/. Effector Combination Logic

The effector combination or mixing logic is a matrix (Kmix) that connects between the flight control
system outputs and the actuator inputs. Its purpose is to convert the FCS acceleration demands to
TVC or aerosurface deflections or to thrust variations commands. Flight vehicles are in general
controlled by multiple and different types of effectors that produce moments and forces in 3 or more
directions, mainly 3 rotations and optionally some translations. The effectors are thrust vector
control (TVC) engines, thrust varying (throttling) engines, control surfaces, and reaction control jets
(RCS) that provide the "muscle" power to maneuver the vehicle. The mixing logic combines the
vehicle effectors together as a system and becomes an integral part of the flight control software. In
the event of an effector failure it is the mixing logic matrix that must be adjusted instead of the FCS
gains. Figure 1 shows a mixing logic matrix for a typical flight vehicle that is controlled by different
types of effectors. The inputs are acceleration demands coming from the flight control system and
they are converted to TVC pitch and yaw deflections, throttle commands, and aerosurface deflections
that drive the control actuators. The FCS demands are functions of commands minus measurements
that control the vehicle attitude and flight direction. They are mainly 3 rotational acceleration
demands and may also include some translational demands, such as, accelerations along X, Y and Z.
Translational control is used when translation or velocity control is necessary independently of
rotations, such as, during vehicle separation, hovering at low speeds, or controlling the rate of
descent. This is possible, of course, when the vehicle has the effector capability to generate
translations, such as, a throttling engine, jets, body-flap, or a speed-brake to provide linear control
along those directions.

The effector sizing is based on requirements defined by vehicle performance goals. The effectors as a
system must be capable of providing the required accelerations for maneuverability and the control
authority to react against disturbances in the controlled directions, which are at least 3 rotations, plus
some translations. The Flixan mixing logic algorithm described in this section optimizes the actuator
effectiveness, because it takes into consideration the vehicle geometry, thrusts, angle of attack, mass
properties, aero-surface coefficients and the capability of each effector in the required directions. It
maximizes the vehicle response in the commanded directions using minimum deflections. It uses
pseudo-inversion to determine an optimal combination of the controls that achieve the demanded
accelerations while reducing cross-coupling between the control axes. When the matrix is connected
open-loop in series with the vehicle model, as shown in Figure 2, it attempts to diagonalize the plant
which means that the vehicle accelerations approximate the accelerations demanded by flight
control. This, of course, is true when we ignore the aerodynamics of the base vehicle. The matrix will
provide the proper accelerations. The vehicle, however, will eventually diverge if it is open-loop
unstable. That is why we need feedback stabilization. This pre-multiplication of the vehicle with the
effector mixing matrix creates a plant model that is more efficient for control design because the
control loops are already decoupled, although not perfectly. An efficient mixing logic should be time-
varying because the control authority of the effectors changes as a function of geometry, dynamic
pressure, angle of attack, thrust, and CG location. The derivation of a mixing logic matrix for a vehicle
that is controlled by gimbaling engines, throttling engines or jets, and control surfaces is presented in
the next section.
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Figure 2 When the Mixing Logic Matrix is connected in Series with the Vehicle Model (Open-Loop) the Vehicle

Accelerations should be approximately equal to the accelerations demanded by the FCS.
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7.1 Forces and Moments Generated By a Single Engine

The following equation calculates the forces generated by a single thruster engine (i) mounted on a
vehicle at fixed orientation angles (or trimmed at those angles): A¢ in pitch (elevation angle with
respect to the x y plane), and Az in yaw (azimuth angle about the body z axis), see Figure 3. The forces
along the body x, y, and z axes are:

Freiy = Teqy COS(Ag ) cos(A ;)
Frei) = Teqiy COS(Ag)sin(A ;) (1.1)

FZe(i) = _Te(i) Sln(AE)
Let us define the throttle control Dy for engine (i) to be the ratio of thrust variation divided by the
nominal engine thrust.

oT,,
Dy = —— where: 5T, isthe Thrust Variation
e(i) (1.2)

X

Each engine 1s mounted at a fixed
position defined by two angles

A, 1n yaw (azimuth) from -x , and
Ay 1n pitch (elevation) from the XY
plane

Mounting
AE Angles

Tek

Figure 3 Engine Orientation Angles (Ay and Az) with respect to the Vehicle Body Axis
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The product Dth(i)*Te;) = 6Tej) is the variation of engine thrust force above or below its nominal
thrust value Te(;). Equation 1.3 calculates the force variation at the gimbal of an engine (i) due to the
combined effects of gimbaling and throttling, resolved along the vehicle x, y, and z axes.

er(i) = Te(i)[_ S(AE)C(AZ)é‘y(i) - C(AE)S(Az)é‘Z(i) + C(AE)C(AZ) Dth(i)]
ye(i) = Te(i)[_ S(Ag)s(A;)oy +c(Ag)c(A,) oz +c(Ag)s(A;) Dth(i)]

Fedy = Teq) [_ c(Ag) Ky — S(Ag) Dth(i)] (1.3)

F

Let us define the distances between the engine (i) gimbal to the vehicle CG, {lxe(i), lye(), lz(i)} @s follows

Ixe(i) = xe(i) - XCG Iye(i) = Ye(i) _Yce Ize(i) = Ze(i) - Zce (1.4)

The roll, pitch, and yaw moments on the vehicle resulting from the forces generated by a single
engine (i) are obtained from the following matrix equation

I‘e(i) 0 - Izei Iyei er(i)
Me(i) = Izei 0 - Ixei FVE(i)
Ny - Iyei |y 0 Fuea) (1.5)

We will now calculate the moment and force variations in the vehicle body axes generated by each
individual effector and combine them together as a system. This is, due to gimbaling, throttling, and
also due to the control surface deflections. The contribution of each effector will be included and we
will derive an expression for the total vehicle moments and forces as a function of the contributions
from all effectors. One more detail that will be considered in the mixing logic calculations is the
maximum capability of each effector. This consideration is important because the various engines or
aero surfaces may have different maximum deflection angles or throttling capabilities. We must
derive, therefore, a mixing law that will take into consideration the effector capabilities according to
their peak contributions in each direction, by spreading the control authority evenly among the
effectors proportionally, according to their capabilities. For example, if two engines have equal thrust
but different gimbaling capabilities, the engine with the larger rotational capability should be allowed
to deflect at a larger angle than the engine with the smaller rotation range. Ideally, they should all
reach to their saturation limits together when the control demand is exceeded. This maximizes the
control effectiveness.

7.2 Moments and Forces Generated by a Single Engine Gimbaling in Pitch and Yaw

Consider an engine (i) which is mounted at fixed elevation and yaw angles Dg(i) and Dy(i) respectively,
see Figure 3. The engine is further gimbaling at small angles &y(i) and &8z(i) in pitch and yaw directions
with respect to the mounting positions. The moment variations on the vehicle are obtained from
equation (2.1).

Lg(i) 0 — Iyei —Cc(A;)s(Ag) —c(Ag)s(Ay) _
Mooy | =To| bt 0 —hai || =S(A2)s(Ac) +c(Ac)e(a;) (58]
N g(i) - Iyei Ixei 0 - C(AE) 0

(2.1)



This equation can be normalized by dividing the pitch and yaw engine deflections with the max
deflection capabilities in both directions, so that the normalized inputs can vary between {0 and +1}
as follows:

oo e R L L L CRL TN
Mg(i) :Te(i) Izei 0 _Ixei _S(AZ)S(AE)é‘ymax +C(AE)C(AZ)5zmaX (é‘yij/é‘y axj
Nog) e L 0 —C(A£) S max 0

By multiplying out the matrices in the above equation, it be expressed in a simplified form as follows:
L

(i) | |
Mg ) — V ) V ) 5y(i)/5ymax
9(i) gyi @il s /5
N _ | | z(i) Zmax
90 (2.3)

Where: Vgyi) and Vg, are column vectors that correspond to the pitch and yaw engine deflections
respectively.

Forces of an Engine Gimbaling in Pitch and Yaw Directions
Similarly, the forces applied at the gimbal due to an engine (i) gimbaling in pitch and yaw can be

resolved along the body x, y, and z axes and normalized by dividing the pitch and yaw deflections with
the max deflections as shown in the following equation, written also in column vector form:

FX(i) - C(DZ)S( Dy)5y max C( Dy)S( Dz)é‘z max |/ s /5
Foo) | = Tew| —S(D2)S(DY)S, e +¢(DY)(D2)8, s (gilj/5ymaxj
FZ(i) - C( Dy)ay max 0
Fya | |
FX() Ny U 5y(i)/5ymax
Yo o o 6z(i) /52 max
Fz(i) | |

(2.4)

Where: Ug() and Ug,;) are column vectors that correspond to the pitch and yaw engine deflections
respectively.



7.3 Moments and Forces of an Engine Gimbaling in a Single Skewed Direction

A vehicle with multiple engines may have sufficient degrees of freedom to maneuver by gimbaling
some of its engines in a single direction instead of two (pitch and yaw). Gimbaling in a single direction
instead of two, it saves actuators, weight and cost. Figure 4 shows a gimbaling engine that rotates
only about a single axis that is skewed at an angle y(i). The engine is mounted at fixed Dy(i) and Dg(i)
orientation (or trim) angles and it can gimbal from its mounting position along the direction defined
by angle y(i). The deflection angle 6, along ye() can be resolved in pitch and yaw components, and the
roll, pitch, and yaw moments on the vehicle generated by the it single gimbaling engine which is
gimbaling at a skewed direction y(i) are defined in equation (3.2).

In the mixing logic program the gimbaling direction angle ye(;) of a single gimbaling TVC engine is
defined by the maximum pitch and yaw deflection angles 8ymax and 6zax Which are included in the
input data.

R
0,
y max (31)

The deflection angle (8,) is in the direction ye(), and it can be resolved in pitch and yaw components.

