Int. J. Dynam. Control
DOI 10.1007/s40435-015-0184-z

@ CrossMark

TADC: a new three-axis detumbling mode control approach

A. H. Mazinan! - A. R. Khalaji?

Received: 15 March 2015 / Revised: 10 May 2015 / Accepted: 25 May 2015

© Springer-Verlag Berlin Heidelberg 2015

Abstract A new three-axis detumbling mode control
approach, namely TADC in the present research, is inves-
tigated to deal with a spacecraft, in a short period of time.
In a word, the study considers the problem of detumbling
by means of system modelling, while the proposed control
approach in agreement with the simulation results can be
of novelty with respect to the other related potential bench-
marks. The approach proposed here plays an important role in
this area to adjust angular velocities in the three axes regard-
ing the system under control to be desirable. In some cases, to
guarantee the system stability in the process of missions, the
whole of angular velocities are to be accurate. In fact, it aims
us to organize a number of programmed maneuvers includ-
ing the orbital, the thermal and so on to be efficient. The idea
behind the approach is organized in line with a linear control
approach, since the pulse-width pulse-frequency modulator
is employed in association with the control allocation to cope
with a set of on—off thrusters. Hereinafter, the number of these
on—off thrusters may be increased with respect to the investi-
gated control laws to provide overall accurate performance of
the spacecraft through the control allocation. The effective-
ness of the approach investigated here is finally considered by
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organizing four scenarios of the experiments and also com-
paring the outcomes with a number of potential benchmarks.
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1 Introduction

A number of efficient and applicable studies on the space-
craft attitude control have been carried out during the past
decades. One of main issues regarding the present complex
and complicated system is to deal with the angular velocities
in the three axes, in order to prepare the process of missions,
appropriately. In fact, a number of programmed maneuvers
including the orbital, the thermal and so on can be organized,
provided that these angular velocities are adjusted to be desir-
able. As an example, in the spaceflight, the orbital maneuver
is known as the use of propulsion systems, in order to change
the orbit of the spacecraft from initial to its final one, in a very
careful manner. Due to the fact that this control item plays an
important role to guarantee the stability of the system, state-
of-the-artin this area is always appreciated by related experts.
Itis obvious that the number of potential materials in the field
of detumbling mode control is truly rare and therefore some
new insights are certainly appropriate to investigate. With
this purpose, the idea of the control approach, which is pro-
posed here, has to first be developed through pulse-width
pulse-frequency (PWPF) modulator, which is able to handle
a set of on—off thrusters. Furthermore, the number of these
on—off thrusters could be increased in line with the investi-
gated control efforts to provide overall accurate performance
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regarding the spacecraft, as long as the control allocation
(CA) is correspondingly realized.

1.1 Related works

Concerning the recent potential investigations in this area,
many attentions have been paid on the detumbling of a rigid
spacecraft via torque wheel in association with gyroscopic
motion [1], where the angular motion of a satellite, which
is equipped with the active magnetic attitude control sys-
tem, is introduced [2]. Attitude stabilization of the satellite
through an optimal control strategy is presented [3], while
the vehicle system dynamics is reviewed for the purpose of
developmenting high-speed trains [4]. In making another
effort, the generalized projective synchronization of chaotic
satellites is suggested through linear matrix inequality [5],
where a method of delay compensation in the area of attitude
control of flexible spacecraft is presented [6]. The useful
practical information regarding the spacecraft dynamics and
its control is investigated [7], where the modeling and the
corresponding simulation regarding the aerospace vehicle
dynamics is suggested [8]. Autonomous attitude coordinated
control is proposed for the spacecraft [9], since nonlinear
attitude tracking control is suggested for the same spacecraft
[10]. Finite-time fault tolerant attitude stabilization control
is made as another research in the area of rigid spacecraft
[11].

