value theorem, it is easy to show that

@ k. +o,h

TSS = -2 2 -__@S.TI (12)
dy  kiky +{woh)t vwohlky +k;)

Ve ky +wgoh

T BE =Vssz (13)
2 kyky; H(woh)t +wph(hy +k;)

Pss

20— 14

Ty (14)

¥Vss -

—===0 (13)

Tax

Assuming h has already been determined, then &, and &, can be determined from the
required values of @y and e, as follows

kx =(1-woh@gsx )/ @ssx (16)

Kz =(1-wphyssz )/ W55z (17
In order to calculate £,y and k4. it can be assumed without loss of generality, that
Eq.(11) consists of two-second order damped poles as follows

(52428 jop s+ 0 )(s? + 260,05+ @25) =0 (18)

Comparing coefticients of Eq.(11) and Eq.(18), k7 and k-4 can be determined.

Example 2: In this example choose a geostationary sateilite with [y =800kg.n12,

7 2 - - _5
[- = 1000kg.m™ . My =—20N.msec.. wy = 7.236e=5, Ty =Ty =3*10 " N.m.
From simulations it is noted that maximum permitted steady state errors in roll and

vaw @ =0.05°. and g =0.2°. The conuroller parameters are  ky =0.00248
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keq =22.9,  ky;—026%107%, kg =128 . wy;=0.0295rad/sec., and

Wy 2 =0.109* 1073 rad / sec.

2.2.2 Active Control without Yaw Measurement

The control configuration based on measuring the roll and pitch angles only is
the most popular today. The earth sensor, which is based on sensing the horizon

contcur of the earth with respect to satellite body frame, is the only sensor used to

o
measure directly the roll error of nadir poirting satellites. Accuracies of order 0.02

are common with this technology. Statistical noise of about 0.03° RMS must be

considered. The control torque command equations are as follows

Tov =—(kyo+keg o) (19)
Ter = ATy (20)

Eq.(20) is based on the fact that for a momentum-biased satellite the roll and vaw errors
interchange every quarter of the orbit. This means that accumulated yaw error will
change to roll error after a quarter of the orbit period. Since the roll is measured the

accumulated yaw error will be controlled. Using Egs.(1.3) together with Eqs.(19,20)

results in
Tav =1y ¢-woliyy @+l wikyp+kyog @ (20
Tz =1z Wt -@ohoy+ Akvp+ dkyg @ (22)

The characteristic equation for the motion described by Eqs.(21,22) is given by
7
54+b153+b_75‘ +bys+by =0 (23)

where by =kg /1.
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by = [~@ohyy(Iy +1; )+ 1 ky +hiy, + Ahyyhg 1 /(117),

b3 =[Akxhyy - Wohyykxd 1/(1x1z),
by = [(wohwy)z ~@ohyypkx ] (1x1z)
For stability reasons it is necessary, but not sufficient, that Myyy=—p with h> 0. For

the same reasons choose A<(, let 4= —Ay Itis clear that Ay must be positive in

order to satisfy stability conditions. In order to find ky, kyq.and 4, use

Pss ! 2
= = 24
Tae oh+ky Psx 24
To- ATk Tor + AT, -
W =4 dx®x  Ldz dx (25)
Woh (wohtky )oyh woh

The approximate value of wg, results from the fact that £y >> wyh. Practically A

must be less than one. The minimum momentum biased needed h can be determined
from the last term of Eq. (25). with known and estimated external disturbances and

with limits on the maximum permitted steady state error in yaw. From Eq. (24) £, can

also be found as

T
ky= —é——moh (26)
Pss

The same procedure of section 2.2.1 is used to find k7.