Syiy = 9y COS(¥e(iy) S,0y = O iy SIN(Y ey )

Engine Gimbaling in a Single Skewed Direction (y ;)

The gimbaling direction
angle (v ,) is defined by
the maximum pitch and
yaw engine deflections

0

6 — 7 max
THHER AR Figure (4)

The roll, pitch, and yaw moments on the vehicle generated by a single gimbaling engine (i) are
obtained from the following normalized equation, written also in column vector form

I‘g(i) 0 Iyei _C(AZ)S(AE)C(yei)_C(AE)S(AZ)S(yei)

Ivlg(i) = 57/maxTe(i) Izei 0 - Ixei - S(AZ)S(AE )C(yei ) + C(AE )C(AZ)S(yei) (57/(i)/57max)
N g(i) - Iyei Ixei 0 - C(AE ) Cos(j/ei)
L
M

- Izei

0 |
oy | = | Varm (57(i>/57max)

50) | (3.2
Where: Vgy(;) is @ column vector, and the normalized input {6y/ dymax} varies from {0 to *1}. The
forces in the x, y and z directions are also obtained from a similar equation (3.3).

N



IZX(i) —C(A)s(Ag)C(yq) —c(Ag)s(A,)s(ye)

FY(i) = 57/maxTe(i) —S(A;)s(Ag)C(ye) +c(Ag)C(A,)S(7q) (57@) /57/max)

FZ(i) —C(Ag)cos(yy)

0 |

Froy [=|Yow (57<i>/57max)

F | (3.3)

7.4 Moments and Forces Generated by a Throttling Engine or an RCS Jet

Similarly, the change in moments on the vehicle generated by the thrust variation the it engine or
RCS jet that is mounted at fixed orientation angles Ag(i) and Agz(i) with respect to the vehicle axis, see
Figure 3, can be obtained from the following equation.

Lty 0 -l Iyei c(Ag)c(Ay)
MT(i) = Te(i) Izei 0 - Ixei C(AE )S(AZ) (DTh(i))
N L L 0 —-s(A¢)

Where: T is the nominal engine thrust and Dy is the throttle control input. The throttle input can
vary between 0 and *Drymax, Where the maximum throttle input | Drhmax|<1. The product: Te()*Drng)
represents the thrust force variation, above or below the nominal thrust value T¢(j. The throttle input
can be normalized in a similar fashion as in the TVC equation so that the normalized throttle input
(Dth(j) / Dinmax) varies between: {0 to x1}. The roll, pitch, and yaw moment variations due to a
throttling engine or an RCS jet are:

L) 0 —lLg g J(c(Ae)c(A,) |
M-y | = Dromex Teqy| i 0 —lg || c(Ag)s(A,) ( L j
NT(i) - Iyei Ixei 0 - S(AE) Thmax
Ly |

"0 _ DTh(i)
MT(i) - VT(i) D
N ) | Th max

T (4.2)

Similarly the forces in the x, y and z directions are obtained from equation (5.4.2)
o) c(Dy)c(Dz) |
DTh(i) DTh(i)

Friy | = Drnmax Teqi) c(Dy)s(Dz) || —— | = U:i D.
F ) _ D Th max Th max

where: V) and Uy are column vectors.



7.5 Moments and Forces Generated by a Control Surface Deflection

The change in vehicle moments generated by the deflection 6. of a control surface (i) from trim is
obtained from Equation (5.1)

I-CS(i) Ispcl&s(i)
M cs@i) | = Q Sref IchCmé‘cs(i) 5cs(i)
NCS(i) Isanlﬁcs(i) (5 1)

Where: ¢, is the mean aerodynamic chord, and (lsp) is the wing span aero reference lengths. Equation
(5.1) is also normalized using the maximum control surface deflection capability &csimax- This makes
the normalized control surface input vary between zero and 1. The moments and forces normalized
equations for the i aero-surface become:

LCS(i) Ispclécs(i) S | S
MCS(i) = eref §csi max Ichcm&s(i) [%} = VAS(i) (é‘&j
N I.C . s max | csi max
Cs(i) sp ~nldes(i)
Fx(i) — Cpmst S | s
FY(i) = QSref 5csi max CYb‘asl ( = )= UAS(i) [5 cst j
F C csi max | csi max
(i) Zdasl

(5.2)

Where: Vas(j) and Uas(j) are column vectors for the i aero-surface.

7.6 Variation in Vehicle Rate due to the Combined Effect from All Actuators

The total moment and forces on the vehicle are obtained by the superposition of the individual
moments and forces generated from each effector. That is, the TVC engines, the throttling engines,
the RCS jets, and the control surface deflections. The combined effectors moment matrix is obtained
by stacking up the column vectors Vyg; from each individual effector. Equation (6.1) converts the
normalized deflections from each individual effector to vehicle rotational accelerations or changes in
angular rates (6P, 6Q, 6R). Equation (6.2) converts the normalized deflections to vehicle translational
accelerations. The equations are also written in matrix form.
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1max

5)’1/5)/
521/5

21max
9y /5y2max
32/ 6,2 mex
371/ O 1max
w2 Vi Voo Vi3 Vg VASZ} 372/ O 2ma
Dt / Drtama
Drhz / Drnzmax

DThS/DThSmax
5&151/5

aslmax

L 5&152/5

as2max _|

or (R, )= 1" [V](6/ ) (6.1)

VoiVer Voo Vao Vg V

gz1 ay2 gz2 grl

Similarly, the translational accelerations due to the normalized effector deflections are obtained from
the following F=m*a equation:
AX

0,1 /9,

yLmax
31/ Synmax
Sy2 /5y
32 /Gy max

Y1/ 1max

972 U, Uy U Uy UASZ} 57/2/572max

Dot / Dramax
Div2 / Dina mx
D1/ Drnaimax
Ous1 /O

L 5a32 /5a

2 max

{U gyl U gz1

gy2 9z2

grl

51 max

s2max _|

or  (5A)=m[U](8/Sm.) 62)
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By combining the equations (6.1) and (6.2) together we obtain the following matrix equation (5.6.3)
which calculates the vehicle accelerations resulting due to the normalized effector deflections input
vector 8/dmax, Where each input varies from 0 to +1.

(S Al e [A][ ]

The above equation calculates the change in vehicle accelerations resulting due to the normalized
effector deflections input vector {d/dmax}, where each input varies from {0 to +1}. The elements of the
following diagonal matrix [Dmax] consist of the maximum deflections of each effector, as follows:

o o

Dmax = diag{‘Sylmax 971max 5y2max 972 max 5y3max z3max “ylmax:’- - Dthimax Pth2max:-++ 9csimax 5052max}

The mixing logic matrix is obtained by solving the pseudo-inverse of the above matrix equation (6.3).
A solution exists in equation (6.4) when the number of effectors is greater than or equal to the
number of degrees of freedom to be controlled (i.e. the number of rotations plus the number of
translations). That is, when all control directions are spanned by the effectors and matrix [A] has full
rank. After solving the pseudo inverse a typical mixing logic matrix has the following form and it
translates the demanded rotational (DR,) and translational (DA.) accelerations to effector deflection

commands &¢om.

S, X X X X X X
S, | [X X x X X X
S, | [X X X X X X
y DP
S, | |X X X X X X
DQ
R Su | [x x X x x x| o
Gom = Do AT[AAT] | 222 or S, =X X X X X X (6.4)
com max é‘A V4 DAX
= Dy | [X X X X X X[ Z
o | [x x x x x x|
DA,
Dha| [X X X X X X
Sal | X X X X X X
5, X X X X X X

If we substitute (0=0.m) in equation (6.3) we end up with equation (6.5) which implies that the
change in vehicle accelerations achieved are equal to the accelerations demanded by the flight
control system. This can be achieved in both rotational (8Ro) and translational (6A.) directions,
assuming, of course, that the vehicle has the necessary effectors that can provide accelerations along
all control directions. This is equivalent to pre-multiplying the vehicle dynamics with the mixing logic
matrix, as shown in Figure 2.

5& 5&
[%Jz(%jmm ©9
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7.7 The Mixing Logic Program

The mixing logic calculation algorithm is an option
in the Flixan program. It requires a vehicle dataset,

- s—
Select a Project Dim <=

C:'Flixan\Mixing Logic\Examples

such as the set used by the vehicle modeling

program, and it uses the mass properties and the L Hinfinity ~
effector data information to calculate the mixing b gy Icons
| NA

logic matrix. To run it, start the Flixan program and
select the folder that contains the vehicle data.
Then go to the Flixan main menu, and select 4| | Examples|
“Program Functions”, “Flight Vehicle/ Spacecraft b Mat
Modeling Tools”, and then “Create Mixing Logic/ b e Word
TVC”. The filenames selection menu comes up, and g Model Foloing
the user selects two filenames: the input data file A
“Rocket-Plane.Inp” that contains the vehicle data,
and the systems file “Rocket-Plane.Qdr” for saving
the effector mixing matrix. Click on “Process Files”
button to continue.

e
4 Flixan, Flight Vehicle Modeling & Control System Analysis

Litilities  File Management Inglam Functions | View Quad Help

) LQG
| Mixing Logic

| Madify

MRed

Flight Vehicle/Spacecraft Modeling Tools * Flight Vehicle, State-Space
Frequency Control Analysis » Actuator State-Space Models
Rebust Control Synthesis Tools » Flex Spacecraft (Modal Data)

Creating and Madifying Linear Systems *

T L.

o
Select Input and System Filam

Select a File Mame containing  Select a File Name containing
the Input Data Set (x.Inp) the State Systems (x.Qdr)

Create Mixing Logic/ TVC
Trimn/ Static Perform Analysis

Flex Mode Selection

Introduction

Cancel I Continue |

This program computes a mixing logic mafrix that can combine the effectors of =+

Effector Mixing Logic/ TVC

Rocket_Planeinp Rocket_Plane.qdr

LB_Rocket.inp
Multi-Boost.inp

LB_Rocket.gdr
Multi-Boost.Qdr

a flight vehicle to produce uncoupled torques about the roll, pitch and yaw axes. Rocket_Plane.inp Rocket_Plane.qdr
The control effectors can be Thrust Vector Control (TVC) for either double or Shasc_Stglinp ShAsc_Stgl.gdr

single gimbaling engines, Thrust Variation (Throttle Control), Reaction Control
Jets, and Control Surfaces. In other words the mixing logic converts the roll,
pitch, and yaw demands from the autopilot output info ef fector deflections or
thrust variations. The program reads the vehicle mass data, C& location, engine
locations, thrusts, aero surface data, ete, from an input file "xxxx.inp",
computes the mixing logic, and saves the matrix in a file: "xxx.qdr".