Hereinafter, an attitude synchronization control is consid-
ered for aclass of flexible spacecrafts to deal with the problem
of attitude synchronization [12]. Another research work is
to realize finite-time control for nonlinear spacecraft attitude
via terminal sliding mode approach [13]. Other insight in
this field is to deal with an adaptive attitude tracking control
for the rigid spacecraft with finite-time convergence [14].
Review of the spacecraft attitude determination and its con-
trol is completed using the quaternion based method [15]. An
adaptive fuzzy fault-tolerant attitude control is considered for
the spacecraft [16]. The other idea is to realize robust atti-
tude control for the spacecraft under assigned velocity and
control constraints [17], while consideration for the leader-
following attitude control of the multiple rigid spacecrafts is
completed [18]. Furthermore, the attitude dynamics of the
miniature spacecraft and the corresponding control are con-
sidered via pseudo-wheels [19], once the attitude control for
the rigid spacecraft is investigated with the disturbances that
are generated by time varying exo-systems [20].

Robust decentralized attitude coordination control of the
spacecraft formation is considered [21], where the outcomes
in robust fault-tolerant tracking control are presented for the
spacecraft under control input saturation [22]. A control
approach is designed for the attitude tracking of the rigid
spacecraft with actuator saturation [23], once an optimal
sliding mode control approach is suggested in the attitude
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tracking for the spacecraft via Lyapunov function [24]. After-
wards, time-varying sliding mode controls in the area of rigid
spacecraft attitude tracking are presented [25], while adap-
tive sliding mode control with its application to six-DOF
relative motion of the spacecraft under input constraint is
given, as another outcome, in this field [26]. Furthermore,
adaptive backstepping fault-tolerant control is implemented
for the flexible spacecraft under unknown bounded distur-
bances as well as actuator failures and the realization of the
attitude control for the spacecraft is illustrated [27]. Another
research is to realize finite-time coordinated tracking con-
trol of the spacecraft formation that is considered without
velocity measurements [29].

Regarding the PWPF research, there are various litera-
tures in this area, where one of the best is to describe the
optimal tuning of the PWPF modulator in the area of the
attitude control, in a constructive manner [30]. Regarding
the CA research, the subject suggests the advantage of a
modular design, as long as the high-level motion control algo-
rithm is designed. There is no detailed knowledge about the
effectors and actuators. The objective of the research is to
survey the CA approaches, which are motivated by the wide
range of applications that have expanded in the aerospace
and maritime industries [31]. Dynamic allocation for input
redundant control systems is made as another effort. It is pro-
posed to address control systems under redundant actuators
[32], where the relevant research is to deal with the CA for
gimbaled/fixed thrusters [33].

As are obvious, the whole of the above-referenced
research in association with other related potential works
are all tried to address some efficient methods to deal with
this complicated system. In the same way, the proposed
TADC has now made as another new effort, while its main
differences with respect to these methods are given in the
approach’s structure and the corresponding results.

The rest of the manuscript is organized as follows: The
proposed TADC approach including ‘the spacecraft dynam-
ics’, ‘the PWPF modulator realization’ and ‘the CA scheme
realization’ are first given in Sect. 2. The simulation results
are then given in Sect. 4. Finally, the research concludes the
investigated outcomes in Sect. 5.

2 The proposed TADC approach

The schematic diagram of the proposed TADC approach is
now illustrated in Fig. 1. The control method is organized
based upon a closed loop system including the proportional
derivative (PD), the PWPF modulator, the CA and finally the
spacecraft dynamics by tracking the angular velocity com-
mands at each instant of time (A V., (¢)). The responsibility
of the present PD is to deal with the three-axis angular veloc-
ities of the spacecraft to guarantee the tracking performance,
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Fig. 1 The schematic diagram of the proposed TADC approach

