9. Early Performance Analysis
of Conceptual Flight Vehicles
with Multiple Types of Effectors

Background

Designs of conceptual flight vehicles must meet, among many other things, controllability,
stability, and maneuverability performance requirements in order to be certified for operation.
However, a flight vehicle's ability to meet these requirements is often limited by performance,
stability, or control authority availability. Thus, it is essential for designers to evaluate the overall
performance and control authority of candidate concepts in a static sense, early in the design
process, and prior to dynamic analysis.

Designers normally consider numerous possible vehicle configurations before stability and control
system groups begin their analysis and design. However, there is no existing framework for
conducting sophisticated and systematic analysis of early designs controlled with multiple types of
effectors. There is a need, therefore, for a quick and methodical tool for examining new flight
vehicle concepts and providing a more efficient design process by analyzing a number of important
static performance parameters calculated from preliminary vehicle data. The methodology
presented in this document is intended to bridge the gap between concept and realism and to
simplify the task of the flight control systems engineer in evaluating new vehicle concepts in terms
of satisfying mission and meeting performance expectations.

Eric T. Falangas

Flixan Engineering Services
Web Site: Flixan.com
Email: info@flixan.com

9-1



Table of Contents

1.0
11
1.2
2.0
2.1
2.2
2.3
2.4
2.5
2.6
2.7
2.8
3.0
3.1
3.2
3.3
3.4
3.5
3.6
3.7
3.8
3.8.1
3.8.2
3.83
3.84
3.85
3.8.6
3.8.7
3.8.8
3.8.9
3.8.10
3.8.11
3.8.12
3.8.13
3.8.14
3.8.15
3.8.16
3.8.17
3.8.18
3.8.19
3.8.20
3.8.21
3.8.22
3.8.22
4.0
4.1
4.2
4.3
4.4

Background

Introduction

Methodology Overview

Control Effectors

Dynamic Modeling and Effector Mixing Logic

Trimming the Effectors for Balancing the Flight Vehicle Moments and Forces
Basic Aerodynamic Moments and Forces

Moments and Forces Produced by a Control Surface Deflection
Moments and Forces due to an Engine Gimbaling in Pitch and Yaw
Numerical Solution for Calculating the Effector Trim Deflections and Throttles
Running the Effector Trimming Program

Graphically Adjusting the Trim History

Trimming with a Modified Trajectory

Trimming with a Faulty Effector

Static Performance Analysis Along a Trajectory

Transforming the Aero Moment Coefficients

Converting FCS Demands to Vehicle Moments and Forces

Vehicle Moments and Forces Generated by a Double-Gimbaling Engine
Vehicle Moments and Forces Generated by an Engine Gimbaling in Single Direction
Vehicle Moments and Forces Generated by a Throttling Engine
Vehicle Moments and Forces Generated by Control Surfaces

Total Vehicle Moments and Forces due to All Effectors Combined
Performance Parameters

Aerodynamic Center

Static Margin

Center of Pressure

Pitch Static Stability/ Time to Double Amplitude (T2) Parameter
Directional Stability (Cnp_dynamic)

Lateral Time to Double Amplitude/ Stability Parameter (T2)
Control Authority of Effectors

Biased Effectors

Control to Disturbance Partials (Ma/Md)

Pitch Control Authority against an Angle of Attack Variation

Pitch Control Authority against Velocity Variation

Lateral Control Authority against Angle of Sideslip Dispersions
Lateral Control Authority against Velocity Variations

Normal and Lateral Loads

Bank Angle and Side-Force during a Steady Sideslip

Engine-Out or Y Offset Situations

Lateral Control Departure Parameter (LCDP)

Examples Showing the Effects of LCDP Sign Reversal on Stability
Effector Capability to Provide Rotational and Translational Accelerations
Steady Pull-Up Maneuverability

Pitch Inertial Coupling due to Stability Roll

Yaw Inertial Coupling due to Loaded Roll

Moments at the Hinges of the Control Surfaces

Aero Data, Trajectory Analysis and Plotting

Plotting the Aero Data

Plotting the Trajectory Data

Modifying the Trajectory Data for Dispersion Analysis

Adjusting the Effector Trim Data

9-2

Page

N b

12
13
16
17
18
21
23
29
33
35
38
39
40
42
43
44
44
45
47
47
47
47
48
49
50
50
53
53
54
56
57
58
59
60
61
61
65
68
69
71
72
73
74
74
76
78
81



4.5
5.0
51
5.2
5.3
531
5.3.2
533
534
5.3.5
5.3.6
6.0
7.0
7.1
8.0
8.1
8.2
8.2.1
8.3
8.3.1
8.4
8.5
8.6
9.0
9.1
9.2
9.3
9.4
9.5
9.6
9.7
9.8
9.9
9.10
10.0
10.1
10.2
10.3
104
10.5
10.6

Plotting and Comparing Data

Effector Combination Logic

Input Data

Creating a Mixing Logic Matrix from "Trim"

Derivation of an Effector Combination Matrix

Forces and Moments Generated By a Single Engine

Moments and Forces Generated by a Single Engine Gimbaling in Pitch and Yaw
Moments and Forces of an Engine Gimbaling in a Single Skewed Direction
Moments and Forces Generated by a Throttling Engine or an RCS Jet
Moments and Forces Generated by a Control Surface Deflection

Change in Vehicle Rate due to the Combined Effect from All Actuators
Generating State-Space Models for Linear Control Analysis

Contour Plots of Performance Parameters Plotted Against (Mach and Alpha)
Running the Flixan Contour Plots Program

Static Analysis Using Vector Diagrams

Maximum Moment and Force Vector Diagrams

Maximum Acceleration Vector Diagrams

Maximum Accelerations due to Air-Speed Variation v

Moment and Force Vector Partials

Control versus Airspeed Variation Partials

Acceleration per Acceleration Demand Vector Partials

Converting the Aero Uncertainties from Individual Aerosurface Panels to Vehicle Axes
Running the Vector Diagrams Program from Flixan

Data Files and Description

Trajectory Data Files

Mass Properties Data File

Propulsion Data File

Base Aero Data File

Control Surface Aero Data File

Hinge Moment Coefficients File

Damping Derivatives File

Aerodynamic Uncertainties File

Fuel Sloshing Data File

Output Data Files

Design Examples

Hypersonic Rocket-Plane Analysis during Ascent and Descent phases

F-16 Fighter Aircraft Analysis, Control Design, and 6-dof Simulation
Air-Launched Vehicle with Wings and Tails Design in Multiple Phases
Re-Usable Launch Vehicle with Multiple-Engines During Ascent and Descent
Lifting-Body Aircraft Descent from Space, Vertical Take-Off, and 6-dof Simulation
Re-Entry Vehicle Design and Analysis Using Aero-Surfaces and RCS Jets

9-3

85

87

88

89

95

97

99

100
101
102
102
105
113
117
128
132
138
141
142
146
148
150
154
162
163
164
165
166
167
170
171
172
173
174
175
1-1
2-1
3-1
4-1
5-1
6-1



Introduction

Flight vehicles must meet controllability and maneuverability performance requirements in
order to be certified for operations. A vehicle's ability to meet these requirements is often
limited by the amount of control authority available. Thus, it is essential for designers to assess
the control authority of candidate concepts early in the conceptual design phase. Designers
normally consider numerous possible vehicle configurations before structures and control
system groups begin their dynamic analysis. An early performance evaluation before detailed
control design begins is necessary. In this document we are presenting a methodology for
quick evaluation of controllability and performance of conceptual vehicle designs, in a static
sense, against the requirements imposed by the vehicle purpose and mission at critical flight
conditions.

In the early phase of a new flight vehicle the design team must define the purpose, missions,
and hardware configuration of the vehicle. This determines its initial shape and the
aerodynamic lift and drag coefficients. From the lift and drag coefficients trajectories are
created by means of point-mass or 6-DOF simulations that achieve the mission goals and the
critical flight conditions are identified. This design cycle, however, is an iterative process and
there is a need for rapid re-evaluation of vehicle performance in terms of static-stability,
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maneuverability, control authority, and the effector capability to trim in order to balance the
moments and forces which are specified in the trajectory environment. This static evaluation
of a vehicle concept must be performed prior to any linear analysis, flight control system
design, and time domain simulations which are considerably more time consuming.

Sometimes you take a look at flight vehicle design concept and you instinctively suspect that
there is something wrong with it, and wished that you had a logical way of proving it. The
shape tells you something about its aerodynamics, the weight distribution about stability, the
effectors location and size about control authority and maneuverability. Sometimes you
suspect that the CG is either too far back or too close to the front or that the effectors are too
small or too big and you are not sure if the engines or aerosurfaces can provide the forces and
moments to maneuver it. There are also situations where you would like to trade control
authority in one direction against other directions by adjusting the effectors and positions, or
trying other types of effectors in different locations, or that you may want to quantify the
effectors control authority necessary to survive the expected flight environment, or to trade
control authority among multiple effectors. There are also times when the designer would like
to know the consequences of losing an aerosurface, RCS jet, thrust or an actuator from a TVC
engine, or to analyze the effects of CG variations due to payload shifts. An optimized trajectory
does not provide any information about the vehicle performance and its ability to survive the
expected trajectory environment, dispersions due to winds, and effector failures, mainly
because it is missing the effector information. The vehicle may be unable to follow the
trajectory, either because it does not have sufficient control authority to trim, to counteract
dispersions in aerodynamic angles, or it may be too divergent or too stable and unable to
maneuver. An analysis process is necessary between trajectory optimization and control
design to predict the vehicle performance and its capability to track the proposed trajectory.

All these capabilities and more are addressed by the methodology presented in this document
that provides a systematic approach and the necessary tools to rapidly evaluate an early
vehicle concept. It uses aerodynamic data, trajectory, propulsion, and mass properties data to
evaluate if the flight vehicle concept possesses adequate control power, static stability and
maneuverability qualities to satisfy the requirements defined at critical flight conditions along
a trajectory, without getting involved in simulations, dynamic modeling and control design. In
addition, the method provides guidelines on how to take a corrective action in case the vehicle
concept does not meet the required performance. This methodology is implemented in a
software tool that is integrated as an option of the Flixan program. We call it "Trim" for short,
although it performs a lot more functions other than trimming the control effectors. Trim is an
interactive, user friendly, Windows based program that employs graphics, menus, and dialogs
to rapidly assess the overall performance and controllability of conceptual vehicle designs. It is
not only limited to aircraft or rockets but it can be applied to any flight vehicle configuration
that uses aerosurfaces, gimbaling engines, thrust varying engines, reaction control jets, or any
combination of the above.
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Trim is not intended to replace the stability and control analysis but rather to improve and to
simplify the evaluation of conceptual vehicles by helping the analyst to decide which ideas
should be rejected or pursued further. In fact, it integrates nicely with other Flixan tools
because it generates input data for the flight vehicle dynamic modeling program at selected
flight conditions, and also for the effectors mixing-logic program.

The main features of the Trim program are as follows: to efficiently combine multiple types of
effectors together, to calculate the effector trim angles and thrusts along a required trajectory,
and also to analyze the vehicle performance in terms of some critical performance parameters
which are described in chapter 3. The performance parameters are calculated as a function of
time by processing the vehicle data along the trajectory. Trim also provides interactive tools
for visually analyzing the maneuverability and controllability of the vehicle against wind-shear
disturbances at selected flight conditions by means of vector diagrams. Contour plots are also
used for visually analyzing vehicle stability and controllability in the entire Mach versus alpha
envelope. Graphic utilities are included for plotting and comparing various trajectories and
performance parameters against time. There are also options for generating dynamic models
and effector mixing matrices at selected flight conditions along the trajectory. The Trim
algorithm is very versatile because it allows the designer to perform a thorough and
systematic analysis and examine different off-nominal situations, which include: aerodynamic
uncertainties, parameter variations, "what if" analysis that help improve the design by
graphically modifying some vehicle parameters and evaluating its robustness to trajectory
alterations, modified trimming conditions, or by introducing external disturbances. All these
features lead to designs that satisfy mission requirements in adverse situations.

The Trim program is not intended only for aircraft but it is designed to accommodate various
types of atmospheric vehicle concepts with blended features, including missiles, launch
vehicles, rocket-planes, or reentry glider type vehicles. It integrates and generalizes various
stability and performance analytic criteria developed separately for aircraft and for launch
vehicles and extends their applicability to generic vehicle concepts controlled by multiple
effector types. Almost any type of flight vehicle can be implemented in a short time from its
data, analyze static performance, evaluate the effects of parameter variations, perform
disturbance analysis, model the effector types, their location, thrusts, etc. The flight vehicles
are controlled either by aerosurfaces, thrust vectoring engines, thrust varying engines,
reaction control jets, or any combination of the above effectors. The effectors are combined
together as a system and the performance criteria are calculated based on the combined
system and not the aerosurfaces separately or the TVC engines alone. The Trim algorithm,
therefore, uses an effective method of combining the various types of effectors together
which attempts to optimize performance in the controlled directions. Finally, the Trim
program also provides a good starting point for a detailed control design and dynamic analysis
work by coordinating with the Flixan Vehicle Modeling program and preparing input data for
generating dynamic models at selected flight conditions along the trajectory.
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9.1 Methodology Overview

The design of a new flight vehicle from the flight control point of view undergoes through
various phases of design and analysis, as shown in Figure 1.1. The designer begins by collecting
the vehicle data base, which initially is poor and some of the numbers may have to be roughly
estimated or guessed. As the design progresses, however, and new numbers become available
the database gradually becomes more refined. This is, obviously, an iterative process.

i ici . Trim Effectors
Control Suroce Cosft Preliminary Désn n Mixing Logic
Hinge Moment Coeff. Aero Data Evaluation ck Vehicle Performance
Damping Derivatives (2_4) days Slze Actuator Moments
Aero Uncertainties
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Slosh Mass, )
T [ Sohaa [ (22) Q-1 e
= Trajectory, FCS

Figure 1.1 Three Phases of Flight Vehicle Design from the Controls Point of View

The control analyst begins by collecting the vehicle mass properties: weights, inertias, center
of mass as a function of vehicle weight, geometry, locations of the vehicle sensors, engines,
jets, control surfaces, etc. Then he or she must request aero data from the aerodynamics
group consisting of aerodynamic coefficients for the base body, control surface increment
coefficients, aero uncertainties, damping derivatives, and hinge-moment coefficients.
Propulsion data for the engines and the reaction control jets are also needed, such as thrusts,
directions, thruster locations, etc. A preliminary point-mass trajectory is also needed, such as
one created by the POST program, optimized to achieve certain terminal-time criteria, such as
maximizing payload weight, altitude or minimizing heating. The trajectories consist of several
variables, such as: alpha, beta, weight, velocity, altitude, Mach number, acceleration, dynamic
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pressure, thrust, etc. calculated as a function of time. The trajectory variables define the
vehicle mission and the environment that it must tolerate during flight. A trajectory, however,
does not include the vehicle rotational dynamics and its interaction with the control system.
The first function of the Trim program is to trim the effectors, that is, to calculate the effector
deflections that will balance the moments along the trajectory. Then it analyzes static
controllability, stability, and overall performance. Although the analysis is static, it predicts
some dynamic characteristics of the vehicle, such as: time to double amplitude, short period
resonances, in addition to maneuverability, control authority, and robustness to uncertainties
and disturbances.

The next step (or second phase) in this iterative process is to create dynamic models at critical
flight conditions, design a preliminary control system and analyze dynamic stability, robustness
to uncertainties, and dynamic performance in response to gusts and guidance commands. In
the next phase, a 6-DOF simulation is created that includes preliminary control laws
interpolated between the design cases. A 6-DOF includes the vehicle rotational dynamics and
it can create more efficient trajectories than POST for Trim analysis and control system
redesign. The linear analysis models are augmented with more detail dynamics, such as tail-
wags-dog, fuel sloshing, and flexibility. This time the control laws are better refined and more
details are included, such as: lead-lag, low-pass, flex filters, logic, etc. The 6- DOF simulation is
also continuously refined. This modeling/ design/ analysis/ simulation process is repeated
several times until the control design and the trajectories converge. Possibly multiple
trajectories are processed. The user is referred to read the control design and simulation
examples presented in Section 10.

In the preliminary phase of the Trim analysis, however, we are not yet concerned with the
flight control system and simulations. In fact we don't even need a control system because all
we are doing is finding out how stable or unstable the vehicle is and if the proposed effectors
are strong enough to maneuver it in the trajectory environment. An FCS design for dynamic
analysis is performed in the second phase. If the vehicle concept is stabilizable and
maneuverable then it will be trivial to design a control system that satisfies some reasonable
performance criteria. You can learn a lot about the vehicle dynamic behavior and
maneuverability from static analysis before getting into the dynamics, control design, and
simulations. If a vehicle does not have acceptable stability and maneuverability properties,
then, even if you are able to design a control system that stabilizes it dynamically, it will
probably be susceptible to noise, variations and uncertainties. So this preliminary process
helps the designer to converge towards a well behaved airframe and mission environment
without getting involved into detailed dynamic analysis. This is important because at an early
phase some key decisions have to be made regarding the placement of sensors and the
location and size of the vehicle effectors, typically: the control surfaces, TVC engines, and the
reaction control jets, which determine the control authority. With increasing demand for
agility and use of advanced FCS with relaxed static stability, consideration of control power has
become an important issue in modern flight designs.
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Excessive control authority can translate into increased weight and drag, while inadequate
control power can result in a failed design. Thus, the designer's goal when sizing and placing
thrusters or control surfaces is to provide sufficient, yet not excessive, control power to meet
the required controllability and maneuvering performance requirements. Having a
methodology, therefore, for analyzing performance and to properly size the control power is
essential for optimizing conceptual flight vehicle configurations.

To summarize this overview, the Trim program is an important tool for rapid phase-1 type
performance evaluation of a new flight vehicle concept without requiring flight control system
design and a 6-DOF simulation. A simple static performance analysis is created after trimming
to predict the vehicle performance and its dynamic characteristics in presence of disturbances,
uncertainties and parameter variations, and to provide corrective actions in the event where
the requirements are not satisfied. In the second and third phases of the design a preliminary
rigid-body dynamic analysis of the flight vehicle is performed at critical flight conditions. The
analyst selects some critical flight conditions to create dynamic models along the trajectory,
and the Trim program generates the input data which are used by the Flight Vehicle Modeling
Program (FVMP) to generate state-space systems at the selected flight conditions. The
dynamic models are then used to design control laws, design effector combination logic,
perform linear analysis, and eventually develop 6-DOF simulations.

Figure 1.2 shows the inputs and outputs of the Trim program which initially calculates the
positions of the vehicle effectors. The effectors must rotate at a certain angle or to vary their
thrust in order to produce moments and forces that balance the base vehicle moments and
forces. The input files to the program are: a trajectory file, aero data consisting of basic vehicle
aero plus aero-surface increments, damping and hinge moment coefficients, mass properties
consisting of inertias and CG location as a function of weight, and slosh data which are
optional and they are only used when there is fuel sloshing in order to generate inputs for the
FVMP. The data files in Trim must be shaped in standard formats in order to be accessible by
the program and this may take several hours to complete. Afterwards, the analysis process is
straightforward and it should not take more than a few minutes to analyze the performance
characteristics of new vehicles and to provide some recommendations for improvements, as it
is demonstrated in the examples. In addition to trimming the effectors the program performs
several other functions which are essential for preliminary analysis of flight vehicles.

1. Evaluates the overall capability of the conceptual vehicle with its effectors to meet the
mission requirements by calculating some critical performance parameters along the flight
trajectory that characterize stability, maneuverability and controllability in the presence of
wind disturbances. These parameters are described in Section 3.

2. Plots of the trajectory data as a function of time and provides the graphic capability for the
analyst to modify graphically some of the trajectory variables, such as: the angle of attack,
sideslip, CG location, etc. by means of dialogs and interactive graphics. The user re-trims
and reevaluates the vehicle performance using the modified trajectory. This is useful for
analyzing parameter variations, CG shifts, and other "what if" type of studies.
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10.

When the vehicle has multiple effectors and types of effectors, after trimming the user can
graphically reshape the deflection angles or the thrusts of some effectors. This is done by
limiting their deflections and, therefore, trading the deflections of some effectors against
others. The constraints are adjusted graphically by means of dialogs and interactive
graphics. It can be used, for example, when trading elevon versus body-flap and speed-
brake deflections, since they all affect pitching moment and longitudinal dynamics.
Provides graphical utilities for visualizing the basic aerodynamic and the aerosurface
coefficients by plotting the coefficients and their derivatives as a function of alpha, beta,
Mach number, and aerosurface deflection (d).

Uses Contour Plots to display some of the important performance parameters, such as,
pitch and lateral stability parameters, the LCDP and control authority, as a function of
Mach versus alpha. Contour plots provide a wider perspective of performance in the entire
Mach versus alpha range (rather than in the vicinity of the trajectory). They help locating
undesirable or favorable flight conditions and provide direction on how to reshape the
trajectory in order to improve performance and to avoid undesirable flight conditions.
Creates an effector mixing logic matrix for combining multiple types of effectors. The
mixing matrix receives the flight control acceleration demands and calculates the effector
positions that will produce the demanded acceleration changes. It uses pseudo-inversion
based on geometry and the individual control authority of each effector. It optimizes
controllability because it allocates control authority proportionally to the individual
effector capability in the demanded directions. It also provides some form of open-loop
decoupling between the control axes. The mixing logic matrix is used for analyzing the
static performance characteristics of a vehicle. It is either constant, calculated at a fixed
flight condition, or time-varying calculated at every time point along the trajectory.
Generates dynamic models for control design and simulations at critical points along the
trajectory. The user selects the analysis points and the Trim program generates the input
data at the selected flight conditions. The Flixan "Flight Vehicle Modeling" program
generates various types of state-space systems and matrices required for control analysis
and simulations at the selected trajectory points, as it is shown in the examples section 10.
Generates Vector Diagrams which are used for analyzing vehicle controllability against
wind disturbances at specific flight conditions. They compare the control moments or
forces in two directions against the moments and forces produced due to angles of attack
and sideslip dispersions from trim. There are four types of vector diagrams, presented in
Section 9.8, for analyzing moments, forces, accelerations, and partials.

Calculates the control moments at the hinges of the control surfaces as a function of the
trajectory parameters and the aerosurface trim angles. This option is only available when a
hinge moment coefficients file (.HMco) is included in the database.

Provides additional data visualization utilities for plotting and overlaying previously
calculated data, such as: effector trim positions, performance parameters, multiple
trajectories and aero-surface hinge moments.
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Figure 1.2 Inputs and Outputs of the Trim Program

1.1 Control Effectors

for Performance and
Maneuverability

Evaluation

The effectors are the devices that provide the "muscle" power to maneuver the vehicle. The Trim
program provides the capability for the user to select between four different types of effectors: (a)
thrust vector control (TVC) consisting of engines that pivot either in two directions (pitch and yaw)
or in a single (skewed) direction (y), (b) engines of variable thrust (throttling), (c) reaction control
jets (RCS), and (d) control aerosurfaces that rotate about a constant hinge.
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A throttling engine has a nominal thrust Te, and it provides control forces on the vehicle by varying
its thrust by a certain amount above and below nominal. The amount of thrust variation above
and below T, is defined by the throttle parameter in the engine data file (0<T,<1), which must be
between zero and less than one. The actual thrust during trimming is determined by the trimming
algorithm which calculates the engine throttle control input Omho(t) required to balance the
acceleration, and it varies between -1 to +1. The actual engine thrust at any point along the
trajectory is: T, (1+Th5Thm). When the throttle control is zero it corresponds to the nominal thrust

value T. and the thrust remains always positive. An engine may be defined to be both: gimbaling
and throttling.

The RCS jets in Trim are also variable thrust devices but they are defined slightly different. They
are continuous thrusters with zero nominal thrust. They can generate either positive or negative
forces at a location on the vehicle along a specified direction. They represent a pair of back-to-
back firing jets that can generate positive or negative forces. In the propulsion data file an RCS jet
is defined by its maximum thrust T, and by the throttle parameter which is set exactly to 1. This
is the parameter that differentiates between a thrust varying propulsion engine and an RCS jet.
The actual thrust during trimming is defined by the jet throttle control input &, Which varies
between -1 to +1 and corresponds to jet thrust variation between -Tay t0 +Tmax.

Aircraft engines and reaction control jets are defined as thrust varying engines. A re-entry glider
vehicle can be controlled by control surfaces and RCS jets. Commercial aircraft use both, control
surfaces and engine throttling. Launch vehicles use mainly thrust vector control (TVC) engines and
sometimes in combination with differential throttling and RCS jets. Notice that in Trim the RCS jets
are treated as analog and not as "on-off" devices because the purpose of the Trim program is for
sizing the jets and not for simulations. "On-off" RCS jet firing is typically implemented in closed-
loop simulations using dynamic models generated by the Flixan Vehicle Modeling program (FVMP).
For further details see the examples in Section 10.

1.2 Dynamic Modeling and Effector Mixing Logic

When the initial vehicle evaluation is complete, in terms of calculating the effector trim angles,
determining the vehicle stability, performance, maneuverability, calculating the actuator hinge
moments, etc, and if the initial analysis is acceptable, the next step is to start generating dynamic
models for analyzing dynamic performance at critical flight conditions. These models are used for
designing flight control laws, and for performing dynamic analysis to evaluate the control system
stability, closed-loop performance, and robustness to parameter uncertainties. The Trim program
generates input data at specific flight conditions that can be processed by the FVMP. The initial
models created by Trim are simple rigid-bodies but later they can be augmented by the user in the
FVMP environment by including additional features, such as structural bending, tail-wags-dog, fuel
sloshing, dynamic coupling with actuator models, etc. The Trim program also generates an effector
mixing logic matrix at specific flight conditions. The mixing logic converts the flight control
demands (mainly 3 rotational plus some translational accelerations) to actuator commands. It is
included in the flight control system logic.
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9.2 Trimming the Effectors for Balancing
the Flight Vehicle Moments and Forces

Trimming is the process of balancing the moments and forces on a flight vehicle base generated by
aerodynamics and propulsion, with moments and forces which are generated by the control
effectors, such as the engines and aerosurfaces. We are mainly interested in trimming the three
moments (roll, pitch and yaw) along a pre-defined trajectory. Sometimes we also trim along the
axial and normal accelerations (Ax and Az), and rarely include the side acceleration (Ay) in
trimming.

The data needed for trimming are: the basic aerodynamic coefficients, the aero-surface increment
coefficients, thrust vector control (TVC) and throttling engine data, and a trajectory. A trajectory is
a table of flight variables calculated as a function of time. It is typically an Excel file of column data
starting with time in the leftmost column, and consisting of a list of flight variables, such as:
altitude, vehicle mass, angle of attack, sideslip, dynamic pressure, Mach number, velocity,
acceleration, thrust etc. A trajectory characterizes the flight vehicle mission, its flight environment,
and the maneuvering requirements. Trajectories are typically created by trajectory specialists,
initially from point mass 3-dof trajectory optimization programs such as “POST” which calculates
the trajectory based on thrust, weight, lift and drag aerodynamics, and atmospheric models, but it
neglects the rotational dynamics. If we don't have a trajectory we can begin by creating our own at
flight conditions near the critical missions. Some of the criteria for shaping a trajectory are:
heating, fuel efficiency, payload weight maximization, and structural loading.

The primary concern of the flight control analyst is to make sure that the vehicle possesses the
control authority to trim along the required trajectory in the static sense, and that the vehicle
stability (or instability) is within acceptable limits, in both static and dynamic sense. In this section,
however, we are dealing with static stability and in having the control authority to produce the
required accelerations against the predicted aerodynamic disturbances. The moments and forces
acting on the base vehicle are caused by aerodynamics and propulsion. The aerodynamic moments
and forces are generated by the angles of attack and sideslip, as specified in the trajectory. They
must be balanced with the control moments and forces generated by the vehicle effectors, that
must have the control authority to trim and also to retain some extra capability for other
functions. If the effectors do not have the required authority to trim, then either the trajectory has
to be modified, or the effectors, or the vehicle shape and aerodynamics, or all of the above must
be modified until an acceptable trimming condition can be achieved. This is usually an iterative
process that requires several attempts and perhaps changes in the vehicle shape and size of the
surfaces or the TVC. As a guideline, the control authority required for trimming should not exceed
half of the maximum control capability of each effector. There should be some control capability
reserved for maneuvering the vehicle and for reacting against wind gusts and other disturbances.
Also, the uncertainties in the vehicle parameters and CG location may cause further uncertainty in
the trim angles.
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Balancing the three vehicle moments is usually the main objective when trimming the vehicle
along the trajectory. Sometimes it is also necessary for the effectors system to have the capability
to trim along some of the linear accelerations, mainly along the x and z directions. For example, it
may be necessary to balance the axial acceleration and control speed independently of the pitch
moment prior to landing by means of a speed brake or by varying the engine thrust. Also, to trim
the normal acceleration independently of pitching when separating from another vehicle, by
simultaneously using the Elevon, Body-Flap and vertical thrusters. This would prevent it from over-
pitching and colliding after separation. Trimming is also important for sizing the effectiveness of
the control surfaces, the TVC gimbaling capability, the engine thrusts, throttling capability, and the
RCS jet thrusts. It is also used to analyze engine thrust failures, actuator hard-over failures,
determining optimal installation angles for the TVC engines, RCS jets, zero positions for the aero-
surfaces, wind-shear disturbances, and the maximum weight and CG variations that can be
tolerated when carrying payloads.

In this section we are presenting a method for calculating the optimal effector trim positions along
a trajectory for a vehicle that includes multiple types of effectors. This method is based on pseudo-
inversion of a matrix and it attempts to allocate control authority to effectors according to their
control capability in specific directions. It calculates the trim position of each effector at each point
along the trajectory, as a function of time. In the ideal situation, when the trajectory is calculated
correctly and trimming is perfect, the moments and forces applied on the vehicle from the
propulsion and base aerodynamics (angles of attack and sideslip), should perfectly match the
accelerations which are defined in the trajectory, and the control deflections should be zero
because no correction is needed. Otherwise, if the rotational and translational accelerations on
the vehicle (calculated due to @, 4, and thrust) do not match the trajectory’s accelerations, the
control effectors must be used to provide the additional moments and forces required to match
the accelerations defined in the trajectory. The purpose of trimming is to properly adjust the
aerosurfaces, the TVC deflection angles, and thrusts, as necessary according to their capabilities, in
order to provide the additional aerodynamic and propulsion forces and moments on the vehicle
and to achieve the angular and linear accelerations defined in the trajectory along specific trim
directions.

Equation (2.1) is a “Force=Mass x Acceleration” type of equation. On its right hand side there is a
6-dimentional vector consisting of three rotational and three translational accelerations which are
defined in the trajectory. They are multiplied with the vehicle mass and moments of inertia to
convert them to three moments and three forces. The moments and forces on the left side of the
equation are due the aerodynamics, propulsion, and known disturbance forces, and in order to
trim, they must balance the terms on the right hand side, at each point along the trajectory. Note
that in equation (2.1) the aerodynamic and propulsion moments and forces on the LHS consist of
both, base vehicle plus effector moments and forces.

{ M (aero)} .\ [ M (thrust)} .\ [ M (disturb)} ~ { Inertia x o (traject) }

F(aero) F (thrust) F (disturb) Mass x Accelerat (traject) (2.1)
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In order to solve this equation we must separate the base terms from the effector terms on the
left side of equation (2.1). The base terms cannot be modified by the effectors because they are
caused by the aerodynamic forces due to the angles of attack and sideslip, and also by the
constant propulsion forces of the engine thrusts applied on the base body. The only moments and
forces that can be adjusted on the left side of this equation, in order to match the terms on the
right side, are the contributions from the effector deflections and the thrust variations. They
determine the trim positions of the control surfaces or TVC deflections and the thrust variations.
The trim deflections are measured relative to the installation (or zero) position and the thrust
variations are relative to the nominal thrust.

The effectors should not only be capable of providing the control authority to balance the
equation but they must also have sufficient controllability left for maneuvering and overcoming
unexpected disturbances, such as wind shear. In a typical trajectory derived from a point mass
simulation the angular accelerations in the trajectory are zero because it assumes that the vehicle
moments are perfectly balanced and the effector trimming boils down to zeroing the moments on
the left side of equation 2.1. When the rotational accelerations are available, however, either from
a 6-DOF simulation or test data, they can be included to provide a more efficient trimming. In
equation 2.1 the translational accelerations from the trajectory on the RHS are multiplied with the
vehicle mass to calculate the total force on the vehicle along x, y, and z. The linear accelerations
(Ax and Az) in a typical trajectory are not zero, and in some cases we may want to use the
effectors in order to trim along those directions and to match the translational accelerations,
because the axial acceleration affects the range and the normal acceleration affects the altitude.
When trimming along the translational directions we may have to use additional effector activity
such as propulsion, TVC, and aerosurfaces in order to balance the forces.

In this section we will present a trimming algorithm for a flight vehicle with multiple types of
effectors. The number of effectors must be greater than or equal to the number of DOF that must
be balanced, plus all directions to be trimmed and eventually controlled should be accessible by at
least one effector. When the number of effectors exceeds the number of DOFs or trim directions
the solution is overdetermined. The more effectors the better the controllability because they can
be combined more efficiently to control the directions they can influence. Having an abundance of
effectors is also good for redundancy. The trimming algorithm uses pseudo-inversion that gives
preference to the effectors that are more capable in the demanded directions by allocating them
bigger control authority and hence increased activity, than the effectors which are less capable
along those directions and are, therefore, less active. All four types of effectors: gimbaling engines
(pitch and yaw), throttling engines, RCS jets, and aerosurfaces, are combined by the trim algorithm
and used as a system.

The trimming algorithm requires aerodynamic increment coefficients for each aerosurface and the
orientation of each engine with respect to the vehicle. The direction of the engine thrust is defined
by two angles (elevation and azimuth or simply pitch and yaw) which are measured relative to the
-x axis. An engine is either mounted at a fixed position relative to the vehicle or it can be gimbaled
in the pitch and yaw directions with respect to its mounting position and capable to provide TVC.
The thrust is either constant or it can be modulated up and down relative to the nominal thrust to
provide throttle control. An engine may also be able to gimbal and throttle simultaneously.
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Aircraft engines, for example, are modeled as throttling engines having a nominal thrust (Te), with
a certain amount of thrust variation about T.. Reaction control jets (RCS) are also considered to be
throttling engines. They are mounted at fixed angles relative to the vehicle axes and their thrust
can vary between zero and *T,.,. For trimming purposes the RCS jets are not considered to be
“on/off” devices, but they are continuous (analog) thrusters and negative thrusting is allowed.
After all, the purpose of trimming is to size the thrusters and not to perform a dynamic simulation.
A single thruster can be used to model a pair of back-to-back firing jets producing positive or
negative forces as a function of the throttle control input. It is not necessary for all surfaces to be
used for trimming and for flight control. Some of the aero surfaces can be defined in the aero-
surfaces data file as fixed with zero max and min deflections and at a non-zero bias position (such
as for example a fixed body flap).

In order to solve the trimming equation numerically we must rewrite equation 2.1 by separating
the moments and forces produced by each effector as consisting of two parts: a fixed part and an
adjustable part. In the equations that follow we will write in detail the moments and forces
produced by the engines, jets, and the aerosurfaces and separate them into two parts: (a) the
steady-state part that is produced when the effector is at trim position or nominal thrust, and (b)
the adjustable part due to the deflection or throttle that is used for controlling and trimming the
vehicle.

2.1 Basic Aerodynamic Moments and Forces

The aerodynamic moments and forces on the vehicle consist of two parts: (a) the aero moments
and forces on the base body resolved along the body axes, assuming that the control surfaces are
at zero or bias position, and (b) the moment and force increments produced by the control surface
deflections, equation 2.4. The base aero moment and forces are defined in equations 2.2,

I-BX =68ref bC|(M,0{,ﬂ) I:BX = _asrefCA(M'a’ﬂ)

Mgy = QS cC,(M,, ) Fay = QS Cy (M, a, ) (2.2)
NBZ =68refbcn(M’a7ﬂ) I:BZ =68refCZ(M7a’ﬁ)

Where:

Q is the dynamic pressure,

Sref is the reference area,

c is the reference length or mean aero-chord, and

b is the wing span.

The six basic aero coefficients (three moments and three forces) are non-linear functions of Mach
number M, the angle of attack a, and the angle of sideslip B.
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2.2 Moments and Forces Produced by an Aerosurface Deflection

The control surfaces generate additional moments and forces that are used to balance the
moments and forces on the base vehicle along the trajectory. The aerodynamic moments and
forces are functions of the aero-surface increment coefficients, the dynamic pressure, and the
reference length, as shown in equation (2.3). The surface coefficients are non-linear functions of
four variables: the surface deflection from zero position (As), the angles of attack and sideslip
(ov and B), and the Mach number M, for example, Ci(a, B, M, A).

Lysi = asrefb{cl (05’:8’ M ’A)} Fysi = _asref {CA(a1ﬂ’ M 1A)}
|leSi = 6Sref E:{Cm(a’ﬂ’ M ’A)} I:YSi = asref {CY (a’ﬂ’ M !A)} (2.3)
Nz = QS b{C, (. 4 M, A)} Foq = QS {Cz (. B, M,A)}

In order to trim we must solve equation (2.3) for the surface deflections (A.s) which are needed to
balance the base moments and forces. It is not easy, however, to solve directly for the surface
deflections (Aasi) because the equations are non-linear and not explicitly available, but they are
usually defined by wind-tunnel data. The equations are solved numerically by linearizing them at
fixed (o, B, Assi, M) for each control surface, and using the control surface derivatives (Cmsasi) €tc,
to propagate the solution towards a deflection that will balance the vehicle moments and forces.
The derivatives are calculated at each iteration and are also functions of (o, B, Assi, M).

In addition to the base aerodynamic moments and forces in equation 2.2, the moment/force
increment from each aerosurface is calculated by separating equation 2.3 into two parts, as shown
in equation 2.4: (a) a steady-state part Msg; representing the moments and forces at a fixed
aerosurface deflection (Aspi), and (b) a linear term representing additional moments/ forces due to
small deflection increment &, relative to the nominal deflection Asg. These terms are in addition
to the base aero forces described in equation (2.2).

In the aero-data base, the surface coefficients are measured or calculated at fixed discrete angles,
and Asg represents the deflection of surface (i) that is nearest to the expected trim angle (Aasi).
The second term in the moment/force equation 2.4 is a linear derivative term that represents an
increment relative to the first term. It is scaled by dividing the deflection increment 6,5 with the
max surface deflection (8asimax). We must also multiply the coefficients in the second term with the
max deflection (8asiviax). The input (8asi/8asivax) in the normalized second term in equation 2.4
becomes non-dimensional and it can only vary between zero and@+1. It is this increment that we
must solve for, during each iteration, in order to calculate the new aerosurface deflection (Aspi)
that will eventually converge to the trim angle (Aasi).
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MSi = I\/lsoi +[DMsi ](5a5i 5asi j
_E)C|(|V|,a,ﬁ,ASOi)_ _Pclﬁas ]
CCm(M’a7ﬂ’ASOi) CCma‘as
(2.4)
an(M,a,ﬂ,ASOi) — bC

~ néas 0.
M. = QS +0S.. 5. : ( / )
Si Q ref —CA(M 1a|,8’Asoi) Q ref ~asiyax _CAgas 5aSiMAX

CY(M’a’ﬂ’ASOi) Csas

L CZ(M’a’ﬂ1ASOi) d L C s i

2.3 Moments and Forces due to an Engine Gimbaling in Pitch and Yaw

The moments and forces on the vehicle generated by a single engine (i) are also non-linear
functions of the pitch and yaw deflection angles and they also depend on its thrust variation. We
will linearize the force equation produced by an engine (i) and separate it in three parts: (a) the
nominal moments and forces generated due to its nominal thrust To; and at fixed deflections (D
and Dy;) that correspond to the engine mounting positions, (b) the moment and force increments
generated due to small engine deflections in pitch and yaw (8yei, 0.i) relative to the engine
mounting positions, and (c) the additional moment and force increments due to the variation Drn(;)
in engine thrust from its nominal value. Each term in equation (2.5) is a 6-dimensional vector
consisting of 3 moments and 3 forces. The pitch and yaw engine deflections (6vei, 6zei) in equation
(2.5) are normalized by dividing with the maximum engine deflections. Similarly, the thrust
variation inputs (D) ) are normalized by dividing with the maximum thrust variation of each
engine DThrMax(i)-

S [ S Dy
Ile(i) = MEo(i) +[DME(i)]{ Y(|)/ YMAX(I)}_‘_[DMT(D]{&}

5z(i) /52MAx(i) DThrMaX(i) (2.5)

Equation 2.6 calculates the forces at the gimbal along the vehicle body axes generated by a single
engine, where Ag is the pitch (elevation angle with respect to the x—y plane), and Az is the yaw
(azimuth angle about the body z-axis), see Figure.

Fyoi = To(i)cos(Ay; )cos(A )
Fog = To () COS(AYi )Sin(A Zi ) (2.6)
Froiy =—To (i) Sin(AYi)

The moment arms distances between an engine (i), and the vehicle CG is:

IXei = Xei - XCG
lvei =Y —Yeo (2.7)
IZei = Zei - ZCG
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Engine
Gimbal ~=~~~_.

Each engine is mounted at a fixed position

defined by two angles

D, in yaw (azimuth) from -x, and

D, in pitch {elevation) from the XY plane

D Mounting
Y Angles

Equation (2.8) calculates the nominal moments and forces without variations generated by a single
engine (i) at its nominal trim deflection angles (Ag and Az), which is the first term Mgg) in equation
(2.5). This term assumes that the engine thrust is at its nominal value T and it does not include
the small angle gimbaling terms.

0 - Izei Iyei FXO
Izei 0 - Ixei I:YO
M L Iyei I><ei 0 I:ZO 0)
EO() — =
XO
FYO
20 (i)

(2.8)

The additional moments and forces on the vehicle generated by the small pitch and yaw angle
deflections () and &, of an engine (i) from its trim positions (Ag and Az), are shown in equation
(2.9). The deflection inputs to the equation are normalized by dividing with the maximum pitch
and yaw engine deflection capability (Symax(y and dzmax())- This normalization makes the inputs to
equation (2.9) vary between zero and #1. The elements inside the matrix are also scaled
accordingly. Equation (2.9) represents the second term in equation (2.5).
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[DI\/I ) ]{5\(0) /5YMAX(i) } _

§Z(i) /5ZMAX(i)

0 - Izei Iyei - COS(A z ) si n(A E )5YMAX - COS(A E ) Sin(A z )5ZMAX
Izei 0 - Ixei - Sin(A z ) Sin(A E )5YMAX COS(A E ) COS(A z )5ZMAX
T.(i) - Iyei Ixei 0 _ - COS(AE )5YMAX _ 0 0 {5Y(i) /&(MAX(i)}
) —COS(A,)SIN(Ag )max  — COS(A £ ) SIN(A ;) Sppax Oz /5ZMAX @)

- Sin(Az ) Sin(A E )5YMAX COS(A E ) COS(AZ )5ZMAX
- COS(A E )5YMAX 0

0)
(2.9)

Similarly, equation 2.10 calculates the moments and forces on the vehicle generated by thrust
variations Dty of an engine (i). The throttle control input Drhr(;) has no units, and it can be made
to vary between zero and +1 maximum. The actual engine thrust is defined as: T(i)= Te(i){1+Drnri)}
where T(i) is the nominal engine thrust. It means that the engine thrust can be varied between
zero and 2T(i). However, the maximum throttle capability a throttling engine is typically less than
one. The throttle parameter Drnrvaxii) Of @ throttling engine is used to define the maximum thrust
variation from nominal and it is less than one. For example, if the value of the throttling parameter
Dinrmax=0.3, it means that the engine thrust can only vary £30% from nominal T.. In equation 2.10,
we must normalize the throttle control input the same way we normalized the deflection inputs of
the aerosurfaces and the gimbaling engines. We scale the input by dividing it with the throttling
parameter Drhrviaxi)y and the normalized throttle input now varies between zero and %1,
representing +30% thrust variation relative to Te. Equation (2.10) is the third term in equation 2.5
and calculates the moment and force variations due to throttling.