Exampte 3: The same data of example 2 isused. From simulatiens, it is noted that

. - . -Q
maximum permitied steady state errors in roll and yaw are @z =005, and

wgs =0.4°. The controller parameters are ky =0.00427. kyg =+42.8. 4=0.888,

@, = 0.00008478rad / sec., and wy2 =0.038/rad / sec.
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3, NOISE EFFECTS

The Adttitude Control System {ACS) is composed of a Momentum Wheel (MW)
and an earth sensor {ES) onlv. The earth sensor can sense only the roll ¢ and the pitch
& Euler angles. Since no rate sensor is included, differentiation of the earth sensor
outputs is necessary in order to implement the control law. The earth sensor is noisy,
without appropriate filtering the Root Mean Square {RMS) noise amplification from
the sensor to the command torque, will become infinite for white noise. Low pass [ilter

is inctuded in order to prevent amplification of noise.

3.1 Earth Sensor Noise Amplification

It is important to analvze the amplitication of ES noise to the torque commands
at the input of the controllers, which can be reaction wheels, magnetic torque-rods or
solar panels and tlaps. We will use a low pass filter having two simple poles with
corner frequencies we= 0.2 rad/sec. about 10 tines higher than that of nutation
frequency. The primary cause of the high amplification noise is the differentiation of
¢ together with the high gain of k 4 needed to provide high damping coefficient. The
immediate consequence is that we will have 1o decrease this gain in order to decrease
the ES RMS noise amiplification. Naturally the damping coetlicients of the closed loop
poles. which is closer to open loop nutation pole. will be the most affected. The
resulting new damping coetticients and amplification factors are shown in Table |
With the nominat case 1. the second damping factor £2 is sinaller than 0.7 owning to
the low pass filter with the 1wo cormer frequencies @, = 0.2 rad’sec. [tis clear that
decreasing the derivative gain does not appreciably change the damping coefficient of
the smaller closed loop pole. which is closer to the orbital frequencs pole. However
the second damping coefficient. pertaining to the much higher nutation {requency pole,
is drastically decreased with smaller kg . Forcase 4 we even see instability of the

nutation closed (oop pole since £ =-0.0004. It can be concluded that good earth sensor
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is accompanied by a noise level of 0.03 (RMS). In the nominal case since the noise
amplification amounts to 2.09, the X axis lorque command will be accompanied by a
noise level of T, n=(2.09*.03)/57.321=0.001094 N.m. This level of amplification wilt

aftect the attitude control of a momentum-biased satellite.

Table 1: Noise amplification gain as a function of the derivative gain kg

Case kx "‘xdl @pf &1 | on2| &2 Tex /NES| Tez/NES |
I 4.27*10° 427 [7.49*10° {07 [0.07 052 2.09 1.76
2 4.27*10% 427 [1.32¢107 065 0.03 [0.07 0.19 0.17
3 4.27*10° [043 | 1.42*107 [0.65 002 |0.00425 | 0.02 0.02
4 4.27%10° 021 | 1.43*107 065 |0.03 t-cmo4 0.01 0.01

3.2 Roll Yaw Attitude Contrel With Momentum Exchange Devices

A straightforward way to stabilize the roll yaw attitude s to use additional
momenium exchange device, a reaction wheel with its axis aligned parallei 10 the X3
axis. The problem of noise amplification doesn't exist here because the control torque
levels of these devices are larger than 0.01 N.m. Another possible solution based on
similar devices is to use 1wo momentum wheels slightly inclined to each other in a V-
geometry. In this configuration the two inclined momentum wheels allow conrol of
the X axis attitude the roll angle ¢ and the pitch angle 6 about the Yy axis while

providing the system with the desired momentwn stabilization.

4. THE PROPOSED FUZZY LOGIC GAIN ADJUSTMENT

Here PD controtier is proposed. The gain. i.e. ouput scaling factor (SF), of this
controller is adjusied on line according to the current states of the controlled process.
For best performance. simultaneous adjustiment ot both input and cutput SF's is more

justified. Our objective here is o adapt only the output scaling SF's to achieve beuter
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control performance. Observe that a self-tuning FLC is an adaptive controller. We call
an FLC adaptive if any one of its tunable parameters changes when the controller is
being used. Otherwise it is a conventional FLC. The tnable parameters are scaling
factors, membership functions. and rules. An adaptive FLC that fine tunes an already
working controller by modifying either its membership functions or scaling factors or
both of them is called a self tuning FLC. On the other hand, when a FLC is tuned by
automatically changing its rules, then it is called self organizing FLC. In this paper,
our objective is to tune the output SF of an existing PD controller we describe it as a
self-tuning PD controller. The detailed design considerations are discussed.

