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1 Introduction

This project looks to validate an airframe through the L2 certification process and in parallel
develope thrust vector control.



2 Air Frame

The thrust vector control mission will utilize the same airframe used on the L2 mission
[<empty citation>]|. The aft section will be swapped with a new aft section which is
upgraded to house the gimbal mount. This section will outline the design on the gimbal
mount and the aft section which is compatible with the aft body tube coupler on the avionics
bay. This compatablity will be described after the new designs.

2.1 Gimbal Mount
2.2 Aft Section
2.3 Full Assembly



3 Avionics

3.1 Hardware

The following items are installed in the avionics bay:

e CPU: Teensi 4.1 from XXX used for real time data processing.

e Intertial Measurement Unit (IMU): The BNO055 IMU that can measure acceleration,
quaternion orientation, angular velocity rocket

e Altimeter: Measures the altitude of the rocket.

e Apple AirTag: Used to track the rocket after it has landed. One concern of the AirTag
is the limitation of accelerations at launch. No official acceleration limit is provided in
the air tag specification. So it is unknown if the AirTag will malfunction during launch
acclerations.

e Micro SD card: used for logging flight data

e Batteries: power the CPU

3.2 Software

The software of the thrust vector control system was written in C+-+ and is formatted into a
state machine. The flight computer receives input signals from the sensors described in the
previous hardware section. For all states of flight, the output signal is run through a digital
Butterworth Filter to provide a low-pass filter for smoothing sensor noise [1|. The states of
the flight will be as follows:

Initial: The rocket has not taken off yet.

Ascent: The rocket motor has ignited and the thrust vectoring provides control.
Cruise: The motor has burned out but the rocket is still ascending.

Drogue Prachute: The rocket has reached apogee and deploys the drogue chute

Main Parachute: The rocket has descended to lower altitudes and the main chute is
deployed.

6. Ground: The rocket has landed on the ground and power is conserved.
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The following sections will derive each state of flight and how the code processes the data
required transition to the next state.

3.2.1 Initial:

The state machine is initialized after the rocket has been set on the launch rail. This ensures
that the rocket will not consume power by actuating the gimbal mount to attempt to correct
the attitude with a non vertical launch rail. The state machine triggers to the accent state
when magnitude of linear acceleration from the IMU is above 2m/s?.



3.2.2 Ascent:

Once ascent has been initiated, the gimbal can provide attitude control to the rocket as it is
providing thrust. The state initiates its commands at 100Hz. Each initiation of the Ascent
function, the physical motion and state of the rocket are computed. The acceleration and
linear acceleration are provided in the body fixed frame of the IMU. This must be translated
to the inertial frame by rotation of the orientation quaternion of the rocket. This is found

by,

a;=q-ap-q"

. (3.1)
Qi lin = ¢ * Aplin * 4

where a; and a;;, are the total and linear accelerations, respectively, of the rocket in the
inertial frame, a, and ay;, are the total and linear accelerations, respectively, of the rocket
in the body fixed frame, and ¢ is the orientation quaternion of the rocket.

An approximation of the velocity in the inertial frame can be found by an Euler integration
of the acceleration,

Vi+1 = Vg + akAt (32)

This can be rotated back to the body fixed frame by,

vy =¢q" v, q (3.3)
The body fixed velocity can be used to find the drag on the rocket by,

1
D = §pU2CdA (3.4)
where Cj is the drag coefficient determined through CFD simulations, A is the frontal area
of the rocket, p is the density of air by ideal gas law (I should check this because if the rocket
is moving fast enough, ideal gas law may not hold true), and v is the velocity. (These are
vectors and tensors that the bold font notation should be incorporated.)

By Newton’s Second Law, the thrust can be determined by,
T+ D+ mg=ma (3.5)
From manufacturer data on the motor (cite exact motor), the exit velocity exhaust remains

sufficiently constant. This allows for a mass loss to be approximated throughout the ascent
state. The mass loss is calculated by,

I'The symbol ® denotes Hamiltonian Quaternion multiplication.



Am = At L (3.6)
U@
This provides a new mass of the rocket for the next timestep. This loss in mass will addition-
ally change the mass moment of inertia on the rocket which is important for determining how
much an impulse will effect the attitude of the rocket due to vectoring the motor. The change
in mass moment of inertia about the axial axis will be negligible and the mass moment of
inertia about the transverse axis will be approximated by,

Al = Am - d? (3.7)
where d is defined by the distance between the rocket’s center of mass and the motor’s center
of mass, which are both constantly changing. This change is approximated by...

The motor will provide torque with a moment arm of the distance from the motor nozzle to
the center of mass of the rocket at a given timestep.

