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Abstract: This paper outlines a method of developing a quaternion attitude guidance and con-
trol system for a rigid body suborbital spacecraft using cold gas thrusters over a short-duration
mission. It has been specifically developed for integration aboard the Thunderstar spacecraft of
Starchaser Industries, a three-man capsule designed for space tourism. The system described
consists of three principal components: an autoflight computer that generates incidence and
roll rate demands from analysis of the predicted flight path trajectory, a quaternion controller
that produces a demand torque, and a pulse-width pulse-frequency modulator that determines
the necessary thruster fire signals. The spacecraft attitude and flight path dynamics are defined
within the upper to middle Earth atmosphere together with the cold gas thruster dynamics. The
effect of disturbances on spacecraft attitude has been investigated and the most significant found
to be due to crew motion and aerodynamics. The system concept has been evaluated through
modelling in SIMULINK and has been found to meet the requirements laid out for a typical
Thunderstar mission.
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1 INTRODUCTION

Manned suborbital spaceflight has attained consider-
able attention recently, particularly with the success
of SpaceShipOne in winning the Ansari X-Prize and
the partnership announced between Scaled Compos-
ites and Virgin [1]. It reflects a growing trend in the
development of the space tourism industry, a mar-
ket identified with the potential to gross $10 billion in
the coming decades [2]. Although suborbital space-
flightis considered by most to be only an intermediate
goal to opening up access to space, the development
of these systems is critical for companies wishing to
enter the space tourism market, especially in terms of
fostering expertise and generating revenue.

However, suborbital spacecraft cannot just be
thought of as reduced versions of their orbital coun-
terparts; some issues can be considered in common,
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although others will be distinct. As the majority of
research in recent decades has focused on orbital
and beyond spaceflight, it is necessary to ensure the
assumptions made by work in these fields can be
applied to suborbital conditions.

The Thunderstar capsule and its Starchaser 5
launch vehicle are currently under development at
Starchaser Industries. The capsule can carry up to
three crew to a maximum altitude of 150km, dur-
ing which time a number of manoeuvres need to be
performed and for which an active attitude control
system is required.

Control of attitude using quaternion feedback is
an established concept [3-7]; however, most of the
work has been based on orbital or deep space mis-
sions. Suborbital spacecraft present a unique prob-
lem because the timeframe for manoeuvres is many
orders of magnitude smaller, requiring highly respon-
sive control dynamics for large rotation angles. The
intention of this case study is to develop an over-
all control architecture for the Thunderstar capsule,
including the identification of suitable control laws
and a top-level hardware specification. This is used
to evaluate system feasibility and to highlight key
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Fig.1 Body axes coordinate frame for the Thunderstar
spacecraft

considerations of applying such a system to a sub-
orbital spacecraft.

1.1 Thunderstar attributes

The attitude of the Thunderstar will be controlled
by a set of 12 nitrogen cold gas thrusters, arranged
in opposing pairs to minimize any off-axis coupling.
Excluding small perturbations to be discussed later,
it has been assumed that the capsule is axisymmetric
about its longitudinal x-axis. Figure 1 gives the body
axes coordinate frame for the spacecraft, and Table 1
describes the basic attributes of the Thunderstar
capsule.

1.2 Mission parameters

The Thunderstar capsule will be lifted to an altitude of
around 100-150 km by a single stage rocket known as
Starchaser 5. Once separated from the rocket and the
launch escape system (LES), the active attitude con-
trol phase of the mission will begin. During this phase,
it is required that the spacecraft undergoes a specific
schedule of manoeuvres particular to the Thunderstar
mission specification as depicted in Fig. 2. Relevant
mission parameters are given in Table 2.

First, the capsule must stabilize itself following
separation from the LES tower (phase I). Assum-
ing a nominal mission scenario, the capsule is then
required to roll about its longitudinal axis at a set rate
(phases II and III). This is in order that the crew (pas-
sengers) get a good view of the Earth, moon, and other
features through the portholes. This rotation will con-
tinue throughout the microgravity phase and has the

Table 1 Spacecraft parameters

Parameter Value
Mass (m) 1400 kg
Roll inertia (Jyy) 250 kg m?
Pitch/Yaw inertia (Jy, /) 970 kg m?

Centre of gravity location (from capsule base) (X¢g)  2.65m

Capsule length (X) 3.70m
Main body radius (R) 0.80m
Cabin range from centre of gravity (x) +0.85m
Cabin radius from centre of gravity (r) +0.70 m
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Fig.2 Flight path and attitude dynamics over the active
attitude control period

Table 2 Mission parameters

Parameter Value
Separation velocity (u) 1.3kms™!
Separation altitude (hasc) 70 km
Start of microgravity phase (/mic) 85km
Apogee altitude (hmax) ~150km

Drogue chute deployment altitude (hpar) 48km
Required capsule rotation rate (1) 3r/min
Time to acquire rotation rate (n) () 2s
Duration of active attitude control (fye) ~5min

secondary effect of giving some spin stabilization to
the capsule.