MewFile Inp NewFile Qdr

Process Files

Create New Input Set I Exit Program
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The program opens the input data file and searches for flight vehicle data sets. Then it displays a
menu that includes the titles of all vehicle datasets which are included in the input file, see below.
The main purpose of flight vehicle datasets is to create vehicle systems, but they are also used for
generating mixing logic matrices. The user selects one of the vehicle datasets for generating the
mixing logic matrix in systems file "Rocket_Plane.Qdr", and clicks on “Run Input Set”.

,

Select a Set of Input Data for "FLIGHT VEHICLE TMPUT" from an Input File: Rocket_Plane.inp

Run Input Set

RUV Rocket Plane, Max-0, TVC Only Exit Program

RUV Rocket Plane, Max-0, TVC & Control Surfaces
RUV Rocket Plane, Max-0, TVC, Throttle Control, & Control Surfaces

Create New

Use the next dialog to enter a name for the mixing logic matrix, in this example it is “Kmix”, and also
the degrees of freedom or directions to be controlled by the effectors system. Usually 3 rotations are
selected and occasionally with some translations. The translational directions are optional and they
should only be chosen if they can be directly accessible by the effectors. The number of vehicle
degrees of freedom should be limited to the directions which are accessible by the effectors as
defined in the vehicle model. We are normally interested in controlling 3 rotations: roll, pitch, and
yaw. Translations are often indirectly controlled through pitching, rolling and yawing. Direct
translational control may also be included if the vehicle has the effectors capability to provide control
directly along those axes, such as a throttle control, speed brake, flaps, etc. For example, if the
vehicle has throttle control or a speed-brake you may also include the x-axis acceleration to regulate
speed. Flaps or RCS can also be used to control the z-axis acceleration. The control designer should
decide ahead of time which vehicle directions are controllable and select those directions in the
degrees-of-freedom selection menu.

|
e

Enter a Matrix Mame far the new Mising Logic IKmi:.;

Select the directionz along which the mizing logic will steer the vehicle. Typically
it iz 3 rotations [roll, pitch, waw]. You may add a few tranzlations along *, %', and
axes azsuming of courze there are enough effectors along theze directions

P-dat Rall
O-dot Pitch &

Accel Demand Along ' Az

Az MNomal Accel Demand Along £ Axiz
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The program reads the vehicle mass properties, the CG location, engine locations, thrusts, maximum
deflections, aero coefficients for the control surfaces, etc. and it calculates the mixing logic matrix
using the pseudo-inverse method which was described in the previous section. The inputs to the
mixing logic matrix come from the flight control system outputs, as shown in Figure 1.1. The matrix
outputs command the vehicle effectors. That is, the gimbaling engines, throttling engines, the
reaction control jets, and the aero surfaces, as specified in the vehicle input data.

Finally, the program calculates the mixing logic matrix and wants to know if you wish to save the
matrix in the selected systems file (.Qdr), and if the answer is "Yes" it saves it as a gain matrix. A gain
matrix has a title and a short name. The number of columns in the mixing logic matrix corresponds to
the acceleration directions (inputs) which are demanded from the FCS (min=3 and max=6). The
number of rows is equal to the number of effectors (outputs) which are commanded by the matrix.
The output sequence begins with the pitch deflections of engine numbers: 1, 2, 3,... n, followed by
the yaw deflections of engine numbers: 1, 2, 3,...n, followed by the single gimbaling engine
deflections along directions (y;), followed by the thrust variations of engines: 1, 2, 3,...n, and finally
with the deflections of control surfaces: 1, 2, 3,... n. The definitions of the matrix inputs (control
DOFs) and matrix outputs (effectors) are also included below the matrix. The labels can be edited and
modified.

' -y
Save Matrix? l""m‘-]

i - \ Would you like to save the new matrix? Kmix
Y Mixing Legic for RUV Reocket Plane, Max-Q, TVC Only

Yes Mo

When a vehicle requires direct control in all 3 rotations and 3 translations the mixing matrix must
have 6 columns. The 6 columns are the matrix inputs coming from the flight control acceleration
demands. The first 3 correspond to the roll, pitch, and yaw angular acceleration demands, and the
next 3 correspond to translational accelerations along x, y, and z. For a system with only three
rotations and no translations the matrix has only three columns corresponding to the roll, pitch, and
yaw demands. Fewer than 3 directions may also be selected in some cases. Selecting, for example,
only the roll and yaw directions to be used in a truncated system that includes only lateral states. You
may also choose roll and yaw rotations in combination with the y-axis acceleration. You may also
select pitch rotation in combination with x-axis and z-axis accelerations to be used in a truncated
pitch vehicle model.

7-13



7.8 Mixing Logic Examples

We will now present some examples that illustrate how to apply this program to generate mixing
logic matrices for different flight vehicle applications. They are included in directory “C:\Flixan\Mixing
Logic\Examples”. There is a Space-Shuttle ascent example, a Rocket Plane that combines aero-
surfaces with TVC, a booster that uses single directional "constrained" gimbals, and a Shuttle with
liguid boosters using multiple engines.

7.8.1 First Stage Shuttle Ascent Example

In the first example we have a Shuttle Ascent vehicle during first stage. The vehicle data are in file
“ShAsc_Stgl.Inp” and its title is “Shuttle Ascent, Coupled Model, Max-Q, T=55 sec”. This vehicle has 5
engines of different thrusts (three SSME’s and two SRB’s). The SSME’s are mounted at some tilted
angles with respect to the vehicle body axes. All engines can gimbal in the pitch and yaw directions
but they are not throttling. We will use the mixing logic program to calculate three TVC matrices for
different control directions and save them in file “ShAsc_Stgl.Qdr”. The first TVC is a (10x3) matrix
“Mixing Logic for Shuttle Ascent, Coupled Model, Max-Q T=55 sec (3 rotat.)” that converts the three
(roll, pitch, and yaw) rotational acceleration demands to pitch and yaw gimbal deflections for the 5
engines. A mixing logic data-set for this configuration already exists in file “ShAsc_Stgl.Inp”. To
process it, go to “File Management”, “Manage Input Files”, and “Edit/Process Input Data”. In the
following dialog select the input file “ShAsc_Stgl.Inp” from the left menu and click on “Select Input
File”. From the right menu select the mixing logic set “Mixing Logic for Shuttle Ascent, Coupled Model,
Max-Q T=55 sec (3 rotat.)” and click on “Process Input Data”, and then “Exit”.

-

2 Flixan, Flight Vehicle Modeling & Control System Analysis

Utilities [FileManagement] Program Functions  View Quad Help

Managing Input Files (Inp) J Edit / Process Batch Data Sets
Managing System Files (.Qdr) k Edit / Process Input Data Files
Managing Input Data Files
To Manage an Input Data File, Point to the Exit
Filename and Click on "Select Input File" The following Input Data Sets are in File: ShAsc_Stglinp
|5hA5E_5tgl.'lnp Select Input File Run Batch Mode : Batch for Creating a IVC Matrix for Shuttle Ascent
- ©nput Flight Vehicle : Shuttle Ascent, Coupled Model, Max § T=55 sec
h?—:q.ogka ne - Mixing Logic for Shuttle Ascent, Coupled Model, Max Q T=55 sec (3-rotat.)
ufti-Boostinp Edit Input File Mixing Mstrix  : Miwing Logic for Shuttle Ascent, Coupled Model, Max_( T=55 sec (Pitch/Nz)

Rocket_Plane.inp

ShAsc_Stglinp

Mixing Matzix : Mixing Logic for Shuttle Ascent, Coupled Model, Max_{ T=55 ses (zoll/yaw)

Process Input Data
Delete Data Sets in File
Relocate Data Set in File
Copy Set to Another File

View Data-Set Comments

L]

Comments. Data-Set User Notes

Mixing Logic Matrix for the Shuttle Ascent Vehicle at Max-Q The vehicle has B TVC engines. and the FCS controls 3 rotations. -
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The following is the mixing-logic dataset in file “ShAsc_Stgl.Inp” that creates the Shuttle Ascent
mixing logic matrix Kmix1 in the systems file “ShAsc_Stg1.Qdr”, shown below the dataset. It uses the
vehicle dataset “Shuttle Ascent, Coupled Model, Max_Q T=55 sec”.

MIXING LOGIC MATRIX DATA (Matrix Title, Name, Vehicle Title, Control Directions)
Mixing Logic for Shuttle Ascent, Coupled Model, Max_Q T=55 sec (3-rotat.)

I Mixing Logic Matrix for the Shuttle Ascent Vehicle at Max-Q

I The vehicle has 5 TVC engines, and the FCS controls 3 rotations.

1

Kmix1

Shuttle Ascent, Coupled Model, Max_Q T=55 sec

P-dot Roll Acceleration About X Axis

Q-dot Pitch Acceleration About Y Axis

R-dot Yaw Acceleration About Z Axis

Gain Matrix for ...
Mixing Logic for Shuttle Ascent, Coupled Model, Max_Q T=55 sec (3-rotat.)
I Mixing Logic Matrix for the Shuttle Ascent Vehicle at Max-Q. The vehicle has 5 TVC engines,
I and the FCS controls 3 rotations.
Matrix Kmix1l Size = 10 X 3
1-Roll 2-Pitch
0.000000000000E+00 -0.332385989120E+00
0.419778734424E-01 -0.343653931130E+00
-0.419778734424E-01 -0.343653931130E+00
0.250744834033E+00 -0.556397259061E+00
-0.250744834033E+00 -0.556397259061E+00

3-Yaw
0.000000000000E+00
-0.800718091209E-02
0.800718091209E-02
-0.451939299076E-01
0.451939299076E-01

1-Row
2-Row
3-Row
4-Row
5-Row

6-Row
7-Row
8-Row
9-Row

0.
0.

0
-0

285424016251E+00
204455664212E+00
.204455664212E+00
.145540006956E-01

.000000000000E+00
.000000000000E+00
.000000000000E+00
-000000000000E+00

-0.
-0.
-0.
-0.

