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Abstract

A pulse modulation scheme based on two modulation curves is proposed for applications in spacecraft attitude control using thrusters
which may be subject to switching restrictions. These constraints are taken into account explicitly during the design of the modulation
scheme which can implement arbitrary bounded functions between constant modulator input and averaged modulator output.
© 2005 Elsevier SAS. All rights reserved.

Zusammenfassung

Ein Pulsmodulationsschema wird vorgestellt fiir die Lageregelung mit schaltenden Diisen-Stellgliedern und vorgeschriebenen Schalt-
restriktionen. Das Modulationsschema basiert auf zwei Modulationskennlinien, bei deren Entwurf die Schaltrestriktionen ausdriicklich
beriicksichtigt werden. Beliebige beschrinkte Funktionen konnen so zwischen konstantem Modulatoreingang und gemitteltem Modula-
torausgang realisiert werden.
© 2005 Elsevier SAS. All rights reserved.

Keywords: Pulse modulation; Attitude control; Thrusters; Aerospace control; Switching restrictions

Schliisselwdrter: Pulsmodulation; Lageregelung; Diisen; Regelung von Raumfahrtsystemen; Schaltrestriktionen

1. Introduction control actions and are subject to switching constraints. The
most common approaches for thruster activation logic ‘are

Launch and space vehicles may use on-off thrusters direct bang-bang control and pulse modulation.
as actuators for attitude control. Examples are described Bang-bang control is based on classical results from op-
in [1,3,6-8,13-16]. Several types of on-off thrusters are timal control theory [4] and consists of the use of the non-
available such as hydrazine, cold-gas and pulsed-plasma linear actuator “as is”. However, it is difficult to consider
thrusters [1,10,11]. These thrusters produce discontinuous switching réétrictions in the discontinuous optimal control

setting when control laws in feedback form are sought for

—— implementation in embedded controllers.
20()§lxns article should be presented at the German Aerospace Congress Pulse modulatlors .convAert contipuous %nput commands in
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output approximately attains the value prescribed by an arbi-
trary function of the constant input value. Such a function is
chosen at system design stage based on considerations which
are highly dependent on the application. It should be noted
that the quality of the approximation might not be the same
for all modulators.

Pulse modulators are mostly employed in a setup that
entails averaged (output) control values which are pro-
portional to modulator input, thus statically quasi-linear-
ising the switching actuator. In control applications, quasi-
linearisation is useful because physical plants show low-pass
behaviour; the plant attenuates high frequencies introduced
by switching actuators. Thus, quasi-linearisation through
pulse modulation allows for the use of control methods
originally designed for transient control of systems with pro-
portional actuators. However, quasi-linearisation fails at low
switching frequencies which typically occur close to dead-
band regions during limit cycling.

Special pulse modulation schemes have been proposed
and used for launching vehicles and spacecraft control
(e.g. [2,5,12]). In-depth discussion of pulse modulation
schemes in general is available in the literature as well
(e.g. [9]). However, most of these schemes do not consider
actuator switching restrictions which were accommodated
or accounted for with ad-hoc approaches.

Some pulse modulator implementations are composed
of a Schmitt Trigger, a linear filter and a feedback loop
(e.g. [2,12-14,16]). Others make use of modulation curves
implementable in software or firmware [5,9]. Although rec-
ommendations on the choice of parameters for modulators
based on a Schmitt Trigger are found in [12,16], such an
implementation is complex [13] because the final values of
the modulator parameters are often determined on the basis
of a time-consuming trial-and-error approach, until a set of
coefficients is found that meets the constraints on thruster
activation. The design process is comparatively easier for
modulators based on direct modulation curve implementa-
tions such as those discussed in [9].

Proposed in this paper is a pulse modulation scheme
based on a set of modulation curves which explicitly consid-
ers switching restrictions and implements arbitrary bounded
functions between constant modulator input and averaged
modulator output. Such an approach is particularly well
suited for application in attitude control systems. The use
of this modulation scheme does not rely on time-consuming
tuning strategies.