in an accurate manner, instantly. In the same way, the PWPF
modulator is realized in association with the CA to produce
the appropriate control efforts, at each instant of time, to han-
dle the spacecraft. It should be noted that the widths and also
the frequencies of the pulses, generated through the PWPF
modulator, are accurately adjusted in the three axes, in order
to maintain the best control efforts for the spacecraft. Due
to the fact that the number of on—off thrusters is not usually
taken as the three-axis control efforts, the CA needs to be
employed. In fact, the signals, produced through the CA, are
applied to these on—off thrusters. Meanwhile, the rest of the
modules, employed in the proposed approach, are listed as
the three-axis desired referenced generator module, the data
conversion module, the inverse data conversion module and
finally the uncertainties and disturbances generator (UADG).
Regarding the three-axis desired referenced generator
module, it is realized to produce the desired angular veloci-
ties in the three axes in degree per second, while they have to
be tracked though the proposed TADC approach, carefully.
It should be noted that the procedure of controlling regard-
ing the approach presented here is to deal with the whole of
angular velocities in radian per second. In this way, the duty
of the data conversion module is to convert degree per second
toradian per second, while the duty of the corresponding data
conversion module is to convert radian per second to degree
per second, as well. Some of these subsystems, for simplicity,
are avoided presenting in the following schematic diagram.

3 The spacecraft dynamics

An acceptable assumption allows us to pursue the attitude
dynamics that is independent of the translational motion.
According to the Newton’s second law, the summation of
the external moments in the body frame, i.e. ‘B’ can be equal

to the time rate of the angular momentum variations, in the
inertial frame (D’ (h3!) = mp). In the same way, transfer-
ring the rotational time in the body frame can be written as
[7,8]

D! (1§0") + @B 1w =" my (1)

where I} is taken as spacecraft’'s moments of inertia, w?’
is taken as spacecraft’s angular rates, relative to the inertial
coordinate system and Q27is taken as its skew symmetric
matrix. Picking body coordinate 12, the closed-form equa-

tions can be acquired by the following
BBd‘UBIB B8 [,815 B1® B
(" [“5] + [ [ o] =[]

@)

Now, p = wy, g = wy, ¥ = w; are assumed as spacecraft’s
angular velocities in the three axes, ¢, 6, ¥ are taken as the
Euler angles and also 7;, I;;; j = x, y, z are taken as the con-
trol torques and the moments of inertia, respectively, in the
same axes. The nonlinear model of the spacecraft is resulted
by the following

Tx (Izz_lyy)

P=1c" L 4"
b Ty Ixx717z
qzm_( Iy,v“)pr
. Tz (ly)'*lxx)
F=1s = g
I, I, 3)

¢ = p + (tan 6 sin ¢)g + (tan 6 cos ¢)

6= (cosp)g — (sing)r
= (8) q + (29)r

where

Lix = [, > +2%)dm
Iy = fm (x2 4+ z%)dm “4)
I, = fm (x2 + yz)dm

In the sequel, to deal with the linear model of the spacecraft
in the form of X = AX 4 BU, the state vector including

X = [ pqr oo ]T and the control efforts including U =

[rx 7, 7,00 O]T are taken. Now, the linear model of the
spacecraft is correspondingly resulted by
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and the following of the thrusters. The PWPF modulator is now realized due to
its advantages over other types of modulators. It is shown in
i ﬁ 0 00007 Fig. 2 that the PWPF modulator is organized based upon the
0 IL 0000 first order lag filter along with the Schmitt trigger through
0 6} 1000 the closed loop system.
B = 0 0 IO 000 ©) The PWPF modulator’s parameters that are shown in the
00 0000 present schematic diagram need to be considered. In this
00 0000 regard, the static characteristics parameters are now tabulated

where the initial state vector is taken as Xo = [po qo "o ¢o
6o @0l and the operating point of the system is taken as

3.1 The PWPF modulator realization

The PWPF modulator can be used in so many environments
such as the spacecrafts. The various modulation methods
have been realized to consider the level of the required torque,
the width and the frequency of pulses, due to the fact that the
reaction control approaches do not possess the linear rela-
tionship between the input to the controller and its output
torque. To shape the nonlinear output of on—off thrusters into
the linear output, a number of thruster control techniques are
to be exploited. It can be shown that the PWPF modulator
is employed in the various applications, frequently. Others
like the Schmitt trigger control, the pseudo rate modulator,
the integrated pulse frequency modulator and the pulse width
modulator are also considered, in order to shape the output

Fig. 2 The schematic diagram
of the PWPF

In(t)

in Table 1. The whole of parameters are needed to consider
in the process of designing the modulator, accurately.