As the capsule descends, it must reorientate itself
into a nose-up vertical attitude and reduce the roll
rate to zero in preparation for parachute deployment
(phases IV and V). The magnitude of reorientation
required is dependent on the dynamic pressure and
the spin rate during phases I-III: due to the inherent
aerodynamic directional stability of the capsule, high
dynamic pressure, e.g. due to a low mission apogee,
will tend to increase the angle through which the cap-
sule must be reoriented. In contrast, increased spin
rate will mitigate the effect of aerodynamic torques,
and hence reduce the required reorientation angle.
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Guidance and control system for the Thunderstar suborbital spacecraft 261

The worst case is a reorientation angle of 180°. Note
that de-spinning is critical to the safe operation of
the capsule in order that the parachutes chords do
not become tangled. Furthermore, during this time
(phase VI), other attitude and rate deviations should
be minimized. As the attitude control system is criti-
cal to the safe operation of the capsule, it is expected
that its systems be at least singularly redundant.

At the end of the active attitude control phase, and
prior to deployment of the primary parachute, it has
been found from simulations performed in this work
that a drogue chute should be deployed to provide
further aerodynamic stability and increase capsule
drag as it enters the denser atmosphere. The nominal
altitude selected for this deployment is 48 km (based
on the evaluation of the simulation presented in
section 6.1). The primary parachute will be deployed
at 30 km.
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Fig.3 Overview of the simulation processes

1.3 Simulation process

The definition of the simulation process is critical to
the future development of the system model; it needs
to be flexible and open to allow additional subsystems
to be added and existing modules to be modified. Fol-
lowing a review of published simulation approaches,
it was decided to adopt a modified and reduced ver-
sion of the architecture proposed in reference [8].
A summary of the simulation processes required is
shown in Fig. 3.

2 SPACECRAFT ATTITUDE DYNAMICS

2.1 Rigid body dynamics

Euler’s equations for a spinning body written about
the principal reference frame with J,, = J.;, and rear-
ranged to make angular momentum the subject
reduce to those given in equation (1). Note that
the pitch and yaw rotations are coupled due to the
inequality (Jyx # J,, = J;) in the inertial matrix, J. This
will result in the motion about an axis even when
no moment has been applied about that axis [9].
Note also that the torque vector, T, includes both
disturbance and control torques

0
]0) = T_ (]zz _]xx) Wy Wz (1)

(e = ) @20y

Because of the rotational symmetry of the capsule,
the aerodynamic forces and moments may be conve-
niently represented as functions of a single reference
angle, namely the absolute incidence, o, defined as

coso =X -V =cosacosp 2

where X is the unit vector in the body axis x, V the
capsule velocity vector, and « and 8 the angle of attack
and sideslip, respectively.

2.2 Control torques

An actuation cycle for a generic cold gas thruster,
based on linear simplifications adopted from refer-
ence [9], is shown in Fig. 4. The thruster torque profile
reflects both the processing lags due to the controller
and the lags due to the dynamics of the gas as it passes
through the valve. The controller delays, #,; and t;,4
may be estimated with knowledge of the processing
required and will be relatively small when compared
with the fluid dynamic lags. For the present study, the
controller lag was taken as 20 ms. On the basis of ref-
erence [10], the lags in the fluid dynamics producing
therise, t,,, and fall, #,5, times have been estimated as
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Fig.4 Torque profile of a typical cold gas thruster
(dashed line, typical performance; solid line,
approximated)

120 and 300ms, respectively. In actuality, the lag
values will be a function of the delivered thrust design
point of the device. Typically, this information would
have to come from experiments on the actual flight
hardware.

The maximum control thrust delivered by the
thrusters can be made insensitive to the supply pres-
sure by installing an appropriate step-down pressure
regulator in the system. This allows a thrust schedule
for a specific operation to be closely estimated prior
to any manoeuvre. Equation (3) may be used to esti-
mate the total maximum torque, T, that may be
required for manoeuvring about an axis of rotation.
The acceleration limit, a;;,,, has been defined based
on the maximum rate and time to acquire rate mis-
sion parameters given in Table 2. The thrust factor, k;,
is a variable in the model and accounts for any dis-
turbance effects (discussed in the next section) that
could influence the spacecraft and must be positive
and non-zero. For all the following work, the thrust
factor hasbeensetas0.2. Thisis based on the assump-
tion that the disturbance torques will be not greater
than 20 per cent of the control for any significant time

Tmax = ]alim(]- + kt) (3)

Having calculated the maximum torque, the magni-
tudes of thrust required in each of the thrusters can
be evaluated from the ratio of moment arms acting
for a rotation in a positive and in a negative direction
(Table 3). The total mass flow through the system is
obtained using equation (4), where F is the summed
thrust magnitudes from the 12 thrusters and I, the
specific impulse of the gas measured at sea level.
For the present work, the specific impulse for nitro-
gen cold gas is taken as 60s based on data from
reference [11]

_ XA

(4)
Isng

g
Finally, the thrust impulse, maximum frequency, and
minimum deliverable torque may be determined
based on the system lags stated earlier, with a small

interval period, t;, of 5ms for control reversal within
the processors. As the controller lags were assumed
constant over all the thrusters, it follows that the
maximum frequency, which is a function of their sum-
mation and given in equation (5), will be constant and
is found to be around 20 Hz. The minimum deliv-
erable torque from a single firing follows from the
thrust impulse and is averaged over the minimum
cycle time. Table 3 summarizes the findings from the
analysis of the thrusters, noting that the direction of
positive and negative torques are defined in Fig. 1.