410883120272E+00
407521945585E+00
407521945585E+00
594135868134E+00

[eNeoNeoNoNo)

10-Row -0.145540006956E-01 .000000000000E+00 -0.594135868134E+00
Definitions of Matrix Inputs (Columns):
P-dot Roll Accel Demand About X Axis
Q-dot Pitch Accel Demand About Y Axis
R-dot Yaw Accel Demand About Z Axis

Definitions of Matrix Outputs (Rows): 10

Output: 1 Dy(engine): 1 Pitch Deflection
Output: 2 Dy(engine): 2 Pitch Deflection
Output: 3 Dy(engine): 3 Pitch Deflection
Output: 4 Dy(engine): 4 Pitch Deflection
Output: 5 Dy(engine): 5 Pitch Deflection
Output: 6 Dz(engine): 1 Yaw Deflection
Output: 7 Dz(engine): 2 Yaw Deflection
Output: 8 Dz(engine): 3 Yaw Deflection
Output: 9 Dz(engine): 4 Yaw Deflection
Output: 10 Dz(engine): 5 Yaw Deflection

The three columns in matrix Kmix1 correspond to the roll, pitch, and yaw vehicle acceleration
demands. The first 5 rows generate the pitch engine deflection commands that drive the actuators,
and the last 5 rows generate the deflection commands for the yaw actuators. A positive pitch
acceleration demand (middle column) causes all engines to deflect in the negative pitch direction that
causes the vehicle nose up. The yaw TVC deflections are zero. A yaw acceleration demand (right
column) causes the engines to deflect mostly in the negative yaw direction. It causes, however, a
small amount of differential pitch deflections. This is for counteracting the roll accelerations induced
by the yaw gimbaling. A roll acceleration demand causes the engines on the left side of the vehicle to
deflect in the positive pitch direction, and the engines on the right side of the vehicle to deflect in the
negative pitch direction to create a positive roll. It also causes the top engine to deflect in yaw.
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The second TVC matrix in file “ShAsc_Stgl.Qdr”is a (10x2) matrix “Mixing Logic for Shuttle Ascent,
Coupled Model, Max_Q T=55 sec (Pitch/Nz)”. The two input directions are pitch acceleration and Nz
acceleration demands. The outputs are the same. The third TVC matrix is a (10x2) that corresponds
only to roll and yaw acceleration demands. Its title is “Mixing Logic for Shuttle Ascent, Coupled Model,
Max_Q T=55 sec (roll/yaw)".
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Shuttle TVC Simulation in Matlab

We may now illustrate the operation of this TVC matrix and demonstrate its capability to decouple
the 3 flight control loops and to achieve the FCS accelerations demanded by creating a simple open-
loop simulation. This open-loop decoupling and acceleration control is based on the rigid-body
dynamics, geometry and effector parameters. It simplifies the control design because the system
becomes diagonally dominant. It does not take into consideration, however, the aerodynamic forces
produced due to the variations in the aerodynamic angles, but even in the presence of aero this
method still achieves significant amount of open-loop decoupling and acceleration control for short
periods before it diverges, as we shall see in this example. In any case we do not intend to stabilize
the vehicle open-loop, but by providing a significant amount of control decoupling, open-loop, then
the control design of the individual loops becomes more efficient.

In this example we will simulate the open-loop acceleration response in roll, pitch and yaw of the
Shuttle vehicle with the TVC matrix connected in series, as shown in Figure 6. The yellow block on the
left contains the TVC matrix Kmix1, and the vehicle is the green block on the right. The vehicle
outputs are accelerations. The inputs to the TVC matrix are roll, pitch and yaw acceleration demands.
The TVC matrix is designed to control the acceleration by properly deflecting the 5 engine nozzles,
and counteracting the inherent coupling due to the cross-products of inertia and the CG offset. It
does not prevent the coupling due to a and B. A Max-Q is probably the worst case to choose for
demonstrating the mixing logic effect because the aerodynamic moments dominate. A Low-Q would
have been a better choice. However, we are still able to demonstrate the decoupling function of the
TVC by running this open-loop simulation for a short period of time before it begins to diverge due to
the fact that the vehicle is open-loop unstable.

This model “Open_Loop.Mdl” is located in “Flixan\Mixing Logic\ Examples\Mat”. The green block on
the right contains the modified Shuttle vehicle state-space system “Shuttle Ascent, Coupled Model,
Max_Q T=55 sec (acceler out)” which has rotational acceleration outputs (p,q, I‘). It is loaded from
file "Shuttle_accel.m". The systems and matrices were created from file “ShAsc_Stgl.Inp”, saved in
the systems file “ShAsc_Stgl.Qdr”, and are loaded into Matlab workspace by using the script file
“run.m”.

TVE Shuttle
Matrixz Vehide

Pitch Deflections
) N I Open-Loop

{roll, ptch, yaw) Accelerations
acceler demands
[[1-21] ——w|scosl omd EE] '—"’

aw Deflections acos|erat

dzr————————J|dz

Open-Loop System

Figure 6 Simulink Model “Open_Loop.mdl” used for Open-Loop Analysis
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Figure 6b shows the open-loop system acceleration response to an arbitrary acceleration demand (-1,
-2, +1) in roll, pitch, and yaw respectively in (deg/sec?). The output accelerations are equal to the
commanded accelerations. We run the simulation for a short time to avoid diverging because it is
unstable.

Open-Loop response to [-1, -2, 1] roll, pitch, yaw accelerat demands
1_5 T T T T T T T T T

1
05 -
—
[5)
_‘%‘ Roll
= 0r Ptch | A
L Y aw
v
c
o
=
m
;ﬁ -0.5F -
T
L¥)
=]
<
A =
161 -
2 L L L 5 L L 5 5 )
0 0.01 0.02 0.03 0.04 0.05 0.06 0.07 0.08 0.09 01

Time

Figure 6b Response of the Open-Loop System to Roll, Pitch, and Yaw Acceleration Demands

The next step is to use the decoupled plant in order to design the feedback control system by shaping
the open-loop frequency response as needed to achieve the desired stability and performance
characteristics. By including the TVC matrix pre-multiplying the plant dynamics, as shown, it makes a
good synthesis model for LQR or H-infinity control design. This approach creates more efficient
designs because the plant is more rounded with all loops having approximately the same bandwidth.

Figure 7 shows the Shuttle vehicle with the loop closed via a PD feedback control system using
attitude and rate measurements. It is commanded to perform an attitude change maneuver by
simultaneously commanding attitude steps in roll, pitch, and yaw. Figure 8 shows the closed-loop
system response to the attitude commands in (deg). We run the simulation for 12 seconds to show
that the closed-loop system is stable and that it responds to the commanded attitude. The file “Pl.m”
is used to plot the data.
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TvE Shuttle

Matrix Vehicle
\ Pitch Deflections
{roll, ptch, yaw) =
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‘vaw Deflections *
iz rate b\*‘!— -+
Krate
Simple
Closed-Loop System Flight Cantro

Flight Contral Loop, 3 axes {roll, pitch, yaw)
Figure 7 Closed-Loop Simulation Model “TVC_Sim.MdI”
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Figure 8 Closed-Loop System response with the TVC Matrix in the loop, System achieves a coordinated step response in

all 3 directions
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7.8.2 A Multiple Engine Rocket Example

i N
Enter Filenames

In this example we have a rocket vehicle that has 7
engines, three Shuttle type SSME’s and four F1's.
The vehicle input data is in file “LB_Rocket.Inp”,
and there are two vehicle configurations in this
file. The title of the first vehicle dataset is: “Liquid

Enter a File Mame containing
the Quadruple Data (xx.0dr)

Enter a File Mame containing
the Input Drata [xex.Inp)

|LE_F||:u:ket.in|:u

|LE_F||:u:ket.qdr

tulti-Boost.inp ) tAuilti-Boost. qdr
Rocket Booster at Max-Q, T=68 sec (TVC only)". Eﬁg';gﬁ&”i;”ﬂ ?ﬁgtﬁﬁ'&ﬁgf
The 3 SSME engines are gimbaling in both: pitch NewFile.Inp NewFile. Qdr
and yaw directions. The four F1 engines, however,
are gimbaling in one direction. They are
constrained to rotate in one direction that is tilted ||| [ Cieate New Input set | Exit Program | Sielect Files |

at 45° from pitch. The gimbal directions (ve) Of the A ———
4 single gimbal engines are defined in the input data by their maximum deflections in pitch and yaw

(ymaxs Ozmax)- 7, =tan™ {@max/@max}. An engine gimbaling in a single direction is labeled as “Single-

Gimbaling”, instead of "Gimbaling" in the input dataset. The mixing logic program is used to calculate
a (10x3) mixing logic matrix Kmix1 that is saved it in file: “LB_Rocket.Qdr”. The TVC matrix is
converting the (roll, pitch, yaw) rotational acceleration demands to (pitch and yaw) gimbal commands
for the 3 SSME's, and to single gimbal commands for the four Fls. The three matrix columns
correspond to roll, pitch, and yaw vehicle acceleration demands. The first 3 rows correspond to
engine #(1-3) pitch deflections. Rows (4-6) correspond to engine #(1-3) yaw deflections. Rows (7-10)
correspond to engine #(4-7) deflections about their specified pivoting axes (ye). Figure 9 illustrates
the nozzle deflections in response to separate: roll, pitch, and yaw acceleration demands.

Gain Matrix for ...