[DMT(i)]{ [[))Thr(i) } =

ThrMax
0 - Izei Iyei COS(A E ) COS(A Z )
Izei 0 - Ixei COS(A E ) Sin(AZ )
T.()) Dy L L 0 —sin(Ag) o | Py
) e coS(A¢)cos(A ;) D
cos(A;)sin(A,)
—sin(Ag) 0

(2.10)

By scaling the control inputs when solving the trimming equation numerically, it adjusts the trim
angles proportionally according to the control capability of each effector. For example, when a
vehicle has three engines the combined moments and forces due to gimbaling and throttling is
given by equation (2.11).
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_6yl/5y1Max |

521/521Max
Neng=3 5 5 o
Myne = Zl MEO(i) +[DM51 DMg, DMEs] ;zjgyj:
5y3/5y3Max
_523/523Max _
DThrl/DThrlMax

+[DMTl DM, DMT3] DThrZ/DThrZMax
DThrS/DThrSMax (211)

2.4 Numerical Solution for Calculating the Effector Trim Deflections and Throttles

Now that we have derived the equations for calculating the moments and forces on the vehicle
generated by each effector separately, that is, aerosurfaces, TVC, and engine throttling, we will
combine all the effectors together in a single moment/ force balance equation as shown in 2.12.

Neng Nsurf

M (basic) + Y Mg + D Mg, + M(disturb) — M, x acceleration = — M (residual) =
i=1 i=1

—oM (aero surface) — oM (gimbaling) — oM (throttling) (2.12)

Equation 2.12 is nonlinear and it must be solved numerically at each point along the trajectory.
The residual terms on the left side of the equation must converge to zero at the completion of the
iterations. The left-hand side consists of the base vehicle moments and forces which are
eventually balanced by the effectors as they converge toward their trim positions. The effector
increments are calculated from the RHS, after each iteration, and the increments are added to the
trim estimate from the previous iteration, and the iterations continue until the trim estimate
converges to the trim angle. There is also a term included on the LHS for adding external
disturbances. It helps in analyzing the vehicle capability to trim against known disturbances. If the
vehicle is capable to trim perfectly without requiring any assistance from the effectors, the forces
and moments on the left side of the equation 2.12 would perfectly match the (M X acceleration)
term which is also on the left side of the equation without any additional assistance from the (6M)
control terms which are on the RHS of the equation. But this is rarely the case. The (0M) terms are
the contributions from the three types of control effectors, which are normalized as already
described and calculated after each iteration, that is:

(a) Aerosurface deflections (84s) from their nominal trim positions (Asg;),

(b) Pitch and Yaw TVC engine deflections (dyei, 8,i) from their nominal installation angles (Age;,
Azei), and

(c) Additional moments and forces due to engine thrust variations (D) from their nominal
thrust TOi-
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During each iteration, if the moments and forces on the left side of the equation do not balance
with the M X acceleration terms, in which case the M(residual) term is not equal to zero, then we
must solve for the (6M) terms on the RHS to calculate how much additional deflections or thrust
variations are needed in order to balance the LHS of equation 2.12. The deflection increments are
then added to the deflections from the previous iteration to calculate the new trim positions and
to adjust the residual terms. This is repeated until the M(residual) term converges to zero. The
non-linear matrix equation 2.12 is solved for the unknown effector increments on the RHS which
are stacked together in a single column vector, as shown in the two aerosurfaces/two engines
illustration in equation 2.13.

5asl/ (SaslMax
é‘asz / (Sasz Max

5y1/5y1Max
521/521 Max
Oy, / 0,

y2 Max

522 /522 Max

DThrl/ DThrlMax
L DThr2 / DThr2 Max _|

M(resid) =[DM;, DM, | DM, DM, | DM, DM,]

In_ Matrix_ Form: M(resid):[DM]( or j

5MAX

(2.13)

This shapes equation (2.12) to a matrix equation form in (2.13) that is solved numerically for the
effector trim positions vector (61) which is needed to balance the residual forces and moments
M(residual), assuming of course that the matrix [DM] is pseudo-invertible. This happens when the
rank of [DM] is greater than or equal to the number of vehicle direction dofs that must be
trimmed. Notice that the normalized deflections obtained by the pseudo-inversion are multiplied
by the max deflections because the inputs of equation (2.13) are already divided by the max
deflections and the matrix DM was properly scaled. This scaling allows the effectors that have
greater control authority in certain directions to be used more than others which are less capable
in those directions.

o =diag(S), .y )*Pseudo Inverse[ DM ] x M(resid) (2.14)
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The equation (2.14) is solved numerically at each trajectory point as follows:

1. Starting with the first trajectory time point at time=T(0). The control surface positions are
initialized at zero or bias angles (3sg)), the engines are initialized at the pitch and yaw
mounting angles (Ageoi, Azeoi), and the thrusts at nominal Te(). Then we calculate the initial
matrix [DM]° of equation (2.13), and the residual moment/ force vector M°(residual) from
the LHS of equation (2.12) using the Mach number, the angles of attack and sideslip, and
the engine positions.

2. Solve the pseudo-inverse equation (2.14) for the trim angle increments (first trajectory
point, first iteration).

St = diag(Sya ) * Pseudo Inverse] DM’ x M° (residual)

3. Calculate new values for the control surface deflections, engine gimbal deflections, and
thrusts by adding the effector increments and throttle values (obtained from the first
iteration step-2) to their corresponding previous trim values, as shown.

1 0 1 1 0 1
Newy =Aey +0ym Az = Az + 05

_AD 1 1 _ 70 1

=Ny +oy Ty = T(i)(1+ DThr(i))

4. Obtain new values for matrices [DM]* and M*(residual) from equations (2.13) and (2.12),
repeat step-2 for the same trajectory time point and solve for the new trim variables using
equation (2.14), and repeat the iterations in steps 2 and 3, still for the same trajectory
point until the trim angles converge to steady-state values.

&7 = diag(d,, ) * Pseudo_ Inverse[DM]l x M*(residual)

1
AS(i)

5. Select the next trajectory point at time=T(1) and repeat the same iterative process
described in steps (1 - 4). Initialize using the trim angles from the previous trajectory time
point and solve for the trim angles and throttle values at this point. Continue this process
with the remaining trajectory points, all the way to T=T(n), and obtain a time history of the
effector trim angles and throttle values as a function of trajectory time.

2.5 Running the Effector Trimming Program

The effector trimming program calculates the effector trim angles and throttle values as a function
of the trajectory time by adjusting the effector deflections and thrusts as necessary to balance the
moments and forces on the vehicle, as already described. The initial trim is calculated without any
adjustments from the user. The algorithm is allocating control authority to each effector and
calculating their position along the trajectory by taking into consideration their capability and their
maximum deflections. The deflections and throttles are initialized at zero. Further adjustments by
the analyst of the effector trim positions by trading-off the activity of some effectors against
others may be possible when the vehicle has multiple effectors. This is accomplished by biasing
the initial position and by adjusting the maximum capability of each effector as a function of the
trajectory time, and re-trimming with new initial conditions.
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Trimming is also used to evaluate the vehicle effectors capability to tolerate variations in the
trajectory variables. The program provides the capability for the user to modify some of the
trajectory parameters graphically, re-trim with the variations and compare results, in order to
check, for example, how much CG variation or sideslip due to wind-shear the vehicle is able to
stand. Trimming can also be used to analyze if the vehicle is able to handle the loss of an engine
thrust, situations where an actuator or aerosurface is stuck and unable to rotate, or RCS thruster
failure (either on or off).

The trimming and static performance analysis program can be selected from the Flixan main menu
as shown below. The user must select the project directory and the proper filenames which are
located in this directory, such as the mass properties, the trajectory file, aero-data coefficients for
both: vehicle and aerosurfaces, damping derivatives, hinge moment coefficients, engine and RCS
data, aerodynamic uncertainties, and slosh parameters. Some of the data files such as slosh and
uncertainties are optional and not necessary included in all applications. In fact for trimming you
only need the mass properties, trajectory data, base aero, aerosurface data, and propulsion data.

-

“u Flixan, Flight Vehicle Modeling & Control System Analysis

Utilities  File Management [Program Functions] View Quad  Help

Flight Vehicle/Spacecraft Modeling Tools ] Flight Vehicle, State-5pace
Frequency Control Analysis L Actuator State-Space Models
Reobust Control Synthesis Teols » Flex Spacecraft (Modal Data)
Creating and Modifying Linear Systems Create Mixing Logic/ TVC

‘ Trim/ Static Perform Analysis
Flex Mode Selection
&+

.
Selev:t One Data File from Each Menu Category
The following analysis requires some data fles o be selecied from
ihe curreni project direciory. Select one daia file for each
category, (some of the calegories are oplonal).
I . . Y Mass Properties Surface Hinge Moments
Select a Project Directory @ - -
|L|ft_B|:n:I\,'.I".-1ass j |L|ftBD|:I\,'.HMcD j
wdy Aircraft\Reentry from SpaceTrim_Anal\approach_Land
Trajectory Data Aero Damping Derivat
4 || Lifting-Body Aircraft - |Apprch_Land.Traj j |L'|1‘tEnd\,'.Damp j
, Doc
4 | Reentry ﬁ-':'n-; Space Basic Aero Data Propulsion Data
3 Mat_Anal
) - LiftBody_BasicAero MO DATA FILE -
> Simulations 6-dof B | J | J
4 | Trim_Anal -
| Alpha_Contral Contr Surface Aero Coeff Aero Uncertainties
| Approach_Land |LiftBody_Surf.Deit _~| |LiftBody.Unce -]
. Gamma_Control
. Mz_Control - Slosh Parameters
[ OK ] [ Cancel ]
—
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The trimming program can be selected from the main menu of the “Trim and Static Performance
Analysis” program. It is the third option, as shown below. Before trimming the program needs to
know how to initialize the trimming process and in which directions to trim. The effectors are
initialized from a filename selection menu, either at zero, or from an already prepared trim file.
This initialization (.Trim) file may be calculated from a previous trim run, in which case we select
the trim file from the menu and click on “Select File”. Otherwise, to initialize from zero deflections,
click on “Do Not Select” a file. The advantage of selecting a previous trim file is that it may include
previous deflection modifications that were made interactively by the user and to continue with
further trimming adjustments, like for example, when we trade the activity of one effector versus
others. Up to 3 previous trim files are saved by the program.

Main Trim Menu

Select one of the following options Exit | oK

1. Plot Aero Coefficients, Derivatives, and Control Surface Increments
2. Plot Trajectory Parameters Versus Time from the Trajectory File " Traj"
. Create an Effector Mixing Logic or a TVC Matrix {Kmix)
. State-Space Modeling of the Flight Vehicle at Selected Times
. Performance and Stability Parameter Plots Along Trajectory Time
. Landing and Pull-Up Maneuverability, plus, Inertial Coupling Effects
. Moments at the Hinges of Control Surfaces Along the Trajectory Time
. View and Modify Vehicle Data (CG, MRC, TVC, Surfaces) for Dispersion Analysis
10. Contour Plots (Mach versus Alpha) for Performance, Control Authority Analysis
11. Vector Diagrams for Maneuverability & Stability at Selected Flight Conditions
12. Plot and Compare Previous Data Files (Traject, Trim, Perform, Hinge Moment)

= = B

The program also needs to know along which axes or degrees-of-freedom the vehicle must be
trimmed. From the menu below the user must define the directions along which to trim the
vehicle moments and forces. The minimum is 3 rotational moments. However, some translational
accelerations may also be included if the vehicle has the force effectors necessary to achieve the
specified translational accelerations. In the example below, in addition to the 3 rotations we would
also like to trim along the vehicle x-axis, and use the force effectors to achieve the x-acceleration
as defined in the trajectory. This means that the vehicle must have at least one effector that
controls the x axis, which may be a speed-brake or a thrust varying engine.

The Trim program calculates the effector trim angles and engine throttle positions and plots the
data in a dialog-window that has a menu above the plot, similar to the one shown below. In this
example we have 7 aerosurfaces, no engines or RCS. The upper and lower limits of each
aerosurface are also shown by the red and green lines. They are limited to +30°. In this example
the Elevon, Aileron, and Rudder aerosurfaces are used to trim: pitch, roll, and yaw moments.

9-25



Select A Filename from Menu

You may Initialize the Trim Angles
Using Previous Trim Runs. Selecta
[*.Trim) File to Initialize, or "No
select" for Zero Initialization.

Apprch_Land. Trim
Appreh_Land?. Trim

.&Egrch Landz2. Trim

“ Trimming Engines and Contral Su

Select
File:

Do Mot
Select

Copy Format:  5Sendto:  Graphic Options  Mext Plot  Exit Plots

“ How Many Directions to be Balanced - |

How many vehicle accelerations are to be balanced by
using the control effectors (three rotations is often Select
sufficient)

Three Rotational Moments Only (No Translational Accelerations)

Three Moments, Plus (1) Translation Acceleration along Z, (Az)

Three Moments, Plus (1) Translation Acceleration along X, (Ax)

Three Moments, Plus (2) Translation Acceleration along X and Z, (Ax & Az)
Three Moments, Plus (3) Translation Accelerat along X, Y and 2, (Ax, Ay, Az)

oo

Surface & Engine Deflections/ Thrusts, Lifting-Body Aircraft Approach and Land,

Left Elevon

Right Elevon

-30

Vert Rudder

1820 1840 1860 1880 1900
Time (sec)

9-26



Surface & Engine Deflections/ Thrusts, Lifting-Body Aircraft Approach and Land,

15
10

5 |-
10 [
15 - L e, /_ IO e e S
20 |-
-25
-30
-35
-40
-45

15
10

5 L

-10 ——\\'

A5 - S T
25
30
35

-40
45

45
40
35
30
25
20
15

10 / \
-5 N

-10
-15

45

35
30

20
15

10 4/ \ S
5

-10
-15

1780 1800 1820 1840 1860 1880 1900
Time (sec)

The four Body-Flaps (shown above) are partially opened and used to adjust drag in order to trim
the x-axis acceleration and to match the trajectory acceleration. The next plots show the residual
moments and forces after trimming which are zero in the 4 trimming directions (roll, pitch, yaw,
and along the x-axis). It means that the program was successful in trimming along the 4 selected
directions. The residuals in the Y and Z directions are not zero.
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2.6 Graphically Adjusting the Trim History

The effector trimming algorithm calculates the effector trim angles and throttle values as a
function of the trajectory time by adjusting the effector deflections and thrusts as necessary to
balance the moments and forces on the vehicle. The utilization of each effector depends on its
control authority along the trim directions which also depends on its maximum deflection or
throttling capability. The algorithm calculates the trim positions by taking into consideration the
effector’s control authority as we have already described. The analyst has the capability of trading-
off between effector utilization. Obviously, when there is a multiplicity of effectors, the better the
flexibility of trading-off among them. The effector trimming is an iterative process and
adjustments in the trimming parameters are often used in order to improve the trimming
condition. A previous effector trim history versus trajectory time can also be used for initializing a
new trim under different trimming conditions. The initialization trim history can also be manually
adjusted as needed in order to bias the next trim results. For example, the designer may wish to
reduce the reaction jet usage against allowing bigger aerosurface deflections in order to save fuel.
In this case, the designer can adjust the trimming conditions by constraining the jet throttle values
and opening up the max deflections on the aerosurfaces. Initializing the jet throttle values at lower
magnitudes also helps reducing their activity after re-trimming. This of course is only possible
when the vehicle has other effectors that can provide sufficient authority to trim along the
required directions in the entire trajectory.

The initial trimming is performed based on the maximum effector deflections provided without
imposing any additional limitations on the effector deflections or throttles. Then adjustments can
be made on the effector initialization trim profile to constrain usage of some effectors at the
expense of increasing the contributions from others. This trade-off can be performed graphically
by adjusting the initial effector positions and their maximum deflections, as a function of time, and
re-trimming. Consider, for example, a vehicle that may have an Elevon, a Body Flap, a Speed-
Brake, and thruster engines. It may be possible to eliminate or to reduce activity in some of the
effectors during trimming, like for example, the Body-Flap, by keeping it at a fixed position or
scheduling its deflection versus time, and allow the other effectors to be adjusted by trimming.
This of course is only possible when the vehicle has other effectors that can provide sufficient
authority to span the control directions required to trim. If the vehicle configuration does not have
sufficient or it has barely enough effectors to trim with the limitations imposed, the program will
not be able to converge and modify its default trimming positions or it will allow very small
amounts of effector adjustments from the original trim.

After the first trimming, the user may be allowed to adjust the trim positions of some effectors
using the mouse driven interactive graphics of the Trim program. Above every trim plot there is a
horizontal menu bar that includes various options. Go to the "Graphic Options" and from the
vertical pop-up menu select: "Modify a Trajectory Plot", the same way you modify a vehicle
trajectory plot but this time it is for effector trajectories. A menu comes up with a list of the
vehicle effectors. Select one of them and a dialog-plot comes up showing the trim history of the
effector as a function of the trajectory time, as it was calculated from the previous trim.
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For example, let us choose the Body-Flap and click on the "Select Effector" button. The top
dialog/plot in the next page shows the original trim history of the Body-Flap (green line) as it was
calculated by Trim. It also shows its upper and lower limits (magenta) which are initially £30°.

P
4 Modify the Trim Angles and Limits of Vehicle Effectors < Llss —

The vehicle is trimmed by adjusting the B=cieontullableeents
deflections and thrusts to balance the Elevon 30.0
Eﬁ:ector 2 Body Flap moments and forces. When multiple BodyFlap  30.0
effectors are available control allocation can Aileron 25.0
30 | |be adjusted graphically by modifying the Rudd 30' 0
effector deflections along the trajectory. OCEY .
25 - || [To modify trimming conditions, select a
Control Effector from menu, adjust its
20 3 || Deflection and also its Upper and Lower
limits along the trajectory and Re-Trim,
perhaps a few times.
15 || [The New Output Trim data will be Saved in
File: Hyp_DescTrim
The Original data will be in File:
10 ||| Hyp_Desc1Trim
5 Exit Dialog Re-Trim ‘ Select Effector |
\ = = —
0 .y i i i i i i i 1 | i Place the cursor at a point on the curve and dlick the
e — mouse to select point (A) and then select point (B).
The mid-point (purple dot) is found and highlighted
-5
The mid-point may be shifted vertically to a new
10 location. Click again to define a new shape between
A and B. You may repeat several times as needed.
'When you have finished reshaping the curve you
-15 - may "Continue With Next Effector Trim Profile” to
modify.
-20
-25
-30 Re-Trim the Vehicle Effectors ‘
100 200 300 400 500 600 700 800 900 1000 1100 1200
Time (SECOndS) Continue Adjusting the Next Effector Trim Profile

The maximum deflections limits determine the amount of aerosurface utilization at each
trajectory point during trim. Notice that the body flap trim angle is very close to zero. The Elevon,
however, is biased in the negative direction during most of the time in order to balance the
pitching moment. However, in this particular vehicle the Elevon is meant to be used for flight
control, but not the Body-Flap which is supposed to be only a trimming device. We would rather
prefer to trim the pitching moment using the Body-Flap and keep the Elevon closer to zero in
order to allow greater deflection capability for maneuvering.
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The plot below shows the modified Body-Flap deflection after being reshaped by the user's mouse
for the next trim. It is initialized at constant negative value -12 degrees. We would like to keep it
at -12° after t=200 seconds. We must also reduce the upper and lower Body-Flap limits from +30°
to smaller values, because lowering the deflection limits de-emphasizes the effector’s authority
during the next trim and reduces its capability to change from the -12° initialization value in that
range. The limits are reduced a few seconds later to allow for the dynamic pressure to increase.
The Elevon max deflections were not reduced prior to re-trimming in order to allow it more
authority to adjust. When the user modifications are complete, click on "Re-Trim" from either
dialog, and the program will generate a new trim history.

Select Vehicle Effectors for Trimming

[The wehide is trimmed by adjusting the List of Controllable Effectors

s Madify the Trim Angles and Limits of Vehicle Effectars deflections and thrusts to balance the Elevon 30.0
moments and forces. When multiple Body Flap  30.0
effectors are available control allocation can Aileron 25.0
. be adjusted graphically by modifying the .
E.H:ECtor 2 - BOdy Flap effector deflections along the trajectory. Rudder Se0

30

[To modify trimming conditions, select a
Control Effector from menu, adjust its
25 - 3 Deflection and also its Upper and Lower
limits along the trajectory and Re-Trim,
perhaps a few times.

20 - The New Output Trim data will be Saved in

File: Hyp_Desc.Trim
15 |- ||| [The Original data will be in File:
Hyp_Desc1.Trim

10 - | Exit Dialog | Re-Trim | Select Effector |

—_————
7 [To modify a plot, you must first specify a range
between two points on the curve to be reshaped.
o L o 1 i i | i i i i i i Place the cursor at a point on the curve and click the
mouse to select point (A) and then select point (B).
[The mid-point (purple dot) is found and highlighted

[The mid-point may be shifted vertically to a new
-10 - - location. Click again to define a new shape between
|A and B. You may repeat several times as needed.
When you have finished reshaping the curve you

-15 - may "Continue With Next Effector Trim Profile” to
modify.
-20
25 |-
-30 Re-Trim the Vehicle Effectors |
100 200 300 400 500 800 700 800 900 1000 1100 1200
Time (seconds) Continue Adjusting the Next Effector Trim Profile

The plots in the next page show the effector deflections before and after trimming. The
adjustments made by the user in the Body-Flap trajectory were processed by re-trimming and the
Body-Flap was repositioned further down. It remained close to the -12° initialization position that
was set because it was constrained by the reduced limits. The Elevon, however, that had
unconstrained limits was allowed to adjust from its initial position and it is now trimming very
close to zero as we would like it to be. There are more trimming examples presented in Section 10.

9-31



s —
5 Trimming Engines and Control Sui E 25

Copy Fermat:  Sendto:  Graphic Options  Next Plot  Exit Plots

Surface & Engine Deflections/ Thrusts, Rocket-Plane Mission-1, Descent Phase

Elevon

Body Flap

i r——-l
“w Trimming Engines and Control Sul E 23

Copy Format:  Send to:  Graphic Options  Mext Plot  Exit Plots

Surface & Engine Deflections/ Thrusts, Rocket-Plane Mission-1, Descent Phase

Elevon

Body Flap

Aileron

100 200 300 400 500 600 700 800 900 1000 1100 1200
Time (sec)

9-32



2.7 Trimming with a Modified Trajectory

It is also possible to trim along a trajectory that has been
graphically modified by the user. This helps us to check
the effector’s robustness against parameter variations,
such as: CG, angles of attack and sideslip, dynamic
pressure, thrust, accelerations, etc. You must first trim
using the original trajectory for reference. Then plot the
original trajectory and from the menu bar above the
trajectory plot, click on “Graphic Options”, and select to
modify the trajectory data. The menu on the right shows
the trajectory parameters that can be manipulated by
the user. Select one of the parameters to modify, such
as, the Ycg location, and click on “Select a Variable to
Modify”. You can now graphically modify this trajectory
variable versus time in this window-plot below, using the
mouse interactive graphics, and change the Yc location
from zero to 2 feet, in this time range. Click on “continue
with another variable”, and select another variable to
modify, such as the angle of sideslip and modify beta
from zero to 2° over a different time period between 50
and 80 sec. Then save the modified trajectory under a
different name for reference and re-trim with the
modified trajectory.

,
oy o ome

Trajectory modifications are used for evaluating the
wehicle performance under dispersed conditions.
'Some variables can be modified graphically using the
mouse. This does not destroy the original trajectory
which can be restored later.

Angle of Attack, alpha, (deg)

Angle of Sideslip, beta, (deg)

Dynamic Pressure, Q_bar, (psf)

Mach Number, (Mach), (---)

Roll Rate, (P), (deg/sec)

Pitch Rate, (Q), (deg/sec)

Yaw Rate, (R), (deg/sec)

Accelerat. Along X, (Ax) (ft/sec”2)
Accelerat. AlongY, (Ay) (ft/sec”2)
Accelerat. Along Z, (Az) (ftfsecr2)

CG Location Along-X (feet)

CG Location Along-Z (feet)

Total Engine Thrust, (Te}, (lb)
Disturbance Force along X, Fd-x (Ib)
Disturbance Force along ¥, Fd-y (1b)
Disturbance Force along Z, Fd-z (lb)
Disturbance Moment about X, Ld-x (ft-1b)
Disturbance Moment about ¥, Md-y (ft-1b)
Disturbance Moment about Z, Nd-z (ft-1b)

Exit Menu ‘ Select a Variable to Modify I

!

==

CG Location Along Y, (Ycg), (ft)

[This curve shows the time history of the selected
trajectory variable. This profile can be modified
ieraphically by repeated adjustments using the
mouse.
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Specify a range between two points on the curve to
be reshaped. Place the cursor at a point on the
icurve and click the mouse to select point (A), and
ithen select point (B) shown by red dots. The
mid-point (purple dot) is found and highlighted.

[The mid-point may be shifted vertically to a new
location. Click again to define a new shape between
A and B. You may repeat several times as needed.
When you have finished reshaping the curve you
imay "Continue With Another Variable to Modify".

Save the Modified Trajectory |

Continue with Another Variable to Modify I

- —
“z How Many Directions to M_Bm

i

sufficient)

How many vehicle accelerations are to be balanced by
using the control effectors (three rotations is often

Select
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The menu is for selecting the trim
directions. In this example the trim was
performed in four directions, 3-
moments plus X-acceleration. This plot
shows the effector trim positions before
and after the trajectory modification. It
shows that the Ycg offset causes the
vehicle to develop a sideslip angle beta.

Since the variations affect the lateral
directions, the longitudinal effectors
which are the Elevon, the Body-Flap,

bttt hoame bmm -

0

Beaeta

Alpha

and the main engine thrust, remained the same, before and after trajectory modifications, The
aileron and rudder, however, that were zero when trimming along the original trajectory (shown
in green), are now deflecting in order to provide the roll and yaw torques necessary to counteract

the disturbances produced by the variations in the Ycg and Beta.
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2.8 Trimming with a Faulty Effector

The Trim program is also used to evaluate the vehicle’s ability to trim in the event of an effector
failure, such as an engine or RCS jet thrust, an aerosurface or an actuator hard-over failure. In this
example we have a launch vehicle that is controlled by a combination of throttling and gimbaling
engines and also by aerosurfaces. Two of the engines are only gimbaling, two of the engines are
only throttling, and two engines are both: gimbaling and throttling. The CG in this vehicle is off-
centered in the Y direction. We will use the Trim program to trim the three moments and the x-
axis acceleration, using all engines and aerosurfaces. After trimming with all engines, we would
also like to know if we can still trim it if we lose thrust from one of the engines.

Right
Elevon Elevon
28
g 26
%y How Many Directions to be Balanced 7 ‘ ﬂ 24
% | Beta
How many vehicle accelerations are to be balanced by 20 -
using the control effectors (three rotations is often Select 18
sufficient) 15 i
Three Rotational Moments Only (No Translational Accelerations) ;‘g
Three Moments, Plus (1) Translation Acceleration along Z, (Az) 08
Three Moments, Plus (1) Translation Acceleration along X, (Ax) '
Three Moments, Plus (2) Translation Acceleration along Xand Z, (Ax & Az)
Three Moments, Plus (3) Translation Accelerat along X, Y and Z, (Ax, Ay, Az)
L]
-5
Alpha
1.5
-2
0 50 100 150 200 250

Time (sec)
The plot above shows the angles of attack and sideslip after trimming. Beta is not zero, as it is in
the trajectory, but slightly positive and varying with time. This is necessary in order to provide the
yawing moment required to offset the moment due to the Ys displacement which also varies. To
fail Engine #6 we set its thrust to zero and also its throttling parameter to zero in the Engine data
file (*.Engn) below.

Reusable Launch vehicle data for the 6 Engines

Engine #6 Has Lost its Thrust. Normally it was Throttling but Not Gimbaling

Engine Description, Thrust Mass Ieng Mom Arm Location (x,y,z) Mounting Angles (Dy, Dz) Max Deflection Max Throttly
(k) (sTug) (slug-ft2)  (ft) (feet) Elevat, Azimuth (degr) Dym,Dzm (deg) (0-1)

Main Engine#l 70000.0 100.0 1500.0 2.8 -89.0 -4.8 0.0 -2.0 0.0 14.0 12.0 0.0

Main Engine#2 70000.0 100.0 1500.0 2.8 -89.0 +4.8 0.0 -2.0 0.0 14.0 12.0 0.0

Main Engine#3 52000.0 100.0 1500.0 2.8 -89.0 -2.25 +3.9 -2.0 0.0 5.0 5.0 0.95

Main Engine#d 52000.0 100.0 1500.0 2.8 -89.0 +2.25 +3.9 -2.0 0.0 5.0 5.0 0.95

Main Engine#s 52000.0 100.0 1500.0 2.8 -89.0 -2.25 -3.9 -2.0 0.0 0.0 0.0 0.95

Main Engine#6 0.01 100.0 1500.0 2.8 -89.0 +2.25 -3.9 -2.0 0.0 0.0 0.0 0.01
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This figure above shows the throttling functions of the four throttling engines, before the engine
failure (shown in red), and after the engine failure (shown in blue). Note, that the Thrusts in the
remaining 3 Throttling Engines are increased as they try to achieve the axial acceleration that is
required in the trajectory. That’s because they are compensating for the fourth throttling engine
(Engine #6) that has lost its thrust and throttling ability.

The figure below shows the pitch and yaw gimbal deflections of the four gimbaling engines, before
the engine failure (shown in red), and after the engine failure (shown in blue). The yaw deflections
(071 to 8z4) of the four gimbaling engines are increased after the failure, in order to provide a
negative yawing moment and to compensate against the positive yawing moment that is produced
by the absence of engine #6 thrust. The pitch deflections (dy; to dys) in the four TVC engines are
also increased in order to make up for the lack of symmetry due to the thrust failure. The flap
deflections are increased in comparison with the nominal trim, and also the difference between
left and right flaps is also increased in order to counteract the rolling moment caused due to the
lack of lateral symmetry.
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9.3 Static Performance Analysis Along a Trajectory

Before analyzing the dynamic characteristics of a flight vehicle the designer must first evaluate if
the airframe satisfies certain performance characteristics along the mission trajectory.
Characteristics such as control authority, maneuverability and stability along the estimated
trajectories are important in determining if the vehicle will be able to achieve the planned
missions. Low airspeed and gusts place the greatest demands on control authority. In addition,
agile maneuvers accomplished by frequent excursions into high angle-of-attack regimes and high
roll performance can result in critical control power conditions, including adverse coupling effects.
To achieve a successful design, it is important to assess the control power of a proposed design
concept against the anticipated performance requirements early in the conceptual stage. The
static and dynamic performance of the flight vehicle is captured in the data, and its flying
performance must be evaluated along the expected trajectory or trajectories, prior to any control
analysis and simulations. The proposed trajectory defines the environment, the performance
requirements, and the vehicle stability and maneuverability qualities, which also depend on the
vehicle configuration, its mass properties, aerodynamic characteristics, mixing logic and the
effector controllability.

In this section we will define some important parameters that should allow the analyst to evaluate
in a static sense the overall performance quality of a generic flight vehicle by processing the flight
vehicle data along the trajectory, as a function of time. This analysis is not only for aircraft but it
may include all types of flight vehicles controlled by aero-surfaces, TVC, throttling engines, and
RCS jets. The performance parameters are calculated at each trajectory point as a function of the
trajectory data, mass properties, aerodynamic coefficients for the basic vehicle and for the control
surfaces, hinge moment coefficients, engine data, reaction control jets (RCS), vehicle geometry,
and the control effector combination logic matrix, which defines the control allocation among the
effectors. That is, how the flight control system demands are converted to effector deflection
commands and, therefore, it plays an important role in evaluating performance. The aerosurface
and TVC engine trim angles and the throttle values are also needed in the calculation of the
performance parameters. The effectors must, therefore, be trimmed prior to assessing the vehicle
performance. The parameters that will be used in the evaluation of static performance are: Static
Stability (percent), Center of Pressure, location of the Aerodynamic Center along the x-axis, time-
to-double amplitude in (sec), Short Period and Dutch-roll frequencies in (rad/sec), Cnp-dynamic,
the control authority of the effectors to maneuver the vehicle as a system against wind
disturbances, the lateral control departure parameter (LCDP) which affects roll controllability,
inertial cross-coupling moments between axes generated due to fast maneuvering, hinge
moments at the control surfaces which are needed for sizing the actuators, the bank ¢ and sideslip
B angles due to cross-wind which are important near landing, and also the maximum accelerations
generated by the effectors along the control axes.

The Trim program provides the capability to temporarily modify some of the input data by
including dispersions and biases in the performance analysis process. This is for checking the
system’s robustness and sensitivity to changes, by re-evaluating the performance parameters
using modified values in the mass properties, trajectory variables, CG location, angles of attack and
sideslip, aero coefficients, etc.
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3.1 Transforming the Aero Moment Coefficients

The basic aero moment coefficients C, Cy, and Cy, the aerosurface coefficients, and their
derivatives, are not necessarily calculated about the vehicle CG because the mass properties and
the CG position usually vary during flight as the propellant is depleted. The moment coefficients
are calculated instead with respect to a fixed point on the vehicle called the Moment Reference
Center (MRC). The aerodynamic coefficients must, therefore, be transformed from the MRC to the
instantaneous vehicle CG at each trajectory point, and the performance parameters are calculated
relative to the CG. The location of the MRC (Xmre, Ymre, Zumre) in vehicle coordinates is usually
included in the basic aero data file. Equation 3.1 is used to transform the aero moment
coefficients from the MRC to the vehicle CG, where |, and I, are the reference length and span.
The aerosurface coefficients and their derivatives are transformed similarly.

lZ..—7Z Yoo =Y
CL — CL + CY CG MRC CZ CG MRC
CG MRC I
sp sp
_ XCG_XMRC+C ZCG_ZMRC
MCG MMRC z A I
ch ch
_ . XCG - X MRC _ ¢ YCG _YMRC
Nce Nwmre Y | A |
sp sp

Equation 3.1 Aero Moment Transformation Equations from MRC to CG

C b
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CG ©

\
(Mlgl)Ci
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A 4
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Figure 3.1 Visualization of the Pitch Moment Transformation from MRC to CG
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3.2 Converting FCS Demands to Vehicle Moments and Forces

Figure 3.2 shows the interconnection of the subsystems which are participating in the flight
control loop and they determine the vehicle static performance. The vehicle subsystem receives
the control moments and forces (Ms) and generates responses which are compared with the flight
control commands and generate the error signals. The flight control system calculates the
rotational and translational acceleration demands (d¢cs) as a function of errors in vehicle response.
The flight control demands are defined in the control directions, which are a minimum of 3
rotational accelerations (roll, pitch, and yaw) plus some optional translational accelerations along
X, ¥, and z. Direct translational control should only be included if the vehicle has translational
control requirements and the effectors capability for linear acceleration control, otherwise, they
may degrade the control authority of the moments.

FCS Rotational & Control
Translational Effector Moments and Forces
Demands Deflections onthe Vehidle

6ch 6eff IV|6

o > —| Vehicle

Mixing Logic
Matrix

Vehicle
Errors Responses

FCS

Flight Control
System Commands

Figure 3.2 Flight Control Loop Showing the Mixing Logic Matrix, the FCS, and Matrix C,

We must develop equations that convert the FCS demands to moments and forces Mgsapplied on
the vehicle. This relationship requires a mixing logic matrix Ky that connects between the flight
control system outputs and the vehicle effectors 8, as shown in Figure 3.2. The mixing logic
matrix combines all the vehicle effectors together as a system and becomes an integral part of the
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flight control system. It receives the acceleration demands Orcs, which are mainly: roll, pitch, and
yaw rotational accelerations and may include some linear acceleration demands, and generates
the effector deflections and throttle commands vector d.¢. These are inputs to the effector system
(Cm) and consist of: gimbaling engines, throttling engines, RCS jets, and aerosurfaces. Cy, generates
the moments and forces vector Mg. The effector mixing matrix Ky is calculated from the vehicle
mass properties, geometry, engines and aero data which depend on the flight conditions. Its
derivation is presented in a separate section and it is based on pseudo-inversion of the moment
matrix. In the event of an effector failure it is the mixing logic matrix that must be changed and not
the FCS gains.

Mixing Logic Effector
[nputs Commands
é dy(1)
=  Roll E
5 dz1 Pitch/Yaw
a . dvn Engine
Pitch > '
g ) ;_jﬁ dz Deflections
=
5  Yaw <
—i — dl]mﬂ(l) -
[ ]
9 Ax Aecelerat %D dlhwif? L, Thn.JSt.
4 —— — Variations
o N e throt(3)
2 Ay decelerat *
T = d
=~ surf (1)
Az Accelerat dsuxi‘{z) (Sjor]}"tml
i -
» urrace

swf(3) o Deflections

The combined matrix (Cr = Cy Kmix) is essential in the calculation of the performance parameters
because its elements consist of moment and force partials per control acceleration demands. Let
us assume that the vehicle is controlled by multiple types of effectors, such as: gimbaling engines,
throttling engines, RCS jets, and aero surfaces. It is evident that if the vehicle has multiple control
effectors that influence many directions the vehicle becomes more controllable and it can be
guided in multiple directions. Launch vehicles, for example, use thrust vector control (TVC) engines
to provide control forces and moments and sometimes in combination with engine throttling and
RCS jets for linear acceleration control. In most aircraft the FCS controls three rotational axes using
aileron, elevator, and rudder. Velocity along the x axis is also controlled by varying the engine
thrust or by modulating drag using the speed-brake. The z acceleration is usually controlled
indirectly through pitching but some aircraft have the capability to control normal acceleration
directly and independently from pitching, by using flaps or jets. It is also possible, although not as
frequent, to control lateral translation along the y axis independently from other axes using jets.
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In addition to Knix in our performance calculations we also need to derive the matrix Cy in Figure
3.2. This matrix relates the effector deflections to the combined moments and forces applied on
the vehicle. The two matrices are then combined together to obtain the partials matrix (Cr = Cy
Kmix) that relates the FCS output demands (drcs) to the moments and forces applied to the vehicle
(Ms), which is important in the calculation of the performance parameters. The matrix Cy is
derived by combining the forces and moments from each individual type of effectors, as shown
below.

3.3 Vehicle Moments and Forces Generated by a Double-Gimbaling Engine

Equation 3.2 calculates the three moments and three forces acting on the vehicle from a single
engine (i) that is gimbaling in pitch (6y) and yaw (6z) directions relative to the trim positions (A,
A7), see Figure 2.5. This equation is also written in matrix form at the bottom.

Le, | 0 —lg I [—cos(A;)sin(Ag) —cos(Ag)sin(A;)
Mg, Izei 0 - Ixei _Sin(Az)Sin(AE) COS(AE)COS(Az)
Ne, = T.(i) - Iyei Ixei 0 - COS(AE) 0 o) 5Y(i)
Fres ¢ —cos(A,)sin(Az) —cos(Ag)sin(A,) Sy
Feoo —sin(A,)sin(Ag) cos(Ag)cos(A,)

_erz_(.) —Cos(A;) 0 0

Oy
={VGZY VGZZ}{5Y()}

zM (3.2)

The total moments and forces on the vehicle generated by N number of engines (N=3 in this case)
which are gimbaling in pitch and yaw directions (6zi , &yi) can be written in the compact matrix
form as shown in Equation 3.3 with the 6 deflection inputs combined in a single vector (3-pitch
and 3-yaw). Where, Vg,,i and Vg, are column vectors for engine (i) obtained from Equation 3.2.

Le, %n
M o
\ LN N N
= o2 = VGZyl Voou VGZyZ Vozz V62y3 Ve 5Y2
erz ! ! ! { ! ! 522
G2 v
L l:ZGZ dm 523 (33)
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3.4 Vehicle Moments and Forces Generated by an Engine Gimbaling in Single Direction

We can also calculate the moments and forces vector for a vehicle with TVC engines that gimbal
only in one direction (ye). The gimbaling direction (ye) is defined by the max pitch and yaw

deflections (8vmax , 8zmax), Where: . = tan (8, /Sy max ) -

The moments and forces on the vehicle generated by an engine (i) that is gimbaling in a single
direction (vei), and deflects at an angle (Oyei) along (vei), are obtained from equation 3.4.

L | 0 —ly Ly [—cos(a,)sin(Ac)cos(y;,) —cos(A.)sin(,)sin(y;)
Ms La 0 =l | —sin(A,)sin(A.)cos(y;) +cos(A ) cos(A, ) sin(y,)

N SG _ . - Iyei I><ei 0 - COS( DE ) COS(]/i ) i

Foe | 0 —cos(A, ) sin(A ) cos(y;) — cos(A ) sin(A ) sin(y,) ")
Fese —sin(A,)sin(A;)cos(y;) + cos(A ) cos(A, ) sin(y;)

| Fse g —cos(Ag)cos(y;) 0

The total moments and forces on the vehicle generated by (N=3) single gimbaling engines which
are gimbaling along some skewed direction (yei) and deflecting at an angle (8yei) can be obtained
from equation 3.5, where Vsg; are the column vectors for each engine (i) as defined in equation 3.4

above.

Lss
M
\ G 5}/1
= % = [VSGl Vsea Vssa] 572
XSG 573
Fise
L Fase Iy (3.5)
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3.5 Vehicle Moments and Forces Generated by a Throttling Engine

The moment and force variations on the vehicle generated by the thrust variation of a single
throttling engine (i) are:

I I‘TH 1 0 - Izei Iyei COS(A E ) COS(A z )

M TH Izei 0 - Ixei COS(A E ) Sin(AZ )

N = L 0 —sin(A ,

TH — Te (I) yei xei ( E) (i) {5-|-hr(i)}

Fyrn cos(Ag)cos(A,)

Forn cos(Ag)sin(A,)
_FZTH_(i) _Sln(AE) (i) (3,6)
Where: Sthri) is the throttle control that varies from 0 to +8thrvax, (Where Sthrvax<1), and

Te() is the nominal engine thrust.