1 1
tcyc,min Toy + 34 + 2l‘rev

fmax = 5)

Owing to the difficulties in aligning the roll thrusters
with the longitudinal location of the centre of grav-
ity, there are some secondary torques associated with
them, indicated by the grey shading. As a percentage
of the torque provided in the primary roll plane, the
roll thrusters provide secondary torques equating to
10.5 and 2.6 per cent in pitch and yaw, respectively.
Assuming normal operation, when both thrusters are
fired at the same time, these will cancel out; however,
in the event of a single failure, these secondary torques
may not be ignored.

2.3 Disturbance torques

When modelling disturbances to the spacecraft atti-
tude, both those internal and external to the system
need to be considered. The disturbances internal to
the capsule will alter the centre of gravity and iner-
tia matrix of the spacecraft and could be caused by
crew motion, hardware motion, or fuel slosh. With
no large moving parts expected within the capsule,
hardware motion should be negligible and so will not
be considered further. Unlike most orbital missions,
the fuel fraction aboard the capsule will be small,
being no more than 0.01 by mass. As the tanks will
also maintain a near constant pressure and be rel-
atively low in volume (<0.02 m?®), fuel slosh should
be minimized and so will not be considered in the
simulation.

Crew motion will be restricted to the micrograv-
ity phase when the occupants are free to move about
the capsule. With reference to the capsule mass,
it is expected that the crew mass fraction will be
around 0.17. This is very high in comparison to
other orbital and suborbital capsules. Although com-
plex models for analysis of crew motion do exist,
since the cabin is located at the centre of grav-
ity and allows only restricted movement, it should
be sufficient to simulate the effects through Brown-
ian noise. The noise power is defined by assuming
a crew of three, each capable of transferring an
RMS-averaged force of 9N [13] anywhere within the
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Table 3 Thruster characteristics

Impulse (N/s) Torque (Nm)

Thruster s (mm) F(N) Rise Fall Roll Pitch Yaw Min
1 Positive roll Sd 873 27.0 224.9 90.0 23.6 2.6 0.6 2.0
2 Negative roll Sd —873 27.0 224.9 90.0 -23.6 —2.6 06 —2.0
3 Positive pitch Fore 2314 39.5 329.2 131.7 0.0 91.4 0.0 7.8
4 Negative pitch ~ Fore = —2314 39.5 329.2 1317 0.0 —91.4 00 7.8
5 Positive yaw Fore 2314 39.5 329.2 131.7 0.0 0.0 91.4 7.8
6 Negative yaw Fore —2314 39.5 329.2 131.7 0.0 0.0 -914 78
7 Positive roll Port 873 27.0 224.9 90.0 —23.6 —2.6 —0.6 2.0
8 Negative roll Port —873 27.0 224.9 90.0 23.6 2.6 —-06 2.0
9 Positive pitch Aft 1512 60.5 503.9 2015 0.0 91.4 0.0 7.8

10 Negative pitch ~ Aft —1512 60.5 503.9 2015 0.0 —91.4 00 7.8

11 Positive yaw Aft 1512 60.5 503.9  201.5 0.0 0.0 91.4 7.8

12 Negative yaw Aft —1512 60.5 503.9 2015 0.0 0.0 -914 738

limits of the cabin range (Table 1). External torques
from the environment could come from a num-
ber of sources: aerodynamics, the gravity gradient
acting across the spacecraft, the Earth’s magnetic
field, or solar radiation. Reference [7] reports that
the only disturbance torque of significance at alti-
tudes <500km is due to aerodynamics, although
this work was primarily concerned with a space-
craft whose mission duration is 10* greater than the
Thunderstar. Therefore, further analysis of the aero-
dynamic effects has been performed to establish
its influence over this high-altitude, short-duration
mission.

The aerodynamic forces and moments acting on the
capsule may be modelled as a function of the abso-
lute incidence (equation (2)), centre of pressure, and
Mach number [13]. Values for the centre of pressure
and normal force as a function of Mach number and
absolute incidence were calculated using a method
provided by ESDU [14] applied to a simplified cap-
sule geometry. Axial force was estimated from data
in reference [13]. Aerodynamic data were accessed by
the simulation via a precomputed two-dimensional
look-up table.

3 SPACECRAFT SYSTEM DEVELOPMENT

This section introduces the method of attitude guid-
ance and control proposed by this case study. Key
aspects of other subsystems are developed in order
to establish their interaction with the primary sys-
tem and so create a higher fidelity simulation. The
subsystems considered are the sensor system used
to provide feedback to the control laws, the thruster
dynamics, and the propellant supply system used to
deliver nitrogen to the thrusters.