TVC Matrix for the Liquid Rocket Booster at Max-Q

I This TVC Matrix converts the Roll, Pitch, and Yaw acceleration demands to pitch and yaw
I deflections for the 3 SSMEs and also to skewed deflections for the four F1 engines.
Matrix Kmixl Size = 10 X 3

1-Column 2-Column 3-Column
1-Row 0.993258399794E-04 -0.158698536534E+01 0.121868583652E-03
2-Row 0.213152079229E+00 -0.164692908367E+01 0.289556191902E+00
3-Row -0.213056149344E+00 -0.164805756441E+01 -0.289452999983E+00
4-Row 0.101755921019E+01 0.281608661461E-02 -0.308611134486E+00
5-Row 0.594270529097E+00 0.169998274647E-02 -0.948126878705E+00
6-Row 0.594270529097E+00 0.169998274647E-02 -0.948126878705E+00
7-Row -0.351392034254E+00 0.390276476218E+00 -0.898381510944E+00
8-Row -0.351424313548E+00 -0.392076652045E+00 -0.898418671836E+00
9-Row -0.617412629360E-01 -0.391310085944E+00 -0.498859332865E+00
10-Row -0.617089836425E-01 0.391043042320E+00 -0.498822171974E+00
Definitions of Matrix Inputs (Columns): 3
P-dot Roll Accel Demand About X Axis
Q-dot Pitch Accel Demand About Y Axis
R-dot Yaw Accel Demand About Z Axis
Definitions of Matrix Outputs (Rows): 10
Output: 1 Dy(engine): 1 Pitch Deflection
Output: 2 Dy(engine): 2 Pitch Deflection
Output: 3 Dy(engine): 3 Pitch Deflection
Output: 4 Dz(engine): 1 Yaw Deflection
Output: 5 Dz(engine): 2 Yaw Deflection
Output: 6 Dz(engine): 3 Yaw Deflection
Output: 7 Dg(engine): 4 Single Gimbal Deflect, Direct. dy,dz -0.0349 0.0349
Output: 8 Dg(engine): 5 Single Gimbal Deflect, Direct. dy,dz 0.0349 0.0349
Output: 9 Dg(engine): 6 Single Gimbal Deflect, Direct. dy,dz 0.0349 0.0349
Output: 10 Dg(engine): 7 Single Gimbal Deflect, Direct. dy,dz -0.0349 0.0349
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Figure 9 lllustration of Gimbal Deflections for the 7 Engines in Roll, Pitch, and Yaw

The second vehicle configuration in file “LB-Rocket.inp” allows all 7 engines to gimbal in both pitch
and yaw directions. The vehicle title is “Liquid Rocket Booster at Max-Q, T=68 sec (TVC with throttle
control)”. In addition to gimbaling, the four F1 engines are now able to vary their thrust £25% from
nominal. They are now labeled as both: “Gimbaling” and “Throttling”. Their nominal thrust is 1.5e+6
(Ibf), and they can vary their thrust from 1e+6 to 2e+6 (Ibf). We would now like to take advantage of
this throttling capability to control the axial acceleration and have, therefore, increased our control
demands. In addition to the three rotational directions we have included a translational acceleration
control demand along the x-axis. The new mixing logic matrix will use the available control authority
to control, in addition to the 3 rotations, also the x-axis acceleration. This implies that we must
include a velocity control loop in the flight control system. So let us select the second flight vehicle
dataset that allows the F1 engines to throttle in order to calculate the new TVC matrix.

, ngnes t thoteinorder ok

Select a Set of Input Diata for "FLIGHT WEHICLE IMPUT" from an Input File: LB_Rocket.inp Fun Input Set

Liquid Rocket Booster at Max-0), T=68 zec [TV onl

Ewxit Program

Liguid Bocket Booster at Maw-0, T=63 zec [TWC with thrattle contral]

Create Mew
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From the following menu enter a short name for the mixing matrix Kmix4, and select the 4 degrees-

of-freedom to be controlled.

r ones.___

===

Enter a Matriz Mame for the new Mixing Logic IKmi:.cq.l

ﬁ; Side

Gain Mat

Mixing Logic,

rix for

gﬁ;ﬁﬂw
Az Maomal Accel Demand Along £ Az

Select the directionz along which the mixing logic will steer the vehicle. Topically
it iz 3 rotations [roll, pitch, waw). You may add a few translations along ., and
axes assuming of course there are enough effectors along these directions

F1 engines which are also throttable.

!
1
Matrix Kmix4

1-Row
2-Row
3-Row
4-Row
5-Row
6-Row
7-Row
8-Row
9-Row
10-Row
11-Row
12-Row
13-Row
14-Row
15-Row
16-Row
17-Row
18-Row

Definitions

P-dot Ro

Q-dot Pitch
R-dot Yaw
Ax Forward

Definiti
Output:
Output:
Output:
Output:
Output:
Output:
Output:
Output:
Output:
Output:
Output:
Output:
Output:
Output:
Output:
Output:
Output:
Output:

1-Roll
0.337286381984E-03
0.146097156152E+00
-0.145472637718E+00
0.880608455597E-01
-0.879982038676E-01
0.880608455597E-01
-0.879982038676E-01
0.994491592831E+00
0.716295462175E+00
0.716295462175E+00
-0.985233387832E-02
-0.985233387832E-02
-0.697630756878E-01
-0.697630756878E-01
0.482350283348E+00
-0.484200179494E+00
0.484205438246E+00
-0.482345024596E+00

of Matrix Inputs
11

ons

1 Dy(engine):
Dy(engine):
Dy(engine):
Dy(engine):
Dy(engine):
Dy(engine):
Dy(engine):
Dz(engine):
9 Dz(engine):
Dz(engine):
Dz(engine):
Dz(engine):
Dz(engine):
Dz(engine):
Delta(throttle)
Delta(throttle)
Delta(throttle)
Delta(throttle)

NOURAWNRP~NOOORAWNE

of Matrix Outputs (Rows):
Pitch
Pitch
Pitch
Pitch
Pitch
Pitch
Pitch
Yaw
Yaw
Yaw
Yaw
Yaw
Yaw
Yaw
of
of
of
of

Size = 18 X 4

2-Pitch
-0.131764492381E+01
-0.136776592311E+01
-0.136833020371E+01
-0.191838875579E+00
-0.192179541301E+00
-0.191838875579E+00
-0.192179541301E+00
0.194500836558E-02
0.140738595946E-02
0.140738595946E-02
-0.161142843077E-04
-0.161142843077E-04
-0.132038664157E-03
-0.132038664157E-03
-0.187831409020E+01
-0.188001566079E+01
0.185785147499E+01
0.185614990440E+01

(Columns):

Accel Demand About X Axis
Accel Demand About Y Axis
Accel Demand About Z Axis
Accel Demand Along X Axis

18
Deflection
Deflection
Deflection
Deflection
Deflection
Deflection
Deflection

Deflection

Deflection

Deflection

Deflection

Deflection

Deflection

Deflection

Engine No:

Engine No:

Engine No:

Engine No:

3-Yaw
0.166797098556E-03
0.710755832343E-01
-0.707667422362E-01
0.435484333797E-01
-0.435174553946E-01
0.435484333797E-01
-0.435174553946E-01
0.382733666531E-01
-0.114049727939E+00
-0.114049727939E+00
-0.694468330695E-01
-0.694468330695E-01
-0.990742904467E-01
-0.990742904467E-01
0.208477792576E+01
-0.208569274867E+01
0.208569534926E+01
-0.208477532516E+01
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k.

Save Matrix?

£% Would you like to save the new matrix? Kmixd
&Y' Mixing Logic for Liquid Rocket Booster at Max-Q, T=08 sec (TVC with

throttle control)

including throttling for the Liquid Rocket Booster at Max-Q
I This Mixing Logic Matrix converts the Roll, Pitch, Yaw, and Axial acceleration demands to pitch

and yaw deflections for all 7 engines, 3 SSME and 4 F1, and also to throttle commands for the 4

4-Axial
0.318618558861E-02
0.330910283379E-02
0.331167944824E-02
0.472370205699E-03
0.473943194386E-03
0.472370205699E-03
0.473943194386E-03
-0.339699212592E-05
-0.733001674807E-06
-0.733001674807E-06
0.869452809403E-06
0.869452809403E-06
0.140472162650E-05
0.140472162650E-05
0.248868928343E-01
0.249402117961E-01
0.156800753301E-01
0.157333942919E-01




The new mixing matrix (with the throttle control), together with the previous TVC matrix, are now
saved in the systems file “LB_Rocket.Qdr”. Its title is “Mixing Logic, including throttling for the Liquid
Rocket Booster at Max-Q”. It has four columns (inputs) that correspond to the four FCS demands (roll,
pitch, yaw, and Ax-acceleration). It has 18 rows (outputs to actuators). The first 7 are pitch deflections
dy(i). Outputs (8 to 14) are yaw deflections 8z(i). The last 4 outputs are throttle commands Dth(i) for
the four throttling engines.

Notice that, a positive pitch demand causes all the engines to rotate in the negative (dy) direction.
The two throttling F1s which are below the CG #(17,18) increase their thrust and the other two
throttling F1s which are above the CG #(15,16) reduce their thrust, to creates a positive pitch. Also, a
positive yaw demand causes engines 2 through 7 to rotate in the negative (8z) direction (outputs
9:14). The two throttling F1s on the left side (15,17) to increase their thrust and the two F1s on the
right side (16,18) to reduce their thrust, which creates a positive yaw. There is also some small
differential pitch gimbaling used mainly to counteract the roll effects due to yawing. A positive roll
demand causes differential pitch gimbaling between the engines on the left and the right sides. It also
causes the SSMEs which are above the ZCG (outp. 8:10) to gimbal in the positive yaw direction which
causes a positive roll. Finally, the axial acceleration demand causes mainly an increase in throttle
command in the four throttling F1s (outp. 15:18) which increases the vehicle acceleration.

The file “LB_Rocket.Inp” can also be processed in batch mode by running the batch set which is
located at the top of the file.

Managing Input Data Files

To Manage an Input Data File, Point 1o the Exit
Filename and Click on "Select Input File" The following Input Data Sets are in File: LB_Rocket.inp
[ osrertinp ——

Flight Vehicle : Liguid Rocket Booster at Max—Q, T=638 sec (TVC only)

Flight Vehicle : Ligquid Rocket Booster at Max—Q, T=68 sec (IVC with throttle control)

Edit Input File Mixing Matrix : TVC Matrix for the Liquid Rocket Booster at Max—Q

Mixing Matrix : Mixing Logic, including throttling for the Ligquid Rocket Booster at Max-Q

| LB_Rocketing
Multi-Beostinp
Rocket_Plane.inp
ShAsc_Stglinp

Process Input Data

- -
Delete Data Sets in File Replace Systems File? LJ"“"'

Relocate Data Set in Fil —
clocate Dataset in File W% The systems filename: LB_Rocket.Qdr

already exists. Do you want to create it again?