In order to present the applicability of the PWPF modu-
lator, in a clear form, Fig. 3 is now illustrated [7,30].

It is easily obvious that by applying the constant value to
the PWPF modulator, at each instant of time, the input and
its output regarding the filter H% are varied, where the final
output regarding the PWPF modulator may be produced as
a sequence of on—off pulses.

In general, some parameters of the PWPF modulator are
initialized and tabulated in Table 2.

3.2 The CA scheme realization

The realization of the CA scheme is to command on distrib-
ution logic for selecting the specific thrusters and calculating
their firing durations, in order to realize the force and the
torque commands, which are derived from the control of the
spacecraft. This scheme is briefly given as [31-33].

U__

1+7ts Upr U,
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Table 1 The static parameters
of the PWPF modulator and its

The parameter’s description

The parameter’s formula

formula .
1 On time

Off time

Modulator frequency
Duty cycle
Minimum input
Maximum input

BW

~N O R W

_ Uon=Uysr ~ Uon—Uppy , Zlon on
ton =—TLn (1 — X=KIniU; ) ¥ TR=RInzu, € * ~Ml-
o Uon*UU/f ~ Uononf_/' . M ~ loff
loff = —tLn (1 T KUy ) S Kinv,0 € ¢ M-

f=0

ton+toff

— — ton
DC = fit,, = Tontiors
Inmin = %

U,

Inmay = K:{q
A=—in(l-4)~ b

In = E,

v
~

By ——F— ——

l oy — to_ff —s )

Fig. 3 a Constant value to the PWPF modulator, b the input of the

filter % c the output of the filter % d the output of the PWPF

modulator [7]

v (t) = Bu (t) (7

where u (t) is taken as the real control and v (¢) is also
taken as its virtual control, since B is taken as the constant
matrix. The advantage of the CA scheme is to deal with a
number of actuators, separately and efficiently. In order to
realize the CA scheme, a pseudo inverse matrix needs to
be calculated. With this purpose, the torque in the three axes
including 7, Ty and 7, and the corresponding thruster’s levels
including 8;;i = 1,2,...,n are presented by the follow-
ing

Table 2 The PWPF modulator’s parameters variations recommenda-
tion

The parameters The variations

1 K 25:75
2 T 0.1:1.0
3 Uy 0.1:1.0
4 h=Up — Upsr 0.2:2U,,
81
Tx 52
ol|=£]|" ®)
T, 8
n
or
|
52 4 Tx
— £t |1, ©)
: T
n

By supposing the number of thrusters to be eight in the
present research, the matrix in Eq. ( 10) could be resulted. It
should be noted that the required number of thrusters, which
are related to its physical configuration must appropriately be
chosen to guarantee the desirable performance. It means that
a penalty of budget may be created in the process of realizing
the spacecraft, if the number of employed thrusters is inco-
herently increased. Meanwhile, a penalty may be created in
the system performance, if the number of them is inappropri-
ately decreased. Regarding the outcomes investigated here,
the best choice is now finalized as

000 0 —R—R R R
E=|-ROR O 0 L 0 —L (10)
0 RO—-R L 0 —L 0

And its pseudo-inverse is easily acquired by
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— _R -
0 2(L?+R?) 0
0 0 2(L*+R?)
0 2(L*+R?) 0
0 0 — | S—
2(L%2+R?
Et = 1 0 ( 2‘ ) (11)
“i 2(L*>+R?)
LT
=1 0 __L
4R 2(L2+R?)
-1
| 4R 2(L2+R?) 0 |

Here, R and L are taken as thruster’s arm and its length,
respectively. The present constant parameters are highly vari-
able with respect to the configuration of the thrusters in the
spacecraft. It means that the results in the area of the CA
scheme are directly based on the physical positions of the
thrusters. In such a case, the relation between E and E™ can
easily be presented through E* = ET (E E T)_l, as well .
Now, by assuming 7;;i = 1, 2, ..., 8 as thruster’s level (N),
the three-axis thrusts could clearly be calculated as