3.1 Attitude guidance and control system

Numerous actuation methods for attitude control
have been proposed and utilized on spacecraft, of
which momentum devices and torque thrusters are
the most common [11]. For the present application,
therelatively high values of torque required during the
reorientation manoeuvre leads to a significant mass
penalty for momentum devices [11], leading to choice
of torque thrusters as the preferred actuation method.

During the active attitude control phase of the mis-
sion (Fig. 2), the guidance system outputs values of
spacecraft attitude and rate demand as a function of
spacecraft position. The attitude control system then
orientates the vehicle to meet the demanded values.
The guidance system uses an Earth-fixed reference
frame, whereas the attitude control system uses a
body-fixed reference frame.

The control process essentially consists of finding
the answers to two problems, one continuous and one
discrete, within a feedback loop.

1. Given an attitude error or an angular rate error,
how much torque demand is required to achieve
the control objectives?

2. Given a torque demand, which thrusters should
fire and for how long to achieve the control objec-
tives to within a specified accuracy?

The first part of the problem has been solved using a
generic quaternion attitude control technique devel-
oped byWie and Barba [4]. As a method for describing
attitude, quaternion representation offers significant
advantages over Euler angles and other techniques.
Quaternions exhibit no inherent singularities in geo-
metrical orientation or differential rates, while still
conforming to basic mathematical rules for addition
and non-commutative multiplication [15, 16].
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The second part of the problem is suited to the use
of sliding mode theory [16-18], which is frequently
used in thruster control systems; this has been imple-
mented in the feedbackloop using signal modulation.
Sliding mode theory divides the state space of the sys-
tem into discrete domains, where each thruster can
be on or off. By arranging the thrusters into three sets,
each aligned about a primary axis of rotation, the state
space will now be divided into three discrete domains
per set. With reference to Table 3, the three domains
are: positive on, negative off; positive off, negative on;
and all off. The positive on and negative on regions are
defined by the switchingline, which may be expanded
to include the deadband, where all thrusters in a set
are off; this has been implemented using a Schmitt
trigger [11, 19]. The inclusion of a deadband ensures
that the thrusters do not fire for small perturbations
in angle or rate, thus wasting propellant. As the torque
profile does not rise or fall instantaneously, the aver-
age torque, T, will increase with the thruster cycle
time, fy, and will tend towards the maximum torque,
Tmax, @s in equation (6) (times are defined in Fig. 4).

(6)

Tug = Tones [1 _ lor +1/2 (T2 + tt45):|

tcyc

3.2 Thruster and propellant supply systems

For this case study, a cold gas thruster and supply
model that can be used for a number of purposes has
been developed: to evaluate nitrogen usage, to exam-
ine the effect of system failure modes, and to generate
instrumentation data for the purposes of crew train-
ing. Following a failure modes and effects analysis
using this model, it was identified that a propellant
leak from the thrusters could lead to a catastrophic
failure. On this basis, a decision was made that the
system should be at least a dual redundant, twin tank
arrangement with a crossover feed. The proposed sys-
tem is shown in Fig. 5, with the valves set for standard
operation.

A thruster subsystem has also been developed as
part of the spacecraft preliminary design and is shown
in Fig. 6. It consists of the electromechanical and
solenoid valves immediately before the thruster and
its nozzle (all elements after the cock valves shown in
Fig. 5).

To protect against a solenoid malfunction where a
continuous flow of nitrogen emits from the nozzle,
further control logic has been added to the elec-
tromechanical valve. With this closed loop system
attached to the thrusters, uncontrolled firings may
be prevented in milliseconds, rather than requiring
the crew to react (leading to much higher angular
rates). The logic ensures that if a pressure is mea-
sured above the threshold, indicating that the thruster
is emitting nitrogen but a fire command has not been
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received from the control laws, the electromechani-
cal valve shuts. An override switch allows the crew to
take over control of the valve should this system itself
malfunction.

3.3 Attitude and altitude sensor system

The attitude sensor system for the spacecraft will pri-
marily consist of dual-redundant laser ring rate gyros,
which will be used to measure rates and integrated to
find angles. On the basis of reference [11], the sample
rate of the gyros is expected to be of the order of 25 Hz,
with a drift of 2.0° h~! and walk of 0.3° h~'/2. The ini-
tial pointing error has been estimated as 0.5°; this is
therefore the largest contributor to uncertainty in the
attitude for the short duration of the active attitude
control phase (~6 min). In order to maintain pointing
accuracy over the mission, this will require connec-
tion to the Starchaser 5 sensor systems through an
umbilical during the high-vibration environment of
powered rocket flight.
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Fig.7 Interactions within the attitude control systems

For altitude (and velocity), a global positioning sys-
tem (GPS) receiver has been selected. For additional
redundancy at low altitudes, static and dynamic pres-
sure sensors will also be utilized. On the basis of
tests performed on suborbital sounding rockets, it is
expected that the GPS performance accuracy will be
at least +2 km and +100 m/s [20].

3.4 System integration

The simulation process is intended to reflect the
entirety of the Thunderstar system, initially encom-
passing those systems related to attitude control, but
with the potential for expansion. Figure 7 shows the
systems interactions that were considered in the ini-
tial development of the simulation; it covers the three
systems outlined in section 3 and defines the cockpit
interface required for manual flight control.