The actual thrust of the i" engine T is equal to Te(j)*( 1+67hr(;) ). The force and moment variations
are due to the thrust variation Te(j Othr(). For an RCS jet the force variation equation is the same,
except that in this case T represents the maximum jet thrust because its nominal thrust is zero.
The moment and force variations on the vehicle generated by (N=3) throttling engines are shown
in equation 3.7, where: &t is the throttle control of engine (i), and Vty; are column vectors for
engine (i) obtained from equation 3.6 above

L
M
N R T R
FTH =[Vrr Ve Vius [ Oz
o Vo Y O
Feru
L I:ZTH A(m (37)

3.6 Vehicle Moments and Forces Generated by Control Surfaces

Similarly, we can calculate the moment and force variations from each aero-surface. We are
assuming that the coefficients for each aerosurface correspond to separate rotating panels and
they do not represent a combination of surfaces, such as an aileron, for example, which is defined
to be the differential rotation of two aerosurfaces. An individual panel often excites multiple
directions, and by defining the aero coefficients for each surface separately it allows us to combine
the surfaces more efficiently by means of the surface combination logic. The control moments and
forces on the vehicle generated by a single aero-surface panel (i) rotating at an angle (J.s) is
shown in equation 3.8a. Equation 3.8b shows the control moments and forces in matrix form
generated by multiple surfaces.
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3.7 Total Vehicle Moments and Forces due to All Effectors Combined

We will now combine the equations (3.3, 3.7, & 3.8) together and present them in a form that
relates the total moments and forces on the vehicle due to the combined effectors consisting of:
gimbaling engines, throttling engines (or RCS), and aerosurfaces. Equation 3.9 is an example
showing how the moments and forces from individual effector deflections or throttles are
combined together in a matrix equation to calculate the combined effectors moments and forces
Ms. The effector control inputs are lined up as a column vector on the right side, and the moment
and force contribution vectors from each individual effector are stacked together to form the
matrix Cy. The equation is also written in compact matrix form below.

= =

—
x

N

=<

2t e Y Y N A A .
=|Vev1 Yoz Vavo Vezo VGyl VG;/Z Vini Vime Vit Vaso
+ v v 44l

=

mz<
N

x
N

YQ’) YQQ NQ’) ~<Q° NQQ ~<Q°

n
>

=
N

L

L (Tot)

0
=

IS

17
N

or M, = (Cu )Bus where S = (Kuix)Secs (3.9)

The vector 0. may consist of all three types of effectors. It is the product of the FCS output vector
Orcs multiplied with the mixing logic matrix Kn,ix, see Figure 3.2. The FCS output vector Orcs consists
of the acceleration demands along the control directions, which are a minimum three rotations:
roll, pitch, and yaw, plus some optional translations along: x, y, and z axes. Translational demands
in the FCS and in the mixing logic should only be included when the effector system has the
control authority to perform translations along those directions without degrading the moments
controllability.
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By multiplying the two matrices together we obtain the demands partial matrix (Cr = Cu Kmix),
shown in equation 3.10, which converts the FCS output demands &¢cs to vehicle control moments
and forces Ms. The FCS vector &rcs consist of at least 3 rotations, plus optionally up to 3
translations. In equation 3.10 &kcs is shown with all 6 direction demands included.

M; = C; SO Where

L, ] Ly, O Lz O Ly 0 T6.]
M, 0 Myp 0 My 0 Mgl
N, [Ns 0 Ny 0 N, 0 |5
I:X - O FX(SQ O FXéX O anz 5x
F, Fe O Fsx 0 Fy 0|6
L Fz d(Tot) B 0 FZbQ 0 anx 0 anz __52 JEcs

(3.10)

The partial matrix Cy in equation 3.10 is very useful in the calculations of the performance
parameters, as we shall see in Section 3.3, because its elements consist of moment and force
partials per FCS demands. The diagonal elements of C; measure the effector system’s ability to
maneuver the vehicle along the controllable directions, which are: three rotations and optionally
up to three translations. The size of matrix Cr is (6XNgof). The number of columns is equal to the
number of controllable degrees of freedom Ngof, Which is 3 rotations plus some translations. We
exclude of course the non-controllable directions by removing the corresponding rows from the
equation and C; becomes a diagonal matrix that is also diagonally dominant, as it should be if the
mixing logic matrix is properly designed. For example, the (2,2) element of C; is Msq. That is, the
pitch moment partial per pitch FCS demand 8qgcs.

By introducing the demands partial matrix representation C; we are essentially replacing the
classical Cmdejevon, Claileron, and Cnd,yqqer partials, which are the classical aircraft controls, with a
more generic form that it is applicable to multiple types of effectors and in more than three
directions. Instead of aileron, elevon and rudder deflections we now have the rotational
acceleration demands (Oprcs Oqrcs, Orres). The x-axis translational acceleration demand is Oxrcs
instead of throttle or speed-brake command, etc. The first three inputs dpecs, Sarcs, and Orecs on the
right side of equation (3.10) are the rotational FCS acceleration demands, and the last three inputs
Oxrcs, Ovecs, Ozecs are translational acceleration demands which are optional. Translation controls
are introduced in the demands vector only when there is a requirement for direct translational
control and controllability along those directions is available. Otherwise, translations are
performed indirectly by means of rotational maneuvering. The individual effector deflections (or
thrust variations) 8¢ become transparent in this formulation, since they are combined together by
the mixing logic matrix towards a common purpose, which is to provide the required acceleration
in the demanded direction. The mixing logic matrix takes care of the control distribution among
the effectors and it must avoid saturating the controls.

The most commonly used translation demands are: &xrcs and Ozrcs for controlling the axial and
normal accelerations. They are included when the flight vehicle has the necessary effectors to
maneuver and to perform translational motion along those directions, such as: throttling
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capability, reaction control jets, body flap, or speed brake. The y direction 8yecs is rarely controlled
directly by the FCS. The Harrier aircraft has such a feature when hovering.

3.8 Performance Parameters

The following parameters are used by the Trim program to evaluate the vehicle performance in a
static sense along a predefined trajectory.

Aerodynamic Center

The aerodynamic center is defined to be the point in the x-axis where the partial of pitch moment
with respect to angle of attack is zero, that is: (&C,, /dx)=0

é’cmAc _ acmMRC + 0Cz |:XAC _XMRc:|: 0

oo da oo Cc

(3.11)

Where ¢ is the vehicle “reference length.” The location of the xac with respect to the xcg
determines the static stability of the vehicle. If the CG is ahead of the AC then the vehicle is stable
and it has a negative Cyq.

Static Margin

The Static Margin is defined to be the ratio of:

Xog — X
SM = © A 100 3.12
{Vehicle Length} (312}

Center of Pressure

The center of pressure is defined to be the point about which the pitch aerodynamic moment is
zero.

Xep — X
Cmep = CMyyee +Cz [—CP —MRC } =0
C
3.13
o CMuge o 43
XCP - XMRC CZ C

The location of the CP with respect to the xcg determines how much surface deflection is required
to trim the vehicle. If the CP and the CG are co-located then the vehicle can be trimmed with zero
surface deflection.
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Pitch Static Stability/ Time to Double Amplitude (T2) Parameter

Static stability refers to the tendency of a flight vehicle under static conditions to return to its
trimmed attitude. The transfer function in equation 3.14 is an approximate relationship (ignoring
damping) between pitch control demand 8qrcs and the vehicle angle of attack a. The coefficient
Msq is the pitch control moment partial per pitch demand dqfcs. It is the second diagonal element
in the partials demands matrix C¢(2,2), in equation 3.10, as we have already shown.

M% M
als) _ L where: @} = {_ "‘ } and M, =QS, cC,, (3.14)

- 2 2
5QFCS (s) S° +w; w

Static stability is determined by the sign of the pitch moment derivative coefficient Crq. When Cyq
is negative, wp2>0, the vehicle is statically stable and it has a short period resonance wp (rad/sec).
Otherwise, when C,, is positive, wp2<0, the solution of the transfer function is divergent, and the
vehicle is open-loop unstable. We typically like the vehicle to be statically stable, but not too
stable, because when it is too stable it becomes less maneuverable and bigger aerosurfaces and
also deflections are needed to control it. If on the other hand C, is a little positive (slightly
unstable) the vehicle becomes more maneuverable and it can be trimmed and controlled with
smaller effectors. The flight control system is usually able to tolerate a certain amount of
instability, but not too much. The actuators must be fast enough to respond when the angle of
attack diverges due to instability and latency. The amount of static instability in a vehicle that is
open-loop unstable is measured by the time it takes to double its amplitude or a. The time to
double amplitude (T2) is obtained from the equation 3.15, and as a rule of thumb it should be
greater than 0.4 seconds, depending on the vehicle size and its actuator bandwidth.

T2=1In(2)/|w,| (3.15)

The T2 requirement on an unstable flight vehicle depends on its size and the capability of its
actuators, in terms of: bandwidth, delay, maximum deflections, rate, and acceleration
characteristics. Obviously, the T2 requirement must be greater than the time it takes for its
effectors to travel from trim to maximum deflection, plus some extra time margin to account for
any latency in the system, such as computational delay. When the vehicle is statically stable, on
the other hand, and C,, is negative, static-stability is measured by the frequency of the short-
period resonance wp. A useful parameter for analyzing the pitch static stability or instability of a
flight vehicle along the trajectory is to plot the inverse of T2 as a function of time when the vehicle
is unstable and the frequency of the short period resonance with a negative sign, (-wp) in (rad/sec)
in the regions where it is stable, see Figure 3.3. This makes it easy to differentiate between stable
and unstable regions along the trajectory without plotting T2 which diverges to infinity when static
stability fluctuates between stable and unstable regions. In fact, for a vehicle that is marginally
stable, as it should be ideally, the "T2-inverse/ Short-Period" stability parameter is close to zero,
either a little positive or a little negative.
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Figure 3.3 Example of: Pitch Stability/ T2-Inverse Parameter versus Time Showing the Stable and Unstable
Regions

The vehicle is more maneuverable when the T2-inverse parameter is a little positive, slightly
unstable, and typically it should not exceed 2.5 sec*. When the parameter is negative the vehicle
is stable, and as a rule of thumb the short period frequency wp should not exceed 5 (rad/sec),
otherwise, it becomes difficult to maneuver and requires bigger effectors and a wider control
bandwidth. In Figure 3.3 we have a stability parameter that is transitioning between unstable and
stable regions. When unstable, it has a maximum time to double amplitude T2= 0.5 seconds, and
when it is stable, the largest short-period resonance is 3.5 radians per second near the end of the
trajectory. The static stability parameter does not exceed the upper and lower limits throughout
the trajectory, and therefore, the vehicle stability is acceptable.

Directional Stability (Cng_dynamic)

Static stability in the lateral directions is measured by the C,g_dynamic parameter which is used
for predicting directional stability at high angles of attack. In general, the vehicle will be
directionally stable when the parameter C,g-dynamic is greater than zero. Otherwise, it may
experience yaw departure and Dutch-Roll mode instability. Aircraft with Cng_dynamic greater than
0.004 deg™ have very little tendency for yaw departure.

C

. I .
.s_dynamic = C_; cosa, —IiCm sing, (3.16)

XX
Increasing the wing dihedral improves yaw departure. Too much dihedral, however, makes the
vehicle sensitive to gusts and to lateral control inputs, see the Lifting-Body aircraft example. When
the aircraft is directionally stable, the roll/ yaw frequency wp otherwise also known as “Dutch-Roll”
mode is obtained from the following equation:

cosa, _ sing,
-Cy

7z | (3.17)

a)é = 6Sref b Cn,/J
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Lateral Time to Double Amplitude/ Stability Parameter (T2)

When the lateral directions are unstable (which happens when CnB_dynamic<0), the time to
double sideslip B amplitude should typically be greater than 0.5 second. The time to double
amplitude in the lateral direction is defined by an equation similar to the pitch T2. Notice that the
square of Dutch-Roll frequency is negative when unstable.

T2=1In(2)/|w,| (3.18)

The lateral stability parameter is evaluated similar to the pitch stability, by plotting the T2-inverse
when the vehicle is directionally unstable. Otherwise, when the vehicle is directionally stable we
plot the Dutch-Roll frequency with a negative sign (-wp). When the lateral stability parameter is
positive (unstable), the T2-inverse should not exceed 2 sec™, and when the vehicle is stable, wp
should not exceed 5 (rad/sec).

Control Authority of Effectors

Our next objective is to examine the efficiency of the control effectors in maneuvering the vehicle
in various directions. The demands vector §rcs comes from the flight control system and consists of
acceleration commands in 3 to 6 directions. The effectors are operating as a system and their
authority in the control directions is evaluated by their ability to maneuver the vehicle in the
commanded directions and to achieve the expected accelerations without saturating the effectors.
The control distribution among the effectors is accomplished by the mixing logic matrix which
optimizes the control efficiency. It attempts to provide the expected accelerations in the
commanded directions while minimizing their activity and also reducing the cross-coupling
interaction between the control directions. An acceleration demand from the flight control system
will in general activate multiple effectors. Each effector has its saturation limit and for the
maneuver to be executed efficiently, none of the effector deflections or throttles should reach
their limits. The control authority of the effector system can be measured by the maximum angles
of attack tomax and sideslip +Bmax dispersions from trim (oo, Bo) that can be achieved due to
maneuvering, or tolerated due to cross-winds, before saturating at least one of the effectors. It is
also evaluated by the maximum accelerations that can be achieved along the control directions
when the FCS demands are maximized.

We must now derive equations that impose saturation limits on the acceleration demands. So far
we have not discussed about any hard limits in the flight control demands &rcs. We know that the
acceleration demand is a software input to the mixing logic and the mixing logic generates
deflection and throttle commands to the effectors that have physical limits. So we need a
relationship that translates the effector d. physical limits back to demands dgcs software limits.
The question is: what is the maximum FCS demand &rcsmax that the mixing logic matrix can accept
along the 3 to 6 controlled directions before it saturates at least one of the vehicle effectors?
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Figure 3.4 Pitch Effector Deflection is 8q rcsmax from trim in order to Balance the Moment produced due to an
Increase in the Angle of Attack omax from trim o

The mixing logic matrix Knix plays an important role in control authority calculation because ideally
it should be distributing the control authority evenly among the effectors, so they should all be
reaching to their saturation limits simultaneously when the acceleration demand begins to exceed
the capability of the effector system. The control distribution should be allocated optimally
according to the capability of each individual effector, and thus preventing the weaker guy from
saturating when others have additional capability. The size of the effector mixing matrix is (Neff X
Ndof), Where Ngss is the number of effectors, and Ngof is the number of controllable degrees of
freedom. Now let us try to place some limits on the FCS demands. The mixing logic matrix
equation that calculates the effector deflections from the demands can be normalized by dividing
each row with the maximum deflection 6.« Of the corresponding effector, as shown in equation
3.19, which now relates the demands &qcs to the normalized effector deflections (8i/8imax). The
magnitudes of the normalized effector deflection outputs on the left side must never exceed one,
in order to prevent the effectors from reaching their hard limits. Note that §;max represents the
maximum effector deflection from trim to saturation due to positive FCS demand which is not
necessarily a positive effector deflection. It may be a negative deflection resulting from positive
FCS demand.
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Each of the column vectors: {Up, Uq, Ugr, Ux, Uy, Uz} in the normalized mixing-logic matrix equation
3.19, determines the normalized deflections of the effectors vector resulting from 1 unit of FCS
acceleration demand in one of the corresponding directions {Sprcs, Sarcs, Orrcs, Oxrcs, Ovrcs, Ozrcs)
Let us assume that the elements with the largest magnitude in each of these normalized vectors
are: (Upmax, Uamaxy, UrRmaxs Uxmax» Uvmax, Uzmax) respectively. They determine which effector (i)
produces the largest deflection from one unit of FCS demand in the corresponding direction: &pcs,
Oarcs, Orrcs, Oxres, Ovecs, OF Ozrcs. In pitch, for example, the deflection §; of the most active effector
(i) due to a pitch demand 8qfcs is

g =U ivax Oorcs

Qmax “iMax

(3.20)

Let us assume that the most active effector (i) produces the largest normalized deflection
magnitude (6i/8imax) coming from a pitch demand &qfcs. The element in vector Uq that corresponds
to the largest deflection is Ugmax. From equation 3.20 we conclude that the most active effector in
pitch reaches its limit when the FCS command 8qfcs is maximized at:

1
O, grcs MAX U (3.21)
Q Max

Now that we have calculated the maximum control demand let us calculate the maximum steady-
state alpha dispersion that the FCS can achieve. Let us consider the transfer function in equation
3.14 which is an approximate relationship between the pitch FCS control demand 6qfcs and the
vehicle angle of attack response a. When the aircraft is statically stable the parameter Mg is
negative which implies that wpz is positive. The partial derivative Msq represents the pitch moment
on the vehicle due to a pitch FCS demand &qfcs and it is defined in equation 3.10. The vehicle
control authority can be measured by the amount of steady alpha variation from trim a,nax that
can be achieved (or tolerated) when the pitch control demand is maximized at 8.qrcs max- This
occurs when the most active effector reaches its limit, i.e. (6; =6imax), due to maximizing the pitch
demand, as shown in equation 3.23, where Uquax is the largest element in the column vector Uq.

_ M(SQ/IYY5 _ M5Q

max 2 +QFCS = (3.23)
a)p " U QMax M a
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Biased Effectors

In equation 3.19 we initially assumed that the effectors are centered, and the maximum peak
deflections 8imax between trim position and the upper or the lower limits are the same, either due
to a positive or a negative FCS demand 0O¢cs. In reality, however, the trim position of the effectors
are not centered, and some effectors may be biased either in the positive or the negative direction
and the peak displacements from trim &;nax due to a positive demand 8,rcsmax Mmay be different
than the peak displacement &ini, from trim in the opposite direction due to a negative demand
O_rcsmax- If we assume that the normalized mixing-logic matrix equation 3.19 is written for positive
FCS demands &.rcsmax, We can rewrite the normalized matrix equation for negative acceleration
demands d_gcsmax, as follows:

5
g;g O N R RIS
dEM=lu, U, U, U, U, U, 5* (3.19h)
5 /6 NN 5:Y

_5—Z_ch

Where: &imin in this case are the peak deflections of the effectors in the opposite direction due to a
negative demand &_rcsmax, that is, between the trim position and the opposite saturation limit. This
Oimin is NOt necessarily a negative effector deflection and not the same magnitude as 6;max but it is
in the opposite direction to the deflection resulting from a positive FCS demand J8,rcsmax- The
column vectors in equation (3.19b) are now normalized differently {U's, U'q, U'r, U'x, U'y, U's}
because their corresponding rows are divided by 6;mi, instead of 6;max. The largest element of each
of these normalized vectors: (Upmin, Uamin, Urmins Uxmins Uymin, Uzmin) are different from those
obtained using positive demands: (Upmax, Uamax, Urmax» Uxmax, Uymaxs Uzmax)-

Based on this result we can calculate the peak FCS demand in the negative direction, and also the
maximum alpha dispersion in the opposite direction from trim, as a result of this maximum

negative pitch demand d_rcsmax, S€E equation 3.23b.

1 M

5 = a2
—QFCS ' —max (3.23b)
" UQMin UQMin M

a

Control to Disturbance Partials (My/Mj5)

A flight vehicle must be designed to be able to counteract a certain amount of wind-shear, gusts
and other disturbances by using its controls. The aerodynamic environment is typically
characterized in terms of a and B disturbances which are introduced in simulations as gusts and
wind-shear. The gusts are short period disturbances applied in the dynamic model for analyzing
the dynamic behavior of the flight vehicle. In static analysis the aero disturbance is defined as a
steady wind-shear. A wind-shear causes steady-state variations in the angles of attack and sideslip.
This o and B variation generates additional forces and moments applied to the aircraft which must
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be counteracted by further deflections of the control surfaces or engines. The ratio of the
disturbance moment per alpha divided by the control moment per control deflection (My/M;) is a
parameter that is typically used for assessing controllability and in general this parameter should
be less than one. This controllability parameter, however, does not take into account the
maximum values of both parameters: the angle of attack (or sideslip in the lateral case) and the
maximum control authority of the FCS, and we shall derive better criteria.

Note, when the vehicle is statically unstable, that is CG is behind the CP, the smallest control
system bandwidth for achieving a minimum of 6 dB gain margin occurs when the attitude
feedback gain is Kp = 2 M, /Msq, assuming a PD type controller §prcs = —K,0 — K,-0. With this

controller gain the control system bandwidth is w;, = \/m Increasing the attitude feedback
gain K, and bandwidth further improves rigid-body stability margin and also the system
performance to attitude commands. However, you cannot increase it too much without exciting
structure flexibility. In general there should be a separation factor of 10, between the control
system bandwidth and the first structural mode.

Pitch Control Authority against an Angle of Attack Variation: oimayx

We will now define a parameter for measuring the control authority of the effectors system in
different directions. Consider the controllability in the pitch axis. An aircraft should have sufficient
control authority to be able to tolerate a certain amount of o variation, let's say oma= +5°, without
affecting its attitude and flight path and without saturating the pitch control, which is limited to
d:aqmax- The authority of the pitch control system can be defined by the amount of pitch moment
produced towards maximizing the angle of attack variation from trim against the total pitch
control availability. For an acceptable pitch controllability we should expect the pitching moment
produced when the pitch demand is maximized to d.quax from trim condition, to be considerably
greater (at least twice as big) than the moment produced due to the dispersion o, from trim.

Crio Fome| >2[Crs @

max ‘

We introduce a factor of 2 to allow some control authority for maneuvering and responding to
gust disturbances. If we take into consideration that the max control demand is: 5 ..., =1/UQMaX

the pitch control authority criterion becomes:

_|CnY

Qmax amax

. 5,
Pitch Control Effort : Fes

+QMaXecs ‘ maQ

‘< 0.5 (3.24)

In other words, the control authority is defined by the amount of effort used by the effectors,
which is the ratio of the pitch control used against the dispersion omax divided by the maximum
pitch control capability and it should be less than 1. In fact less than 0.5 is better for margin.

When the vehicle has multiple control effectors that can provide translational control in the x and
z directions we may extend the control authority criterion along those directions. Let's say that the
effectors system can provide control in the x and z directions and we would like the vehicle to
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have the control authority to counteract disturbance forces due to amax Vvariations in those
directions. This may obviously require the use of throttle control, RCS jets, or a speed-brake in the
x direction to provide forces along those directions and to regulate speed in the presence of winds.
The control authority definition in equation 3.24 can be extended to translational control for
assessing the amount of effort it takes to control the vehicle against omay dispersions from trim in
the x and z directions.

o
X acceler. Control Effort ;| —XFes ‘CA“U x max Fmex ‘ <05

+X maXgcg | CXéX

5 o | (3.24b)
Z acceler. Control Effort : Zrcs o~ ZmaxTmax| () 5

_|c,u
B

+Z MaXgcs 78

The coefficients: Cy,59, Czsz and Cxsx are non-dimensional moment and force partials per FCS
acceleration demands in pitch, z and x directions respectively. They are obtained from the
demands partial matrix C; in equation 3.10. They include contributions not only from aerosurfaces
but from all vehicle effectors which are combined together by the mixing matrix. The parameters
Uamax, Uzmax, and Uxmax, are the biggest elements of the column vectors Uqg Uz and Uy in the
normalized mixing matrix, equation 3.19.

When the dispersion is in the opposite direction -a,,x the control authorities are determined by
the control availability in the opposite direction {Ugmin, Uxmin, Uzmin} Which may be different than

+amax-
] 1) C..Yomn X
Pitch Control Effort : Qrcs :‘ @~ Q <05
—QMaXgcg ‘ C
X acceler. Control Effort : Xees | = |CA“U xminmax | () 5
Oy MaX e | Cyex (3.24¢)
bo) _
Z acceler. Control Effort : Zres | = |CZ“UZm'“am"‘X <05
572 MaXgcg | CZéZ
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Pitch Control Authority against Velocity Variation: vyay

Similarly, the control authority of the effectors system can be evaluated by its capability to react
against maximum velocity variations *vn., from trim airspeed Vo. When the vehicle has an axial
force control capability by means of thrust variation, RCS jets, or speed-brake, the axial force
produced due to maximum axial control dymax Should be at least twice as big as the axial force
generated by the expected variation in velocity v, Also, the pitch moment produced due to
maximum pitch control dquax Should be at least twice as big as the pitch moment generated by the
velocity variation vy,y.

‘CXéX 5XMax ‘ >2|CXV v
Coni Somimeeee| > 2IC

max |
mV max|

The control authority against airspeed variation in the pitch axis is defined to be the ratio of the
pitch control used against vmay divided by the maximum available pitch control, and it should be
less than 0.5 including margin. Similarly, if the vehicle has throttle control or a speed-brake, the
control authority against v dispersions in the x axis is defined to be the ratio of the axial force
necessary against vpax divided by the maximum available axial control capability, and it should be
less than 0.5. The control authority criterion against v, can also be extended in the z direction,
assuming of course, that the effectors system is able to control the z axis.

0, Cc .U v
Pitch Control Effort : Qrcs =| MoV~ Qmax Tmax |< 0.5
+QMaXxgcg ‘ C ‘
fo)
X acceler. Control Effort : e 1= |CX‘WU x max Y |< 0.5 (3.24d)
5+X maXgcs ‘ CX(SX
fo)
Z acceler. Control Effort : Zres | |CZWUZW Vmax | 0.5
+Z MaXpcg ‘ CZéZ

When the airspeed variation is in the opposite direction -vmax the control authorities are affected
by the control availabilities in the opposite directions {Uagmin, Uxmin, Uzmin}-

- 5Q |Cmb Ulen Vmax
Pitch Control Effort : Fes <0.5
5_QMaXFCS ‘ CméQ ‘

o )

X acceler. Control Effort : Xees | = |CXWU X min ¥ max |< 0.5
X maXgcg ‘ CXéX
o

Z acceler. Control Effort : Zecs |CZWU 2minVimax <05
Zmax,:CS ‘ CZbZ
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The partials of the aerodynamic pitch moment and the X and Z forces per velocity variations are
defined as a function of aerodynamic coefficients.

2C,, , OC 2C,, oC, 2C,,  oC
C’“V:( v avj CXV:{ v, avJ CZV:[ vzo+avzj
0 0 0

Lateral Control Authority against Angle of Sideslip Dispersions: Bnax

An important requirement for the lateral effector design is to have sufficient control authority to
execute a steady sideslip maneuver during turning or to be able to react against cross-winds near
landing. When an aircraft is near landing with cross-wind, the side-force creates a sideslip angle,
and the aircraft has to bank towards the wind in order to balance the side-force. For an aircraft to
maintain a steady angle of sideslip B, the net side-force and also the rolling and yawing moments
must be equal to zero. In order for the aircraft to maintain a constant sideslip, both: roll and yaw
FCS controls 8prcs and Sgecs are used. The designer must evaluate if the effector deflections due to
the roll and yaw FCS demands are within range and if the vehicle bank angle (¢) is acceptable,
especially near landing. From the roll and yaw moment balance equations the amount of roll and
yaw FCS control required to achieve a constant angle of sideslip Bss are obtained from equations
3.25.

(LNg=NyLg) (NyLp - L,N)
5PFCS - 'B ss ! 5Rch -
(LiNp —NgzLyp) (LgNp —NgzLyp)

ﬂss (3.25)

The partial derivatives Ngg and Lsg are the vehicle yaw and roll moments per yaw flight control
acceleration demand 6gecs. Similarly, the partial derivatives Ngp and Lsp are the vehicle yaw and roll
moments per roll demand &prcs. They are obtained directly from the demands partial matrix Ct in
equation 3.10. The roll and yaw control authority is measured by the magnitude of steady state
angle of sideslip Pmax produced when the effector is at full deflection or by the amount of B
dispersion they can tolerate. They should be able to handle at least 5 degrees of steady sideslip
Bmax- After dividing the equations 3.25 with the maximum roll and yaw FCS demands, &ppmax and
Orvax, We obtain equations 3.26 that express the roll and yaw control authority as follows.

|(L,BN5R - N,BLéR)UPmaxﬂmax

Op
Roll Control Effort : Fes

<0.5
+PmaxFCS | (LaRN(SP o NaRLaP) |
(3.26)
0, -L,N
YawControl Effort ;| —c |( e LN M s B <05
+Rma><FCS | (LaRN(SP o N&RLbP) |
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The control effort ratios (8prcs /Opmax) and (Orres/Ormax) required to trim the roll and yaw moments
against Pmax should obviously be less than 1. In fact, they should be less than 0.5 to allow some
margin for dynamic control. Similarly, when the vehicle has control authority such as RCS jets to
accelerate in the y direction and to counteract 3 disturbances due to winds, we can extend the
control authority definition in the y direction as follows:

0.
Y acceler. Control Effort : Yecs I T

+Y maXecs

|< 0.5 (3.26b)
YoY

Where: Upmax, Urmax and Uymax are the largest elements in the column vectors Up, Ug and Uy in the
normalized mixing logic equation 3.19. When the dispersion is in the opposite direction -Bnax the
control authorities are affected by the availabilities in the opposite direction: Upmin, Urmin, Uymin-

Roll Control Effort : Orics |( ~Nyba )Upm‘”ﬂmax <05
—PmaxFCS | (LﬁRNﬁP - NéRLéP) |
Yaw Control Effort : Ot |( L N‘SP)URm"‘ﬂ " < 0.5
—RmaxFCS | (LéRNéP B NéRLéP) |
Y acceler. Control Effort : O = |CYﬂUYm"‘ﬂ mX1<0.5
=Y MaXgcs | Yoy |

Lateral Control Authority against Velocity Variations: £v,ax

Similarly, when the vehicle is flying with a steady sideslip Bo due to Y offset or thrust mismatch,
the roll and yaw control deflections from trim produced by a constant airspeed variation v
relative to Vpare:

S :(Lé\/NéR_NWLéR)V : S :(NwLaD_L&/NaP)V
e (LcSRNcﬂD_NcSRLéP) ? e (LcSRNcﬂD_NcSRLép) ?

The control authority of the roll and yaw effectors system against maximum velocity variations
+Vmax from trim airspeed Vg can be evaluated by control effort ratios (8prcs /Opmax) and (Srrcs/Ormax)
required to trim the roll and yaw moments against v, and naturally it should be less than 0.5.

Roll Control Effort : Ot = |(L‘3V Nip = Ny Lig )V bV <05
+Pmaxgcs | (LéRNéP - NéRLéP)

YawControl Effort : Ot = |(N‘“’ L = Loy Nip U Vi <05
+Rmaxgcs | (LéRNéP - N&?{LéP)
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When the vehicle has side-force control capability by means of RCS thrust variation, in order to
maintain steady lateral flight, the side-force produced due to maximum axial control dymax should
be at least twice as big as the side-force generated by the expected variation in velocity Vax.

C 5Ymax ‘>2|CYV max|
O C,. U, v

Y acceler. Control Effort :| —ees =‘ YoV 2 ¥ maxTmax | - () 5
+Y MaXgcg ‘ YoY

The controllability must also be analyzed when the airspeed variation along Vq is in the opposite
direction -vmax. The control authorities are determined by the effector availabilities in the opposite
directions: {UPmin, URmin; UYmin}-

Roll Control Effort : Oty = |(LW N = Noy L JU Vi <05
—Pmaxgcg | (LéRNéP o NéRLéP)
bo) — .
YawControl Effort ;| —Fes | = |(N"" Lp = Loy Nip U i Vi <05
—~Rmaxpcg | (L&N&P o NéRLaD)
O. .
Y acceler. Control Effort ;| — e ICY"V Y minima | <05
—Y maXgcg YoY

Where the partials of the lateral aerodynamic coefficients per velocity variations are:

2Co. « _2Cu. o _2Cy
VO’ nov V0 ! YoV VO

CIéV =

Normal and Lateral Loads

The normal and lateral load parameters (Qa and Q) are used for analyzing the flight vehicle
capability to endure structural loads produced by the angles of attack and sideslip. These loads
increase during periods of high dynamic pressure and for this reason some vehicles have a load-
relief system that reduces the angles of attack and sideslip by steering the vehicle towards the
airflow and sometimes contrary to guidance commands. The flight vehicle normal and lateral loads
are measured by the product of dynamic pressure and alpha or beta and they should be limited to
between 3,000 and 4,000 (Ib-deg/ft®) or (PSF-deg).

Q_alpha = Qa; Q_beta = Qf
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Bank Angle and Side-Force during a Steady Sideslip

Another set of parameters which are important to calculate when the aircraft is under constant
sideslip, is the side-force and the bank angle. This is particularly important near landing. The
aerodynamic side-force due to a steady cross-wind from the starboard side is balanced with a
gravity component by banking the aircraft at a small angle ¢ towards the wind, in order to
maintain a zero force along the body y-axis, as shown in the Figure below. After solving equations
3.25 for the roll and yaw controls &prcs and Orres Which are needed for maintaining a steady
sideslip, let's say Bs= 5 (deg), from equation 3.27 we calculate the aerodynamic side-force and
then the bank angle ¢ required to balance it.

Typically, near landing the bank angle ¢ should be less than 5 degrees. In level flight and near
landing the normal acceleration Az is approximately 1-g. The partials Fysg and Fysp are the forces
along the y axis per yaw and roll FCS demands and they are calculated from the partials demands
matrix Cr in equation 3.10. In general, it is sufficient to demonstrate that no more than 75% of the
roll and yaw control authority be devoted to maintaining a steady sideslip. Typically the bank angle
due to cross-wind should not exceed 5° during landing.

Rudder

Sideforce
Ile AZ

Sing =

Sh@%mé

Horizon

_____ .

Wing lina

Tail View of
the Airplane
Az

Side Force = QS C,, B, + Fynr.. + Fp0n.,

Side Force (3.27)
M, A, cosy

Bank Angle: sing=
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Engine-Out or Y Offset Situations

The lateral control authority analysis can be extended to include asymmetric situations caused due
to uneven aerodynamic forces, thrust mismatch due to engine or actuator failures, and Ycg offset
as a result of an unbalanced payload. The roll and yaw effectors must have sufficient control
authority to counteract the forces and moments generated due to the absence of lateral
symmetry. This requirement is more demanding when operating at very low speeds. To maintain
steady straight flight, the roll and yaw effectors must be able to offset the asymmetric moments
and forces or an asymmetric CG, and to produce zero side-force and zero rolling and yawing
moments. The following three equations must be solved simultaneously.

QS Cys B+ FisOs.. +Frp0p  + M, A, cosysing+AF, =0
LyB+Lgds. +Lpds +AL=0 (3.27a)
N;B+Ngde  +Npds  +AN =0

Where: AFy, is the sideforce,and AL and AN, are the roll and yaw moments generated due to the
thrust mismatch and the Ycg offset. The Ycg offset will only produce moments and no side-force.
When the vehicle is trimmed and o+, is the vector consisting of the controls, then equation 3.27a

becomes.

QS CysB+ Fys O + My A, COSysSin g+ AF, =0

L;f+L;05 +AL=0 (3.27b)
N,B+NsSr +AN =0

Lateral Control Departure Parameter (LCDP)

At high angles of attack the effectiveness of the control surfaces in roll is sometimes reduced or
lost, plus at high alpha the roll effectors may produce significant adverse yaw that may lead to
"Roll-Reversal". As a result, the aircraft rolls in the direction opposite to the roll command. The
LCDP ratio is a good indicator of the roll axis dynamic controllability and it is defined in equation
3.28, which is the ratio of the lateral departure parameter (o) divided by the Dutch-roll
frequency (wp?). This parameter is a good indicator of roll dynamic controllability and the flight
vehicle susceptibility to departure during high angle of attack operation. It is usually positive, but it
changes sign as a function of flight conditions and mainly the angle of attack. When it is different
from one it indicates that there is dynamic coupling between the roll and yaw axes. Values greater
than one, are good for yaw control, but when they are too high, it has a tendency to induce beta
oscillations. When the LCDP ratio is near zero the aircraft response to roll commands is sluggish.
When it becomes negative it causes reversal in the roll (aileron) control which can be disastrous if
unaccounted. The flight control system should, therefore, be able to detect this situation and take
an appropriate action when it happens.
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COZ Nﬁ - Lﬂ L
LCDPRatio=| —% | = oP
2 |ZZ (3.28)
D N, - L, ~tana,
XX

For a re-entry vehicle, such as the Space Shuttle, entering the atmosphere at high angles of attack
there are periods where directional stability is poor because the vertical stabilizer is ineffective
since the wake from the wings is preventing it from operating in a clean air flow. During this period
the rudder flight control gain is phased-out and the aileron is used for roll and directional control
and often in combination with yaw RCS jets. The vehicle must, therefore, have an acceptable LCDP
ratio in order to be stabilizable with the ailerons. When the angle of attack is reduced the rudder
becomes more effective to provide directional stability and the gain in the rudder control loop is
increased accordingly. At high angles of attack the LCDP ratio may be negative which implies that
the roll gain must be reversed. This is not a problem, however, as long as the LCDP is not too close
to zero which implies uncertain and sluggish roll controllability. As the angle of attack decreases
further there is a period during which the LCDP ratio is transitioning from negative to positive, and
its magnitude becomes very small before it changes sign to positive. During this period the aileron
is ineffective and unreliable for lateral control. The yaw control may also be insufficient, and the
vehicle has to rely fully on the RCS jets.

The transfer function in equation 3.29 approximates the roll acceleration due to a roll FCS
command. The coefficients Ng and Lg represent the vehicle yaw and roll moment partials per
sideslip angle sideslip B. The partials N5, and Ls, represent the yaw and roll vehicle moments due
to variations in roll flight control demand &prcs, and they are obtained from the partials demands
matrix Ct. Notice that the Dutch-Roll frequency (wp?) is only a function of the vehicle aerodynamics
and inertias, but (woz) also depends on the effector partials. This makes the LCDP ratio to depend
on the effector characteristics, and also on the mixing logic matrix, which is software.

: L, [s*+®]
P(S) __ “w — where
Op. (8) Ny |8" +@p
Ccos N,cose, L,sing,
0 =—2[N,L, —L,N,,] and a)g{ / _ }
I_zz Lép B Izz I XX (3.29)
N,H = QSref anﬁ L,B = QSref bCIﬁ
JN oL
N&p = o = :
Pecs Pres
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Notice that the roll transfer function equation 3.29 has two terms: a gain term that includes the
roll effector partial Lsp, and a dynamic term consisting of pairs of poles and zeros. The dynamic
term in parenthesis is a function of the aerodynamic moments. It introduces an oscillatory or
divergent transient in the transfer function response. When the aerodynamics is weak the vehicle
must be controlled with TVC or RCS jets, and the dynamic term in the parenthesis becomes small
in comparison with the gain term, and in this case the transfer function simplifies to a gain.

p(s) _ Ls,
5PFCS () I

The LCDP to Dutch-roll frequency ratio is important for analyzing the condition when the Ls, partial
is weak, and the dynamic term in parenthesis dominates the transfer function in comparison with
the gain term. In this case you would like to have directional stability (wp® >0), and the LCDP ratio
sufficiently far away from zero, otherwise it will not respond to roll commands. Pole and Zero
cancellations occur when LCDP=1. In this situation the vehicle response to a roll command
becomes ideal, producing a perfectly coordinated turn with zero sideslip angle B. An acceptable
range for the LCDP magnitude is: 15> [LCDP| >0.2. This range provides a satisfactory compromise

between performance and robustness against aerodynamic uncertainties. Negative LCDP ratios
are also acceptable as long as they are not near zero. They cause, however, reversal in roll control
gain because it changes the sign of the transfer function 3.29 and the roll control system must be
able to predict the reversal in order to compensate it.

When the magnitude of the LCDP ratio becomes small or negative at high angles of attack, the
mixing matrix can be adjusted to include contributions from the yaw effectors. This may improve
the value of the LCDP at high alphas, sometimes at the expense of control authority. The weakness
in the LCDP ratio, however, can always be improved through the use of propulsion that will
strengthen the Ls, gain in the transfer-function. In order for the roll control loop to be reliable and
robust against instability due to aerodynamic uncertainties, the magnitude of the LCDP ratio
should be sufficiently greater than zero (either positive or negative), especially, during periods of
poor yaw controllability. Reaction control jets are often required to control the vehicle in roll and
yaw during LCDP transitioning. It is not sufficient to control only the roll axis, but both roll and yaw
are commanded because the vehicle is maneuvering about the velocity vector at high angles of
attack. This type of maneuvering minimizes sideslip and lateral loads. During the transitioning
period the RCS torques must be properly sized in order to be able to overcome the uncertain
aerodynamic moments and should be able to provide at least 1.5 (deg/sec®) angular acceleration
in roll and yaw.

Figure 3.3 is a plot of (wo?) in the vertical axis, against (wp?) in the horizontal axis. It shows the
acceptable regions of the LCDP ratio. At high angles of attack a Shuttle type of reentry vehicle
operates in the regions of negative (woz), where the roll control gain is reversed. As the angle of
attack decreases the operation shifts in the positive (wo?) region. The aileron and in general roll
control is unreliable when the LCDP ratio is small and near the horizontal shaded region of Figure
3.3. It should not be very large either because it causes large sideslip transients. The region where
(wp’<0) is statically unstable and unreliable when operating very close to the vertical axis. It is not
recommended to operate there without powerful RCS.
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Figure (3.3) Plot of (w,2) versus (wp2), Showing the Acceptable Regions of the LCDP Ratio

The dashed line shows the ideal value of the LCDP ratio, which is 1. It produces a perfectly
coordinated turn in response to a roll command with zero angle of sideslip B, and it happens when
the following equation 3.30 is satisfied.

N I
—® — _Z tanga (3.30)
LLSP XX

In general, it is desirable to have the value of LCDP ratio as close to 1.0 as possible and to avoid
sign reversals but this is impossible to achieve in most cases because the vehicle parameters
change significantly with flight conditions. With RCS, however, it is possible to operate in the
marginally stable and the somewhat unstable regions and also in the region where the LCDP ratio
is small. An acceptable range of positive LCDP ratio is: 15> |LCDP| >0.2. This range of values
provides sufficient performance and robustness against aerodynamic uncertainties.
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Examples Showing the Effects of LCDP Sign Reversal on Stability

The effects of the LCDP and Cnp-dynamic variations on lateral stability and on the control
feedback gains are better illustrated with an example. Let us consider a lateral vehicle model that
is controlled by aileron and rudder inputs and its states consisting of: roll and yaw rates (p, r), roll
attitude (¢), plus angle of sideslip (B). This system is controlled by a (2x4) state-feedback matrix
(KSpr1) and the roll angle is controlled by a command (¢cmg). This system is open-loop statically
stable with a Dutch-roll resonance of 2 (rad/sec), Cnb-dynamic>0, and it has a negative LCDP ratio,

a)(f/a)é =-0.334. It corresponds to the region in Figure (3.3) where (wo’<0; reverse roll) and

(wp>>0; statically stable). This system is shown in Figure (3.3.1) responding to a Ocma=1 (rad). The
state-feedback matrix is also included in the figure.