Given in Section 2 is the problem statement which is
solved by the pulse modulation scheme discussed in Sec-
tion 3. Section 4 is devoted to its modification in cases where
additional specifications that were not considered in the pre-
vious sections need to be taken into account. Finally, an
example is found in Section 5 while a conclusion follows
in Section 6.

u(t) € {~U; 0; U}
E—

v(t) w(tye {-1;0; 1} T
pulse switching

modulator actuator
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Fig. 1. Pulse modulator and switching actuator.

2. Problem statement

The problem statement refers to the block diagram re-
ported in Fig. 1, where a switching actuator with one output
u(t) that takes values in {—U; 0; U} is commanded accord-
ing to the switching command w(t) € {—1;0; 1} delivered
by a modulator, as a function of the modulator input v(z).
In the baseline problem, actuator switching is subject ta the
following restrictions:

o Minimum pulse duration (on-time): fon;
¢ Minimum rest between successive pulses: foff.

If all switching restrictions are satisfied, output will be —U
for negative actuator inputs, zero for zero input, and U for
positive inputs. Direct switching from —U to U (or vice-
versa) is not allowed.

A pulse modulator shall be proposed that, from a given in-
put signal v(¢), produces an actuator command signal, w(t),
with the following properties:

o It guarantees proper actuator functioning, i.e. it will not
command a change of actuator output in violation of the
actuator’s switching restrictions;

o It is such that, for constant modulator input v(t) = v,
the average value of u(t) is u,, = f(v¢), where f:R —
[U; U] is an arbitrary function chosen by the de-
signer based on suitable engineering considerations or
mission-dependent requirements. Let f be a function
without dead band, a restriction that will be relaxed later.

3. Solution

Two quantities that allow the determination of a modula-
tor output w(t) which satisfies the constraints presented in
the previous section are now defined according to the repre-
sentation in Fig. 2.

e Tj: time interval between start of ‘pulse k and start of
pulse k + 1 of w(t);
o y: duration of pulse k of w(t).

W(’ ) y G Yerl Yier2
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1
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< > time
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Fig. 2. Generic pulse modulator output w(r).
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Fig. 3. Modulation curves for Ty and y; (f without dead band).

The proposed pulse modulator scheme is based on the imple-
mentation of two modulation curves which specify 7y and
Y« as functions of the modulator input v. Such modulation
curves, illustrated in Fig. 3, can be defined as functions of
[ f(v)|. The sign of modulator output w(¢) depends directly
on the sign of f(v), i.e. for f(v) > 0 pulses of w(z) will be
positive, while w(r) will be negative for f(v) < 0. Modu-
lator output is set to zero if f(v) = 0. The meaning of the
symbol fiin used in Fig. 3 will be clarified later in this sec-
tion.

The following restrictions for 7; and y; result from the
problem statement:

T 2 yi + torr, (D
Vi > Ton- (2)

Inequality (1) guarantees that the specification of minimum
rest between successive pulses is satisfied. Inequality (2) is
required in order to enforce the specification of minimum
on-time. If (1) and (2) hold, switching restrictions will be
satisfied and actuator output will be u(¢) = w(H)U.

Since on the one hand for constant modulator input v =
Ve, ty = f(ve) is specified, and on the other hand accord-
ing to Fig, 2 itis u,, = sign[ f (v:)JU v/ Tk, then modulation
curves must be chosen such that

Ure 1,
77~Umy 3)

Fastest possible switching is desirable in order to attain the
average output prescribed by Eq. (3) also in the low fre-
quency range. This choice implies that Eq. (1) shall hold
with equality whenever possible. From Egs. (2) and (3) it
is seen that equality in Eq. (1) is not possible if y; = to, and
additionally

Uton

lf(v)l = fon +7off4

At this point, it is useful to define the quantity fyin as fol-
lows: )

Uton

fmin =
fon + foff

With these considerations in mind, an expression for the y;
modulation curve is proposed which combines Egs. (1), (2)
and (3):

vo— | T Ve IIf@I2 fn,

Ton otherwise,

The modulation curve for T follows from Eq. (3) as a func-
tion of | f(v)| and 4,

)

Uy
k= (5)
Lf ()]
or, using Eq. (4)
n o | T VWO fun),
Il//(";’;l otherwise.