Tw=—R(I5+Te —T7 — 1Tg)
Ty =R((I3—T)+ L (Tsg — Tg) (12)
=R —-Ty+L(T5—T7)

Due to the fact that §;;i = 1,2, ..., n in Eq. (9) have to
be given in the amplitude of O and 1, the on—off relay with
the notation of f,,/off could be realized. In one such case,
the generation of the present binary sequenced signals for the
whole of on—off thrusters are truly guaranteed. Although, the
control torques 7y, Ty and 7; may be changed to its efficient
control torques through t,,, 7y, and 7;, by

Tx, Ty
Ty, | = Efonjorr [ ET | 7y (13)
‘L’Ze Tz

It should be noted that the hysteresis; €, of the fo,, /o relay
may be optimized to present the efficient control torques.

4 The simulation results

The simulation results are carried out in line with the
schematic diagram of the proposed TADC approach, illus-
trated in Fig. 1. The spacecraft that is now under control
is known as an applicable system with the key specifica-
tions, tabulated in Table 3. These parameters are calculated
or initiated in the process of realizing the proposed control
approach.

The tracking performance of the proposed control
approach is first considered by evaluating the angular veloci-
ties of the spacecraft in the three axes, i.e. x, y, z. Moreover,

@ Springer

Table 3 The parameters used in the proposed approach

The values The parameters
I, =20
1 I, =100 Moments of inertia
I, =100
2 T =5.0 Thruster’s level
kpy =5.0
3 kpy =5.0 Control coefficients
kp, =5.0
km = 5.0
T, =0.8 o L
4 Uypy = 0.8 Three-axis PWPF coefficients
Uopr = 0.1
L =0.20 s .
5 R = 040 Thruster’s configuration

X-axis
: — y-axis
z-axis
G i
*a’ .......................... e -
4 p
ph :
= :
‘C :
=] :
a v
> \ :
& :
= :
=X folErrmer e =
{ =4 §
E N
_05 l 1
0 50 100 150

Time (sec.)

Fig. 4 The tracking of three-axis angular velocities of the system in
the Ist experiment

the set of thruster’s commands are then considered, in the four
scenarios of the experiments. Regarding the first one, Fig. 4
illustrates the results of the system by applying the desired
commands including 0.03, 0.03, 0.04 °/s to the approach.

Moreover, the commands applied to the set of thrusters
including 1-8, in the present experiment, are all shown in
Figs. 5, 6 respectively.

In the second experiment, the tracking of the three-axis
angular velocities of the spacecraft are now presented in
Fig. 7. In this case, the desired commands are taken as
0.1, 0.3,0.2°/s to be applied to the approach.

Moreover, the commands applied to the set of thrusters
are shown in Figs. 8, 9 respectively.

In the third experiment, the tracking of the three-axis angu-
lar velocities of the spacecraft are now presented. In the
same way, Fig. 10 illustrates the investigated results, since
the desired commands are taken as 0, 0, 0.3 °/s to be applied
to the approach.
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Fig. 7 The tracking of three-axis angular velocities of the system in
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150

Thruster #1
o
(8,

H—W—’—W—lli

Thruster #2

Thruster #3

Thruster #4
=
(8,

Thruster #5
o )

o o -
T

Thruster #
o
(8,

Thruster #
o
(8,

50 100 150
Time (sec.)
150
150
Time (sec.)
1 —
0 &0 100 150
Time (sec.)
Fig. 8 The thruster’s commands—1:4 in the 2nd experiment
0 10
Time (sec.)
1 .......
50 100 150
Time (sec.)
1=
0 &0 100 150
Time (sec.)

1

Thruster #3
o
(8,

100

1

50 150
Time (sec.)
Fig. 9 The thruster’s commands—>5:8 in the 2nd experiment
: : X-axis
— y-axis
z-axis

Angular Velocity [deg/s.]

Time (sec.)