A parameter of this system was modified which causes the LCDP to change sign. Figure (3.3.2) is
almost an identical system with a different Cn_dailer. The yawing moment due to aileron was
changed from negative to positive value. The system is still stable with the same Dutch-roll
resonance but the LCDP ratio is now +0.302, almost the opposite of the previous system. It
corresponds to the region in Figure (3.3) where (we>>0) and (wp>>0; statically stable). This system
is no longer stabilizable with the previous state-feedback matrix and a new feedback (KSpr2) was
designed in order to stabilize it and respond to a ¢mg=1 (rad) with a similar performance. Notice
how the signs of most of the elements in this new state-feedback matrix are reversed.

This example, therefore, demonstrates that an unexpected reversal in the LCDP sign can have
destabilizing effect on the vehicle, even though the vehicle was identically stable in both cases.
The exact time of sign reversal in the parameter is not known due to the uncertainties in the aero-
dynamics so there is a transitioning period where we cannot rely on the aileron for control. A
solution when the LCDP ratio is small and it transitions between positive and negative is to
introduce some rudder control in roll which can increase the magnitude of the LCDP, either
positive or negative, but not less than 0.02. An even better solution is to use RCS jets for roll
control during this type of transitioning period.
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LCDP sign reversal may require reversal in the control law gains

State feedbadk via KSpr1

a= P r beta
p -0.02415 0.01042 -6.535
r 0.001779 -0.009517 -0.269

bet 0.5088 -0.7934 0.0001326 LCDP=-0.334 04033 -6.3000 44583 -15508

b=  dail drud Cnb_dyn=0.0063 11560 -13517 -0.1920 1.2629

p 05451 2748 Dutch_Roll=1.95r/s

r -0.1828 -0.03853 Wo42=1.27 N

bet 7.875e-005 -9.45e-005 Pz »
® = Ax+Bu

c= r beta I . -

p 1Pﬂ 0 Tl y=Cx+Du Y = Ll

ro010 Stable System

bet 0 0 1 with -ve LCDF bts

d= d_ail d_rud —p-—

p 0 a .

r 0 0 ﬁi'ﬁu Int1

bet 0 0 é—ﬁ

Figure 3.3.1 Closed-Loop System with Negative LCDP Ratio and Cnb Dynamic>0

LCDP sign reversal may require reversal in the control law gains

State feedbadk via KSpr2
a= 3 r beta |
p -0.02415 001042 5535 K‘l-|=
r 0.001779 -0.009517 -0.259 LCDP=+0.302
bet 0.6088 -0.7924 0.0001326 Cnb_dyn= 0.0063 0.2908 35184 -26960 1.6466
_ — 12220 -19372 00316 1.1353
b= d_ail d_rud Dutch_Roll=1.95r/s
p 08451 2748 WoA2=+1.15 N
r 0250  -D.03653 P Lg
bet 7.575e-005 -9.45e-005
| % = Ax+BU -
c= pr beta " y=Cxbu = "
P ‘1] 2 ?] Stable System >
r i beta
bet 0 0 1 with +ve LCDP
d= d ail d rud Change in Cn_daileron "- G
p 00 causes reversal in LCDP phi Int2
r o0 0 and control gain reversal Rl comd1
bet 0 0O 4

Figure 3.3.2 Closed-Loop System with Positive LCDP Ratio and Cnb-Dynamic>0
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LCDP ratio reversal can also be caused by a change in the sign of Cnf3-dynamic. This is when the
vehicle transitions let's say from a statically stable to a statically unstable region where Cnf-
dynamic<0. This corresponds to the statically unstable region in Figure (3.3) where (wp><0). This
change in sign also requires a change in the state-feedback control law in order to avoid a lateral
instability, as shown in Figure (3.3.3). In this example, which is similar to Figure (3.3.1), the sign of
CnB-dynamic was changed to negative by a modification in the aero coefficients Cnf3 and CIf3. The
new state-feedback control law (KSpr3) that stabilizes the modified system and enables it to
respond to a Gemg=1 (rad) is also significantly different from the original state-feedback matrix
(KSpr1). Notice how some of the rudder gains are now reversed. Notice also how the (¢) response
is not monotonic as in the previous two cases but it first responds towards the opposite direction
and then it reverses. This is also an unreliable situation and one cannot rely on the aero-surfaces
for lateral control during this type of transitioning period and, therefore, RCS is the only reliable
solution during periods of uncertainty in the LCDP.

- - - - i B
Cn_beta_dynam sign reversal may require reversal in the control law gains B chi | e S
State feedbadk via KSpr2 é @}EJ ,@ ﬁ EI 2
a= P r beta
p -0.02415 0.01042  -3.092 K‘\-J|=
r  0.001779 -0.009517 -3.126
bet 0.6088 -0.7934 0.0001326 LCDP=+6.63 09436 -4B533 94098 -17784
Cnb_dyn=-0.00075 13566 -5.5448 103086 -0.9151
b= d_ail d_rud : =
p 05451 2743 T|mf200uble 1485 -
r 01828  -0.03653 Wo*2=-3.01 . »
bet 7.2875e-05 -9.45e-05
n | X = Ax+Bu o
¢= p r beta *| v=Cx+Du ' L
P ?J 3 ul] Direction Unstable
r wi beta
et 0 0
d; o3l o Change in Cnb and Clb phi
ro0 0 makes Cnb_dyn<0 {unstable) 'ﬁ=ﬁ'=
bet 0 0 and rudder gain reversals
Time offset: 0

Figure 3.3.3 Closed-Loop System with Positive LCDP Ratio and Cnb-Dynamic<0 (unstable)
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Effector Capability to Provide Rotational and Translational Accelerations

The capability of the control effectors system to provide rotational acceleration in roll, pitch and
yaw is also measured in terms of the largest rotational accelerations that can be attained in the
corresponding direction without saturating any effectors. From the moment equations we can
calculate the following accelerations, as a function of the rotational acceleration demands from
the FCS: &prcs, Sqrcs, Orrcs.

L M N
p:ié' q =ﬂ5Qch r.-=_5R5R|=cs
22 (3.31)

The rotational accelerations in roll, pitch, or yaw are maximized when the demands in the
corresponding directions are also maximized, and this happens when the deflection of the most
active effector (i) reaches saturation limit Sivax. By substituting equation 3.21 for the maximum
pitch demand we obtain the maximum pitch acceleration in (rad/sec2) from equation 3.33,
similarly we can obtain the maximum accelerations in roll and yaw.

LéP . _ MJQ > NbR

qMax
IXXUPMax IYYUQMax

r-Max -

pMax

I,,U
ZZ ™~ R Max (333)

Where: Ugmax is the element that has the largest magnitude in the column vector Uq in the
normalized Mixing Logic matrix equation 3.19 that corresponds to the pitch demand &8qfcs. The
dimension of Uq is equal to the number of control effectors, similarly for Upmax and Ugmax-

Similarly, the capability of the effectors system to perform translations along the x, y, and z body
axes can be measured in terms of the largest translational accelerations that can be produced
along those directions, before the effectors reach saturation limits. The acceleration along a linear
direction is maximized when the deflection of the most active effector (i) reaches saturation limit
Oimax- The maximum linear accelerations in (feet/secz) along x, y, and z are:

. FXbX . I:Yé‘Y : _ FZbZ

Upax = Viiax = Wyax =7 7
" MVUXMax : IleUYMax ax MVUZMax (334)

Where: Uyma is the element that has the largest magnitude in the column vector (Uy) in the
normalized mixing logic matrix equation 3.19 that corresponds to the axial acceleration FCS
demand &xgcs, similarly for Uymax and Uzmax -
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Steady Pull-Up Maneuverability

Another important parameter which is applicable
mainly to aircraft is the amount of pitch FCS q
command and the angle of attack required to =~

hold the vehicle in a steady pull-up maneuver
with a load factor n,. When the vehicle performs
a circular pull-up maneuver at constant speed V,
see Figure 3.4, at the point where the flight path
tangent is horizontal, the normal force is
vertically upward, and the increment in Lift,
which is AL=L-W= (n~-1)W. The normal i
acceleration, therefore, is (n,-1)g, and the vehicle
angular pitch rate is:

— (nz—-1)g
\%

(3.35)

The increment in lift above what is required for
1g level flight is AL = (n, — 1)W or in coefficient

Figure 3.4 Steady Pull-Up Maneuver

formitis:
AL -1)W

ACL =—= u (3.36)
qs qsS

The increment in lift and moment {AC, & AC,,} during the pull-up maneuver generated by
increments in pitch demand and in angle of attack from level trim, are reduced to two equations
with two unknowns: change in angle of attack (Aa), and change in pitch control (Adqgcs).

ACL = CLO(A(X + Cqu + CLSQASQFCS

ACy = Cong At + Cpn 8 + Cygg ASqrcs = 0 ; Where: § = S22 (3.37)

This is reduced to two equations with two unknowns: change in alpha (Aa) and change in pitch
control (Adqrcs) that must be solved to obtain the required load factor n,.

w _
CrpAa + Cpg A8qres = (n, — 1) [% — G, %

Cing A + Cingo Agrcs = —(n, — 1)Cpy, % (3.38)
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Notice that if the required load factor is one, which is equivalent to a steady level flight, the right
side of the lift increment equation 3.38 becomes zero, and the increments in alpha and pitch
control 8qrcs must also be zero. From equations 3.38 we can solve for the change in pitch control
per g, and the change in angle of attack per g.

A%qres) _ _ 1 ﬁ) (ﬂ _ . & ) }

[ n,—1 ] - D {(Cmq 2V2 CLa + as CLq 2V2 Cma (3.39a)
1 8¢ w_ g_E) }

[nz—l B {( mg 2V2) CL5Q + (qs CLq SV2 CmSQ (3.39b)

Where: D = CpqCng, — CnaCLg, and: % = C;. which is the lift coefficient at level flight

The issue here is to evaluate vehicle maneuverability by analyzing if it has enough control
authority to achieve its maximum loading specifications during a pull-up maneuver. Another way
of solving these equations is to calculate what would the increase in the pitch FCS command,
Adqrcs be, in order to raise the load factor (n,-1) to its maximum specification limit. An even better
measure of steady Pull-Up maneuverability is to calculate the control effort, which is the ratio
(Adqrcs / Adqres max), required to reach the expected load factor, where Adqrcs max iS the max FCS
demand before it saturates the effectors. From equation 3.21 the maximum pitch command
increment is:

Adgrcs o = }(JQ . (3.40)

Assuming a constant speed V and pitch rate q and that the angle of attack is small, from equation
3.39a we can calculate the controllability as the ratio of increment to achieve maximum load
divided by the maximum control available before effector saturation. This ratio should be less than
1, but we should be aiming towards a smaller number (f=0.7) because the aircraft is already using
some pitch control to trim at level flight.

[ A 8qrcs ] =(n,—-1) UQgIax {(Cmq 2V2) CZa (Czo — CZq 2V2) Cma} < f (3.41)

A 8QFCspax

From equation 3.39b we calculate the change in angle of attack required to reach maximum load.

1 —c, 2%
[nz_l] {( mgq zvz) Czq + (CZO Czq 2V2) Cm5Q} (3.42)
Where: D = _CZaCm(gQ + CmaCZ(gQ
Where: Cmsq Msqo/gSc, is the pitch control moment derivative, and the normal control force

derivative is CZ(SQ = Zso/qS, where the partials Msaand Zsa are the pitch moment and the normal

force (along +z) variations with respect to the pitch FCS command (dqfcs), obtained from equation
(3.10).
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Pitch Inertial Coupling due to Stability Roll

When a maneuvering vehicle is rolling about the velocity vector V, at constant flight path, it
generates a pitching moment due to inertial coupling, and therefore, it must possess sufficient
nose down pitch control authority to overcome the nose up moment produced as a result of
inertial cross-coupling during stability axis roll maneuvers at high angles of attack. The pitching
moment (M) is obtained from equation 3.43, as a function of the roll and yaw body rates.

M=1lyq—Ix;(r* = p?) — (I — Ix)rp (3.43)

The stability axis roll rate (pstan), Which is rotation about the velocity vector, is a function of the
body rates (p and r). After some equation manipulations, the pitching moment (M,c) due to the
inertial coupling with the stability axis rate psap is obtained from equation 3.44, which
demonstrates how the induced pitching moment Mc is dramatically increased with stability roll
rate.

M,c = [Iyz cos(2a) — 0.5(I; — Iy) sin(2a)1pZ.qp (3.44)

This nose up moment due to coupling with roll reaches its maximum magnitude when o= 45°, so
the vehicle must have sufficient pitch control authority to counteract this coupling moment. By
combining equations (3.44) with (3.10) and (3.21), we can calculate the maximum acceptable
stability rate as a function of pitch controllability. The maximum roll rate must be less than:

Mé'Q
[Ixz cos(2a)—0.5(Iz—Ix) sin(2a)] Ug max

Piap < (3.45)

Actually, it should be significantly less than what is shown in the inequality 3.45 because we should
allow some margin for flight control, because some pitch control is needed only to trim at zero roll
rate.
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Yaw Inertial Coupling due to Loaded Roll

The yaw control system must possess sufficient control authority to counteract the yaw inertial
coupling moment produced during a roll pullout maneuver, which simultaneously produces roll
and pitch rates. The adverse yawing moment Nic during a roll pullout maneuver, also known as
“loaded roll” is

Nic = (Ix — Iy)pq cos(a) (3.46)

The maximum pitch rate g is determined by the bank angle and the normal load factor (n,) applied
to the airframe. The adverse yawing moment is most severe when the loading occurs while the
airplane is inverted, because it results to highest pitch rate, due to additional loading from gravity.
The pitch rate of the aircraft (q) while inverted at maximum loading is
(nz+1)g

— 3.47
q v (3.47)
The yaw FCS control (8grcs) needed to counteract this adverse yawing moment at maximum pitch
rate is obtained from this equation

(nz+1)g
NsgrOrrcs = (Iy — Ix)p cos(a) ZT (3.48)
A , . . . 1
After taking into consideration the maximum yaw control authority Opecq yax = TR
R Max

We can solve for the maximum roll rate that the yaw FCS can tolerate before it saturates the yaw
effectors, assuming of course maximum pitch rate from equation 3.47.

VNgR
UR Max(y—Ix)cos(a)(nz+1)g

Pmax < (3.49)

9-72



Moments at the Hinges of the Control Surfaces

Control surfaces rotate about a hinge line that is parallel to the wings and tails, and powered by
electro-mechanical or hydraulic actuators. The torque supplied by the actuators must be greater
than the aerodynamic moments generated at the aerosurface hinges, and therefore, the
aerosurfaces hinge moments are used for sizing the actuator torques.

Equation 3.50 calculates the moment at the hinge of an aerosurface. It is a function of the dynamic
pressure, reference area of the aerosurface, the chord which is the distance between the surface
center of pressure and the hinge line, the deflection angle, and the hinge moment coefficient that
varies as a function of a, B, Mach number and aerosurface deflection (d).

fChmc(i’ M ,0!,,3,550)

M i = S C i C i ) M ) ) ) [
= Bl [ (1M 2,.5,) 155 =0 | (3.50)
k o . )
Where:

Osi is the control surface (i) deflection (deg)
Os0 is the nearest deflection with available data (deg)
Chsi is the chord of the control surface (i) (feet)
Q-bar is the aerodynamic pressure (PSF)
Sksi is the Reference Area of the Control Surface (i) (feet?)
Chme (i, m, a, B, 8) is the Hinge Moment Coefficient of Surf ace (i) (-)

Equation 3.50 consists of two terms. The first term calculates the hinge moment of the it
aerosurface at an increment (8s,) which is the nearest to the actual aerosurface deflection (&s).
The equation includes a second interpolation term to smooth out the hinge moment calculations.
It uses the derivative coefficients of hinge moment per aerosurface deflection to interpolate the
hinge moments between increments, as a function of difference in deflection (8 - 6s,). The hinge
moment coefficients and their derivatives are generated by aerodynamics specialists.

In Trim the hinge moment coefficients of all vehicle surfaces are included in a single file that has an
extension ".HMCQ". This file must contain as many sets of HM coefficients as the number of aero-
surfaces included in the surface coefficients file (*.Delt). The hinge moment coefficients array of
the i aerosurface Chme (i, m, a, B, 8) is a function of four variables: the Mach number (M), the
angles of attack and sideslip (a, B), and the control surface deflection (8s). The number of
increments for each aerosurface in the aerosurface hinge-moments data file is fixed.
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9.4 Aero Data, Trajectory Analysis and Plotting

The Trim program also includes various types of graphic utilities for viewing and plotting vehicle
data for presentation and analysis purposes. Some of the graphic utilities are interactive allowing
the user to modify some of the data for dispersion analysis purposes, using windows, dialogs, and
plots that can be modified using the mouse. The Trim program performs several functions/ utilities
that can be accessed from a main menu shown below.

| B

Select one of the following options Exit | oK

. Plot Aero Coefficients, Derivatives, and Control Surface Increments
. Plot Trajectory Parameters Versus Time from the Trajectory File ".Traj"
. Trim the Effector Deflections to Balance the Vehicle Moments and Forces
. Create an Effector Mixing Logic or a TVC Matrix (Kmix)
. State-5pace Modeling of the Flight Vehicle at Selected Times
. Performance and Stability Parameter Plots Along Trajectory Time
. Landing and Pull-Up Maneuverability, plus, Inertial Coupling Effects
. Moments at the Hinges of Control Surfaces Along the Trajectory Time
. View and Modify Vehicle Data (CG, MRC, TVC, Surfaces) for Dispersion Analysis
10. Contour Plots (Mach versus Alpha) for Performance, Control Authority Analysis
11. Vector Diagrams for Maneuverability & Stability at Selected Flight Conditions
12. Plot and Compare Previous Data Files (Traject, Trim, Perform, Hinge Moment}

C =T = I I

4.1 Plotting the Aero Data

The first option in the menu is used for plotting the aero data. The user selects option (1) and
clicks "OK". The utility plots the basic aero-dynamic coefficients or their derivatives versus alpha or
beta at different flight conditions. It also plots the control surface coefficients or their derivatives
versus surface deflection. A flight condition must be selected from the following dialog that
contains four menus. It is defined by the vehicle mass, the Mach number, and the angles of attack
and sideslip. The user must select them from the menus, and click on "Select" button. The mass is
needed for transforming the aero moments from the moments reference center (MRC) to the
vehicle CG.
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' ...
e pmnees L

Select a Vehicle Mass, Mach Mumber, Alpha, and Beta from the lists below Select
L=
and click "Select"
Vehicle Mass Mach Number Angle of Attack Angle of Sideslip
(slug) (deg) (deg)
450.00 0.8000 -2.00 | 0,00}
827.00 - 0.3000 - -5.00 - -5.00
777.00 0.6000 -4.00
72690 5.00
B76.90 0.9000 0.00
62690 1.200 2.00
576.80 1.500 4.00
526.80 2.000 6.00
52240 3.000 B8.00
g 4.000 - |00 g

The menu that follows has eight options for plotting the aero data. The first four options are used
for plotting the basic aero coefficients and their derivatives versus alpha or beta. The data are
obtained from the basic aero data file ".Aero". The last four options are used for plotting the aero-
surface coefficients or their derivatives versus surface deflection. The data are read from the
surface aero data file ".Delt". From this menu the user may select one option, for example, to plot
the basic pitch aero coefficients, and click "OK". The following figure shows plots of the pitching
moment Cm, the normal force Cz, and the aft force Ca aero coefficients, as a function of (Mach and
o). Five curves at corresponding to different Mach numbers are shown for comparison. More
detail descriptions of the aero data plotting utility can be found in the examples, in Section 10.

-
Plot Aero Cmﬁckrﬂﬂm

Plot the Pitch or Lateral Aero Coefficients and Derivatives
Versus the Angles of Attack, Sideslip, or Surface Deflection in 8] Exit
(degrees)

Basic Pitch Aero Coefficients Versus Alpha

Basic Lateral Aero Coefficients Versus Beta
Basic Pitch Aero Derivatives Versus Alpha
Basic Lateral Aero Derivatives Versus Beta
Pitch Control Surface Coefficients versus Surface Deflection

Lateral Control Surface Coefficients versus Surface Deflection
Pitch Control Surface Derivatives versus Surface Deflection
Lateral Control Surface Derivatives versus Surface Deflection
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| I
e ==

Copy Format:  Send to:  Exit - Next

Pitch Moment Coefficient, Cm
Rocket-Plane, Mission-1, Ground Takeoff oa - ' i |

Pitch Aero Coefficients Versus Alpha (deg) i
Reference Area (ft*2)= 3906 02 F~
Chord and Span (feet)= 50.00 ; 30.81
Moments Transferred to Vehicle CG
Alpha(0)=-2.00 (deg) o2l
Beta(0) =0.00 (deq)

Mach: 0.3000 i
Mach: 0.6000 |
Mach: 0.8000 08 1
Mach: 0.9000 - P
Mach: 1.200 Alpha (deg)

Aft Force (drag) Coefficient, Ca

MNormal Force Coefficient, Cz=-CN

M3
=
o
(%))
[2%)
=]

10 15
Alpha (deg)

4.2 Plotting the Trajectory Data

Plots of the selected trajectory variables versus time can be obtained by choosing the second
option from Trim main menu. The trajectory files have an extension (.Traj) and they are described
in detail in Section 9. Some of the trajectory variables are: the (a, ) angles in (deg), the flight path
(y) in (deg), the relative velocity (Vo) in (ft/sec), Mach number, dynamic pressure (Ib/ft%), vehicle
mass in (slugs), bank angle (¢) in (deg), altitude (h) in (ft), the measured accelerations (Ax, Ay, Az)
in (ft/sec?), the body rates (p, g, r) in (deg/sec), the rotational accelerations which are usually zero
in (deg/secz), the engine thrust (Te) in (Ib), Lift and Drag forces in (Ib), the CG location (x, y, z) in
(ft), and optionally, user supplied external forces (Ib) and moments (ft-lb) which initially they are
zero, and the user may add them later by creating a modified version of the trajectory. Some of
the trajectory variables, such as the lift and drag forces, are not used by the Trim program and
they are only included for reference. A typical trajectory plot is presented inside a window/ dialog
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that has a horizontal menu bar on the top. Each plot includes 3 variables, as shown below. From
the top menu bar the user may either exit the trajectory plotting by clicking on "Exit Plots", or plot
the next set of variables by clicking on "Next Plot". The two options on the left are for sending the
plot to a printer or saving it in a standard file format. The "Graphic Options" are mainly used for
modifying trajectory variables using the mouse, and for selecting a time to create a linear dynamic
model.

| I
S =

Copy Format:  Sendto:  Graphic Options  Mext Plot  Exit Plots

Vehicle CG in (feet), User Modified Trajectory ..

A4
2
2
B
6
A
2
1
B
6
A
2
0
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4.3 Modifying the Trajectory Data for Dispersion Analysis

Dispersion analysis is used for analyzing the vehicle performance by creating conditions which are
different from those defined in the trajectory. It is possible that the vehicle may sometimes
deviate from its expected trajectory due to winds, failures or other environmental disturbances. It
should, therefore, be robust enough, capable to trim and meet its performance requirements with
some variations of its trajectory parameters. We should, therefore, have the capability to
temporarily modify the trajectory and to evaluate performance when some of the parameters are
not exactly what we expect them to be. For example, we may vary some of the trajectory
parameters, such as: a, 3, the CG, the dynamic pressure, fail an engine, or introduce some
external disturbances. Then we reevaluate how well the vehicle trims and performs under these
adverse conditions and if it has the necessary controllability to maneuver. In other words, if by
some unexpected event the vehicle deviates from its nominal trajectory to a different path, we
would like to make sure that it will maintain a satisfactory performance and that it will have the
control capability to converge back towards its course. The Trim program provides this capability
by allowing the user to graphically modify the time histories of some of the trajectory parameters,
such as: a, B, the CG, the dynamic pressure, the Mach number, body rates, vehicle accelerations,
and to introduce time histories of external forces and moments. The modified trajectory is saved
in a temporary filename with a title "Temporary Trajectory", and the effectors are re-trimmed
using the modified trajectory. The user may then analyze vehicle performance and
maneuverability using the modified trajectory and compare results. The original trajectory is not
lost, but it can be retrieved later by selecting "Restore Original Trajectory" from the "Graphic
Options".

The trajectory modification option can be selected from one of the trajectory plots, as shown
below. From the horizontal menu bar on the top, click on "Graphic Options", and then from the
vertical pop-up menu select the option "Modify a Trajectory Plot Using the Mouse", as shown
below.

= Trajectory Parameters

Copy Format:  Send to: | Graphic Options | Mext Plot  Exit Plots
Magnify a Rectangle Section of the Plot
Modify a Trajectory Plot Using the Mouse re, ROCket-
Restore Original Trajectory/ Trirn Data

4000 _ Select Time_tn Create State-?pace System
3500
3000 |-
2500
2000 |-
1500 -
1000
500
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A menu of trajectory parameters comes up and
from that menu the user may select some of the
variables to be modified, one at a time, the angle
of attack, for example, and click on "Select a
Variable to Modify". A window dialog appears
showing the original time history of alpha. The
shape of this variable versus time can be modified
by using the mouse, one segment at a time. First,
a section of the variable to be modified is defined
between two points by clicking at the two points
(A) and (B), see figure below. The points are
highlighted by two red dots. The program finds
the mid-point (C) between points (A) and (B). It
highlights it with a purple dot and places the
mouse cursor on C. The user may now move the
mid-point (C) up and down by shifting the cursor
vertically using the mouse. The mid-point can
now be moved to a new location (C’), as shown in
figure, and after clicking the mouse again the new
mid-point (C’) becomes fixed and it is joined to
the two extreme points A and B by straight lines
(AC') and (BC'). The modified section is drawn in
yellow. The original shape of the section is also
shown in green. The user may continue modifying
this trajectory variable many times, one section
at a time, until the final shape of the modified
yellow curve appears acceptable.

The user may now press on "Continue with
Another Variable to Modify" and select
another variable from the menu. Notice,
that when you select either the first point
or the last point of the curve to be
modified, the adjustable point (C) becomes
either the first point (A), or the last point
(B) of the segment to be modified. When
you select both the first and the last points
of the curve then the entire curve can be
shifted up or down. Notice also that if you
want to shift the mid-point C to the new

A

Modify Trajectory Data

Trajectory modifications are used for evaluating the
wvehicle performance under dispersed conditions.
some variables can be modified graphically using the
mouse. This does not destroy the original trajectory
which can be restored later.

Angle of Sideslip, beta, (deg)

Dynamic Pressure, Q_bar, (psf)

Mach Mumber, (Mach), (---)

Roll Rate, (P), (deg/sec)

Pitch Rate, (Q), (deg/sec)

Yaw Rate, (R), (deg/sec)

Accelerat. Along X, (Ax) (ft/sec”2)
Accelerat. AlongY, (Ay) (ft/secn2)
Accelerat. Along Z, (Az) (ft/sec”2)

CG Location Along-X (feet)

CG Location Along-Y (feet)

CG Location Along-Z (feet)

Total Engine Thrust, (Te), (lb)
Disturbance Force along X, Fd-x (lb)
Disturbance Force along ¥, Fd-y (Ib)
Disturbance Force along Z, Fd-z (Ib)
Disturbance Moment about X, Ld-x (ft-1b)
Disturbance Moment about Y, Md-y (ft-1b)
Disturbance Moment about Z, Nd-z (ft-1b)

Exit Menu

Select a Variable to Modify

New Location of
‘f}j'gh)a . C' teMdront
g Modified <
Trajectory
Original
NI Tra?ectory

A B

X
\C

Segment to be Modlified

location C' by a big amount, such as an
order of magnitude, you must shift the
cursor vertically from the original point C to
a new location outside the margins of the
plot. If the shift happens to be more than
expected you can adjust it again.
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4 Modify the Trajectory Variables =

This curve shows the time history of the selected

1 trajectory variable. This profile can be modified
Ang Ie Of AttaCk (al pha) I n (deg ) ipraphically by repeated adjustments using the
mouse.

Specify a range between two points on the curve to
be reshaped. Place the cursor at a point on the
curve and click the mouse to select point (A), and
then select point (B} shown by red dots. The
mid-point (purple dot) is found and highlighted.

The mid-point may be shifted vertically to a new
location. Click again to define a new shape between
A and B. You may repeat several times as needed.
\When you have finished reshaping the curve you
may "Continue With Another Variable to Modify".

5ave the Modified Trajectory ‘

Continue with Another Variable to Modify ‘

100 200 300 400 500 600 700 800 900 1000 1100 1200
Time (seconds)

You may select other trajectory variables to modify by clicking on "Continue with Another Variable
to Modify". When you finish modifying them you must click on "Save the Modified Trajectory" to
save it. The modified trajectory will be saved by the program under a different filename, for
example, if the original trajectory is "Shuttle.Traj" the modified trajectory becomes "Shuttle1.Traj".
The modified trajectory file can be selected and loaded later for further analysis and modifications.
After saving the trajectory, from the variable selection menu, click on "Exit Menu", and it will
return to the trajectory plots which they should now be modified. Exit again and return to the Trim
main menu. The modified "Temporary Trajectory" will remain in memory and it may be used for
further analysis, such as, performance, controllability, etc, using contour plots and vector
diagrams. It will remain in memory until you exit Trim or restore the original. The original
trajectory can be restored in Trim by returning to the trajectory plots, and from the top menu click
on "Graphic Options", and then from the vertical pop-up menu select the option "Restore the
Original Trajectory".

With the modified trajectory active in memory you may now re-trim the effectors to calculate
their new positions (or throttles). Return to the Trim main menu and choose the third option:
“Trim the Effector Deflections” to calculate the new trim positions based on the modified
trajectory. Then you may select option (12) to compare the recent trim histories of the effectors
against the trim data (.Trim) obtained from the original trajectory and analyze the effects of the
trajectory modifications.
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4.4 Adjusting the Effector Trim Data

Note that, not only the trajectory data can be modified interactively by the user. It is also the
effector trim positions against time which are generated by Trim that can also be modified using
similar graphic methods. This option is used when the analyst wants to modify the trimming
conditions generated by the Trim program and to trade usage of some effectors against others. As
it was already described in Section 2, the Trim program initially calculates the effector trim
positions along the trajectory by taking into consideration the control capability of each individual
effector. It allocates greater authority to the effectors that have bigger control capability in certain
directions than to those who are less capable. The control capability is determined by the effector
characteristics and also the maximum deflection or throttling ability.

When the vehicle has multiple effectors controlling the same directions, this increases the
possibility that usage of some effectors may be traded-off against others and the analyst may wish
to explore this option. In the longitudinal direction, for example, the effector system may consist
of: an elevon, a body-flap, a speed-brake, and TVC engine. It may be possible to eliminate or to
reduce activity of some effectors, for example the body-flap, by keeping it at a fixed position or at
a scheduled path, and re-trimming with the other effectors. This of course is only possible when
the vehicle is equipped with other effectors that can provide sufficient controllability in the trim
directions. However, if the effectors system is deficient or barely able to provide control in all
directions the program will not allow the user to make any adjustments in the effector trim
positions or will permit very small adjustments. In the following example the elevon trims with a
negative bias. We will re-schedule the body-flap by biasing it negative. This will remove the bias
from the elevon and bring it closer to zero.

% Trimming Engines and Control Surfaces o e S )
Copy Format:  Send to:  Graphic Options  Mext Plot  Exit Plots
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When the initial trim is completed, and before returning to the main menu, go to the horizontal
menu bar located above the effector plots versus time. Click on "Graphic Options", and from the
vertical pop-up menu select "Modify a Trajectory Plot Using the Mouse", as shown below.

Graphic Options | Mext Plot  Exit Plots

Magnify a Rectangle Section of the Plot
Modify a Trajectery Plot Using the Mouse [
Restore Original Trajectory/ Trim Data

Select Time to Create State-Space Systemn

A dialog/menu comes up showing a list of the vehicle effectors. Four aerosurfaces are used in this
example. We may select one of the surfaces to modify, for example the Body-Flap, and then click
on "Select Effector" button. The plot below shows the original trim route of the Body-Flap (green)
which was generated by the initial trim. It also shows its upper and lower deflection limits
(magenta lines) which are +30° (as defined in the aero-surfaces data file). It shows that very little
Body-Flap was used. It was mostly the Elevon that did the trimming.

P
“ Modify the Trim Angles and Limits of Vehicle Effectors ¢ hiis ee—

List of Controllable Effectors

The vehicle is trimmed by adjusting the
deflections and thrusts to balance the Elevon 30.0

EﬁeCtOI' 2 BOdy Flap moments and forces. When multiple BodyFlap  30.0

effectors are available control allocation can

20 be adjusted graphically by modifying the S &0
effector deflections along the trajectory. Rudder 300 I
25 |- || [To modify trimming conditions, select a
Control Effector from menu, adjust its
Deflection and also its Upper and Lower
20 "1l limits along the trajectory and Re-Trim,
perhaps a few times.
15 - || [The New Output Trim data will be Saved in
File: Hyp_DescTrim
10 The Original data will be in File:

Hyp_Desc1.Trim
5 Exit Dialog Re-Trim Select Effector |

| | | | | | | Place the cursor at a point on the curve and click the
S mouse to select point (A) and then select point (B).
he mid-point {purple dot) is found and highlighted

-5

he mid-point may be shifted vertically to a new
10 - — | [location. Click again to define a new shape between
and B. You may repeat several times as needed.
hen you have finished reshaping the curve you

-15 = ~1 | jmay "Continue With Next Effector Trim Profile” to
modify.
-20
-25
-30 Re-Trim the Vehicle Effectors ‘
100 200 300 400 500 600 700 800 900 1000 1100 1200
Time (seconds) Continue Adjusting the Next Effector Trim Profile
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We will now modify the Body-Flap trim curve and re-schedule it by making it more negative as we
attempt to shift the Elevon trim position closer to zero. The plot below shows the modified Body-
Flap trim position versus time (green line) which was set at -14° starting at t=200 seconds. They
were modified by the user using mouse driven interactive graphics. Notice that the upper and
lower limits (magenta lines) were also reduced because reducing the limits de-emphasizes the
effector authority during trim and prevents it from changing much in the next trim. The limit lines
also restrain the deflection during trimming. When the user modifications are complete, click on
the "Re-Trim" button, in either dialog, and the program will generate a new trim history, as shown

in the next figure.

4 Modify the Trim Angles and Limits of Vehicle Effectors

| = |

Effector 2: Body Flap

Max Surface Deflection: 30.0 (deg)

Bias Deflection at Zero: 0.00 (deg)

IThis curve shows the calculated time history of the
selected effector that balances the vehide
moments/ forces. It is possible to reshape
ieraphically this profile if the vehicle has sufficient
effectors and to adjust the allocation of trim
lauthority.

'ou may also adjust the max and min deflection
langle profiles which are measured from the bias
position and they effect the trim authority
lallocation by the algorithm. They are initialized at
the max;/ min availability but they can be adjusted
leraphically.

To modify a plot, you must first specify a range
between two points on the curve to be reshaped.
Place the cursor at a point on the curve and click the
mouse to select point (A) and then select point (B).
The mid-point (purple dot} is found and highlighted

IThe mid-point may be shifted vertically to a new
location. Click again to define a new shape between
A and B. You may repeat several times as needed.
\When you have finished reshaping the curve you
may "Continue With Next Effector Trim Profile” to
modify.

Time (seconds)

i
30 , , -] Select Vehicle Effectors for Trimml'ng‘
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The plot below shows the effector positions after re-trimming. As you can see, the user modified
body-flap trim position versus time is more negative now as adjusted by the user. The elevon
deflection is now reduced to zero, as expected. In essence we replaced the elevon usage for
trimming with body-flap. This will provide more elevon deflection capability for flight-control by
allowing it to use its full range. The elevon is also faster and has higher bandwidth than the BF.

Surface & Engine Deflections/ Thrusts, Rocket-Plane Mission-1, Descent Phase
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Figure 4.1 The Body-Flap Deflection was Re-Scheduled more Negative to remove the Elevon Bias
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4.5 Plotting and Comparing Data

Option (12) in the Trim main menu is used for plotting and comparing previously generated data
files. Select option (12), click "OK", and then from the next menu the user may select the type of
data files to plot. There are four different types of data files to choose from: (a) trajectory data
files (.Traj), (b) effector trim position files (.Trim), (c) performance parameters (.Perf), and (d)
control surface hinge moment files (.HiMo).

| B

Select one of the following options Exit | Ok

. Plot Aero Coefficients, Derivatives, and Control Surface Increments

. Plot Trajectory Parameters Versus Time from the Trajectory File " Traj"

. Trim the Effector Deflections to Balance the Vehicle Moments and Forces

. Create an Effector Mixing Logic or a TVC Matrix (Kmix)

State-Space Modeling of the Flight Vehicle at Selected Times

Performance and Stability Parameter Plots Along Trajectory Time

. Landing and Pull-Up Maneuverability, plus, Inertial Coupling Effects

. Moments at the Hinges of Control Surfaces Along the Trajectory Time

. View and Modify Vehicle Data (CG, MRC, TVC, Surfaces) for Dispersion Analysis
10. Contour Plots (Mach versus Alpha) for Performance, Control Authority Analysis
11. Vector Diagrams for Maneuverability & Stability at Selected Flight Conditions
12. Plot and Compare Previous Data Files (Traject, Trim, Perform, Hinge Moment)

PRI

Plot Previous Data A

Erh is a utility used for Plotting, Overlaying, and

mparing Previously Generated Data Files.
elect what type of files to plot ?

Trajectory Data Files (*.Traj)

Effector Trim Angles or Throttles (*.Trim)
Vehicle Performance Parameters (*.Perf)
Hinge Moments of Aerc-Surfaces (*.HiMo)

Exit Select |

This option is also used to overlay data and to compare results obtained from similar vehicles or
variations. From the following menu the user selects the filenames to be plotted together. The
program will overlay up to 3 files in the same plot. For example, if we selected to plot performance
parameter files, the program searches the project directory to find all filenames with extension
(.Perf) and places them in the following menu. In this example there are 3 performance data files.
The user may select either: one, two, or three filenames and click on "Select" to plot them. The
following example plots the control effort of the effectors obtained from 3 separate analysis/ runs.
The first file is shown in blue, the second one in red, and the third one in green.
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9.5 Effector Combination Logic

Flight vehicles are usually controlled by

Mixing Logic Effector
Inputs Commands multiple effectors and effector types
= that produce moments and forces in 3
E Roll dyay or more directions. Mainly 3 rotations
& dzay Eltch/Yaw and optionally some translations. The
) . dv ngine : " "
- _ Pitch o e Deflections effectors provide the musc!e power
= =D > that maneuvers the vehicle. The
5 Yaw <L effector sizing is based on
) PJ d‘[hrot(l) & . . ..
5] il requirements defined by mission goals.
9 Ax Accelerat 20 hrot2) 1 hrust ..
‘5 — .E dypoys, | Variations Some of the mission goals are captured
B dscelia W e in the trajectory. The effectors must be
E) 2 d..ra) capable of providing the required
Az Accelerat —— : gﬁ;]ftarg; accelerations for maneuverability and
suf3) 5 Deflections  TOF counteracting disturbances along
the controlled directions which are at

minimum, 3 rotations, plus some
translations. The mixing logic in its simplest form is a gain matrix (Kmix) that combines the
effectors to operate as a system and interconnects between the actuators and the flight control
system. It converts the acceleration demands coming from the FCS to effector deflection (or
throttle variations) commands. The commands are optimized by Kmix for the purpose of
maximizing the vehicle response in the directions demanded by the FCS and at the same time
producing a small amount of cross-coupling in other directions. In a typical flight vehicle the FCS
generates 3 rotational acceleration demands which control the vehicle rotations and attitude. X-
acceleration is also included to control velocity and range. Translations along y and z are often
controlled indirectly by rotating the vehicle. There are cases, however, like during vehicle
separation or when hovering at low speeds where direct translation control along x, y and z
independently from rotations is also necessary. This is possible, of course, when the vehicle has
the effector capability to independently control translations, such as, a throttling engine, jets,
body-flap, or a speed-brake to provide linear control in those directions.

An efficient mixing logic should be time-varying because the control authority of the effectors
changes as a function of geometry, dynamic pressure, 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 a separate section. The Trim program uses a dedicated utility
for calculating the mixing logic matrix. It provides the option to either calculate it and save it at
discrete/ selected time points or it generates a time-varying mixing logic internally when
evaluating the performance along the trajectory. There is also a third option of reading a user
supplied mixing matrix from a systems file (.Qdr) instead of creating it. For example, when a fixed
matrix is already selected to combine the effectors along the entire trajectory. Also, when the
aero-surfaces data are defined as aileron, elevon, and rudder, instead of separate surface panels,
in which case a user supplied identity matrix can be used as a mixing logic in the trimming analysis.
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5.1 Input Data

The Mixing Logic program in Trim combines four types of effectors: (a) thrust vector control (TVC)
engines that pivot in pitch and yaw, (b) variable thrust engines (throttling), (c) reaction control jets
(RCS), and (d) aero-surfaces. The inputs to the mixing logic program are the engine and aero-
surface data, mass properties, and also trim angles or throttles (from files with extension ".Trim").
Since the trim positions are required prior to calculating the mixing matrix, the mixing logic
program will request for the trimming function to be performed first. The engine or RCS jet
parameters are defined in the propulsion data file that has an extension (.Engn). An engine is
defined as gimbaling when the max deflection pitch and yaw angles in the engine data file are non-
zero. A throttling engine is usually a fixed engine that has a nominal thrust (Tp) and it provides
control forces on the vehicle by varying its thrust. The maximum thrust variation above and below
nominal (To) is defined in the input data by a throttle parameter (Ty) which must be greater than
zero and less than one. During trimming the program calculates the throttle control 8Ty (t) that
defines the actual thrust for each engine at each time step along the trajectory. The throttle
control is time variable and it can vary between zero and T, i.e. (+Ty > 0Ty, (t) > -Ty). The actual
engine thrust is: T(t) =T, [1 + 8Ty,-(t)]. So the thrust is at its nominal value (To) when the
throttle control is zero and the thrust remains always positive even at minimum throttle. An
engine may also be defined to be both, gimbaling and throttling. The RCS jets in Trim are also
continuous throttling engines but they are defined slightly different. Each thruster represents a
pair of opposite firing jets (back-to-back). Their nominal thrust is zero and they can apply a positive
or negative (throttle) force at a location on the vehicle along a specified direction. The maximum
jet thrust magnitude (Tje) is defined in the data file. The actual jet thrust can vary between (£Tje).
The Trim program calculates the throttle control 8Ty(t) that defines the actual thrust: T(t) =
Tiet 0Ty, (t) at each time point. The throttle control 3Ty (t) varies between *1. So the thrust is zero
when the throttle control is zero and the thrust magnitude cannot exceed *Tje;. The parameter
that separates between a throttling engine and an RCS jet in the input data file (.Engn) is the
throttle parameter (Tn). When the throttle parameter is exactly 1, the thruster is interpreted by
the Trim program as a pair of back-to-back firing jets, and the thrust defined in file (.Engn)
represents the max jet thrust. Otherwise, when the throttle parameter is between zero and less
than 1, it is interpreted as a propulsion engine of nominal thrust (To) and the throttle control
OTh(t) defines thrust variations above and below Tgy. A propulsion engine can be defined as both,
gimbaling and throttling. The orientation of a thruster, and hence its force direction, is defined in
terms of two angles (pitch and yaw) relative to the -x vehicle direction.