Egs. (4), (5) and the sign convention for w(?) lead to the
following calculation rules for modulator output calculation:

Algorithm.
Modulator initialisation:

e At t =0 assume w(r < 0) = 0, evaluate f[v(0)] and
calculate y; from (4) and Ty from (5).

o Initialise two auxiliary variables tf (time of last switch
off) and tyn (time of last switch on) as follows: g, =
=T} and tsoff = — T} + pi.

After initialisation, repeat the following calculation rule
(quasi-) continuously to determine w(t) for all positive ¢:
If t > tson > tsofr then

e Calculate y from (4).
o If t — tson <y then w(r) = sign[ f(v)], else w(z) =0
and tyop =1,

Otherwise

o Calculate Ty from (5).
o If t — toir < Tk — i then w(t) =0, else w(t) =
sign[ f(v)] and tso, =1.

4. Solution under additional specifications

If in some application a maximum switching frequency is
specified, such constraint can be enforced by artificially in-
creasing the value originally specified for t,g, since, because
of Eq. (1), maximum switching frequency for constant mod-
ulator input is bounded by 1/(ton + tos).

If (in addition or not) a minimum switching frequency is
specified, then one can let T} saturate at a chosen maximum
period, Tmax, which will result in a lower limit on | £ (v.)| for
which the modulator will work as originally specified. This
limit is
700y = 52

Tmax
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Fig. 4. Modulation curves for T and y (f with dead band).

For lower values of | f(v.)] the result at actuator output will
be uy = sign[ f(ve)](Uton/ Tmax). This, however, is not a
drawback of the pulse modulation scheme proposed, but an
intrinsic limitation imposed by the minimum switching fre-
quency specification. _

When a maximum on-time ty,y is specified for the actua-
tor, the modulation curve for y; is chosen to saturate at #ay.
In this case the maximum mean value achievable at actuator
output is

_ Utmax
!max T Loff

and f will be implementable (in the sense of the problem
statement in Section 2) only if f:R — [~Umax; Umax]-

If f has a dead band, a frequent feature in rocket and
satellite control systems [2,12-14,16], then y; = O is as-
signed as long as the value of f is zero. Fig. 4 shows a typical
yx modulation curve for this case.

If the actuator in use is such that pulse duration is fixed,
say at fon, then the modulation scheme degenerates to pure
pulse frequency modulation and one must choose the follow-
ing modulation characteristics:

= Umax < U,

Um

y/( EtDny
T, = Uton .
Lf ()]

In practical cases, it may happen that a certain minimum
rest fofr; is specified for successive pulses in the same di-
rection and a different minimum rest fof, is specified for
pulses in opposite directions. In this case, the pulse modula-
tion scheme must be applied with a context dependent value
selection for fo¢ to provide feasible use of actuators. Since
sign inversion at modulator output is usually a sporadic oc-
currence during a transient, such as the initial response to a
large attitude error, performance will be similar to that of a
system with fogr = tof1 -

5. Example

As an illustration.example, the single axis attitude regula-
tion of a rigid body satellite using on-off rocket actuators is
considered along the lines in [2] and references therein. The
block diagram of the controlled system is given in Fig. 5,
where ¢ designates the attitude angle, I is the inertia mo-
ment, K1 and K, are controller gains to be designed. Two
integrator blocks model the rigid body dynamics, with a state
space form given by

X = Ax 4+ Bu,

00 1
—_ — | 7
a=[i o) m=[d]
C=[0 1], D=0.

This is called the nominal system model. In Fig. 5 it is com-
plemented with features not taken into account in the cited
references, such as thrust build-up dynamics and thruster
switching restrictions. When switching on a thruster, the
nominal thrust value will not be available instantaneously.
A model for the underlying dynamics can be identified from

o T dgrds y
v pulse . '
“*’( - modulator »! Actuator » /s » 15 >
_ A
K
-+ ,
v,
K
noise
— switching | ——30
I »
Wienns G+6006+80) |

Fig. 5. Control loop.
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the thruster’s step response. In the block diagram in Fig. 5,
the transfer function

4800
(s + 60)(s + 80)

represents thrust build-up dynamics, which will be viewed as
a perturbation of the nominal system, since in practice H (s)
may vary with time and operation conditions. The thrusters
produce a torque of 2 [Nm] when switched “on”, subject
to the following switching-time restrictions: a minimum on-
time to = 0.01 [s]-and a minimum time-between-pulses of
toft. = 0.05 [s]. The inertia moment is assumed to be I =
1000 [kg m?].