Fig. 10 The tracking of three-axis angular velocities of the system in

the 3rd experiment
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Fig. 11 The thruster’s commands—1:4 in the 3rd experiment

. S ;

% a0 X pe— Wﬂm o|en ..... 4

@ :

E i |

= 0 50 100 150
Time (sec.)

R — Rl . ]

.3 [ Ty e . J

3 : :

£ O - -

= 0 50 100 150
Time (sec.)

B e — . .

% [z SO0 TR Soe— ) - o

2 :

£ 0B L

= 0 50 100 150
Time (sec.)

- — — ]

Bosl I | m I _

= o

£ 0 .

= 0 50 100 150

Time (sec.)

Fig. 12 The thruster’s commands—5:8 in the 3rd experiment

Moreover, the commands applied to the set of thrusters
are given in Figs. 11, 12 respectively.

In the last experiment, the tracking of the three-axis
angular velocities of the spacecraft are finally presented in
Fig. 13. In the same way, the desired commands are taken as
0.3, 0.2, 0.15 °/s that are applied to the approach.

Moreover, the commands applied to the set of thrusters
are given in Figs. 14, 15 respectively.

Also, in order to verify the investigated results, two ref-
erences, researched in the recent years, are now considered
to be compared as the benchmarks. With this purpose, the
Lin approach is to realize a two-part method for detum-
bling a rigid spacecraft through a set of three-axis magnetic
torque. Hereinafter, the Ovchinnikova approach is to realize
the angular motion of a satellite that is equipped with the
active magnetic attitude control system.
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Table 4 The proposed approach performance verification w.r.t. the corresponding benchmarks

The approach titles

Maximum three-axis angular velocities

Trajectory convergence time (s)

errors in steady state (°/s)

The Lin approach [1] <0.08
2 The Ovchinnikova approach [2] <0.02
3 The proposed approach <0.05

>100
>100
< 30

These research strategies are somehow comparable with
respect to the proposed approach. There are the following
criteria to be analyzed in Table 4 including (1) the maxi-
mum three-axis angular velocities errors in steady state and
(2) the trajectory convergence time, which are all important
to evaluate the approach performances with respect to the
corresponding benchmarks.

As a deduction matter, the results indicate that the pro-
posed approach can be considered regarding the mentioned
items, where the Ovchinnikova approach is well behaved
regarding the item (1) with respect to both the present
considerable approaches. Finally, the proposed approach is
somehow well behaved regarding the item (1) with respect
to the Lin approach and also the item (2) with respect to both
approaches, as well.

5 Conclusion

The realization of the detumbling mode control approach in
the area of spacecraft is important to guarantee the system
stability. It aims the spacecraft to adjust the three-axis angular
velocities in the process of the separation of the spacecraft. It
means that the spacecraft is not truly able to cover a specified
mission if the angular velocities in the three axes cannot be
dealt with, appropriately. With a focus on state-of-the-art in
this area, the present study considers the problem of detum-
bling mode control by proposing the new control approach
in association with the system modelling. It is organized
based upon the closed loop system including the propor-
tional derivative control, the PWPF modulator, the control
allocation and finally the spacecraft dynamics. It is shown
that the responsibility of the present proportional derivative
control is to deal with the angular velocities of the space-
craft in the three axes to guarantee the tracking performance,
in a short period of time, accurately. The PWPF modulator
is realized in association with the control allocation to pro-
duce the required control efforts, at each instant of time, to
satisfy the spacecraft performance. Due to the fact that the
number of required thrusters in the present research is more
than the three-axis control torques, the CA scheme has to
be employed to deal with the thrusters. In fact, the signals,
produced through the control allocation, are applied to a num-
ber of employed on—off thrusters. The idea of the proposed

approach is completed by employing the three-axis desired
referenced generator module, the data conversion module,
the inverse data conversion module and finally the uncer-
tainties and disturbances generator. Finally, the proposed
approach performance is considered through four scenarios
of the experiments. Analysis of the simulation results indi-
cate that the investigated outcomes are able to deal with the
three-axis angular velocities. The proposed approach perfor-
mance is considered once again by comparing its outcomes
with a number of potential benchmarks.
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