4 ATTITUDE GUIDANCE AND CONTROL SYSTEM

The control laws of the system are established in this
section, with the gains and modulation characteristics

defined and related to the system specification.
Although in off-nominal conditions manual control
may be required, control through the autoflight is
the primary mode of operation for the Thunder-
star capsule. Consequently, this section focuses on
the autoflight and the generation of a schedule of
demands for the control laws, rather than considering
frequency responses and human factors of the sys-
tem. Finally, the limitations in the laws are discussed,
and methods to compensate for this by updating the
control laws are suggested.

4.1 Control law development

Equations (7a to c) give the three sets of control
laws proposed in reference [4] for setting the demand
torque, T4. The control laws have been modified such
that the command torque and rate gains appear in
diagonal matrices; this will prove useful in later anal-
ysis. The control laws have a single quaternion gain,
Ky, and a diagonal matrix of three rate gains, K, to be
defined

Ty = —T. [Kogy5 + Ko (7a)
K
Ty = —T. [_gqls + Kw] (7b)
9o
Tq = —T. [sign (qo) Kog,3 + Ko| (70)
with
Txx,max 0 O
T, = diag [ Tiax] = 0 T}y, max 0
0 0 T2z max
K. 0 0
K=|0 K, 0
0 0 K.

It was found that equation (7c) provided the most
robust solution at any initial orientation without the
possibility of an infinite control signal, although all
would be suitable for inclusion if required. The key
differences in the responses of the control laws lie
with two performance criteria. First, when the Euler
angle error approaches 180° (implying g, — 0), and
secondly, when an orientation of >180° is demanded
(implying qo < 0). If go =0, it is possible that the
gain in equation (7b) can become infinite, although
in doing so, it does allow a more flexible control
compared to equation (7a), which ignores the value
of g, and hence the required direction of rotation.
Equation (7c) is a composite of the two preceding
laws, therefore providing: ‘an efficient reorientation
manoeuvre for an arbitrary initial orientation without
the possibility of an infinite signal’ [4]. In its present
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form, the control law will suffer from a number of lim-
itations if implemented into the Thunderstar, which
needed to be addressed by the present work.

1. The control law assumes instantaneous (infinite
jerk) thruster profiles; the actual cold gas thrusters
will have much more variance in the possible con-
trol torques with respect to the maximum. As has
been shown in equation (6), the average torque
only tends towards the maximum; if the cycle time
is low, the total impulse will also be significantly
lower than that assumed by the control law.

2. The control law assumes that each thruster set acts
onlywithin a single control plane; this is true for the
thrusters to be employed on the spacecraft, except
in roll following a single failure. In this case, roll
demands will cause moments about all planes and
could lead to excessive propellant use.

3. The control law does not allow angular rate
demands; for the present work, this is a require-
ment for the roll axis in autoflight and during
manual control.

Assuming a thruster period resulting in a frequency
not lower than 1Hz, and including rise and decay
responses, the effective torque range is between 8
and 75 per cent of the maximum, T, For attitude
hold manoeuvres, a high torque is not required and
therefore a lower control torque could be imposed
in the control laws, saving propellant reserves at the
expense of reduced peak acceleration [17]. When a
large orientation or rate is required, then the system
can be programmed to switch to a higher magnitude
control torque. In the current implementation, the
switch is operated by the autoflight, as the manual
flight control is assumed to be fixed rate (and hence
fixed mode). Through numerical analysis of the mode
factor with respect to the maximum torque and the
resultant acceleration and rate, the control torque was
setwith amode factor of MFy,,, = 0.4 and MFy,;g, = 1.0
for low and high modes, respectively.

Failure compensation in the control laws can be
implemented by making use of the control torque
matrix introduced earlier. In the no-failure case, the
matrix would remain diagonal, but if a thruster fail-
ure results in a cross-torque, it can be modified to
prevent instability (cross-torque is only applicable
to the failure of a roll thruster in this spacecraft;
Table 2). By including the negated values of these sec-
ondary torque terms, it follows that every time a roll
demand that results in secondary torques is made, the
control system can be induced to fire pitch and/or
yaw thrusters to compensate as necessary. This is
shown in the updated control torque calculation in
equation (8), which also includes the mode factor.
Obviously, it is required that the compensation is only
applied when the torque demand is of the same sign

as the cross-torquing thruster (i.e. the thrusters caus-
ing the cross-torque will fire) and so some logic, such
as that outlined in equation (9), is required

Txx,max 0 0
T.=MF| T, Tymx O with
Tex 0 Tezmax
Tyx = —1lijya T = — i,z (8

4o sign[T;.] — sign [sign[qs1Koq1 + Kixox |
N 2

©)

The implementation of a torque demand from rate is
relatively simple, as the pulse-width pulse-frequency
(PWPF) modulator, discussed next, can filter any
excessive or low torque demands. By analysing the
measured angular rate compared with the demanded
one in the autoflight, integrating the result, and
then transforming into quaternions, an effective rate
demand can be synthesized, as in equation (10)