The aero data for the control surfaces are in file (*.Delt). This file includes force and moment
increment coefficients, which are increments in addition to the forces and moments defined in the
base aero-data file (.Aero). The coefficients are functions of: Mach number, alpha, beta, and the
control surface deflections. The program calculates the mixing logic matrix based on the moments
and forces created from each effector.
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5.2 Creating a Mixing Logic Matrix from "Trim"

The following example demonstrates how to calculate a mixing logic matrix from the Trim
program. Note that the mixing logic can also be calculated from Flixan using the flight vehicle input
data. Start the Flixan program, select the project folder that contains the analysis files, such as:
trajectory, mass, engine, and control surface aero data. The files must be properly formatted for
the program to be able to read them. From the Flixan main menu select "Analysis Tools". From the
drop-down menu select "Flight Vehicle/ Spacecraft Modeling Tools", and from the menu on the
right: "Trim/ Static Performance Analysis".

“

C:YFlixan Trim'\ExamplesHypersonic Vehide \Ascent

, MRed

. Robustness IFL
, Text

. Time_Sim

J Trim
., Examples
I JJ ALB
4 | Hypersonic Vehide

F ]

4| | Ascent|

., Old
[ 1. Descent

ok || Cancel |

File Edit IAnaI},rsisTunls| View Quad Help

Flight Vehicle/Spacecraft Modeling Tools Flight Vehicle, State-5Space

Frequency Control Analysis Actuator State-Space Models

Rebust Control Synthesis Tools Flex Spacecraft (Modal Data)

Creating and Madifying Linear Systems Create Mixing Logic/ TVC
Trim,/ Static Perform Analysis
Flex Mode Selection

9-89



From the following filename selection menu you can select the files to be used in the Trim
analysis. Also from the input/ output filename menu select or enter an input data file (.Inp) and a
systems file (.Qdr). The mixing matrix will be saved in the systems file.

-

Select One Data File from Each Menu Category

The following analysis requires some daia fles 1o be selecied from
the current project direciory. Select one daa file for each
category, (some ofthe calegories are oplonal).

Mass Properties Surface Hinge Moments
I Hyper.Mass j I Hyper.HMco j

Trajectory Data Aero Damping Derivat
IHyp_As:cent.Traj x| IND DATA FILE |

Basic Aero Data Engine Parameters
I Hyp_Ascent.Aero j I Hyper.Engn j

Contr Surface Aero Coeff Aero Uncertainties
I Hyp_Ascent.Delt j I Hyp_Desc.Unce j

Slosh Parameters
IND DATA FILE |

MO DATA FILE

|

Enter a File Mame containing Enter a File M ame containing
the Input Data [xx.1np) the Quadple Data [« Cdr]

MewFile Inp |h-1atri:-c.lldr|

Hyp Aszcent.in

M emwFile. qdr
Shuttle_Stg1_TH5.00dr
Syztem. Qdr

M eswFile.Chdr

Create Mew Input Set I Exit Program Select Files
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From the Main Trim menu select option (4) "Create an Effector Mixing Logic". This option requires
the effector trimming process to be performed prior to calculating the mixing logic. It will check for
the existence of a trim data file (.Trim) and if it does not find one it will initiate a trim, as
demonstrated in the following example. It will ask for a (*.Trim) file to initialize Trim. Assuming
that we do not have one and click on "Do Not Select" an initialization file. In the following menu
we must select the trimming directions, assuming of course that they are the same as the control
directions used in the calculation of the mixing logic matrix. In this example we include the x
translational direction in addition to the three rotational directions, and click "Select". This is
achievable because our main engine is defined as throttling and it can provide control in the x-
direction. Otherwise, it would not have been possible to control or trim in the x direction.

' N

Select one of the following options Exit | OK

Plot Aero Coefficients, Derivatives, and Control Surface Increments

Plot Trajectory Parameters Versus Time from the Trajectory File " Traj"

Trim the Effector Deflections to Balance the Vehicle Moments and Forces
Create an Effector Mixing Logic or a TVC Matrix {Kmix)

State-Space Modeling of the Flight Vehicle at Selected Times

Performance and Stability Parameter Plots Along Trajectory Time

Landing and Pull-Up Maneuverability, plus, Inertial Coupling Effects

Moments at the Hinges of Control Surfaces Along the Trajectory Time

. View and Modify Vehicle Data (CG, MRC, TVC, Surfaces) for Dispersion Analysis
10. Contour Plots (Mach versus Alpha) for Performance, Control Authority Analysis
11. Vector Diagrams for Maneuverability & Stability at Selected Flight Conditions
12. Plot and Compare Previous Data Files (Traject, Trim, Perform, Hinge Moment)

i B = o

-

Select & Filename from Menu

You can Initialize the Trim Angles
Using Previous Trim Runs. Selecta
(* Trim) File to Initialize, or "No
Select" for Zero Initialization.

i Drop_Boost. Trim
Motice A u Drop_Boost. Trim SF!E’:t
Crop_Boost2. Trim
Hup_Aszcent. Trim

Hyp_fzcent]. Trim

: l; You Must First Compute the Effector Trim Angles Hyp_Ascentd. Trim

Do Mot
Select
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-
2 How Many Directions to bem

23]

How many vehicle accelerations are to be balanced by
using the control effectors (three rotations is often
sufficient)

Select

Three Rotational Moments Only (Mo Translational Accelerations)
Three Moments, Plus (1) Translation Acceleration along 2, (Az)

Three Moments, Plus (1) Translation Acceleration along X, [(Ax)

Three Moments, Plus (2) Translation Acceleration along X and 2, [Ax & Az)
Three Moments, Plus (3) Translation Accelerat along X, ¥ and Z, [Ax, Ay, Az)

Copy Format:  Sendto:  Graphic Options  NextPlot  Exit Plots

Surface & Engine Deflections/ Throttle, Rocket-Plane, Mission-1, Ground Takeoff

Time (sec)

1

Throttle

Elevon

Body Flap

The Trim program calculates the trim positions of the 5 effectors (engine throttle control, elevon,

body-flap, aileron, and rudder) as a function of the trajectory time as shown in the plot above.

These positions are used to balance the 3 rotational moments and the acceleration force along the

x axis along the input trajectory. The figure shows the Elevon and Body-Flap deflections in (deg)

and also the throttle control variation versus time. In this case the throttle control can vary
between zero and +0.4, but it uses less than 0.25. The aileron and rudder are not shown because

they are zero.
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The trim is now complete and we are back in the mixing-logic calculation process. The following
effector combination dialog is used for defining the amount of participation of each effector in the
Kmix calculation. The top option, obviously, does not apply here because we are not interested to
read an already existing mixing matrix from file. The choice is between the bottom two options. In
this case we select the second option which creates a mixing matrix with 100% participation from
all effectors. The third option can be used to define the percentage of participation contributed
from each effector in the Kmix calculation.

- ———
Define the Effector Combination M_

The Mixing Logic Matrix translates the Flight Control (Roll,
Pitch, Yaw, Ax, Ay, Az) demands to Effector commands
[Aero-Surface, TWC, and Throttling).

You may either select a pre-calculated Mixing Logic Matrix
[Kmix) from the Systems File: NewFile.gdr, or let the
program calculate it

Select a Mixing Matrix
from Systems File

hen you create a new Mixing Logic you have the option of
djusting the participation of each effector in the Create a Mixing Matrix
combination matrix. Maximum contribution is 100%. Select Using All Effectors at
this option for 100% participation from all effectors. 100% Participation

There are times, however, when you want to reduce their

contributions. Plus some effectors are only used for Create a Mixing Matrix
Trimming and not for Control. Their participation should be by Adjusting the Effector
set to 0% in the effector combination calculations. Contributions

In the next dialog we must enter a trajectory time, which in this case it is t=60 sec. Kmix will be
calculated using the vehicle data in this flight condition. It means that the mixing matrix will
perfectly diagonalize the dynamic model at this time.

- ———
Select a Time from: [ 0.0000 ko 89.000 ) to Compute the Mixing Logic
bl atriz

0.0

ok

In the following dialog we select the directions along which we expect to achieve acceleration
control. We must select 3 rotations plus the x-axis accelerations. We must also enter a short name
"Kmix_60" that will identify the matrix, and click "OK". In this case, the mixing logic matrix receives
3 rotational acceleration demands (roll, pitch, yaw) and one translation acceleration demand along
x, from the FCS, and it converts them to 4 control surface deflection commands and to a thrust
variation command for the main engine.
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e

Enter a Matrix Name far the new Mixing Logic {kmix_E0

Select the directionz along which the mixking lagic will steer the vehicle. Topically
it iz 3 rotations [roll, pitch, paw]. You may add a few ranslations along =%, and
axes azsuming of courze there are enough effectors alang these directions

ccel Demand About
lemand Abo
Ay Forward &ccel Demand Along
Ay Side  Accel Demand &long v Axiz
Az Mormal Accel Demand &long £ Az

e R =

Would you like to save the new matrix? Kmix_60
Mixing Logic for Rocket-Plane, Mission-1, Ground Takeoff at Tirme:
80,000

If you answer "Yes" in the above question, the program will save the newly created matrix in
the selected systems file, which is "Matrix.Qdr".
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5.3 Derivation of an Effector Combination Matrix

Flight vehicles are controlled by various types of effectors that produce the forces and moments
which are required to guide them. They provide the "muscle" power to maneuver the vehicle
around by changing its attitude or providing linear acceleration. The effectors are either gimbaling
engines known as thrust vector control (TVC), thrust varying engines (throttling), reaction control
jets (RCS), and rotating aero-surfaces. The deflections and thrust variations are commanded by the
flight control system. The mixing logic is a matrix that interconnects between the flight control
system outputs and the vehicle effectors. The FCS outputs are mainly rotational acceleration
demands in (roll, pitch, yaw), and it may sometimes include linear acceleration demands (Ax, Ay,
Az). The mixing logic matrix combines the vehicle effectors together and uses them as a system. It
translates the flight control demands into effector commands, such as, engine or control surface
deflections, main engine thrust variations, or RCS jet thrust commands, and it becomes an integral
part of the flight control system. In the event of an effector failure it is the mixing logic matrix that
must be changed and not the FCS gains.

The effectors as a system must be capable of providing maneuverability against disturbances along
the controlled directions which are at least 3 rotations, plus some translations. The deflections
must be combined efficiently in order to maximize the vehicle acceleration in the direction
commanded by the FCS with as minimal coupling as possible in other directions. The Flixan
program has a special utility for calculating the mixing logic matrix as a function of the vehicle
geometry, thrusts, alpha, mass properties, and surface coefficients. The algorithm uses pseudo-
inversion to determines an optimal combination of the controls to achieve the demanded change
in vehicle rates while minimizing the coupling between the control axes. When the matrix is
connected open-loop in front of the vehicle model (as shown in fig. 5-2) it attempts to diagonalize
the plant, which means, that the vehicle accelerations approach the commanded accelerations.
Ignoring, of course, the basic aero-dynamics and other high order dynamics.

The FCS generates at least 3 rotational acceleration demands which control the vehicle attitude.
Translations along y and z are controlled indirectly by rotating the vehicle. In some cases direct
acceleration control along x and z independently from attitude is also a requirement, assuming of
course that the vehicle has the effector capability to independently control translations, such as,
throttling engines, jets, body-flap, or a speed-brake to provide control along those directions. An
efficient mixing logic should be time-varying because the vehicle parameters and the control
authority of the effectors change as a function of geometry, dynamic pressure, thrust, and CG
location, etc. 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 following section.
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Figure 5.2 When the Mixing Logic Matrix is Connected in Series with the Vehicle Model (Open-Loop), the Vehicle
Accelerations should be Approximately Equal to the Demanded Accelerations coming from the FCS
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5.3.1 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): Dy in pitch (elevation angle with
respect to the x y plane), and Dz in yaw (azimuth angle about the body z axis), see Figure 5-3. The
forces along the body x, y, and z axes are:

Fyety = Teqiy COS(Ag)Cos(A ;)
Frey = Toqy COS(A ) sin(A ;) (5.1.1)

Freiy = —Teqiy SIN(A¢)

Let us define the throttle control Dy, for engine (i) to be the ratio of thrust variation divided by
the nominal engine thrust.

0T,
Dy = —=0 where: 0T,y isthe Thrust Variation
e(i) (5.1.2)

X

Engine
Gimbal ==~- ~ >

o
-
—
—

Engine
Nozzle ~~~~<

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

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

Mounting
AE Angles

Tek

Figure 5.3 Engine Orientation Angles (Dy and Dz) with respect to the Vehicle Body Axis
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The product Dth(i)*Te) = 8T is the variation of engine thrust force above or below its nominal
thrust value Te(;). The following equation 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.

Fei = Teg) [_ S(Ag)C(A;) Sy —c(Ag)s(A,) Oz +c(Ag)c(A,) Dth(i)]
Frey = Ton |~ S(A£) S(A;) Yy +C(Ag)e(A,) 52, +¢(Ag) S(A,) Dth, |

Feiy = Te) [_ C(Ae) ¥ —S(Ae) Dth(i)] (5.1.3)

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

Ixe(i) = Xe(i) - XCG Iye(i) = Ye(i) _YCG Ize(i) = Ze(i) - ZCG (5.1.4)

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

Le(i) 0 =L Iyei I:xe(i)
Me(i) = Izei 0 - Ixei FVE(i)
Neg) - Iyei |yei 0 Fuei) (5.1.5)

We will now calculate the force and moment variations in the vehicle body axes produced by each
effector independently. That is, due to gimbaling, throttling, and also due to a control surface
deflection. The effect of each effector will be added up to derive an expression for the total vehicle
moment due to the contributions from all vehicle effectors. One further detail that will be
considered in the mixing logic calculations is the maximum effectiveness of each effector. This
consideration is important because the various engines or aero surfaces may have different max
gimbaling angles or throttling capabilities. We must derive, therefore, a mixing law that will utilize
the effector contributions according to their effectiveness, by spreading the control authority
evenly among the effectors proportionally according to their capabilities. This type of mixing logic
maximizes the control effectiveness by allowing all the effectors to reach saturation
simultaneously. 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.
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5.3.2 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 Dy(i) and Dg(i)
respectively, see figure (5.3). The engine is further gimbaling at small angles 8y(i) and 8z(i) in pitch
and yaw directions with respect to the fixed orientation. The moment variations on the vehicle are
obtained from the equation (5.2.1).

I-g(i) 0 _Izei Iyei _C(AZ)S(AE) _C(AE)S(AZ) _
Mooy | =To| b 0 —hai|| =S(A2)s(Ac) +c(Ac)e(A;) ( 58)
Ng(i) - Iyei Ixei 0 - C(AE) 0

(5.2.1)
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
11} as follows:

I—g(i) 0 _Izei Iyei _C(AZ)S(AE)5ymax _C(AE)S(AZ)é‘zmax S /5
M g(i) = Te(i) Izei O - Ixei - S(AZ )S(AE )5ymax + C(AE )C(AZ )62 max (é}/il: /53’ j
Ng(i) - Iyei Ixei 0 - C(AE)é‘ymax 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
g(i) gyi w5 /5
N . | | z(i) Zmax
a(i) (5.2.3)

where: Vgy() 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:

I:X(i) _C(DZ)S(Dy)gymax _C(Dy)S(DZ)azmax S /5
Fry | = Tewy| = S(DDS(DY)S, sy +C(DY)C(D)8, ( s / (;”‘“j
Fz(i) _ C(Dy)5ymax 0 z(i) zZmax
FX(i) | | 5y(i)/5yma><

Fivl=|Upn Uy

o o ! 5z(i) /52 max

I:Z(i) | |

(5.2.4)

where: Ugy;) and Ug,;) are column vectors that correspond to the pitch and yaw engine deflections
respectively.
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5.3.3 Moments and Forces of an Engine Gimbaling in a Single Skewed Direction

A vehicle with multiple engines may have sufficient degrees of freedom to be maneuvered by
gimbaling some of the engines in a single direction instead of two (pitch and yaw). Single axis
engine gimbaling requires fewer actuators and saves on weight and cost. Figure (5.4) shows a
single gimbaling engine that rotates only about an 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 in a direction defined
by an angle y(i) from its mounting position. The roll, pitch, and yaw moments on the vehicle
generated by a single gimbaling engine (i) that is gimbaling at a skewed direction y(i) are shown in
equation (5.3.2). 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 &ymax and 6zmax
which are included in the input data.

Veiy = tan_l{j‘zﬂ}
ymax (5.3.1)

The deflection angle (6,) is in the direction yes, and it can be resolved in pitch and yaw
components.

Sy = 0 iy COS(Veqry) Sy = 07 iy SIN(Yegry)

Engine Gimbaling in a Single Skewed Direction (y ;)

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

0

. 7 max
TR 4 Fig. (5.4)

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

Lya) 0 -l L |J(—c(Az)s(Ag)c(ye) —c(Ag)s(A,)s(yq)
Mg(i) :57maxTe(i) |, 0 — L || =S(AZ)S(Ag)C(ye) +C(Ag)C(AL)S(re) (57(i)/57max)
Ny - Iyei | 0 —Cc(Ag)cos(yy)
Lg(i) |
Moy | = Vori (57(i>/57max)
Ng(i) |
(5.3.2)

where: Vgy(;) is a column vector, and the normalized input {8y/ dymax} varies from {0 to +1}. The
forces in the x, y and z directions are also obtained from a similar equation (5.3.3).
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oL

X (i) _C(Az)S(AE)CO/ei)_C(AE)S(Az)S(7ei)
v | = F o Tety| = S(A2)S(AL)S(ra) + (AL )S(A)S(ra) (7 /)
(i) —C(Ag)cos(yy)

m T

T

X (i) |
vir | = Yo (57<i>/57max)

z(i) | (5.3.3)

L

T

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

Similarly, the change in moments on the vehicle generated by throttling an engine (j) or by an RCS
jet which is mounted at fixed orientation angles Dy(i) and Dg(i) with respect to the vehicle -x axis,
can be obtained from the following equation

LT(i) 0 - Izei Iyei C(AE)C(AZ)
M1y [ = Trey |, 0 gl clAg)s(Ay) (DTh(i))
NT(i) o Iyei Ixei 0 _S(AE)

Where Tg(;) is the nominal engine thrust and Drp) is the throttle control input. The throttle input
can vary between {0 and *Dtpmax}, Where the maximum throttle input |Drhmax|<1. The product
(Tr()*Drh()) represents the thrust force variation, above or below the nominal thrust value Tg(;). The
throttle input can be normalized in a similar fashion as in the TVC equation so that the normalized
throttle input (Drh(j) / Dihmax) Varies from: {0 to £1}. The roll, pitch, and yaw moment variations due
to a throttling engine or an RCS jet are:

Lr 0 —lg Ly |(c(Ae)c(Az)

M-y | = Dinmex Traiy | 0 —lg]lc(Ag)s(A,) ( Th(i))
NT(i) - Iyei Lei 0 —-s(Ag) Thmax
Ly |

MT((i)) =| Vi) (;)TA)

N | Th max

T(i) (5.4.1)

Similarly the forces in the x, y and z directions are obtained from equation (5.4.2)

Feay ¢(Dy)c(Dz) |

Thii) Dy
Fey | = Drnmax Tray c(Dy)s(Dz) || — =|Uqq D
Fz(i) _ S( Dy) Th max | Th max

(5.4.2)
where: V) and Uy are column vectors.
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5.3.5 Moments and Forces Generated by a Control Surface Deflection

The change in vehicle moments generated by a control surface (i) that is deflecting at an angle &
is:

I-CS(i) Ispcl&s(i)
MCS(i) =Q Sref IchCmé‘cs(i) 5cs(i)
N CS(i) Isp Cnlﬁcs(i)

Where |, is the mean aerodynamic chord and (lsp) is the wing span aero reference lengths. The
above equation is normalized using the maximum control surface deflection capability Ocsimax, SO
that the normalized control surface input can vary from: {0 to +1}. The normalized equations for
the moments and forces are:

LCS(i) . IspCIb‘cs(i) 5. | 5.
MCS(i) = QSref 5csi max IchCmécs(i) (ﬁj = VAS(i) (5 _CSI j
NCS(i) Isanlﬁcs(i) e | e
Fear] = Const 5 | 5

FY(i) = QSref 5csi max CYb'asl (5 _CSI j: UAS(i) [5&}
FZ(i) Csmot s | .

(5.4.3)

where: Vag(j) and Uas(;) are column vectors.

5.3.6 Change 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 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 {Vx()} from each individual effector. The following equation (5.4.4)
converts the normalized effector deflections to vehicle accelerations or change in rates (6P, 6Q,
OR). It is also written in matrix form.
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é‘yl/é‘ylmax
31/ Sy1max
9y2 /5y2max
2 /O y2max
371/ O 1max
o1 Vg Vi Voo Vi Vg VAsz} 3/ OV 2mex
Dt / Driamax
Dihz / Drnzmax

DThS/DThSmax
5&151/5

aslmax

L 5&152/5

as2max _|

or  (0R,) = 17" [V](8/ ) (5.6.1)

\Y V,, V

gz1 gy2 gz2

{vgylv

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

3,,/9,

ylmax

521 /521max
Oy, /5

y2 max
32 /Gy max
Y1/ 1max
g1 Ygo Up U U Uy UASZ} 52/ 6V 2max
Dot / Dramax
Divz / Dina max

DTh3 / DTh3 max
5asl / 5

aslmax

L 5a52/5

as2max _|

{U oyl U gzl gy2 qz2

or (%) =m,u ](é/%_ax) (5.6.2)
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By combining the two previous equations together we obtain the matrix equation (5.6.3)

%j =[Al¢/0m) where: [ A LL\L/J }

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:

(5.6.3)

573max 5;/lmaxv"' Dthimax Pth2max '+ Fcsimax 5052max}

Dmax:diag{aylmax 9z21max Sy2max 9z2max Sy3max

The mixing logic matrix is obtained by solving the pseudo-inverse of the above matrix equation, as
shown below. A solution exists when the number of effectors are greater than or equal to the
number of degrees of freedom to be controlled (the number of rotations plus the number of
translations). That is, when all control directions are spanned by the effectors, and the mixing logic
matrix has full rank. After solving the pseudo inverse a typical mixing logic matrix has the following
form and it translates the demanded changes in vehicle rates (6R,) and accelerations (dA.) to
effector commands 8com.

O
3
=
w

Sy X X X X X X
S, X X X X X X
S,, X X X X X X
DP
5, X X X X X X
DQ
5, X X X X X X
.11 DR DR
5. =D_ A [AA ] or S, =X X X X X X
com max DAC 72 DAX
= D, X X X X X X
DA,
D, X X X X X X
DA
X X X X X X z
X X X X X X
X X X X X X

&

17
N
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9.6 Generating State-Space Models
for Linear Control Analysis

One of the most important functions of the Trim program is its capability of generating input data
for the "Flight Vehicle Modeling Program". The FVMP is a Flixan program that calculates linear
dynamic models for flight control analysis, simulation and design. After trimming the effectors the
analyst can select some critical flight condition points along the trajectory and create dynamic
models for those flight cases. The state-space modeling option can either be selected from the
Trim main menu or from the menu bar on the top of a trajectory plot. The user is prompted to
select a flight time along the trajectory and the program collects the vehicle data that correspond
to this flight time from various file sources. The vehicle data are saved as a data-set in standard
Flixan input file (.Inp) format and the FVMP reads them, processes them, creates the required
dynamic systems in state-space form, and it saves them in a Flixan systems file (.Qdr). To run this
program from a trajectory plot, go to the top menu bar of the trajectory window, click on "Graphic
Options" and then "Select Time to Create a State-Space System". So let's take a look at the
following example.

From Flixan you must select the project folder that contains the analysis files, such as: trajectory,
mass, engine, and control surface aero data. The files must be in the proper format for the
program to be able to read them. From the Flixan main menu select "Analysis Tools", then "Flight
Vehicle/ Spacecraft Modeling Tools", and "Trim/ Static Performance Analysis".

Select a Project Direc_m_ (o |

C:\FlixanTrim\Examples\Hypersonic VehideAscent

; MRed -
) Robustness IFL

) Text

J Time_Sim

, Trim

4 | Examples
| ALE
4 | Hypersonic Vehide
4| | Ascent
, Old
, Descent

[ Ok, J [ Cancel
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Flixan, Flight Vehicle Mod & Control rm Analysi

File Edit IAnaIg.sis Teols | View Quad Help

Flight Vehicle/Spacecraft Modeling Toals ] Flight Vehicle, State-Space
Frequency Contral Analysis 3 Actuator State-Space Models
Reobust Contrel Synthesis Tools 4 Flex Spacecraft (Medal Data)
Creating and Modifying Linear Systemns Create Mixing Legic/ TVC

Trirn,/ Static Perform Analysis
Flex Mode Selection

From the following file selection menu select the files that will be used by the Trim program. Some
of the files like the slosh parameters, hinge moment coefficients, aero uncertainties, and damping
derivatives are optional. If they are missing you will not be able to perform some analysis, like for
example, uncertainties evaluation or to calculate the hinge moments. The slosh parameters are
only used by Trim for the creation of linear systems by the FVMP.

- —

Select One Data File from Each Menu Category

The following analysis requires some daia files o be selecied from
the current project direciory. Select one data file for each

cakegory, (some of the calegories are opdonal).

Mass Properties Surface Hinge Moments
I Hyper.Mass j I Hyper.HMco j

Trajectory Data Aere Damping Derivat
|Hyp_Ascent.Traj | IND DATA FILE |

Basic Aero Data Engine Parameters
IHyp_Ascent.AerD j IHyper.Engn j

Contr Surface Aero Coeff Aero Uncertainties
I Hyp_Ascent.Delt j I Hyp_Desc.Unce j

Slosh Parameters
IND DATA FILE |

MO DATA FILE
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Also from the input/ output filename menu, select an input data file and systems file. In this case,
the input data file "Hyp_Ascent.Inp" will receive the vehicle data to be processed by the FVMP,
and the state-space models will be saved in the systems file "Hyp_Ascent.Qdr". Then from the Trim
main menu select the option (5) which generates state-space models, and click "OK".

|

Enter a File Mame containing Enter a File Mame containing
the [hput D ata [xes.lbp) the Quadruple Data [=x Gdr)

Hyp_Azcentinp Hyp_Ascent Cldr

bl atrie. Clidr
M ewFile.inp HewFile.qdr
HewFile.Inp Shuttle_Stg1_THR Qdr
System. Cdr
HewFile. Qdr

Select Files |

Create Mew Input Set Exit Program |

|

Select one of the following options Exit | oK

1. Plot Aero Coefficients, Derivatives, and Control Surface Increments

2. Plot Trajectory Parameters Versus Time from the Trajectory File ".Traj"

3. Trim the Effector Deflections to Balance the Vehicle Moments and Forces

4. Create an Effector Mixing Logic or a TVC Matrix (Kmix)

6. Performance and Stability Parameter Plots Along Trajectory Time

7. Landing and Pull-Up Maneuverability, plus, Inertial Coupling Effects

8. Moments at the Hinges of Control Surfaces Along the Trajectory Time

9. View and Modify Vehicle Data (CG, MRC, TVC, Surfaces) for Dispersion Analysis
10. Contour Plots (Mach versus Alpha) for Performance, Control Authority Analysis
11. Vector Diagrams for Maneuverability & Stability at Selected Flight Conditions
12. Plot and Compare Previous Data Files (Traject, Trim, Perform, Hinge Moment)
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It is important to have the effectors trimmed before starting this option. The program searches for
a (.Trim) file and if it does not find one it trims the effectors as already described. The user must
select a time point at which time the program will generate the vehicle input data. The flight
condition time point is selected from one of the trajectory plots as described in the instructions
below. To select a time point, go to the horizontal menu bar on top of the trajectory plot and
select "Graphic Options". From the vertical pop-up menu select the last option which is "Select
Time to Create a State-Space System".

e .

i Frorm the Trajectory Plots Top Menu, Go to Graphic Options and Select

a Time to Create a Linear System

I
(R
Copy Format:  Sendto: | Graphic Options | Mext Plot  Exit Plots

Magnify a Rectangle Section of the Plot
Modify a Trajectory Plot Using the Mouse ’ Mission-1 ’ Ground Takeoff

Restore Original Trajectory/ Trim Data

e e Select Time to Create State-Space System

Time (sec)
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Then place the mouse cursor at a point along the horizontal time scale that corresponds to the
time where you want to create a linear system. In this example we pick a time t=75 sec, and click
the mouse. The following dialog confirms your selection time and it also allows you to cancel and
select another time, in case you picked the wrong time.

-1 Select Time ﬁ

| You have Selected Trajectory Time= 75000  sec
" to Create Input Data for State-Space Modeling

s Cancel

At this point the "Flight Vehicle Modeling Program" dialog comes up showing the flight vehicle
input data corresponding to our selected flight condition. The data have been collected from
various vehicle data files but they are not yet saved to a Flixan input file. This dialog allows us to
take a look at the data first before saving and processing them by FVMP. The user may update
some of the numbers and titles. Remember to click on the "Update Data" button after every
modification. The input data file can also be edited directly by clicking on "Edit Input File". When
the modifications are complete and ready to save the vehicle data you must click on "Save in File"
button and the vehicle input data will be saved in the selected file, which is "Hyp_Ascent.Inp". If
you click on "Run", the "Flight Vehicle Modeling Program" will generate the state-space system at
the selected flight condition and it will save it in the selected file "Hyp_Ascent.Qdr".

In the examples section we will also demonstrate how to use some of the Flixan utilities to
perform other related functions, such as: combining the vehicle model with the effector mixing
matrix or actuators, creating effector combination matrices directly from vehicle data, modifying
existing dynamic models, creating pitch and lateral design models and synthesizing LQR flight
control laws, creating models for frequency domain analysis and simulations, performing stability
analysis (gain, phase margins, etc), creating uncertainty models for p-analysis, and converting
dynamic models and matrices to Matlab functions that can be loaded into Matlab for further
analysis.
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.

Flight Vehicle Parameters

Vehicle System Title
Rocket-Plane, Mission-1, Ground Takeoff/ T= 75.0 seq|

Mumber of Yehicle Effectors Number of Sensors Modeling Options [Flags) |Update Data | Run |

A ] WITH TwD : T
Gimbaling Engines or Jets. m Output Rates in Turn Coordination
! Gyros D Save in File

Include Tail'wags-Dog? Inciude Turn Coordin

Edit Input File \ Exit |

Ratating Control Sufaces. 4 [WITH TwD Stability Awes ‘without Turn Coordir
Inchude Tailwags-Dog? m Acceleromet 3
: . ) ) Number of Modes
Reaction Aeno-Elasticity Options Attitude &ngles
Wheels? 0 Momentum Control Devices Aero Vanes 0

) Include GAFD, H-param Shcture Bending 0
Sllngle Inclu_de a J-aves Yer . Integrals of Rates
Gimbal 0 Stabilized Double External IT Meither Gafd nor Hpa LWLH Attitude Fuel Sloshing: o

ChGs? Gimbal ChG System? Torques

Reaction Wheels l Single Gimbal CkGs l Double Gimbal CG System ] Slewing Appendanes l [Eyros l Arccelerometer ] A Sensorsl Fuel Slosh] Flex Modesl |l zer Nutes]
Mazs Properties ] Trajectom Data ] Gust! Aero Paramet, ] Aero Force Coeffs ] Aero Moment Coeffs  Control Surfaces ] Gimbal Engines/ RCS ] Estenal Torques ]

This Vehicle has 4 Control Surfaces  |Control Surface No: 1 Elevon Surface Defintion -
Exl JUIMace
Surface R otation Angles 2 : A
) o Surface Location [ft] and Hinge Orientation Angles (deg)
Surface Trim Position [deg) -7 869500 Contral Surface Mass Properties

Lqrgest Pogitive Deflection from o0.00000 = -41.40000 Contol Surface Mazz in 10.00000
Tiim (deg) ves [ 0.000000 Phics [ 0.000000 el
Zcs

Largest Megative Deflection from -20.00000 Moment of Inertia about | 1000000
Trim [deg] 2.000000 Lambda_cz 0000000 Hinge (slug-ft"2)
M t A [fest
Aero Force Derivatives S;Eir; Eémtg T_ﬁrl'ge 2.000000
Control Force Derivatives Contial Surface Chard
Ca delta |-0.2808500E-03  Ca_dela_dot (.000000 due to Surface Deflection ot 2360000

[1/deq) and Control Force

Cy_delta 0.000000 Cy_delta_dot 0.000000 Dierivatives due ta Surface Cantral Surface 11 @000
Rate [1/deg! Ref Area [t

Codots |02B000E02 Cocehadot | Dooongp o l1/oedreec] eference Area t 2

Hinge Moment Dervatives

&ero Moment Dertvatives Chr_Alpha |40.1233500E-01 Einge {ﬂomen{h t
efivatives with respec

Contral Moment Denvatives J
Cl_delta 0.000000 C|_deka_dat 0.000000 - Chrn_Beta 0.000000 ‘o Changes in Alpha,
N - ﬂﬁgf:ﬁ%zﬁﬂemn - Beta, Surf Deflection
Cin_deta  |-05590000E03  C_delta_dot | 0.000000  oment Dervatives dus to Ch_Deka |-0.1153500E-01 Hf’degl and changes in

Suface Rate [1/deg/ ach Hurber
Cdeha [ DOUOI  Crdebodot | OOOOGD oo e /e Chn_Mach [0 2095000E-01

The following table shows the set of flight vehicle input data generated by Trim for our example.
The data is in file "Hyp_Ascent.Inp". Its title is: "Rocket-Plane, Mission-1, Ground Takeoff/ T= 75.0
sec". The first part of the title is copied from the trajectory file. The flight time is also added at the
end of the title. The state-space system created is in file "Hyp_Ascent.Qdr" and it has the same
title. Similar dynamic models can be generated by the FVMP for other critical times along the
trajectory. These models are used for analysis, control design, and simulations, as it is
demonstrated in the examples section 10.
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9.7 Contour Plots of Performance Parameters
Plotted Against (Mach and Alpha)

In Section 3 we described how to calculate some important performance parameters that
characterize vehicle static stability, static controllability and performance as a function of the
trajectory time. The performance parameters, such as: static stability, time to double amplitude,
lateral control departure, control authority, etc. depend on the trajectory variables, the
aerodynamic coefficients, engine data, thrusts, and also the trim angles and throttles of the
effectors along the trajectory. Now let us suppose that some of the performance parameters do
not meet our required criteria and we would like to modify the trajectory in order to improve the
vehicle stability or maneuverability, etc. This would be difficult to accomplish because we wouldn't
know how to modify the trajectory in order to improve performance. Furthermore, the
performance requirements in most aircraft are not defined along a trajectory but over a wider
range of speeds, specifically Mach numbers versus angles of attack. This is a good choice of
variables along which to examine performance because it strongly depends on the aerodynamic
data that vary with Mach number and angle of attack. There is a need, therefore, for an analytic
capability that would expand our performance analysis perspective over a wider range of Mach
numbers and angles of attack, rather than restricting it in the vicinity of a trajectory. Contour plots
are 3-dimensional surface plots that provide a wider depiction on how the performance parameter
varies in the entire Mach versus Alpha envelope. The Mach number is plotted in the horizontal x-
axis, the angle of attack in the y-axis, and the performance parameter being analyzed is plotted in
the z-axis normal to the paper.

Figure 7.1 is a contour plot of the pitch stability parameter (T2-inverse) for an unpowered
descending vehicle beginning at Mach 18 to landing at Mach 0.25. This parameter was described in
equation 3.15. The Mach number is plotted in the horizontal x-axis, the angle of attack in (degrees)
is in the vertical y-axis, and the stability performance parameter is plotted in the z-axis which is
normal to the screen, except that instead of using a 3-dimensional plot the value of the
performance parameter is color-coded. The trajectory is shown as a black line traveling across the
Mach versus alpha field. The colors of the regions in the surface plot specify the values of the pitch
stability parameter in that region. Initially, at high Mach the vehicle is statically stable with a short-
period frequency about 1 (rad/sec). It begins in the upper right-hand corner at Mach 18 and at 40
degrees angle of attack. It crosses through an unstable (divergent) region between Mach (5 to 3.5),
where the time-to-double amplitude T2 is 0.65 (sec). Then it becomes stable again with a short-
period frequency 1.5 (rad/sec), and it finishes in the lower left corner at Mach 0.25 and at 10
degrees of alpha.
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Pitch Stability Contour Plot (Mach vs Alpha)

Unstable Stable Region ~
40 i) 5>T2|>g 1 Trajectory Line
1> T21>0.5 .
35 |
9 S0 § Stable Region
& 15T21>-2
M 25
¢ s
o
g
Too
Unstable Unstable Region

2>T21>1

Unstable Reg. 3>T2I1>2

2 4 6 8 10 12 14 16
Mach No

Figure 7.1 Contour Plot showing the Pitch Stability parameter of a hypersonic vehicle along the reentry trajectory as
a function of Mach and Alpha. The trajectory begins from a stable region in the upper-right, passes through an
unstable region at Mach 4.5, and becomes stable again below Mach 3.3 to landing

This type of presentation helps the analysts to identify any potentially unacceptable regions across
the Mach versus alpha field to be avoided in order to reshape the trajectory trail, or to modify the
effectors, as needed, in order to achieve an acceptable performance. Trajectory reshaping,
however, is not always easy because there are other factors to consider in a trajectory, such as:
payload weight maximization, structural loading, aero-heating, etc.

Figure 7.2 shows the control effort necessary to maintain controllability in the pitch direction
against 4 degrees variation due to wind in the angle of attack from alpha-trim a,. The pitch control
effort is defined to be the ratio of the control required against the alpha dispersion divided by the
maximum control available in the pitch direction. The colors denote the magnitude of the control
effort and also the control direction. The vehicle is neutrally controllable in the white regions
where the magnitude of the effort required against the alpha variation is less than 1 percent.
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Pitch Control Effort Contour Plot (Mach vs Alpha)

40 . Neutral
Controllability

Y

Neutral Controllability
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Figure 7.2 Pitch Control Effort Parameter of a Hypersonic Reentry Vehicle, Less than +50% Control Effort is required
in the entire trajectory, Controllability is transitioning between positive, neutral, and negative regions.

Beige and orange colors correspond to using negative control against a positive alpha dispersion,
and green and yellow colors correspond to using positive control. White indicates neutral
controllability. We typically like to see the control effort to be less than plus or minus 50 percent,
which corresponds to colors between cyan and red. The dark blue color indicates that the control
saturates in the negative direction and the dark brown indicates that the control saturates in the
positive direction. In this example the pitch control effort along the reentry trajectory begins in the
upper right-hand corner at +30% (orange). It reduces to less than +1% for a short period in the
white region, before it changes to -10% in the light green region, and then it changes back to +5%
before landing (light beige).
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The Lateral Control Departure (LCDP) ratio is a parameter that indicates roll dynamic controllability
and it is described in equation 3.29. We normally want it to be either positive and greater than 0.2
or negative and less than -0.2. But we don’t like to see it in the red region which is between -0.2
and +0.2, because roll control performs poorly. The aileron to roll-rate transfer function (3.30)
becomes weak, and the aileron would be unreliable for roll control, as described in Section 3. It
also becomes sensitive to aerodynamic uncertainties and vulnerable to reverse sign that would
cause roll reversals. It would therefore require changes in the sign of the roll control gain.

Figure 7.3 shows the contour plot for the Lateral Control Departure (LCDP) ratio parameter for a
rocket-plane vehicle during ascent. The colors below red correspond to positive LCDP, and the
colors above red correspond to negative LCDP. The ideal value of the LCDP ratio is +1, but a very
good range is between 0.8 and 1.4 denoted in white. Negative values between -0.8 and -1.4 are
also good and they are denoted in light gray. Negative LCDP however, requires reversal in the
control gains. Large magnitudes greater than 10 should also be avoided because they cause big
transients in the sideslip response. That is, magenta for positive and dark purple for negative LCDP.

Roll Departure (LCDP) Contour Plot (Mach vs Alpha)

6 - I z<10
| 10<<s6
5 | | 6 <<
4 + I 3<z<-14
1.4<2<08
~ 3
(@) 08<2<05
0 2
o) - _ | 05<2<02
~ ; 2 Bad Regions | 02<<02
E To be Avoided a5-<2< 08
Q_ 0 ' L i L L 1 % 1 1
< ] v os
-1} LCDP i4 Excellent 08<Z< 14
2l Near and Around S A— 14<2< 3
the Trajectory 3<2<6
-3 I 6 <2<
-4 | 10 <
0 5 1 1.5 2 2.5 3 3.5 4 4.5
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Figure 7.3 LCDP ratio of a Hypersonic Vehicle shows excellent roll performance across the entire Mach
versus Alpha region.
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In this example we have positive LCDP almost in the entire Mach versus Alpha range. The LCDP
magnitude is also very good, especially around the trajectory which begins in the upper left hand
corner where alpha is 7 degrees and it finishes in the lower right-hand corner at 4.5 Mach. It
indicates that this vehicle has excellent turn coordination. There are two bad regions, however,
that must be avoided. A region consists of negative LCDP-ratio denoted by darker colors
surrounded by an undesirable red band as it transitions between positive and negative LCDP. If the
trajectory would pass through this region it would require reversal in the roll control gain twice,
and this would make it vulnerable to aerodynamic uncertainties. The other region to be avoided
has very high LCDP ratio exceeding 10. It means that roll maneuvers in this region would induce
too much beta transients. Fortunately, those two regions are not near the trajectory. Otherwise,
we would have to modify it.

7.1 Running the Flixan Contour Plots Program

We can demonstrate the “Contour Plots" option of the Flixan program by choosing an example
and running it. In this example we will analyze some of the performance parameters of a
hypersonic vehicle, beginning at Mach 4.5 all the way to landing. Start the Flixan program and
select the project folder that includes the vehicle data files, such as: trajectory, mass, aero data,
aero uncertainties, etc. The files must be in the proper format for the program to be able to read
them. Section 9 describes the formatting details of the Trim files. The effectors must be trimmed
prior to running the contour plots program because some of the parameters depend on the
effector deflections and throttle values. The program reads the effector positions from a
previously created trim file that has an extension (.Trim). If it does not find it, it will trim the
vehicle and save the trim data as already described in Section 2.