(a)  Membership functions: All membership functions (MF's) for controller inputs,

i.e. error (e) and change in error (Ae). are defined on the common interval [-1, 1],
whereas the MF's for the gain updating factor (&) is defined on [0, 1]. We use
symmetric triangles (except the two MF's at the extreme ends) with equal base and
30% overlap with the neighboring MF's. MF’s for e. and de, are Negative Big (NB),
Negative Medium (NM). Negative Small (NS). Zero (ZE), Positive Small (PS),
Positive Medium (PM). and Positive Big (PB). While MF's for « are Zero (ZE), Very
Small (VS), Small (s), Small Big (SB), Medium Big (MB), Big (B). and Very Big
(VB).

(b) Scaling Factors : The relationship betwezn the SF's and the input and output

variables of the seif-tuning FLC are as follows :

eny =Gp e
AE’N :G_,_/je -de
u=ia-Gy)uy

Geand G e are the input scaling factors, G, is the output scaling tacior. ey, de .
and «y are the scaled inputs and cutputs,

The Ruie Bases: The gain-updating factor is caleulated using the rule base in Table 2.
Some of the imporant considerations must have been taken into account for
determining the @ rules. To make the controller produce a iower overshoot and reduce

the settling time. the conrroller gain is set at a small value when the error is big, but e
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and Ade are of opposite signs. Depending on the process irend, there should be a wide
variation of the gain around the set point. This type of gain variation around the set
point will also prevent excessive oscillations and as a result the convergence rate of the
process to the set point will be increased. A good controller should provide regulation
against changes in load disturbances. This is accomplished by making the gain of the

controller as high as possible.

Table 2 Fuzzy rules for computation of & .

defe | NB | NM NS | ZE | PS | PM PB
NB VB VB VB B SB S ZE
NM VB VB B B | MB s | Vs
NS VB MB | B , VB Vs | S : VS
ze | S SB L MB | ZE MB | SB | S
PS | VS s 1 V8 VB B | MB | VB
PM | VS S ] MB B | VB VB
P zE [ s | sB | B vB | VB | VB

5. SIMULATIONS AND RESULTS

Simulation results for the same data of example 2 is used. Simulations are done for
both the two cases, namely with and without fuzzy gain adjustment. The output of first
case (without tuzzy gain adjustment) is shown in Fig. 1. The output of the second case.
using fuzzy gain adjustment, is shown in Fig. 2. It is clear that the maximum error in
¢ is improved using fuzzy Gain adjustment. The error in & is approximately the same
in both cases. The error in  is targer for the case of fuzzy gain adjustment. Better
results can be obtained if more refinement was made for the choice of tuzzv rules of

.
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6. CONCLUSIONS

This paper deals with momentum bias control systems. These systems have
some nice features. Only one momentum exchange device is needed to attitude
stabilize the satellite. The yaw attitude error need not be measured, thus simplifying
greatly the onboard attitude determination hardware and algorithms. External
disturbances tend to increase the error in roll and yaw angles. Active control of these
errors can be achieved. A simple robust fuzzy logic gain adjustment mechanism is

used to minimize error.
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NOMENCLATURE

Xp.¥Yp.Zp
©.0,y

Tex. Tcy Tez

de’fdy-fht

Iy Iy

h, /1”.‘,‘.

Wy

ST

kx.ky,kz

l\'xd~kyd=kzd

e. de

0p

o

.\'ES

: Satellite body axes.

: Euler angles.

: Control torques.

: Disturbance torques.

: Moméms of [nertia.

: Reaction wheel anguiar momenturn.
: Orbital angular velocity.

 Nutatin frequency.

: Controller proportional gains.

: Controller derivative gains.

: Error and change in error.
: Damping ratio and natural frequency.
: Gain updating factor.

: Noise level of the earth sensor.