Because of its robustness properties, linear quadratic reg-
ulator design [4] was used to determine controller gains for
the example problem. The cost function

H(s)=

[o0)
J= /(x'Qx + Ru?)dt
0

penalises attitude error and fuel consumption. Some experi-
mentation with different values leads to the following choice
of Q and R:

20 0
Q—[O 0_]], R =0.001.

These weights yield state feedback gains K = 200 and
K7 = 10 and result in nominal attitude regulation response
without overshoot. Furthermore, for initial attitude errors of
10 degrees control values stay within actuator range, i.e. be-
low 2.0. The control law resulting from the minimisation of
the performance index J was implemented in the control
loop given in Fig. 5. In order to quasi-linearise the actua-
tor f(v) was chosen as:

2sign(v), |v]>2,
fwy=4v, 2> |v] > 0.04,
0, lv] £0.04.

The dead band of 0.04 was adopted to keep actuators
switched off for small attitude rates and errors. Such use
of dead bands is a common procedure in attitude control
systems to allow for fuel economy [12,16].

The characteristics of the pulse modulator curves were
chosen according to the approach and considerations dis-
cussed in Sections 3 and 4, i.e.

0051 fw) 1
yi = 'thvﬂ‘ 1f‘if(v)| >3,
0.01 otherwise,
and
2k
Ty = .
|f ()]

In Fig. 6 the responses of the linear double integrator sys-
tem and the fourth order pulse modulation control system of
Fig. 5 to an initial attitude error of 11.25 degrees are com-
pared. All other initial states were set to zero. Consolidated
measurement noise (see noise injection point in Fig. 5) used
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Fig. 6. Attitude control system responses to an initial attitude error of 11.25
degrees (other initial states are zero): (a) solid line: output of nominal reg-
ulated second order system; dashed line: output of system from Fig. 5;
(b) solid line: control value for nominal regulated second order system; grey
line: “switch output” u(t) in Fig. 5; zoom into (b).

in the simulation was Gaussian with a variance of 1074,
Feedback uses attitude angles measured in [rd] and attitude
rates in [rd/s].

As expected, the responses given in Fig. 6 are very simi-
lar and the small difference is due to the presence of the dead
band, the model perturbation H(s) and the sensor noise in
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the system of Fig. 5. However, very large initial conditions
may lead to the incapacity of the modulator to produce an
output such that u,, = v. This will happen for initial condi-
tions that demand v(0) > 2, which is 10¢ (0) 4 200¢(0) > 2,
considering the relationships given in Fig. 5. In such cases
system transient response will be similar to that of the nom-
inal controlled system with saturated actuator.

Although the response of the pulse modulated system is
similar to that of the linear system in the transient phase,
during precision control, i.e. t+ > 100 [s] in Fig. 6(a), the
modulated system enters a region of persistent, small ampli-
tude motion not very noticeable in Fig. 6 because of chosen
scales. This is a well known phenomenon for switching at-
titude control systems (e.g. [1-3,91). The amplitude of this
motion depends on the linear subsystem as well as the mod-
ulator parameters. In particular, it can be adjusted iteratively
varying the dead band size. A detailed discussion of persis-
tent small amplitude motion in pulse modulated systems is
found in [9]. That discussion, however, does not explicitly
consider switching restrictions. Nevertheless, it may be used
in combination with the modulation curves derived here, be-
cause the resulting modulator guarantees non-violation of
the restrictions.

6. Conclusion

The approach to pulse modulation presented in this paper
is suitable for determining the modulation curves in atti-
tude control applications with actuators subject to switch-
ing restrictions. Switching restrictions such as maximum
and/or minimum switching frequencies, maximum and/or
minimum on-times and minimum rest between successive
pulses are enforced in a systematic way at design time and
simulations are needed only for verification purposes.