With the change in thrust, moment arm, and mass moment of inertia, it is desirable to have
a dynamic coefficient for the PID weighting. This will be determined by the following,

I/
T T

K (3.8)

This coefficient makes sense by lowering the weighting when I’ is lower because it is easier to
angularly accelerate the rocket. Additionally, the coefficient increases and T" and r decrease
because the vectoring provides less torque with less thrust and a smaller moment arm.

The next function that runs at each timestep of the ascent state is to undate the gimbal angle.
This gimbal angle is determined by PID controls. The proportional term is determined by,

Gerror = q* -q (39)

This error angle is scaled by a factor, K - K, where K is the physical coefficient previ-
ously calculated and K, is an additional weighting that has been tuned for the proportional
response.

The intergral term is a running tally of the proportional error during flight. It to correct for
installation errors of the motor. This is calculated by,

qk = qk—1 + Gerror (310)

This error angle is scaled by a factor, K - K; where K is the physical coefficient previously
calculated and K; is an additional weighting that has been tuned for the integral response.

The derivative term is found so if the the rocket is moving towards the desired orientation,



then the gimbal doesn’t need to provide as much control. This is quantified in the controller

by,

1
(=50®w (3.11)

Whether this ¢ is moving towards or away from the desired orientation can be found by,

Qerror = q* : q (312)

This error angle is scaled by a factor, K - K; where K is the physical coefficient previously
calculated and K, is an additional weighting that has been tuned for the derivative response.

Once the calculated thrust drops below 5 lbs, the gimbal mount is returned to the unit
quaternion, [1,0,0,0]", and the state transitions to "CRUISE".

3.2.3 Cruise:

The cruise state is describes the phase of flight when the engine has burnt out, so no longer
provides any control while vectoring the motor. However, the altitude is still increasing.

The state transitions to "DROGUE PARACHUTE" when apogee is hit. Appogee is detected
by comparing the previous altimeter output to the current output. If the current altitude is
less than the previous output nine times, then the state transition is triggered.

3.2.4 Drogue Parachute:

The drogue parachute state is implemented to delpoy the drogue parachute at apogee. Once
the state transitions to drogue parachute, the forward ejection charge is ignited. After the
drogue is deployed, the altitude is tracked at 10 Hz. Once the altitude is measured to be
below 200 ft, the state transtions to "MAIN PARACHUTE".

3.2.5 Main Parachute:

The main parachute state is implemented to delpoy the main parachute at 200 ft. Once the
state transitions to main parachute, the aft ejection charge is ignited. After the drogue is
deployed, the altitude is tracked at 10 Hz. Once the altitude is measured to be below 2 ft,
the state transitions to "GROUND".

3.2.6 Ground:

The ground state provides a condition for when the rocket has touched down. The power
system should move to a state that ensures flight data is safe on the micro SD card, and
power consumption is reduced.



4 Motor Selection

The motor for the thrust vector control mission must provide a long burn time while being
compatible with the gimbal mount described in Section 2.1. The motor selected was the
[59WN-P motor from Aerotech. This motor provides an average thrust of 59 N with a
thrust duration of 7.99 seconds |[<empty citation>|. The thrust curve of the motor can
be seen in Figure 4.1

RMS-Plus™ I59WN-P Warp-9™
Reloadable Motor System™
High-Power Rocket Motor Reloading Kit

RMS hardware required: 38mmaftclosure, 38/480 case, 38mmendburning
plugged forward closure. NOTE: This is a plugged reload with no ejection.
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Motor Specifications ;|
Total impulse: 486 N-sec (109 Ib-sec) ;‘;‘5’ 1

CONSUMER AEROSPACE

 J J J |
AZROTECH

Burntime: 7.5 sec. 330

Peak thrust; 46 Ib (205 N) 520

Delay tme:  Plugged =

Propellant wt.:252 grams (8.89 oz.) 5177 T
Loadedwt 461grams (1630z) 00 1o 20 30 40 5o s0 70

Time in Seconds

DO NOT OPEN RELOAD KIT UNTIL READY TO USE.

WARNING-FLAMMABLE: Read instructions before use. Use only in accordance with instructions. Keep away
from open flames and other heat sources. Sale to persons under 18 years of age prohibited by federal law. For use
ony by certified high-power users 18 years of age or older. Ignite by electrical means only. CAUTION: Keep out of
reach of children. Metalstorm™ propellants produce showers of hor sparks. Clear area of combustible material for
at least a 75 foot radius around launcher. Follow NAR & TRA safety codes at all times. Motor hot after firing.