4 Flixan, Flight Vehicle Modeling & Control System Analysis

Utilities  File Managerment = Program Functions  View Quad  Help Files

Flight Vehicle/Spacecraft Modeling Tools > Flight Vehicle, State-Space
Frequency Control Analysis > Actuator State-S5pace Models
Robust Control Synthesis Tools > Flex Spacecraft (Modal Data)

Creating and Modifying Linear Systems > Create Mixing Logic/ TVC

L L Trim/ Static Perform Analysis
‘ : Flex Mode Selection
L

Select a Project Directory

| C:\Flixan{Trim Examples\Hypersonic Vehide\Descent |

W Trim -
W Examples
Air Launched Vehide
F-16 Fighter Aircraft
W Hypersonic Vehicle

Ascent
Descent
Docs

Lifting-Body Aircraft

Re-Entry Glider

Reusable Space Plane W

Conce
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Select One Data File from Each Menu Category

The following analysis requires some daia fles o be selecied from
the current project direciory. Select one data file for each
category, (some of the categories are oplonal).

Mass Properties Surface Hinge Moments
Hyper.Mass £ Hyper.HMco £
Trajectory Data Aero Damping Derivat
Hyp_DescTraj o NO DATA FILE o
Basic Aero Data Propulsion Data )
Select Input and System Filenames
Hyp_Desc.fero o NO DATA FILE o
Select a File Name confaining  Select a File Name containing
the Input Data Set (x.Inp) the State Systems (x.Qdr)
Contr Surface Aero Coeff Aero Uncertainties Hyp_Desc.Inp Hyp_Desc.Qdr
Hyp_Desc.Delt ~ Hyp_Desc. Unce v
NewFile.Inp Hyp_Desc_Save Qdr
NewFile.qdr
NewFile.Qdr
Slosh Parameters
NO DATA FILE v
| Create New Input Set | Exit Program Process Files

From the Flixan main menu select "Program Functions", "Flight Vehicle/ Spacecraft Modeling
Tools", "Trim/ Static Performance Analysis", as shown above, and from the filename selection
menu select the files to be used in the analysis. The Trim program consists of many options and
from the main menu select option-10, which is: "Contour Plots (Mach versus Alpha) Performance
Analysis". You must also enter the amax and Bmax dispersion angles in (deg). They define the wind-
shear disturbance and the control authority of the effector system is measured against these
dispersions. It defines the amount of angle of attack and sideslip variations from trim that the
vehicle must be able to counteract by using its control effectors. In this case we enter 4 (deg) for
both, and they apply in the entire trajectory.

Vehicle performance also depends on how the effectors combine together to provide control in
the demanded directions. A mixing logic matrix is required by the program to convert the flight
control demands to effector commands. This matrix is typically supplied by the analyst during the
control design and it is read by the program from a systems file. However, if the effector
combination matrix is unavailable, such as, during a preliminary analysis, the program provides the
capability to create a temporary matrix in order to complete the analysis. It opens a mixing-logic
definition dialog that has three options. The first one is for selecting an already existing mixing-
logic matrix. In this case, we select the second option that allows the program to create a mixing
logic using full participation from all effectors. The third option is similar to the second option but
it provides the capability to adjust the amount of participation percentage from each effector.
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Main Trim Menu

Select one of the following options

Exit

OK

B NGO BN

. Plot Aero Coefficients, Derivatives, and Control Surface Increments

. Plot Trajectory Parameters Versus Time from the Trajectory File " Traj"

. Trim the Effector Deflections to Balance the Vehicle Moments and Forces
. Create an Effector Mixing Logic or a TVC Matrix (Kmix)

State-Space Modeling of the Flight Vehicle at Selected Times
Performance and Stability Parameter Plots Along Trajectory Time
Landing and Pull-Up Maneuverability, plus, Inertial Coupling Effects

. Moments at the Hinges of Control Surfaces Along the Trajectory Time

. View and Modify Vehicle Data (CG, MRC, TVC, Surfaces) for Dispersion Analysis

10. Contour Plots {Mach versus Alpha) for Performance, Control Authority Analysis
11. Vector Diagrams for Maneuverability & Stability at Selected Flight Conditions
12. Plot and Compare Previous Data Files (Traject, Trim, Perform, Hinge Moment)

Maximum Aero Disturbances

The control effectors must be capable of varying the vehicle
angles of attack and sideslip (typically 3-5 deg) from their

trim values.

Enter the worst expected alpha and beta dispersions in

[deg), and also delta-velaocity in (ftf/sec) from trim that must

be controlled by the effectors, and click OK.

Maximum Maximum
atpha (deg) | "% Bera (deg | +0000
Maximum Change in Velocity due

to Wind in (feet/sec) 50.000

OE.

Define the Effector Combination Matrix

he Mixing Logic Matrix translates the Flight Control (Roll,

Pitch, Yaw, Ax, Ay, Az) demands to Effector commands
[Aero-Surface, TVC, and Throttling).

program calculate it

You may either select a pre-calculated Mixing Logic Matrix
[Kmix) from the Systems File: Hyp_Ascent.gdr, or let the

djusting the participation of each effector in the

this option for 100% participation from all effectors.

hen you create a new Mixing Logic you have the option of

combination matrix. Maximum contribution is 100%. Select

Select a Mixing Matrix
from Systems File

Create a Mixing Matrix
Using All Effectors at
100% Participation

contributions. Plus some effectors are only used for

set to 0% in the effector combination calculations.

There are times, however, when you want to reduce their

Trimming and not for Control. Their participation should be

Create a Mixing Matrix
by Adjusting the Effector
Contributions

9-119




The program is now ready to generate contour plots for some of the most important performance
parameters that were defined in Section 3. The following menu consists of the performance
parameters that can be presented in contour plots versus Mach and Alpha. The selection choices
are: Pitch and Lateral stability parameters (T2-inverse or short-period resonance) as described in
Equations (3.14 through 3.18), the Lateral Control Departure (LCDP) ratio described in Equation
3.28, and the control authority of the effector system in roll, pitch, and yaw directions as described
in Equation (3.24 to 3.26).

& Contour Plots Analysis X

Select one of the Following Contour Plots to Demonstrate | g
Vehicle Stability, Performance and Controllability as a
Function of Mach Number and Alpha Ewit

Pitch Stability, T2-Inverse versus (Mach & Alpha)

Lateral Stability, T2-Inverse versus (Mach & Alpha)
Lateral Departure (LCDP Ratio) versus (Mach & Alpha)
Roll, Pitch, Yaw Control Authority, or Effort (0- 1)

From the contour plots menu let us select the first option that plots the pitch stability parameter
(T2-inverse) across the 2-dimensional, Mach versus alpha array, shown in Figure 7.4. The black line
is the trajectory trail along the Mach versus Alpha field. The colors signify the approximate value of
the stability parameter at a particular Mach and Alpha. The interpretation of the color coding is
shown on the right hand side of the plot. White corresponds to neutral stability which is an ideal
condition because the vehicle can be controlled with a very small amount of control effort. Beige
corresponds to slight instability which is acceptable. Instability increases as we move towards the
orange, reddish, magenta, and brown colors. In the magenta and brown regions the vehicle
instability becomes unacceptable because the time-to-double amplitude drops below 0.25 sec,
and requires high control bandwidths and fast actuators. On the other side of the color spectrum
above white, we have the colors corresponding to statically stable regions. Beginning with light
yellow (slightly stable), and moving towards the greenish and cyan colors corresponding to
acceptable stability with short-period resonances up to 4 (rad/sec). As we move further up
towards the blue and dark blue color regions the vehicle stability increases to unacceptably high
levels. Too much stability hurts maneuverability, and requires bigger and more powerful control
effectors.

In Figure 7.4 the trajectory begins in the lower right-hand corner where the vehicle is slightly
unstable at Mach=4.5, and a=-1.7°. The color coding in the regions surrounding the trajectory
show the value of the pitch stability parameter as a function of Mach and alpha. Initially, at high
Mach the trajectory is in a statically unstable (divergent) region with a time-to-double amplitude
T2=0.67 (sec). It briefly passes through a neutrally stable region (white) at Mach 3.7 and it crosses
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into the stable region (green). The short period oscillations peak to 4 (rad/sec) in the cyan region.
It shouldn't be difficult to modify the trajectory to avoid the cyan region but it is not necessary
because the stability is acceptable. It remains acceptably stable all the way to landing in the upper-
left corner, where 0=5.3°, and Mach=0.2, close to neutrally stable.

Pitch Stability Contour Plot (Mach vs Alpha)
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Figure 7.4 Contour Plot showing the Pitch Stability parameter along the trajectory as a function of Mach and Alpha.
The trajectory initially passes through a region of instability and becomes stable below Mach 3.6

From the menu bar located above the plot, click on "Exit Plots" to return to the contour plots
menu. From the contour plots menu select the second option to plot the lateral stability
parameter T2-inverse as it was defined in Equation 3.18. The color coding is the same as in the
pitch stability parameter. The vehicle is more stable in the lateral direction, but it does not exceed
the acceptable stability range. The maximum Dutch-roll resonance is at 3.2 (rad/sec). The user may
click at a point on the black trajectory curve and a display appears showing some important
trajectory parameters that correspond to the selected point. Click on "Exit Plots" to return to the
Contour Plots menu.
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Lateral Stability Contour Plot (Mach vs Alpha)
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Figure 7.5 Contour Plot showing the Lateral Stability parameter along the trajectory as a function of Mach and
Alpha.

From the contour plots menu we may now select the third option which is the "Lateral Control
Departure Ratio (LCDP)" parameter, shown in Figure 7.6. The LCDP ratio was described in Section
3.3. Figure 3.3 shows the acceptable and unacceptable regions in the LCDP ratio as it was
described in Section 3 and it is repeated here. The color coding for the LCDP ratio is different from
the coding used in the stability plots. The color coding of the various LCDP regions is defined on
the right side of Fig. 7.6 and in Figure 7.7. The unacceptable (red) region is in the middle, and it
must be avoided because this is where the aileron to roll-rate transfer function (3.29) becomes
weak and the aileron is not reliable for roll control, because it may change sign and reverse control
due to aero uncertainties. White is an ideal LCDP value because the roll/ yaw coordination is
perfect.
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Roll Departure (LCDP) Contour Plot (Mach vs Alpha)
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Figure 7.6 The LCDP ratio shows excellent roll performance across the entire Mach versus Alpha region

The vehicle roll performance may also be acceptable in the dark-colored regions (grey, dark-
yellow, dark-cyan, and dark-blue) by using reverse roll control. The often transitioning, however,
between the light and dark regions is undesirable and requires RCS thrusters. In Figure 3.3, the
regions on the left side of the vertical axis demonstrate lateral instability that is usually
undesirable, unless the vehicle actuators are exceptionally fast. The purple/ magenta areas near
the vertical axis (both dark and light) should also be avoided because the beta transients are too
big in those regions. The LCDP ratio contour plot in our hypersonic vehicle example in Figure 7.6 is
almost ideal. There are no bad regions, no control reversals (red) across the field and the locus is
close to perfect coordination along the entire trajectory.
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Figure 3.3 Regions of the LCDP Ratio

We now return to the contour plots menu and select the last option that analyzes the effectors
authority to control the vehicle against wind disturbances as it was described in equation 3.24. The
effectors are evaluated as a system combined together by the mixing-logic matrix. The control
authority, therefore, strongly depends on the Kmix selection. In the beginning of the analysis we
were asked to define the magnitudes of Omax and Pmax dispersions from trim. They define the
magnitude of the disturbance that the vehicle may experience due to winds or maneuvering. The
control authority (or effort) in a certain direction is measured by the ratio of the control used
against the dispersion divided by the maximum control authority available in that direction. The
magnitude of this ratio should obviously be less than 1, or even better, less than 0.5, to allow
some control availability for other functions, such as gusts, commands etc. The color coding used
in the control authority plots is different from the previous color codes. There are obviously two
control saturation limits, a positive limit of +1, and a negative limit of -1, corresponding to brown
and dark blue colors respectively. White corresponds to regions where the control effort is very
small and it happens when the vehicle is close to neutral stability.
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Figure 7.7 Color Coding of the LCDP Contour Plots showing the Acceptable and Unacceptable Regions of the LCDP ratio. The dark
color regions below the horizontal axis require Roll-Reversal.

The next 3 contour plots show the pitch, roll, and yaw control effort parameters. When the vehicle
is stable, an increase in alpha due to a strong wind shear will have a tendency to deflect the
controls in the negative direction towards the yellow, greenish, blue colors and the pitch control
will saturate when it reaches the -1 (dark blue) limit. When the vehicle is statically unstable the
controls will rotate in the opposite direction towards the orange, red, magenta numbers and it will
saturate when it reaches the +1 (brown) limit.
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The ideal value of the control effort parameter should be in the white region which indicates that
very little control power is needed to oppose the disturbance moments caused by an alpha/ beta
wind-shear disturbance. The pitch effort plot shows that since our trajectory is initially stable and
close to neutrally stable (in the high Mach and low alpha region) it requires very little negative
effort (light yellow) to trim the oy dispersion. Near the end of the trajectory and before landing
(in the low Mach and high alpha region) the control effort is very low (white). In the intermediate
Mach range between Mach# (1 to 3) where the vehicle is unstable the control effort against the
Omax dispersion is in the positive direction and the pitch control effort reaches 0.3 which is still very
good. The roll control effort contour plot is not very different. It shows the amount of effort
required to counteract against the Bmax dispersion. The user must click on the "Next Plot" option at
the top menu bar to show the next plot, or click on "Exit Plots" to return to the previous menu.
The yaw effort is negative in the entire Mach versus alpha range because the vehicle is always
stable. If you click on the trajectory curve (black line), a pop-up display appears showing some of
the important trajectory parameters corresponding at the selected point.

Pitch Control Effort Contour Plot (Mach vs Alpha)
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9.8 Static Analysis Using Vector Diagrams

Flight vehicles are usually controlled in 3 rotational directions: roll, pitch, and yaw. In the static
sense controllability is interpreted as the ability of the vehicle to respond against environmental
disturbances and to maintain a steady attitude. In other words, it is the ability of the effector
system to produce enough torque to counteract against the torque produced by the estimated
external disturbances. Maneuverability on the other hand is the ability of the effector system to
produce sufficient acceleration and fast in order to prevent the vehicle from diverging as a result
of a wind disturbance or dispersion in the angle of attack. It is also defined by the vehicle capability
to change directions and it is measured by comparing the achievable vehicle acceleration per
acceleration demand against the acceleration per alpha or beta dispersions.

Ll
~ V0+

!

o

-Q Max
Figure 8.1 Variation in the Angle of Attack *a,,.« Requires Variations in Elevon Deflection 8,qmay to Trim

Figure 8.1 shows a statically stable vehicle that is trimmed at an angle of attack o,. The aero-
surface deflection to balance the pitch moment is at Orim. If the magnitude of the velocity Vg
increases or if the direction of the velocity changes to (co+0imax), in order to maintain the same
pitch attitude the Elevon deflection angle must change to d.qmax- In contrast, if the velocity is
reduced or if the direction of the velocity changes in the opposite direction to (o-0max) the Elevon
rotation must also change to d.qmax in order to balance the pitch moment and to maintain the
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same pitch attitude. If a wind disturbance causes a variation in the velocity vector and changes the
angle of attack by an amount o, from its trim value oo, then the vehicle must have enough
control authority to counteract the moment variation by rotating the Elevon from Orim t0 84qmax OF

8—Qmax-

To analyze static controllability in one direction, for example in pitch, we compare the maximum
moments produced by maximizing the control effectors deflections from trim, against the moment
generated by a dispersion ama, of the angle of attack from trim op. The pitch moment at trim is
zero. In Figure 8.2 the blue vector Md.qmax is the pitch moment generated when the elevon
deflection is maximized in the positive direction to d.qmax from Otim, and the vector Md.qmax is the
pitch moment generated in the opposite direction when the elevon deflection is maximized to
O_gmax from Orim. The red vector M.ymax is the moment generated by a positive variation in the
angle of attack +omay, and the vector M_gmax in the opposite direction is the moment generated by
a negative variation in the angle of attack -omax from trim o,. In order for the vehicle to maintain
its attitude in the presence of alpha variations and to be able to balance the pitch moment we
obviously want the blue control vectors to be greater than the red disturbance vectors caused by
the amax Variations.

Max Negative Pitch Max Positive Pitch
Moment at Max Moment at Max
Negative Deflection Trim Positive Deflection
M o 5
-Q max M 8Trim 0 M 8'I'O'max
< <& |I , >
M
“O max a 0 M"'arnax

Pitch Moment due Pitch Moment due

to -a.,,,, Dispersion to +u,,,, Dispersion

from o, from

Partial vector diagrams are used to measure vehicle controllability and its maneuverability in
terms of gains per variations rather than comparing maximum magnitudes. They compare the gain
of the control partial Mg against the gain of the disturbance partial M. In the pitch case it is the
rate of change of the pitch control moment per elevon deflection dq against the rate of change of
pitch moment per o variation, and we obviously want the magnitude of the control partial Mg to
be greater than the partial of the moment due to alpha M. However, those two partials cannot be
compared directly because they are different. One is moment per effector deflection and the
other one is moment per angle of attack, and one of them must be scaled. For controllability we
want the control torque to be greater than the worst case disturbance torque and we must scale
the M, partial by multiplying it with the ratio of (amax / dmax) @and obviously this vector should be
smaller than the control partial.
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Figure 8.3 Vector Partials in Pitch, Control Moment per Demand against Moment per Alpha Variation

For good maneuverability we want the response of the control system, that is, the rate of change
of the control torque Msq, to be greater than the torque rate of change due to &, and we must
therefore scale the M, partial by multiplying with the ratio of (d;nqy/0max) and obviously this
vector should be smaller than the control partial in both cases

Vector diagrams are a graphical tool that we use to compare controllability and maneuverability of
a flight vehicle at a fixed flight condition against the effects of aerodynamic disturbances. They are
two dimensional plots that analyze the vehicle response in two directions by comparing the
control moments, forces, and accelerations generated by the effector system, for example, in roll
and yaw, or in pitch and normal acceleration, against the moments, forces, and accelerations
generated by a wind shear disturbance along the control directions. They examine if the vehicle
has enough control authority to oppose the effects of a disturbance along the control directions.
The vehicle is trimmed at a certain o and [3o incidence angles and the effectors are at trim
positions dtim. An aerodynamic disturbance on the vehicle is defined by the maximum dispersions
in the angles of attack and sideslip (xomax and Bmax), relative to the trim alpha and beta positions
oo and Bo defined in the trajectory and also by variations in the airspeed tv,. relative to Vo. They
also measure maneuverability since the dispersion angles dmax and Pmax May be due to
maneuvering. Vector diagrams compare not only magnitudes but they also allow us to examine
the direction of the vehicle response to the controls and compare them against the disturbance
directions. They helps us analyze the orthogonality of the effector system by comparing the
moments, forces, or accelerations of the controls against those generated by the wind disturbance
and to determine if the controls are powerful enough and pointing in the proper directions to
override the disturbance forces along the control directions.
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The vehicle effectors are analyzed as a system consisting of different types of effectors, such as
TVC engines, thrust varying engines, aerosurfaces, and reaction control RCS jets, which are
combined together by the mixing logic matrix to control certain directions as commanded by the
flight control system FCS. Aerodynamic Uncertainties can also be included in the vector diagrams
and they are represented by rectangles centered at the vector tips. They help the analyst to
determine if the accuracy of the aero-data is sufficient for trim or control design, and perhaps
request either more accurate aero data or airframe modifications. Vector diagrams are obviously
an open-loop static analysis of the airframe alone at a specific flight conditions and it is not related
to control analysis. They are limited to two directions and since there are more than 2 control
directions to analyze, we typically need several plots in each study to analyze control authority in
multiple directions. For example, roll and yaw moments or accelerations, or pitch moment and
axial force, or pitch moment and normal z-force, depending on the controlled axes.

Flight Control ;

Accgzgleration Control Vehicle
I(Demands N Effector Moments arr:d éggglgr';?gon
Rotationa i Forces on the

Translational) Deflections Vehide (Static Analysis)

6FCS 6eff N%

— Kmix fp - —| \ehicle (=
M,

IMixing Logic
Matrix )
Disturbance
Moments
(0, B)_Mex _T

Disturbances

Figure 8.4 Elements used for Analyzing Vehicle Controllability by means of Vector Diagrams

Figure 8.4 shows the elements used to calculate the vector diagrams. On the left side we have the
control demands Orcs Which are generated by the flight control system. They demand vehicle
acceleration in certain directions, mainly in roll, pitch, and yaw, and possibly in some of the
translational directions. The mixing logic matrix translates the acceleration demands to effector
displacements or throttles derect. These are not the actual displacements but they are increments
relative to their trim values &1im and they are converted to control moment and force variations
Ms. The control moment and force vectors generate the vehicle accelerations, hopefully, in the
proper directions demanded by the FCS. The disturbances are introduced at the bottom of Figure
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8.1 by the maximum expected dispersions +omax and tPmax from trim (o and Bo). They generate
the disturbance moments and forces vector M, and disturbance accelerations. The vehicle must
have sufficient control authority Ms to overcome M, at any given flight condition. In the following
sections we shall describe four different types of vector diagrams used to address different aspects
of static controllability.

1. Maximum Moment and Force Vector Diagrams: They compare the maximum moments
and forces produced by maximizing the controls, against the moments and forces
generated by aerodynamic dispersions.

2. Maximum Acceleration Vector Diagrams: They compare the maximum accelerations
produced by maximizing the controls, against the accelerations generated by aerodynamic
dispersions.

3. Moment and Force Vector Partials: They compare the partials of moments and forces per
acceleration demand in the control directions, against the partials of moments and forces
per alpha or beta variation.

4. Acceleration per Acceleration Demand Vector Partials: They present the partials of vehicle
accelerations per acceleration demands in the control directions.

8.1 Maximum Moment and Force Vector Diagrams

The first type of vector diagram is the maximum moment and force diagrams. They compare the
maximum control authority of the effectors system against the disturbance moments and forces
generated by the ta.x and £Bmax dispersions from trim. We plot the maximum control moments
and forces generated by the effectors system in two directions and compare them against the
moments and forces generated by the a and [ dispersions. The control moments and forces are
calculated by maximizing the flight control demands to their saturation limits in both, positive and
in the negative directions relative to Orim. The FCS demand in one of the control directions is
maximized when at least one of the effectors saturates. It is not sufficient to show only the
maximum moment/ force generated when the demand is maximized in the positive direction
d.max, because the efficiency of the effectors is not necessarily symmetric in both directions, plus
they are not trimmed exactly at the mid-point between the two saturation limits. We therefore
plot the peak moments and forces produced by maximizing the controls in both, positive and
negative directions from trim.

In the same diagram, we also plot vectors of the maximum moments and forces produced by the
dispersions: *0max and +Pna. They define our design requirements for controllability and
maneuverability that the vehicle must be able to withstand. The control vectors are compared
against the disturbance vectors in order to analyze the vehicle capability to react against the worst
case disturbances.
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Equation 8.1 is the same as 3.10, and denotes maximum moments and forces produced when the
flight control demands saturate in two opposite directions. That is, when it is maximized in the
positive d.vax OF in the negative d_ya.x directions.

Ma‘ = CM Kmix FCS

L, L, 0 Lg 0 L, 0Ts
M, 0 Mg 0 My 0 Mg|s,
N: _|Ne 0 N 0 Ny 05 for max positive demands
Fy 0 Fwo 0 Fyx 0 Fu |0
F, Fs 0 F s 0 Fosy 0 |5

L Fz 4 Max 0 FZéQ 0 FZM 0 FZéZ _52 J+FCs Max

L, ] Ls 0 Lg O Ly 076
M, 0 Mgy 0 My 0 Mgl
N: _[Ne 0 Na 0 Ny 005 for max negative demands
Fy 0 Fo 0 Fyx 0  Fyuz || 6«
F, Fs 0 F s 0 Fos 0 | o

B e | 0 Fp 0 Fu 0 FZéZ__52_-FCSMax

Equation 8.1 Maximum Moments and Forces Produced when the Controls are Maximized in two Opposite
Directions

We will illustrate the maximum Moment and Force vector diagrams by two examples, where the
moments and forces are represented by non-dimensional coefficients. The vector type is selected
from the horizontal menu bar located at the top of the vector diagrams window. You must click on
"Select Vector Diagrams" and then from the vertical menu below it, select "Maximum Moment
and Force Vector Diagrams".

Figure 8.5 is a Cz versus Cp, vector diagram. It shows the maximum pitching moment and maximum
normal force (non-dimensional) that can be attained by maximizing the pitch control in the
positive and also in the negative directions relative to trim positions. This vehicle has only one
longitudinal pitch control, and there is no control in the Z-axis. The red vectors also show the
maximum moment and force generated by the o dispersion from trim. At trim the normal
force is negative at C;=-0.45 because 0>0. The solid red vector is when alpha increases to
(cp+amax). It generates negative pitching moment and force (up). The dashed red vector is when
alpha changes to (op-0imax). The rectangles centered at the tips of the vectors represent the
possible variations of the vectors due to the aerodynamic uncertainties. The control pitch moment
is obviously much greater than the maximum dispersion moment in this case.
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Figure 8.5 Vector Diagram of Pitch Moment and Normal Force from Maximum Pitch Control against those
from *q.,,.x Dispersion

Figure 8.6 shows a vector diagram of roll and yaw moments where we plot the non-dimensional,
Cl versus Cn moments. The blue and green vectors are roll and yaw moments produced by
maximizing the FCS demands. The solid blue vector corresponds to maximum positive yaw FCS
demand OR.rcsmax and the dashed blue vector in the opposite direction corresponds to maximum
negative yaw demand OR rcsmax- Similarly, the green vectors represent the moments generated by
maximizing the roll FCS demands in two opposite directions OP.rcspmax and OP_rcsmax-
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The control vectors are pointing in the commanded directions but there is some cross-coupling
between the axes. The yaw control vector slightly couples into roll but the roll control has a bigger
component in the yaw direction. This coupling is intentionally created by the mixing logic matrix
which attempts to provide lateral decoupling to compensate against the cross-product of inertia
Ixz. For good controllability the two control vectors should be almost orthogonal to each other and
their magnitudes exceeding the magnitudes of the disturbance vectors, such as in this illustration.

0.15 8P +FCS Max
Uncertainty in
the +Roll Control

0.1 . | Effector
@)
NS
fe=
@ 0.05
&
(ED 6R +FCS Max

0.0 )
leT0] "
é ,’ Uncertainty in
— 7 the +Yaw
O -0.05 f Control
o ,' +Bma.\' Effector

'f
I
-0.1 d
SP -FCS Max
-0.15
-0.04 -0.03 -0.02 -0.01 0.0 0.01 0.02 0.03 0.04

Yawing Moment Cn

Figure 8.6 Maximum Roll and Yaw Moment generated by Maximizing the Roll and Yaw Control Demands against the
Moments produced by Maximum Sideslip Dispersion *f -

The two red vectors represent the roll and yaw moments generated by variation in the velocity
vector which is defined in terms of dispersions in the angles of attack and sideslip: 0tmax and *Bmax
from their trim positions. The dispersion angles define the worst case wind-shear or
maneuverability requirement and they typically vary between +2° to +5° from trim, depending on
the flight condition. The solid red arrow in Figure 8.6 shows that the yaw moment increases when
the angles of attack and sideslip are increased from o, to (0l +0max), and from Bo to (Bo +Pmax). The
effect is mainly due to the sideslip and demonstrates that the vehicle is statically stable in yaw
because it creates a yawing moment towards the airflow. The dashed red vector shows the
moments when the angles of attack and sideslip are reduced from o, to (0o -Omax) and from By to
(Bo-Bmax), where Bim=0 in this case.
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The square rectangles at the tip of the vectors represent the effects of the aerodynamic
uncertainties. Their size is proportional to the uncertainty. The uncertainties are read from the
uncertainties file that has an extension (.Unce). It is not necessary to provide an uncertainties file,
and if this file is not available only the vectors will be shown without the rectangles at their tips.
The uncertainty rectangles represent the possible variations of this vector due to the uncertainty
in the aero coefficients (C, and C,). The yellow rectangles at the tips of the yaw control vectors
ORircsmax represent possible variations due to the uncertainties in the aerosurface derivatives,
which are mainly in the rudder Cpsruq9, but also the aileron C,s.ir is contributing because they are
combined for yaw control. Similarly, the cyan rectangles at the tips of the roll control vectors
OPircsmax represent variations in the roll vector caused by the uncertainties in the aerosurface
derivatives, mainly in aileron Cjs4i, but also in the rudder Cis.,qq because they are both contributing
for roll control. The uncertainty rectangles should be sufficiently small to preclude the possibility
that the disturbance moments may be stronger than the control moments in either direction.

The vector diagram in Figure 8.7 analyzes the longitudinal controllability of an accelerating vehicle
that possesses pitch and axial acceleration control. The blue vectors show the maximum pitching
moment Cp, axial Cx and C; forces produced by maximizing the pitch control demand in the
positive d.qrcs max direction (solid blue line) and also in the negative 0.qrcs max direction (dotted blue
line). The two green control vectors pointing up and down along the axial force direction are the
moment and x-force produced by varying the engine thrust relative to nominal thrust. The solid
green line is when the axial acceleration demand is at maximum positive d+xrcsmax, and the dotted
green line is when the axial acceleration demand is at maximum negative d-xrcsmax. Notice that the
pitch control vectors are pointing mostly toward the tpitch directions and the axial control vectors
affect mostly the £X force, and there is minimal amount of cross-coupling between the two control
directions. Positive pitch control dQgcs also produces positive Z-force C; because of the rotation of
the TVC engines. The diagram shows that the vehicle in this flight condition is accelerating under
constant thrust and at trim the axial and Z forces are biased at Cy=0.128 and Cz=-0.4. By
throttling Cx can be varied between 0.09 and 0.20. Notice that the controls are not symmetric
relative to trim. The asymmetry in the x-axis control is due to the trimming conditions. There is
more force availability when applying a maximum positive throttle dX.rcs max than a negative force
to slow it down when applying max negative throttle dX-rcs_max. There is asymmetry also in the
pitch direction. The negative pitch control moment produced when applying max negative pitch
demand J.qrcsvax IS greater than the moment produced when applying max positive pitch demand
d+qrcsmax- This is because the vehicle is statically unstable in this flight condition and it is flying with
a negative o and it is, therefore, easier to rotate and accelerate in the negative direction than to
rotate in the positive direction. Figure 8.7 also shows the moment and force produced due to the
maximum variations in the angle of attack *omax from trim op. An increase in alpha causes an
increase in pitching moment and a further negative normal force (up).
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Figure 8.7 Longitudinal Vehicle Controllability Demonstrated in the Maximum Pitch and Maximum Axial and Normal
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8.2 Maximum Acceleration Vector Diagrams

In some applications it may be more appropriate to plot the accelerations generated by the
controls or the dispersions rather than the scaled moments and forces. The maximum acceleration
vector diagrams are very similar to the maximum moments and force diagrams. The only
difference is that the moment vectors from equation 8.1 are scaled by dividing them with the
moments of inertia dyadic matrix and the force vectors are divided by the vehicle mass to be
converted to angular and linear accelerations, as shown in equation 8.2.

-1

D ly -1, -1, 0 0 0 L
gl (-1, 1, -1, 0 0 0/ |M
il -1, -1, 1, 0 0 0] ]|N
x| | o 0 o M, 0 0]||F
v o o 0 0 M, 0]||F
7 o 0o 0 0 0 M| R

Equation 8.2 Angular and Linear Accelerations

The maximum acceleration diagrams are also used in analyzing the effectiveness of the mixing
logic matrix against disturbances in multiple directions. The vehicle effectors system may have
accessibility to span more than 3 directions, including translational, and in theory, a mixing logic
matrix can be designed to provide control in multiple directions. The practicality, however, of this
design is evaluated by the capability of the effectors to maneuver and to react against
disturbances which are defined by the variations: omax *Bmax and in airspeed +Vy,.x. When the
effector system attempts to spread its domain and attempts to control multiple directions, in
general, it loses its overall effectiveness in some directions against aero disturbances. It may be
more efficient when it controls fewer directions.

Figure 8.8 shows a yaw versus y vector diagram for a vehicle that in addition to roll and yaw
control, it also has a side-force effector to compensate against lateral accelerations. The vertical
green vectors show the positive and negative accelerations produced in yaw when the yaw control
demand OR:rcsmax IS maximized. The acceleration is entirely in yaw (as it should be) and the vector
magnitudes are bigger than the yaw acceleration produced by .. The aero uncertainties in yaw
are very small, and we should, therefore, expect a very good controllability in yaw. The horizontal
blue vectors show the positive and negative accelerations produced when the side-acceleration
control demand 0OYircsmax IS maximized by throttling the reaction control jets affecting the y
acceleration, as expected.
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The red vectors show the effects in yaw acceleration R in (rad/sec?) and in side-acceleration yin
(g), created when the vehicle is exposed to 2 degrees of . variation. Positive 3 generates
positive yaw and a negative y acceleration. The controllability, however, against +f .« dispersions
in the y direction is not as good as it is in yaw because the disturbance magnitude caused by the
+Bmax Variation is almost as big as the side-force control magnitude. It implies that the vehicle
requires bigger thrusters in the +y direction.

" Vector Diagrams Analysis - ]
Copy Format:  Send to: | Select Vector Diagram | Next Plot  Exit Plots
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Figure 8.8 Maximum Yaw and Side-Force Accelerations generated by maximizing the Yaw Control and the Lateral
Side-Force Throttle Control Demands against the Accelerations produced by Sideslip Dispersion ...

Figure 8.9 is a maximum accelerations vector diagram of a launch vehicle in the longitudinal
directions. All 3 longitudinal directions: pitch, normal, and axial accelerations are accessible and
commanded by the effector system. The pitch acceleration is in (rad/sec?). The normal and axial
accelerations are in g. The red vectors show the accelerations produced when the vehicle is
exposed to 2° of +omax variation from trim. The horizontal blue vectors in the top diagram show

the (Z and Q) accelerations produced by maximizing the pitch control (8Qurcs max), and it is mainly
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in pitch. Their magnitudes exceed the pitching moment due to tomax Vvariations, including
uncertainties. Also the horizontal blue vectors in the bottom diagram show the (7 and X)
accelerations produced by maximizing the axial throttle control (8Xircs max), and it is mainly in the
x-axis. Their magnitudes also exceed the acceleration variations due to o The green vector
shows the effects of maximizing the +z acceleration demand (0Z.rcs max) by firing the RCS jets in the
tz direction. The RCS throttle control provides some acceleration in z but its controllability is
insufficient to overcome the o dispersion red vector. The uncertainty rectangles centered at
the tips of the vectors denote the possible spread of this vector due to the aerodynamic

uncertainties.
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Figure 8.9 Maximum Pitch, Normal, and Axial Accelerations produced by Max Controls in all 3 Directions against
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8.2.1 Maximum Accelerations due to Air-Speed Variation vy,

Similar to analyzing the effectors control capability against amax and Bmax dispersions, we can also
compare the capability of the effector system against disturbances generated by air-speed
variations relative to V,. Flixan calculates the maximum moments, forces or accelerations
generated by the maximum air-speed variation tv,a and plots them against the controls. The
figure below is from a launch vehicle example that has pitch TVC control and axial acceleration
control by varying the thrust. It is trimmed at 2.45 g acceleration due to the main engine thrusting
and it can change its acceleration from X rcsmax=1.85 g to 0Xircsmax=2.72 g by throttling the
engines (green vectors). It can also change its pitch acceleration by gimbaling the TVC engines
from 0Q rcsmax 10 0Qurcsmax (blue vectors). The diagram below compares the control accelerations
against the accelerations generated by the airspeed variations. The red vectors show the pitch,
axial, and normal accelerations generated by positive and negative airspeed variations *vnay
relative to Vo. This vehicle is statically unstable and it is flying with a positive o. An increase in the
airflow due to wind +vma, therefore, produces a positive pitching moment, a negative z-
acceleration (upwards), and a negative x-acceleration (more drag). In this example, the pitch and
axial controls are more powerful than the disturbance and they can compensate against the tva
variation.
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8.3 Moment and Force Vector Partials

The two previous vector diagrams analyze the control authority of an effector system in terms of
its maximum control capability against maximum steady-state wind-shear disturbances defined in
terms of maximum aerodynamic angle dispersions and airflow variations from trim. The partial
vector diagrams measure gains. They compare the controllability gain of the open-loop effector
system against disturbability gain, that is, sensitivity to aerodynamic disturbances. The control
partial measures the moment or force produced per acceleration demand in a certain direction.
The disturbance partial measures the moment or force produced per alpha variation in pitch or
per beta in the lateral axes. The partial vector diagrams compare the moment partials per flight
control acceleration demands: [Cnsq, Cnsr, Cisplrcs per (rad/secz) or the force partials per
translational acceleration demands: [Cxsx, Cvsy, Czszlres per (g), against the moment and force
partials the base vehicle per alpha and beta angles [Cma, Cnf, CIf, Cza, CyP] per degree. The
control and disturbance partials are plotted together in 2-dimensional vector diagrams because
their relative size and directions are important for control design.

Since the flight control demands (3p, dq, Or, Ox, Oy, Oz)rcs are defined in vehicle body frame, instead
of the classical (Oeclevon, Oaireron, Orudder) definition, for good controllability we would like to see the
control moment and force vector partials to be greater in magnitude along the control directions,
than the moment and force partials per alpha and beta variations. These partials, however, cannot
be compared directly because they are different in nature and units. They must be properly scaled
in order to be associated in the same diagram.

For example, let us consider the pitch moment equation: I8 = Mya + Mgé. A good test for pitch
controllability is to compare the magnitudes of the partials M,and Mgs. However, they cannot be
compared directly because they are of different substance. The first one is moment per degree of
alpha and the second one is moment per angular acceleration demand in (rad/sec?). For the
vehicle to have good controllability we would like the Mgd term to be sufficiently greater than the
M, term. This is possible when the control contribution due to Omax is greater than the
aerodynamic disturbance due to dma. One way to make the control versus alpha partials
comparable is to scale the magnitudes of the alpha variation vector by multiplying them with
(@max/Omax)- This scaling allows us to compare the two vector partials and to quantify
controllability versus disturbability by their relative size and direction. Obviously, the control
vector partials should be greater than the scaled moment or force partials per o or 3 variation.
One might argue that the torque rates rather than the maximum torques are more important in
this comparison, especially when you have a divergent vehicle, in which case we would like the

Mo

(dmax /Smax), where the max actuator rate is defined in the actuator specs and the max vehicle rate

term to be greater than theM ., term, and the scaling factor in this case should be:

max

can also be estimated.
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Let us consider, for example, in Figure 8.10 the partials in two longitudinal directions for a vehicle
that has pitch control and also axial force control by means of thrust variation or a speed-brake.
The nearly horizontal pitch control blue vector (Cy,50, Cxs¢) represents the pitch moment and axial
force partials per pitch control acceleration demand 8Qgcs. Similarly, the almost vertical axial force
control green vector (C,,5x, Cxsx), represents the pitch moment and axial force partials per axial
acceleration demand &X¢cs. The partials are calculated at a trim flight condition. The (C,,,4, Cxy) red
vector corresponds to the pitch moment and x-force partials per alpha and it is scaled as shown in
equations (8.1 & 8.2). This vehicle has a negative C,, that indicates that it is statically stable, and
also a negative Cy, that causes an increase in aft force due to a. The C,,, component in this vector
is scaled by multiplying it with (@pmqx/8gmax) SO that it can be made comparable with Cp,s54, and
the Cy, component is scaled by multiplying it with (@nax/Oxmax) SO that it can be made
comparable with Cxsq, and plotted on the same scale. For good controllability in both axes, the
directions of the control moment and force partials (blue and green vectors) should be pointing
towards their intended directions and their magnitudes should be greater than the scaled moment
and force partials per alpha variation (red vector). That is, the pitch control Cy5q should be greater
than Cra(@max/Sgmax) and the axial control Cxsx should greater than Cxo(@max/ Sxmax)-

X-Accel Control Vector X

+A Pitch Moment & X-Force per
1 { CmoX, CxoX }

UQMax o 5
O Max

1

X Max — Pitch Moment & X-Force per

Pitch Accel Control Vector Q.

{ CmoQ, Cx0Q }
-3

e -

r

5X Max

A 2-dimensional vector diagram of the pitch
control partial (CmoQ, Cx8Q) in blue, and the
axial force control partial (CmdX, Cx0X) in green,
against the pitch moment and X force partials per
Pitch Moment & X-Force alpha variation (Cma, Cxa) in red. The alpha

per alpha variation variation vector is scaled as shown to make it
(scaled) comparable with the control moment and force
vectors. For good controllability the magnitudes

of the control vectors should be greater than the
{CmuUQmaxs CmUXmax} Qmax red alpha vector. ‘

Figure 8.10 Partial Vector Diagram of Pitch Moment and Axial Force per: control, and per alpha
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A similar vector diagram is shown in Figure 8.11 which is a roll/ yaw moment partials vector
diagram in the lateral directions. We plot the roll and yaw control partials (blue and green
vectors) against the disturbance partials per beta variation: (C;g, C,3) red vector. The blue vector
represents the roll/yaw moment partials per yaw control demand (C;sg, Cp,sr)- This vector is nearly
horizontal indicating that the yaw control demand dR¢cs affects mainly the yaw direction with very
little coupling in roll. Similarly, the vertical green vector represents the moment partials per roll
control demand (C;sp, Cysp)- This vector is almost vertical indicating that roll control demand OPcs
produces mostly a roll torque with very little coupling in yaw. The (Cyg, Cy,5) vector is scaled as
shown in equation 8.4, in order to be made comparable with the control partials.

‘Cw‘<(§ﬂpﬂ Cis| or  [Cy|< Uw;ﬂ Cs|  and (8.3)
o <(% Cox| or  [Col< —URM:ﬂmax C.x| and "

{Clﬁ Cnﬂ}:{U PMaxCIﬂ URMaanﬂ }ﬂmax

We should expect the magnitudes of the two control partials to be greater than the scaled partials
per beta variation in both: roll and yaw directions. For good roll controllability the magnitude of
Cisp should obviously be greater than C’;z and for good yaw controllability the magnitude of C,sz

should be greater than C’nﬁ as shown in equations (8.3 and 8.4).

In Figure 8.11 the two control partials are almost orthogonal and they do not couple much into
each other’s direction, as they should be. The yaw control partial (blue vector) is pointing mainly in
yaw, and the roll control partial (green vector) is pointed mainly in the roll direction. This is
because the two axes are nearly decoupled by the mixing-logic matrix. In this type of diagrams we
don't need to show negative directions since we are dealing with partials.
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Notice that the yaw control partial CndR is an order of magnitude bigger than the roll control

partial CIOP, because the roll moment of inertia in this vehicle is much smaller than the yaw

inertia, plus this vehicle requires greater controllability in yaw. Notice also that there are two roll

and yaw moment partials per beta (C’lﬁ,C’nB), (red vectors). They correspond to two different

dispersions. The solid red vector represents (Cnf3 & CIP) at (clo+0tmax and Po+Pmax) and the smaller

dashed red vector is calculated at (0lo-Otmax and Po-Pmax)- This captures the variation of (Cnf3 & CIfB)
over the entire range of alpha and beta variations. The disturbance partials (red vectors) are

smaller than the control partials in both directions, as they should be, and this is an indication that
the vehicle has good controllability against the expected lateral disturbances.
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The square rectangles which are centered at the tip of the vectors represent the effects of the
uncertainties in the aero derivatives. The uncertainties in Cn3 and CI are shown by the red
rectangles at the tips of the red vectors. The uncertainties in the control surface derivatives are
initially defined for each individual aerosurface, as a function of aerosurface deflection. They are
converted from individual aerosurfaces to uncertainties per flight control axis demands:
OCIdP, OCIBR, 0CNndR, 8CmMoOQ, etc. which requires involvement of the mixing logic. For example, the
yellow rectangle at the tip of the blue (CndR, CISR) vector represents the possible variations of this
vector partial due to the combined uncertainties of all aerosurfaces that contribute in yaw control.
Similarly the cyan rectangle at the tip of the green (CndP, CIOP) vector represents the possible
variations of this vector partial due to the combined uncertainties of all aerosurfaces that
contribute in roll. Equations (8.8 and 8.9) describe how we combine the uncertainties from the
individual aerosurfaces using the mixing logic matrix.