The modulation algorithm is suitable for quasi-continuous
implementation and uses two modulation curves, one for the
time interval between successive pulses, one for pulse dura-
tion. It can implement arbitrary bounded functions between
constant modulator input and averaged modulator output.

An example illustrates the design of the modulation
curves for a quasi-linear implementation of a linear quadratic
attitude regulation law. Simulation was used to verify system
performance in the presence of white measurement noise.

Acknowledgements

The first author is on leave from Instituto Tecnolégico
de Aerondutica, Brazil, and acknowledges partial support

by the Alexander von Humboldt Foundation, Germany, and
Fundacdio de Amparo a Pesquisa do Estado de Sdo Paulo,
Brazil.

The authors thank two reviewers for valuable comments
and suggestions which led to a substantial improvement of
this paper.

References

[1] N.N. Antropov, G.A. Diakonov, M.N. Kazeev, V.P. Khodnenko, V.
Kim, G.A. Popov, A.L. Pokryshkin, Pulsed plasma thrusters for space-
craft attitude and orbit control system, in: Proc. 26th International
Propulsion Conference, vol. 2, Kitakyushu, Japan, 1999, pp. 1129~
1135.

[2] G. Avanzini, G. Matteis, Bifurcation analysis of attitude dynamics in
rigid spacecraft with switching control logics, J. Guidance Control Dy-
nam. 24 (2001) 953-959.

[3] A.L. Broadfoot, Remote sensing from the space shuttle and space sta-
tion, Adv. Space Res. 19 (1997) 623-626.

[4] A.E. Bryson, Y.-C. Ho, Applied Optimal Control: Optimization, Esti-
mation and Control, Revised Printing, Hemisphere Publishing Corpo-
ration, Washington, DC, 1975.

[5] M.O. Hilstad, A Multi-Vehicle Testbed and interface framework for
the development and verification of separated spacecraft control algo-
rithms, M.Sc. Thesis, MIT, Cambridge, MA, 2002.

[6] H. Weidong, Z. Yulin, Rate damping control for small satellite using
thruster, Acta Astronautica 55 (2004) 9-13.

[7] R.E. Martin, Atlas Il and IIA analyses and environments validation,
Acta Astronautica 35 (1995) 771-791.

(8] R.S. McClelland, Spacecraft attitude control system performance us-
ing pulse-width pulse-frequency modulated thrusters, M.Sc. Thesis,
Naval Postgraduate School, Monterey, CA, 1994,

[9] E. Noges, PM. Frank, Pulsfrequenzmodulierte Regelungssysteme,
Oldenbourg, Miinchen, 1975.

[10] J.G. Reichbach, Micropropulsion system selection for precision for-
mation flying satellites, M.Sc. Thesis, MIT, Cambridge, MA, 2001.

[11] H. Rom, A. Gany, Thrust control of hydrazine rocket motors by means
of pulse width modulation, Acta Astronautica 26 (1992) 313-316.

[12] G. Song, N.V. Buck, B.N. Agrawal, Spacecraft vibration reduction us-
ing pulse-width pulse-frequency modulated input shaper, J. Guidance
Control Dynam. 22 (1999) 433-440.

[13] M.P. Topland, Nonlinear attitude control of the micro-satellite ESEO,
M.Sc. Thesis, Norwegian University of Science and Technology,
Trondheim, 2004,

[14] M.P. Topland, J.T. Gravdahl, Nonlinear attitude control of the mi-
crosatellite ESEQ, in: Proc. 55th International Astronautical Congress,
Paper IAC-04-A.P.12, Vancouver, Canada, 2004.

[15] C. Tournes, Y.B. Shtessel, E. Wells, Upper stage rocket guidance
and control using discontinuous reaction control thrusters via sliding
modes, in: Proc. 1997 American Control Conference, vol. 4, Albu-
querque, NM, 1997, pp. 2547-2551.

[16] L.E. Vaeth, Compatibility of impulse modulation techniques with atti-
tude sensor noise and spacecraft maneuvering, [EEE Trans. Automat.
Control 10 (1965) 67-76.