Copy Set to Another File

View Data-5et (omments

[y

Comments, Data-Set User Notes

This batch sef creates twe types of mixing-logic matrices for a vehicle model that uses two different types of effectors. Two separate vehicle sefs are used. -
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7.8.3 A Rocket Plane with Control Surfaces

The vehicle in this example is a rocket plane that uses a combination of six engines and three control
surfaces to provide accelerations along the control directions. The input data file is “Rocket-
Plane.Inp” located in the same “Flixan/Mixing Logic/Examples” directory. The input file contains
three vehicle data-sets to analyze three separate cases. The first set uses only the 6 TVC engines. The
engines are mounted with the thrust pointing in the x-direction and they can gimbal £10° from the
mounting position. The vehicle title is “RUV Rocket Plane, Max-Q, TVC Only”. The TVC matrix
generated from this system is (Kmix1), shown below, and it is saved in file “Rocket-Plane.Qdr”. It
converts the roll, pitch, and yaw FCS demands to pitch and yaw TVC deflections for the 6 engines.

Gain Matrix for ...

Mixing Logic for RUV Rocket Plane, Max-Q, TVC Only

I This is a TVC matrix for a vehicle that is controlled with 6 TVC engines which are gimbaling in

I pitch and yaw

Matrix Kmixl
1-Roll

Size = 12 X 3

2-Pitch 3-Yaw

1-Row
2-Row
3-Row
4-Row
5-Row
6-Row
7-Row
8-Row
9-Row
10-Row
11-Row
12-Row

-0.
-0.
-0.

421476571158E-01
842953142316E-01
421476571158E-01
.421476571158E-01
.842953142316E-01
.421476571158E-01
.701454508604E-01
.285868827862E-02
.758628274177E-01
.758628274177E-01
.285868827862E-02
.701454508604E-01

.696887052969E+00
.696887052969E+00
.696887052969E+00
.696887052969E+00
.696887052969E+00
.696887052969E+00
.581997413277E-17
.237185614051E-18
.629434536088E-17
.629434536088E-17
.237185614051E-18
.581997413277E-17

-0.
-0.
-0.

0.

0.
.189849954035E-01
.665455594906E+00
.698339587537E+00
.731223580168E+00
.731223580168E+00
.698339587537E+00
.665455594906E+00

189849954035E-01
379699908071E-01
189849954035E-01
189849954035E-01
379699908071E-01

Definitions of Matrix Inputs (Columns):
P-dot Roll Accel Demand About X Axis
Q-dot Pitch Accel Demand About Y Axis
R-dot Yaw Accel Demand About Z Axis
Definitions of Matrix Outputs (Rows): 12
Output: Dy(engine): 1 Pitch Deflection
Output: Dy(engine): 2 Pitch Deflection
Output: Dy(engine): Pitch Deflection
Output: Dy(engine): Pitch Deflection
Output: Dy(engine): Pitch Deflection
Output: Dy(engine): Pitch Deflection
Output: Dz(engine): Yaw Deflection
Output: Dz(engine): Yaw Deflection
Output: Dz(engine): Yaw Deflection
Output: Dz(engine): Yaw Deflection
Output: Dz(engine): Yaw Deflection
Output: Dz(engine): Yaw Deflection

OURAWNRERPOUOR_W

Note that, for a positive pitch command the TVC deflects all engines in the negative pitch direction by
the same amount (column-2). For a positive yaw command, all TVC deflections are mainly in the
negative yaw direction by approximately the same amount as pitch (column-3). There are some small
pitch deflections, however, to counteract the rolling moment due to yawing. For a roll command
(column-1) the engines deflect in directions that maximize the rolling moment.

The second set of vehicle data includes more effectors. In addition to the 6 gimbaling engines it
includes also three aerosurfaces: (elevon, aileron, and rudder), to assist the TVC in rotational
maneuvering. The control directions are still the same (roll, pitch, and yaw). The title of the vehicle
dataset is “RUV Rocket Plane, Max-Q, TVC & Control Surfaces”. The Mixing Logic matrix created for
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this system is (Kmix2) and it is also saved in file “Rocket-Plane.Inp”. Kmix2 transforms the roll, pitch,
and yaw FCS demands to 15 effector commands that include: 6 pitch engine deflections, 6 yaw engine
deflections, and 3 aerosurface deflections for the elevon, aileron, and rudder. The output deflections
are in radians. With the availability of the aerosurfaces, the engine deflections are significantly
reduced and the aerosurfaces dominate over the TVC in steering the vehicle. Notice that in roll
(column-1) the aileron (row-14) dominates over other effectors. In pitch (column-2) the elevon which
is (row-13) also dominates, and in yaw (column-3) the rudder (row-15) dominates.

Gain Matrix for ...

Mixing Logic for RUV Rocket Plane, Max-Q, TVC & Control Surfaces

I This is a TVC matrix for a vehicle that is controlled with 6 TVC engines gimbaling in pitch and
I yaw, and 3 aerosurfaces

Matrix Kmix2 Size =15 X 3

1-Roll 2-Pitch 3-Yaw
1-Row -0.185323535770E-02 -0.314914994588E-01 -0.152975355054E-03
2-Row -0.370647071541E-02 -0.314914994588E-01 -0.305950710108E-03
3-Row -0.185323535770E-02 -0.314914994588E-01 -0.152975355054E-03
4-Row 0.185323535770E-02 -0.314914994588E-01 0.152975355054E-03
5-Row 0.370647071541E-02 -0.314914994588E-01 0.305950710108E-03
6-Row 0.185323535770E-02 -0.314914994588E-01 0.152975355054E-03
7-Row 0.203163898719E-02 -0.761726431417E-20 -0.327802291019E+00
8-Row -0.117835798938E-02 0.441804096023E-20 -0.328067260293E+00
9-Row -0.438835496595E-02 0.164533462346E-19 -0.328332229567E+00
10-Row -0.438835496595E-02 0.164533462346E-19 -0.328332229567E+00
11-Row -0.117835798938E-02 0.441804096023E-20 -0.328067260293E+00
12-Row 0.203163898719E-02 -0.761726431417E-20 -0.327802291019E+00
13-Row 0.765250392922E-19 -0.141831349020E+01 0.233496656915E-18
14-Row 0.127317036240E+00 -0.477352286924E-18 0.138730791885E+00
15-Row 0.525380787057E-02 -0.196982059599E-19 0.255753482026E+01
Definitions of Matrix Inputs (Columns): 3
P-dot Roll Accel Demand About X Axis
Q-dot Pitch Accel Demand About Y Axis
R-dot Yaw Accel Demand About Z Axis
Definitions of Matrix Outputs (Rows): 15
Output: 1 Dy(engine): 1 Pitch Deflection
Output: 2 Dy(engine): 2 Pitch Deflection
Output: 3 Dy(engine): 3 Pitch Deflection
Output: 4 Dy(engine): 4 Pitch Deflection
Output: 5 Dy(engine): 5 Pitch Deflection
Output: 6 Dy(engine): 6 Pitch Deflection
Output: 7 Dz(engine): 1 Yaw Deflection
Output: 8 Dz(engine): 2 Yaw Deflection
Output: 9 Dz(engine): 3 Yaw Deflection
Output: 10 Dz(engine): 4 Yaw Deflection
Output: 11 Dz(engine): 5 Yaw Deflection
Output: 12 Dz(engine): 6 Yaw Deflection
Output: 13 Control Surface: 1 Elevon Deflection (radians)
Output: 14 Control Surface: 2 Ailern Deflection (radians)
Output: 15 Control Surface: 3 Rudder Deflection (radians)

In addition to the TVC and the
aerosurfaces, the six TVC engines are now allowed to vary their thrusts in order to provide linear

The third set of vehicle data includes even more effectors.

acceleration capability. The nominal thrust of each engine is 300,000 (Ibf), but now they are allowed
to vary their thrust £50%, that is, from 150,000 (Ibf) minimum to 450,000 (Ibf) maximum. The title of
the vehicle dataset is “RUV Rocket Plane, Max-Q, TVC, Throttle Control, & Control Surfaces”. The
Mixing Logic matrix (Kmix3) is now expected to provide translational acceleration capability. In
addition to roll, pitch, and yaw, it must also provide acceleration control along the vehicle x and z
axes. The mixing matrix Kmix3 is shown below and it is a lot bigger and more complex than the
previous two cases. It has 5 columns that correspond to the 5 acceleration demands: three rotations
(roll, pitch, and yaw), and columns 4 and 5 correspond to the axial and normal acceleration demands
respectively. It has 21 rows that correspond to 21 effector commands. The first six are pitch
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deflections (dy) for engines 1 to 6. The next six are yaw engine deflections (6z). Outputs 13-18 are
throttle commands (Dth) for the 6 engines. The last three are control surface deflections for the
elevon, aileron, and rudder. This matrix is more complex and less obvious than previous. In roll it uses
mainly the aileron (row-20). In pitch it is the elevon (row-19) that dominates in combination with
some differential throttling (rows 13 & 18 -ve) and (rows 15 & 16 +ve) and in combination with pitch
gimbaling (rows 1-6). In yaw it uses negative yaw gimbaling (-dz) in all engines (rows 7:12),
differential throttling between left engines (rows 13:15 -ve) and right engines (rows 16:18 +ve), and
also the rudder (row-21). Axial acceleration is achieved by throttling the 6 engines (rows 13 to18).
Normal acceleration along z is more complex because this direction is not very accessible. The
engines are mounted only at -5 degrees in pitch. It takes a combination of pitch gimbaling, differential
throttling, and elevon deflection to provide some control along the z axis.