Gy = J Fl@a—) - ds (10)

4.2 Control law gains

It is generally found that the gains in an (orbital)
spacecraft proportional derivative controller should
be set as in equation (11) [21]; from the present work,
it has been found that these are also suitable val-
ues for the suborbital control system considered here.
Although not implemented in the present work, it
would be possible to generate modified gains for the
failure cases. This would be particularly useful if the
cross-torques represented a significant proportion of
the maximum torque, which would occur if there was
greater misalignment of the thrusters with respect to
the principal axes

Ky ~ 20T (11a)
K~ 2¢w,JT." (11b)

For the present case study, a critically damped
response has been selected, i.e. ¢ = 1.0, based on the
recommendations of reference [19]. With a constant
damping term, the time response of the system will
be dependent on the closed-loop natural frequency,
wy. Selecting a system with a low-natural frequency
(wn, < 1/27 rad) ensures the control system is sta-
ble [11]. Figure 8 shows the number of thruster firings
(an indication of stability, as the system should be
seeking to attain a steady state where no firings are
required) against the closed loop natural frequency;
a value of w, = 1/4x rad was used in the simulation
(marked ‘X’ on the plot).
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Fig.8 Relationship between number of thrusters
firings and closed loop natural frequency

4.3 Pulse-width pulse-frequency modulation

Taking the modulator gain to be at unity, i.e. K, = 1,
and the Schmitt trigger output equal to the maxi-
mum torque, Uy, = T, the equations for the time
behaviour of a PWPF modulator can be simplified
from those described by Sidi [11], giving those in
equations (12a and b)

H
ton=—TpnIn|(1—- ——+—— 12
- n( Tmax_Td+Uon) ( a)
H
fof = —TmIn (1 - ——— 12b
! " n( Td_Uoff> (12b)
with
HZUon_Uoff

The modulator behaviour now depends on three
variables: the time constant, 7, and its on and off
thresholds, U,, and U,. The on and off thresholds
correspond to the deadband required, which can be
partially determined by looking at the characteristics
of the thruster, remembering that it is undesirable for
the modulator to be triggered for a torque demand
that is lower than is possible from the thrusters.
As has already been shown, the minimum on-time,
fon = 25ms (for a maximum thruster frequency of
20 Hz), results in a minimum torque for each thruster
(Table 3). The modulator on threshold should there-
fore be applicable at the minimum torque possible
and multiplied by a scaling factor, E, in order to
prevent valve chatter in the presence of any sensor
noise or other perturbations (equation (13)). Previous
work [17] recommends that E = 0.1 is suitable

Uon = Td,min = (1 + E)Tmin (13)

Including lags and decay times, the total cycle time
is 108 ms for t,, = 25ms; therefore, the time off

behaviour must be limited by the inequality stated
in equation (14)

lott = tcyc — lon (14)

By rearranging equation (12a) to make U, the sub-
ject allows for the exploration of its relationship to t,,
remembering that the time constant must be a real
positive number. From the analysis of this relation-
ship, a time constant of 7,;, = 0.5 has been selected for
the trigger, satisfying the condition of equation (14),
while minimizing the phase lag.

4.4 Autoflight scheduling

The autoflight needs to control two variables in the
spacecraft attitude; these are its roll rate, ¢, and abso-
lute incidence, o, which itself is a function of the
sideslip and angle of attack, and are both measurable
by the system. In terms of the active attitude control
phases (originally defined in Fig. 1), Table 4 summa-
rizes the required changes in these two variables.

Phases V and VI, immediately prior to parachute
deployment, will be the most critical for the safe
return of the capsule. During this time, the capsule is
not gyrostabilized and so could suffer from instability.
It is therefore desirable that these phases be as rapid
as is possible without compromising safety margins.

It is undesirable for control systems to have large
steps in demand; for example, this would be the case
if, in phase II, the autoflight stepped the roll rate
demand from zero instantaneously. It is more prefer-
able to input the step change gradually, which can
be done using equations (15) (for an angle and a rate
demand, respectively); this gives the acquire time for
a specified demand

wji 6,

lacq = < i _d> =+ Lo (15a)
Alim Wlim
1)

tacq = <—d> + tion (15b)
Ulim

A further modification to extend the modes of aut-
oflight operation could be made to include some
intermediate functions, such as specific acquire and
hold modes for rates and angles in roll, pitch and yaw,
and angle of attack. This change would be simple to

Table 4 Autoflight demand parameters

Autoflight mode ¢ (rad) o (rad)
I Hold absolute incidence 0 . 0
1I Acquire roll rate 0— ¢4 Undefined
Il Hold roll rate ba Undefined
IV Acquire roll rate $q — 0 Undefined
\% Acquire absolute incidence 0 Odes —> T
VI  Hold absolute incidence 0 b4
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implement but will not be discussed further as the
problem of guiding the spacecraft through a set of spe-
cific manoeuvres presents more of a control challenge
for the system.

5 SIMULATION AND MODELLING

This section describes the practical implementation
of the preceding work into a SIMULINK model. Plots
of the primary data from the simulation are presented
in order to evaluate the performance of the attitude
control concept for a suborbital mission.