8.3.1 Control versus Airspeed Variation Partials

The airspeed variation vector partials are similar to the a and B partials. In this case we compare
the control moment and forces per control demand against the partials of moments and forces per
variation in airspeed. When we plot two different vector types in the same diagram we must scale
one of them in order to make them comparable. For example, in a launch vehicle that has pitch
and axial acceleration controls we must scale the partials of pitch moment and axial force per
velocity variation to make them comparable with the control partials, as shown in the equation

below.
C Oqmax C C. .U C d
| méiv|< ‘ m‘SQ‘ or mév QMameax <‘ méQ‘ an
Vinax
Co| <| Zxmx | I OF  [CyaU ke Vinad| <[C
Xov Vv X oX Xov™ X Max " max X oX
max

{Cr'név C;st }: {U QMame(SV U X MaxCXéV }Vmax

This scaling allows us to compare the pitch control partials {Cnsa, Cxsa, Czsa} and the axial force
control partials {Cnsx, Cxsx, Czsx} against the partials per velocity variation {Cnsy, Cxsv,» Czov}-
Otherwise, we can’t compare them because they are composed of different units. We typically like
to see the control partials to be at least twice bigger than the scaled disturbance partials, as shown
in the launch vehicle example below.
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Comparison Between Control Moment and Normal Force Partials {Crdelt_Q & CZ/delt Z)
(Blue & Green), Against Velocity Variation Partials: {Cr/deltV & CZ/deltV} (Red)
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Figure 8.12 Partials of Pitch Moment, Normal and Axial Forces; Control versus Airspeed Variation Partials

The partial vector diagrams in Figure 8.12 compare the pitch and axial control partials (blue and
green vectors) for a launch vehicle that is statically unstable and has a positive angle of attack o,
against the moment and force partials per airspeed variation (red vectors). The red vectors are
scaled as shown in equation. The vector diagram illustrates that a pitch control demand variation
dQscs (blue vector) generates mainly a pitching moment C,5q, as expected, and it does not couple
in the axial direction. It generates also a positive z-force Cz3q. This is because the engines pivot
negative (up) to generate the pitch moment and they also produce a +z force. Similarly, the axial
control demand variation 8Xgcs (green vector) generates an axial force Cysx by throttling the
engines and it does not couple in the pitch direction, as expected. The scaled red vector is the
moment and force partials per airspeed variation. An increase in airspeed causes: a positive
pitching moment, a negative z-force (up), and a reduction in x-force (more drag). The control
partials are sufficiently greater in magnitude than the velocity partials, as they should be, in order
to be able to compensate against airspeed variations.
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8.4 Acceleration per Acceleration Demand Vector Partials

The fourth type of vector diagrams are partials of accelerations achieved in two control directions
per accelerations demanded by flight control in the same directions. They are used for analyzing
the vehicle open-loop maneuverability in certain directions by the magnitude and direction of the
vehicle response in the control directions relative to the commands. When the mixing-logic is
properly designed the vector partial of acceleration per acceleration demand should be pointing
towards the demanded direction and its magnitude should be close to unity. This, however, is not
a strict requirement but only a guideline because the closed-loop control system compensates for
the imperfections in the mixing logic.

In the ideal situation, the open-loop plant is diagonalized by the mixing-logic matrix (Kmix) and the
transfer path between the acceleration demands to vehicle accelerations becomes the identity
matrix. It means that the vehicle accelerations become equal to the accelerations commanded by
the control system. The controls are unit vectors pointing towards the commanded directions and
are orthogonal to each other, meaning that they are perfectly decoupled from each other. This
ideal situation of perfect plant diagonalization, however, is not possible to achieve at all times
because the vehicle parameters are continuously changing, but a certain amount of diagonal
dominance in the controlled directions should at least be attained by the mixing logic because it
makes the control system design more efficient. The acceleration partials are used to evaluate the
efficiency of the effector mixing logic matrix in achieving the demanded accelerations and also an
acceptable amount of decoupling between the control axes.

Going back to Figure 8.4, the moments and forces on the vehicle generated by a flight control
input is the vector Mg = CyK;nixOrcs Where Ocs is the control acceleration demands vector in
(rad/secz) for rotational and in (feet/secz) for translational demands. The size of vector dycs varies
from three (for three angular accelerations) to six (including also translational acceleration
demands). The matrix Knix converts the flight control demands to effector deflections or throttle
commands. The matrix Cy converts the deflections to a vector of three moments in (ft-Ib) and up
to 3 forces in (Ib). The rotational and translational accelerations of the vehicle are obtained by
multiplying out the 3 matrices in equation 8.5. In the 6x6 mass-matrix, the 3x3 submatrix in the
upper left corner is the vehicle inertias dyadic, and the vehicle mass along x, y, and z axes is in the
lower right corner. The product of the 3 matrices in equation 8.5 is a matrix that its elements
consist of the acceleration partials and its maximum dimension is: (6x6).
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If we assume that the vehicle has sufficient effectors to span all control directions (three rotations
and all three translations) and if the mixing logic matrix is properly designed to provide dynamic
decoupling between the axes, based on the vehicle mass properties, geometry, and the effector
parameters, the product of 3 matrices in equation 8.5 becomes the 6x6 identity matrix, and the
accelerations achieved in all 6 directions will be equal to the accelerations demanded by the
control system. In general, however, some of the translational directions are not directly
controllable by the FCS and some of the rows in equation 8.5 can be ignored because they are
uncontrollable or weakly controllable, plus the mixing-logic is designed to affect mainly the
controllable directions. In addition, the selection of the mixing-logic matrix is sometimes
influenced by other performance factors, such as the LCDP performance, and it is not always ideal
when analyzed from the acceleration partials point of view.

Figure 8.13 is an example showing the accelerations per acceleration demands partials of a flight
vehicle in the roll and yaw directions. The solid vertical vector pointing towards roll is the vehicle
acceleration response per roll acceleration demand {P/8Pkcs, R/8Pcs). The dominant component is
in roll with some small coupling into yaw. The dashed horizontal vector pointing towards yaw is
the vehicle acceleration response per yaw acceleration demand {P/8Recs, R/BRecs} where the
dominant component is in yaw with a small coupling into roll. The vector units are in (rad/sec?) per
(rad/sec?).

Both angular acceleration partial vectors are pointing towards their commanded directions. They
are nearly orthogonal to each other which means, that they are almost decoupled and their
magnitudes are close to unity as a result of the effector combination matrix. It is an indication that
this vehicle almost perfectly achieves the accelerations demanded, open-loop, with a very small
amount of cross-axes coupling.
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Figure 8.13 Acceleration Partials Vector Diagram in Roll and Yaw showing small coupling between axes

8.5 Converting the Aero Uncertainties from Individual Aerosurface Panels to Vehicle Axes

In vector diagram analysis the control moments and force vectors for the combined effector
system are calculated in vehicle axes. The uncertainties, however, are generated by the aero group
for each individual control surface separately. When many aero-surfaces are used for multiple-
axes control, none of these surfaces are specifically dedicated to control a single axis. An
acceleration demand is decoded by the mixing-logic matrix and is converted into multiple surface
deflections. Since the vector diagrams are presented in vehicle axes the effects of the individual
surface uncertainties must also be combined to uncertainties in vehicle axes. The uncertainties
from each individual surface must, therefore, be transformed to moment, force, or acceleration
uncertainties in body axes and summed up for all surfaces along the vehicle axes according to each
surface’s participation in the control directions. Since the mixing-logic matrix defines the structure
of the effectors combination, the selection of the (Kmix) matrix will also combine the aero-
uncertainties and determine the size of the uncertainty rectangles at the tips of the control vector
diagrams.

9-150



We will now calculate the uncertainty rectangles in the control partial vector diagrams and also in
the maximum control moment/ force vector diagrams from the uncertainties in the individual
aero-surface derivatives. Let us consider a flight vehicle that is controlled by (n) aero-surfaces
which are trimmed at a certain deflections vector: 6; = (61 0n). The moment and force
variations due to the individual aero-surface aerodynamic uncertainties are obtained from matrix

equation 8.6, where each element of the matrix is an uncertainty in the moment/ force surface

derivative.
i oL | _P&Iél P&laz P&:Ias P&Ié‘n ]
é]VI C&ma‘l C&:mb‘z C&mﬁs‘ C&:mb‘n 51
ﬂ\l — 68r b&nb‘l b&nb‘z b&nb‘B b&n()n 5?2 (86)
oFy _&Aél _&ASZ _&A53 _5CA5n
oF, Y éCYM &:YEZ écvsa éCYm §n T
_5]:2_ L éC251 &:z(sz éC253 &:Zéh |

The flight control system output demands are related to the individual aerosurface deflections by
the mixing logic matrix as shown in equation 8.7, where (6P 8Q O6R)gcs are the FCS rotational
acceleration demands and (§X 8Y 8Z)gcs are the translational acceleration FCS demands.

Jp

o, O

1) o

=K | F (8.7)
Ox

S, Sy
52 FCS

The number of columns in matrix K., varies between 3 and 6, minimum 3 moments plus some
translations if the flight vehicle has sufficient effectors to control multiple degrees of freedom
including translations. By substituting equation 8.7 to equation 8.6 we obtain a relationship in
equation 8.8 that calculates the moment and force uncertainties in body axes as a function of
flight control demands. Note that the uncertainties are always positive and, therefore, the
absolute value of Kmix is used in equation 8.8 to cover for the worst uncertainty combination.
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After multiplying out the matrices in equation 8.8, and let us assume, for example, that together
with the 3 rotations only one translational direction along x is directly controllable. The
uncertainties matrix equation for the 4-dofs becomes.

oL [, dy Ay Ay

M M, M, My M, (5,

N | _[MNp Ng Ny Ny | o (2.9)
OF, KXo Xg Xy Xy || 5 '
éFY éYP éYQ éYR éYX 5X FCS

(OF, | |82y Ly Sy Ly

Uncertainties in the Control Partials

The uncertainties in the moment and force derivatives with respect to the flight control demands
are obtained directly from the matrix elements of equation 8.9. For example, the uncertainty in
the pitch moment derivative due to pitch demand (virtual elevon) is §Cp59 = SMQ/QSC'. The
uncertainty in rolling moment derivative due to roll demand (virtual aileron) is §C,sp = §Lp/QSb,
and the uncertainty in rolling moment derivative due to yaw demand is §C;szx = SLr/QSb, etc.
These uncertainties are used in the partial moment per FCS demand or partial force per FCS
demand vector diagrams. They define the size of the rectangles at the tips of the control vectors.
The rectangles are also scaled proportionally to the vector magnitudes, as described in Figure 8.3,
and equations (8.1 to 8.4).

Uncertainties due to Peak Control Demands

Having calculated the uncertainties in the control vector partials we can now extend the method
to calculate the moment and force uncertainties when the flight control demands are maximized
either in positive or negative directions. Equation 3.21 calculates the maximum acceleration that
can be demanded by the flight control system (due to the effectors position limitations) along a
controlled axis before at least one of the effectors saturates, for example, the max pitch control
demand is:

1

+QMaxges Q
QMax

To calculate, therefore, the magnitude of the maximum moment (or force) uncertainty in a certain
direction we must multiply the corresponding row in equation 8.9 with the maximum FCS demand
applied in that direction. For example, the uncertainties in the pitch moment and in the x and z
forces (non-dimensional) as a result of the uncertainties in the control surface coefficients, when
the pitch control demand is at its maximum positive position, are obtained from equation 8.10a.
The uncertainties in the same 3 directions when the forward acceleration demand is at its
maximum positive position are calculated by equation (8.10b). Notice how they depend on the
max demand.
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_6MQ — | oM x/ _
&:M QCSref &:M QCSref
oX oX
XK = Q ; & X 1
X Asref }L/JQMax X eref }L/JXMax (8 0)
&:Z QMax éZQ &:Z X Max ézx
eref QSref |

Similarly in yaw, equation 8.11a calculate the uncertainty magnitudes in roll and yaw control
moments and in side-force caused by uncertainties in the aerosurface coefficients, when the yaw
control demand is maximized in the positive direction. Similarly, the uncertainties in the same
coefficients are calculated when the roll demand is maximized in the positive direction, using
equation 8.11b.

oL, AL,
&L Qbsref &L Qbsref
ON : N
&:N ; QbSref }6 R Max , &N g Qbsref }(JPMax (811)
éCY R Max 5YR 5CY P Max 5Yp
QSref ] eref i

The above equations are used to calculate the uncertainties in the maximum control moment and
force vector diagrams. They define the size of the uncertainty rectangles at the tips of the control
vectors generated from a maximum control demand. Notice that the trim positions of the aero-
surfaces are not necessarily centered and the max deflection in one direction from trim is not
necessarily equal to the max deflection in the opposite direction. For example, in equation 3.23b
we proved that the peak FCS demand in the negative pitch direction is different than the max
positive pitch FCS demand, and it is defined by equation 8.12, where Ugmin is obtained from
equation 3.19b.

1
0. =
QMaxgcs Q
QMin

(8.12)

This means that the uncertainty rectangles around the tips of the control vectors generated from a
peak negative control demand will be different from the rectangles at the tips of the control
vectors generated from a max positive control demand, because the size of the two controls are
different.
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The uncertainties in the pitch moment and in the x and z forces as a result of the uncertainties in
the control surface coefficients, when the pitch control demand is at its peak negative position are
obtained from equation 8.13a, and the uncertainties in the same 3 directions when the forward
acceleration demand is at its peak negative position are obtained from equation 8.13b.

_éM%— | _5Mx _ |
&:M X QCSref &M x chref
— Q . —
&:X B Asref }(JQMin’ &X - ) QSref }(JXMin (813)
X, QMin oL, &z )y win oLy
QSref L eref ]

Similarly, the uncertainties in the lateral coefficients when the roll and yaw acceleration control
demands are maximized in the negative directions are obtained from equations (8.14).

En ] kN
&:L éN QbSref &L a\l QbSref
&N N / QbSref }L/J R Min ! &:N B / QbSref }L/J P Min (814)
Xy i oYp Xy Jomin oYp
eref i L eref i

The above equations are also used for calculating the uncertainty rectangles at the tips of the
maximum acceleration vector diagrams. In this case the moment and force uncertainties must be
converted to acceleration uncertainties by multiplying them with the inverse of the inertias and

mass matrix.

1y, Iy l,, O 0 0 |

1y l,, O 0 0
Iy, l,, 1, 0 0 0
0 0 0O M, 0 O
0 0 0O 0 M, O

0 0 0O 0 0 M|

8.6 Running the Vector Diagrams Program from Flixan

To run the vector diagrams program, start the Flixan program and select the directory that
contains the project files, such as: trajectory, mass properties, aerodynamic data, aero
uncertainties, engine data, etc. The files must be in the proper format for the program to be able
to read them. From the Flixan main menu select "Analysis Tools", then "Flight Vehicle/ Spacecraft
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Modeling Tools", and "Trim/ Static Performance Analysis", as shown below, and from the following
file selection menu select the files to be used in the analysis.

-

Select One Data File from Each Menu Category

The following analysis requires some data fles 1 be selecied from
the current project directory. Select one data fie for each

calegory, (some of the calegories are oplonal).
Mass Properties Surface Hinge Moments
I Hyper Mass j I Hyper.HMco LI

'S o =
Select a Project Directo_ryA =3

C:Flixcan\TrimExamples\Hypersonic Vehide'\Descent

Trajectory Data Aero Damping Derivat
Iva_Desc.Tra i | IND DATA FILE -

4 | Hypersonic Vehide -

[+ || Ascent ] .
YV ot Basic Aero Data Engine Parameters

[+ | . Descent|

5 | Docs |Hyp_Descaero | [NO DATA FILE |

& |y Re-Entry Glider

b 1 Reusable Space Plane L Contr Surface Aero Coeff Aero Uncertainties
[> 1 Word H IH‘fp_Desc.Delt j Iva_Desc.Unce ;I
[ | Utilities
4 | Itransf
[» |, EXAMPLES Slosh Parameters

[» WORD

INO DATA FILE |
NO DATA FILE

File Edit EAnalj,rsisTocrls| View Quad Help

Flight Vehicle/Spacecraft Modeling Tools [

Flight Vehicle, State-Space
Actuator State-Space Models
Flex Spacecraft (Modal Data)
Create Mixing Logic/ TVC
Trim,/ Static Perform Analysis

Frequency Control Analysis [
Robust Control Synthesis Tools *
Creating and Modifying Linear Systemns

Flex Mode Selection

The following is the Trim program main menu. If the effectors are already trimmed and a trim file
has already been created you may select the Vector Diagrams, which is option-11 in the main
menu. Otherwise select option-3 to trim the aerosurfaces and engines before plotting the vector
diagrams. In this case we assume that a trim file has already been created and we select option-
11. Use the next dialog to enter a flight time along the trajectory to analyze, such as 1200 sec. The
following dialog consists of four menus for selecting the vehicle mass, Mach number, alpha, and
beta. The default values correspond to the selected flight time, but they can be changed if the user
desires to analyze a different flight condition, such as, a combination of parameters that do not
correspond to a trajectory time. You may keep those parameters or change them to something
different. In this case we select the default values and click "Select".
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Select one of the following options

Exit |

I T

. Plot Aero Coefficients, Derivatives, and Control Surface Increments

. Plot Trajectory Parameters Versus Time from the Trajectory File ".Traj"

. Trim the Effector Deflections to Balance the Vehicle Moments and Forces
. Create an Effector Mixing Logic or a TVC Matrix (Kmix)
State-Space Modeling of the Flight Vehicle at Selected Times
Performance and Stability Parameter Plots Along Trajectory Time

Landing and Pull-Up Maneuverability, plus, Inertial Coupling Effects

. Moments at the Hinges of Control Surfaces Along the Trajectory Time

. View and Modify Vehicle Data (CG, MRC, TVC, Surfaces) for Dispersion Analysis
10. Contour Plots (Mach versus Alpha) for Performance, Control Authority Analysis

11. Vector Diagrams for Maneuverability & Stability at Selected Flight Conditions
12. Plot and Compare Previous Data Files (Traject, Trim, Perform, Hinge Moment)

Select a Time from: [ 90,000
Controllability

ko 12150

1 to Analyze Wehicle

| 1200

,

Select a Vehicle Mass, Mach Number, Alpha, and Beta from the lists below

and click "Select"

Select

Wehicle Mass
(slug)

Mach Mumber

Angle of Attack
(deg)

Angle of Sideslip
(deg)

827.00
77700
72680
67690
62690
576.80
526.80
522.40

450.00 &7

0.3000

03000 Y
0.6000
0.8000
0.9000
1.200
1.500
2.000
3.000
4.000

5.00

m

8.00

0.00

-5.00

5.00
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Wind disturbances are defined by the maximum dispersions in the angles of: attack ton.x and
sideslip Bmax from trim (0, Bo), due to wind-shear or maneuvering. Wind disturbances also cause
variations in the airspeed tvn. relative to nominal speed Vo. The control authority and other
parameters are evaluated by the amount of disturbance moments and forces that the vehicle is
capable of tolerating by using its controls. In the following dialog you must enter the maximum
dispersions angles which are expected in this flight condition, (amax and Bmax)=4°, and the velocity
variation vmay =50 (ft/sec).

p
Maximum Aero Disturbances Motice A u

The control effectors must be capable of varying the vehicle
angles of attack and sideslip (typically 3-5 deg) from their }
trim values. AR

| | A( 4% 3) Mixing Logic Matrix is required

Enter the worst expected alpha and beta dispersions in
{deg), and also delta-velocity in (fifsec) from trim that must
be controlled by the effectors, and click OK.

Maximum Maximum
Alpha [deg) 4.000C Beta (deg) |—|4'DDDD

Maximum Change in Velocity due 50,000
to Wind in [feet/sec) ’

OF.

A mixing logic matrix is required by the program in order to calculate the proper combination of
the effectors. The dialog below allows the user to either select an already existing matrix that is
saved in the systems file or to allow the program to calculate a mixing logic matrix from the vehicle
data. In this example we do not have a mixing matrix saved in file and we select the second option
to let the program calculate a mixing matrix at full participation from all effectors. The user may
also define the percentage of effector participation in the third option.

’ ———
Define the Effector Combination Matﬁ-

he Mixing Logic Matrix translates the Flight Control (Roll,
Pitch, Yaw, Ax, Ay, Az) demands to Effector commands
[Aero-Surface, TVC, and Throttling).
You may either select a pre-calculated Mixing Logic Matrix
[Kmix) from the Systems File: NewFile.qdr, or let the
program calculate it

Select a Mixing Matrix
from Systems File

hen you create a new Mixing Logic you have the option of
djusting the participation of each effector in the Create a Mixing Matrix
combination matrix. Maximum contribution is 100%. Select Using All Effectors at
this option for 100% participation from all effectors. 100% Participation

There are times, howewver, when you want to reduce their

contributions. Plus some effectors are only used for Create a Mixing Matrix
Trimming and not for Control. Their participation should be by Adjusting the Effector
set to 0% in the effector combination calculations. Contributions
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The program begins to plot the vector diagrams, as shown in Figures 8.14. Each plot has a menu
bar at the top, and from the menu click on "Select Vector Diagrams" to select the type of vector
diagrams to plot. Let's choose the 3" option which is "Partials of Moment/ Force per Alpha
Variations against Moment/ Force per Control Partials". The program calculates several diagrams
for different axes. Click on "Next Plot" to see them all. The next figure shows the partials in the
pitch and axial directions.

The blue vector in Figure 8.14 is the pitch moment and axial force partial per pitch demand 6Qgcs,
which is the variation in moment and force per pitch control demand (CmdQ & CX0Q)rcs. It shows
that the response is entirely in the pitch direction and it does not couple in the x-direction. The
green vector is the pitch moment and axial force partial per axial control demand 6Xgcs, which is
the variation in moment and force per axial control demand (CmoX & CXdX)rcs. The response is
entirely in the x-direction and it does not couple in pitch. The vector diagram compares the blue
and green control vectors against the red vectors which are moment and force partials per alpha
variation (Cma, CXa). The red vectors show that an increase in alpha causes a negative pitching
moment variation that means that the vehicle is statically stable in pitch.

Notice that there are two red vector partials, the solid red line is calculated at (oo +0max) and the
dashed red line is calculated at (0 -Olmax), Where oma=4°. They are scaled in order to be made
comparable with the control vectors, as described in Figure 8.10. The comparison shows that the
vehicle is well maneuverable both in pitch and in the axial directions. Figure 8.14 also shows that
an increase in alpha causes an increase in drag (-Cx). The effects of the uncertainties in the
aerosurface derivatives in pitch control are shown by the small yellow rectangle at the tip of the
blue pitch control vector. The same applies with the axial acceleration control vector. The
uncertainties in the derivatives (Cmao. & Cxa) are represented by the red rectangles at the tips of
the red vectors.
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Figure 8.14 Pitch and Axial Control Partials against Partials per Alpha Variations

The vector diagram in the next figure corresponds to a different flight condition. The blue vectors
show the effects in the pitching moment and in the normal force (Cm & Cz), when the pitch
control demand is maximized in the positive and in the negative directions (0Qusrcsmax). The solid
blue vector corresponds to max positive pitch demand (0Qurcsmax) from trim position and the
dashed blue vector corresponds to max negative pitch demand (8Q_rcsmax). This vehicle does not
have normal acceleration control so only the pitch control blue vector is shown. There is no green
Nz control vector in this case. The red vectors correspond to the pitch moment and normal force
generated by an omax= £3° dispersion from trim op. The trim parameters are shown in the dialog
that comes up when you click the right mouse button.
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The vehicle in this flight condition is trimmed at 0p=2°. The pitch control in consists of blended
elevon plus body-flap deflections which is determined by the effector mixing matrix. It has a
slightly negative pitching moment that is balanced with negative deflections of the elevon and the
body-flap. Since it is trimmed with a positive alpha, the vehicle experiences a negative C; force
which is actually a lift. A positive pitch demand creates a positive pitching moment (as expected)
and a reduction in normal force (Cy=-Cz) or lift increase. The red vectors represent the moment
and force variations due to the dispersions oma,= £3° from trim. The solid red vector pointing down
represents the pitch moment and z-force generated when a=0p+3°, and the dashed vector in the
opposite direction is for a=04-3°. An increase in alpha further reduces the pitching moment and
increases the normal force (Cy=-Cz). The pitch control moment is considerably greater in
magnitude than the tama, dispersion moment. The yellow rectangular blocks at the tips of the blue
control vectors represent the size of the aerosurface uncertainties, and the red rectangles at the
tips of the red vectors represent the uncertainties (6Cm, 8C;) in the basic aero coefficients.

" N
. Stability Vector Diagrams = =] =

Copy Format:  Send to: Select Vector Diagram  Mext Plot  Exit Plots

Comparison Between Maximum Control Moment/Forces Against Maximum Disturbance (red)
Pitch and Normal-Z Control Moments and Forces versus Disturb due to Alpha Variation

Vehicle Trim Conditions [
0

The Vehicle Trim Conditions are:
-05 1 - E

Mach Number: 1.50

Alpha and Beta Trim (deg) : 200  0.00
-10 Dynarmic Pressure (psf) @ 252,

Vehicle Mass (slugs) : 433,
-15 Maxim Alpha/Beta Disturb (deg): 3.00  3.00
. Aero-5urface Trim Angles in (deg)

-0.645 -818 000 000
-.20
.25

r~J
30 . . O
-.35
-
e
-40 -~
-
-~
,/
-45 -
-~
-
-
-.55
-.06 -.04 -.02 0 .02 .04 .06

Cm
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The next vector diagram shows the effects in roll and yaw acceleration in (rad/sec?) when the roll
and yaw acceleration demands (3Prcs & ORrcs) are maximized in positive and in negative directions.
The two control vectors are almost perfectly orthogonal to each other. The horizontal blue vectors
represent the maximum yaw control range. They are symmetric and it shows that the yaw control
does not couple in the roll direction. The vertical green vectors represent the roll control range.
They are also symmetrical and the roll control couples slightly into yaw acceleration. The two red
vectors represent the roll and yaw accelerations due to the taimax and £fax dispersions from trim
conditions (a, Bo). The solid red vector shows the accelerations at: (clo+0tmax and Bo+Pmax), and the
dashed red vector shows the accelerations at: (0lg-Otmax and Po-Pmax) dispersions. The yellow and
cyan rectangles at the tips of the control vectors represent the uncertainties in roll and yaw
accelerations due to the aerodynamic uncertainties in the aerosurface coefficients. The red
rectangles at the tips of the red vectors show the possible acceleration spread due to the
uncertainties in the aero data.

= Stability Vector Diagrams o | B =
Copy Format:  Sendto:  Select Vector Diagram  Next Plot  Exit Plots
Comparison Between Maximum Control Accelerations and Max Accels due to Beta (red)
Roll & Yaw Accelerations due to Maximum Roll/ Yaw Control and due to Max Beta 1
; Trim Conditions I.éj
20 |
T R e — : 0120E+04
| Mach Number ---------------- : 0,300
] Alpha and Beta Trim (deg) ---: 6.00 0.0
15 1| Dynamic Pressure (psf) ------ . 8848
| Vehicle Mass (slugs) -------- : 433
Il Max Alpha/Beta Disturb (deg): 4.00 4.00
i Aero-Surface Trim Angles in (deg)
10 i_ -296 -0638 000 000
: Engine Trim Angles (pitch/yaw) in (deg)
% 5
% | ———— | r
(U 0  e— s [ ‘‘ |_ ————— L__| 1
:  E—— | — l_ | o e —
IS
o |
o 5 I
i
!
10 :
|
[
-20
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9.9 Data Files and Description

The Trim program uses many different

types of data files. Some of them are input | ~==<t One Data File from Each Menu Category

data and some files are generated by the The following analysis requires some daia fles 1o be selected from
program itself. The function and purpose of the current project direciory. Select one daia file for each

each data file is categorized by its filename category, (some offhe caiegories are opianal).

extension. The input data files are: Mass Properties Surface Hinge Moments
trajectory data, mass properties, propulsion |H'|I,lper_rl.-'|355 j |H'||.lper_Hr|.-'||:|:| j

data, aero data (which include basic aero
coefficients, control surface increments,

. L. . Trajectory Data Aero Damping Derivat
damping derivatives, hinge moment .

- . \Hyp_AscentTraj | |NO DATA FILE x|
coefficients, and aero-uncertainties). The
input data files are selected from this menu
when you start the program. Some of the Basic Aero Data Engine Parameters
input data files are optional and not |Hyp_AscentAero | |Hyper1.Engn 4
included, depending on the application. The
required files are: the mass, trajectory data, Contr Surface Aero Coeff Aero Uncertainties
and base aerodynamics. The aerosurfaces |HW_A5EEm_DE|t j |HW_DE5E_UME ﬂ

and propulsion files are included depending
on the type of flight vehicle. For example,
for an aircraft you must provide
aerosurface coefficients, and optionally
damping derivatives, and hinge moment
coefficients for sizing the actuators. A
launch  vehicle does not require
aerosurfaces but it needs propulsion data
and perhaps fuel sloshing data, although slosh data are not used by the Trim program except for
generating dynamic models. To analyze robustness you will also need aero uncertainties. The data
files generated by the Trim program are: effector trim deflections and engine throttles,
performance parameters, and moments at the hinges of the control surfaces due to aerodynamic
loading. These are time histories calculated along the trajectory.

Slosh Parameters

NO DATA FILE - oK

'—

Notice that the Trim program requires that the input data files have a particular format and the
users must first devote some time to reshaping their flight vehicle data in this standard Flixan
format. This section, therefore, is dedicated to provide detailed description of each type of data
file. The files are standard text files and the formats should be very easy to recognize and replicate
for other flight vehicle applications. Notice also, that the length of the filenames in Flixan is limited
to 20 characters long, including the extension.
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9.1 Trajectory Data Files

The trajectory files are usually created by trajectory optimization specialists using a point mass
trajectory optimization program such as OTIS or POST. They can also be created by control analysts
using Matlab simulations, however, not necessarily optimal. The Trim program recognizes
trajectory files by the filename extension “.Traj”. They are typical Excel column files converted to
text format and they have "time" in the leftmost column. The first line is a title that usually
identifies the vehicle and its mission, for example, "Space Shuttle Entry (Heavy Payload)".
Additional titles or description lines may also be included below the main title. The file contains

the following trajectory variables in columns:

LN EWNRE

WWWNNNNNNNNNNRRPRRPRRRRR
NPOWLXXNOOUEWNEOWLOONURAWNEREO

Trajectory Time in (seconds)

Vehicle Mass in (slugs)

Vehicle Altitude above sea level (feet)
Angle of Attack (a) in (degrees)

Angle of Sideslip (b) in (degrees)
Flight Path Angle (g) in (degrees)
Bank Angle (f) in (degrees)

Relative Velocity (V) in (feet/sec)
Mach Number

Dynamic Pressure (Q-bar) in (If/ft?)

Measured Acceleration (A,) along (X) Body Axis (ft/sec)
Measured Acceleration (A) along (Y) Body Axis (ft/sec)
dy Axis (ft/sec)

Measured Acceleration (A,) along (Z) Bo
Roll Rate (p) in (deg/sec)

Pitch Rate (q) in (deg/sec)

Yaw Rate (r) in (deg/sec)

Roll Acceleration (p) in (deg/sec?)

Pitch Acceleration (g) in (deg/sec?)

Yaw Acceleration () in (deg/sec?)
Vehicle Lift Force (F.) in (Ib)

Vehicle Drag Force (Fp) in (Ib)

Vehicle Side Force (Fy) in (Ib)

Total Engine Thrust (T) in (Ib)
Disturbance Force Along (x) in (Ib)
Disturbance Force Along (y) in (Ib)
Disturbance Force Along (z) in (Ib)
Disturbance Moment About (x) in (ft-lb)
Disturbance Moment About (y) in (ft-lb)
Disturbance Moment About (z) in (ft-lb)
X-CG Location in (ft)

Y-CG Location in (ft)

Z-CG Location in (ft)
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The trajectory file is an input to the Trim program. The Trim program, however, can also generate
temporary user-modified trajectory files from the original trajectory data, as it was explained
earlier. The modified trajectory file is automatically saved by the program under a different name.
For example, if the original trajectory file is "Shuttle.Traj" the user modified trajectory is saved
under "Shuttlel.Traj". If there was a previous "Shuttlel.Traj" it is renamed to "Shuttle2.Traj". The
title is also changed in the modified trajectories to "Temporary Trajectory”. The CG travel
(variables 30-32) are not required in the original input trajectory. The CG (x, y, z) position is
calculated, however, by the Trim program from the mass properties data as a function of the
trajectory time and it is included in the modified trajectories. So the user does not have to include
the CG travel.

tRcckat—E‘lane Mission-1, Descent Phase

Ground Takeoff, Rocket Off, Maxim Q bar = 1000 psf

Time Mass Altitude Alpha Beta Gamma Bank Velocity Mach Q bar Ax Ay Lz
(aec) (=lug) (ft) (deq) (deqg) (deq) (deq) (ft/=sec) -— (1b/ft*2) ft/sec”2 ft/sec"2 ft/sec”2
$0.0 433.2 76068.0 -1.71 0.00 0.02 -3.26 4388.00 4.50 997.8 -22.522 0.000 -32.174
95.0 433.2 76118.0 -1.63 0.00 0.05 -28.26 4281.00 4.39 947.4 -21.878 0.000 —31.209
8.0 433.2 76110.0 -1.60 0.00 -0.32 -50.00 4151.00 4.30 S08.3 -21.235 0.000 -30.563
100.0 433.2 76096.0 -1.59 0.00 -0.42 -50.00 4178.00 4.29 503.2 -21.235 0.000 —30.565
105.0 433.2 75845.0 -1.47 0.00 -1.13 -50.00 407%.00 4.18 871.4 -20.913 0.000 -31.531
110.0 433.2 75354.0 -1.36 0.00 -1.81 -50.00 3%83.00 4.09 850.8 -20.913 0.000 —-32.817
115.0 433.2 T4651.0 -1.25 0.00 -2.45 -50.00 3888.00 3.99 83%.0 -20.913 0.000 —34.748
1z0.0 433.2 73767.0 -1.14 0.00 -3.00 -50.00 3753.00 3.90 833.6 -21.557 0.000 —-37.000
125.0 433.2 72743.0 -1.09 0.00 -3.45 -50.00 3697.00 3.80 832.4 -22.200 0.000 —-39.574
130.0 433.2 71le624.0 -1.00 0.00 -3.77 -50.00 355%.00 3.70 83z2.9 —-22.844 0.000 —42.470
135.0 433.2 70457.0 -0.91 0.00 -3.86 -50.00 3458.00 3.60 832.9 -23.487 0.000 —45.365
140.0 433.2 €9250.0 -0.81 0.00 -4.01 -50.00 3354.00 3.50 a30.1 -24.131 0.000 —4B.261
145.0 433.2 68168.0 -0.71 0.00 -3.51 -50.00 3287.00 3.38 B22.6 -24.774 0.000 -51.157
150.0 433.2 67133.0 -0.53 0.00 -3.67 -50.00 3177.00 3.28 808.4 —-25.05%6 0.000 —53.409
155.0 433.2 66215.0 -0.45 0.00 -3.30 -50.00 3065.00 3.17 786.8 -25.0%6 0.000 -55.33%9
1e0.0 433.2 65450.0 -0.3% 0.00 -2.83 -50.00 2951.00 3.03 757.3 -24.774 0.000 —-56.626
165.0 433.2 64840.0 -0.35 0.00 -2.2%9 -50.00 2837.00 2.93 720.4 -25.0%6 0.000 -57.591
170.0 433.2 ©4397.0 -0.39 0.00 -1.67 -50.00 271%.00 2.81 676.0 -25.0%6 0.000 -58.233
175.0 433.2 64123.0 -0.34 0.00 -1.02 -50.00 2600.00 2.69 626.1 -24.774 0.000 —-58.235
180.0 433.2 ©4007.0 -0.33 0.00 -0.38 -50.00 2481.00 2.56 573.3 -24.131 0.000 -57.270

9.2 Mass Properties Data File

The mass properties data files must have a filename extension ".Mass". They are also Excel type
column data converted to text format. They include a title line at the top. The second line defines
the gravity acceleration constant 1-g, which is typically 32.2, but the user may wish to use a
different acceleration constant if he is using different units or go to another planet. It may be
confusing, however, to change the units because the plot labels are all in British units. The vehicle
mass in (slugs) is in the leftmost column and it must be in descending magnitude (since the vehicle
always loses weight). A mass properties file contains the following data in columns:

Vehicle Mass in (slugs)

Roll Moment of Inertia (Ixx) in (slug—ftz)
Pitch Moment of Inertia (lyy) in (slug—ftz)
Yaw Moment of Inertia (lz) in (slug—ftz)
Product of Inertia lyy in (slug—ftz)
Product of Inertia lyxz in (slug—ftz)
Product of Inertia lyz in (slug—ftz)

CG Location along the X axis (feet)

CG Location along the Y axis (feet)

10 CG Location along the Z axis (feet)

11. Vehicle Total Length in (feet)

©ONOUAWNE
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Hyperspeed Rocket Plane Mass Properties

Acceleration due to Gravity, lg = 32.174

Mass (slg) Ixx (sl-ft"*2) Iyy (s1-£t"2) Izz (=l-£ft"2) Ixy (s1-£ft"2) Ixz {=l-ft"2) Iyz (sl1-ft"2) Xcg (ft) Yog (ft) Zcg (ft)
1.027E+03 1.26E+04 1.32E+05 1.3BE+0S 0.00E+00 —5.47E+02 0.00E+00 —3.130E+01 0.00E+00 8.604E-01
9.771E+02 1.23E+04 1.29E+05 1.35E+05 0.00E+00 —2.37E+02 0.00E+00 -3.174E+01 0.00E+00 8.979E-01
5.270E+02 1.20E+04 1.25E+05 1.31E+05 0.00E+00 4.00E+02 0.00E+00 —-3.224E+01 0.00E+00 §$.353E-01
8.770E+02 1.17E+04 1.23E+05 1.29E+05 0.00E+00 T.69E+02 0.00E+00 —-3.23BE+01 0.00E+00 S.727E-01
B8.270E+02 1.14E+04 1.20E+05 1.26E+05 0.00E+00 1.05E+03 0.00E+00 —-3.259E+01 0.00E+00 1.010E+00
7.770E+02 1.10E+04 1.16E+05 1.22E+05 0.00E+00 1.18E+03 0.00E+00 —3.274E+01 0.00E+00 1.04BE+00
7.265E+02 1.07E+04 1.12E+05 1.19E+05 0.00E+00 1.15E+03 0.00E+00 —3.281E+01 0.00E+00 1.085E+00
6.769E+02 1.04E+04 1.08E+05 1.14E+05 0.00E+00 9.49E+02 0.00E+00 —-3.276E+01 0.00E+00 1.123E+00
6.269E+02 1.01E+04 1.03E+05 1.09E+05 0.00E+00 5.65E+02 0.00E+00 —-3.257E+01 0.00E+00 1.160E+00
5.768E+02 9.B5E+03 S.78E+04 1.04E+05 0.00E+00 -1.10E+01 0.00E+00 —-3.221E+01 0.00E+00 1.157E+00
5.268E+02 9.61E+03 9.22E+04 9.84E+04 0.00E+00 —-B.21E+02 0.00E+00 —3.161E+01 0.00E+00 1.235E+00
5.224E+02 5.58E+03 9.14E+04 9.75E+04 0.00E+00 —7.05E+02 0.00E+00 —3.155E+01 0.00E+00 1.240E+00
4.500E+02 9.40E+03 8.10E+04 8.50E+04 0.00E+00 —6.14E+02 0.00E+00 —-3.156E+01 0.00E+00 1.240E+00

9.3 Propulsion Data File

A propulsion data file must have an extension ".Engn". This file may contain both: TVC engine
propulsion and reaction control thruster information. It includes a title line at the top, a couple of
label lines below it, and then it includes the engine or jet thruster data, one effector per line. Each
line contains the following parameters for each effector:

A short title describing the effector (14 characters long)

The Engine nominal thrust or the Jet maximum thrust in (Ib)

Engine Mass in (slugs), (for gimbaling engines, not required for fixed engines)

Engine Inertia about its pivot in (slug-ft?), (not required for fixed engines)

Distance between the engine CG and its pivot (not required for fixed engines)

The location (x, y, z) of the engine pivot or thrust application point in (feet)

Engine or Thruster mounting angles (Dy and D;) referenced from -x direction in (deg)
Max Pitch and Yaw deflections of a gimbaling engine relative to its mount position (deg)
Max Throttling capability relative to nominal thrust (0-1), (0% to 100% variation)

LooNOULEWNE

The orientation of the engine nozzle relative to the -x axis defines the direction of thrust. When
the nozzle is defined to be mounted at (Dy=0 and D;=0) relative to the -x axis it means that the
thrust vector is in the +x direction. When the nozzle of a thruster is rotated at angles (Dy=0° and
Dz=90°) in azimuth (yaw) the thrust is pointing in the +y direction. When it is rotated in the -pitch
direction, let's say, (Dy=-90° and D;=0°) the thrust is pointing towards the +z direction. Big angles
are typically used for defining the thrust directions of reaction control jets. Propulsion engine
nozzles are typically mounted in the -x direction. Sometimes the engine mounting is slightly tilted
by a few degrees in pitch to account for trimming biases. They may also be tilted in yaw for
pointing the thrust through the CG and minimizing lateral disturbances in the event of a thrust
failure. An engine is defined as gimbaling when its maximum pitch and yaw deflections in the
propulsion data file are greater than zero. Otherwise, if the engine’s max deflections are zero, it is
not gimbaling. Some of the gimbaling engine parameters such as: the engine mass, inertia, and
moment arm are not used by Trim directly. They are exported to an input file together with other
vehicle data and used for generating vehicle dynamic models and implementing the tail-wags-dog
effects. An engine may be defined to be both: gimbaling and throttling. The definition of the
maximum throttling capability or throttling parameter of an engine or jet may be a little confusing,
but the examples should make it clear.
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An engine or a thruster jet is defined to have variable thrust (or throttling) when its throttle
parameter (pi) in the engine data is greater than zero and less than or equal to one. The throttle
parameter is included in the thruster data file. It is positive and defines the maximum amount of
thrust variation. Its interpretation is slightly different for a throttling engine than for an RCS jet.
The throttle parameter of a throttling engine determines the percentage of thrust variation above
or below nominal thrust Te. It should be between zero and less than 1, (0 < p,, <1). For example,

if the engine thrust is 1000 and the throttle parameter is 0.5, it means that during trimming the
program may vary the engine thrust 50% from T.. That is, between 500 and 1500, depending on
the throttle control input dr,.(t) that varies between -1 and +1. The thrust is equal to T, when &7,
=0. The throttle control input om(t) for each engine is calculated by the Trim program as a
function of time. It varies between zero and 11 and controls the thrust in order to balance the
vehicle moments and forces.