Gain Matrix for ...
Mixing Logic for RUV Rocket Plane, Max-Q, TVC, Throttle Control, & Control Surfaces
I This is a TVC matrix for a vehicle that is controlled with 6 TVC engines which are gimbaling in
I pitch and yaw, and 3 aerosurfaces. The 6 engines are also throttling.
Matrix Kmix3 Size =21 X 5
1-Roll 2-Pitch
1-Row -0.134026917277E-02 0.345353013558E+00

4-Axial
0.234893894561E-02

5-Normal-Nz
-0.345238984064E-01

3-Yaw
-0.366180301645E-02

2-Row
3-Row
4-Row
5-Row
6-Row
7-Row
8-Row
9-Row
10-Row
11-Row
12-Row
13-Row
14-Row
15-Row
16-Row
17-Row
18-Row
19-Row
20-Row
21-Row

-0.268053834554E-02
-0.134026917277E-02
0.134026917277E-02
0.268053834554E-02
0.134026917277E-02
0.125895574583E-02
-0.103785197425E-02
-0.333465969433E-02
-0.333465969433E-02
-0.103785197425E-02
0.125895574583E-02
-0.384404102054E-03
-0.768808204109E-03
-0.384404102054E-03
0.384404102054E-03
0.768808204109E-03
0.384404102054E-03
-0.129556475995E-19
0.130323844277E+00
0.754345422302E-02

0.349059193999E+00
0.352765374439E+00
0.352765374439E+00
0.349059193999E+00
0.345353013558E+00
0.853917171381E-19
0.667663652537E-19
0.481410133693E-19
0.481410133693E-19
0.667663652537E-19
0.853917171381E-19
-0.422064781700E+00
-0.744005479418E-01
0.273263685816E+00
0.273263685816E+00
-0.744005479418E-01
-0.422064781700E+00
-0.192961423360E+01
0.101481219581E-17
-0.776715317707E-18

-0.732360603290E-02
-0.366180301645E-02
0.366180301645E-02
0.732360603290E-02
0.366180301645E-02
-0.273880854396E+00
-0.274305371545E+00
-0.274729888695E+00
-0.274729888695E+00
-0.274305371545E+00
-0.273880854396E+00
-0.320334529566E+00
-0.640669059131E+00
-0.320334529566E+00
0.320334529566E+00
0.640669059131E+00
0.320334529566E+00
-0.177605032613E-17
0.177270979587E+00
0.305630745110E+01

0.236244069227E-02
0.237594243893E-02
0.237594243893E-02
0.236244069227E-02
0.234893894561E-02
0.143715512972E-20
0.228825102008E-21
-0.979504925706E-21
-0.979504925706E-21
0.228825102008E-21
0.143715512972E-20
0.253175385663E-01
0.265840916879E-01
0.278506448095E-01
0.278506448095E-01
0.265840916879E-01
0.253175385663E-01
-0.198807254377E-03
0.681292110978E-19
-0.466670118374E-20

-0.348250723858E-01
-0.351262463652E-01
-0.351262463652E-01
-0.348250723858E-01
-0.345238984064E-01
-0.111656839683E-19
-0.925534848382E-20
-0.734501299932E-20
-0.734501299932E-20
-0.925534848382E-20
-0.111656839683E-19

0.323334859898E-01

0.408137510130E-02
-0.241707357872E-01
-0.241707357872E-01

0.408137510130E-02

0.323334859898E-01

0.455141239973E-01
-0.102740333987E-18

0.106494229705E-18

Definitions of Matrix Inputs (Columns): 5
P-dot Roll Accel Demand About X Axis
Q-dot Pitch Accel Demand About Y Axis
R-dot Yaw Accel Demand About Z Axis
Ax Forward Accel Demand Along X Axis
Az Normal Accel Demand Along Z Axis

Definitions of Matrix Outputs (Rows): 21

Output: 1 Dy(engine): 1 Pitch Deflection

Output: 2 Dy(engine): 2 Pitch Deflection

Output: 3 Dy(engine): 3 Pitch Deflection

Output: 4 Dy(engine): 4 Pitch Deflection

Output: 5 Dy(engine): 5 Pitch Deflection

Output: 6 Dy(engine): 6 Pitch Deflection

Output: 7 Dz(engine): 1 Yaw Deflection

Output: 8 Dz(engine): 2 Yaw Deflection

Output: 9 Dz(engine): 3 Yaw Deflection

Output: 10 Dz(engine): 4 Yaw Deflection

Output: 11 Dz(engine): 5 Yaw Deflection

Output: 12 Dz(engine): 6 Yaw Deflectio

Output: 13 Delta(throttle) of Engine No: 1

Output: 14 Delta(throttle) of Engine No: 2

Output: 15 Delta(throttle) of Engine No 3

Output: 16 Delta(throttle) of Engine No 4

Output: 17 Delta(throttle) of Engine No: 5

Output: 18 Delta(throttle) of Engine No: 6

Output: 19 Control Surface: 1 Elevon Deflection (radians)
Output: 20 Control Surface: 2 Ailern Deflection (radians)
Output: 21 Control Surface: 3 Rudder Deflection (radians)
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7.8.4 A Multi-Engine Booster Vehicle Example

This vehicle is another Space Shuttle ascent type with slightly modified boosters. The two side
boosters are not SRBs but each booster is replaced with three liquid engines. So the vehicle has a
total of 9 engines: three Shuttle type SSMEs and 6 liquid booster, 3 engines per booster on each side.

In this configuration all 9 engines are allowed to gimbal in both pitch and yaw directions. In addition
to gimbaling the 6 liquid booster engines #(4-9) are also capable of throttling. Their nominal thrusts
are 960,000 (lb), and each can be varied separately from 600,000 to 1,400,000 (lb) by a throttle
command that varies between (-1 to +1). Zero corresponding to nominal thrust, +1 to max thrust, and
-1 to min thrust. This multi-engine example is also used to demonstrate the batch execution of the
mixing logic program. The vehicle input data is in file “Multi-Boost.Inp” which is also in directory
“Flixan/ Mixing Logic/ Examples”. The vehicle title is “Liquid Booster Shuttle, Max-Q, T=72 sec
(Gimbal/Throttle Control)”. The input file in addition to the vehicle set it contains also 5 mixing logic
sets for calculating different types of TVC matrices with different FCS demands for a variety of
effector configurations. The entire input file can be processed faster in batch mode by running a
batch set, shown below, which is located in the input file.

BATCH MODE INSTRUCTIOCONS wuweeesesessnnnas

Batch for Creating TVC Matrices for the Liguid Booster Shuttle

! This batch set creates different types of TVC and throttle control matrices for different
! wehicle model applications.

Flight Vehicle : Ligquid Booster Shuttle, Max—Q, T=72 sec (Gimbal/Throttle Control)
Mixing Matrix : Mixing Logic for the Throttable Booster [Emix23: PQR-dot plus &x]
Mixing Matrix : Mixing Logic for the Throttable Booster [Emix65: PQR-dot plus &Ax,RAz]
Mixing Matrix : Mixing Logic for the Throttable Booster [Emix67: PQR-dot plus Ax,Ay,RA=z]
Mixing Matrix : Mixing Logic for the Throttable Booster [Emix22: Pitch and Ax Control]
Mixing Matrix : Mixing Logic for the Throttable Booster [Emixl3: Lateral Control]

Start the Flixan program, select the project directory, and then go to "Edit", "Manage Input Files", and
"Process/ Edit Input Data", as shown below.

Flixan, Flight Vehicle Mod

File Analysis Tools  View Quad  Help
Manage Input Files (*Ing] J Create or Edit Batch Data
Manage System Files (*.Qdr) L Process / Edit Input Data

The following dialog is used for processing input data files. The menu on the left side shows the input
files which are in the current project directory. Click on the input file “Multi-Boost.Inp” and then
"Select Input File". The menu on the right side will display the titles of all the data-sets which are
saved in this file. Each data-set has a type and it is processed by a different Flixan utility. The data-set
type appears on the left side of the title. Select the top data-set title which is the batch set, and click
on "Execute/ View Input Data". The batch will process the vehicle and the mixing logic sets and it will
save the mixing logic matrices in the systems file “Multi-Boost.Qdr”. If the file already exists it will ask
for permission to replace it.
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Process Input Data Files

Faitt ta &k Input Data Filenarme ;
and Click''S elect Input File'" The following sets of input data are it file: Multi-Boaost.inp Euit
Muit-Boost inp
LB Rocketin Flight WVehicle : Liguid Booster Shuttle, Max—{, T=7Z sec (Gimbal/Throttle Control)
Mixing Matrix : Mixing Logic for the Throttazble Booster [EmixZ3: POR-dot plus Ax]
Fiocket_Plare.inp Mixing Matrix : Mizxing Logic for the Throttable Booster [Emix€5: PQR-dot plus Ax, Lz]
Shéas Stgl.inp Mixing Matrix : Mixing Logic for the Throttasble Booster [Emix€7: BQE-dot plus Ax, Ay, Az]
Mixing Matrix : Mixing Logic for the Throttable Booster [FmixZ2Z: Pitch and Ax Control]
Mixing Matrix : Mixing Logic for the Throttable Booster [Emixl3: Lateral Control]
'S B
Replace Systems File? l-‘-l

y " "‘-.I The systems filename: Multi-Boost.Qdr
W' already exists. Do you want to create it again?

Edit File

Select Input File

Executed View Input Data

Delete Data Set in File |

Relocate Data Set in File

This batch set creates different twpes of TVC and throttle contral matrices for different vehicle model applications. -
Copy to Anather File ‘

Wiew Data-Set Comments

Now let us take a look at this systems file. The vehicle state-space system is on the top but we are not
planning to use it in this example. We are only interested in TVC matrices.

1. The first TVC matrix “Kmix23” in file “Multi-Boost.Qdr” converts the roll, pitch, and yaw, plus
axial acceleration FCS demands to 24 actuator commands. The first 9 matrix outputs are pitch
deflections for the 9 engines, the following 9 outputs are yaw deflections, and the last 6 are
throttle commands for varying the thrust on the 6 liquid booster engines.

2. The second TVC matrix “Kmix65” has the same outputs as the previous one but it has one
more column. In addition to the roll, pitch, and yaw FCS demands we have included
acceleration demands along the x and z axes in columns 4 and 5.

3. The third TVC matrix is “Kmix67”. This one accepts demands in all 6 directions and, of course,
it has the same 24 outputs. This selection is probably not very practical because this vehicle
does not have a very good side-force (Ny) control.