5.1 SIMULINK model architecture

Figure 9 gives an overview of the ‘spacecraft atti-
tude, guidance, and control’ block implemented in
the SIMULINK model. It receives altitude and aerody-
namic torque signals from the ‘flight path dynamics’
block and returns the attitude and angular rate of
the spacecraft. The ‘autoflight computer’ block uses
a schedule developed prior to the simulation from
the mapped flight path and the maximum acceler-
ation and rates acceptable. When a rate or angle is
unspecified for a particular phase in the flight, such
as the roll angle during the reorientation manoeuvre,
the demand is synthesized from the measured rate.
The block also calculates the normal to the absolute
incidence plane, and hence the axis about which the
reorientation of the spacecraft takes place.

The ‘cold gas supply model’ block was simplified
from the design shown in Fig. 6 by excluding the refuel
and return valves. This is because no refuelling can

take place in the period considered by the simulation;
however, it also means that the fuel transfer function
of the valves is not included in the model.

5.2 Environmental models

Both atmospheric and gravitational models are
required to simulate the environment in which
the capsule moves. The WGS84 gravity model was
selected, although accuracy is limited above 20 km
and when the exact date is not defined. The lati-
tude for launch has been set to be 30.925°, equivalent
to that of the Woomera launch site 2 in Australia.
The atmosphere has been modelled using the COESA
extensions to the US atmosphere model, extending
the data range up to 85km and providing extrapo-
lation for extensions beyond. Wind shear and gusts
were not included in the atmosphere model since
their effects are likely to be small and there are limited
data available for high altitudes.

6 EVALUATION

6.1 Simulation results

The control system performance was initially eval-
uated for the nominal mission as described in
section 1.2. Subsequently, a Monte-Carlo analysis was
conducted in order to evaluate the robustness of the
approach with respect to uncertainty in mission and
system parameters. For parameters relating to the
launch performance such as the separation altitude
and initial velocity, a variance of £10 per cent was

TI\
QuaEtﬁ;r;lon PWPF .
qd qe Modulator d R
h | o[ |Td d >
] I ) ] ) > Tc
> ’ Cold Gas Thruster
- MF Control Signal Suool Dynamics
Autoflight A Laws Processing M pé) 3{
Computer w ode
q* 3 q

Sensor
Model

w
Spacecraft
@ Dynamics

Spacecraft Euler angle
q Spacecraft attitude quaternion

qd  Autoflight demand quaternion
g"*  Measured attitude quaternion
qge Error quaternion

w Spacecraft angular rate
Measured angular rate
h Spacecraft altitude
Measured altitude

Tc Thruster control torque

Td Thruster demand torque

™ Measured thruster torque

Ta Aerodynamic torque

M Moment acting on spacecraft

g Gravity

d,d’,d” Thruster fire signal

MF Control law mode factor

m%  Mass of spacecraft gas reserves

Fig.9 Spacecraft attitude dynamics, guidance, and control block

Proc. IMechE Vol. 221 Part G: J. Aerospace Engineering

JAERO106 © IMechE 2007



Guidance and control system for the Thunderstar suborbital spacecraft

269

considered. For parameters relating to the inertial
properties of the spacecraft, such as centre of mass
and inertia, these may be more tightly controlled prior
to launch and so only a variance of +5 per cent was
implemented. Variations in the performance of, and
demand on, the thrusters were not included. Results
for the nominal mission simulation are shown in
Figs 10(a) to (d). Results of the Monte-Carlo analysis
are in shown in Fig. 11.

Figure 10(a) shows the roll rate demand and
response over the entire mission. The spacecraft con-
trol system is able to quickly acquire and maintain
a roll rate in the microgravity phase of the flight,
and subsequently reduce this rate to zero during
the spin-down phase prior to parachute deployment.
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Figures 10(b) and (c) show the spin-up and spin-down
phases of the mission in more detail, also includ-
ing the roll thruster firing signals. In both figures, it
may be seen that the signal to fire the thrusters is
given after a lag of the order of 2s. This is a result
of implementation of the efficiency constraint by
which the thruster control system filters out high-
frequency control inputs and helps to avoid fuel waste
from oscillating demands. After the initial delay, the
response is approximately first-order with a time con-
stant of around 4 s. There is some steady-state error
due to the discrete nature of the thrusters; however,
the magnitude is sufficiently small that there would
be little payback from implementation of an inte-
gral term in the controller. Figure 10(d) gives the
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Fig.10 Typical demands and responses for a nominal mission over the active attitude control
period. (a) Roll rate demand and response over entire active attitude control period. (b)
Roll rate demand, response, and roll thruster signals during spin-up. (c) Roll rate demand,
response, and roll thruster signals during spin-down. (d) Absolute incidence, response,
and pitch and yaw thruster signals during the reorientation manoeuvre
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Fig.11 Demonstration of control system robustness:
variance of final roll rate and incidence due
to random variation in mission and spacecraft
parameters

absolute incidence angle demanded by the autoflight
and the response for the reorientation manoeuvre,
as well as the fire signals sent to the pitch and yaw
thrusters over this period. Again, the control system is
able to respond well to the demands. The response
lags the demand by approximately 2s for reasons
outlined above, and the final error is approximately
3°; this is acceptable in the reorientation, as drogue
chute deployment will help stabilize the capsule fur-
ther, minimizing small angle deviations in pitch and
yaw.