Otherwise, when the throttle parameter is exactly 1, it defines that the thruster is an RCS jet. This
is interpreted by the program as a pair of reaction control jets firing back-to-back with zero
nominal thrust. The actual thrust at any time can be either positive or negative. It means that the
thrust variation is limited between —Tax and +Tax depending on the throttle control input ry,(t)
that may vary between -1 and +1. The jet thrust is zero when &, =0. For example, if the jet thrust
is defined to be 1000, during trimming the program may vary the thrust between -1000 to +1000
continuously as the throttle control varies between -1 to +1. Notice, that the jet thrust during
trimming is continuous (not bang-bang) because the purpose of the Trim program is for sizing the
thrust requirements and not for analyzing the dynamic behavior of the closed-loop system.
Dynamic analysis is performed later by means of the state-space models which are generated by
the FVMP. The dynamic models include detailed representation of the reaction control system
with throttle control inputs for each jet. Non-linear dynamic analysis and closed-loop simulations
are also performed to analyze the system's response with bang-bang reaction control jets. The
user may take a look at the RCS examples presented in the Flixan examples section.

Rocket Plane Propulsion Data

Engine Description, Thrust Mass Ieng Mom Arm Location (x,y,z) mounting Angles (Dy, Dz) Max Deflection Max Throttle
(1h) (sTug) (sTug-ftz)  (fo) (feet) Elevat, Azimuth (degr) Dym,Dzm (deg) (0-1)

Main Engine 62000.0 160.0 3500.0 3.5 -47.0 0.0 -0.492 0.0 0.0 5.0 5.0 0.4

+Z RCS Jet 4000.0 0.0 0.0 1.0 +1.0 0.0 0.0 -90.0 0.0 0.0 0.0 1.0

+Y RCS Jet 4000.0 0.0 0.0 1.0 +1.0 0. 0.0 0.0 +90.0 0.0 0.0 1.0

9.4 Base Aero Data File

The basic aero data file contains the information necessary for calculating the aerodynamic forces
and moments of the base vehicle assuming the aerosurface deflections are zero. The filenames
extension is ".Aero". The first line contains the vehicle configuration title. The second line contains
the vehicle reference area in (feet?), the mean aerodynamic chord, and the wing span in (feet).
The third line contains the location of the moments reference center (MRC) with respect to the
vehicle reference axes, in (feet). The aero moment coefficients are calculated relative to the MRC
and they are converted by the program to the vehicle CG. The fourth line contains the number of
Mach #s, the number of betas and the number of alphas which are included in the data set.
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A basic aero data file consists of groups of data separated by blank lines that make it easier to
read. Each group corresponds to a fixed Mach number and beta and contains a full set of alphas
followed with the corresponding force and moment coefficients in one line. The aero coefficients
consist of 3 base forces and 3 base moments (non-dimensional), in the following sequence: Ca
(along the -x axis), Cy, C; (along the vehicle z axis), C;, Cy,, C,. They are functions of: (Mach, B,and o)
and they are listed as blocks of column data, as shown below. The first column in the data file is
the Mach number, the second column is the angle of sideslip B in degrees, the third column is the
angle of attack o in degrees, and they are followed by the 6 aero coefficients. They are originally
Excel files that have been converted into text format. The sequence of Mach, B, and o must be in
ascending order. The pattern is pretty obvious and easy to reproduce for other applications by
replicating some of the data files which are included in the examples folder.

Hyperspeed Rocket Plane, Basic Descent Aero Data
S_reference, Aeroc Chord, Span {£t) 350.64 50.0 30.809%
Moment Reference Center, (MRC) (£ft) -31.5 0.0 0.0
Numbers of: Mach, Beta, Alpha= 1z, 2, le

(deg) (deg) Rero Force Coefficients ............ Lero Moment Coefficients ..........
Mach# Beta Alpha Ca (-Cx), Cy . cz (-CN), cl , Cm , Cn
0.3 -5 -& 1.283E-02 6.524E-02 1.832E-01 -8.033E-03 —-8.422E-03 -1.829E-02
0.3 -5 -4 2.285E-02 6.353E-02 7.422E-02 -5.588E-03 —-8.796E-03 -1.7%4E-02
0.3 -5 -2 2.827E-02 6.182E-02 -3.505E-02 -3.143E-03 -5.16%E-03 -1.759E-02
0.3 -5 o 2.971E-02 6.23%E-02 -1.445E-01 0.000E+00 —-5.543E-03 -1.666E-02
0.3 -5 2 3.104E-02 6.125E-02 -2.534E-01 3.493E-03 -5.916E-03 -1.73BE-02
0.3 -5 4 3.365E-02 6.182E-02 -3.728E-01 6.636E-03 -1.02%E-02 -1.816E-02
0.3 -5 3] 3.806E-02 6.125E-02 -4.9533E-01 1.083E-02 -1.066E-02 -1.966E-02
0.3 -5 8 4.406E-02 6.23%E-02 -6.264E-01 1.432E-02 -1.104E-02 -2.293E-02
0.2 -5 10 5.11SE-02 5.897E-02 -7.678E-01 1.816E-02 -1.141E-02 -2.366E-02
0.2 -5 12 5.384E-02 5.043E-02 -5.195E-01 2.096E-02 -1.178E-02 -2.135E-02
0.2 -5 14 5.664E-02 4.188E-02 -1.037E+00 2.410E-02 -1.088E-02 -1.819E-02
0.2 -5 16 5.890E-02 3.21%E-02 -1.195E+00 2.585E-02 —8.449%E-03 -1.859E-02
0.3 -5 18 6.136E-02 2.251E-02 -1.328E+00 2.508E-02 -5.695E-03 -1.8%5%E-02
0.3 -5 20 6.074E-02 1.283E-02 -1.464E+00 3.231E-02 —2.246E-03 -1.93%E-02
0.2 -5 25 2.471E-02 -1.13%E-02 -1.787E+00 4.038E-02 4.435E-03 -2.040E-02
0.2 -5 30 —-2.264E-02 -3.560E-02 -2.032E+00 4.846E-02 1.112E-02 -2.141E-02
0.2 0 -& 1.283E-02 0.000E+00 1.832E-01 0.000E+00 —-8.422E-03 0.000E+00
0.2 0 -4 2.285E-02 0.000E+00 7.422E-02 0.000E+00 —-8.796E-03 0.000E+00
0.2 0 -2 2.827E-02 0.000E+00 -3.505E-02 0.000E+00 -5.16%E-03 0.000E+00

9.5 Control Surface Increment Coefficients File

The aerosurfaces data file contains the increment coefficients required for calculating the
aerodynamic forces and moments on the vehicle as a function of aerosurface deflections (&) in
(degrees). These aero forces and moments are additional increments to the moments and forces
generated by the base vehicle aerodynamics. The control surfaces filename has an extension
".Delt" and it includes the aero data of all vehicle aerosurfaces. They are separated in sets, one set
of data per surface. The first line in the aerosurfaces file includes a title and the second line
includes the number of aerosurface sets which are in this file. The first line of each aerosurface
data set includes the surface title, for example, “Elevon, Surface No 1”. The next two lines are
labels, see examples. The fourth line contains parameters related to the aerosurface panel itself,
assuming that it is a separate panel and not a combination of panels. These are:
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Aerosurface area in (feet?),
Aerosurface chord in (feet)
Aerosurface span in (feet).
Hinge Line orientation angle Ans (deg)
Hinge Line orientation angle ¢ns (deg)
Location (x, y, z) of the center of the hinge in (ft)
Bias deflection, is the surface position when the command input is zero (deg)
Minimum and Maximum surface positions relative to zero position in (deg)
Aerosurface Mass (slugs), (for TWD modeling)
. Aerosurface Moment of Inertia about its hinge (slug-ftz), (for TWD modeling)
. Distance between the surface CG and its hinge (feet), (for TWD modeling)
. Number of Mach numbers for this aerosurface
. Number of betas for this aerosurface
. Number of alphas for this aerosurface
. Number of increments for this aerosurface
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Some of the aerosurface parameters included in the ".Delt" file are not used for static analysis by
the Trim program and initially they may be set to zero. They are only used for the creation of
vehicle dynamic models by the FVM program and specifically for modeling the tail-wag-dog
dynamics. When the dynamic modeling option is selected from Trim, these parameters are
included in a dataset, in the flight vehicle input data file ".Inp", together with other vehicle data.
Some of these parameters include the direction of the hinge line relative to the vehicle reference
axes which is defined by two angles (Ans and ¢xs), as shown in figure. This is the line about which
the aerosurface is rotating clockwise for a positive surface deflection. The aerosurface area, chord,
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span, location, mass, inertia, and the distance between the aerosurface CG and the hinge line, are
also transferred to the vehicle input data file, although not directly used by the Trim program.
When requesting aerosurface data from the aero group, it is recommended to request the aero
coefficients as separate aerosurface panels and not as a combination of panels, such as aileron,
etc. It is not that panel combinations will not work in Trim but some of those TWD parameters
cannot be defined when you combine multiple surfaces together. Some information is lost when
panels are defined in pairs and this will affect the quality of the dynamic models. This guideline,
obviously, does not affect the Trim static analysis or even the creation of rigid-body dynamic
models but only when you start developing high order dynamic models. Specifically, the modeling
of structural flexibility, tail-wag-dog, and the dynamic coupling between vehicle and actuator
dynamic models (load-torque), may be inaccurate when the surfaces are defined in pairs. It is
more efficient to define them separately and to combine them with the mixing logic matrix. But
this is further down the line and there is no need to worry about this for now.

Returning to the aerosurface data file, skip a couple more lines down the file, and the surface
coefficients begin. The coefficients for each aerosurface set are listed in columns and they are
separated into groups of data, just like the basic aero data. The first four columns contain: the
Mach number, the angle of sideslip B in degrees, the angle of attack a in degrees, and the control
surface deflection 6 in degrees. They are followed by 6 columns of force and moment coefficients,
Ca (along the negative x axis), Cy (along the y axis), C; (along the vehicle z axis), and Cl, Cm, Cn
(about the roll, pitch and yaw axes). They are four dimensional arrays of: (Mach, B, a, d). The
groups are separated by a blank line which makes it easier to read. Each group of data corresponds
to a fixed Mach#, B, and deflection 6, and contains a full set of alphas, followed by the aero force
moment coefficients corresponding to the (Mach, B, a, and 8). The Mach, B, o, and 6 data
sequence should be in ascending order. The moment coefficients in the data file are referenced
relative to the moments reference center (MRC), but the Trim program transforms them to the
vehicle CG.

Bero-Surface Coefficients for the Rocket Plane

Number of Rero-Surfaces = 4

Elevon Surface No 1

Surface Area, Chord, Span Hinge Line Angles,Location, Bias Defl, Deflect Min,Max, Surf Mass,In,Mom Arm, Numb: Mach,Beta,Alpha,Deltal
(££°2) (£t) (££) Lambda, Phi (deg) x,¥,z (ft) (degrees) (degrees) Mas,Ias,Las, (slugs), (£t}
11.81 2.36 10.5 0.0 0.0 —41.4, 0., +2. 0.0 -20.0, +20.0, 10. 100. 2. 12, 3, 16, 5
Zngles in (degrees) Zsro Force Cosfficients ............ Aero Momsnt Cosfficients ..........
Mach# Bsta Alpha Delta Ca (-Cx), cy . cz (-CN), cl , om o, cn

0.2 -5 -e —-20 —1.782E-02 0.000E+00 3.9%25E-01 0.000E+00 5.486E-02 0.000E+00

0.2 -5 -4 —-20 —-1.362E-02 0.000E+00 3.%22E-01 0.000E+00 5.502E-02 O0.000E+00

0.3 -5 -2 —20 —9.447E-03 0.000E+00 3.%21E-01 0.000E+00 5.518E-02 0.000E+00

0.3 -5 o —20 —5.2B8E-03 0.000E+00 3.%22E-01 0.000E+00 5.534E-02 0.000E+00

0.3 -5 2 —20 —-1.122E-03 0.000E+00 3.%25E-01 0.000E+00 5.550E-02 O0.000E+00

0.2 -5 4 —20 3.067E-032 0.000E+00 3.3%30E-01 O0.000E+00 5.565E-02 O0.000E+00

0.2 -5 3 -20 7.300E-032 0.000E+00 3.%36E-01 0.000E+00 5.581E-02 0.000E+00

0.2 -5 8 —-20 1.15%e-02 0.000E+00 3.%45g-01 0.000E+00 5.5%7E-02 O0.000E+00

0.3 -5 10 —20 1.5%7e-02 0.000E+00 3.%55E-01 0.000E+00 5.613E-02 0.000E+00

0.3 -5 1z —20 2.043E-02 0.000E+00 3.%67E-01 0.000E+00 5.623%E-02 0.000E+00

0.2 -5 14 —20 2.502E-02 0.000E+00 3.9%80E-01 O0.000E+00 5.645E-02 O0.000E+00D

0.2 -5 16 —20 2.373E-02 0.000E+00 3.3%55E-01 O0.000E+00 5.660E-02 O0.000E+00

0.2 -5 18 -20 2.459E-02 0.000E+00 4.012E-01 0.000E+00 5.676E-02 0.000E+00

0.2 -5 20 —-20 2.561E-02 0.000E+00 4.030E-01 O0.000E+00 5.652E-02 O0.000E+00

0.3 -5 25 —20 5.29BE-02 0.000E+00 4.081E-01 0.000E+00 5.732E-02 0.000E+00

0.3 -5 30 —20 6.771E-02 0.000E+00 4.138E-01 O0.000E+00 5.771E-02 O0.000E+00

0.2 -5 -& -10 —1.538E-02 0.000E+00 1.3%56E-01 O0.000E+00 2.824E-02 O0.000E+00

0.2 -5 -4 -10 —1.330E-02 0.000E+00 1.557E-01 0.000E+00 2.832E-02 0.000E+00

0.3 -5 -2 -10 -1.1223g-02 0.000E+00 1.%58E-01 0.000E+00 2.840E-02 0.000E+00

0.3 -5 o —-10 —9.155g-03 0.000E+00 1.%261E-01 0.000E+00 2.847E-02 0.000E+00

0.3 -5 2 —-10 —7.068E-03 0.000E+00 1.%65E-01 0.000E+00 2.855E-02 0.000E+00

0.2 -5 4 —-10 —4.961E-03 0.000E+00 1.9%65E-01 O0.000E+00 2.863E-02 O0.000E+00

0.2 -5 3 -10 —2.825E-03 0.000E+00 1.3%75E-01 O0.000E+00 2.871E-02 O0.000E+00

0.2 -5 8 -10 —6.504E-04 0.000E+00 1.%81E-01 0.000E+00 2.87%E-02 0.000E+00

0.3 -5 10 -10 1.571e-02 0.000E+00 1.%8%E-01 0.000E+00 2.887E-02 0.000E+00

0.3 -5 1z —-10 3.849g-03 0.000E+00 1.%297E-01 0.000E+00 2.895E-02 O0.000E+00

0.3 -5 14 —-10 6.191E-03 0.000E+00 2.006E-01 O0.000E+00 2.903E-02 O0.000E+00

0.2 -5 le —-10 8.605E-02 0.000E+00 2.01leE-01 O0.000E+00 2.511E-02 O0.000E+00D

0.2 -5 18 -10 1.110E-02 0.000E+00 2.026E-01 0.000E+00 2.3513SE-02 O0.000E+00

0.2 -5 20 -10 1.269E-02 0.000E+00 2.037E-01 0.000E+00 2.3527E-02 O0.000E+00

0.3 -5 25 -10 2.05%E-02 0.000E+00 2.068E-01 0.000E+00 2.%46E-02 0.000E+00

0.3 -5 30 —-10 2.822E-02 0.000E+00 2.102E-01 0.000E+00 2.966E-02 0.000E+00
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9.6 Hinge Moment Coefficients File

The Hinge Moment coefficients file contains the data required to calculate the static moments at
the aerosurface hinges after trimming. These moments are used for sizing the actuator torques
that control the aerosurfaces. The Hinge Moment coefficients file is identified by the filename
extension ".HMco". Its format structure is very similar to the aerosurfaces file, except that it
contains only one coefficient per line instead of 6. The first line in this file includes the flight
vehicle title, and the second line shows the number of aerosurface data sets which are included in
the same file. The first line of each aerosurface data set includes the surface title, for example,
“Left Flapper, Surface No 1”. The next two lines are labels, see examples. The fourth line contains
parameters associated with the aerosurface panel itself, assuming that it is a separate panel and

not a combination of panels. These are:

1.

NouswN

The HM coefficients data for each aerosurface set is in columns and they are separated in groups
of data just like the aerosurface increments data. The first four columns contain: the Mach
number, the angle of sideslip B in degrees, the angle of attack a in degrees, and the control surface
deflection 6 in degrees. The fifth column contains the corresponding HM coefficient, see below.

Aerosurface area in (feet?),
Aerosurface chord in (feet)
Aerosurface span in (feet).

Number of Mach numbers for this aerosurface
Number of betas for this aerosurface

Number of alphas for this aerosurface
Number of increments for this aerosurface

5

Hinge Moment Coefficients for the Re—Entry Vehicle Control Surfaces
Number of RAero—Surfaces =

(££72)
5.553

Mach#

Left Flaper
Surface Area,

Surface No 1
Chord, Span,
(£ft) (££)

1.207

Engles in (degrees)

3.1

Numbers of:

27

Hinge Moment Coefficients

Mach,

Beta,

3

Zlpha,

28

Delta

Beta Llpha Delta Hinge Moment
0.20 -5.00 —-4.00 -30.00 0.25293E+00
0.20 -5.00 —2.00 -30.00 0.24882E+00
0.20 -5.00 0.00 -30.00 0.22104E+00
0.20 -5.00 2.00 -30.00 0.19332E+00
0.20 -5.00 4.00 -30.00 0.16981E+00
0.20 =5.00 6€.00 -30.00 0.1458B6E+00
0.20 -5.00 8.00 -320.00 0.11476E+00
0.20 -5.00 10.00 -30.00 0.86070E-01
0.20 -5.00 12.00 -30.00 0.71250E-01
0.20 -5.00 14.00 -30.00 0.11030E+00
0.20 -5.00 16.00 -30.00 0.10456E+00
0.20 -5.00 18.00 -30.00 0.89430E-01
0.20 -5.00 20.00 -320.00 0.85710E-01
0.20 -5.00 22.00 -30.00 0.93000E-01
0.20 -5.00 24.00 -30.00 0.10751E+00
0.20 -5.00 26.00 -30.00 0.10751E+00
0.20 -5.00 28.00 -30.00 0.10731E+00
0.20 -5.00 30.00 -30.00 0.10751E+00
0.20 =5.00 32.00 -30.00 0.10751E+00
0.20 -5.00 24.00 -320.00 0.10751E+00
0.20 -5.00 26.00 -320.00 0.10751E+00
0.20 -5.00 38.00 -30.00 0.10751E+00
0.20 -5.00 40.00 -30.00 0.10751E+00
0.20 -5.00 42.00 -30.00 0.10731E+00
0.20 -5.00 44.00 -30.00 0.10751E+00
0.20 =5.00 46.00 -30.00 0.10751E+00
0.20 -5.00 48.00 -30.00 0.10751E+00
0.20 -5.00 50.00 -30.00 0.10751E+00
0.20 -5.00 -4.00 -20.00 0.13177E+00
0.20 -5.00 -2.00 -20.00 0.12571E+00
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9.7 Damping Derivatives File

The damping derivatives calculate the increments in the aerodynamic moments and forces as a
function of the vehicle pitching, rolling and yawing rates. They are: Cmq, Clp, Cnp, Clr, Cnr, Czq,
CAq, Cyp, and Cyr. The coefficients are dimensionless and they are converted to actual forces and
moments by the following equations (shown partially):

Increment in pitching moment= QSrefc' Cing(a, M) X % X q
T
. . = b
Increment in rolling moment= QS,.¢b Cp,(a, M) X — X p
2Vr

. . = b
Increment in yawing moment= QS,.¢b Cp-(a, M) X o X7
T

Where: V7 is the vehicle relative velocity in (ft/sec), b is the wing span in (ft), ¢ is the mean aero
chord in (ft), and the body rates (p, g, r) are in (rad/sec).

The damping derivatives filenames have an extension ".Damp". They contain the damping
derivatives as a function of Mach and alpha. The first line is a title and the second line includes the
number of Mach and alpha points. The data is in columns and they are separated into groups, and
the groups are separated by blank lines. The first two columns contain the Mach numbers and the
angles of attack. Each group corresponds to a fixed Mach and contains a full range of alphas,
followed by 9 columns of the corresponding damping derivatives in the order shown below.

Bero Damping Derivatives for the Space Shuttle Vehicle
Numbers of: Mach, Alpha= 25 28

Mach, 2lpha, cmg clp cnp clr Cnr czg cag cYp cYr
0.20 —-4.00 -0.10707E+02 -0.43B96E+00 0.33093E+00 0.4054%E+00 -0.13852E+01 -0.91826E+01 0.22213E+00 -0.46756E+00 0.18613E+01
0.20 -2.00 -0.10925E+02 -0.41797E+00 0.27%46E+00 0.40132E+00 -0.13722E+01 -0.93146E+01 0.91030E-01 -0.30633SE+00 0.18409E+01
0.20 0.00 -0.11131E+02 -0.39796E+00 0.228839E+00 0.3%750E+00 -0.13561E+01 -0.54353E+01 -0.40248E-01 -0.14704E+00 0.18092E+01
0.20 2.00 -0.11322E+02 -0.378B4E+00 0.17%44E+00 0.39540E+00 -0.13370E+01 -0.95445E+01 -0.17147E+00 0.97078E-02 0.17666E+01
0.20 4.00 -0.11500E+02 -0.36047E+00 0.13130E+00 0.3%3%4E+00 -0.13151E+01 -0.56421E+01 -0.30250E+00 0.16310E+00 0.17130E+01
0.20 6.00 -0.11664E+02 -0.34271E+00 0.84647E-01 0.39364E+00 -0.12505E+01 -0.97278E+01 -0.43313E+00 0.31239E+00 0.16490E+01
0.20 8.00 -0.11814E+02 -0.32539E+00 0.3%636E-01 0.3%9462E+00 -0.12634E+01 -0.58018E+01 -0.56327E+00 0.45684E+00 0.15746E+01

0.20 10.00 -0.11934E+02 -0.31154E+00 .81278E-02 0.35462E+00 -0.12337E+01 -0.98523E+01 -0.77263E+00 0.55795E+00 0.14631E+01
0.20 12.00 -0.12030E+02 -0.30046E+00 -0.13%28BE-01 0.39462E+00 -0.12010E+01 -0.%8703E+01 -0.10757E+01 0.62873E+00 0.12958E+01
0.20 14.00 -0.12107E+02 -0.29160E+00 -0.29%366E-01 0.3%9462E+00 -0.11651E+01 -0.985%1E+01 -0.14276E+01 0.67828E+00 0.10443E+01
0.20 16.00 -0.12168E+02 -0.2B8451E+00 -0.40174E-01 0.29462E+00 -0.11256E+01 -0.98288E+01 -0.17782E+01 0.71296E+00 0.79403E+00
0.20 18.00 -0.12168E+02 -0.2B451E+00 -0.40174E-01 0.39462E+00 -0.11256E+01 -0.%8288E+01 -0.17782E+01 0.71296E+00 0.79403E+00
0.20 20.00 -0.12207E+02 -0.27557E+00 -0.45469E-01 0.39462E+00 -0.10822E+01 -0.96%68E+01 -0.24653E+01 0.72996E+00 0.59330E+00
0.20 22.00 -0.12207E+02 -0.27997E+00 -0.45469E-01 0.39462E+00 -0.10822E+01 -0.96968E+01 -0.24653E+01 0.72996E+00 0.59330E+00
0.20 24.00 -0.12207E+02 -0.27557E+00 -0.45469E-01 0.3%9462E+00 -0.10822E+01 -0.9%5012E+01 -0.31357E+01 0.72336E+00 0.43272E+00
0.20 26.00 -0.12207E+02 -0.27997E+00 -0.45469E-01 0.29462E+00 -0.10822E+01 -0.95012E+01 -0.31357E+01 0.72996E+00 0.43272E+00
0.20 28.00 -0.12207E+02 -0.27957E+00 -0.45469E-01 0.39462E+00 -0.10822E+01 -0.9259%3E+01 -0.373505E+01 0.72996E+00 0.30426E+00
0.20 30.00 -0.12207E+02 -0.27957E+00 -0.45469E-01 0.3%9462E+00 -0.10822E+01 -0.9259%3E+01 -0.37350SE+01 0.72996E+00 0.30426E+00
0.20 32.00 -0.12207E+02 -0.27997E+00 -0.45469E-01 0.39462E+00 -0.10822E+01 -0.89723E+01 -0.44276E+01 0.72996E+00 0.30426E+00
0.20 34.00 -0.12207E+02 -0.27557E+00 -0.45469E-01 0.3%9462E+00 -0.10822E+01 -0.89%723E+01 -0.44276E+01 0.72336E+00 0.30426E+00
0.20 36.00 -0.12207E+02 -0.278S7E+00 -0.45469E-01 0.35462E+00 -0.10822E+01 -0.86416E+01 -0.50427E+01 0.72996E+00 0.30426E+00
0.20 38.00 -0.12207E+02 -0.27997E+00 -0.45469E-01 0.3%9462E+00 -0.10822E+01 -0.86416E+01 -0.50427E+01 0.72996E+00 0.30426E+00
0.20 40.00 -0.12207E+02 -0.27997E+00 -0.4546%5E-01 0.3%9462E+00 -0.10822E+01 -0.82688E+01 -0.56332E+01 0.72996E+00 0.30426E+00
0.20 42.00 -0.12207E+02 -0.27997E+00 -0.45469E-01 0.39462E+00 -0.10822E+01 -0.82688E+01 -0.56332E+01 0.72996E+00 0.30426E+00
0.20 44.00 -0.12207E+02 -0.27997E+00 -0.45469E-01 0.39462E+00 -0.10822E+01 -0.77463E+01 -0.63325E+01 0.72996E+00 0.30426E+00
0.20 46.00 -0.12207E+02 -0.27997E+00 -0.4546%E-01 0.35462E+00 -0.10822E+01 -0.77463E+01 -0.63325E+01 0.72996E+00 0.30426E+00
0.20 48.00 -0.12207E+02 -0.27997E+00 -0.4546%E-01 0.3%462E+00 -0.10822E+01 -0.7164%E+01 -0.62835E+01 0.72996E+00 0.30426E+00
0.20 50.00 -0.12207E+02 -0.27957E+00 -0.45469E-01 0.3%9462E+00 -0.10822E+01 -0.7164%E+01 -0.6%835E+01 0.72996E+00 0.30426E+00

=)

Figure 9.1 Damping Derivatives Data
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9.8 Aerodynamic Uncertainties File

The aerodynamic uncertainty files have an extension ".Unce". They contain additive uncertainties
in three types of aero coefficients: (a) the basic aero coefficients, (b) the basic aero derivatives,
and (c) in the control surface derivatives for each aerosurface on the vehicle. They are functions of
Mach number. For example, the yawing moment coefficient is Cn(a,[3,M). With the addition of the
uncertainty it becomes: Cn(a,3,M) £3Cn(M). The uncertainties are used in the vector diagram
plots, described earlier, for calculating the size of the uncertainty rectangle at the tips of the
vectors. The uncertainty rectangles provide a visual interpretation of the uncertainty size in the
control effectors and also in the aero disturbance vectors. The uncertainties are also used for
analyzing system robustness by means of mu-analysis using robustness analysis models generated
by Flixan. The data in the uncertainties file are arranged into groups and separated by blank lines.
The first set contains the uncertainty magnitudes in the six basic aero coefficients, as a function of
Mach. The second set contains the uncertainty magnitudes in the six basic aero derivatives (CAy,
CYg, CZ,, Clg, Cmy, Cnpg), as a function of Mach. The remaining sets contain the uncertainties in the
control surface derivatives, ex. (CAseiev, CZselevyv CMselev, €tc), for each control surface, which are

also functions of Mach number. The top line in this file includes a title. The second line includes
the number of Mach #s and the number of aerosurfaces, as shown below.

Variations of Rerodynamic Coefficient for the Hypersonic Vehicle
Number of Mach Numbers, Control Surfaces = 8, 4

Basic Lero Uncertainties as a function of Mach Number

Mach CA& oY Ca cl Cm Cn
0.30 0.002 0.000 0.050 0.008 0.004 0.003
0.e0 0.002 0.000 0.050 0.008 0.004 0.003
0.80 0.002 0.000 0.0350 0.008 0.004 0.003
0.95 0.002 0.000 0.050 0.008 0.004 0.003
1.10 0.002 0.000 0.050 0.008 0.004 0.003
1.15 0.003 0.000 0.050 0.008 0.003 0.003
2.00 0.003 0.000 0.060 0.008 0.003 0.003
3.00 0.003 0.000 0.060 0.008 0.003 0.003
Uncertaintie=s in the Base Derivatives

Mach C& alpha CY beta CZ_alpha Cl beta Cm_alpha Cn_beta
0.30 0.0020 0.0030 0.0100 0.0005 0.0020 0.0030
0.e0 0.0040 0.0030 0.0100 0.0005 0.0020 0.0030
0.80 0.0040 0.0030 0.0100 0.0005 0.0020 0.0030
0.%5 0.0040 0.0040 0.0100 0.0005 0.0020 0.0030
1.10 0.0040 0.0040 0.0100 0.0005 0.0020 0.0030
1.15 0.0040 0.0050 0.0100 0.0005 0.0020 0.0030
2.00 0.0040 0.00350 0.0080 0.0003 0.0015 0.0030
3.00 0.0040 0.0055 0.0080 0.0003 0.0010 0.0030
Uncertainties in the Elevon Derivatives

Mach CA& elevw CY Elev CZ Elev cl Elew Cm Elev Cn_Elevw
0.30 0.0020 0.0000 0.0200 0.0000 0.0035 0.0000
0.e0 0.0020 0.0000 0.0200 0.0000 0.0035 0.0000
0.80 0.0020 0.0000 0.0200 0.0000 0.0035 0.0000
0.55 0.0020 0.0000 0.0Z200 0.0000 0.0035 0.0000
1.10 0.0020 0.0000 0.0200 0.0000 0.0035 0.0000
1.15 0.0020 0.0000 0.0300 0.0000 0.0035 0.0000
2.00 0.00Z20 0.0000 0.0300 0.0000 0.0030 0.0000
3.00 0.0020 0.0000 0.0300 0.0000 0.0030 0.0000

Figure 9.2 Aero-Uncertainties Data: (Basic, Derivatives, Surface Derivatives)
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9.9 Propellant Sloshing Data File

The propellant slosh data filename extension is ".SIsh" and it contains information for modeling
slosh dynamics in a flight vehicle that uses liquid propellant tanks. It is a look-up table used to
calculate the slosh parameters at the selected trajectory time as a function of the corresponding
vehicle mass. This type of file is not used for static analysis, but it is used by the dynamic modeling
option of the Trim program to transfer the slosh parameters, that correspond to the selected flight
condition, to an input file ".Inp" together with the other vehicle data. The vehicle input file will
then be processed by the Flixan Flight Vehicle Modeling program to generate the vehicle dynamic
model that will include fuel sloshing. The slosh file may include more than one sloshing tank. The
data for each sloshing tank consist of: the propellant sloshing mass in (slugs), the frequency in
(rad/sec), the damping coefficient (£), and the slosh mass steady-state location (feet) in vehicle
coordinates (x, vy, z).

The following slosh data file includes two sloshing tanks of liquid oxygen and liquid hydrogen
propellants. The first line is a title. The second line contains the number of sloshing tanks (2 in this
case). The next few lines before the data are just label lines. The parameters in the slosh file are
listed in columns as a function of the vehicle mass in (slugs), which is included in the first column.
It is followed by columns of the corresponding slosh parameters. That is: 2 slosh masses, 2
frequencies in (rad/sec), 2 damping coefficients (£), 2 slosh-mass X-locations, 2 Y-locations, and 2
Z-locations of the slosh masses that correspond to the LOX and the LH2 tanks. The slosh
frequencies are calculated under 1-g loading. They are converted to the proper frequency by the
modeling program (according to the acceleration). Note the slosh masses should not be included
in the vehicle mass properties (mass, CG and inertias) because their effect is introduced by the
forces they exert on the vehicle.

L‘Elosh Data for a Re-Usable Launch Vehicle with Liquid Oxygen and Hydrogen Tanks

Number of 3losh Masses= 2

Vehicle Mass Slosh Masses Slosh Fregquencies Damping ¥X-Slosh Y-8losh Z-8losh
(slugs) (slug) (rad/sec) 1-g Load Zetas (ft) (ft) (ft)
8485.9 5.5 0.7 5.3 6.8 0.001 0.0004 -82.2 -37.4 0.0 0.0 0.0 0.0
7831.7 776.0 12.5 4.56 5.12 0.001 0.0004 -82.7 -38.2 0.0 0.0 0.0 0.0
7365.0 1256.0 43.5 4.1 4.15 0.001 0.0004 -83.5 -38.9 0.0 0.0 0.0 0.0
6484.0 1450.0 €9.1 3.9 3.81 0.001 0.0004 -83.9 -35.7 0.0 0.0 0.0 0.0
€176.0 1521.0 8%.3 3.78 3.72 0.001 0.0004 -84.4 -40.5 0.0 0.0 0.0 0.0
5333.0 1631.0 103.5 3.68 3.6 0.001 0.0004 -84.8 -41.2 0.0 0.0 0.0 0.0
4355.0 1e622.0 105.2 3.57 3.4 0.001 0.0004 -85.2 -41.9 0.0 0.0 0.0 0.0
3358.0 12%2.0 €3.0 3.36 2.9 0.001 0.0004 -85.8 -42.4 0.0 0.0 0.0 0.0

Figure 9.3 Propellant Sloshing Data
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9.10 Output Data Files

There are three different types of data files generated by the Trim program mainly for vehicle
analysis. The effector trim data (.Trim), the performance parameters (.Perf), and the hinge
moment files (.Himo). These files are also used as inputs to Trim, for plotting, analyzing, and
comparing vehicle performance. Option-12 is used to overlay, plot, and compare the data files.

9.10.1 Effector Trim Data File

The effectors trim data file contains the effector trim deflections and throttles as a function of the
trajectory time after balancing the 3 moments and possibly some of the vehicle accelerations. It is
generated by the Trim program by selecting the effector trimming option-3 from the Trim main
menu. It contains the deflection angles of the control surfaces, the TVC nozzle deflections, and the
throttle positions of the throttling engines or jets, as a function of time. It includes also the
maximum and minimum deflections, and throttle limits of each effector as a function of time. It
includes also the trim directions (dofs) and the effector bias positions. It is used as input to other
programs in Trim for analyzing performance or plotting the trim data versus time. It is also used as
an initialization file for re-trimming to influence and adjust the new trim results. The effector
positions and limits of a trim file can be modified interactively prior to re-trimming in order to
manipulate the new trim results, whenever possible.

The default filename of a trim data file is the same as the trajectory filename but it has an
extension ".Trim". When a new trim is performed the previous trim file is renamed by including an
extension "1". For example, if "Shuttle.Trim" was the original trim filename, after trimming again
the previous trim file is renamed to "Shuttlel.Trim" and "Shuttle.Trim" now includes the latest
trim data. The previous trim file "Shuttlel.Trim" is also renamed to "Shuttle2.Trim", but this
pattern does not continue forever, the last filename saved is "Shuttle2.Trim". To preserve a trim
filename from being overwritten for later analysis or plotting the user must rename it. The
filenames length in Flixan should not exceed 20 characters.

FFFECTOR TRIMMING POSTITIONS FOR: Rocket—Plane, Mission-1, Ground Takeoff

Number of Gimbal Engines (Pitch)= 1; Total Deflection (degr): Dy_Engine 1,

Number of Gimbal Engines (Yaw) = 1; Total Deflection (degr): Dz _Engine 1,

Number of Throttling Engines/RCS= 3; Total Thrust in (1lb) : Throttle 1, Throttle 2, Throttle 3,

Number of Control Surfaces = 4; Total Deflection (degr): Elevon , Body Flap , Bileron » Rudder

Number of Directions Balanced = & 1 2 3; Degrees of Freedom Trimmed (Minimum 3, Maximum &), Translation Index (1=x, 2=y, 3=z)

Max Control/Bias 5.00 0.000 5.00 0.000 0.400 0.6200E+05
Time (sec) Dy_Engine 1 Max Deflect. Min Deflect. Dz_Engine 1 Max Deflect. Min Deflect. Throttle 1 Max Deflect. Min Deflect
0.00 -2.118¢6 5.0000 -5.0000 0.58076E-13 5.0000 -5.0000 -0.68152E-01 0.40000 -0.40000
4.00 -3.6317 5.0000 -5.0000 0.13276E-10 5.0000 -5.0000 -0.51537E-01 0.40000 -0.40000
3.00 -0.89407 5.0000 -5.0000 0.24506E-10 5.0000 -5.0000 -0.65525E-01 0.40000 -0.40000
8.00 -0.21%61 5.0000 -5.0000 0.58132E-10 5.0000 =5.0000 -0.56552E-01 0.40000 -0.40000
10.0 0.17310 5.0000 -5.0000 0.10147E-09 5.0000 -5.0000 -0.68238E-01 0.40000 -0.40000
15.0 0.25138 5.0000 —-5.0000 0.25295E-09 5.0000 —-5.0000 —0.15462 0.40000 -0.40000
20.0 0.14113 5.0000 -5.0000 0.58863E-10 5.0000 -5.0000 -0.4187%E-01 0.40000 -0.40000
23.0 0.53443E-01 5.0000 —-5.0000 0.93B40E-10 5.0000 —-5.0000 —0.31535E-01 0.40000 -0.40000
25.0 -0.91678E-02 5.0000 -5.0000 0.12770E-09 5.0000 -5.0000 -0.45381E-01 0.40000 -0.40000
30.0 —-0.28135E-01 5.0000 —-5.0000 0.14218E-09 5.0000 —-5.0000 —0.13748 0.40000 -0.40000
35.0 0.38257E-01 5.0000 -5.0000 0.45452E-10 5.0000 -5.0000 -0.43371E-01 0.40000 -0.40000
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9.10.2 Performance Parameters File

The performance parameters file contains the parameters described in Section 3 as a function of
the trajectory time. It is generated by selecting the option "6-Performance and Stability
Parameters" from the main Trim menu. It is used for plotting the performance data versus time.
Its default filename is the same as the trajectory filename but the extension is changed to ".Perf".
When a new performance analysis is completed the previous performance data file is renamed by
including an extension "1". For example, if "Shuttle.Perf" was the original performance data file,
after running the performance analysis again, the previous file is renamed to "Shuttlel.Perf" and
"Shuttle.Perf" now contains the latest performance data. The previous "Shuttlel.Perf" is also
renamed to "Shuttle2.Perf". This pattern, however, does not continue forever and the last
filename saved is "Shuttle2.Perf".
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9.10.3 Hinge Moment Files

The hinge moments file contains the moments at the aerosurface hinges versus trajectory time. It
is generated by the program and used for sizing the actuator moment and power required to keep
the aerosurfaces trimmed along the flight trajectory. It is selected from Option-8 of the Trim main
menu. However, a hinge-moment coefficients file: ".HMco" is required in order to calculate the
hinge moments. The default hinge moments filename is the same as the trajectory filename but
the extension is ".HiMo". When the hinge moments calculation is repeated the previous hinge
moments data file is renamed with an extension "1". For example, if "Shuttle.HiMo" was the
original hinge moments data file, after calculating the hinge moments again the previous data is
renamed to "Shuttlel.HiMo", and "Shuttle.HiMo" now contains the latest hinge moments data.
The previous "Shuttle1l.HiMo" is also renamed to "Shuttle2.HiMo".

hero—SurEace Hinge Moments for: Rocket-Plane, Mission-1, Ground Takeoff
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10. Design Examples

The following examples are included in this document for the purpose of demonstrating the
capability of the Trim program to analyze a variety of flight vehicle types and to create dynamic
models for control analysis and design.

anh_kwWwNPE

Hypersonic Rocket-Plane Analysis during Ascent and Descent phases.

F-16 Fighter Aircraft Analysis, Control Design, and 6-dof Simulation

Air-Launched Vehicle with Wings and Tails Design in Multiple Phases

Re-Usable Launch Vehicle with Multiple-Engines During Ascent and Descent
Lifting-Body Aircraft Descent from Space, Vertical Take-Off, and 6-dof Simulation
Re-Entry Vehicle Design and Analysis Using Aero-Surfaces and RCS Jets

The examples presented, in addition to trimming and performance analysis, they demonstrate also
the following methodologies and capabilities of the Flixan/ Trim program.

Capability of the Trim algorithm to automatically allocate trim control authority based on the
individual effector capabilities in specific directions.

How to graphically modify the trimming conditions and to trade off activity of some effector
against others in situations where multiple effectors are available.

How to analyze the effects of parameter dispersions on vehicle performance.

Generating dynamic models at selected flight conditions along the trajectory.

Using the Flixan program to create various types of design models for synthesizing control
systems, time-domain simulations, models for stability analysis using Matlab.

Using Flixan to generate models for Robustness Analysis to Structured Uncertainties, and how
to use these models to perform p-Analysis.

Using Flixan derived models to synthesize flight control laws. Evaluate control designs using
analysis and simulations. The dynamic models, vehicle data files, design software, detailed
methodologies, Flixan & Matlab files, etc. are included in the example packages.

Developing 6-dof Non-Linear Simulations using Flixan derived control laws, interpolated
between design points. Using the 6-dof simulations to generate trajectories.

Demonstrating interactive graphics using vector diagrams, contour plots, overlays, user
interactive trajectory modifications, interactive features (menus, dialogs, etc).

How to efficiently combine effectors in vehicles that use multiple types of effectors by creating
effector combination matrices that produce the demanded accelerations, and reduce the
dynamic coupling between the control axes.

Huge amount of flight vehicle design information is available, including data files, Matlab
scripts, Simulink files, and 6-dof non-linear simulations.

The user/ analysts are encouraged to study, repeat, and run some of these examples in their own
computers in order to familiarize themselves with the process and tool. They may begin with the
examples which are similar to their flight vehicle application and gradually modify them by
introducing data from their own applications.
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