P/N 09059P + Certified by the Tripoli Rocketry Association (TRA) « Made in USA « www.aerotech-rocketry.com
AeroTech Division, RCS Rocket Motor Components, Inc., 2113 W 850 N, Cedar City, UT 84721

Figure 4.1: Motor specifications for I59OWN-P from Aerotech |[<empty citation>]|.



5 Simulink

The software developed in Section 3.2, was tested and tuned in a simulation using MATLAB
Simulink. This simulation was designed to model the rigid body motion of the rocket through
all stages of flight.

The simulation loop is built around three major subsystems, the rigid body dynamics, the
noise generator, and the flight computer. These subsystems are shown in Figure 5.1.
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Figure 5.1: Caption

Expanding the rigid body dynamics subsection, it can be seen in Figure 77 that the dynamics
are built around a quaternion, six degree of freedom block from the Aerospace Blockset
|[aerospaceblock].

The 6-DoF Quaternion block in the Aerospace Blockset numerically integrates the coupled
translational and rotational equations of motion by propagating a state vector consisting of
velocity, position, angular rate, and attitude quaternion through time.

m\"B == Fext,B (51)

In this translational equation, m is the vehicle’s total mass and vg its velocity expressed
in the body-fixed frame. The term Fey p represents the sum of all external forces—thrust,
aerodynamic loads, and gravity—resolved into body coordinates.

p[ = R(qf) VB (52)

This kinematic relation maps body-frame velocity into inertial-frame position. Here, p; is the
inertial position vector and R(qP) is the direction cosine matrix derived from the quaternion
q?, which rotates body-frame vectors into the inertial reference frame.

]BwB +wp X (IBUJB) = Mext,B (53)

Euler’s equation of rotational motion appears here: I is the inertia tensor fixed in the body
frame, and wp is the body-frame angular velocity. The gyroscopic coupling wp x (Ipwg)
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is included, and Mgy 5 denotes the external moment vector (aerodynamic moments, control
torques, etc.) in body coordinates.

0 —w, —wy —w;

) Wy 0 W, —w

i =L0ws)af, o= [ 0 e (5.4
Wy, wy —wy; 0

Finally, the quaternion kinematic equation updates the attitude ¢? based on the body-
frame angular rate wp = [w,, wy, w,]T. The matrix Q(w) encodes the cross-product structure
required to integrate quaternion attitude.

By propagating each of these four differential equations with Simulink’s ODE solver (fixed-
or variable-step), the block outputs the inertial position py, inertial velocity vi = R(¢?) vg,
attitude quaternion ¢? (and optional Euler angles), and body-frame angular velocity wsp,
which feed directly into the flight computer subsystem to complete the closed-loop simulation.

The Force input of the 6-DoF block is defined by a sum of forces due to thrust, gravity, and
drag. First, the thrust is resolved to a vector using the subsystem shown in Figure 5.2.
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Figure 5.2: Caption

The thrust will act in the positive z-direction in the reference frame of the gimbal,

Ftvg = [07 07 T]T (55)

where T is the thrust magnitude. This thrust magnitude is retrieved from an array in
the workspace that give the thrust as a function of time which is based on data from the
manufacturer of the I59 motor.

This thrust vector needs to be rotated into the body-fixed frame of the rocket. This is
obtained through,

Fip=q,@F,®q (5.6)

10



where ¢, is the gimbal quaternion, ¢; is it’s conjugate, and Fy; is the desired force vector
due to thrust in the body-fixed frame.

The gravity force is resolved similarly, but the gravity vector is defined in the inertial frame
by,

Fg,i = [07 0, m(t) : gh]T (57)

where m is the mass of the rocket which is a function of time of the flight and g; is the
instantaneous acceleration due to gravity. The acceleration due to gravity in reality is de-
creasing as altitude increases, however to check the significance of this, the acceleration due
to gravity is check at apogee, which is expected to be around 1km. This can be calculated

by,

2
Te
= 5.8
gh g<r6+h) ( )

where ¢ is the acceleration due to gravity at sea level, r. is the radius of the Earth and A
is the altitude [<empty citation>|. Evaluating g, at an altitude of 1 km results in an
acceleration of 9.804 m/s%. This change will be considered negligible since it is less than a
0.1 percent change.

The change of mass of the rocket is resolved from the fact that the exit velocity remains
relatively constant and the thrust is known, so by using,

F
= — (5.9)
Ve
where ... 1 can then be subtracted from the total wet mass throughout the simulation.

With the gravity defined in the inertial frame, this can be rotated to the body-fixed frame
by,

Foo=q®F,;®q (5.10)

where Fg; is the force due to gravity in the body-fixed frame, ¢ is the orientation of the
rocket relative to vertical, and ¢* is its quaternion conjugate.
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