Figure 11 gives the deviations in the demand and
response roll rate and absolute incidence at the end
of the active attitude control phase of the mission
for 100 runs of the simulation under the variances
stated previously. As may be seen in the plot, the
maximum reorientation error is not more than 4°,
and the maximum residual roll rate is not more than
0.08 r/min. This provides evidence that the control
system approach is robust with respect to real-world
uncertainty.

Analysis of the multiple simulation cases showed
that the maximum amount of nitrogen propellant
expended over the active attitude control phase was
up to 7 per cent of the available load. It may therefore
be possible to reduce the amount of nitrogen car-
ried by the spacecraft, although this should be done
after consideration of off-nominal mission scenarios,
failures, and the need to maintain a near-constant
pressure in the propellant tanks.

6.2 Simulation development issues

1. During the descent phase when the capsule enters
the lower denser atmosphere, it was noted that
the capsule experiences some low-amplitude high-
frequency oscillations about an axis normal to the
velocity vector. This has been attributed to yaw-roll
lock-in and becomes significant when the dynamic
pressure increases to >19 kPa, equating to an alti-
tude of ~31km in the flight profile (with neither
of the parachutes assumed deployed). The oscil-
lations increase to such an extent that thruster
attitude control becomes inadequate at >100kPa,
equivalent to ~22 km altitude. Although the cap-
sule control system is capable of providing enough
thrust to compensate for this instability down to
the primary parachute deployment altitude, the
use of a drogue chute to further stabilize the cap-
sule and reduce the amount of active control as it
re-enters the denser atmosphere is recommended
by this work.

2. Analysis of capsule accelerations on human factors
needs to be considered in more detail for future
work. Initial estimates suggest that during both
drogue and main parachute deployment the peak
longitudinal accelerations are around 7 g. It is rec-
ognized that this is high for a tourist flight and
efforts may be needed to reduce this. The lateral
acceleration due to the reorientation manoeuvre
is approximately two orders of magnitude smaller
and may be neglected.

3. The rise and decay times in the cold gas thruster
give a much greater range of torques when
compared with combustible thrusters such as
hydrazine [7]. This has some advantages in that
finer tracking is possible, but causes problems
in the PWPF modulator which assumes that the
thrusters are either on or off. It has been found that
control of the capsule may be improved by mod-
iftying the modulator output, Uy, to be a fraction
of the maximum torque rather than be equal to it,
thus reflecting that the average torque provided by
the thruster only tends towards maximum as the
frequency tends to zero. A value of 0.6 has been
found to produce good response in the system.

7 CONCLUSIONS

From analysis of the attitude control simulation, it has
been shown that a successful version of the control
laws defined by Wie and Barba [4] has been imple-
mented for the control of a suborbital spacecraft.
The interaction between these laws and an autoflight
computer, with a schedule defining roll rate and abso-
lute incidence to generate quaternion demands, has
also been shown. The use of a PWPF modulator
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to synthesize command signals to the thruster has
been implemented and a process to define the sys-
tem deadband is given. It is therefore concluded that
by using the methods described in this paper it is
possible to produce an automated guidance and con-
trol system to work under the conditions specified.
Further work considering failures of system compo-
nents and manual flight control is required before
refinement of the control gains. In any review of the
control system, consideration of the human factors
is also required particularly in terms of the g-forces
experienced by the crew.

The differences between the spacecraft discussed
in this paper and previous orbital and suborbital cap-
sules provided interesting design challenges. The con-
trol system response has been proved such that the
mission profile is met over a very short active attitude
control period (~5min). The high rise and fall lags
in the thruster profile have been overcome through
the use of an additional variable to describe the mod-
ulator output Up, based on the estimated fraction
of maximum torque generated by the thrusters. The
work has shown that the only significant internal dis-
turbance is that caused by the movement of the crew
in the capsule and the only external disturbance is the
aerodynamic effects.
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APPENDIX

Notation

a, iim angular acceleration and limit
E valve noise attenuation factor
F thrust (applied force)

£ gravity at sea level

I cold gas specific impulse

J inertia tensor

kr thruster sizing factor

Ky, K quaternion scalar gain and rate gain
mg mass of cold gas propellant
MF thruster mode factor

qo, 913 quaternion: scalar part, vector part
q4 demand quaternion

q. error quaternion

Q jerk (dT/dt)

s thruster moment arm

L, tacq mission time and acquire time
b, beye thruster fire and cycle times
tons Loft modulated on and off times

T torque
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T. Control torque

Tq demand torque

Uon, Uosi nodulator on and off thresholds
Un modulator output

o angle of attack

B sideslip

®, Wlim

damping ratio

demand angle

absolute incidence
modulator time constant
natural frequency
angular velocity and limit
demand angular velocity
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