4. The next TVC matrix is Kmix22 and receives only pitch and axial acceleration demands (2
columns).

5. The last TVC matrix is Kmix13 which receives only roll, yaw and side acceleration (Ny)
demands (3 columns). This one is not very practical in this vehicle either.
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7.8.5 Vehicle with Multiple types of Effectors

We will now demonstrate a vehicle example that uses all types of effectors: TVC, throttling, reaction
control jets, and aerosurfaces. It is a rocket-plane shown in Figure 5.10. It has two main engines of
60,000 (Ib) of thrust each, that gimbal in pitch and yaw and they can also throttle +30% from nominal
thrust. It has 5 aero-surfaces: two inboard and two outboard elevons, and a vertical rudder. It also
has two sets of analogue RCS thrusters, one pair thrusting in the *Z direction and the second pair is
thrusting in the %Y direction. The RCS thrusts are proportional to the throttle commands that vary
between 0 and 1 producing a maximum thrust of £3,000 (Ib). This vehicle obviously has enough
effectors to be controlled in all 6 directions, 3 rotational and 3 translational. To design, however, the
effector combination logic by inspection is not easy. We shall, therefore, use the Mixing Logic
calculation program.

+7 Jets Rudder
TVC / Throttling
1Y Jets Engines

Rudder

Main

Engine
+Y

RCS Jet
. Right

Left T Outboard
Inboard ' Elevon
Elevon -Z

RCS Jet
Figure 10 Flight Vehicle Controlled with Multiple Types of Effectors

The input data for this example is in file “Shuttle_MixLogic.Inp” located in folder “Flixan/ Mixing
Logic/ Examples/Shuttle Mixing Logic Example”. The title of the vehicle model described is “Shuttle
Early Hypersonic Re-Entry, Rigid Body Axes Model”. There is also a mixing logic dataset in this file that
uses the vehicle model to generate a (13x6) mixing-logic matrix that will convert the 3 rotational and
3 translational acceleration demands to 13 effector commands. The name of the matrix is Kmix and
its title is “Mixing Logic for the 5 Aero-Surfaces, TVC, and RCS”.
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MIXING LOGIC MATRIX DATA .......... (Matrix Title, Name, Vehicle Title, Control Directions)
Mixing Logic for the 5 Aero-Surfaces, TVC, and RCS
I Mixing Logic Matrix for combining the five Space Shuttle control surfaces (inboard and

I outboard elevons and rudder) excluding the RCS jets to achieve 3 rotational accelerations
1

Kmix

Shuttle Early Hypersonic Re-Entry, Rigid Body Axes Model
P-dot Roll Acceleration About X Axis

Q-dot Pitch Acceleration About Y Axis

R-dot Yaw Acceleration About Z Axis

Ax Axial Acceleration Along X Axis

Ay Lateral Acceleration Along Y Axis

Az Normal Acceleration Along Z Axis

Figure 11 shows the mixing-logic matrix Kmix that combines the 13 effectors to produce the
accelerations demanded in all six directions. The inputs to the mixing matrix are the six demands, 3
rotational and 3 translational that would normally come from the flight control system. The 13 matrix
outputs go to the vehicle effectors. The vehicle has 4 engine TVC deflections (2 pitch and 2 yaw), 2
engine throttle commands, 2 RCS throttle commands, and 5 aerosurface deflection commands in
(radians). The throttle inputs in the vehicle model are scaled and they must vary between 0 and £1.
Note, the throttle input is not thrust but it represents the fraction of thrust variation above or below
nominal and its magnitude should not exceed 1. The value of the actual thrust is already included in
the dynamic model.

Flight Control Acceleration Demands
Rotational and Translational

P Q R A, A, A,

¢ i J J l J Mixing Logic Outputs Drive the Effector Inputs

0.4794 -0.9897 0.0862 -0.0016 -0.0034 -0.0131 1 TVC Main Engine 1 Pitch Deflect. (dy1) in (rad)
-0.47¢5 -0.2802 -0.08&8 -0.001& 0.0034 -0.0131 2 TVC Main Engine 2 Pitch Deflect. (dy2) in (rad)
0.0177 0.0001 -0.3206 0.0000 0.0458 -0.0000 3 TVC Main Engine 1 Yaw Deflect. (dz1) in (rad)
0.0177 0.0001 -0.3206 0.0000 0.0458 -0.0000 4 TVC Main Engine 2 Yaw Deflect. (dz2) in (rad)
-0.0467 0.0345 4.3958 0.0622 D0.1922 -0.0007 5 Left Main Engine No 1 Throttle (+X), between (O to £1)
0.047¢& 0.0350 -4.3980 0.0623 -0.1923 -0.0007 6 Right Main Engine No 2 Throttle (£X), between (0 to +1)
-0.0003 -15.2007 0.0008  -0.0417 0.0000 0.6954 7 RCS Throttle Input (dTh/Th) for Jet No 3 (£Z), between (0 to 1)
-0.0174 -0.0006 13.3162 -0.0000 0.6488 0.0000 » 8 RCS Throttle Input (dTh/Th) for Jet No 4 (£Y), between (0 to +1)
1.0492 2.5044  -0.1855 0.0089 -0.0323 -0.1264 9 Surface No 1 Left Outboard Elevon Deflect (rad)
0.1369 3.2676 0.0945 0.0091 0.0021 -0.1720 10 Surface No 2 Left Inboard Elevon Deflect (rad)
-0.1387 3.2675 -0.0948 0.0091 -0.0021  -0.1720 11 Surface No 3 Right Inboard Elevon Deflect (rad)
-1.0491 2.5034 0.1852 0.00é&8 0.0323  -0.1264 12 Surface No 4 Right Outboard Elevon Deflect (rad)
0.3se0 -0.0043 -0.8648 -0.0001 -0.0330 0.0002 13 Surface No 5 Vertical Rudder Deflection (rad)

The Mixing Logic Matrix Translates the Acceleration Demands to Effector Deflections
and Throttle Commands

Figure 11 Mixing Logic Matrix Inputs and Outputs

In order to test the effectiveness of the mixing logic matrix capability to achieve the demanded input
accelerations we must create an open-loop simulation model that combines the vehicle state-space
model in series with the mixing matrix, similar to Figure 2. This is implemented in the Simulink model
“Mix_Logic_Sim.MdI” shown in Figure 12 for testing the mixing matrix. The input to Kmix is a vector
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of 6 acceleration demands, 3-rotational and 3-translational as already described, hypothetically
coming from the FCS, and the mixing logic matrix transforms the demands to 13 effector commands
that become inputs to the vehicle dynamic model. The outputs of the vehicle model are modified to
produce vehicle accelerations, 3-rotational and 3-translational. If the mixing-logic matrix is properly
designed, the accelerations generated by the dynamic model will be equal to the step accelerations
demanded by the FCS. We run the simulation for a short period of time because the vehicle is open-
loop unstable and it will eventually diverge. A short time is sufficient to measure the accelerations
produced. The simulation shows that the plant in series with the mixing-logic matrix Kmix is perfectly
diagonalized. From the accelerations view point it behaves like a 6x6 identity matrix. Any
combination of acceleration demands produces identical vehicle accelerations, as shown in the
simulation results.

Vehicle Effector Inputs=13

1 TVC Main Engine 1 Pitch Deflect. {rad), Dymax= 14 deg
2 TVWC Main Engine 2 Pitch Deflect. (rad), Dymax= 14 deg
3 TVC Main Engine 1 Yaw Deflect. (rad), Dzmax= 12 deg
4 TWC Main Engine 2 Yaw Deflect. rad), Dzmax= 12 deg
5 Left Main Engine Mo 1Throttle [+/-X)
£ Right Main Engine No 2 Throttle [+/-X) . .
7 BCS Throttle Input dTh/Th for Jet Ne 3 (+/-Z) Vehicle Acceleration Outputs=6
B RCS Throttle Input I:ITh..-’Th for let No 4 [+/-¥) 1 Roll Accelerat (p-body) (rad/sec2)
% Surface Mo 1 Deflect (rad) Left Outboard Elevon . ) ]
. 2 Pitch Accelerat (g-body)  (rad/sec*2)
10 Surface No 2 Deflect (rad) Left Inboard Elevon A h
. B 3 Yaw Accelerat (r-body) (rad/sec”l)
11 Surface No 3 Deflect {rad) Right Inboard Elevon - o
. . 4 (G Acceleration along X axis, (ftfsec”2)
12 Surface No 4 Deflect (rad) Right Qutboard Elevon . B
13 Surface No 5 Deflect (rad) Vertical Rudder 5 CG Acceleration along ¥ axis, (ft/sec"2)
! 6 CG Acceleration along Z axis, (ft/sec"2)
Acceleration Demands
from Flight Control Mixing Logic Matrix (13 x 6) Vehicle Dynamic Model
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Step linear lin accel

Kmix
P-dot Roll Accel Demand About X Axis '—"’ Pitch Engn Deflect
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Figure 12 Open-Loop Simulation Model “Mix_Logic_Sim.mdl” used to test the effectiveness of the Mixing Logic Matrix.
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In Figure 13 the vehicle model is commanded open-loop to accelerate in +roll and -yaw
simultaneously. The translational acceleration demands are zero. The results show that all open-loop
accelerations produced are equal to the demanded accelerations. The two yaw TVC gimbals (6z) rotate
in the +yaw direction, and also the rudder rotates positive to generate the required negative yaw
acceleration. The negative yaw acceleration is also assisted by the throttling yaw RCS jets that produce
a force in the =Y direction. The —yaw acceleration is also slightly assisted by the differential throttling
of the two main engines (left engine throttles down, right engine throttles up). The +roll acceleration is
produced by differentially deflecting the main engine pitch gimbals (dy), the inboard elevons, and the
outboard elevons (left side down, right side up). The outboard elevons deflect more than the inboard
elevons, because they are obviously more effective in roll.
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Figure 14 shows the open-loop system and effector response to one rotational and two translational
step acceleration demands which are applied simultaneously. That is: 1 (deg/sec®) pitch acceleration
demand, 1 (ft/sec?) axial acceleration demand, and -1 (ft/sec?) normal acceleration demand.

All accelerations produced are equal to the demanded accelerations, the pitch acceleration and
the translational accelerations, as shown above.

The negative normal acceleration demand -Az causes all four elevons to deflect symmetrically
in the positive direction (down). The inboard elevons are more effective and they are deflecting
further than the outboard.

The RCS jet is throttling heavily in the —Z direction assisting in the —Az acceleration.

The increase in the axial acceleration +Ax is produced by the positive throttling of the two
main engines.

The +pitch acceleration is produced by symmetrically deflecting the two TVC engines in the
negative pitch direction (-dy).

The forward firing RCS thruster in the -Z direction is also helping in pitch acceleration.
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